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Summary 

Mosquitoes are considered the “most dangerous animals on Earth”. This is not because 

of the small amount of blood they take from us, but due to the pathogens they can transmit 

during this process. Key examples are malaria parasites, dengue virus, chikungunya virus, and 

Zika virus, causing over a million deaths annually. Urbanization, transport, and global trade have 

led to the spread of invasive species such as the Asian tiger mosquito (Aedes albopictus). 

Originally from Southeast Asia, this species has migrated to other parts of the world. This 

mosquito can transmit numerous arboviruses, filarial worms, and bacteria. Conventional control 

relies on chemical insecticides and biological agents, but off-target effects and resistances limit 

their usefulness. Therefore, targeted approaches like RNA interference (RNAi) are essential. 

RNAi is a naturally occurring post-transcriptional gene silencing mechanism in most eukaryotes. 

Silencing essential genes via RNAi can induce mortality, distort vital phenotypes, and impair the 

ability to transmit pathogens. 

This thesis evaluated RNAi as a species-specific control strategy against Ae. albopictus. 

Prior successes have demonstrated improving RNAi outcome in other mosquito species using 

transfection reagents (TRs), so I hypothesized that formulating dsRNA with TRs would enhance 

uptake and efficacy. However, no TRs are specifically designed for long dsRNA in aedine cell 

lines, and their undisclosed compositions makes selection difficult. Here, I established an RNAi 

workflow for aedine cell lines and screened multiple TRs for dsRNA delivery. Their complexing 

capacity and the cytotoxicity of their complexes were assessed. Most of them formed stable 

complexes, except HiPerFect, which failed even at a 1:9 (dsRNA:TR) ratio. The complexes were 

mostly non-cytotoxic, but Lipofectamine 2000 exhibited cytotoxic effects at concentrations 

above 1 ng/µL. Meanwhile, the five most effective TRs increased cellular uptake of long dsRNA 

and improved RNAi knockdown efficiency in Ae. albopictus U4.4 cells.  

Furthermore, candidate genes associated with high mortality in other insects were 

selected and two dsRNA constructs per gene were designed. Initial evaluation in U4.4 cells was 

conducted with both unformulated and TR-encapsulated dsRNA. Only one dsRNA against 

inhibitor of apoptosis (IAP) reduced U4.4 cell viability, yet all selected dsRNA showed significant 

knockdown of the candidate genes by RT-qPCR. Subsequently, I established RNAi workflow for 

the in vivo assessment in Ae. albopictus, but no dsRNA led to significant larval mortality. The 

knockdown of IAP gene was observed, but only in dissected gut tissue, and not in the whole 

body. The lack of larval mortality led to further investigations to identify possible barriers 

limiting RNAi efficacy. Particle sizing indicated optimal dsRNA:TR complex sizes, but only at 

lower concentrations. Fluorescence imaging confirmed oral uptake, but no spread of the dsRNA 

beyond the gut. Ex vivo assays showed rapid dsRNA degradation by larval gut extract, which 

were identified in Ae. albopictus for the first time and are expressed across larval stages, with the 

highest expression in gut tissues. The data indicated that the lack of larval mortality was likely 

due to suboptimal particle size (at higher concentrations), poor systemic spread, and rapid 

degradation of the selected dsRNA by nucleases. 

In addition, a standardized protocol was developed to analyze alphavirus replication in 

aedine cell lines. Viral inhibition was demonstrated with furin inhibitors using a SFV reporter 

tagged with mCherry as a model. This workflow thereby provides an in vitro platform for 

evaluating dsRNA against mosquito-borne viruses. 



 

 

Lastly, the feasibility of RNAi to reduce SFV replication in aedine cell line was assessed 

using the established protocol. For this, dsRNAs were designed and showed no cytotoxicity. 

Most of the synthesized dsRNAs inhibited virus spread when encapsulated. The dsRNA against 

non-structural protein 4 (nsp4) reduced viral replication by up to 80%. A concentration of 0.5 

ng/µL of the encapsulated dsRNA was enough to significantly suppress the spread of the reporter 

virus signal. The antiviral effect of nsp4-dsRNA was validated by RT-qPCR, which confirmed a 

significant knockdown of the target gene. 

The central hypothesis that encapsulation of dsRNA increases efficacy was supported by 

most of the cell line experiments. However, the in vitro successes did not translate to in vivo 

lethality. Therefore, future work should develop optimized formulations to protect dsRNA and 

promote spread beyond the larval gut. More so, identifying gut-essential genes could enable 

larval mortality without systemic spread. While suppression of arboviral replication in an aedine 

cell line was demonstrated here, in vivo validation is still required. A potential RNAi 

bioinsecticide or arboviral transmission inhibitor must be potent, economical, and highly target-

specific. Overall, this thesis presented the first comprehensive analysis of TRs for aedine cells, 

developed an RNAi workflow for evaluating dsRNA in Ae. albopictus, established a protocol to 

measure alphavirus infection in real time, and also showed that RNAi can reduce arboviral 

replication in mosquito cells. 

  



 

 

Zusammenfassung 

Stechmücken gelten als die „gefährlichsten Tiere der Welt“. Das liegt nicht an den 

geringen Blutmengen, die sie uns entnehmen, sondern an den Krankheitserregern, die dabei 

übertragen werden können. Die bedeutendsten Beispiele sind Malariaerreger, das Dengue-

Virus, das Chikungunya-Virus oder das Zika-Virus, die jährlich zu über einer Million Todesfälle 

führen. Urbanisierung, Transport, und der globale Handel haben zur Ausbreitung invasiver 

Arten, wie der Asiatischen Tigermücke (Aedes albopictus), geführt. Diese ursprünglich aus 

Südostasien stammende Art hat sich erfolgreich in vielen Teilen der Welt ausgebreitet. Die 

Stechmücke kann viele Arboviren, Fadenwürmer und Bakterien übertragen und zeichnet sich 

somit durch ein besonders hohes Vektorpotenzial aus. Die herkömmliche Bekämpfung stützt 

sich auf chemische Insektizide und biologische Wirkstoffe, deren Nutzen jedoch durch 

Auswirkungen auf Nichtzielorganismen und Resistenzen eingeschränkt ist. Daher sind 

spezifische Ansätze wie die RNA-Interferenz (RNAi) von Vorteil. RNAi ist ein natürlich 

vorkommender posttranskriptioneller Mechanismus zur Regulierung von Gene in meisten 

Eukaryoten. Das silencing essenzieller Gene über RNAi kann je nach Ziel zur Mortalität führen, 

wichtige Phänotypen beeinträchtigen und die Fähigkeit zur Übertragung von 

Krankheitserregern reduzieren. 

In dieser Arbeit wurde RNAi als artspezifische Bekämpfungsstrategie gegen Ae. 

albopictus untersucht. Frühere Arbeiten haben gezeigt, dass sich die Ergebnisse im Bereich RNAi 

bei anderen Stechmückenarten durch den Einsatz von Transfektionsreagenzien (TRs) 

verbessern lassen. Daher stellte ich die Hypothese auf, dass die Formulierung von dsRNA mit 

TRs die Aufnahme und Wirksamkeit der dsRNA verbessern würde. Jedoch gibt es keine TRs, die 

speziell für die Transfektion langer dsRNA in aedine Zelllinien entwickelt wurden. Ihre nicht 

offengelegte Zusammensetzung erschwert die Auswahl. Im Rahmen meines Doktorarbeit, habe 

ich einen RNAi-Workflow für aedine Zelllinien etabliert und mehrere TRs für die dsRNA-

Übertragung untersucht. Ihre Komplexbildungsfähigkeit und die Zytotoxizität ihrer Komplexe 

wurden untersucht. Die meisten von ihnen bildeten stabile Komplexe, mit Ausnahme von 

HiPerFect, welches selbst bei einem Verhältnis von 1:9 (dsRNA:TR) keine stabilen 

Komplexbildung zeigte. Die Komplexe waren größtenteils nicht zytotoxisch, jedoch zeigte 

Lipofectamine 2000 bei Konzentrationen über 1 ng/µL zytotoxische Effekte. Die fünf 

wirksamsten TRs erhöhten die zelluläre Aufnahme von langer dsRNA und verbesserten die 

knockdown-Effizienz der dsRNA in U4.4-Zellen. 

Darüber hinaus wurden Gene ausgewählt, die bei Applikation zu einer hohen 

Sterblichkeit bei anderen Insekten führten. Pro Gen wurden zwei dsRNA-Konstrukte designt 

und synthetisiert. Die erste Evaluierung in U4.4-Zellen wurde sowohl mit unformulierter als 

auch mit TR-formulierter dsRNA durchgeführt. Nur eine dsRNA gegen den inhibitor of apoptosis 

(IAP, Apoptose-Inhibitor) reduzierte die Viabilität der U4.4-Zellen. Interessanterweise zeigten 

alle Konstrukte einen signifikanten knockdown der mRNA-Expression des jeweiligen Gens in der 

Analytik mittels RT-qPCR. Anschließend etablierte ich einen RNAi-Workflow für in vivo-

Untersuchungen in Ae. albopictus, aber keine dsRNA führte zu einer signifikanten 

Larvensterblichkeit. Ein knockdown des IAP-Gens wurde beobachtet, jedoch nur in seziertem 

Darmgewebe und nicht im gesamten Körper der Stechmücken. Die fehlende Larvensterblichkeit 

führte zu weiteren Untersuchungen, um mögliche Barrieren zu identifizieren, die die 

Wirksamkeit der RNAi einschränken. Die Partikelgrößenbestimmung ergab optimale 



 

 

Komplexgrößen, jedoch nur bei niedrigeren Konzentrationen. Die Fluoreszenzmikroskopie 

bestätigte die orale Aufnahme, jedoch keine Ausbreitung der dsRNA über den Darm hinaus. Ex-

vivo-Assays zeigten einen schnellen Abbau der dsRNA. Mittels Homologiesuche konnten zwei 

bisher unbeschriebene Nukleasen in Ae. albopictus identifiziert werden. Durch qPCR-Analytik 

konnte gezeigt werden, dass die Nukleasen in allen Larvenstadien exprimiert werden und eine 

besonders hohe Expression im Darmgewebe zu beobachten ist. Die Daten deuteten darauf hin, 

dass die fehlende Larvensterblichkeit wahrscheinlich auf eine suboptimale Partikelgröße, eine 

schlechte systemische Ausbreitung und einen raschen Abbau der ausgewählten dsRNA durch 

Nukleasen zurückzuführen war. 

Darüber hinaus wurde ein standardisiertes Protokoll zur Analyse der Alphavirus-

Ausbreitung in aedinen Zelllinien entwickelt. Die Virushemmung wurde mit Furin-Inhibitoren 

unter Verwendung eines mit mCherry markierten SFV-Reporters als Modell nachgewiesen. 

Dieser Arbeitsablauf bietet somit eine in vitro-Plattform zur Bewertung von dsRNA gegen durch 

Stechmücken übertragene Viren. 

Schließlich wurde der Nutzen von RNAi zur Verringerung der SFV-Ausbreitung in einer 

aedinen Zelllinien unter Verwendung des etablierten Protokolls bewertet. Dafür wurden 

dsRNAs entwickelt, die keine Zytotoxizität aufwiesen. Die meisten der synthetisierten dsRNAs 

hemmten die Replikation, wenn sie mit K4 formuliert wurden. dsRNA gegen das non-structural 

protein 4 (nsp4, Nichtstrukturprotein) reduzierte die Virusreplikation um bis zu 80 %. Eine 

Konzentration von 0,5 ng/µL der formulierten dsRNA reichte aus, um das Signal des 

Reportervirus signifikant zu reduzieren. Die antivirale Wirkung von nsp4-dsRNA wurde mittels 

RT-qPCR validiert, wodurch eine signifikante, niedrigere mRNA-Expression des Zielgens im 

Vergleich zur Kontrolle bestätigt wurde. 

Die zentrale Hypothese, dass die Formulierung von dsRNA deren Wirksamkeit 

verbessern kann, wurde in den meisten Zelllinienexperimente bestätigt. Die Erfolge in vitro 

ließen sich jedoch nicht auf die Letalität in vivo übertragen. Daher sollten in zukünftigen 

Arbeiten optimierte Formulierungen entwickelt werden, um dsRNA besser zu schützen und die 

Ausbreitung über den Darm der Larven hinaus zu fördern. Darüber hinaus könnte die 

Identifizierung von Genen die für den Darm essenziell sind, die Larvensterblichkeit erhöhen, 

ohne die Notwendigkeit von systemischer Ausbreitung. Obwohl hier die Unterdrückung der 

Arbovirus-Ausbreitung in einer aedine Zelllinie nachgewiesen wurde, ist noch eine Validierung 

in vivo erforderlich. Ein potenzielles RNAi-Bioinsektizid oder ein Arbovirus-

Übertragungshemmer muss wirksam, wirtschaftlich und hochgradig zielspezifisch sein. 

Insgesamt zeigt diese Arbeit die erste umfassende Analyse von TRs für aedine Zellen. Es wurde 

ein RNAi-Workflow zur Testung von dsRNA in Ae. Albopictus entwickelt und ein Protokoll zur 

Messung der Alphavirus-Infektion in Echtzeit etabliert. Die Studie zeigt weiterhin, dass RNAi 

die Arbovirus-Ausbreitung in Stechmückenzellen reduzieren kann. 
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1 Introduction 

Mosquitoes 

Mosquitoes are small flies with over 3500 described species, found in almost all habitable 

regions of the world (Becker et al., 2020). They belong to the order Diptera and are classified 

under the suborder Nematocera and the family Culicidae. They are further divided into two 

major subfamilies, the Anophelinae and the Culicinae (Figure 1). An example of the Anophelinae 

is the malaria-transmitting genus Anopheles (e.g., Anopheles gambiae and An. funestus). The 

subfamily Culicinae is further divided into 11 tribes, with the most prominent ones being the 

Culicini (e.g., Culex pipiens and Cx. quinquefasciatus), and the Aedini (e.g., Aedes aegypti and Ae. 

albopictus). These two tribes includes the major vectors of arboviral diseases (Foster and Walker, 

2019; Harbach, 2007; Wilkerson et al., 2021). 

 

Figure 1. Phylogeny of mosquito genera based on their morphological features, showing the 11 tribes of 
the subfamily Culicinae as well as the 3 genera of the subfamily Anophelinae. Modified from Harbach 
(2007). 

 

Mosquitoes are holometabolous insects, which means they undergo complete 

metamorphosis. Their life cycle start with eggs that hatch into larvae, which pass through four 
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instars before molting into pupae, and eventually emerging as adults (Figure 2) (Becker et al., 

2020; Hall and Tamïr, 2022). Mosquitoes fall into two groups based on how they lay eggs. The 

first group includes species (e.g., Aedes) whose embryos enter a resting period. This can be an 

environmentally triggered dormancy or a genetically determined diapause. Aedes species lay 

eggs singly in moist environments, and the eggs do not usually hatch immediately after 

oviposition. The second group (e.g., Anopheles and Culex) does not enter a resting period. 

Anopheles also lay their eggs single, while Culex species lay them in cluster, forming rafts on the 

water surface. In these species, hatching typically occurs soon after embryonic maturation and 

often influenced by environmental conditions, particularly temperature (Becker et al., 2020). 

