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Abstract 

 

This industrial thesis provides insights into the development of new 

insecticide technologies against the cockroach Blattella germanica. We 

have focused this work on the design of an oral insecticide using RNA 

interference (RNAi) methodology, as an alternative to synthetic chemical 

insecticides.  We first evaluated essential genes in B. germanica by 

injection, and then selected one of them as the best candidate for RNAi oral 

delivery experiments. We also studied the function of this candidate gene 

in B. germanica oogenesis. For oral delivery experiments, we used 

nanomaterials to preserve the stability of the double-stranded RNA 

(dsRNA) as it passes through the insect gut. Results in RNAi oral delivery 

showed no insect mortality but oviposition was compromised in certain 

cases. We identified the potential barriers that limit RNAi efficiency in oral 

experiments, reinforcing the importance of their understanding for the 

successful development of oral RNAi-based insecticides. Additionally, we 

propose antisense oligonucleotides (ASOs) as alternative nucleic acid-

based molecules to manage B. germanica pest. 
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Resum 

 

Aquesta tesi industrial aporta coneixement sobre el desenvolupament de 

noves tecnologies insecticides contra la panerola Blattella germanica. Hem 

centrat aquest treball en el disseny d'un insecticida oral mitjançant la 

metodologia d'interferència d’ARN (ARNi) com a alternativa als 

insecticides químics sintètics. Primer de tot, hem estudiat per injecció els 

gens essencials en B. germanica i després hem seleccionat un d'ells com el 

millor candidat per als experiments d’administració oral d’ARNi. També 

hem estudiat la funció d'aquest gen candidat en l'oogènesi de B. germanica. 

Per als experiments d’administració oral, hem utilitzat nanomaterials per 

preservar l'estabilitat de la doble cadena de RNA (dsRNA) mentre passa pel 

digestiu de l'insecte. En els resultats d’administració oral d'ARNi no es va 

observar mortalitat en els insectes, però l’oviposició es va veure 

compromesa en alguns casos. Hem identificat les barreres potencials que 

limiten l'eficiència de l'ARNi en experiments orals, fet que reforça la 

importància de la seva comprensió per a l’exitós desenvolupament 

d'insecticides orals basats en ARNi. A més, proposem els oligonucleòtids 

antisentit (ASOs), molècules basades en àcids nucleics, com alternativa per 

controlar la plaga de B. germanica. 
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Preface 

 

In the latter half of the 20th century and the early 21st century, the climate 

change and the urban expansion have exacerbated the problem of urban 

pests. Among them, the cockroach Blattella germanica is one of the most 

alarming and disturbing. This nuisance pest, found in urban environments 

worldwide, can transmit important diseases and cause significant economic 

losses. At present, the main approach to manage this pest is the use of 

synthetic chemical insecticides. However, these compounds can harm non-

target organisms, contaminate the environment, and ultimately affect 

human health. 

 

The demonstrated side effects of certain widely used synthetic chemical 

compounds, the appearance of resistances to them, and their growing 

prohibition by the European Union have created the necessity of the 

development of alternatives more target-specific and environmentally 

friendly. This has motivated the company Mylva to explore potential 

alternatives for managing urban pests, starting several lines of research. 

Among these efforts, the company launched the initiative to establish this 

industrial doctorate, focused on the use of acid nucleic molecules against 

B. germanica. This thesis is the result of the collaboration between the 

company Mylva with more than 35 years of experience in pest management 

together with José Luis Maestro and Maria Dolors Piulachs, principal 

investigators of the Institute of Evolutionary Biology (CSIC-Universitat 

Pompeu Fabra) with more than 35 years of experience in B. germanica and 

molecular biology techniques. 

 

In this industrial thesis, the main objective was the design of a species-

specific and environmentally-friendly oral insecticide based on acid nucleic 

molecules, mainly taking advantage of the RNA interference (RNAi) 

mechanism to target an essential gene. This thesis aimed to address the 

challenges of achieving mortality in B. germanica by RNAi oral delivery, 

since we know that injection of double-stranded RNA (dsRNA) is highly 

effective in this insect species. We described how nanoparticles could 

preserve the stability of dsRNA, together with the potential barriers that 

limit RNAi efficiency in B. germanica. We provided valuable insights for 

the future development of insecticides based on nucleic acid molecules, 

both mRNAs and non-coding RNAs.  
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1. INTRODUCTION AND OBJECTIVES 

1.1.  Introduction  

1.1.1. Blattella germanica as a pest 

Cockroaches are among the most primitive winged insects and their origin 

dates back to approximately 300 million years ago to the Carboniferous 

period. At the present time there are about 4,000 described species of 

cockroaches, most of them of tropical origin, and less than 1% are 

considered pest species (Grimaldi & Engel, 2005). Insect pests are defined 

as insects that cause harm to humans, their livestock, crops or possessions 

(Hill, 1997). Within cockroaches, the German cockroach Blattella 

germanica (L., 1758) (Blattodea: Blattellidae), the American cockroach 

Periplaneta americana (L., 1758) (Blattodea: Blattidae), and the Oriental 

cockroach Blatta orientalis L., 1758 (Blattodea: Blattidae), are the species 

with the highest global impact (Toukhsati & Scanes, 2018). Among these, 

B. germanica is the most widespread and abundant species in urban areas 

(Tang et al., 2024; Wang et al., 2021). 

1.1.1.1. Anatomical characteristics 

The German cockroach adults measure between 1.5 to 1.8 cm in length. 

They have a general light brown coloration with two dark parallel bands in 

the pronotum, which are generally broader in nymphs (Figure 1.1). Male 

and female adults are easily distinguishable: females are more robust than 

males; the tegmina completely cover the abdomen in females, while in 

males, the terminal abdominal segments remain visible; in females 

abdominal tergites are uniform, whereas in males the tergal glands are 

located in the 7th abdominal tergites; females possess cerci with twelve 

segments, whereas males have eleven (Figure 1.1) (Cornwell, 1968). 
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Figure 1.1. Male and female adult Blattella germanica cockroaches. Images 

courtesy of Cristina Olivella. 

1.1.1.2. Habitat and geographic spread 

The German cockroach, B. germanica have been originated from the Asian 

cockroach Blattella asahinai (Mizukubo, 1981) (Blattodea: Ectobiidae) 

approximately 2,100 years ago, probably by adapting to human settlements 

in India or Myanmar (Mukha et al., 2002; Roth, 1985; Tang et al., 2024). 

Recent genomic analyses indicate that the global spread of B. germanica 

followed two main routes: an older westward expansion to the Middle East, 

dating back about 1,200 years, coinciding with commercial and military 

activities of Islamic dynasties; and a recent eastward route, occurring 

approximately 390 years ago, aligned with European colonial commercial 

activities. This most recent global spread was accelerated with the European 

advances in long-distance transportation, and temperature-controlled 

housing (Tang et al., 2024). 

 

The density of B. germanica population increased during the first half of 

the 20th century, especially in ports extensively trading with Europe, where 

it has been inadvertently carried by man (Tang et al., 2019). In the second 
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half of the 20th and the beginning of the 21st century, climate change and 

urban expansion have favored the presence of this pest (Bonnefoy et al., 

2008). Nowadays, B. germanica is the most widespread and cosmopolitan 

cockroach, found exclusively in areas with human presence and never 

endemic to natural habitats (Tang et al., 2019). 

 

About its habitat in urban environments, B. germanica prefers a warm, 

moist, dark environment. It is commonly found in kitchens, larders, hotels, 

restaurants, and hospitals where food, warmth and moisture create the 

optimal conditions (Cornwell, 1968; Wang et al., 2021). 

1.1.1.3. Health problem 

Cockroaches are not only a nuisance pest but also have a significant impact 

on public health. Cockroaches can contaminate food through the 

mechanical spread of diverse human pathogens, predominantly bacteria 

such as Escherichia coli, Pseudomonas aeruginosa, Klebsiella spp., but 

also fungi and different type of parasites, including hookworms and 

nematodes, which may cause serious human diseases (Fotedar et al., 1991). 

Moreover, cockroaches have greater health relevance in allergies, 

representing one of the most common sources of indoor allergens 

worldwide, and triggering serious allergic reactions, such as allergic asthma 

and rhinitis (Sohn & Kim, 2012). 

1.1.1.4. Economic impact 

Cockroach infestations cause economic losses in many ways, such as the 

materials and labor cost to treat infestations, wasted food due to its 

contamination, medical expenses from exposure to allergens, and costs 

associated with regulatory compliance. The medical problems associated 

with cockroaches are difficult to estimate because there are no data 

distinguishing between respiratory diseases caused by cockroach allergies 

and those caused by other factors (Wang et al., 2021). 

 

In 2024, the market for cockroach control is estimated to be worth $551.2 

million, with a projected annual growth rate of 5% from 2024 to 2031. The 

economic impact varies by region, with North America being the largest 

market, having a market size of $220.48 million in 2024. It is followed by 
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Europe with a market size of $165.36 million in 2024. Asia-Pacific ranks 

third with a market size of $126.78 million in 2024 (Dharmadhikari, 2024). 

1.1.2. Blattella germanica as a model insect 

The German cockroach is a well-studied insect species, in great measure 

due to the work of our laboratory since the 1980’s (Bellés et al., 2024). This 

extensive research allows us to closely monitor most of the aspects of the 

life cycle of our model organism under laboratory conditions. Moreover, 

the availability of the B. germanica genome (Harrison et al., 2018), provide 

us with the tools to understand the insect not only at the physiological level, 

but also at the molecular one.  

 

The cockroach B. germanica is an hemimetabolous insect, therefore with 

incomplete metamorphosis, being nymphs similar to adults except for size 

and the fact that their wings and genitalia are undeveloped. B. germanica 

life cycle consists of three differentiated stages: egg, nymph and adult. 

Adult females deposit the eggs in a protective structure called ootheca. The 

ootheca, which is formed by the female and can contain around 30-40 eggs, 

is externally carried during all embryogenesis until the nymphs emerge 

(Roth & Willis, 1954). This ootheca is produced at the end of the 7th day or 

at the beginning of the 8th day of every gonadotrophic cycle, regardless of 

whether the females were mated or not (Bellés et al., 2024). Under our 

laboratory conditions (29 ºC), adult females produce around five oothecae 

during their lifetime, the embryogenesis lasts around 18 days, and the 

postembryonic development, comprising six nymphal stages, lasts between 

22 to 24 days. In addition, adult females can live up to 250 days.  

1.1.3. Insecticides for pest control 

Insecticides are defined as any toxic substance used to eradicate and control 

insect populations at any life stage. Their usage dates back 4,500 years by 

Sumerian people, who used sulphur to kill insects and mites, and also 3,200 

years ago mercury and arsenic were used by Chinese people to control body 

lice (Araújo et al., 2023). The use of chemical compounds was followed by 

botanical preparations, with Chrysanthemum spp. as the most relevant due 

to its active compound, pyrethrin. This compound was effective against 

various pests, including cockroaches, bedbugs, flies, and mosquitoes 

(Davies et al., 2007). 
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Pest control experienced significant advances during mid-19th and early 20th 

centuries, with the development of the first synthetic chemicals insecticides 

made of organochloride compounds. One of these was the 

dichlorodiphenyltrichloroethane (DDT), highly effective in eliminating 

insects, but later banned due to its long-lasting residues that negatively 

affected the environment and human health (Thuy, 2015). Shortly 

thereafter, researchers chemically modified natural pyrethrin to create 

pyrethroids, photodegradable alternatives extensively used to control B. 

germanica. Unfortunately, the widespread use of these insecticides led to 

the development of resistances (Davies et al., 2007; World Health 

Organization, 2006). 

 

Neonicotinoids emerged as an alternative, with imidacloprid becoming the 

most used insecticide worldwide from 1999 to 2018 (Ihara & Matsuda, 

2018). Two neonicotinoids, imidacloprid and dinotefuran, were extensively 

employed to control B. germanica (World Health Organization, 2006). 

However, in 2018, the European Union banned the outdoor use of 

imidacloprid, together with other neonicotinoids, due to their negative 

impact on bees. However, its indoor application, such as for controlling B. 

germanica, remains permitted (Blacquière et al., 2012; Regulation 

2018/783). Currently, besides neonicotinoids, the other two most used 

insecticides are organophosphates and carbamates (Araújo et al., 2023).  

 

In recent years, there has been a significantly increase in the use of 

biorational insecticides, which have a minimal impact in the environment 

and non-target organisms. These insecticides can be divided into three main 

categories: juvenile hormone analogues, chitin synthesis inhibitors, and 

sexual pheromones. Juvenile hormone (JH) analogues and chitin synthesis 

inhibitors are insect growth regulators (IGRs); the first one induces a 

biological effect similar to natural JH, inhibiting metamorphosis, while the 

second one impairs exoskeleton formation, preventing molting. Unlike 

IGRs, sexual pheromones do not directly cause insect mortality; instead, 

sexual pheromones are used to attract insects to traps or confuse them to 

prevent mating (Bellés, 1988). IGRs are commonly used for B. germanica 

control, such as pyriproxyfen and hydroprene (JH analogs), or flufenoxuron 

(chitin synthesis inhibitor) but, because IGRs are relatively slow acting, 

they are generally used in combination with a fast-acting insecticide 

(Koehler & Patterson, 1991; Kramer et al., 1990; Reid et al., 1992). 
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Currently, biopesticides, a less explored type of insecticides, have gained 

attention to control B. germanica. Biopesticides are focused on the use of 

entomopathogenic bacteria, fungi, viruses, nematodes, and natural enemies 

(including parasitoids and predators), to cause infections to B. germanica 

leading to its death; and plant-derived substances, including alkaloids, 

flavonoids, and plant essential oils, that can control this pest by contact 

toxicity, stomach toxicity, repellent effects, and also interfering in insect 

development (Pan & Zhang, 2020).   

1.1.3.1. Disadvantages of common insecticides  

Chemical insecticides have been and continue to be essential for controlling 

B. germanica, thereby reducing its associated health problems and 

economic costs. However, their usage causes some relevant disadvantages 

(Tang et al., 2019). 

 

One of these disadvantages is the appearance of resistances in the insects, 

which are transmitted to the descendants, causing those highly effective 

insecticides were converted in innocuous in a short time in certain insect 

populations. Nowadays, B. germanica has been reported worldwide to have 

developed resistance at least to 45 insecticide active ingredients (Mota-

Sanchez & Wise, 2024). These resistances appeared due to the massive use 

of carbamates, organochlorines, organophosphates and pyrethroids to 

control this pest, exerting selective pressure. Moreover, B. germanica lives 

in relatively closed populations, which facilitates rapid selection of the 

high-level resistances (Tang et al., 2019). The insecticide resistance 

mechanisms documented in B. germanica are: enzymatic detoxification, 

target site insensitivity, reduced cuticular penetration and behavioral 

aversion (Fardisi et al., 2019).  

 

Another negative consequence of certain synthetic chemical insecticides 

was their low selectivity, affecting non-target organisms, and introducing 

ecological disequilibrium and the appearance of new pests. Additionally, 

the use of insecticides can cause environmental contamination, affecting 

the health of humans and other species (Bellés, 1988). 
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1.1.3.2. Current pest management strategies 

Initially, the insecticides targeting B. germanica were used in an 

indiscriminate manner, without considering the appropriate dosages or 

potential consequences for human health, the environment, and non-target 

organisms. Nowadays, pest management of B. germanica is commonly 

based on Integrated Pest Management (IPM) approaches aiming to control 

the pest while guarding human health and the environment (Brader, 1979). 