 

 

Figure 2. Life cycle of Aedes albopictus. The cycle is divided into aquatic life stages (larvae and pupae) and 
terrestrial life stages (adults and eggs), with eggs deposited singly on substrates in or around water 
[designed with BioRender]. 

 

Mosquito larvae are aquatic and feed primarily on microorganisms, algae, protozoa, 

invertebrates, and detritus (Chersoni et al., 2021). They molt four times before reaching the pupal 

stage. With each molt, they transition to the next larval instar, during which the head capsule 

size increases, while the rest of the body continuously enlarges (Becker et al., 2020). Larval 

development is influenced by temperature, with some cold-adapted species overwintering as 

larvae (Becker et al., 2020; Foster and Walker, 2019). In contrast, the larvae of floodwater 

mosquitoes such as Aedes and some Culex species do not overwinter (Becker et al., 2020). 

The pupal stage lasts about two days, undergoing metamorphosis where some larval 

organs are histolysed and the body of the adult is formed from the development of imaginal 
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discs. The head and the thorax are fused, forming the cephalothorax, which is equipped with 

two respiratory trumpets. Unlike many other insect species, mosquito pupae are mobile and can 

actively submerge in water when disturbed (Becker et al., 2020; Romoser and Lucas, 1999). 

The final stage of the mosquito life cycle is the adult. Upon emergence, mosquitoes begin 

mating; most females mate only once, storing sufficient sperm for future fertilizations, while 

males may mate multiple times (Becker et al., 2020; Hall and Tamïr, 2022). Adult mosquitoes 

feed on plant juices, however, in many species, females also require a vertebrate blood meal to 

support egg development (Harrison et al., 2021; Hien et al., 2016; Sobhy and Berry, 2024). During 

blood feeding, females inject saliva containing components such as anticoagulants, vasodilators, 

immunomodulatory proteins, enzymes, and allergens into the host's skin to facilitate the feeding 

process. This often triggers an immune response, resulting in inflammation and itching at the 

bite site (Becker et al., 2020). 

A major consequence of blood feeding is the transmission of pathogens, which are 

introduced into the host’s bloodstream along with the mosquito saliva (Becker et al., 2020; Foster 

and Walker, 2019). The genera Anopheles, Culex, and Aedes are well known for their high 

vectorial capacity, transmitting a wide range of pathogens, including parasites, bacteria, 

arboviruses, and filarial worms (Foster and Walker, 2019). Among these, Plasmodium spp., the 

causative agents of malaria, are among the deadliest pathogens. They are transmitted exclusively 

by female Anopheles mosquitoes (e.g., An. gambiae). In 2022 alone, malaria was responsible for 

an estimated 249 million cases and 608,000 deaths worldwide (WHO, 2023). Culex species are 

vector of several important arboviruses, including Japanese encephalitis virus, West Nile virus, 

and Usutu virus (Madhav et al., 2024). Meanwhile, Ae. albopictus alone is known to transmits 

up to 26 arboviruses, as well as several bacterial pathogens, and filarial worms (Cancrini et al., 

2003; Kotsakiozi et al., 2017). 

 

Aedes albopictus and its associated pathogens 

The Asian tiger mosquito (Ae. albopictus) is a widely recognized invasive species (Cunze 

et al., 2016). Adults of this mosquito species are usually small and recognizable by the distinctive 

black and white pattern, which includes a prominent longitudinal white stripe along the center 

of the scutum and the head (Figure 3) (Becker et al., 2012; Becker et al., 2020). Like many other 

mosquito species, Ae. albopictus is anautogenous, meaning female need a blood meal to develop 

their eggs. This species shows opportunistic blood feeding behavior. Hosts include birds, 

reptiles, amphibians, and mammals. This flexibility helps explain its major role in transmitting 

various zoonotic diseases (Becker et al., 2020; Foster and Walker, 2019). 
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Figure 3. Adult female of Aedes albopictus, showing the distinguishing features of white scale patches on 
the body, and a white median dorsal stripe on the thorax and head. © Alejandra Centurión (2021) 

 

Originally native to the tropical forests of Southeast Asia, Ae. albopictus is now 

established in various global regions, including Europe (Becker et al., 2020). Its invasiveness is 

attributed to several factors, including ecological adaptability, strong competitive abilities, 

inadequate surveillance, and ineffective control measures. Human activities, such as the 

international transport of used tires and ornamental plants like ‘lucky bamboo’, have also 

facilitated its spread (Becker et al., 2012; Becker et al., 2020; Lwande et al., 2020). 

 In Europe, Ae. albopictus was first reported in Albania in 1979, though no further 

sightings were documented until its reappearance in Italy in 1990. Since then, the species has 

gradually spread and become established in multiple European countries (Figure 4) (Becker et 

al., 2012; Muja-Bajraktari et al., 2022). Climate change models predict that Ae. albopictus will 

continue to expand its range as it becomes more tolerance of colder climates (Brady et al., 2014; 

Kraemer et al., 2019). This adaptation may let it establish in new areas and thereby increase the 

risk of disease transmission (Marini et al., 2020). This mosquito species is capable of transmitting 

a wide range of medically and economically significant pathogens. These include dengue virus 

(DENV), chikungunya virus (CHIKV), Zika virus (ZIKV), Yellow fever virus, and Dirofilaria 

immitis (heartworm) (Cancrini et al., 2003; Kotsakiozi et al., 2017).  

The global incidence of dengue fever has surged in recent decades, with an estimated 

390 million infections occurring annually (Tayal et al., 2023; WHO, 2009). Dengue vaccines such 

as Dengvaxia (CYD-TDV) and TAK-003 (Qdenga) are available. Their efficacy ranges between 

60% and 80%. However, their use is limited; for example, Dengvaxia is recommended only for 

individuals with previous dengue exposure because of the risk of antibody dependent 
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enhancement, which occurs during a subsequent infection with a different dengue serotype 

(Afzal, 2024; Godói et al., 2017; Tayal et al., 2023). 

 

 

Figure 4. Current distribution of Aedes albopictus population in Europe. Data according to the report of 
the European Centre for Disease Prevention and Control, and the European Food Safety Authority (ECDC-
EFSA, 2025). 

 

Chikungunya fever continues to pose a public health threat, with more than 2 million 

cases reported in Africa, Asia, and the Americas since 2005 (Assis et al., 2023). Outbreaks vary in 

incidence and severity, depending on location and seasonal factors (Huber et al., 2018). 

Although, the case fatality rate is generally low, death primarily occurs among older adults, 

infants, and individuals with pre-existing health conditions. Chikungunya infections usually 

leads to chronic joint pain in about 40% of infected individuals, which can persist for a very long 

time (Flandes et al., 2024; Lima Cavalcanti et al., 2022). In Europe, outbreaks such as those in 

Italy (2007) and France (2017) have been linked to the presence of Ae. aegypti and Ae. albopictus 

populations (Calba et al., 2017; Caputo et al., 2020; Petersen and Powers, 2016). In 2025, an 

outbreak on Réunion Island (France) resulted in imported cases in mainland France. This was 

followed by the first reports of autochthonous transmission of chikungunya in the Grand Est 
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region, along with additional locally acquired cases in areas with previous outbreak histories, 

including Provence-Alpes-Côte d’Azur, Occitanie, and Corse (Fournier et al., 2025). 

Major outbreaks of Zika fever occurred in the Americas, Southeast Asia, and the Pacific 

between 2015 and 2016, with Brazil alone reporting up to 1.3 million suspected cases at the peak 

of the epidemic in 2016 (Hennessey et al., 2016). Although the number of new cases has since 

declined significantly, sporadic outbreaks continue to occur, mostly in tropical regions (Seshadri 

et al., 2023). ZIKV infections are typically mild or asymptomatic, however, the virus is strongly 

associated with severe congenital abnormalities (e.g., microcephaly), and neurological 

complications such as Guillain-Barré syndrome (Krauer et al., 2017; Seshadri et al., 2023; Wen et 

al., 2017). 

While most arboviruses pose a significant threat to public health, others such as Semliki 

Forest virus (SFV) are exceptions. First identified in Uganda in 1942, SFV has remained primarily 

confined to Africa, where it has been isolated from various mosquito species, including Ae. 

albopictus (Eldridge et al., 2004). Despite posing relatively low risk to humans, SFV shares 

critical biological features with highly pathogenic alphaviruses such as CHIKV, including 

mechanisms of cell entry, replication, and immune evasion (Atkins et al., 1999; Contu et al., 2021; 

Teppor et al., 2021). These similarities make SFV a valuable tool in laboratory research. As a 

model, it enables researchers to investigate viral behavior, evaluate antiviral compounds, and 

explore vaccine candidates (Contu et al., 2021; Pohjala et al., 2011). 

At present, no vaccines exist for many arboviruses transmitted by Ae. albopictus. These 

include ZIKV, CHIKV, Mayaro virus, La Crosse encephalitis virus, Ross River virus, and Eastern 

equine encephalitis virus (Flandes et al., 2024; Madewell, 2020). This shows the need for 

enhanced vector control measures, therapeutic options, and more comprehensive public health 

strategies to reduce the transmission of arboviruses and prevent future outbreaks (Olliaro et al., 

2018; Wilson et al., 2020). 

 

Mosquito control strategies: past, present, and future approaches 

Historically, mosquito control has relied heavily on chemical and biological 

interventions (Huang et al., 2017; Wilson et al., 2020). For instance, larvicides such as copper(II) 

acetoarsenite, also known as Paris Green, was used in the late 19th and early 20th centuries to 

target larval breeding sites. Although effective, it required thorough knowledge of the breeding 

areas and consistent application to be impactful. Paris Green is no longer widely used because 

its arsenic content makes it highly toxic to humans, animals, and other non-target insects. 
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Prolonged exposure can cause acute poisoning, organ damage, and even death (Mohammadi et 

al., 2021; Wilson et al., 2020). 

A prominent insecticide used in the 20th century was dichlorodiphenyltrichloroethane 

(DDT). Its insecticidal properties were discovered in 1939. It gained wide recognition during the 

Second World War, when it was used to control mosquito and prevent disease transmission. 

After the war, DDT was applied in large-scale mosquito control programs, and used against 

agricultural and forestry pests (Jarman and Ballschmiter, 2012; Turusov et al., 2002; van den Berg, 

2009). However, DDT has a strong environmental persistence, and it accumulates in the fatty 

tissues of both wildlife and humans (Tarzwell, 1947; van den Berg, 2009). Its association with 

increased cancer risk and endocrine disruption raised significant health concerns (Turusov et 

al., 2002; van den Berg, 2009). Over time, continuous DDT use exerted selective pressure on 

mosquito populations. Individuals with naturally occurring genetic variations that conferred 

reduced susceptibility to DDT survived treatment and reproduced, leading to a gradual increase 

in the frequency of resistance alleles within the population (Kigozi et al., 2012; Ranson and 

Lissenden, 2016). Additionally, its longevity in soil and water contributed to substantial long 

term ecological damage. Consequently, these factors prompted many countries to implement 

bans on DDT starting with Sweden in January 1970, leading to a drastic decline in its usage 

(Levain et al., 2015; Turusov et al., 2002; van den Berg et al., 2017; Whitney, 2012). 

Another widely used insecticide is malathion, an organophosphate compound that has 

been in use since the 1950s for the control of various insects, including mosquitoes (Newhart, 

2006). It inhibits acetylcholinesterase, a critical enzyme for nerve function in insects, resulting 

in paralysis and subsequent insect death (Jensen and Whatling, 2010). When applied according 

to safety guidelines, malathion has relatively low acute mammalian toxicity (Newhart, 2006). 

However, prolonged exposure in humans can lead to neurological effects due to its action on the 

nervous system and it also poses risks to non-target organisms (Choudhary et al., 2008; Jensen 

and Whatling, 2010; Newhart, 2006). Although malathion is not banned globally, many countries 

place strict limits on its use (APVMA, 2024; Tchounwou et al., 2015). 

 Beyond chemical insecticides, biological control agents have also been used in mosquito 

control. A prominent example was Gambusia fish (Gambusia affinis, G. holbrooki, and G. 

senegalensis), which were used as natural predators in the 2oth century. These fish eat mosquito 

larvae and thereby reduce the number of emerging adults (Pyke, 2008; Walton et al., 2012). 

Despite this benefit, maintaining populations across large areas was difficult. Moreover, 

Gambusia fish are very aggressive and outcompete native fish species. For these reasons, their 

introduction into non-native waters led to losses of aquatic biodiversity and other ecological 

disruptions (Hurlbert et al., 1972, 1981; Pyke, 2008). In addition, other fish species such as 
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Aphanius dispar, Aplocheilus blockii, Nothobranchius patrizii, Oreochromis zillii, and Poecilia 

reticulata have also been used for mosquito control (WHO, 2003). 

 In recent decades, biological control has progressed to incorporate more targeted agents, 

such as Bacillus thuringiensis israelensis (Bti) and Lysinibacillus sphaericus. Both are gram-

positive bacteria that produce toxins lethal to mosquito larvae. Bti produces Bti toxins (specific 

combination of Cry and Cyt proteins), while L. sphaericus produce binary toxins. Both types of 

toxins can effectively kill mosquito larvae in water before they can mature into adults (Brühl et 

al., 2020; Lacey, 2007). Bti is specific to mosquito larvae, but closely related species such as non-

biting midges can also be negatively affected due to similarities in larval habitats and physiology 

(Allgeier et al., 2019; Theissinger et al., 2019). Nevertheless, it is an environmentally safer option 

than chemical insecticides with a wide range of activity (Belousova et al., 2021; Schweizer et al., 

2019). This bioinsecticide does not persist in water for long periods and is most effective in small, 

contained water bodies. However, it efficacy decreases in large or flowing water bodies, where it 

can be diluted or dispersed (Schäfer and Lundström, 2014; Singh and Tripathi, 2003).  

Currently used insecticides include pyrethroids (e.g., permethrin and deltamethrin), 

certain organophosphates (e.g., temephos and pirimiphos-methyl), and more recent classes such 

as insect growth regulators (IGRs). These compounds are usually applied through aerial 

spraying, larval habitat treatment, and indoor residual spraying (Gajendiran and Abraham, 2018; 

Tai et al., 2024). Pyrethroids are neurotoxic to insects and usually lead to a rapid death upon 

contact or ingestion, making them highly effective for quick pest control. They have low level of 

acute toxicity to humans and other mammals (Ensley, 2018; Gajendiran and Abraham, 2018). In 

contrast, organophosphate insecticides are primarily exerting their effect by inhibiting 

acetylcholinesterase (Tai et al., 2024). Recent generations of pyrethroids and organophosphate 

insecticides degrade quickly, reducing the potential for long-term environmental contamination 

(Gajendiran and Abraham, 2018; Tai et al., 2024). However, the growing resistances in 

mosquitoes to these chemicals as well as their negative impact on non-target and beneficial 

organisms, has led to the exploration of alternative methods (Ensley, 2018; Gajendiran and 

Abraham, 2018). One such alternative is the use of IGRs, a modern class of insecticides that 

mimics or inhibits natural hormones involved in several processes like molting, pupation, or 

reproduction. Commonly used IGRs include juvenile hormone analogs (e.g., pyriproxyfen), 

chitin synthesis inhibitors (e.g., diflubenzuron), and benzoylphenyl urea compounds (e.g., 

novaluron) (Fansiri et al., 2022; Herath et al., 2024; Hustedt et al., 2020). For instance, novaluron 

has been successfully used in many countries to control Aedes mosquito larvae by preventing 

adult emergence. Although effective, novaluron can affect non-target insects such as larvae and 

pupae of Coleopterans, Dipterans, and Hemipterans (Herath et al., 2024). 
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Beyond conventional measures, sterile insect technique (SIT) has emerged as a species-

specific mosquito control strategy. This technique involves releasing sterile males into wild; 

these males will mate with wild females, resulting in no offspring. As a result, the population is 

reduced over time (Benelli, 2015; Gouagna et al., 2020; Oliva et al., 2021). SIT has been evaluated 

in multiple field trials for mosquito control. For example, the El Salvador SIT Program in 1972 

successfully reduced the wild population of An. albimanus by 99%, through the release of about 

4.3 million chemosterilized males over five months (Breeland et al., 1974; Oliva et al., 2021). 

Similarly, in 2010, around 3.3 million engineered Ae. aegypti males (OX513A strain) were released 

in the Cayman Islands. This effort reduced the wild population by an estimated 80% (Harris et 

al., 2012; Oliva et al., 2014). Despite notable successes, several limitations have hindered the 

broader implementation of SIT programs. These include high operational costs, reduced mating 

competitiveness of released males, the immigration of fertilized females from untreated areas, 

and political or regulatory barriers. Consequently, the global adoption of SIT as a mosquito 

control strategy has advanced slowly (Gouagna et al., 2020; Oliva et al., 2014). 

Other innovative strategies also intentionally release modified mosquitoes to suppress 

populations or to reduce their ability to transmit diseases. A typical example is the use of 

mosquitoes infected with Wolbachia. This bacterium alters mosquito reproduction and can 

shorten lifespan, which lowers arbovirus transmission (Mains et al., 2019; Yen and Failloux, 

2020). For instance, in South Miami, releases of Wolbachia-infected WB1 Ae. aegypti across 

approximately 170 acres over six months led to a significant reduction in the local mosquito 

population (Mains et al., 2019). 

In the coming years, mosquito control will likely shift towards selective targeting, smart 

technologies, and genetics-driven interventions (Karunaratne and Surendran, 2022; Rajak et al., 

2024). One promising approach is gene drive, a genetic engineering technique designed to 

spread specific genes throughout interbreeding populations. Gene drive systems can serve two 

main purposes for mosquito control: (1) population replacement, which aims to substitute wild 

mosquitoes with ones that cannot transmit pathogens, or (2) population suppression, which 

involves reducing overall population by disrupting female fertility or skewing the sex ratio 

toward males (Hammond and Galizi, 2017; Karunaratne and Surendran, 2022; Wilson et al., 

2020). Another genetic tool is CRISPR-Cas9, which enables precise genome editing. This 

technology can disrupt genes vital for mosquito reproduction or pathogen transmission, offering 

a powerful method for vector control (Karunaratne and Surendran, 2022; Wickramasinghe et al., 

2021). Similarly, paratransgenesis, a genetic modification of symbiotic microorganisms within 

mosquitoes to block disease transmission, also holds great potential (Ratcliffe et al., 2022). 

Another important strategy is RNA interference (RNAi), that functions by silencing specific 
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genes post-transcriptionally to induce mortality, impair reproduction, or reduce pathogen 

transmission (Airs and Bartholomay, 2017; Wiltshire and Duman-Scheel, 2020). Since RNAi does 

not alter the genome, it offers a potentially more acceptable GMO-free alternative. Unlike 

transgenic or gene-drive approaches, which involve permanent modifications that can be 

inherited across generations, RNAi relies on temporary gene silencing triggered by exogenous 

RNAi-inducing molecules, which are degraded rapidly in the environment (Müller et al., 2023). 

 

RNA interference as a prospective mosquito control strategy 

RNAi is a naturally occurring and evolutionarily conserved mechanism that is found in 

most eukaryotes, where small RNA molecules trigger post-transcriptional gene silencing. This 

mechanism plays a crucial role in the innate immune defense system against viral infections, as 

it enables eukaryotic cells to recognize and degrade the double-stranded RNA (dsRNA), thereby 

limiting viral replication (Airs and Bartholomay, 2017; Liu et al., 2019; Wiltshire and Duman-

Scheel, 2020). Additionally, RNAi also regulates endogenous gene expression for controlling 

developmental processes, cell differentiation, and immune responses (Kim and Rossi, 2008; Liu 

et al., 2019). 

In 1998, RNAi was discovered in Caenorhabditis elegans, where a target specific gene 

silencing by dsRNA was described (Fire et al., 1998). This discovery later earned Andrew Fire and 

Craig Mello a Nobel prize in physiology and medicine (Fire, 2007). RNAi research has been 

extended to other eukaryotic organisms, proving that its mechanism is conserved across 

multiple species (Almeida et al., 2019; Fang and Qi, 2016; Lax et al., 2020; Olson and Blair, 2015). 

This mechanism can be artificially triggered by introducing exogenous RNAi-inducing 

molecules such as dsRNA, small interfering RNA (siRNA), microRNA (miRNA), or short hairpin 

RNA (shRNA) into cells, thereby modifying gene expression and inducing phenotypical changes. 

This approach is gaining interest in studying gene function, viral infections, and RNAi-based 

vector control (Airs and Bartholomay, 2017; Olson and Blair, 2015; Setten et al., 2019). 

RNAi for pest control was first demonstrated in beetles and moths (Baum et al., 2007; 

Mao et al., 2007). Since then, it has been applied to many other pest and vector species (Lopez 

et al., 2019; Müller et al., 2023; Yadav et al., 2023). For instance, in Tribolium castaneum, essential 

genes such as Ras opposite (ROP), Dre4, nucampholin (NCM), and RNA polymerase II subunit-

140 are effective RNAi targets for inducing mortality. Silencing the same genes also produced 

high mortality in Diabrotica virgifera virgifera and Brassicogethes aeneus (Knorr et al., 2018). 

In mosquitoes, there are three known pathways of RNAi (Figure 5): the miRNA, siRNA, 

and piwi-interacting RNA (piRNA) (Liu et al., 2019; Lucas et al., 2013). The miRNA-pathway plays 
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a central role in regulating gene expression during development such as metamorphosis, 

molting, and reproductive maturation. It also helps to maintain cellular homeostasis by 

regulating the expression of genes involved in metabolic processes, cell differentiation, and 

apoptosis. This pathway begins when miRNAs bind to complementary target sites, usually in the 

3' untranslated region. This interaction leads to translational repression or mRNA degradation 

(Lee et al., 2019; Liu et al., 2019). In contrast, the siRNA pathway is triggered when long dsRNA 

or siRNAs of exogenous origin are detected in the intracellular space. After which the dsRNA 

has to be processed into siRNAs by the Dicer-2 enzyme. These siRNAs are then loaded into 

Argonaute-2 within the RNA-induced silencing complex (RISC). After the passenger strand is 

removed, the guide strand direct cleavage of matching mRNA. This process leads to sequence-

specific gene silencing. As a result, this pathway plays a key role in antiviral defense, particularly 

against RNA viruses such as DENV, ZIKV, and CHIKV. Once the cells are infection, viral dsRNAs 

are produced, which are then targeted and degraded by this pathway. This process reduces viral 

load and limits systemic spread (Lee et al., 2019; Liu et al., 2019; Lucas et al., 2013). The last one 

is the piRNA pathway, which mainly protects the genome from transposable elements (TEs). 

These elements can disrupt the genome when they insert themselves into new sites. Silencing is 

stronger in the reproductive organs to preserve genome integrity across generations (Blair, 2011; 

Liu et al., 2019). Beyond this role, some studies suggest that this pathway can also help control 

viral replication in certain cases (Lee et al., 2019; Liu et al., 2019).  

Delivering RNAi-inducing molecules to mosquitoes is typically achieved using 

soaking/ingestion, attractive sugar baits, or microinjection, (Munawar et al., 2020; Stewart et al., 

2023; Yu et al., 2013). The soaking method involves exposing mosquito larvae to RNAi molecules 

by placing them directly in a treatment solution or by adding the treatment to their breeding 

water (Munawar et al., 2020). The attractive sugar bait method combines RNAi molecules with 

specific attractants in a sugar solution, which adult mosquitoes consume during feeding (Stewart 

et al., 2023). Soaking for larvae and attractive sugar baits for adults are currently considered the 

most practical options for potential field applications (Munawar et al., 2020; Stewart et al., 2023). 

In contrast, microinjection is primarily suited for laboratory experiments (Munawar et al., 2020; 

Yu et al., 2013). The use of protective carrier systems such as transfection reagents (TRs), chitosan 

nanoparticles, and polymers to encapsulate RNAi molecules has been shown to significantly 

enhance RNAi efficacy. The method protects the molecules from degradation and improves their 

cellular uptake (Dhandapani et al., 2019; Munawar et al., 2020). Other approaches have also been 

explored, such as using genetically engineered microbes that produce RNAi molecules, which 

are then ingested by mosquitoes (Hapairai et al., 2017; Munawar et al., 2020). 
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Figure 5. RNAi pathways in mosquitoes. An illustrative depiction of the three known pathways (Lucas et 

al., 2013). 

 

Silencing essential genes for reproduction, development, or pathogen transmission, can 

ultimately reduce population size and limit disease transmission (Lopez et al., 2019; Müller et 

al., 2023). Multiple studies have demonstrated the effectiveness of RNAi in disrupting key 

physiological processes in mosquitoes. For example, encapsulated dsRNA using chitosan 

nanoparticles was used to target the dihydroxyphenylacetaldehyde synthase gene in Ae. aegypti. 

Treatment of first-instar larvae resulted in delayed development, abnormal molting, and 

impaired endo- and exocuticle formation. Injecting the same dsRNA into adult females also led 

to significant mortality (Chen et al., 2019). Similarly, encapsulated dsRNA in chitosan-sodium 

tripolyphosphate nanoparticles targeting the inhibitor of apoptosis (IAP), vacuolar-sorting 

protein, Snakeskin, and offtrack genes, achieved significant knockdown and high larval 

mortality in Ae. aegypti (Dhandapani et al., 2019). Furthermore, RNAi has also been used to 

disrupt mosquito reproductive capacity. For instance, eggshell organizing factor-1 was identified 

as essential gene for eggshell formation and melanization in both Ae. aegypti and Ae. albopictus. 

Its silencing led to fragile, non-melanized eggshells and non-viable embryos (Isoe et al., 2019). 

Even though numerous studies have demonstrated the potential of RNAi strategy for mosquito 

control, research showing significant knockdown and mortality in Ae. albopictus are limited, 

despite the vectorial capacity of this species (Munawar et al., 2020). 
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Aim of the thesis 

Current mosquito control methods, like chemical insecticides, are inadequate due to the 

development of resistances in mosquito populations, as well as the environmental and health 

risks (Liu, 2015). Moreover, no specific treatments are available for most of the mosquito-borne 

arboviral diseases (Flandes et al., 2024; Madewell, 2020). Meanwhile, the few available vaccines 

are often limited in their efficacy (Afzal, 2024; Tayal et al., 2023). As a result, effective vector 

control remains one of the most critical strategies for reducing the burden of these diseases. 

However, more sustainable methods are urgently needed to complement the existing 

approaches (Jones et al., 2021; Lee et al., 2018). This therefore emphasizes the importance of 

exploring targeted strategies, such as RNAi for mosquito control (Müller et al., 2023). 

The aim of this work was to evaluate RNAi as a species-specific vector control strategy 

against Ae. albopictus. Successful RNAi-induced mortality has been achieved before, but mostly 

when using genetically engineered yeast to deliver the RNAi molecules (Mysore et al., 2019b). In 

other mosquito species, protecting dsRNA using carrier systems has improved RNAi efficacy 

(Cheng et al., 2011). Therefore, this work hypothesized that encapsulating dsRNA in a 

formulation such as liposome-based TR would enhance delivery and improve RNAi outcomes in 

Ae. albopictus. Specific objectives were defined and addressed experimentally to test this 

hypothesis, as well as to assess the feasibility of using RNAi in Ae. albopictus without genetically 

modified delivery carriers. 

Objective 1 focused on establishing RNAi workflow in Ae. albopictus cell lines. For this, 

dsRNA design and synthesis pipelines were developed, and standardized subculturing procedure 

were implemented for U4.4 and C6/36 cell lines. Although, cell culture assays provide a valuable 

platform for RNAi screening, the poor cellular uptake of unformulated (naked) dsRNA often 

limits their effectiveness (Dhandapani et al., 2019; Ovcharenko et al., 2005). These challenges 

could be circumvented by encapsulating dsRNA using TRs, as hypothesized. However, there are 

no TRs which are specifically designed for delivering long dsRNA into aedine cells. Also, the fact 

that their compositions are usually not disclosed, further complicates TR selection. To address 

this limitation, TRs were characterized for their ability to enhance dsRNA delivery and improve 

RNAi efficacy in aedine cell lines U4.4 and C6/36. The assessment was based on criteria such as 

complexing capacity, cytotoxicity, uptake improvement, as well as transfection efficiency. An 

mCherry-tagged reporter SFV was used as a model to evaluate the transfection efficiency. 

Objective 2 aimed to examine RNAi-mediated silencing of essential genes in Ae. 

albopictus larvae and their impact on survival. Hence, Ae. albopictus colony was established, and 
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essential genes associated with high mortality in various insects were screened. Specific dsRNAs 

were designed and synthesize for the selected genes. Aedine cell lines were used as an in vitro 

model to assess the lethality of the dsRNAs, using both uncomplexed and complexed dsRNA 

with TRs. Subsequently, the in vivo effects of the dsRNAs were evaluated in the larval stage. 

Meanwhile, silencing these genes was expected to disrupt critical physiological functions, 

thereby reducing larval survival. However, dsRNA treatments did not result in significant larval 

mortality, prompting further investigation. Therefore, complex sizes formed by dsRNA and TR 

were characterized. Oral uptake of dsRNA in larvae was also evaluated by fluorescence 

microscopy. To assess whether dsRNA degradation affect efficacy, in vitro stability tests were 

performed with larval gut extracts. Next, the dsRNA-degrading nucleases were identified and 

characterized, and their gene expression profiles were analyzed. Lastly, an in vitro assay was used 

to test whether TRs could increase dsRNA stability by preventing enzymatic degradation. 

Objective 3 was designed solely to establish a protocol to measure alphavirus infection 

using SFV tagged with mCherry as a model. The protocol was validated using furin inhibitors to 

show viral suppression. The goal was to provide a reliable platform for screening RNAi molecules 

and other antiviral compounds. 

Objective 4 explored the possibility of using RNAi to suppress SFV spread in Ae. 

albopictus. The focus was on designing dsRNAs that target SFV genes and evaluate their 

effectiveness in reducing the viral spread in mosquito cells. This was done by following the 

protocol established above. To enhance delivery and silencing efficiency, as hypothesized, the 

dsRNAs were then encapsulated in TRs. 
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2 Summary of the publications 

Each chapter in the following section summarizes the results from research articles that have 

been published or are in the process of being published in established peer-reviewed journals. 

Chapters I to IV correspond to the four objectives outlined in the preceding section.  