For B. germanica control, IPM incorporates strategies such as education, 

sanitation, trapping, vacuuming, and sealing of harborages, with pesticides 

applied when needed. Moreover, IPM strategies focus on the reduction of 

the use of insecticides, low toxicity products, and prioritizing baits than 

spray formulations (Dingha et al., 2016).  

 

The use of sprays to control B. germanica populations started to be replaced 

in the mid-1980s by insecticide baits. This new application method 

minimizes the development of resistances compared to sprays, as 

cockroaches receive a lethal dose of the insecticide from their first 

consumption. This is not the case with spray insecticides, which often result 

in exposure to sublethal doses (Khoobdel et al., 2022). However, 

resistances using baits were also observed, being behavior aversion one of 

the most relevant ones. Baits often contain feeding stimulants such as D-

glucose to attract cockroaches, but the aversion to these compounds can 

result in the failure of these baits (Wada-Katsumata et al., 2013). To prevent 

resistances, it is recommended to rotate between different products or use 

mixture products with multiple modes of action, rather than using a single 

active ingredient with a single mode of action (Fardisi et al., 2019). 

1.1.3.3. New pest management strategies based on nucleic acid 

molecules 

Recent advances in genomic and genetic technologies have facilitated the 

development of alternative urban pest management strategies, such as the 

ones based on the use of nucleic acid molecules (Pan & Zhang, 2020). The 

most common strategy is based on RNA interference, that contrary to 

conventional insecticides, have a specific sequence-dependent mode of 

action, providing a high species-selectivity, and its active ingredient, based 

on RNA, has a short environmental lifespan, minimizing ecological impact 

(Bachman et al., 2020; Christiaens et al., 2020). The successful 
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effectiveness of the RNA interference (RNAi) mechanism in controlling 

insect pests has led to the exploration of other nucleic acid-based molecules 

more cost-effective, such as antisense oligonucleotides (ASOs) (Oberemok 

et al., 2018). 

1.1.3.3.1. RNA interference (RNAi) 

RNAi is a highly evolutionary conserved cellular mechanism that regulates 

gene expression throughout all eukaryotes (Hannon, 2002). It is a post-

transcriptional gene-silencing mechanism that operates in sequence-

specific manner, using small RNA molecules together with different 

effector proteins to inhibit or degrade complementary RNAs. Three RNA 

interference pathways were described in eukaryotic organisms which are 

mediated by small interfering RNA (siRNA), microRNA (miRNA), and 

piwi-interacting RNA (piRNA), respectively (Cooper et al., 2019). Each 

pathway is thought to have evolved to play a distinct role; the miRNA 

pathway is involved in internal gene regulation, the piRNA pathway 

protects the genome against transposons and the siRNA pathway regulates 

gene expression and protects the cells against both exogenous and 

endogenous genetic elements (viruses and transposable elements) (Obbard 

et al., 2009).  

 

The siRNA pathway was first discovered in the nematode Caenorhabditis 

elegans by the introduction of target gene-specific double-stranded RNA 

(dsRNA) (Fire et al., 1998). Since its discovery, RNAi has rapidly evolved 

into a powerful genetic tool for studying gene function, regulation, and 

interaction at both cellular and organismal levels (Bellés, 2010). The siRNA 

pathway is exploited by experimentally introducing exogenous dsRNA into 

the cells to silence specific genes (Figure 1.2). Once inside, this long 

dsRNA is subsequently cut into siRNA duplexes typically ranging from 19-

22 bp by the RNase III endonuclease Dicer 2 (Dcr2) (Cooper et al., 2019; 

Montañés et al., 2021). Then, Dcr2 assisted by dsRNA-binding proteins 

such as R2D2, transfers the siRNA duplex onto the RNA-induced silencing 

complex (RISC), which comprises various protein components, among 

them the endonuclease Argonaute 2 (Ago2). The passenger strand of siRNA 

is then cut and eliminated, and the guide strand directs RISC to the mRNA 

region complementary to the guide siRNA. The guide siRNA complements 

by Watson-Crick base pairing to the target mRNA, leading to its 
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degradation by Ago2, resulting in post-transcriptional gene silencing 

(Figure 1.2) (Cooper et al., 2019). 

 

Figure 1.2. The exogenous small interfering RNA (siRNA) pathway in 

eukaryotes. Exogenous dsRNA targeting a specific gene is internalized inside the 

cytoplasm of the cells. dsRNA is cut by the RNase III endonuclease Dicer 2 (Dcr2) 

into siRNAs typically of 19-22 bp. Dcr2, assisted by R2D2, loads the siRNA onto 

the RNA-induced silencing complex (RISC), which includes various protein 

components and Argonaute 2 (Ago2). RISC keeps the guide strand of the siRNA 

to find the complementary mRNA. Ago2 then degrades this target mRNA, 

resulting in post-transcriptional gene silencing. Modified from Cooper et al. 

(2019). 

 

Before the RNAi breakthrough, most molecular and genetic research in 

insects was conducted in just a few model species, such as the fruit fly 

Drosophila melanogaster (Meigen, 1830) (Diptera: Drosophilidae) and the 

red flour beetle Tribolium castaneum (Herbst, 1797) (Coleoptera: 

Tenebrionidae) because of their low cost, rapid generation time and well-

established genetic tools. RNAi discovery has led to a revolution in insect 

molecular biology research, since it facilitated the expansion of reverse 

functional genomics studies in non-model species, where obtaining stable 
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mutants was more challenging (Bellés, 2010; Christiaens et al., 2020). 

Reverse functional genomics, whereby the gene is chosen first and its 

function studied later, had evolved thanks to genome and transcriptome 

sequencing that had broadly increased the number of genes and mRNAs 

available in insect species (Zhu & Palli, 2020). RNAi plays a decisive role 

in deciphering the function of the genes identified through sequencing. 

 

During the last decade, RNAi not only has generated interest in the field of 

reverse functional genomics but has also garnered attention for pest 

protection, essentially to protect crops. RNAi strategy for pest management 

involves, in the case of siRNA pathway, the designing of dsRNA sequences 

targeting essential genes of the pest insect, silencing those genes and finally, 

leading the animal to death. For functional genomics, RNAi methodology 

consists in most of the cases, in the injection of dsRNA into the abdomen 

of the insect, a procedure not suitable for field applications. To achieve 

effective pest control, the organism should be able to autonomously uptake 

the dsRNA, either through feeding or direct contact (Bonina & Arpaia, 

2023). 

 

Nowadays, only two RNAi-based products are commercially available to 

control agricultural pests, with none yet developed for urban pest control. 

The first RNAi-based product, named SmartStax®, was developed by 

Monsanto (now Bayer Crop Science) and launched into the market in 2009. 

SmartStax® consists of a transgenic corn crop that expresses a hairpin 

dsRNA targeting the Snf7 gene of the Western corn rootworm Diabrotica 

virgifera virgifera (LeConte, 1868) (Coleoptera: Chrysomelidae), together 

with Bacillus thuringiensis Cry proteins to delay the evolution of resistance 

(Bayer Crop Science, 2022). Furthermore, in 2023, Calantha™, a foliar 

RNAi-based insecticide, was launched by GreenLight Biosciences to act 

against the Colorado potato beetle Leptinotarsa decemlineata (Say, 1824) 

(Coleoptera: Chrysomelidae) (GreenLight Biosciencies, 2024). Although 

only these two products are currently available, others are undergoing 

regulatory approval or are in development.  
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1.2. Objectives  

 

The general objective of the present thesis was the design of an oral 

insecticide against the cockroach B. germanica using RNAi methodologies, 

allowing to reduce the harmful consequences of synthetic chemical 

insecticides. To fulfill this main objective, we followed these specific 

objectives: 

 

1. Evaluate essential genes for B. germanica and select the best 

candidate for RNAi experiments. 

2. Study the selected candidate gene function in B. germanica 

oogenesis. 

3. Find an effective oral delivery method that preserves the stability 

of the dsRNA as it passes through the gut. 

4. Test antisense oligonucleotides as an alternative to RNAi to 

manage B. germanica pest. 
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2. DEPLETION OF ESSENTIAL GENES IN Blattella 

germanica USING RNA INTERFERENCE 

2.1. Introduction 

2.1.1. Selection of essential genes 

The possible use of RNA interference (RNAi) for pest control involves the 

selection of some genes for which the reduction of their mRNA levels will 

determine the death of the individual. These are considered essential genes, 

and are the ones indispensable to support cellular life, most of them being 

highly conserved across species. Knockout (KO) of essential genes using 

gene editing strategies as CRISPR-Cas9 or downregulation of gene 

expression by RNAi is lethal for the organism (Rancati et al., 2018). Taking 

advantage of the small interfering RNA (siRNA) pathway, we selected four 

essential genes to be depleted based on previous literature about the 

effectiveness of their reduction in causing mortality in other insect species 

such as the African sweet potato weevil Cylas puncticollis (Boheman, 

1833) (Coleoptera: Brentidae) (Prentice et al., 2017) and the southern green 

stinkbug Nezara viridula (Linnaeus, 1758) (Hemiptera: Pentatomidae) 

(Sharma, Christiaens, et al., 2021). These genes,  

 

 

 are associated with distinct biological processes, essential 

for the organism. 
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Several scientific papers were published demonstrating insect mortality 

after feeding double-stranded RNA (dsRNA) against  

 

 

 

 

 

 

 

 From all these data, we considered 

these four genes as interesting target genes to be tested in Blattella 

germanica as plausible candidates to control this pest. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Materials and methods 

2.2.1. Cockroach colony and tissues sampling 

Specimens of the cockroach B. germanica were obtained from a colony fed 

on dog chow and water ad libitum, kept in the dark at 29 ± 1 ºC and 60-

70% relative humidity. Dissections were performed under Ringer’s saline 

on carbon dioxide-anaesthetized specimens. After dissection, tissue 

samples were immediately frozen in liquid nitrogen and stored at -80 ºC.  
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2.2.2. RNA extraction, cDNA synthesis and quantitative 

real-time PCR analysis  

Total RNA from midgut, fat body, corpora cardiaca-corpora allata (CC-

CA) and ovaries was extracted using HigherPurity™ Tissue Total RNA 

Purification kit (Canvax Biotech S.L.). The extracted RNA was treated with 

DNase (Thermo Fisher Scientific) and then retrotranscribed to cDNA using 

the Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics 

GmbH), following the manufacturer’s instructions. The absence of genomic 

contamination was confirmed using a control without reverse transcription. 

The quantity of RNA retrotranscribed varied in each experiment, but 

comparisons were made between samples with the same amount of 

retrotranscribed RNA. 

 

The expression levels of the different genes studied were analyzed by 

quantitative real-time PCR (qRT-PCR) using cDNA from tissues of 5-day-

old adult females. Amplification reactions were carried out in a CFX Opus 

384 Real-Time PCR System (BioRad) using the iTaq Universal SYBR 

Green Supermix (BioRad) following this program: (i) 95 ºC for 3 min, (ii) 

95 ºC for 10 s; (iii) 57 ºC for 1 min; (iv) steps (ii) and (iii) were repeated 

for 44 cycles. After the amplification phase, a dissociation curve was 

carried out to ensure that there was only one product amplified. Levels of 

mRNA were calculated relative to the reference gene, using the 2-ΔCt 

method (Alborzi & Piulachs, 2023; Irles et al., 2009; Livak & Schmittgen, 

2001). The PCR primers used in qRT-PCR expression studies were 

designed using the Primer3 v.4.1.0 software (Rozen & Skaletsky, 2000). 

The expression levels of actin-5c,  Eukaryotic translation 

Initiation Factor 4aIII (eIF4aIII), juvenile hormone acid O-

methyltransferase (jhamt),  and vitellogenin (Vg) were quantified 

from 3 to 6 independent biological samples, making three technical 

replicates of each one, in a 10 μL of final volume. A control without 

template was included in all batches. eIF4aIII was used as reference gene. 

The sequence of the primers used, and the accession number of genes 

analyzed are detailed in Table S1 (See Annexes).  
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2.2.3. dsRNA synthesis and RNAi experiments by injection 

To deplete the expression of essential genes, a dsRNA against each gene 

was designed  

 

 

 

 

 Furthermore, a heterologous 

441 bp fragment from the Polyhedrin of the Autographa californica 

nucleopolyhedrovirus was used as negative control (dsPolyH) (Lozano & 

Bellés, 2011). 

 

For dsRNA synthesis, RNA was extracted from B. germanica midgut using 

HigherPurity™ Tissue Total RNA Purification kit (Canvax Biotech S.L.) 

and then 1 µg was retrotranscribed to cDNA using the Transcriptor First 

Strand cDNA Synthesis kit (Roche Diagnostics GmbH), following the 

manufacturer’s instructions. Then, cDNA was amplified by PCR using the 

specific primers. The PCR products were analyzed by agarose gel 

electrophoresis, cloned into the pSTBlueTM-1 vector (Novagen), and then 

sequenced. Once obtained the sequences, dsRNAs were synthetized using 

MEGAscript™ RNAi kit (Invitrogen, Thermo Fisher Scientific), following 

manufacturer’s instructions and stored at -20 ºC until use. The sequence of 

the primers used is detailed in Table S1 (See Annexes). 

 

For RNAi experiments, dsRNA was injected at a dose of 1 μg (1 μg/μL) 

into the abdomen of freshly emerged last (sixth)-instar female nymphs 

(N6D0) or newly emerged adult females (AdD0), using a 5 μL Hamilton® 

75N microsyringe. Insects were kept in groups of 5-6 individuals which 

were monitored every day.  

2.2.4. Statistical analysis 

All data were expressed as mean ± standard error of the mean (S.E.M.). 

Data were evaluated for normality and homogeneity of variance using the 

Shapiro-Wilk test, which showed that no transformations were needed. All 

datasets passed normality test. Statistical analyses for mean comparison 

were performed employing Student’s t-test. A p value < 0.05 was 
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considered statistically significant. Data were analyzed using GraphPad 

Prism version 8.1.0 for Windows, GraphPad Software. 

 

For Kaplan-Meier (K-M) survival analysis, we used SPSS version 22 as 

statistical software. K-M survival curves illustrate the rate of survival after 

performing the different dsRNA treatments. We ran a log-rank test to 

explore overall differences among treatments, followed by pairwise 

comparisons to determine differences between specific pairs of treatments.  

 

2.3. Results 
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Abstract 

 

The Endosomal Sorting Complex Required for Transport (ESCRT) is a 

highly conserved cellular machinery essential for many cellular functions, 

including transmembrane protein sorting, endosomal trafficking, and 

membrane scission. CHMP4B is a key component of ESCRT-III 

subcomplex and has been thoroughly studied in the meroistic ovaries of 

Drosophila melanogaster showing its relevance in maintaining this 

reproductive organ during the life of the fly. However, the role of the 

CHMP4B in the most basal panoistic ovaries remains elusive. Using RNA 

interference (RNAi), we examined the function of CHMP4B in the ovary 

of Blattella germanica in two different physiological stages: in last instar 

nymphs, with proliferative follicular cells, and in vitellogenic adults when 

follicular cells enter in polyploidy and endoreplication.  