• Chapter I presents the characterization of various TRs and their efficiency in mediating 

gene silencing in aedine cell lines, using SFV as a model. 

• Chapter II describes the application of dsRNAs targeting multiple genes to evaluate 

their lethality in aedine cell lines and Ae. albopictus larvae.  

• Chapter III establishes a standardized protocol for monitoring alphavirus infection 

dynamics via fluorescence microscopy. 

• Chapter IV assesses the feasibility of using dsRNA as a tool to inhibit arboviral 

replication within aedine cell lines. 

 

Chapter I 

Gene silencing in the aedine cell lines C6/36 and U4.4 using long double-stranded RNA 

___________________________________________________________________________ 

Bodunrin Omokungbe, Alejandra Centurión, Sabrina Stiehler, Antonia Morr, Andreas 

Vilcinskas, Antje Steinbrink, Kornelia Hardes 

 

Parasite & Vectors. 2024 June 11;17(1):255. doi: 10.1186/s13071-024-06340-3. PMID: 38863029 

PMCID: PMC11167938 

 

Mosquitoes are known not only for being a nuisance but also for transmitting pathogens 

responsible for several diseases. Human activities and global mobility are contributing to 

invasive species moving beyond their native habitats. A notable example is the Asian tiger 

mosquito (Ae. albopictus), which can transmit at least 26 arboviruses. Currently, there are 

limited vaccines and no specific treatments for most of these arboviral diseases. Therefore, 

vector control still remains a crucial strategy. However, many of the available control measures 

have led to resistance in mosquito populations and pose risks to non-target organisms, livestock, 

and humans. Therefore, RNAi offers a promising species-specific approach for mosquito control. 

Although TR can enhance RNAi efficacy, there are no TRs specifically for aedine cell lines, and 

standardized protocols for them are missing. 

This study evaluated whether commercially available TRs can efficiently support delivery 

into aedine cell lines. For this, I assessed the complexing capacity of multiple TRs and the 

cytotoxicity of their complexes. Most TRs formed stable complexes with dsRNA, except 
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HiPerFect, which failed even at a 1:9 (dsRNA:TR) ratio. Complexes were mostly non-cytotoxic, 

although Lipofectamine 2000 exhibited cytotoxic effects at concentrations above 1 ng/µL. 

Subsequently, I tested whether long dsRNA delivered with the best performing TRs is taken up 

by cells, and evaluated the ability of these formulations to initiate an RNAi response. The five 

most effective TRs significantly improved long dsRNA uptake in both cell lines. These TRs also 

enhanced dsRNA efficiency in U4.4 cells using an mCherry-tagged SFV reporter as model. It is 

noteworthy to state that, dsRNA failed to exert any RNAi effects in C6/36 cells, likely due the 

lack of a functional RNAi pathway, as previously reported. These findings highlight the 

importance of selecting appropriate cell lines and establishing standardized protocols for RNAi 

studies. 

 

Chapter II 

RNA interference mediated mortality in Aedes albopictus: a challenging journey 

toward species-specific vector control 

___________________________________________________________________________ 

Bodunrin Omokungbe, Alejandra Centurión, Sabrina Stiehler, Magnus Wolf, Pascal Geisler, 

Andreas Vilcinskas, Antje Steinbrink, Kornelia Hardes 

 

Parasite & Vectors. 2025 November 14;18(1):463. doi: 10.1186/s13071-025-07113-2. PMID: 41239436 

PMCID: PMC12619383 

 

RNAi is regarded as a promising strategy for mosquito vector control due to its species-specific 

mode of action. Among the mosquito life stages, the larval stage presents the most practical 

target for control efforts. A simple delivery method is to add dsRNA directly to breeding water 

because reducing larvae will lowers the number of emerging adults. This approach can be 

experimentally simulated in the laboratory through soaking or ingestion assays. In this study, 

several candidate genes were selected based on previous reports demonstrating significant 

RNAi-induced mortality in other insect species. Two dsRNAs targeting each of these genes were 

designed and synthesized. Initial evaluations were conducted using U4.4 cells, following the 

workflow established in chapter I. Both unformulated dsRNA and dsRNA encapsulated in TRs 

were used. This was followed by an in vivo assessment of larval mortality. 

Among all the tested dsRNAs, only one of the dsRNA targeting inhibitor of apoptosis (IAP) gene 

led to a reduced cell viability in U4.4 cell line, especially when delivered using three distinct TRs. 

Despite this, all selected dsRNA led to a significant knockdown of their corresponding gene in 

U4.4 cells via RT-qPCR analysis. In the larval assay, none of the dsRNAs induced a significant 

larval mortality. Meanwhile, a knockdown of the IAP gene was observed, but only in dissected 
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gut tissues and not in the whole-body samples. These results prompted further investigations to 

identify possible barriers limiting RNAi efficacy. The dsRNA:TR complex size was evaluated, and 

fluorescence microscopy was used to track their oral uptake in larvae. Particle size analysis 

revealed optimal sizes were achieved only at lower concentrations, while fluorescent imaging 

confirmed dsRNA oral uptake but the signal did not spread beyond the gut. Ex vivo degradation 

assays indicated that dsRNA was rapidly degraded by nucleases in the larval gut extract. 

Therefore, dsRNA-degrading nucleases were identified. The corresponding genes were 

expressed in all larval stages, with the highest expression in the larval gut tissue. Although, TRs 

were initially able to protect dsRNA from enzymatic degradation, this protection declined over 

time. These findings highlight the key challenges limiting RNAi efficacy in Ae. albopictus larvae. 

Overcoming these barriers may require identifying gut-specific essential genes, as well as 

developing more sophisticated delivery system. 

 

Chapter III 

Quantitative fluorescence imaging of alphavirus infection for antiviral screenings 

___________________________________________________________________________ 

Alejandra Centurión*, Bodunrin Omokungbe*, Cross Chambers, Sabrina Stiehler, Andreas 

Vilcinskas, Kornelia Hardes 

* These authors contributed equally as co-first authors 

 

Journal of Visualized Experiments. 2026 March (). doi:10.3791/69384. 

 

Alphaviruses are enveloped, single-stranded RNA viruses primarily transmitted by mosquitoes, 

causing numerous diseases in humans and animals. Clinically important members include 

chikungunya virus, Western equine encephalitis virus, as well as Eastern equine encephalitis 

virus. On the other hand, certain alphaviruses, such as Semliki Forest virus, exhibit low 

pathogenicity in humans, making them valuable models for studying viruses with higher 

pathogenicity. Fluorescently tagged viruses enable real-time visualization of infection to assess 

the efficacy of dsRNA treatments as well as antiviral compounds.  

Here, a standardized protocol for monitoring alphavirus replication was established, using 

mCherry-tagged SFV as the model system. The protocol includes detailed procedures for 

preparing compounds, seeding of cells, viral infection, post-infection treatment, fluorescence 

microscopy for real-time visualization, and quantitative analysis of viral replication. As a 

demonstration, furin inhibitors were used to illustrate viral inhibition. This workflow provides 
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a reproducible platform for evaluating antiviral strategies in cell culture and can be adapted for 

other related viruses. 

 

Chapter IV 

Inhibition of Semliki Forest virus replication with long double-stranded RNA in Aedes 

albopictus cells 

___________________________________________________________________________ 

Alejandra Centurión, Bodunrin Omokungbe, Sabrina Stiehler, Andreas Vilcinskas, Kornelia 

Hardes 

 

Virus Research. 2025 May 357(2):199584. doi: 10.1016/j.virusres.2025.199584. PMID: 40389163 

PMCID: PMC12152901  

 

Eliminating a mosquito species entirely may cause unintended ecological effects. Control 

strategies could therefore aim to limit viral spread within the mosquito host, rather than 

eradicate the population. Alphaviruses with low human pathogenicity, such as Semliki Forest 

virus (SFV), can serve as effective models because they share structural and genetic features. 

In this study, RNAi was used to test whether viral spread within mosquitoes can be reduced. 

Specifically, I contributed to this study by designing dsRNAs that target six regions of the SFV 

genome. These dsRNAs were then assessed for their antiviral potential in Ae. albopictus U4.4 

cells. Initial cytotoxicity assays using CellTiter-Glo demonstrated that both uncomplexed and 

complexed dsRNA were non-toxic to the cells, thereby ruling out any potential effects arising 

from cell death. Notably, most of the dsRNAs encapsulated with the K4 exhibited antiviral 

efficacy, reducing viral replication by up to sevenfold compared to uncomplexed dsRNA 

counterparts. Among the constructs evaluated, the dsRNA designed to target the non-structural 

protein 4 (nsp4) was the most efficient at suppressing infection. When encapsulated, nsp4-

dsRNA reduced viral replication by an 80% at 72 h post-infection. Further concentration-

dependent assay showed that 0.5 ng/µL of encapsulated dsRNA was sufficient to achieve 

significant suppression. Lastly, I also contributed by using RT-qPCR to confirm a significant 

knockdown of the nsp4 gene, thereby validating the antiviral efficacy of nsp4-dsRNA. 

This study successfully showed that encapsulated dsRNA can inhibit arboviral spread within 

mosquito cell line. However, in vivo studies are still needed to confirm the effectiveness and to 

guide future applications in arbovirus control. 
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3 Discussion 

Mosquitoes, particularly Ae. albopictus, are among the deadliest vectors of human 

diseases, transmitting pathogens responsible for dengue, chikungunya, and Zika virus infections 

(Becker et al., 2020). These diseases impose a heavy global public health burden, especially in 

tropical and subtropical regions where vector populations thrive (Becker et al., 2020; Kamerow, 

2014). Conventional control measures, such as chemical insecticides, face challenges including 

resistances, ecological concerns, and broad effects on non-target organisms (Ranson and 

Lissenden, 2016; Shroff et al., 2020). These necessitate the development of alternative strategies 

for vector control and pathogen management (Benelli, 2015). RNAi, a conserved and sequence-

specific gene silencing mechanism, offers a promising complementary approach. By targeting 

genes critical to mosquito survival, development, or pathogen transmission, RNAi can provide 

an environmentally friendly method for mosquito and pathogen management (Lopez et al., 2019; 

Müller et al., 2023). However, in Ae. albopictus the approach faces persistent challenges, 

including inefficient delivery, degradation of dsRNA by nucleases, and limited systemic spread 

(Figueiredo Prates et al. 2024). For these reasons, this thesis investigated the potential of RNAi 

as a prospective vector control method against Ae. albopictus, and examined practical factors 

that influence the efficacy. 

 

Improving gene silencing in aedine cell lines using transfection reagents 

Chapter I of this thesis focuses on delivering dsRNA into Ae. albopictus cell lines by using 

TRs, since they are known to enhance intracellular delivery of plasmids, dsRNA, siRNA, proteins, 

and other molecules (Balazs and Godbey, 2011). Despites these advantages, there are no TRs that 

are specifically designed for delivering long dsRNA into aedine cell lines. Moreover, most 

reagents does not have their compositions disclosed (Simberg et al., 2000). This lack of 

transparency makes it difficult to select suitable TRs for aedine cell lines. To address this, I 

selected several TRs and tested their compatibility in aedine cells. I evaluated four parameters: 

(1) complexing capacity, (2) cytotoxicity, (3) dsRNA uptake, and (4) transfection efficiency, 

measured as knockdown of reporter SFV tagged with mCherry. 

Evaluating complexing capacity showed clear differences among the tested reagents. The 

findings indicated that it is necessary to determine optimal dsRNA:TR ratios for each reagent, 

rather than relying solely on manufacturer’s guidelines. Moreover, most recommendations are 

typically for DNA, mRNA, or sometimes siRNA, but not for long dsRNA. Adjusting the ratios is 

critical because it balances delivery efficiency and cytotoxicity of the TRs (Kasai et al., 2019). Too 

much reagent can increase cytotoxicity through non-specific membrane interactions. On the 
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other hand, too little may leave some dsRNAs unprotected. Both of these scenarios can 

significantly reduce RNAi efficacy. The gel retardation assay used here offered a simple and 

reliable way to measure complexing capacity. It helps identify ratios that ensure complete 

dsRNA binding while limiting excess reagent use. Making this optimization step a routine 

practice could improve reproducibility across RNAi studies and allow fair comparisons between 

delivery reagents. 

Assessing the cytotoxicity of the TRs and their complexes is necessary to rule out any 

effect that may arise from the use of the reagents. Cytotoxicity typically depends on the 

composition of the reagent, the nature of the complexes it forms, residual components, cell line 

sensitivity, exposure duration, and reagent concentrations (Wang et al., 2018). Meanwhile, only 

Lipofectamine 2000 reduced cell viability at higher concentrations tested. This was also observed 

in previous studies in mammalian cells, although the tolerance appears to vary between cell lines 

(Wang et al., 2018; Yamano et al., 2010). Most commercially available TRs are optimized for 

mammalian cells and not for insect ones. As such, their charge density, lipid composition, and 

binding affinities may not be optimal for insect membranes. Therefore, developing reagents 

specifically for aedine cell lines could lower any potential cytotoxic effects while improving 

delivery efficiency. 

Efficient dsRNA uptake is required to initiate the RNAi pathway (Nikcevic et al., 2003). 

However, as shown here, uptake alone does not ensure functional gene silencing. While all TRs 

tested enhanced dsRNA internalization, only in U4.4 cells a significant knockdown of the 

mCherry viral reporter was observed. Therefore, it is necessary to evaluate both delivery 

efficiency and functional silencing when selecting reagent for RNAi delivery. The lack of RNAi 

response in C6/36 cells aligns with previous reports attributing this to the loss of Dicer-2, an 

essential enzyme for processing dsRNA into siRNAs (Brackney et al., 2010; Scott et al., 2010). This 

deficiency renders C6/36 cells unsuitable for evaluating RNAi-based strategies, though it has 

made them a preferred model for virus propagation due to reduced antiviral defense (Miller et 

al., 2018). In contrast, U4.4 cells, which retain a functional antiviral RNAi pathway, remain a 

relevant model for studying RNAi efficacy against arboviruses (Attarzadeh-Yazdi et al., 2009). It 

is noteworthy that U4.4 and C6/36 cells are subclones derived from the same original culture of 

Ae. albopictus neonate larvae. However, the mechanism and timing of the loss of antiviral RNAi 

functionality in C6/36 cells remain unclear (Weger-Lucarelli et al., 2018). Without confirming 

the integrity of the RNAi pathway, negative results in certain cell lines may be misinterpreted as 

inefficient or delivery failure rather than a pathway defect.  

Knockdown of the viral reporter gene observed in U4.4 cells supports the central 

hypothesis of this thesis. To the best of my knowledge, no comprehensive analysis of TRs for 
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dsRNA delivery into mosquito cells has been reported. This work fills that gap by offering a 

practical framework to optimize TRs for delivering long dsRNA into aedine cell lines, and 

potentially other similar insect cell lines. Based on the findings in this chapter, K4, Metafectene 

Pro, Metafectene SI+, Lipofectamine 2000 (below 1 ng/µL), and CellFectin II are recommended 

for dsRNA delivery in aedine cell lines. 