 

In Chmp4b-depleted specimens, the actin fibers change their distribution, 

appearing accumulated in the basal pole of the follicular cells, resulting in 

an excess of actin bundles that surround the basal ovarian follicle and 

modifying their shape. Depletion of Chmp4b also determines an actin 

accumulation in follicular cell membranes, resulting in different cell 

morphologies and sizes. In the end, these changes disrupt the opening of 

intercellular spaces between the follicular cells (patency) impeding the 

incorporation of yolk proteins to the growing oocyte and resulting in female 

sterility. In addition, the nuclei of follicular cells appeared unusually 

elongated, suggesting an incomplete karyokinesis. 

 

These results proved CHMP4B essential in preserving the proper 

expression of cytoskeleton proteins vital for basal ovarian follicle growth 

and maturation and for yolk protein incorporation. Moreover, the correct 

distribution of actin fibers in the basal ovarian follicle emerged as a critical 

factor for the successful completion of ovulation and oviposition. The 

overall results, obtained in two different proliferative stages, suggest that 

the requirement of CHMP4B in B. germanica follicular epithelium is not 

related to the proliferative stage of the tissue. 
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3.1. Introduction 

 

The Endosomal Sorting Complex Required for Transport, also known as 

ESCRT, consists of five protein subcomplexes (ESCRT-0, -I, -II, -III, and 

VPS4, see Christ et al., 2017) highly conserved between yeast, humans, and 

insects (Li & Blissard, 2015). ESCRT subcomplexes are required for 

transmembrane protein sorting, endosomal trafficking, membrane 

remodeling, and membrane scission (Christ et al., 2017). CHMP4B 

(charged multivesicular body protein 4B) from humans (Peck et al., 2004), 

the orthologue of Snf7/VPS32 in yeast (Kranz et al., 2001) and of Shrub 

(Shrb) in Drosophila melanogaster (Sweeney et al., 2006), is a key 

component of ESCRT-III subcomplex. CHMP4B plays a crucial role in 

membrane protein trafficking and executes membrane scission during 

processes such as multivesicular body formation and cytokinesis, helping 

to separate the daughter cells (Carlton & Martin-Serrano, 2007; Christ et 

al., 2017). 

 

In D. melanogaster ovaries, ESCRT complexes are not essential for global 

oocyte development (Vaccari et al., 2009). However, they are involved in 

the endosomal arrangement of membrane proteins, including the 

localization of Notch receptor, which signaling is essential for the 

development of the follicular cells and oocyte maturation (Klusza & Deng, 

2010). Also, Shrb participates in the membrane abscission during 

cytokinesis of germinal stem cells, where it is recruited at the midbody, the 

thin intercellular membrane bridge that connects the two daughter cells. The 

interaction between Shrb and ALiX proteins ensures cytokinesis 

completion (Christ et al., 2017; Eikenes et al., 2015; Matias et al., 2015; 

Raiborg & Stenmark, 2009). On the other hand, deubiquitination of Shrb 

by USP8 prevents Shrb from being recruited to the fusome and allows the 

formation of germline cysts (Mathieu et al., 2022). Moreover, D. 

melanogaster ESCRT mutants lack the subcortical actin in germinal cells. 

In general, mutants for any of the ESCRT components show strong defects 

in actin and plasma membrane organization that can result in multinuclear 

cells (Vaccari et al., 2009). These actin flaws have led to the proposal that 

ESCRT complexes could directly regulate the actin cytoskeleton 

(Sevrioukov et al., 2005; Vaccari et al., 2009). The Shrb function was also 

analyzed in D. melanogaster males. It was observed that depletion of shrb 

mRNA in fly testes determines a significant increase in the expression of 
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certain cytoskeleton-associated genes. Results pointed to this increase as 

the responsible factor for the arrest of germ cell development, which led to 

the accumulation of early gametes that did not reach maturation (Chen et 

al., 2021).  

 

The study of the function of Shrb in insect ovaries is limited to D. 

melanogaster, a species with a meroistic polytrophic ovary type, where the 

nurse cells (from germinal lineage) escort the oocytes during the egg 

chamber development. In the present work, we study the function of 

Shrb/CHMP4B in a basal ovary type, the panoistic ovary, using as an 

experimental model the cockroach Blattella germanica. The panoistic 

ovary lacks nurse cells and the oocyte is responsible for synthesizing the 

RNAs and proteins that will be necessary to determine future embryo 

development. After leaving the germarium, early differentiated oocytes are 

surrounded by a monolayer of somatic follicular cells (FC), forming an 

ovarian follicle (Rumbo et al., 2023; Figure 3.1A). In B. germanica 

oogenesis, only the basal oocyte in each ovariole matures in a gonadotropic 

cycle. The other ovarian follicles in the ovariole remain arrested in the 

vitellarium, waiting for the next cycle (Irles & Piulachs, 2014). The basal 

ovarian follicles (BOFs) become active in the sixth (last) nymphal instar 

when the oocyte is synthesizing RNAs and proteins that will be necessary 

for the oocyte to mature and for future embryo development (Elshaer & 

Piulachs, 2015; Irles & Piulachs, 2014). At the same time, the follicular 

epithelium in the BOF proliferates actively, producing an adequate number 

of cells distributed homogeneously to cover the oocyte surface. In 3-day-

old adults, coinciding with the increase of juvenile hormone in the 

hemolymph and the beginning of the vitellogenic period, the follicular 

epithelium in the BOF reaches the maximum number of cells, changing 

their program and activating the mitosis-endocycle switch (Irles et al., 

2016). In 5-day-old adults, all the FCs are binucleated, become polyploidy, 

and enter into endoreplication (Irles & Piulachs, 2014; Zhang & Kunkel, 

1992). Then, the chorion synthesis starts.  

 

During vitellogenesis, the oocytes in the BOFs take up proteins from the 

hemolymph to grow exponentially (Bellés et al., 1987). To allow these 

storage proteins to reach the oocyte membrane, the FCs contract their 

cytoplasm, leaving large intercellular spaces between them in a process 

called patency. This process, under juvenile hormone control, was first 

described in Rhodnius prolixus (Stål, 1859) (Hemiptera: Reduviidae) 
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(Davey, 1981; Davey & Huebner, 1974). Recently, the mechanism behind 

this process was studied in D. melanogaster (Isasti-Sanchez et al., 2021; 

Riechmann, 2021). According to these studies, the release of tension in the 

actin-myosin cytoskeleton and the removal of the adhesion proteins that 

participate in cell junctions determine a change in the number of 

connections between the FCs, which pass from tricellular junctions to 

bicellular junctions, leaving spaces between cells (Isasti-Sanchez et al., 

2021). At the end of vitellogenesis, the FCs close these spaces, and the 

gonadotropic cycle ends with the chorion synthesis just before ovulation 

and oviposition. 

 

B. germanica allow us to study the function of CHMP4B, the orthologue of 

Shrb (Sweeney et al., 2006), on the FCs in different situations: in the last 

instar nymphs, when FCs are actively proliferating, increasing their number 

as the BOF grows, and in adults, when the proliferative stage of FCs 

finishes, the cells become binucleated and enter into polyploidy and 

endoreplication. We found that Shrb/CHMP4B in the panoistic ovary of B. 

germanica regulates the actin cytoskeleton and associated genes involved 

in maintaining the follicular epithelium planar polarity. It is necessary to 

maintain the right levels of Shrb/CHMP4B in the ovary to correctly execute 

the changes of the FCs program in the BOF and thus ensure their correct 

growth. 

 

3.2. Materials and methods 

3.2.1. Insects sampling 

Specimens of the cockroach B. germanica were obtained from a colony fed 

on dog chow and water ad libitum, kept in the dark at 29 ± 1 ºC and 60-

70% relative humidity. Dissections and ovarian tissue sampling were 

performed on carbon dioxide-anaesthetized specimens, held under Ringer’s 

saline. After dissection, tissues were immediately frozen in liquid nitrogen 

and stored at -80 ºC.  

3.2.2. RNAi experiments  

To deplete the expression of shrb/Chmp4b (from now Chmp4b), a dsRNA 

(dsChmp4b; 461bp) was designed to target the conserved domain of the 
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Snf7 superfamily (Figure 3.S1). A heterologous 441 bp fragment from the 

gene sequence of the Autographa californica nucleopolyhedrovirus was 

used as negative control (dsMock) (Lozano & Bellés, 2011). The dsRNA 

was synthesized using MEGAscript™ RNAi kit (Invitrogen), following the 

manufacturer's instructions, and stored at -20 ºC until its use. The dsRNA 

was injected at a dose of 1 μg (1 μg/μL) into the abdomen of freshly 

emerged last (sixth)-instar female nymphs (N6D0) or newly emerged adult 

females, using a Hamilton microsyringe (Teknokroma). Sixth nymphal 

instar ovaries were dissected on day six of the instar. Ovaries from adult 

individuals were dissected on day 0 or 5 of the first gonadotrophic cycle, 

depending on the experiment.  

3.2.3. RNA extraction, cDNA synthesis, and quantitative 

real-time PCR analysis 

Total RNA from the ovaries was extracted using HigherPurity™ Tissue 

Total RNA Purification kit (Canvax Biotech S.L.). A total of 500 ng of 

RNA was then retrotranscribed using the Transcriptor First Strand cDNA 

Synthesis kit (Roche LifeScience) as previously described (Montañés et al., 

2021). The absence of genomic contamination was confirmed using a 

control without reverse transcription.  

 

The expression levels of the different genes studied were analyzed by 

quantitative real-time PCR (qRT-PCR) using cDNA from ovaries. The 

schedule used for the amplifying reaction was as follows: (i) 95 ºC for 3 

min, (ii) 95 ºC for 10 s; (iii) 57 ºC for 1 min; (iv) steps (ii) and (iii) were 

repeated for 44 cycles. The expression of actin-5c, armadillo (arm), 

Chmp4b, dachsous (ds), Eukaryotic translation Initiation Factor 4aIII 

(eIF4aIII), extracellular serine/threonine protein kinase four-jointed (fj), 

frizzled (fz), kugelei (kug; fat2 in D. melanogaster), Myosin heavy chain 

(Mhc) and protocadherin-like wing polarity protein starry night (stan) were 

quantified from 3-6 independent biological samples, making three technical 

replicates of each one, in a 10 μL of final volume. actin-5c was used as a 

reference gene to obtain the expression profile of Chmp4b in ovaries, and 

eIF4aIII was used as a reference gene to compare treated and control 

samples. The sequence of the primers used, and the accession number of 

genes analyzed are detailed in Table 3.S1. 
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3.2.4. Quantification of total ovarian proteins 

For the quantification of total protein content, control and treated ovaries 

were homogenized in 0.4 M NaCl using an ultrasonic bath and centrifuged 

to eliminate cell debris (Martin et al., 1995). The protein concentration in 

the homogenate was determined with the Bradford's method, using bovine 

serum albumin as standard (Bradford, 1976). 

3.2.5. Tissue staining and immunohistochemistry  

Ovaries from 6-day-old last instar nymphs and 0-day- and 5-day-old adults 

were dissected and immediately fixed in paraformaldehyde (4% in PBS) for 

2 h. Washing samples and antibody incubations were performed as 

previously described (Irles & Piulachs, 2014). The primary antibody 

employed was rabbit anti-Shrb (a gift from Dr. Thomas Klein; Bäumers et 

al., 2019) designed against the D. melanogaster Shrb. The high similarity 

between Shrub and CHMP4B from B. germanica (Figure 3.S1B) led us to 

use this antibody to detect CHMP4B in the ovaries of B. germanica. The 

primary antibody was used at dilution 1:50. The secondary antibody used 

was Alexa-Fluor 488 goat anti-rabbit IgG (Molecular Probes). In addition, 

ovaries were incubated at room temperature for 20 min in 300 ng/mL 

phalloidin-TRITC (Sigma) for F-actin staining and then, for 5 min in 1 

µg/mL of DAPI (Sigma) for DNA staining. WGA (Sigma) was used to stain 

membranes (5 min in 1 µg/mL). Ovaries were mounted in Mowiol 

(Calbiochem) and observed using a Zeiss AxioImager Z1 microscope 

(Apotome) (Carl Zeiss MicroImaging). 

3.2.6. Statistical analysis 

All data were expressed as mean ± standard error of the mean (S.E.M.) from 

at least three independent experiments. The data were evaluated for 

normality and homogeneity of variance using the Shapiro-Wilk test, which 

showed that no transformations were needed. All datasets passed the 

normality test. Statistical analyses were performed employing a Student’s 

t-test. A p-value < 0.05 was considered statistically significant. Statistical 

analyses were performed using GraphPad Prism version 8.1.0 for Windows, 

GraphPad Software.  
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3.3. Results 

3.3.1. Chmp4b expression in the ovaries of Blattella 

germanica 

Chmp4b mRNA is highly expressed in ovaries during all the sixth nymphal 

instar, showing the highest values on the first day of the instar, just after the 

molt (Figure 3.1B). Then, its expression in ovaries begins to decline 

reaching the lowest values in 5-day-old nymphs, coinciding with the 

highest levels of ecdysteroids in the hemolymph. Just before the imaginal 

molt Chmp4b mRNA levels were recovered coinciding with the decrease 

of ecdysteroids (Figure 3.1B). After the molt to adult, expression of 

Chmp4b mRNA in ovaries quickly decreased until 3-day-old females, when 

the vitellogenic period started and FCs arrest cytokinesis to become 

binucleated. These relatively low levels of Chmp4b mRNA were 

maintained stable until the end of the gonadotropic cycle (Figure 3.1B).  

 

Using a heterologous antibody against Shrb of D. melanogaster (Bäumers 

et al., 2019), we localized CHMP4B in the ovaries of B. germanica adults. 

In newly emerged females, labeling for CHMP4B was very faint, and an 

over-exposition was necessary to see the labeling in the cytoplasm of both, 

the basal oocyte and FCs from BOF (Figure 3.1C). The labeling, at this age, 

was absent from the FC nuclei (Figure 3.1D-D’’). Later, in 5-day-old adult 

females, labeling for CHMP4B in ovaries was localized in the nuclei of the 

FCs from the BOFs (Figure 3.1E-E’’), a translocation of the labeling that 

can be related to the change in the FCs program that occurs at this age. Due 

to the big oocyte size, we cannot observe the antibody labeling inside the 

basal oocyte of 5-day-old females.  

3.3.2. Effects of Chmp4b depletion on the ovary of 5-day-

old Blattella germanica adults 

Chmp4b functions related to oocyte development in B. germanica were 

studied using RNAi. Newly emerged adult females were treated with 

dsChmp4b or dsMock, and the expression levels of Chmp4b were analyzed 

in ovaries from 5-day-old adults (n = 3, for each treatment). The Chmp4b 

expression was significantly depleted (p < 0.01, Figure 3.2A), reaching a 

49% reduction compared to dsMock. We measured actin-5c mRNA levels 
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which were significantly upregulated (p < 0.01, Figure 3.2B), showing a 

two-fold increase compared to dsMock-treated females indicating that also 

in B. germanica CHMP4B could regulate actin cytoskeleton expression. 

 

 
 

Figure 3.1. CHMP4B in Blattella germanica ovaries. (A) Panoistic ovariole from 

a 0-day-old adult female. Only the basal ovarian follicle (BOF) grows and matures 

in each gonadotrophic cycle. LOv, lateral oviduct; OM, oocyte membrane; FE, 

follicular epithelium; sBOF, sub-basal ovarian follicle; G, germarium; TF, terminal 
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The BOFs in 5-day-old dsChmp4b-treated females (Figure 3.2C), were 

significantly smaller (p < 0.0001; 0.933 ± 0.05 mm; n = 19) compared to 

dsMock-treated females (1.414 ± 0.03 mm; n = 18) (Figure 3.2D and E) 

and showed a fragile appearance. Moreover, dsChmp4b-treated females 

were not able to ovulate and oviposit. Labeling for CHMP4B in FCs of 

dsChmp4b-treated females was low (Figure 3.2F-F’), compared to the 

labeling in dsMock-treated females (Figure 3.2G-G’), and it was necessary 

to overexpose the images in the corresponding channel to detect some 

labeling in the nucleus of FCs from the treated ovaries (Figure 3.2F). 

Labeling of CHMP4B not only can be observed in the nuclei of FCs of 

dsChmp4b-treated insects but, it was also coincidental with some remains 

of DNA present in the cytoplasm after the depletion of CHMP4B (Figure 

3.2F and F’, arrows). 

 

 

 

 

_______________________________________ 

Figure 3.1. (continued) filament; s, stalk. Nuclei were stained with DAPI and F-

actin with phalloidin-TRITC. The oocyte apical pole is at the top-right of the image. 

(B) mRNA expression pattern of Chmp4b in ovaries of sixth nymphal instar and 

adults during the first reproductive cycle. The black dashed line indicates the molt 

to adult. Profiles of ecdysteroid titer in hemolymph (grey dashed line) and 

ecdysteroid contents in the adult ovary (solid black line) are indicated (data from 

Cruz et al., 2003; Romaña et al., 1995). Data represent copies of Chmp4b mRNA 

per 1000 copies of actin-5c (relative expression), and is expressed as the mean ± 

S.E.M. (n = 3-4). (C) Immunolocalization of CHMP4B (green) in the BOF from a 

0-day-old adult, showing the labeling spread by the oocyte cytoplasm. The oocyte 

apical pole is at the top-right of the image. The image was overexposed (500 ms) 

to detect the fluorescence for CHMP4B in the corresponding channel. FE: 

Follicular epithelium; n: nucleus; OM, oocyte membrane; Oo: Oocyte. (D) 

Follicular epithelium in BOF from a 0-day-old adult showing CHMP4B (green) 

localized in the cytoplasm, close to cell membranes (340 ms of exposition). (D’) 

F-actins from image D were stained with phalloidin-TRITC (red). (D’’) Merge the 

image of D and D’ including the DAPI staining (blue) to stain the nuclei. (E) 

Follicular epithelium in BOF from a 5-day-old adult showing CHMP4B (green) 

localized in the nuclei of FCs (360 ms of exposition). (E’) DAPI (blue) staining of 

nuclei from image E. (E’’) Merge image of E and E’ showing the nuclear 

localization (blue) of CHMP4B at this age. F-actin microfilaments were stained 

with phalloidin-TRITC (red). Scale bar in A: 100 µm, C: 50 µm, D: 10 µm and in 

E: 50 µm. 
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Figure 3.2. CHMP4B depletion in 5-day-old Blattella germanica ovaries. 

Newly emerged adult females were treated with dsChmp4b or dsMock and 

dissected 5 days later. (A) Relative expression of Chmp4b in ovaries, showing the 

significant  decrease  of  Chmp4b  mRNA  (n = 3; **  p = 0.0047).  (B)  Relative 
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In the BOF of 5-day-old B. germanica adults, the follicular epithelium is 

well-organized, with a uniform cell distribution, and all the FCs are 

binucleated since the cytokinesis was arrested (Figure 3.3A). At this age, 

the patency is very apparent. The contraction of cell membranes had 

occurred, leaving large intercellular spaces between the FCs (Figure 3.3A, 

arrows). During this process, the F-actin microfilaments in the cell 

membranes display lateral extensions that maintain the contact between 

cells through microfilament bridges (Figure 3.3A’, arrowheads). The large 

endoreplicating nuclei (Figure 3.3A’’) are located in the center of the cell, 

occupying almost all the cytoplasm (Figure 3.3A and A’’). 

 

In 5-day-old dsChmp4b-treated females, the follicular epithelium shows 

clear disorganization compared to controls (Figure 3.3B and C). The FCs 

have lost their uniform distribution, showing a remarkable variation of size 

and shape (Figure 3.3C and F), affecting the overall follicular epithelia. 

Although many of the FCs are binucleated, they showed nuclei of bizarre 

shapes (Figure 3.3C’, F and G). 

 

 

 

_______________________________________ 

Figure 3.2. (continued) expression of actin-5c in ovaries, showing the significant 

increase of actin-5c (n = 3; ** p = 0.0093). In A and B, data represent copies of 

mRNA per copy of eIF4aIII mRNA (relative expression), and data are expressed 

as the mean ± S.E.M. (C) Ovariole from dsChmp4b-treated adult. (D) Ovariole 

from dsMock-treated adult. In C and D, DNA was stained with DAPI (white). (E) 

Length of basal ovarian follicle (BOF-L; mm) in dsMock- and dsChmp4b-treated 

females (n = 18 and 19 females, respectively; 3-5 ovarian follicles were measured 

per insect; **** p < 0.0001). The red dashed line indicates the mean. (F) 

Immunolocalization of CHMP4B in the nuclei of the follicular cells of dsChmp4b-

treated females (green). This image was overexposed until some signal was 

detected in the corresponding channel (500 ms of exposition). (F’) Merged image 

showing the CHMP4B labelling, and the F-actin and DNA staining. The arrows in 

both images indicate vesicles containing rests of DNA. (G) Immunolocalization of 

CHMP4B in follicular cells of dsMock-treated females (320 ms of exposition). The 

labeling is limited to the nuclei of follicular cells (green). (G’) Merged image 

showing the CHMP4B labeling, and the F-actin and DNA staining. CHMP4B was 

detected using a rabbit anti-Shrb antibody in a dilution of 1/50 (Bäumers et al., 

2019). The F-actin microfilaments were stained with phalloidin-TRITC (red), and 

DNA with DAPI (blue). Scale bar in C and D: 200 µm, in F and G: 10 µm. 
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Figure 3.3. CHMP4B depletion in the basal ovarian follicle of 5-day-old adult 

Blattella germanica. (A) Follicular epithelium from a dsMock-treated female, 

showing the uniform distribution of the cells, the patency, and the binucleated FCs. 

Arrows show the intercellular spaces between the follicular cells. (A’) F-actin 

fibers from A, show the big intercellular spaces and the bridges of actin connecting 

the cells (arrowheads). (A’’) Paired nuclei in the FCs. (B) Basal ovarian follicle 

from a dsMock-treated female showing the uniform distribution of FCs. (C) Basal 

ovarian follicle from a dsChmp4b-treated female, showing the disorganization of 

F-actin cytoskeleton in the follicular epithelium. Arrows and arrowheads indicate 

rich and poor actin patches, respectively. (C’) Nuclei from C, showing the variety 

of  size  and  morphology.  (D)  Fibers  of  F-actin  in  dsChmp4b-treated  insects  
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Along the oocyte surface, it is possible to visualize areas rich in F-actin 

microfilaments (Figure 3.3C, arrows) besides others with few F-actin fibers 

(Figure 3.3C, arrowheads).  

 

In those actin-rich areas, the actin microfilaments appear like large bundles 

of fibers randomly distributed covering the FCs (Figure 3.3D), while in a 

5-day-old dsMock adults, the F-actin fibers have a regular and orderly 

distribution, connecting cell to cell (Figure 3.3E). The FCs in BOF of 

dsChmp4b-treated females maintained a narrow contact between them 

(Figure 3.3F) and did not show signs of patency as occurs in the controls of 

the same age (Figure 3.3A), not allowing the accumulation of storage 

proteins in the BOF (1717.5 ± 140.7 µg of total proteins in dsMock, versus 

379.2 ± 49.0 µg in dsChmp4b-treated females; n = 4 each). In the FCs of 

dsChmp4b-treated females, the F-actin fibers appeared concentrated in the 

cell membranes without showing expansions (Figure 3.3F). In addition, it 

is possible to detect staining for F-actin through the cytoplasm (Figure 3.3F, 

asterisks), as well as DNA remains that could suggest the beginning of 

apoptosis (Figure 3.3F and G, arrows). In these 5-day-old B. germanica 

dsChmp4b-treated females, the FCs were smaller, with smaller nuclei than 

those of dsMock-treated insects and showing odd shapes (Figure 3.3C’, D, 

and G), and the staining with WGA do not unveil the nuclear envelop 

(Figure 3.S2).  

 

 

 

_______________________________________ 

Figure 3.3. (continued) covering the follicular epithelia. (E) Fibers of F-actin in 

dsMock-treated insects, showing the regular distribution of F-actin fibers, 

connecting the FCs. (D) and (E) were obtained in a position close to the basal pole 

of the FCs. (F) FCs in a dsChmp4b-treated female. The cells are stuck to each other, 

without signs of patency. Actin staining is abundant in the cytoplasm (asterisks). 

Remains of condensed DNA are visible (arrow). A high number of cells have nuclei 

with an hourglass shape (arrowheads). The nuclei appeared attached to cell 

membranes (yellow stars). (G) Nuclei from FCs in dsChmp4b-treated females, 

showing odd shapes. It seems that the nuclei do not complete the karyokinesis and 

presented bridges connecting both nuclei (arrowheads). Remains of condensate 

DNA were abundant through cell cytoplasm (arrows). The F-actin microfilaments 

were stained with phalloidin-TRITC (green). DNA was stained with DAPI (blue, 

except in C’ and G where appear in white). Scale bar in A: 20 µm, B and C: 100 

µm, D-G: 10 µm. 
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Some of these FCs remained mononucleated (Figure 3.3F), while in others 

was possible to find two nuclei still attached one to the other with an 

elongated shape remembering an hourglass (Figure 3.3F and G, 

arrowheads), suggesting an incomplete karyokinesis process, as evidenced 

by visible bridges connecting them. In addition, most of the nuclei lost the 

central position in the cell and appeared bound to the cytoplasmic 

membrane (Figure 3.3F, yellow stars), suggesting changes in the polarity 

of the cells. 

 

The disorganization of the F-actin cytoskeleton in the FCs of dsChmp4b-

treated-adult females, together with the presence of remains of DNA in the 

cytoplasm and the changes in the FCs polarity and the morphology of the 

nuclei, suggested that these cells underwent apoptotic.  

3.3.3. Expression of genes related to cell planar polarity in 

dsChmp4b-treated Blattella germanica adult ovaries 

The morphological changes of FCs in the dsChmp4b-treated females, 

together with the increase of actin-5c expression and F-actin accumulation 

in the cytoplasm, suggest that the relaxation of the cytoskeleton at the gap 

junctions, which would allow the formation of patency and consequently 

the uptake of yolk proteins by the oocyte, has not occurred. As a result, cells 

appear tightly connected. All of that drove us to quantify the expression of 

the genes involved in the cell-cell adhesion that could determine the 

uniform distribution of cells in the follicular epithelium. 

 

Based on D. melanogaster studies (Casal et al., 2006; Strutt & Strutt, 2021; 

Thomas & Strutt, 2012), we selected some genes involved in maintaining 

the epithelial planar polarity and the actin cytoskeleton organization. We 

measured two cadherins, ds and kug, and the extracellular serine/threonine 

protein kinase fj, all of them belonging to the ds/fat system. We also 

measured the main proteins from the fz/stan system, the protocadherin-like 

wing polarity protein stan and fz. In addition, we quantified the β-catenin 

arm and the actomyosin protein Mhc. 

  

In the ovaries of 5-day-old dsChmp4b-treated females, the expression of 

those genes belonging to the ds/fat system was upregulated (Figure 3.4A).  



 

57 

 

The expression of ds was significantly increased by 45% (p < 0.05), kug 

expression increased by 99% (p < 0.05) while fj increased a 51% its 

expression, even though not significantly. The genes related to the fz/stan 

system showed a tendency to increase their expression (Figure 3.4B). The 

expression of stan increased a 15%, while fz increased a 24%. Similarly, 

the expression of the arm is significantly upregulated by 21% (p < 0.01, 

Figure 3.4C), while Mhc tends to be upregulated (29%, Figure 3.4D). 

 

Figure 3.4. Expression of genes related to planar polarity in ovaries from 5-

day-old dsChmp4b-treated adults of Blattella germanica. (A) Expression of 

dachsous (ds), kugelei (kug) and four-jointed (fj), belonging to ds/fat system. (B) 

Expression of starry night (stan) and frizzled (fz), from the fz/stan system. 

Expression of (C) the β-catenin armadillo (arm) and (D) Myosin heavy chain 

(Mhc). Data represent copies of mRNA per copy of eIF4aIII mRNA and are 

expressed as the mean ± S.E.M. (n = 3). The asterisks indicate statistically 

significant differences respect to dsMock: * p = 0.02 (ds); * p = 0.03 (kug); ** p = 

0.0095 (arm). 
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3.3.4. Effects of Chmp4b depletion on the basal ovarian 

follicle of Blattella germanica last instar nymphs 

 
 

Figure 3.5. Depletion of CHMP4B in ovaries from 6-day-old sixth-instar 

nymphs of Blattella germanica. Newly emerged last instar nymphs were treated 
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In the first part of this work, we analyzed the effects of Chmp4b depletion 

in the FCs from ovaries of 5-day-old adult females when cytokinesis is 

arrested and the change to endoreplication occurs naturally (Irles and 

Piulachs, 2014). Then, we studied the function of CHMP4B in the ovaries 

of 6-day-old sixth instar nymphs when the FCs have a high mitotic activity 

(Irles and Piulachs, 2014). 

 

Newly emerged sixth instar nymphs of B. germanica were treated with 

dsChmp4b or dsMock, and the phenotypes produced were analyzed in 

nymphal ovaries six days later. The expression levels of Chmp4b were 

significantly depleted (34%, p < 0.01, Figure 3.5A), while the expression 

of actin-5c tended to be increased (32%; Figure 3.5B). In these dsChmp4b-

treated nymphs, the BOFs were significantly smaller (p < 0.05; 0.25 ± 0.01 

mm; n = 5) compared with dsMock-treated nymphs (0.29 ± 0.01 mm; n = 

3) (Figure 3.5C-F). In some ovarioles from dsChmp4b, the BOFs even had 

a rounded shape (Figure 3.5E and 3.6B).  

 

 

__________________________________________ 

Figure 3.5. (continued) with dsChmp4b or dsMock and analyzed six days later. 

(A) Relative expression of Chmp4b. (B) Relative expression of actin-5c. Data 

represent copies of mRNA per copy of eIF4aIII mRNA. Data are expressed as the 

mean ± S.E.M. (n = 3). Asterisks indicate statistically significant differences 

concerning dsMock: ** p = 0.0013. (C) Length of BOF (BOF-L; mm) in dsMock- 

and dsChmp4b-treated nymphs (10-20 ovarian follicles were measured per female, 

n = 3 and 5 females, respectively; * p = 0.03). The dashed line indicates the mean. 