 

Potential barriers to RNAi-induced mortality in the larval stage of Ae. albopictus 

In Chapter II, genes previously associated with high mortality in other insect species were 

selected, and two dsRNAs were designed and synthesized for each target. Initial evaluation of 

cytotoxicity, with and without TR encapsulation, showed that only the dsRNA targeting the IAP 

gene significantly reduced cell viability. Although all selected dsRNAs achieved significant target 

gene knockdown. In vivo larval assays showed IAP knockdown only in gut tissue, with no 

significant mortality. 

To identify potential barriers to efficacy, I evaluated dsRNA:TR complex sizes, oral 

uptake, degradation by gut nucleases, and TR-mediated protection. Optimal particle sizes were 

observed only at low concentrations, whereas higher concentrations caused aggregation. This is 

likely due to the use of sterile water for dilutions (to match larval bioassay conditions), rather 

than recommended Grace’s insect medium. Unknown TR properties could affect particle 

stability. If there are no stabilizers present, the particles may aggregate through charge 

neutralization or hydrophobic interactions, which can change the size distribution (Berger et al. 

2021; Yazdi et al. 2025). Fluorescence microscopy showed that dsRNA entered the larval gut. 

Signal intensity was stronger and more persistent when the dsRNAs were encapsulated in TRs. 

The signal did not spread beyond the gut, which points to the larval midgut epithelium as a 

major barrier. The cuticular lining, limited endocytic transport, or restricted RNA movement 

may prevent dsRNA from reaching other tissues (Figueiredo Prates et al. 2024; Müller et al. 2023). 

In Ae. albopictus, specially designed formulations may be needed to enhance transcytosis or 

bypass gut barriers. Alternatively, essential genes that are specific to the gut could be targeted, 

which may be sufficient to achieve lethal knockdown without the need for systemic spread. 

A major barrier to oral RNAi in Ae. albopictus is the presence of dsRNases in the gut. The 

high nuclease activity in the digestive tract quickly degrades ingested dsRNA before it can reach 

intracellular targets. This problem has been reported in several insects (Chen et al. 2021; Fan et 

al. 2021; Prentice et al. 2019). This appears particularly pronounced in Ae. albopictus, as larval 

gut extracts rapidly degrade dsRNA. The high dsRNase activity and their elevated gene 

expression in the gut of Ae. albopictus may reflect an evolutionary adaptation to larval habitats 
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rich in decaying organic matter and environmental RNA. This adaptation enables efficient 

digestion of dietary nucleic acids as a nutrient source and also serves as a defense against RNA 

viruses, thereby limiting viral infections (Giesbrecht et al. 2020; Hossain et al. 2020; Parry et al. 

2021). Such evolutionary pressures could explain the elevated gut nuclease activity observed in 

this species. Therefore, any delivery platform for RNAi-based control in Ae. albopictus must 

account for the rapid extracellular degradation in the gut lumen. 

One strategy to reduce nuclease activity is to deliver dsRNAs that target the nucleases 

together with the functional dsRNA. This approach has worked in Ae. aegypti, Leptinotarsa 

decemlineata, and Dalbulus maidis (Dalaisón-Fuentes et al., 2023; Giesbrecht et al., 2020; Spit et 

al., 2017). In Ae. albopictus, however, it seems less effective. This was likely because both dsRNAs 

were rapidly degraded before they can act. A previous study showed that co-delivery of shRNA 

targeting gut RNases did not improve RNAi efficacy in Ae. albopictus larvae (Figueiredo Prates 

et al., 2024). The presence of multiple nucleases in mosquito may also contribute, as functional 

redundancy could render suppression of a single nuclease insufficient to reduce overall 

degradation (Giesbrecht et al., 2020). Overcoming this barrier may require simultaneous 

silencing of multiple nucleases or the development of nuclease-resistant delivery systems. In this 

chapter, dsRNA encapsulated with various TRs was protected from degradation, although this 

protection declined over time. This suggest that while TRs are effective in cell culture, they may 

be suboptimal for in vivo larval applications. Moreover, the use of commercially available TRs 

here was intended for experimental purposes. Their high cost and undisclosed composition 

make them unsuitable candidates for potential field application. 

RNAi has yielded consistent and effective gene knockdown in Ae. aegypti using 

unformulated (naked) dsRNA (Bona et al., 2016; Lopez et al., 2019; Singh et al., 2013), whereas 

responses in Ae. albopictus have been more variable and often less efficient (Figueiredo Prates 

et al., 2024). This variability may be partly explained by differences in immune gene complexity, 

as Ae. albopictus possesses a larger genome and more gene duplications, including immune-

related ones (Chen et al., 2015; Palatini et al., 2020). However, this alone likely does not fully 

account for the reduced RNAi efficiency. Additional factors may include impaired systemic 

transport across midgut barriers or differences in the functionality of core RNAi machinery such 

as Dicer-2, Argonaute-2, and R2D2. While these factors could explain interspecies differences in 

RNAi responsiveness, direct comparative evidence is lacking. Further research is therefore 

needed to clarify why Ae. albopictus larvae are less responsive to RNAi. 
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Monitoring alphavirus infection in Ae. albopictus cell lines using fluorescence 

microscopy 

Chapter III of this work established a protocol to monitor alphavirus infection in Ae. 

albopictus cell lines. Fluorescence microscopy provides real-time insight into viral dynamics, 

allowing continuous observation of infection progression without destructive sampling. Unlike 

endpoint assays such as plaque assay or qPCR analysis, live-cell imaging can reveal early 

replication events, subtle kinetic delays, and partial inhibitory effects that may be missed by 

endpoint measurements (Shan et al., 2016; Smither et al., 2013). 

In this chapter, I used mCherry-SFV as a fluorescent reporter virus and applied furin 

inhibitors to demonstrate antiviral inhibition. As in previous chapters, cytotoxicity assessment 

was a prerequisite for reliable interpretation of antiviral outcomes. Cell line selection was also 

essential. For example, U4.4 cells can exhibit RNAi response to dsRNA treatment, whereas C6/36 

cells, which are suspected to lack functional Dicer-2, are unable to show antiviral RNAi response 

(Brackney et al., 2010; Scott et al., 2010). 

Reporter viruses such as mCherry-SFV can enhance the resolution of infection studies 

by enabling direct visualization of virus spread, but potential limitations should be 

acknowledged. For instance, reporter constructs may display altered replication kinetics or 

genetic instability (Eckert et al., 2014; Jose et al., 2017). Detached dead cells can obscure imaging 

fields and bias cell counts. Exposing cells to fluorescent dyes like DAPI for long period may also 

affect cell behavior or viability. Importantly, quantifying “fluorescence intensity per cell” with 

devices such as the Cytation 5 Cell Imaging Multimode Reader can be unreliable for cells in 

suspension and is better suited to adherent cell lines. Flow cytometry can provide a more 

accurate readout for suspended cells. However, it mainly captures cell that have the fluorescence 

signal, and therefore reflects only intracellular viral signal. As a result, it may underrepresent 

extracellular viral particles. 

The representative result highlights the importance of host factors in viral replication. 

Consistent with previous studies, furin inhibition reduced viral replication (Hardes et al., 2017). 

Targeting host factors via RNAi therefore represents a promising complementary strategy for 

limiting arbovirus replication in Ae. albopictus. This protocol can be adapted for additional 

applications, including RNAi-based antiviral screening. 

 

Reducing arboviral infection via RNAi within Ae. albopictus  

RNAi offers a promising tool not only for reducing mosquito populations but also for 

selectively inhibiting viral replication within the mosquito host, without necessarily killing the 
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insect. Its specific mode of action enables the design of dsRNAs that targets particular 

arboviruses, providing an approach for disrupting virus transmission (Caplen et al., 2002). In 

Chapter IV, SFV was also used as a model to explore RNAi-based inhibition of viral replication. 

To this end, I designed dsRNAs targeting six distinct regions of the SFV genome. 

 Cytotoxicity of the synthesized dsRNAs was assessed in aedine U4.4 cells, with no 

observed cytotoxic effects. This control is essential to ensure that antiviral effects result from 

sequence-specific RNAi activity rather than non-specific cell death caused by delivery reagents 

or dsRNA itself. The absence of cytotoxicity supports their use in downstream antiviral assays. 

All dsRNAs, except nsp3-dsRNA, significantly reduced SFV replication when delivered 

using the K4 transfection system. Uncomplexed dsRNA was much less effective. This further 

supports the central hypothesis that encapsulation improves RNAi efficacy. Among the six 

regions tested, dsRNAs against nsp1, nsp2, and nsp4 suppress viral spread very strongly. This 

aligns with previous work showing that RNAi targeting nsp2 and nsp4 suppresses SFV 

replication (Caplen et al. 2002). These proteins are essential for viral replication and 

transcription. They are critical targets in the replication cycle. Their sensitivity to RNAi likely 

reflects their indispensability and the limited redundancy in the replication complex (Fazakerley 

2002; Kujala et al. 2001). Consequently, targeting conserved regions may work against multiple 

virus strains. It may also reduce the chance of escape mutations (Caplen et al. 2002). To confirm 

the antiviral effects of nsp4-dsRNA, I performed RT-qPCR, which showed a significant 

knockdown of the gene.  

Additionally, dsRNA stability was assessed through fluorescence microscopy and 

infection assays at several time points. The dsRNA remained stable, indicating that its effect is 

not limited to a narrow time window. This stability suits delivery scenarios where precise timing 

is difficult. In future in vivo studies, sustained activity over time would allow more flexible 

application, and may strengthen cumulative antiviral effects. Establishing the minimum 

effective dose is also essential. It helps to optimize efficacy, minimize costs, and avoid side effects 

such as cytotoxicity or unintended immune activation. In this work, as little as 0.5 ng/µL dsRNA 

significantly inhibited viral spread, thereby providing a clear benchmark for future studies. 

These findings in aedine cell line are encouraging, but translation to in vivo systems is 

the next critical step. The mosquito midgut epithelium, nucleases, and tissue-specific variability 

in RNAi pathway can all affect antiviral efficacy. Moreover, environmental conditions, mosquito 

microbiota, and feeding status could also alter dsRNA uptake and stability (Bachman et al., 2020; 

Huvenne and Smagghe, 2010). Future research should therefore include in vivo validation in 

adult mosquitoes under conditions that simulate natural infection and transmission cycles. 

Finally, the RNAi strategy developed here has potential applicability beyond SFV. With careful 
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target design, it could be adapted to suppress other medically important arboviruses transmitted 

by Ae. albopictus, including CHIKV, ZIKV, and DENV. 

 

Conclusion and future perspectives  

This thesis presents the first evaluation of commercially available TRs for delivering long 

dsRNA into aedine cell lines. It also assessed RNAi-induced mortality, established a real time 

platform to monitor alphavirus infection, and finally tested dsRNA as an inhibitor of viral spread. 

All stated objectives were addressed experimentally. Findings from cell line studies support the 

central hypothesis. Because, encapsulation of dsRNA improved uptake and increased RNAi 

efficiency. Although, in chapter II only one dsRNA reduced cell viability. In vivo assay in larvae 

led to gene knockdown, but only in the gut tissue with no significant increase in mortality. This 

was most likely attributed to the rapid degradation of dsRNA by gut nucleases, the suboptimal 

particle size of dsRNA:TR, and the insufficient systemic spread of the treatment. Therefore, 

future work should identify gut essential genes as target in Ae. albopictus and also develop 

formulations that protect dsRNA from in vivo degradation.  

Beyond mosquito population control, chapter IV examined the use of RNAi to inhibit 

viral spread within mosquitoes. Using SFV as a model, dsRNAs targeting multiple regions of the 

viral genome significantly reduced replication within an Ae. albopictus cell line. These findings 

point to new avenues that targets mosquito host factors that are critical for viral replication. One 

such host factor is furin, a proprotein convertase involved in activating viral glycoproteins 

(Molloy and Thomas, 2002). Synthetic furin inhibitors have shown to reduced viral replication 

in many cell lines, but their limited specificity raises concerns about effects on other proteases 

(Hardes et al., 2017; Ivachtchenko et al., 2024; Klein-Szanto and Bassi, 2017). For this reason, 

future work should test RNAi mediated knockdown of furin genes in Ae. albopictus using dsRNA 

to clarify furin’s role in arboviral replication. The use of dsRNA against furin as an antiviral 

strategy in humans also warrants investigation.  

Bridging the gap from laboratory success to practical use will require more advanced 

delivery strategies. Genetically engineered Chlorella vulgaris and Saccharomyces cerevisiae that 

produce shRNA have shown promise in reducing Ae. albopictus populations (Deng et al., 2025; 

Mysore et al., 2019b; Mysore et al., 2019a; Mysore et al., 2021). Public concern on GMOs and 

added regulatory steps may limit broad adoption (Müller et al., 2023). Alternative delivery 

platforms that do not use GMOs should be explored further. Examples include chitosan 

nanoparticles, peptosome-based carrier, cationic polymers, and dendrimers (Chong et al., 2021; 

Manteghi et al., 2024). 



 

Page - 26  
 

A hypothetical RNAi bioinsecticide should meet key criteria outlined by Müller et al. 

(2023). These include high efficacy, target specificity, suitable formulation, biosafety, product 

stability, scalability, and cost-effectiveness. Despite current challenges in developing RNAi 

control for Ae. albopictus, this approach could meet most requirements for a bioinsecticide. 

Future work should also address key gaps, including long term environmental impacts, potential 

off-target effects, regulatory considerations related to delivery platforms, and integration with 

other vector management strategies. 
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1 Candidate gene target selection, double-stranded RNA design and synthesis 

To identify suitable RNAi target genes in Aedes albopictus, we conducted a literature search to 

compile genes previously associated with high mortality in other insect species. For each 

selected gene, two dsRNA constructs were designed and synthesized. The sequences of the 

primers used for dsRNA synthesis, gene knockdown validation, and analysis of dsRNase 

expression profiles are listed in Table S1. 

Table S1: Primer sequences used for dsRNA synthesis, validation of gene knockdown, and expression profiles of dsRNases 

by RT-qPCR. The T7 promoter sequence (in lower case) was added to the 5′ end of each primer used for dsRNA synthesis. 

RT-qPCR primers for confirming gene knockdown were designed to bind near the 5′ region of the target gene, outside the 

dsRNA target sequence. 