(D) Ovariole from dsChmp4b-treated nymph. (E) Ovariole from dsChmp4b-treated 

nymph, showing the round shape (see also Figure 3.6B). (F) Ovariole from 

dsMock-treated nymph. (G) Follicular cells from dsMock-treated nymphs, 

showing the mitotic figures. (G’) Channel corresponding to F-actin microfilaments 

of G. (G’’) Channel corresponding to nuclei of FCs of G. (H) Follicular cells of 

dsChmp4b-treated nymphs. The cell shapes and sizes are not uniform, there are no 

cells under division, and the nuclei of the FCs showed elongated shapes with a 

polarized position attached to cell membranes (see asterisks). (H’) Channel 

corresponding to F-actin microfilaments of H, showing the great definition profile 

of the cell membranes due to the accumulation of F-actin there. The F-actin also 

appeared distributed by the cytoplasm (arrowheads). (H’’) Channel corresponding 

to nuclei of H, showing the odd nuclei shape. The F-actin microfilaments were 

stained with phalloidin-TRITC (red in G and H and white in G’ and H’). The DNA 

was stained with DAPI (white). Scale bar in D-F: 200 µm; G and H: 10 µm. 
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In the FCs of dsMock-treated B. germanica last instar nymphs, the mitotic 

figures were evident, and all cells were mononucleated, with nuclei of 

similar size occupying most of the cytoplasm of the cell (Figure 3.5G and 

G’’). The F-actin cytoskeleton from the FCs maintained an organized and 

homogeneous distribution of the cells in a monolayer, without intercellular 

spaces between them (Figure 3.5G’). In 6-day-old dsChmp4b-treated 

nymphs, no mitotic figures were visualized in the follicular epithelium. 

Although most of the FCs were mononucleated as in dsMock, unexpectedly 

a few binucleated cells appeared scattered throughout the follicular 

epithelia (Figure 3.5H, asterisks), a fact that never was observed in dsMock-

treated nymphs. In these dsChmp4b-treated nymphs, the nuclei of FCs had 

peculiar and elongated shapes (Figure 3.5H’’), similar to the ones found in 

dsChmp4b-treated adults (see Figure 3.3F-G). The nuclei, in general, were 

smaller than in dsMock-treated BOFs, and again, they appeared polarized 

on one side of the cells, losing their central position (Figure 3.5H).  

 

Moreover, in 6-day-old dsChmp4b-treated nymphs, the FCs showed 

different morphologies and sizes, indicating a loss of planar polarity (Figure 

3.6). The labeling for actin marked sharply the profile of the FCs 

membranes and filled the cytoplasm not occupied by the nucleus (Figure 

3.5H and H’ arrowheads). It was also possible to find remains of DNA in 

the cytoplasm of the FCs, suggesting cell apoptosis (Figure 3.5H and H’’). 

Changes in F-actin were also evident in the oocyte membrane of the BOF, 

and also in the oocyte cytoplasm (Figure 3.6B). At this age, in BOF of 

control females, a huge concentration of F-actin is sporadically detected in 

the apical and basal poles of the oocyte attached to the oocyte membrane 

(Figure 3.6A, asterisks). Conversely, in 6-day-old dsChmp4b-treated 

nymphs, these F-actin concentrations are common, do not appearing so 

close to the oocyte membrane (Figure 3.6B, asterisks), and the actin fibers 

connecting both actin accumulation points are clearly visible (Figure 

3.6B’). In addition, some actin fibers seem to reach the oocyte membrane 

behind the actin center (Figure 3.6B’). 
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Figure 3.6. Organization of F-actin fibers in the basal ovarian follicles (BOFs) 

of 6-day-old sixth-instar nymphs of Blattella germanica. (A) BOF of dsMock-

treated nymphs. The oocyte apical pole is positioned at the top in all images. The 

F-actin concentration in both poles is labelled by an *. (B) BOF of dsChmp4b-

treated nymphs, showing both, the F-actin concentration (*) inside the oocyte and 

a thick oocyte membrane (OoM). Follicular epithelia (FE) display different 

morphologies and sizes of the follicular cells (FCs), indicative of loss of planar 

polarity. (B’) Overlapping of Z-stack images of B, showing the actin fibers 

connecting the F-actin concentration in both poles. The F-actin microfilaments 

were stained with phalloidin-TRITC (red) and DNA with DAPI (blue). Scales bar: 

20 µm. 
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3.4. Discussion 

 

Insect oogenesis requires a sequential series of changes in the ovary to 

ensure oocyte maturation and egg formation. To accurately complete all 

these steps, the organization of cytoskeleton fibers is necessary, and as has 

been evidenced in D. melanogaster, the role of the ESCRT complex in 

regulating the actin cytoskeleton is essential (Vaccari et al., 2009). In this 

fly, mutations in any component of the ESCRT complex lead to flaws in 

actin and plasma membrane organization, resulting in multinucleated cells 

due to cytokinesis failures (Sevrioukov et al., 2005; Vaccari et al., 2009). 

The planar polarity of these cells was affected, and the disorganization of 

actin bundles determined spherical egg chambers (Cetera & Horne-

Badovinac, 2015). These actin modifications were also described in the 

testis of dsShrb D. melanogaster-treated adults, where an upregulation of 

genes related to the cytoskeleton was detected (Chen et al., 2021). 

 

In B. germanica, similarly as it occurs in D. melanogaster (Cetera & Horne-

Badovinac, 2015), depletion of Chmp4b provoked an increase in the 

expression of actin-5c. At the level of BOF, there are changes in the 

distribution of F-actin fibers. There is an excess of bundles covering the 

BOF that adopted, in some cases, a round shape (Figure 3.5E and 3.6). In 

B. germanica, this phenotype was more evident in previtellogenic ovaries 

from the last instar nymphs than in adults since the ovarian follicles begin 

to take their shape in the last nymphal instar.  

 

In the BOF of B. germanica previtellogenic females, levels of Chmp4b are 

higher than in the vitellogenic period. These higher levels of Chmp4b 

coincides with the mitotically active FCs. Conversely, in adults during 

vitellogenesis, and coinciding with the decrease of Chmp4b expression 

levels, FCs arrest cytokinesis and become binucleated. The depletion of 

Chmp4b mRNA due to dsRNA treatments in both adult and last instar 

nymphs determine a loss of planar polarity in the ovarian follicular 

epithelium. The FCs loss their morphology and uniform distribution, 

appearing closely attached to each other. Furthermore, their nuclei 

exhibited a loss of polarity, deviating from their central position within the 

cell and instead becoming attached to the cytoplasmic membrane. The 

increased expression of proteins belonging fat/ds and fz/stan systems in 

adults, related with planar polarity and cell adhesion, would make 
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impossible to relax gap junctions to open spaces between the cells allowing 

patency to progress. In D. melanogaster it was demonstrated that patency 

requires a local loss of adhesion between FCs for the opening of cell 

junctions (Isasti-Sanchez et al., 2021). This process relies on the removal 

of adhesion proteins, including cadherins, from the plasma membrane 

through endocytic vesicles that requires the presence ESCRT-III complex, 

and therefore, CHMP4B. 

 

In B. germanica last instar nymphs, the FCs in the BOF are mitotically 

active and mononucleated. Depletion of Chmp4b at this stage, leads to 

sporadically binucleated cells, similar to what happens in control adults that 

changes the cell program to become binucleated, coinciding with the natural 

decrease of Chmp4b expression during the vitellogenesis (Figure 3.1B). 

Low levels of Chmp4b mRNA in adult ovaries are coincident with the 

cytokinesis arrest in FCs that become binucleated, and undergo 

endoreplication programming (Irles et al., 2016; Irles & Piulachs, 2014). 

When depletion of Chmp4b mRNA is determined early in the adult stage 

by RNAi treatment, many cells arrest the mitotic program staying 

mononucleated and not changing their program. In both cases, in nymphs 

and adults, the FCs can exhibit abnormally elongated nuclei because the 

karyokinesis has not been completed. Results could be explained by the 

importance of CHMP4B in regulating the timing of membrane abscission 

(Eikenes et al., 2015; Matias et al., 2015), in a similar way as it was 

described for vertebrate cells, where depletion of the ESCRT-III 

components, including CHMP4B, produced aberrant nuclei with multiple 

lobes or micronuclei (Olmos et al., 2015). The consistent results observed 

in FCs of 6-day-old sixth-instar nymphs and 5-day-old adults of B. 

germanica, after the depletion of Chmp4b, characterized by the loss of 

planar polarity and an incorrect number of nuclei, as well as the presence 

of aberrant nuclei, suggest that the function of CHMP4B is not-related to 

the proliferative stage of the tissue. The changes determined by Chmp4b 

depletion in the FCs affect, in the end, the BOF development, causing 

female sterility. 

 

In B. germanica, CHMP4B is necessary for maintaining the correct rate of 

FC proliferation, the planar polarity, and the nuclear count of FCs during 

the BOF growth. CHMP4B is needed to maintain the correct expression of 

cytoskeleton proteins to allow the BOF to grow and mature properly, 

incorporating yolk proteins. CHMP4B regulates the correct distribution of 
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actin fibers in the BOF, essential to complete ovulation and oviposition 

(Alborzi & Piulachs, 2023). All these data help to understand the oogenesis 

in a basal insect with panoistic ovaries. However, some studies on the other 

components of the ESCRT-III subcomplex and its regulation will be 

fundamental to understanding all these processes. 
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3.6. Supplementary material 

 

Table 3.S1. Primers used for transcript measurements, and for dsRNA 

synthesis. The length of the amplicon and the accession number of the 

sequence under study are indicated. F: forward and R: reverse primers 

 

Primer set  primer 5’-3’ Amplicon 

length (bp) 

Accession 

number 

actin-5c F 

R 

AGCTTCCTGATGGTCAGGTGA 

ACCATGTACCCTGGAATTGCCGACA 

213 AJ862721 

arm F 

R 

CCTGTGTGAACCCTTGGTCT 

CACTCTGGAGCCACAACTCA 

100 PSN33457.1 

Chmp4b F 

R 

ACTACAAAATGAGTTTCTTGGC 

GCATTTCCTCAGTTTCTCTTAA 

105 PSN45592.1 

ds F 

R 

CGGTGAGAATGTTCGTGTGG 

CATCGCGTGGGGTATTTTCA 

110 PSN55018.1 

eIF4aIII F 

R 

ATGGTGACATGCCACAAAAA 

GCAACACCTTTCCTTCCAAA 

208 HF969254 

fj F 

R 

ACAACAACAAGAGGCGTCGT 

CTCACAACACTGCCACCTGA 

91 PSN40108.1 

fz F 

R 

CGCGTGTATGGGTTGGAGTT 

ATAGGTCGCTCTGGATATCG 

109 PSN55438.1 

kug F 

R 

TGCTATGATGCCAAGTCGCT 

TGCACCGACTCGTTCACTTT 

90 PSN45660.1 

Mhc F 

R 

ACACCAGGAAGAACCACCAG 

CTGAGTGCCTCAGCCTTACC 

85 LT717632 

stan F 

R 

ACGCACCGAGATTTTACACC 

ATGCTGAAACCAGTGGGAAC 

70 PSN41253.1 

dsChmp4b F 

R 

CACAACTGGTGAAGCTATTCAGAA 

CTTGTTCCAATTCTTCCAACTCCT 

461 PSN45592.1 

dsPolyH F 

R 

CCTACGTGTACGACAACAAGT 

ATGAAGGCTCGACGATCCTA 

441 K01149 
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Figure 3.S1. (A) Phylogenetic analysis of Blattella germanica CHMP and 

Drosophila melanogaster Shrub proteins, using CHMP sequences annotated in B. 

germanica genome. Protein sequences were aligned using the online software 

MAFFT (Katoh & Standley, 2016). The resulting alignment was analyzed by 

PHYML 3.0. program (Guindon & Gascuel, 2003) based on maximum-likelihood 

principle with the amino acid substitution model. Data were bootstrapped for 100 

replicates using PHYML 3.0 program. The accession numbers of the sequences are 

indicated in the tree, beside the protein name. Scale bar indicates the number of 

substitutions per site. (B) Alignment of D. melanogaster shrub (AAF58977.2), B. 

germanica CHMP4B (PSN45592.1) and Homo sapiens CHMP4B (NP_789782.1), 

showing the high degree of similarity between them. In the case of D. melanogaster 

shrub, and B. germanica CHMP4B there is 69% of similarity. Protein sequences 

were aligned using the online software MAFFT 

(http://mafft.cbrc.jp/alignment/software/) (Katoh & Standley, 2016). 

 

Guindon, S., & Gascuel, O. (2003). A Simple, Fast, and Accurate Algorithm to Estimate 

Large Phylogenies by Maximum Likelihood. Systematic Biology, 52(5), 696–704. 

https://doi.org/10.1080/10635150390235520 

Katoh, K., & Standley, D. M. (2016). A simple method to control over-alignment in the 

MAFFT multiple sequence alignment program. Bioinformatics, 32(13), 1933–1942. 
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Figure 3.S2. CHMP4B depletion in 5-day-old adult Blattella germanica affects 

the nuclear envelope in the follicular cells of the basal ovarian follicle. (A) 

Follicular epithelium from a dsMock-treated insect stained with wheat germ 

agglutinin (WGA). The nuclei membranes (arrows), the cellular membranes and 

intercellular spaces between FCs appeared stained. (A’) Paired nuclei of FCs from 

image A. (A’’) Merged image of A and A’, showing the localization of the 

membranes surrounding the nuclei. (B) Follicular epithelium from a dsChmp4b-

treated insect stained with WGA. The nuclear envelope is not stained with WGA. 

However, WGA staining is present in cytoplasmic membranes and in the cytoplasm 

of FCs. (B’) Nuclei from B, showing variety of sizes and morphologies. (B’’) 

Merged image of B and B’ showing cytoplasmic membrane localization but not 

nuclear localization. DNA was stained with DAPI (blue) and glycoproteins with 

wheat germ agglutinin (WGA, yellow). After fixation, samples were incubated in 

PBS with 1 µg/ml of WGA (Sigma) together with 1 µg/ml of DAPI (Sigma) for 5 

min. Scale bar: 10 µm. 
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4. CHARACTERIZATION OF 

NANOPARTICLES 

4.1. Introduction 

4.1.1. Nanoparticles for dsRNA oral delivery 

Several delivery vectors, such as nanoparticles (NPs), have been developed 

to protect the double-stranded RNA (dsRNA) from the degradation by 

nucleases and to facilitate its cellular transfection, meaning dsRNA uptake 

and transport to the cytosol, where RNA interference (RNAi) machinery is 

located. RNAi-based NPs delivery, especially containing small interfering 

RNAs (siRNAs), has been extensively studied in the context of human 

therapy (Ali Zaidi et al., 2023; Setten et al., 2019) and it has been followed 

by exploitation of these nanomaterials in the area of crop protection 

(Adeyinka et al., 2020). In insects, various nanomaterials conjugated with 

dsRNA have successfully demonstrated mortality through oral delivery, 

improving the effects compared to using naked dsRNA (Pugsley et al., 

2021). 

 

The most common nanomaterials used for oral RNAi delivery in insects are 

the ones that are positively charged because they can form electrostatic 

interactions between the anionic phosphate backbone of the dsRNA and the 

cationic nanomaterial (Pugsley et al., 2021). These electrostatic interactions 

allow the nanomaterial to protect the dsRNA. Moreover, this interaction 

needs to be stable enough to protect the dsRNA during the transport to the 

midgut cells while releasing the dsRNA once it reaches the cytosol of the 

cells. Another important characteristic of nanomaterials is their 

biocompatibility, meaning low or non-toxicity, since the toxic effect will 

be achieved by the species-specific effect of the dsRNA (Kozielski et al., 

2013). 

 

Several classifications have been established for nucleic acid delivery 

vectors but, they can be predominantly grouped into two main complexes: 

liposome-based or lipoplexes and polymer-based or polyplexes (Rafael et 

al., 2015). Liposomes are spherical vesicles composed of a bilayer of 

phospholipids that have the ability to encapsulate dsRNA within their 

aqueous interior (Nitnavare et al., 2021). Liposomes often include neutral 

lipids in their composition, mainly dioleoyl phosphatidylethanolamine, 



 

76 

 

cholesterol and dioleoyl phosphatidylcholine (Rafael et al., 2015), which 

play an important role in improving cellular transfection (Hong et al., 

1997). In contrast, polymers are chain-like molecules consisting of a large 

number of repeating structural units (Hagnauer, 1986). Unlike liposomes, 

polymers interact with dsRNA without encapsulating it. Polymers can be 

classified as natural, as chitosan, or synthetic, as polyamidoamine 

(PAMAM) or polyethylenimine (PEI) (Pugsley et al., 2021). 

 

Even though liposomes and polymers are the most common RNAi-based 

NPs, other nanomaterials have been developed, known as inorganic and 

bio-inspired (Pugsley et al., 2021). Inorganic NPs include carbon 

nanotubes, quantum dots and metal NPs (Zhou et al., 2013). About bio-

inspired materials, peptides are the most used in crop protection, especially 

Branched Amphiphilic Peptide Capsules, which have a similar structure to 

liposomes but contain lysine surface groups (Avila et al., 2018); and Cell-

Penetrating Peptides which enhance cellular transfection of dsRNA (Gillet 

et al., 2017). Combinations of different nanomaterial types are also 

possible, such as liposomes with polymers (Su et al., 2023). 

 

We selected four of the most common used cationic nanomaterials to 

prepare -NPs. One of them is liposome-based and the other three 

are polymer-based, being chitosan, PAMAM and linear PEI the selected 

ones (Figure 4.1). Chitosan, liposomes and PEI have demonstrated 

effectiveness in causing mortality in insect species by oral delivery (Das et 

al., 2015; Lin et al., 2017; Ramesh Kumar et al., 2016; Vasquez et al., 2023; 

Zhang et al., 2015), while PAMAM just by injection (Edwards et al., 2020). 

Briefly, chitosan is the deacetylated product of chitin, derived from the 

exoskeleton of crustaceans, insects and fungal cell walls. It is a 

polysaccharide composed of glucosamine and N-acetyl glucosamine. It is 

low cost, biodegradable and non-toxic (El-banna et al., 2019; Mudo et al., 

2022). PAMAM is a synthetic branched dendrimer that comprises a central 

core with at least two reactive groups; repeating units linked to the central 

core and distributed in concentric layers named generations; and a high 

number of terminal functional groups on their surface (Pugsley et al., 2021). 

Linear PEI is a polymer with C2H5N repeating units (Nimesh & Chandra, 

2009).  
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Figure 4.1. Chemical structure of the selected nanomaterials for complexing 

or encapsulating the dsRNA. (A) Monomers of chitosan, acetylated on the left 

and deacetylated on the right; (B) polyamidoamine (PAMAM) of 4 generations 

(G); (C) liposome; and (D) linear polyethylenimine (PEI). Modified from (A) 

Hamman (2010); (B) Kesharwani et al., (2015); (C) Nsairat et al., (2022); and (D) 

sigmaaldrich.com. 

4.1.2. Selection criteria of nanomaterials for dsRNA oral 

delivery 

The optimum ratio of  complexation or encapsulation is a crucial factor for 

oral delivery. It determines the minimum nanomaterial needed to complex 

or encapsulate certain quantity of dsRNA, affecting nanoparticle size, NP-

cell interaction, and transfection efficiency. An excess of nanomaterial can 

enhance cellular interaction but may bind dsRNA too tightly, preventing its 

release in the cytoplasm. Conversely, excess of dsRNA can cause 

nanoparticle aggregation, reducing transfection efficiency (Alameh et al., 

2018; Cao et al., 2019).  

 

The molecular weight (MW) is also a relevant factor for polymers selection. 

Higher MW chitosan is preferred due to their enhanced stability but it may 

delay transfection by restricting dsRNA release (Cao et al., 2019; Fernandes 

et al., 2012). The optimal MW range of chitosan to form NPs with siRNA 

is 65-170 kDa (Liu et al., 2007). However, in linear polymers, such as PEI, 

higher MW promotes an increased transfection efficiency due to an 
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elevated content of amines but, on the other hand, it increases the 

cytotoxicity (Rafael et al., 2015; Xu et al., 2014). Branched polymers, 

exemplified by PAMAM, were designed with the aim of reducing 

cytotoxicity effects of the linear polymers. The use of a higher generation 

or MW of branched polymers, which means an increase in the number of 

amine groups capable to interact with the dsRNA, enhances cellular uptake 

(Pugsley et al., 2021). Specifically for chitosan, the deacetylation degree is 

also important, since it determines the positive charge, solubility, binding 

capacity and transfection efficiency of chitosan NPs (Cao et al., 2019). High 

deacetylation degree (> 80%) is crucial for stable NP formation when 

complexing with siRNA (Liu et al., 2007).  

 

 

 

 

 

 

 

 

4.2. Materials and methods 

4.2.1. Cockroach colony 

Specimens of the cockroach B. germanica were obtained from a colony fed 

on dog chow and water ad libitum, kept in the dark at 29 ± 1 ºC and 60-

70% relative humidity.  
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4.2.4. Efficiency of complexation or encapsulation of 

dsRNA using nanomaterials 

The efficiency of complexation was measured maintaining a constant 

amount of dsRNA and varying the quantity of chitosan, PAMAM and PEI. 

However, since the concentration of liposomes was unknown, the 

efficiency of encapsulation was measured maintaining a constant amount 

of dsRNA, while varying the volume of liposomes. The ratio of 

complexation or encapsulation was based on the bibliography available 

with some modifications (Lin et al., 2017; Mudo et al., 2022; Navarro & 

Tros de Ilarduya, 2009; Vasquez et al., 2023). dsRNA-NPs were 

electrophoresed through a 1% agarose gel containing SYBR Safe 

(Invitrogen, Thermo Fisher Scientific) to stain the dsRNA and using 0.5X 

TBE buffer. The gel was run for 2 h at 80-100 V, and visualized under blue-

light. The absence of any fast‐migrating dsRNA band in the gel indicates 

that the dsRNA was efficiently complexed or encapsulated with the 

nanomaterial (Gurusamy et al., 2020; Lin et al., 2017). The dsRNA 

conjugated in the cationic nanomaterial becomes a neutral NP, losing its 

mobility on gel electrophoresis and remaining trapped in the loading well. 

In the case of CX, the samples were freeze-dried after its preparation to 

concentrate the sample, facilitating its visualization in the agarose gel. The 

same volume of each prepared dilution was run on agarose gel to facilitate 

its visualization in the agarose gel and sample comparisons. 

4.2.5. Characterization of dsRNA-nanoparticles in the 

Scanning Electron Microscope  

Samples were prepared at 0.025 µg/µL of dsRNA complexed or 

encapsulated in chitosan, liposomes, PAMAM or PEI, at the optimum ratios 

of complexation or encapsulation (see 4.3. Results). Then, 10 µL of CX, 

PAX and PEIX was air-dried on a glass slide at room temperature. 

However, LX particles were not subjected to air-drying due to the potential 

collapse of their lipidic structure upon dehydration, which required the 

implementation of an alternative protocol explained below. 

 

LX samples were fixed in 1% osmium tetroxide (Merck) while shaking 

(Thermomixer comfort; Eppendorf) at 600 rpm for 10 min, and then 

centrifuged 7,500 x g for 10 min at 4 ºC. Supernatant was discarded and 
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samples were incubated with glucose 5% for 10 min and centrifuged 7,500 

x g at 4 ºC, repeating these two steps for three times. A membrane filter 

Nuclepore track etched (Whatman, Avantor) with 0.8 μm pore size was 

hydrated with poly-L-lysine solution 0.01% (Merck) and then the filter was 

cleaned with water. The sample was then loaded in the filter which was 

carefully added inside a capsule and afterwards, the sample was dehydrated 

using a sequence of ethanol solutions of increasing concentration (20%, 

40%, 60%, 80%, 95% and 100% ethanol), 5 min each. Subsequently, 

ethanol was replaced for acetone using an increasing concentration series 

(25%, 50%, 75% and 100%), 5 min each. The sample was kept in anhydrous 

acetone and then, it was critical-point dried using dryer CPD 300 (Leica 

Microsystems).  

 

Once NPs were air-dried or critical point dried, they were placed on stubs 

and covered with iridium to improve conductivity using a Q150T ES Plus 

sputter coater (Quorum Technologies). dsRNA-NPs morphology was 

observed by FE-SEM HITACHI SU8600 Scanning Electron Microscope 

(SEM) (Hitachi High-Tech). The electron beam energy used was 3 kV. 

Observations were done at the Microscopy Service of the Institut de 

Ciències del Mar (CSIC). 

4.2.6. Determination of particle size by Dynamic Light 

Scattering 

Nanoparticle size was determined by Dynamic Light Scattering (DLS) 

measurements using a Photon Correlation Spectrometer 3D (LS 

Instruments) at the Institut de Química Avançada de Catalunya (CSIC). 

Polydispersity Index (PDI) was measured together with the nanoparticle 

size, as an indicator of size distribution of the nanoparticles in the sample, 

specifying the uniformity of the nanoparticles. A PDI between 0.1-0.25 

indicates a narrow size distribution of NPs, meaning homogeneity, while a 

PDI greater than 0.5 indicates a broad size distribution of NPs, indicative 

of size heterogeneity (Hoseini et al., 2023). Samples were measured for 50 

s at 90° scattering angle at 25°C by a decalin thermostatic bath, which 

matches the refractive index of glass and does not interfere with the 

measurement. The particle size was estimated by the Cumulants method, 

which assumes a single particle size population and applies a single 

exponential fit to the autocorrelation function (Figure S1, see Annexes). 
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NPs were prepared and measured at 0.025 µg/µL of dsRNA complexed or 

encapsulated in nanomaterials, at the optimum ratios of complexation or 

encapsulation (see 4.3. Results). For each sample, three technical replicates 

were measured and data were presented as mean ± standard error of the 

mean (S.E.M.). 

4.2.7. RNAi experiments by injection 

-NPs were injected at a dose of 1 μg (0.5 μg/μL) of dsRNA into 

the abdomen of carbon dioxide-anaesthetized newly emerged adult females 

(AdD0), using a 5 μL Hamilton® 75N microsyringe. Insects were kept in 

groups of 5-6 individuals and were monitored every day. For dsRNA 

injection experiments, insects were anaesthetized with carbon dioxide. 

4.2.8. Statistical analysis 

For Kaplan-Meier (K-M) survival analysis, we used SPSS version 22 as 

statistical software. K-M survival curves illustrate the rate of survival after 

performing the different dsRNA treatments. We ran a log-rank test to 

explore overall differences among treatments, followed by pairwise 

comparisons to determine differences between specific pairs of treatments.  

 

4.3. Results 
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5. dsRNA ORALLY DELIVERED TO ADULT 

FEMALES 

5.1. Introduction 

5.1.1. The insect gut 

Throughout evolution, the insect gut has undergone various modifications 

in response to the food requirements and insect habitats. In cockroaches, 

which are omnivorous, the mouthparts facilitate them to bite and chew hard 

materials, consume soft foods and lap up liquids. Mouthparts together with 

the enzymes secreted by the salivary glands initiate the digestion of food 

(Miall & Denny, 1886). Processed food travels to the insect gut, a tube that 

goes from mouth to anus, and is divided into three parts: foregut, midgut, 

and hindgut (Figure 5.1).  

 

The foregut is concerned with ingesting the food, continuing its digestion 

and transferring it to the midgut; these activities involve the pharynx and 

the oesophagus. The foregut often forms a storage organ, known as the crop, 

and sometimes also a grinding organ called the gizzard (Figure 5.1). The 

midgut epithelium is involved in the synthesis and secretion of digestive 

enzymes into the lumen of the ventriculus, as well as the absorption of 

nutrients by specialized epithelial cells with microvilli. In many species, a 

peritrophic membrane delimits food from the epithelial cells (Kerkut & 

Gilbert, 1985). Additionally, some insects have gastric caeca in the midgut 

(Figure 5.1), a structure that also contributes to the secretion of enzymes 

and the absorption of food and water. Moreover, in the junction between 

midgut and hindgut, there are located the Malpighian tubules, which have 

excretory and osmoregulatory functions (Figure 5.1) (Klowden, 2008). 

Finally, the hindgut is divided into three parts: the pylorus, the ileum, 

sometimes the posterior part of it is referred as colon, and the rectum 

(Figure 5.1). The cells of the rectum are often involved in the absorption of 

water and salts, and with defecation (Kerkut & Gilbert, 1985; Miall & 

Denny, 1886). 
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Figure 5.1. Illustration indicating the three main divisions of the gut and their 

structures in the cockroach Periplaneta americana. Modified from Miall & Denny, 

(1886).  

5.1.2. dsRNA feeding and the barriers that limit its 

efficiency 

The discovery that double-stranded RNA (dsRNA) could be effectively 

delivered orally was first demonstrated in the nematode C. elegans, in 

which feeding of Escherichia coli bacteria expressing dsRNA resulted in 

the same phenotype as injected dsRNA (Lisa et al., 2001; Timmons & Fire, 

1998). This method quickly garnered the attention for its potential in 

agricultural pest protection, mainly because it offered a practical alternative 

to injection techniques (Yu et al., 2013).  

 

Successful gene silencing through oral delivery has been reported in many 

insect species (Kunte et al., 2020). However, the efficiency of dsRNA when 
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provided by ingestion is variable and differs notably between orders and 

species (Nitnavare et al., 2021). This variability is attributed to the barriers 

that dsRNA needs to overcome to reach the cytoplasm of the midgut cells 

(Figure 5.2). In the ideal case, once dsRNA is ingested, specialized 

epithelial cells of the midgut take up the dsRNA in their apical pole and 

transport it to the basolateral side, which will produce the later systemically 

spread of the dsRNA effect to other tissues in the body (Caccia et al., 2019; 

Kunte et al., 2020). In addition, the different tissues could exhibit different 

susceptibility to the dsRNA effect (Wynant et al., 2012), exacerbating the 

variability of dsRNA efficiency across insect species. 

 

 

 

Figure 5.2. Schema underlining the main barriers that dsRNA has to overcome 

during ingestion, gut transition, cellular uptake and depletion of gene expression, 

through oral delivery compared to the barriers that dsRNA could found when 

injected.  

5.1.2.1. Degradation of dsRNA by RNases and effect of pH 

To be effective by oral delivery, dsRNA must be stable enough to prevent 

degradation before ingestion. Environmental factors such as UV light and 

microorganisms can degrade dsRNA, whereas rain can hydrate dsRNA, 

making it less stable (Christiaens et al., 2020). Therefore, all these factors 

must be considered when dsRNA is used in pest control. 

 

Moreover, once ingested, the dsRNA could be degraded by RNases from 

salivary glands and midgut secretions (Christiaens et al., 2020). The 

physiological pH of the gut significantly influences enzymatic activity, with 

evidences suggesting its optimal function in alkaline conditions (Luo et al., 
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2013). Diptera, Hymenoptera, Orthoptera, and Lepidoptera have alkaline 

midguts (Cooper et al., 2019), enhancing dsRNA degradation due to 

phosphodiester bonds hydrolysis (Zhang et al., 2021). Conversely, 

Hemiptera and Coleoptera have slightly acidic midguts (Cooper et al., 

2019), in which dsRNA degradation would be at slower rates than in 

alkaline conditions (Järvinen et al., 1991).  