Gene purpose Name of 

fragment 

Primer sequence 5’ → 3’ size 

(bp) 

Green fluorescent 

protein (GFP) 

RNAi gfp484_T7_fw ccctttaatacgactcactatagggagaACCACATGAAGCAGCACGA
CTT 

484 

gfp484_T7_rv ccctttaatacgactcactatagggagaGTCCATGCCGAGAGTGATCC

CG 

 

mCherry RNAi mCh_T7-fw taatacgactcactatagggGCGTGATGAACTTCGAGGAC 409 

mCh_T7-rv taatacgactcactatagggCTTGTACAGCTCGTCCATGC 

β-Tubulin (β-tub) RNAi β-tub-1_T7-fw taatacgactcactatagggGTCGACGAACAGATGCTGAA 494 

β-tub-1_T7-rv taatacgactcactatagggAAGTGGCGCAGATAGAGGAA 

β-tub-2_T7-fw taatacgactcactatagggCACGACATGGACGTTACCTG 496 

β-tub-2_T7-rv taatacgactcactatagggGGGGGAGAAGGGTACAGAAG 

RT-qPCR β-tub-1_fw GGTTTTCTCGTGTTCCGTCG 221 

β-tub-1_rv GCGTCGATTCCATGCTCATC 

Dre4 (Dre4) RNAi Dre4_T7-1_fw taatacgactcactatagggTTTCGGTGAAGTTTTCGGGC 
417 

Dre4_T7-1_rv taatacgactcactatagggCCTCCTCGGCATCCTTCTCTA 

Dre4_T7-2_fw taatacgactcactatagggATCCGGCCATTATCCAGTCG 
446 

Dre4_T7-2_rv taatacgactcactatagggTGCCTCCTTGTTCTCCAAGC 

RT-qPCR  Dre4_PCR_fw CGGTCCCATCATAGTTCGTCC 
 

Dre4_PCR_rev ATGCGTCACTTCCTCCAGTT  

Ras Opposite 

(ROP) 

RNAi ROP-1_T7-fw taatacgactcactatagggTGAGGTGTGCCCTGAAGAAC 
495 

ROP-1_T7-rv taatacgactcactatagggGCGTTCGGAGATGGGATGAA 

ROP-2_T7-fw taatacgactcactatagggGATTGCGTTTCTCCGTTGCT 
447 

ROP-2_T7-rv taatacgactcactatagggGCGCATGTGGTCCTTGATTT 

RT-qPCR ROP _fw CTGGGTATCAACGTCATCGCT 
243 

ROP_rv TGACTTGTCCTTGTGCCAGT 

Inhibitor of 

apoptosis (IAP) 

RNAi IAP-1_T7-fw taatacgactcactatagggCGTTGTGTGGTCGGTCTAGT 
403 

IAP-1_T7-rv taatacgactcactatagggATCTTGAGTTCGCGGCTGTT 

IAP-2_T7-fw taatacgactcactatagggACACCGGCAAAAGTGATCGT 
425 

IAP-2_T7-rv taatacgactcactatagggACAGGGCGAAAATGCCGTAT 

RT-qPCR IAP_ fw GGCTCAAACGATGATGGCAC 
173 

IAP_rv TCTTGCTGATGAAGGGCACC 

Nucampholin 

(NCM) 

RNAi NCM-1_T7-fw taatacgactcactatagggGATTCCCGTTTCGACTCCGA 
449 

NCM-1_T7-rv taatacgactcactatagggTTGTCCGTAATCTCCGCCTG 

NCM-2_T7-fw taatacgactcactatagggTCGTCGGAAAAAGAAAGGCA 
408 

NCM-2_T7-rv taatacgactcactatagggTCTACGGTCACAATACAGGGAA 

RT-qPCR NCM_ fw GCGGGGCTATGAAAGAGAGG 
222 

NCM_rv CTCCGGCGACTAGAGGAAGA 

Actin RT-qPCR Actin_fw AGATCCTGACTGAACGTGGC 162 

 Actin_rv CGTCGGGAAGTTCGTAGGAC 

Aal-dsRNase1 RT-qPCR Aal-dsRNase1-
fw 

ATTCGATTTGGGAACCCGCT 237 

Aal-dsRNase1-rv GCGAGTTCTTGCGATTGGAG 

Aal-dsRNase2 RT-qPCR Aal-dsRNase2-

fw 

ACCCGAAAAATTGCGCTACG 204 

Aal-dsRNase2-rv AGATGGTGGTAGTCTCGCCA 
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2 Cytotoxicity effects of RNAi in aedine cell lines  

 

Fig. S1. Cytotoxic effects of complexed dsRNAs in Aedes albopictus U4.4 cells. Cells were treated at ~50% confluency with 

dsRNA at a concentration of 2 ng/µL per well (n = 4). The dsRNAs were complexed in (a) with Metafectene Pro (M-Pro) and 

in (b) CellFectin II (CellFect) before treatment. At 48 h post-treatment cell viability was assessed using the CellTiter-Glo assay. 

Data were normalized to the untreated control (treatment/control × 100), and mean cell viability is shown. Error bars represent 

the coefficient of variation (%). The dotted line indicates the toxicity threshold set at 80%. n.v. = near-zero viability. 
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3 Gene silencing analysis in U4.4 cells and larvae of Aedes albopictus 

Prior to gene silencing analysis, a standard curve analysis (0.1–1000 ng) was performed for 

each primer pair to determine efficiency, using total RNA extracted from L4 larvae with the 

Monarch Total RNA Miniprep Kit (New England Biolabs, Frankfurt, Germany). RNA 

concentration and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo 

Fisher Scientific, Frankfurt, Germany). RT-qPCR was performed with the Luna Universal One-

Step RT-qPCR Kit (New England Biolabs) on a QuantStudio 3 Real-Time PCR System 

(Applied Biosystems, Thermo Fisher Scientific). Detailed reaction components and thermal 

cycling conditions are provided in Table S2. Primer’s efficiencies are shown in Fig. S2, and the 

gene knockdown results in whole larvae are presented in Fig. S3. 

 

Table S2: Reaction mix and thermal program for RT-qPCR for gene knockdown and expression profile analysis. 

Reaction mix 

Reaction component Volume (µL) 

Luna Universal One-Step Reaction Mix (2x) 10.0 

Luna WarmStart RT Enzyme Mix (20x) 1.0 

Gene-specific Forward Primer (10 µM) 0.8 

Gene-specific Reverse Primer (10 µM) 0.8 

Nuclease-free Water 2.4 

Template RNA (20ng/µL) 5.0 

Total Volume 20.0 

Thermal parameter 

Cycle step Temperature Time Cycles 

Reverse Transcription 55°C 10 min 1 

Initial Denaturation 95°C 1 min 1 

Denaturation 95°C 10 sec 45 

Extension 60°C 60 sec 

Melt Curve 60-95°C various 1 
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Fig. S2. Primer efficiency of RT-qPCR primers. The efficiency was assessed via the standard curve analysis using total RNA 

extracted from L4 larvae (0.1–1000 ng). Ct values were plotted against the logarithm of RNA concentrations to generate 

standard curves. The slope, Y-intercept, coefficient of determination (R²), and primer efficiency (E) are indicated for each 

primer set. 

 

 

 

Fig. S3. Gene knockdown in whole larvae following treatment with complexed IAP 2 dsRNA using the K4 Transfection System 

(1:1). Larvae were treated using the second bioassay approach described in the main manuscript, and at 3 days post-treatment 

RNA were extracted for RT-qPCR analysis. Actin was used as the reference gene, and relative expression was calculated using 

the 2−ΔΔCt method, normalized to the non-specific mCherry dsRNA control (n = 3). Error bars represent standard deviation. ns 

= no significant difference (p > 0.05), determined by one-way ANOVA and Šidák’s multiple comparison test. 
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4 Dynamic light scattering analysis of formulated dsRNA 

Since the dsRNAs did not caused mortality in larvae, we tested whether the size of the 

complexes was a limiting factor. Therefore, we performed dynamic light scattering (DLS) to 

determine the particle size of dsRNA:TR complexes. First, the mCherry dsRNA was complexed 

with either K4 (1:1), Metafectene Pro (1:0.7), or CellFectin II (1:5) to a final concentration of 

10, 20, or 50 ng/µL. The complexes were incubated at room temperature for 20 min. Nuclease-

free water was used as the base medium for all dilutions, instead of the recommended Grace’s 

insect medium, to match the conditions used in the larval experiments. For particle size 

measurements, 5 µL of each complex was transferred into the capillary tube of a Zetasizer Low 

Volume Disposable Sizing Cell Kit (ZSU1002, Malvern Panalytical, Malvern, United 

Kingdom) and analyzed using a Malvern Ultra Red Zetasizer (Malvern Panalytical). Particle 

size was analyzed using the side scattering method. The results are shown in Table S3. 

 

Table S3. Particle size distribution of dsRNA:TR complexes. mCherry dsRNA was complexed with K4 Transfection System, 

Metafectene Pro, or CellFectin II, and particle size was analyzed using dynamic light scattering with side scattering method. 

The sample size was n=3 and each sample replicate were measured three times.  

 

Sample Concentrations (ng/µL) Particle size (Z-Average nm) Polydispersity Index (PI) 

K4 Transfection 

System 

10 155.3 0.1018 

20 2461.7 0.5107 

50 5192.2 0.5426 

Metafectene Pro 10 150.6 0.1348 

CellFectin II 10 165.8 0.1776 
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5 Ex vivo degradation of dsRNA using Aedes albopictus gut extract 

 

 

Fig. S4. Ex vivo degradation of dsRNA with gut extract of Aedes albopictus larvae. The gut extract from L4 larvae was used 

for the incubation of mCherry dsRNA. In (a), the dsRNA was incubated with gut extract for 1 – 8 min. In (b), the dsRNA was 

incubated for 10 min with either gut extract or gut extract containing EDTA. All samples were resolved on agarose gel 

electrophoresis immediately after each incubation and a GeneRuler 100 bp DNA ladder (M, Thermo Fisher scientific) was used 

as marker. The gel images displayed a representative of three independent experiments (n=3). Ctrl= mCherry dsRNA incubated 

in nuclease free water, G.E = gut extract alone, while G.E + EDTA = mixture of gut extract and ethylenediaminetetraacetic 

acid. 
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6 Identification, characterization, and expression profile of Aedes albopictus dsRNases 

Table S4: List of dsRNase proteins used for the construction of the phylogenetic tree. The accession number for the nucleotide 

sequence were recovered from literature, quality-checked and the translated protein sequence were retrieved from NCBI (see 

Table S5 below). The asterisk (*,**) denotes multiple dsRNases within the same species 

Species dsRNase Accession number References 

Aedes aegypti Aae-dsRNase1 XP_001648469.1 Yoon et al 2021 

 Aae-dsRNase2 XP_001653479.2 Yoon et al 2021 

Aedes albopictus Aal-dsRNase1 XP_019536384.3 This study 

 Aal-dsRNase2 XP_062714997.1 This study 

Anopheles darlingi Ad-dsRNase1 ETN62076.1 Cooper et al 2020 

 Ad-dsRNase2 ETN61460.1 Cooper et al 2020 

 Ad-dsRNase3 ETN61459.1 Cooper et al 2020 

Anopheles gambiae Ag-dsRNase  XP_320813.4 Cooper et al 2020 

Bactrocera dorsalis Bd-dsRNase1 XP_011199940.1 Sharma et al 2021 

 Bd-dsRNase2 XP_011199500.1 Sharma et al 2021 

Bactrocera latifrons Bl-dsRNase1  XP_018803412.1 Tayler et al 2019 

 Bl-dsRNase2 XP_018803418.1 Tayler et al 2019 

Bactrocera oleae Bo-dsRNase1 XP_014088323.1 Tayler et al 2019 

Ceratitis capitata Cc-dsRNase1 XP_004530585.1 Tayler et al 2019 

 Bo-dsRNase2 XP_014088332.1 Tayler et al 2019 

Culex quinquefasciatus Cq-dsRNase* EDS34867.1 Cooper et al 2020  
Cq-dsRNase** EDS38458.1 Cooper et al 2020 

Drosophila 

melanogaster 

Dm-dsRNase1 AAF49206.1 Cooper et al 2020 

 Dm-dsRNase2 AAF49208.1 Cooper et al 2020 

Drosophila suzukii Ds-dsRNase1 QXY82428.1 Yoon et al 2021 

 Ds-dsRNase2 QXY82429.1 Yoon et al 2021 

Musca domestica Mm-dsRNase1 XP_005177226.1 Tayler et al 2019 

Nyssomyia neivai Nn-dsRNase* JAV11177.1 Cooper et al 2020 

 Nn-dsRNase** JAV11176.1 Cooper et al 2020 

Rhagoletis zephyria Rz-dsRNase1 XP_017466898.1 Tayler et al 2019 

 Rz-dsRNase2 XP_017478492.1 Tayler et al 2019 
 

 

Table S5: List of protein sequence used for the construction of the phylogenetic tree. 

1 >XP_019536384.3|Aedes albopictus-dsRNase1 

MEKFTCLMTILVLLGAGSDSKEIPSITSDNQRFAPSCSMNINNQLPRPQPLLLIPGTEEFRYPATSNRQL 

RLNPGETIELVCSSGFDLAPNKNSIIVSCVIDTIFNYDSTMHQFTDFSCRQIWYSNARRTYEPCERNASI 

IQIGFDLGTRFPKIMDICHNEETFENHWIKHEMFPFNAGYQSSNPRPNWYQGNFYPGIDTNYLYTNNKQR 

QTVAQILQSQELADDIIRDVGSGVYMARGHIAARVDFLYGTQQNATFWFLVVAPQWQNFNDGNWLRIEEQ 

VREFVAARNINVTVYGGTYGAHTQTDVNGDQQPIFLDYDPNGVQRLPAPKIYYKILHDERHNSGIALIGV 

NDIHITSMEQINGQYLLCDDIGDKVSWINWDRRNFKKGFAYACEVNPFLKRIGHLAHLDIPNLLI 

2 >XP_062714997.1|Aedes albopictus-dsRNase2 

MNRVASLLVLTVALELVWGQCTVNIRTNLVSPEPVFFRTATQLWSPDGPSLFWNSGETTTISCQSGTLTG 

FGVSTASLTCQSGTSFTIGGTAVSSSALTCTQRITGEIQTTTTSCGGGAGQLRNIGFLNPSGQMVTYIQS 

CYNVNTASVIYTRHIIPGRAINHAIQESYRPSFKVAGTASHVSPATSYTTASQATRLAVLLGSQAQADRF 

ITTSSYMSRGHLSPDADGIFRSWQWATYFYVNVAPQWQVVNAGNWLTVEGAARNIAGRLQEDVLIFNGC

H 

DVMTLPHVNGQQIPITLEAGGIQAPKWYWKIIKSPSTNSGIALITNNDPFRTSMPAAEMLCSDVCSTYGW 

ANANYGNFGRGFTYCCTVAALMSAIPAIPAEAAASNVLRY 

3 >QXY82428.1|Drosophila suzukii-dsRNase1 

MKGLVLIALSGLFLASGQARILPKEDLPWELPAIPEVVNEIEPREAGCSIKIRSSELKDPQPLLIKSGTS 

EIVGFSDSGNVDVDKDKTIEFHCTSSLASPLSGKSVTAKCVGGTTFKIDDKEHDLSAIKCTSWPAFVGKK 

SGSSCNGGTTLIKVGFELSGSRFATQYEVCFNEDEEVTRYVYHRLEPGNNYYATGVDRITFGAGGYFAGK 

NVDKLYTQAVQKETIDKELDMDSAHYFNSAKNIFLARGHMGAKADFVFAPEQRATFLFINAAPQWQTFNA 
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GNWARVEDGVRAWVAKEKKHVECWTGVWGVTTLANKNGEQRQLYLSHDKNGNGLIPVPKLYFRVVIEP