5.1.2.2. Cellular uptake of dsRNA and systemic spreading of the 

dsRNA effect 

Two mechanisms facilitate the internalization of orally administered 

dsRNA into midgut cells of insects: endocytosis and the involvement of 

Sid-1-like receptors (Huvenne & Smagghe, 2010). Among these, the main 

cellular dsRNA uptake mechanism in insects is the receptor-mediated 

endocytosis, with clathrin vesicles as the most documented pathway 

(Wytinck et al., 2020), first described in vitro in Drosophila melanogaster 

S2 cells (Saleh et al., 2006; Ulvila et al., 2006). 

 

In the nematode C. elegans, dsRNA cellular uptake occurs by the 

transmembrane channels Sid-1, expressed in almost all tissues, together 

with Sid-2, exclusive of the gut (Winston et al., 2007). Once in the 

cytoplasm, the RNA interference (RNAi) machinery generates siRNAs, 

which are amplified by an RNA-dependent RNA polymerase (RdRP), 

transported to closer cells and systemically spread to other tissues through 

Sid-1 channels (Adeyinka et al., 2020; Joga et al., 2016). In insects, no 

RdRP or sid-2 homologs have been found (Firmino et al., 2013; Tomoyasu 

et al., 2008; Vélez & Fishilevich, 2018), but sid-1-like genes have been 

identified, with unclear functional homology (Cooper et al., 2019; 

Tomoyasu et al., 2008).  

 

Whether the form of the signal that produces the RNAi effect in close and 

distant cells is dsRNA or siRNA remains uncertain in insects (Vélez & 

Fishilevich, 2018). Additionally, the spreading mechanism used by the 

dsRNA or siRNA has not been deeply studied in insects (Santos et al., 

2021). In some insect species, it was observed that siRNA or dsRNA 

molecules were transported to distant tissues via extracellular vesicles or by 

interaction with RNA-binding proteins (Mingels et al., 2020; Tassetto et al., 

2017; Wynant, et al., 2014b; Yoon et al., 2020). In addition, nanotube-like 
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structures were proposed for the transport between close cells (Karlikow et 

al., 2016).  

5.1.2.3. Endosomal escape of dsRNA 

One of the major bottlenecks for dsRNA efficiency is the endosomal barrier 

(Figure 5.3) (Dominska & Dykxhoorn, 2010). As previously explained, 

receptor-mediated endocytosis is the most common mechanism of dsRNA 

cellular uptake. Once dsRNA is trapped inside endocytic vesicles, dsRNA 

is delivered to the early endosomes that gradually mature into late 

endosomes (Figure 5.3) (Casey et al., 2010). During the maturation, 

endosomes are acidified by membrane-bound proton-pump ATPases (V-

ATPases), being the late endosomes more acidic than the early ones 

(Dominska & Dykxhoorn, 2010). Finally, the late endosome fuses with the 

lysosome for degradation (Figure 5.3). If the dsRNA does not escape from 

the endosomes, it will be trafficked toward the lysosomes, where digestive 

enzymes would degrade it (Ohkuma & Poole, 1978). Therefore, to 

knockdown gene expression, dsRNA must escape from the endosomes to 

the cytoplasm, where the RNAi machinery is located (Gurusamy et al., 

2020; Yoon et al., 2017). The differences in the efficiency of endosomal 

escape of dsRNA between species are explained by the variations in the 

time window of endosomal maturation and fusion of lysosomes (Cooper et 

al., 2019). 
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Figure 5.3. Endosomal escape of dsRNA. dsRNA is internalized by receptor-

mediated endocytosis. The endocytic vesicles fuse to form the early endosome that 

matures to a late endosome while decreasing its pH. dsRNA has to escape from the 

endosomes to prevent being incorporated into the lysosome, which contains 

enzymes and low pH able to degrade the dsRNA. dsRNA in the cytoplasm interacts 

with the RNAi machinery to direct the cleavage of the complementary mRNA. 

Modified from Dominska & Dykxhoorn et al. (2010). 

5.1.2.4. Other factors influencing dsRNA efficiency 

Once dsRNA reaches the cytoplasm, the gene copy number and the 

expression rate of enzymes involved in siRNA production could contribute 

to differences in the dsRNA efficiency among insects (Singh et al., 2017). 

The components of the siRNA pathway in insects have undergone various 

gene duplications and deletions during evolution (Dowling et al., 2016). 

However, it has been speculated that the expression of enzymes involved 

in siRNA production is more important than the number of gene copies 

(Cooper et al., 2019; Swevers et al., 2011). In addition, the expression of 

these enzymes could be affected by the repeated exposure to dsRNA, 

infection by virus, starvation, or environmental factors such as temperature. 

Also, the biochemical kinetics of the enzymes involved in siRNA 

production, meaning the strong binding to the dsRNA or siRNA strands, is 

also an important factor (Cooper et al., 2019).  
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The dsRNA efficiency could also be affected by the quantity of dsRNA 

provided and its transit through the gut. Since dsRNA delivered by 

ingestion has to overcome several barriers, the amount of dsRNA that 

ultimately reaches the siRNA machinery of the midgut cells can be reduced 

in each step. Consequently, large amounts of dsRNA need to be fed to 

trigger its effects (Kunte et al., 2020). Alternatively, the continuous 

administration of dsRNA increases the efficacy of the treatment (Prentice 

et al., 2017). In addition, the gut transit varies among species (Chapman, 

2013): while in the American cockroach Periplaneta americana lasts 20 

hours to empty the gut (Bignell, 1981), in the case of Blattella germanica, 

the food lasts approximately 10 min to reach the midgut and 5 hours to 

arrive the rectum (Day & Powning, 1949). In general, rapid transit could 

reduce dsRNA uptake, while slow transit could facilitate its cellular uptake 

due to prolonged exposure time. 

5.1.3. Enhancing dsRNA efficiency using nanoparticles 

Nanoparticles (NPs) can act as delivery vectors designed to overcome the 

barriers that limit dsRNA efficiency, mainly protecting dsRNA from 

degradation by nucleases and facilitating cellular transfection of dsRNA, 

including cellular uptake and endosomal escape. The mechanisms of escape 

from endosomes differ from lipoplexes to polyplexes, and are based on the 

transient pore model or the proton-sponge effect, respectively (Yan et al., 

2021). These mechanisms, explained below, are based on the most recent 

knowledge about endosomal escape. However, there is still lack of 

understanding of the endosomal escape process that must be addressed to 

precise engineering of the NPs (Vermeulen et al., 2018; Xu et al., 2021). 

5.1.3.1. The transient pore model 

The transient pore model used by lipoplexes to escape endosomes, involves 

a localized destabilization of the endosomal membrane induced by the close 

proximity of the lipoplex (Figure 5.4). This perturbation is possible due to 

the fact that endosomes in their inner membrane are enriched with anionic 

lipids, such as lysobisphosphatidic acid, which can interact with the cationic 

liposome. This electrostatic interaction led to the mixing, dispersal, or 

degradation of some lipid molecules of the endosome membrane resulting 

in the formation of transient pores on it, facilitating the gradual passage of 

dsRNA into the cytosol (Figure 5.4). Subsequently, the initially membrane-
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dispersed lipids are reintegrated in that specific region, closing the pore 

(Figure 5.4) (Degors et al., 2019; Rehman et al., 2013). 

 

 
 

Figure 5.4. The transient pore model for endosomal escape of lipoplexes. 

Electrostatic interactions between cationic lipoplexes and anionic lipids of the inner 

endosomal membrane can induce a localized destabilization of the endosome. This 

leads to mixing, dispersal and degradation of lipids, promoting the formation of 

transient pores. dsRNA could gradually pass through these pores to the cytosol 

before their closure. Modified from Degors et al. (2019). 

5.1.3.2. The proton-sponge effect model 

The proton-sponge effect used by polyplexes to escape endosomes, is based 

on the combination of three factors: 1) the osmotic pressure inside the 

endosome, 2) polymer extension and 3) destabilization of the endosomal 

membrane, leading altogether to the release of its content into the cytosol 

of the cell (Vermeulen et al., 2018).  
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Figure 5.5. Proton-sponge effect model for endosomal escape of polyplexes. 

Local endosomal rupture is due to the combination of increased osmotic pressure, 

because of the buffer capacity of the polymer, to polymer extension due to charge 

repulsion upon protonation, and membrane destabilization because of the 

interaction between the protonated polymer and the endosomal membrane. 

Modified from Vermeulen et al. (2018).  

Inside the acidic endosomes, polymers act as buffers by binding protons. 

This buffering capacity limits the acidification of the endosome and as a 

consequence, the V-ATPase proton pumps will translocate more protons 

inside the endosome to lower the pH. The translocation of the protons is 

accompanied by the entry of chloride ions to maintain the charge balance, 

increasing the ionic concentration inside the endosome. Then, an influx of 

water molecules will enter to maintain the osmolarity, increasing osmotic 

pressure. Protonated polyplex undergo conformational extension due to 

electrostatic repulsion between their charges, interacting with the 

endosomal membrane and causing its destabilization (Vermeulen et al., 

2018). Finally, membrane destabilization leads to localized endosomal 

rupture, promoting polyplex release into the cytosol without complete lysis 
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or cytotoxicity (Rehman et al., 2013). Once in the cytosol, dsRNA must 

unbind sufficiently from the polymer to become available for RNAi 

machinery (Kozielski et al., 2013). This process differs from lipoplexes, 

where dsRNA is directly released into the cytosol (Tros de Ilarduya et al., 

2010). 

 

 

 

 

 

 

        

 

 

 

 

 

 

 

 

5.2. Materials and methods 

5.2.1. Cockroach colony and tissues sampling 

Specimens of the cockroach B. germanica were obtained from a colony fed 

on dog chow and water ad libitum, kept in the dark at 29 ± 1 ºC and 60-

70% relative humidity. Dissections were performed on carbon dioxide-

anaesthetized specimens, held under Ringer’s saline. After dissection, 

tissue samples were immediately frozen in liquid nitrogen and stored at  

-80 ºC. 

5.2.2. RNA extraction, cDNA synthesis and quantitative 

real-time PCR analysis  

Total RNA from midgut was extracted using HigherPurity™ Tissue Total 

RNA Purification kit (Canvax Biotech S.L.). The extracted RNA was 

treated with DNase (Thermo Fisher Scientific) and then retrotranscribed to 
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cDNA using the Transcriptor First Strand cDNA Synthesis kit (Roche 

Diagnostics GmbH), following the manufacturer’s instructions. The 

absence of genomic contamination was confirmed using a control without 

reverse transcription. The quantity of RNA retrotranscribed varied in each 

experiment, but comparisons were made between samples with the same 

amount of retrotranscribed RNA. 

 

The expression levels of the different genes studied were analyzed by 

quantitative real-time PCR (qRT-PCR) using cDNA from the midgut of 4-

day-old or 6-day-old adult females. Amplification reactions were carried 

out in a CFX Opus 384 Real-Time PCR System (BioRad) using the iTaq 

Universal SYBR Green Supermix (BioRad) following this program: (i) 95 

ºC for 3 min, (ii) 95 ºC for 10 s; (iii) 57 ºC for 1 min; (iv) steps (ii) and (iii) 

were repeated for 44 cycles. After the amplification phase, a dissociation 

curve was carried out to ensure that only one product was amplified. Levels 

of mRNA were calculated relative to the reference gene, using the 2-ΔCt 

method (Alborzi & Piulachs, 2023; Irles et al., 2009; Livak & Schmittgen, 

2001). The PCR primers used in qRT-PCR expression studies were 

designed using the Primer3 v.4.1.0 software (Rozen & Skaletsky, 2000). 

The Eukaryotic translation Initiation Factor 4aIII (eIF4aIII) was used as 

reference gene. The expression levels of  and eIF4aIII were 

quantified from 2 to 3 independent biological samples, making 3 technical 

replicates of each one, in a final volume of 10 μL. A control without 

template was included in all batches. The sequence of the primers used, and 

the accession number of genes analyzed are detailed in Table S1 (See 

Annexes).  
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5.2.4.  and dsPolyH synthesis 

 

 

As a negative control, a heterologous 441 bp fragment from 

polyhedrin of the Autographa californica nucleopolyhedrovirus was used 

(dsPolyH) (Lozano & Bellés, 2011). dsRNAs were synthesized using 

MEGAscript™ RNAi kit (Invitrogen), as detailed in Chapter 2, and stored 

at -20 ºC until its use. The sequence and the accession number of the selected 

genes are detailed in Data S1 (See Annexes). 
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5.2.7. Statistical analysis 

All data were expressed as mean ± standard error of the mean (S.E.M.). 

Data were evaluated for normality and homogeneity of variance using the 
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Shapiro-Wilk test, which showed that no transformations were needed. All 

datasets passed the normality test. Statistical analyses for mean comparison 

were performed employing Student’s t-test. A p-value < 0.05 was 

considered statistically significant. Data were analyzed using GraphPad 

Prism version 8.1.0 for Windows, GraphPad Software. 
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6. UNRAVELING THE ABSENCE OF MORTALITY 
IN THE dsRNA-NPs FEEDING EXPERIMENTS 

6.1. Introduction 

 

Nanomaterials have successfully demonstrated their potential to enhance 

double-stranded RNA (dsRNA) efficiency in oral delivery assays in many 

insect species (Arjunan et al., 2024; Pugsley et al., 2021). However, 

nanoparticles (NPs) conjugated with dsRNA must be carefully designed to 

successfully reach the midgut epithelial cells by ingestion, with different 

aspects that need to be considered when designing these NPs. 

 

One important aspect is the binding between dsRNA and the nanomaterial, 

that has to be stable enough to protect the dsRNA until it reaches the midgut 

epithelial cells, yet weak enough to release the dsRNA inside the cytosol of 

these cells. This initial protection is necessary to avoid the degradation of 

dsRNA by midgut enzymes. Previous studies have identified midgut 

enzymes as a crucial barrier for the efficiency of orally delivered dsRNA in 

insects (Christiaens et al., 2020; Peng et al., 2018), also in Blattella 

germanica (Lin et al., 2017). In orally RNA interference (RNAi)-refractory 

insects, such as Locusta migratoria, it has also been identified a gut-specific 

dsRNase (RNase2) responsible for the low RNAi oral efficiency (Song et 

al., 2017). 

 

Another important factor, frequently ignored in dsRNA-NPs oral delivery 

assays, is the anatomy of the insect gut. Inside the midgut of certain 

arthropods, such as insects, there is the peritrophic membrane (PM), a non-

cellular, and semi-permeable porous structure that encloses the food. The 

PM compartmentalizes the midgut lumen in two spaces: the ectoperitrophic 

space, between the midgut epithelium and the peritrophic membrane, and 

the endoperitrophic space, which is the lumen of the PM and where the food 

mass is enclosed (Kerkut & Gilbert, 1985). The PM in B. germanica is 

composed of multiple layers of chitin, synthesized by the midgut epithelial 

cells. Its formation is induced after food ingestion (Peters, 1992; 

Wigglesworth, 1930). The porous structure of the PM is created by these 

fibrils of chitin, and also includes various proteins, predominantly 

glycoproteins (Peters, 1992). The roles of the PM include spatial separation 

of the digestive process (Terra, 2001), prevention of mechanical injuries 
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(Peters, 1992; Sudha & Muthu, 1988) and protection against the entry of 

pathogens and harmful molecules due to the selectivity conferred by its 

pores (Barbehenn, 2001; Lehane, 1997; J. Peng et al., 1999), probably 

complicating the passage of dsRNA-NPs to the midgut epithelial cells.  