SS 

KKGIVLIGVNNPHLSLEEIKRDYILCTDVSDKIDWISWKKTDLTAGYSYACEVAEFRKKVDHLPEFSVL 

4 >QXY82429.1|Drosophila suzukii-dsRNase2 

MKGLVLIALSGLFLASGQARILPKEDLPWELPAIPEVVNEIEPREAGCSIKIRSSELKDPQPLLIKSGTS 

EIVGFSDSGNVDVDKDKTIEFHCTSSLASPLSGKSVTAKCVGGTTFKIDDKEHDLSAIKCTSWPAFVGKK 

SGSSCNGGTTLIKVGFELSGSRFATQYEVCFNEDEEVTRYVYHRLEPGNNYYATGVDRITFGAGGYFAGK 

NVDKLYTQAVQKETIDKELDMDSAHYFNSAKNIFLARGHMGAKADFVFAPEQRATFLFINAAPQWQTFNA 

GNWARVEDGVRAWVAKEKKHVECWTGVWGVTTLANKNGEQRQLYLSHDKNGNGLIPVPKLYFRVVIEP

SS 

KKGIVLIGVNNPHLSLEEIKRDYILCTDVSDKIDWISWKKTDLTAGYSYACEVAEFRKKVDHLPEFSVL 

5 >XP_001648469.1|Aedes aegypti-dsRNase1 

MAQFTILVTFLILLGARSESKELPSKVSDNQRFAPSCSININTQLPRPQPLLLIPGTEEFRYPATSNRLL 

RLNPGETVELVCSNGFNLAPSKNSIIVSCVIDTVFNYDSTMRQFSDFSCRQIWYSSARRTYEPCENSSSI 

IQIGFDLGARFPKIMDICHNEETFENHWIKHEMYAANAGYQSSNPRPNWYQGDFYPGIDTNYLYTVNKQR 

QTIAQILQSQDLADDIVRDVNSGIYMARGHIAARVDFIYGTQQNATFWFLVVAPQWQNFNDGNWLRVEEQ 

VRVFIAARNLNVTVYGGTYGAHTQTDANGDQQPIFLDYDPNGVQRLPAPKIYYKILHDERNQAGIALVGV 

NDIHITSMEQIEEQYMFCEDIGDKVSWINWERRNFKKGFAYACEVNPFLKRIGHLAHLDVPNLLI 

6 >XP_001653479.2|Aedes aegypti-dsRNase2 

MIRIGSLFVLAVALELVWGQCTVNLRTNLVSPEPVFFRTATQLWSPDGPSLFWNSGETTTISCQSGTLTG 

FGVSTASLTCQSGTSFTIGGIPVSSAALTCSQRITGEIQITSTSCGGGAGQLRNIGFLNPSSQLVTYIQS 

CYNVNTASVIYTRHIIPGRAINHAIQESYRPSFKVAGTASHVSPASSYTTASQATRLAVLLGSQAQADRF 

ITTSSYMSRGHLSPDADGIFRSWQWATYFYVNVAPQWQVVNAGNWLTVEGAARNIAGRLQEDVLIFNGC

H 

DVMTLPHVNGQQIPITLEAGGIQAPKWYWKIIKSPNTNSGIALITNNDPFRTSMPAGEMLCQDVCSTYGW 

GNANYGNFARGFTYCCTVAALMSAIPAIPSEAAVANVLRY 

7 >XP_011199940.1|Bactrocera dorsalis-dsRNase1 

MKLTSTLLLLVAGSFCLFHGCTAGVVAVPEDVVDDWKADDHMSEQINILFERNLYVEPIKEDASQAIVPA 

EVEEDYVEPEPISEVQDELVQPDVDVNGKIEGRASECKVTIRGGLPTPQPLYLKSGSEEIYPYDTKGVMV 

VDAGSTLEMWCPGKFTTLDTTLVTATCVSGTNFRVDGTTYAFKELTCKAWPTFVAEKTGASCNGGIMVRV 

GFKISSTRFAKQYEVCFNEGDEVTRYVHHDLNPGANYYQTGVDRITFQTGGFFDGKNVDKLYTQATQLET 

INAHLGGDASKYFDSAKNVYLARGHMAAKADFDYGLEQRATFLFINAAPQWQVFNAGNWARIEDGVRAK

V 

SSAGWYVDCYTGVYGVTTLANSDGVQTPLYLAYDSNNNGLIPVPKLYFRVVIEKTSKKGIVFIGVNNPHL 

TLDEIKKDYILCTDIADQVDYISWKRTDLTAGYSYACEVSDFRSKVTNLPSLSAPGGLLL 

8 >XP_011199500.1|Bactrocera dorsalis-dsRNase2 

MYSGGKAVKLALVLACLLAVVEAGILHSKETAVKSLLPNTDNDGPSTPYPTLSTADTYPTPPYINVTDET 

TDVTDEITDVTTDGPFSSTTPPPEISGGVVVRGDCAFDVNGDLNDPAPIFTPQNQLEWLVPSPSGVVELS 

NGAYIDMYCDKSFIAPFSNRTKVTAQCLQKQYFLVDGVIHPFSDFSCTSWPAYTARRTGRPCNGGTDLVE 

VGFVLTSGFLQIMDVCHDEVNEVTRYVHHKLNPSSAGYQHGVTRPSFITGDFYAGKNVDNLYTKVQQNNT 

ISKILGMDASPFFNDTIDVYLARGHMAAKVDFIFGAPQKATFFFVNAAPQWQMFNGRNWERVEDSVRRYA 

SDQALDLDCYTGIWGVSTLPDVNGVQRELYLAFDENNNGLIPVPKLYFRVVIDRKSRNGIVLIGVNNPHV 

TLEEIKKDYVICKDVGNRINWVSWDKENLMNGYSYACAVDDFISVVKDLPLDDLYTSGLLGVEALTIENI 

PS 

9 >ETN62076.1|Anopheles darlingi-dsRNase1 

MARQLVVLLICGAAVLQELFIRGVVSREYIEATTDALEWVLPVSEKKNDGTTDPACSISLHRDLTIMQPL 

LLKPGSSQFVWPRLNSTTVELDYGQPLELFCSHGFRDGSPVGKAKSAIVTCEGNDELGYAAGSYNISHFT 

CQRPVYHVAERTGGRCYGDSTLIRIGFELAPDRFVQLYEVCFNELQLHSHYVKYNLSPHNGHHQRAVKRP 

SFLQGGFYRDLKMNSIYTFVKQHATVQRILGTKARADAVLDSKRGLFLSRGHLAAKSDFIFGSHQRASFW 

LMNVAPQWQRFNALNWQRIETAVKEYITANDLWLTVYTGTYGVLELLDGNGDPQQIFLDYDAARDPPGRI 

PIPKLFYKVLIDEQTQSGIALIGVNNPHATPEEIAEQYVVCKDVSSAIDWIHWKRDSIPDGYSYACDVNE 

FNDVTGHLELVQPIGKLLL 

1

0 

>ETN61460.1|Anopheles darlingi-dsRNase2 

MKFAVVSALLLLAAFVGARDIPPRAHQDVLFEEDIPEDVPLAGGYATGCSIRLNGDLPALQPLILVPGTA 

NFRYPMTSSGILTLNAGETLELACSNGFELYPEKNSIVAACVIDTQFNYDSKMYTFDQFSCTANWRSVAR 

RTERRCYNDATIVEVGFELGARFPKVMEVCHDEVTYHNHYIVHEFTPANAGFQTGVARPGWIQGNFYPGV 

NVNTLYTVNMQRETIATILNSQARADELVQTTANGIYMARGHIAARADFVYAPQQNATFWFLNAAPQWQ

N 

FNAGNWERIENSAKSFVASRNINVRVYGGTYGVQTLADANGDHHEIFLDFDPNGRARLQAPKVYYKILHN 

EAQNSGIVLIGVNNVHISLEEIRRDYIFCTDVSSRIGWINWDRENLARGYSYACEVNEFNRVTGHLPNLN 

VASLLI 

1

1 

>ETN61459.1|Anopheles darlingi-dsRNase3 

MKGTLCLLVALLSTSSLVSARDLRHEIPVEVPDVHLGVGFATACSVRMTGDLPRPQPLILRPGTDQFRYP 

ATDNGLLQLNAGETLELACQQGFALFPGKNTITISCVLNDQFNYDSQMFAFRDFACTENWLSTARRTAQR 

CFNGATIVQIGFELGSRFPRFLDVCHDEVTLDNHYVVHEFTPANAGFQQGVPRPGWYQGDFYPGININGL 

YTVNTQRSTLATILNSQARADQLVQGTDNGFFMARGHIAARSDFIYGTQQNGTFWFLNASPQWQTFNAGN 

WERIEASVKRFVASRNIHVRVYGGTYGIQTQADGNGDHRQIFLDFNANGRTRVRAPMVYYKILHNEAQNS 

GIVLIGVNNIHISLEEIRRDYIFCTDVSSRIGWINWERENLILGYSYACEVNEFNRVTGHLPNLNVASLL 

I 
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1

2 

>EDS34867.1|Culex quinquefasciatus-dsRNase* 

MWNAFGLAALVLLAEIELNFSRIALETSTVDFGDSTGKDYEKDYGCKVSMNKDLNLKQPLFLVPGTKQFI 

TPITNTTDLLFHQGEQLELFCTRGFGHTGDKSIVTTCDDANEFVHNGKIYNISQLVCKAPVYHVASRTEE 

RCFNNARLVKVGFELDDRFLKLYEVCFDEETLGTHYVKHALYPWNVKHQSSKRPSFIQGDYFPDLKMSKL 

YSYDSQRDALARILGSPEHADTFLNKKKDIFLARGHLAARADFVYGSHQRATFWFLNVAPQWQKFNSFNW 

QRVETGVKDLIAQRGLEVTVYTGTYGILELPDANGDMQPIFLDFDPNNGGRVPVPKVFYKILHDEWHDAG 

IALIGVNNPHATPEQIQQDYVLCEDVSDQIKWLKWKPENILGGYSYACDVNEFNAVTKHLPLGKVEKLLV 

1

3 

>EDS38458.1|Culex quinquefasciatus-dsRNase** 

MKTLLCVVLGLAFTIEGRDLPLQEAGSVRFAPTCSLNINNQLPIPQPLILHTGTDQFRYPTSNNRILQLN 

AGETVELACDNGFNLAPTKTTIIVSCVFDQTFNYDSTMYQFQEFSCTRNWYSSARDTNEPCNQGATIIEI 

GFELGTRFPKIMDVCHNSETFENHWVKHEFRRAHAGYQQGVARPSWYQGEFYPGVNVNTLYTIVRQRQTI 

AEILNSQSLADDIVGDTSNGVYMSRGHIAARVDFIYATHQNATFWFLNAAPQWQNFNEGNWLKIEDSTRN 

FVAARNIRVTVYGGTYGAHTQTDVNGDQQPIFLDFDRNGVQRLPAPKIYYKILHDEQNKAGIVLIGVNDI 

HITSMEQIRNEYMFCEDIGDKVSWINWDRFNLKRGFSYACEVNEFLRKIGHLPELDVPNLLI 

1

4 

>JAV11177.1|Nyssomyia neivai-dsRNase* 

HLLPTACEIRISGGGLGEPQPLILNSGATEFIEPKDANGIIRLNPGDDISLFCTTGFQSPSTTNNIIRAT 

CTTGTIFIIDGNKGNEMTFSNINCKSYPYHTARKSGKTCGNGAGVDIEVGFIVKERFIELFHICHDDIME 

STMYVTHSMTPGNEGYQRSFPRPSWLSSGFFGGKNVDNIYTNVRQNARVAEILGSQELADKYIKPTTTST 

YLARGHMAAKVDFIFGSQQRATFWLMNVAPQWQSFNAGNWERVESSTRKMASQRNTHFDVYTGTYGVM

TL 

PDINGQHQEIYLYFDENNNGQIPVPKIYYRVLYEKSTKRGIVLIGVNNIHITAEEAEEQNYIICEDVSDK 

INWINWERNDQILGYSYACEVEEFTKVVEHFPKLEISGLYV 

1

5 

>JAV11176.1|Nyssomyia neivai-dsRNase** 

IYYLYSQISFSDTSISDECQLCWHSIHSQVKNVIKTSSGTSASQSYYVREVWSIMRVVLFVSVLLHWQLS 

SARIPINDHHVISPLMEPCEIRISGGGLGEPQPLILNSGATEFIEPKDANGIIRLNPGDDISLFCTTGFQ 

SPSTTNDIIRATCTTGTIFIIDGNKGNEMTFSNIFCKSYPYHTARKSGKTCGNGAGVDIEVGFIVKERFI 

ELFHICHDDIMESTMYVTHSMSPGNEGYQRSFPRPSWLSSGFFGGKNVDNIYTNVRQNARVAEILGSQEL 

ADKYIKPTTTSTYLARGHMAAKVDFIFGSQQRATFWLMNVAPQWQSFNVGNWERVESSTRKMASQRNTH

F 

DVYTGTYGVMTLPDINGQHQEIYLYFDENNNGQIPVPKIYYRVLYEKSTKRGIVLIGVNNIHITAEEAEE 

QNYIICEDVSDKINWINWERNDQILGYSYACEVEEFTKVVEHFPKLEISGLYV 

1

6 

>AAF49206.1|Drosophila melanogaster-dsRNase1 

MKCLVLIAFSGLFLASAQARILPAEDLPWELPEVPVAVNEIEPRAAGCSIKIRSSELKDPQPLLIKSDTS 

EIVGFSDTGYVDVDKDKTIEFHCTSSLASPLSGKSVTAKCVGGTTFKIDDKEHDLSAIKCTSWPVFVGKK 

SGSSCNGGTTLIKVGFELSGSRFATQYEVCFNEDEEVTRYVYHRLEPGNNYYATGVDRITFGAGGYFAGK 

NVDKLYTQAVQKETIDKELDMDSSRFFDSAKNIFLARGHMGAKADFVFAPEQRATFLFINAAPQWQTFNA 

GNWARVEDGVRAWVAKENKHVECWTGVWGVTTLPNKNGEQRQLYLSHDNNGNGLIPVPKLYFRVVIEP

ST 

KKGIVLIGVNNPHLSLEEIKRDYILCTDVSDRINWISWKKTDITAGYSYACEVPEFRKKVTHLPEFSVSG 

LLV 

1

7 

>AAF49208.1|Drosophila melanogaster-dsRNase2 

MKCIRFSLLVVGLLAAPAAWARVPCPEVELPPVVEDDGIFERIAVAPPQPVGRAGACSVTIRGGLPSPEP 

VYLKTDSEDFYPFSDVGVMEFESGGSLQLWCPSGFNTHSENLLTASCVSGTTFSVGGSNFEFKDLYCKSW 

PGFKAVKSGATCNGGIVIRVGFEITSSRFAEQMQICFNEEEEVTRYTRHKLEPGSNYYETGVARITFQTA 

GFFDGKNVDKLYTQATQLETINNELGGDAEKYFDSSSNVYLARGHLGAKADFDYAPEQRATFLFINAAPQ 

WQTFNAGNWARVEDGLRAWVSKNKLNVNCYTGVYGVTTLPNKDGVETPLYLAKDDNNNGLIPVPKLYF

RV 

VIDPSSHRGIVFVGVNNPHLTEEQIKRDYVICDDVSDQVTYINWKTTDIKAGWSYACEVADFLKTVKHLP 

ALTAKGGLLV 

1

8 

>XP_320813.4|Anopheles gambiae-dsRNase 

SECTVNIRTQLNAREPLFLRNNQLWAPNGPSLQWNAGETTLIACPGNTIQNTGTVTANIQCVSGTTFNLA 

GSNVNIADVSCTARSTGSHQTTGQSCGSGGTLLNLGFDVPGVGFVTYIQSCYNMQTASVIYTRHIIPGAA 

ISHSISESYRPSFKTAGTAPHVQPATSYTTAQQAIRFAQLLGSQAQADRFITSSSYLSRGHLSPDADGIF 

RPWQWATYFYVNVAPQWQATNGGNWLVVENAARNIAGRLNEDVLIFNGAHDILTLPHVNGQQVPITLEA

G 

GIQTPKWYWKIIKSPRTNAAIALVNNNDPFRTSMPAGEMLCQDVCGQYGWGNANYGNFARGFTYCCTVA

D 

LRRAIPSIPAEADAANVLRF 

1

9 

>XP_018803412.1|Bactrocera latifrons-dsRNase1 

MKLTSTLLLLVAGSFFLFHGCTAGVVAVPEDVVDDWKAEDHTSELINILFERNLYVKRIKEDASQAIVPV 

EAEEAEEDYVEPEPISEVEDELVQPEVDVNGKIEGRASECKVTIRGGLPTPQPLYLKSGSEEIYPYDTKG 

VMVVNAGRTLEMWCPGKFTKLDTTLVTATCVSGTNFRVDGTTYAFKELTCKAWPTFVAEKTGASCNGGV

M 

VRVGFKISSTRFAQQYEVCFNEGEEVTRYVHHDLNPGANYYQTGVDRITFQTGGFFDGKNVDKLYTQATQ 

LETINAHLGGDARKYFDSAKNVYLARGHMAAKADFDYGLEQRATFLFINAAPQWQVFNAGNWARIEDGV

R 

AKVSSARWYVDCYTGVYGVTTLPNSDGVQTPLYLAYDSNNNGLIPVPKLYFRVVIEKTSKKGIVFIGVNN 

PHLTLDEIKKDYIICTDIADRVKYINWKRTDVTAGYSYACEVSDFRSKVTNLPNLSAPGGLLL 

2

0 

>XP_018803418.1|Bactrocera latifrons-dsRNase2 

MYSGGKAVKLALLLACLLADVEAGILHSKETAVKSLLPNTENDGPRTPYPTLSTADTHPTPPYINVTDET 
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TDVTTDGPFSSTTPPPEISGGVVVRGDCAFDVNGDLNDPAPIFTPPNQLEWLVPNPAGVVELSNGAYIDM 

YCDTSFIAPFSNLTKVTAQCLQKQYFLVDGVIHPFSDFSCTSWPAYTARRTGRPCNGGTDLVEVGFVLAS 

GFLQIMDVCHDEVNEVTRYVHHKLNPSSAGYQHGVTRPSFITGDFYAGKNVNNLYTKVQQNNTISKILGM 

DASPFFNDTIDVYLARGHMAAKVDFIFGAPQKATFLFVNAAPQWQMFNGRNWERVEDSVRRYASDQALD

L 

DCYTGIWGVSTLPDVNGVQRELYLAFDENNNGLIPVPKIYFRVVIDRKSRNGIVLIGVNNPHVTLEEIKK 

DYVICKDVGKRIKWVSWDKENLMNGYSYACAVDDFISVVKDLPLEDLYTSGLLGVEELTIENIPS 

2

1 

>XP_014088323.1|Bactrocera oleae-dsRNase1 

MKLASTLLLLVAGSFCLFHGCIASVIATPQHVNDESKADDQLSEPIAPISAINEEDKLEGLETLFERNLY 

VEPIKGADYQYIKSAAVSVDEKPAEVEEDYVEPEPNSEVEDELVQPEADVNGKPEGRANECKVTIRGGLP 

TPQPIYLKSGSEEFYPYDTRGVMVVDSGKTLEMWCPGKFTTIDKTLLTASCVSGTNFRVDGTTYSVKELT 

CKSWPGFVAEKTGASCNGGIMVRVGFKVSSRRFVEQYQVCFNEDEEVTRYVHHDLNPGSNYYQTGVDRIT 

FQTGGFFDSKNVDKLYTQVTQQATINAHLGGDASKYFTSNKNIYLARGHMAAKADFDYGSEQRATFLFIN 

VAPQWQVFNAGNWARIEDGVRAKVSSAKWYVDCYTGVYGVTTLPNSDGVQTPLYLSYDSNNNGQIPIPK

L 

YFRVIIERSSQKGIVFIGVNNPHLTLNEIKKDYIICNDISDRVNYVNWKRTDITAGYSYACEVSDFRRKV 

THLPTLSAPGGLLL 

2

2 

>XP_014088332.1|Bactrocera oleae-dsRNase2 

MYSGGKAVQLTLSLVCLLAAVEAGILYSKEPAVKSLILNTKDDGPRTPYRTSSTAATYSTPSFINVTDGP 

TDVTTDGPFSSTTPPPEISAGVVVRGDCAFDLNGDLNDPAPIFTPHNQLEWLVPNPAGIVELSNGAYIDM 

YCNKSFIAPFSNSTKVTAQCLQNQYFLVDGLIYPFSNFSCTNWPAYTARRTGRPCNGGTDLLEVGFELPT 

GFLQIMDICHDEVNEVTRYVHHNLNPSSAGYQHGVSRPSFITGDFYAGKNVNNLYTKVQQNRTISRILGM 

DASRFFNDTLDVYLARGHMAAKVDFIFGASQKATFYFVNAAPQWQMFNGRNWERVEDSVRRYASDKAL

DL 

DCYTGIWGVSTLPDVNGIQRELYLAFDENNNGLIPVPKIYFRVVIDRKTRNGIVLIGVNNPHVTLEEIKK 

DYVICKDVGNRIKWVSWDKENLMNGYSYACAVDDFISVVKDLPLDELYTSGLLGVEELIIENIPL 

2

3 

>XP_017466898.1|Rhagoletis zephyria-dsRNase1 

MVVDTGSSLQMWCPGQFSSIADTLITATCVSGSNFRVSGTTYAFKELACKAWPAFVAEKTGASCSGGIMV 

RVGYKISSSRFAQKYEVCFNEEEEVTRYVHHDLDPGSNYYETGVARITFQTAGFFDGKQVDNLYKQVTQQ 

ATIEAQLGNDASQYFDSNKNVYLARGHMAAKADFDYASGQRASFLFINAAPQWQVFNAGNWERIEDGVR

S 

KVAASKWYVDCYTGVYGVTTLPNADGVQTPLYLAYDSNNNGLIPVPKLYFRIVIERTSQKGIVFIGVNNP 

HLSLEEIQKDYILCADVADQVDYINWKRTDLTAGYSYACTVDDFKQNVTYLPEVSASGGLLL 

2

4 

>XP_017478492.1|Rhagoletis zephyria-dsRNase2 

MANTKRTLELFFALLCFSVAVQAGLLQSKQRQRYTELSTVVPAVEGTDPTPPSNITTDSP 

NNSTTDSPFNTTLTAPPSTATSPPDSGSGVVVRGDCAFDINGELNDPAPIFTPRNHFDWL 

VPNAAGVVELSNGAYIDMYCSTSFMAPFTNRTKVTAQCLQKKYFLVDGLIYPFANFSCTA 

WPAYTARRTGRPCNGGTDLLEVGFELEAGFLPTMDICHDEVNEVTRYVHHVLNPSSNGYQ 

HGVSRPSFITGDFYNGKNVNNLYTKVEQNKTISQILGMDASPYFNDTIDVYMARGHMAAK 

VDFIFGAPQKATFYFVNAAPQWQMFNGGNWERIEDGVRRFASDQALTLDCYTGIWGVSTL 

PDVNGVQQELYLAFDENNNGLIPVPMLYFRVVIDRESRKGIVLLGVNNPHISLEEIKRDY 

VICKDVGRRIDWIGWNKENLMKGYSYACAVDDFLKVVKHLPLEDLYTTGLLGVEELKIEN 

APIWEEH 

2

5 

>XP_004530585.1|Ceratitis capitata-dsRNase1 

MKLTTTLLLLVTGSCCLLQGCTAGVIAVPEVVIDGLKIDEEKPEESVFERNLYVEPISGAEDDYVEPEDE 

LLPPAPVVDDKPKGRATACKVTIRGGLPTPQPVYLKSDSAEFYPYDSTGVMVVESGEKLDLWCPGKFTSL 

DKTLVSASCVSGTNFKVDGTTYTLKELTCKSWPSFVAEKTGSSCNGGVEVRVGFKVSSSRFVEQYKVCFD 

EDEEVTRYVHHDLNPGSNYYQTGVDRLTFQTGGFFDGKNVDKLYTQATQLTTINEQLGGDASKYFDSSKN 

VYLARGHLAAKADFDYGTEQRATFLFINAAPQWQVFNAGNWARIEDGVRAKVSKAQWYVDCWTGVYG

VTT 

LANANGVQTPLYLAYDSNNNGLIPVPKLYFRVVIERTTKKGIVFIGVNNPHLTLAEIKKDYILCTDVADK 

VDYVNWKPTDITAGYSYACEVDDFKKKVSHLPDLPSVTGLLV 

2

6 

>XP_005177226.1|Musca domestica-dsRNase1 

MKLATSLLLLVAGFACLIHVSVGGVVGVPTDLLENLKIADDLPEAPPVVEEEIFERNVVVDVLPEGRANE 

CQITIRTGLSEPQPVFLKTNAAEFYPYSNTGVMQVHAGGTLQMFCPGEFKVKATKLITATCVSGTTFKVD 

GTSYAFSELVCKSWPGFVAKKKGTTCNGGILVGVGFEVSSTRFVEQMEICYNEQEEVTRYVRHTLGPASN 

YYQTGVDRITFQTAGFFNGKNVDKLYTQATQLETINAELGGNAGKYFDSSKNIYLARGHMGAKADFMYG

T 

QQRATFLFINAAPQWQVFNAGNWARVEDGVRAWVSKNSKTVNCYTGVYGVTTLPNKNGVQTPLYLAHD

SN 

NNGLIPVPKLYFRVVIEPATKKGIVFVGVNNPHLTLEQIKKDYIICTDVSSKVNYISWKKDDITAGYSYA 

CEVADFLKTVKHLPALTATGGLLV 

 

 

 

 



 

Page - 83  
 

 

Fig. S5. Sequencing data of dsRNase genes of Aedes albopictus. The RT-PCR products of the (a) Aal-dsRNase1 and (b) Aal-

dsRNase2 were sequenced and aligned with the corresponding reference sequences using Geneious Prime v2025.1. 
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7 Protection of dsRNA from degradation by Aedes albopictus gut extract using 

commercially available transfection reagents 

 

Fig. S6. Protection of dsRNA from degradation by Aedes albopictus gut extract. The dsRNA was complexed prior to the 

degradation assay in (a) with K4, Metafectene-Pro (M-Pro), Metafectene-SI+ (M-SI+), or Lipofectamine-2000 (Lipo). In (b), 

dsRNA was complexed with K4 and incubated with gut extract for 0.25 to 24 h. EDTA was added post-incubation to stop 

degradation, and samples were analyzed by agarose gel electrophoresis. Negative control (Ctrl -ve) was incubated in nuclease-

free water while positive control (Ctrl +ve) was incubated in gut extract. Gut extract containing EDTA served as the 

independent control for each dsRNA:TR sample and time point. A GeneRuler 100 bp DNA ladder (M, Thermo Fisher scientific) 

was used as marker. The image shown are representative of three independent experiments (n=3). G.E = gut extract alone. 
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Chapter III 

 

Quantitative fluorescence imaging of alphavirus infection for antiviral screenings 

 

 

Journal of Visualized Experiments. 2026 March (). doi:10.3791/69384. 
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Chapter IV 

 

Inhibition of Semliki Forest virus replication with long double-stranded RNA in Aedes 

albopictus cells 

 

 

Virus Research. 2025 May 357(2):199584. doi: 10.1016/j.virusres.2025.199584. PMCID: 

PMC12152901 PMID: 40389163 
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6 Appendix 

Further publications 

The following publications were produced during the period of this research but were not 

included in the writing of this thesis. 

 

Dersh L, Krämer J, Hurka S, Damm M, Bohlken O, Centurión A, Omokungbe B, Schulte L, 

Marner M, Hardes K, Schäberle T, Vilcinskas A, Lüddecke T. Vector Venom: Venomics of 

Aedes albopictus reveals novel cecropin-peptides with activity against E. coli. npj Drug 

Discovery (2025; in review) 

Centurión A, Omokungbe B, Oberpaul M, Dersch L, Stiehler S, Lechner M, Lüddecke T, 

Vilcinskas A, Steinmetzer T, Hardes K. Furin as a target for suppression of mosquito-borne 

viruses. Virology journal (2025; under revision) 

Albuquerque W, Ghezellou P, Lee K-Z, Schneider Q, Gross P, Kessel T, Omokungbe B, 

Spengler B, Vilcinskas A, Zorn H, Gand M. Peptidomics as a Tool to Assess the Cleavage of 

Wine Haze Proteins by Peptidases from Drosophila suzukii Larvae. Biomolecules. 2023; 

13(3):451. https://doi.org/10.3390/biom13030451 

 

List of abbreviations 

Bti  = Bacillus thuringiensis israelensis 

Cas9  = CRISPR-associated protein 9 

CHIKV  = Chikungunya virus 

CRISPR = Clustered regularly interspaced short palindromic 

DDT  = Dichlorodiphenyltrichloroethane 

DENV  = Dengue virus 

dsRNA  = double-stranded RNA 

GMO  = Genetically modified organisms 

IAP  = Inhibitor of apoptosis 

IGRs  = Insect growth regulators 

miRNA  = MicroRNA 

NCM  = Nucampholin 

nsp  = Non-structural protein 

piRNA  = PIWI-interacting RNA 

RISC  = RNA-induced silencing complex 

RNAi  = RNA interference 

ROP  = Ras opposite 

RT-qPCR = Reverse Transcription-quantitative Polymerase Chain Reaction 

SFV  = Semliki Forest virus 

shRNA  = Short hairpin RNA 

siRNA  = Small interfering RNA 

SIT  = Sterile insect techniques 

TE  = Transposable elements 

TR  = Transfection reagent 

ZIKV  = Zika virus  

https://doi.org/10.3390/biom13030451
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Conference and seminar contributions 

TBG-Retreat: LOEWE Centre for Translational Biodiversity Genomics (LOEWE-TBG), 2024, 
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Poster presentation: RNAi as an alternative control strategy against mosquito population 
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Oral presentation: RNAi as an alternative control strategy against mosquitoes 
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Poster presentation: RNA interference as an alternative control strategy against mosquito 
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XI International Conference of the European Mosquito Control Association (EMCA), 2023, 

Palma de Mallorca, Spain 

Poster presentation: RNA interference as an alternative control strategy against mosquito 

population 

 

TBG-Retreat: LOEWE Centre for Translational Biodiversity Genomics (LOEWE-TBG), 2023, 

Giessen, Germany 

Poster presentation: RNAi mediated effects in cell lines of Aedes albopictus 

 

TBG-Retreat: LOEWE Centre for Translational Biodiversity Genomics (LOEWE-TBG), 2022, 

Frankfurt, Germany 

Poster presentation: RNAi as an alternative control strategy against mosquito population 
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German Academic Exchange Service (DAAD), 2023: Travel Grant for the XI International 
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