 

 

 

        

 

 

 

 

6.2. Materials and methods 

6.2.1. Cockroach colony and tissues sampling 

Specimens of the cockroach B. germanica were obtained from a colony fed 

on dog chow and water ad libitum, kept in the dark at 29 ± 1 ºC and 60-

70% relative humidity. Dissections were performed on carbon dioxide-

anaesthetized specimens, held under Ringer’s saline.  
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6.2.4. Collection of midgut juice and hemolymph 

Midgut juice and hemolymph were collected from freshly adult B. 

germanica females following the protocol by Lin et al., (2017). 

 

Briefly, midguts were explanted and directly transferred into 100 μL of 

phosphate buffered saline (PBS) 1X. Midguts in PBS were kept on ice while 

the dissection of all the tissues. The sample was gently vortexed to extract 

the midgut juice from the midguts and then, centrifuged at 3,000 rpm for 

10 min at 4 ºC to precipitate the tissue. The supernatant containing the 

diluted midgut juice was transferred into a new tube. 

 

Hemolymph was collected cutting the coxa of the hind legs and collecting 

the hemolymph using a micropipette. The maximum hemolymph obtained 

per insect was 2-3 µL. Hemolymph was maintained on ice while the 

collection of the fluid. Then, 5 µL of PBS 1X was added per microliter of 

hemolymph. Samples were centrifuged at 3,000 rpm for 10 min at 4 ºC to 

precipitate the hemocytes. The supernatant containing the diluted 

hemolymph was transferred into a new tube. 

 

The absorbances of the resulting supernatants from midgut juice or 

hemolymph samples were measured by spectrophotometry at 280 nm 

wavelength and adjusted to a protein concentration of 6 µg/µL as in Lin et 

al., (2017). 

6.2.5. Ex vivo dsRNA degradation assay 

The protection conferred by the nanomaterials conjugated with  

was studied ex vivo using midgut juice and hemolymph, adjusting the 

protein concentration to 6 µg/µL. For the dsRNA degradation assay using 

midgut juice, 50 ng of naked  (4 µL) or 50 ng of  

conjugated with nanomaterials (4 µL) were added into microtubes 

containing 10 μL of diluted midgut juice. Samples were kept for 4 or 18 h 

in this solution. Moreover, samples without incubation, named 0 h, were 

used as controls of the experiment. After the incubation time, the enzymatic 

activity of the midgut juice was inhibited by adding 1.4 µL of 

ethylenediaminetetraacetic acid (EDTA) and heating the samples in a water 

bath for 10 min at 75 ºC. EDTA was also added to 0 h samples. After the 

10 min, samples were kept 5 min on ice and stored at -80 ºC until their use.  
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Following exactly the same protocol, 50 ng of naked  were added 

into microtubes containing 10 μL of diluted hemolymph at protein 

concentration of 6 µg/µL and incubated for 4 h. Samples without 

incubation, named 0 h, were used as controls of the experiment. This 

experiment was done to validate the previous explained methodology, as it 

is reported that dsRNA could be detected 24 h after the incubation in B. 

germanica hemolymph (Garbutt et al., 2013; Lin et al., 2017). 

 

Samples were then processed using QIAzol® lysis reagent (Qiagen) to 

isolate dsRNA. In each sample, 200 µL of QIAzol® was added and vortexed 

for 1 minute. Then, samples were centrifuged at 12,000 x g for 10 min at 4 

ºC and, the supernatant was transferred into a new tube and placed 5 min at 

room temperature. Then, 40 µL of chloroform was pipetted into the tube 

and vortexed for 15 s. The tube with the homogenate was kept for 3 min at 

room temperature. Following this step, samples were centrifuged at 12,000 

x g for 15 min at 4 ºC. The upper aqueous phase, which contained the 

dsRNA, was transferred into a new tube. 150 µL of isopropanol was added 

to the tube and the sample was placed 10 min at room temperature. Then, 

samples were centrifuged at 12,000 x g for 15 min at 4 ºC and the 

supernatant was discarded. Next, 500 µL of 75% of ethanol was added and 

centrifuged at 7,500 x g for 5 min at 4 ºC. The supernatant was discarded, 

and the pellet containing the dsRNA was air-dried. Finally, the pellet that 

contained the dsRNA was resuspended in 50 µL of nuclease-free water. 

 

25 µL of the sample was freeze-dried and resuspended with 7 µL of 

nuclease-free water. These samples were then treated with DNase (Thermo 

Fisher Scientific), followed by retrotranscription to cDNA using the 

Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics GmbH), 

adding some modifications to the manufacturer instructions. For 

retrotranscribing  the forward primer at the extreme of the 

dsRNA sequence was used (Data S1, see Annexes), together with the 

RNase inhibitor, dNTPs, reverse transcriptase enzyme and the buffer. Due 

to the addition of a specific primer to retrotranscribe  neither 

random hexamers nor OligodT were used. Retrotranscription reaction was 

done following the program: (i) 75 ºC for 10 min, (ii) 55 ºC for 30 min, and 

(iii) 85 ºC for 5 min. This first step of heating was added to the protocol to 

separate both strands of dsRNA, allowing the access of the reverse 

transcriptase to the sequence, which will act at the next step of 55 ºC. It has 
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been demonstrated that 75 ºC is enough temperature to separate the strands 

of dsRNA (Garbutt et al., 2013).  

 

To study the ex vivo degradation of dsRNA, cDNA levels of the sequence 

corresponding to  were analyzed by quantitative real-time PCR 

(qRT-PCR). Amplification reactions were carried out in a CFX Opus 384 

Real-Time PCR System (BioRad) using the iTaq Universal SYBR Green 

Supermix (BioRad) following this program: (i) 95 ºC for 3 min, (ii) 95 ºC 

for 10 s; (iii) 57 ºC for 1 min; (iv) steps (ii) and (iii) were repeated for 44 

cycles. After the amplification phase, a dissociation curve was carried out 

to ensure that there was only one amplified product. The PCR primers used 

in qRT-PCR expression studies were designed inside the  

sequence (Data S1, see Annexes) using the Primer3 v.4.1.0 software (Rozen 

& Skaletsky, 2000). The cDNA levels of  were quantified from 3 

to 11 independent biological samples, making three technical replicates of 

each one, in a 10 μL of final volume. A control without template was 

included in all batches. 

 

Results of qRT-PCR were expressed as cycle threshold (Ct), a value defined 

as the PCR cycle at which the fluorescent signal of the reporter dye (SYBR 

in our case) crosses an arbitrarily placed threshold. Hence, lower the 

concentration of cDNA, higher is the Ct value, indicating more degradation 

by the midgut enzymes. A difference of 3.3 Cts represents 10-fold dsRNA 

amount difference (Higuchi et al., 1993).  The naked dsRNA at 0 h served 

as a reference of the optimum dsRNA extraction and was compared against 

all dsRNA-NPs at 0 h. Moreover, samples of naked dsRNA or dsRNA-NPs 

at 0 h were used as controls of non-degradation of dsRNA, and its values 

were compared with the same samples over the time. 

6.2.6. Characterization of Peritrophic Membrane in the 

Scanning Electron Microscope  

Midguts were dissected from 5-day-old adult B. germanica females. The 

dissected PMs were fixed in 4% paraformaldehyde overnight at 4 ºC. After 

fixation, the samples were post-fixed in 1% osmium tetroxide for 2 h, and 

then rinsed three times for 30 min with distilled water. Further, dehydration 

was accomplished with a sequence of ethanol solutions of increasing 

concentration (20%, 40%, 60%, 80%, 95% and 100% ethanol) for 15 min 
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each. The last washes, 95% and 100%, were repeated twice. Subsequently, 

ethanol was replaced with acetone using an increasing concentration series 

(25%, 50%, 75% and 100%), each for 15 min. The samples were kept in 

anhydrous acetone overnight at 4 ºC before being subjected to critical-point 

drying, in order to complete the dehydration process, by using a CPD300 

dryer (Leica).  

 

Samples were placed on stubs and covered with iridium to improve their 

conductivity using a QUORUM 150T ES Plus sputter coater (JEOL). 

Peritrophic membrane structure was observed by FE-SEM HITACHI 

SU8600 scanning electron microscope (SEM) (Hitachi High-Technologies 

Corporation). The electron beam energy used was 2 kV. Observations were 

done at the Microscopy Service of the Institut de Ciències del Mar (CSIC). 

6.2.7. Statistical analysis 

For relative cDNA quantification, qRT-PCR data were evaluated for 

normality and homogeneity of variance using the Shapiro-Wilk test, which 

showed that no transformations were needed. All datasets passed normality 

test. Statistical analyses for mean comparison were performed employing 

Student’s t-test. A p value < 0.05 was considered statistically significant. 

Data were analyzed using GraphPad Prism version 8.1.0 for Windows, 

GraphPad Software. 

 

For the PM pore size calculation, the longer pore axis was measured in 7 

pictures of 5 different samples (10-30 pores/picture, n = 150). For microvilli 

diameter calculation, 2 pictures of 2 samples were measured (25 

microvilli/picture, n = 50). Data were presented as mean ± standard error of 

the mean (S.E.M.). The size of the PM pores and microvilli was analyzed 

in ImageJ (version 1.54g).  
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Abstract 
 

PIWI-interacting RNAs (piRNAs) are small non-coding RNAs, typically 

26 to 31 nucleotides long. Initially known for repressing transposable 

elements to maintain genomic stability, recent research has revealed their 

additional regulatory roles. We studied the piRNA-83679, a highly 

expressed piRNA in the ovaries of the cockroach Blattella germanica, 

focusing on its role in oogenesis and embryo development. piRNA-83679 

is found in both germinal and somatic cells during the gonadotropic cycle 

and is maternally provided to the egg. Using antisense oligonucleotides 

(ASOs) to reduce piRNA-83679 levels in adult females, we observed 

altered expression of ecdysone and chorion-related genes, along with 

disrupted F-actin organization in follicle cells. These changes led to 

improper egg encapsulation, delayed oviposition, and significant effects on 

early embryo development. 

 

7.1. Introduction 

 

The piwi-interacting RNAs (piRNAs) are small non-coding RNAs 

(sncRNAs) ranging from 26 to 31 nt in length, whose biogenesis is 

associated with PIWI proteins subfamily (Hirakata and Siomi, 2016; Le 

Thomas et al., 2014). In terms of sequence, piRNAs are poorly conserved 

even among closely related species, suggesting their function is highly 

species-specific (Aravin et al., 2007; O’Donnell and Boeke, 2007; Wang et 

al., 2019). In Drosophila melanogaster, two pathways of piRNA biogenesis 

have been described: the primary pathway active in somatic cells and the 

secondary, or "ping-pong" pathway, operative in germ cells. Altogether, 

these pathways silence transposons through both transcriptional and post-

transcriptional (Gleason et al., 2018; Hirakata and Siomi, 2016). However, 

evidence from other arthropods indicates that the two piRNA pathways 

operate in somatic and germinal tissues (Cerqueira de Araujo et al., 2022; 

Yamashita et al., 2024). 

 

The first function associated with piRNAs was the repression of 

transposable elements (TEs), as part of an evolutionarily conserved 

mechanism that ensures genomic stability in germ cells (Aravin et al., 2007; 

Senti et al., 2015). However, recent studies have shown that piRNAs can 
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also originate from coding sequences, intergenic regions unrelated to TEs, 

and 5’ and 3' untranslated regions (UTRs) of mRNAs, which suggest that 

piRNAs regulate gene expression (Iki et al., 2023; Jensen et al., 2020; 

Lambert et al., 2019; Rojas-Ríos et al., 2018). In this context, piRNA have 

been implicated in diverse functions, including embryogenesis, germ cell 

specification, primary sex determination and the establishment of 

epigenetic states (Gleason et al., 2018; Gou et al., 2014; Iki et al., 2023; 

Kiuchi et al., 2014). 

 

In a previous study on the cockroach Blattella germanica, we identified a 

significant number of piRNAs maternally provided to the zygote, which are 

abundant in early embryo stages (Bellés et al., 2024; Llonga et al., 2018). 

In the present work, we approached the functional study of one of these 

piRNAs by reducing its expression with an antisense oligonucleotide 

(ASO). ASOs are short (18-30 nt) single-stranded DNA molecules that bind 

specifically RNA to modulate gene expression (Roberts et al., 2020). Since 

the late 1970s, ASOs have been used as therapeutics against different 

illnesses, as they can be designed with high specificity against their mRNA 

targets (Crooke et al., 2021). ASOs bind to the corresponding mRNA target 

by Watson-Crick base pairing, forming RNA-DNA heteroduplexes that 

recruit RNase-H endonuclease leading to cleavage and degradation of the 

target RNA. Despite their proven potential, ASOs have barely been used to 

regulate insect gene expression (Oberemok et al., 2018).  

 

B. germanica has the panoistic ovary type, in which all germline stem cells 

are converted into functional oocytes, with transcriptionally active nuclei 

(Büning, 1994). During B. germanica oogenesis, only the basal oocyte of 

each ovariole matures in every gonadotropic cycle, while the rest of oocytes 

present in the vitellarium remain arrested until the next cycle begins (Irles 

and Piulachs, 2014; Rumbo et al., 2023). Once released from the 

germarium, the oocyte is surrounded by a monolayer of follicular cells 

(FCs), thus establishing an ovarian follicle (Rumbo et al., 2023). The FCs 

mature and change their characteristics in parallel to oocyte growth. In the 

sixth (last) nymphal instar, when the basal ovarian follicle (BOF) begins to 

mature, the FCs proliferate, increasing their number until they completely 

cover the oocyte (Irles and Piulachs, 2014). Later, in 3-day-old adult, 

cytokinesis in FCs is arrested, and cells become binucleated. Under the 

control of the juvenile hormone circulating in the hemolymph, the FCs 

contract their cytoplasm thus leaving large intercellular spaces (Davey, 
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1981; Davey and Huebner, 1974), which facilitate the access of vitellogenin 

to the oocyte membrane. Henceforth, the oocytes in the BOFs grow 

exponentially. At the end of the gonadotropic cycle, the FCs close the 

intercellular spaces definitively (Bellés et al., 2024) and chorion synthesis 

begins, triggered by the ecdysone production in the ovary (Bellés et al., 

1993; Pascual et al., 1992), a process that takes just a few hours (Irles et al., 

2009b).  

 

Several genes involved in ecdysone biosynthesis have been characterized 

in the ovaries of B. germanica, namely neverland (nvd), spook (spo), 

spookiest (spot), phantom (phm), disembodied (dib), shadow (sad) and 

shade (shd) (Bellés et al., 2024). The action of ecdysone is mediated by 

E75, an early gene in the ecdysone signaling cascade, and fushi tarazu- f1 

(ftz-f1), a late gene that also regulates the expression of ecdysteroidogenic 

genes, and helps to maintain the correct cytoskeleton organization in the 

BOF at the end of the gonadotropic cycle (Alborzi and Piulachs, 2023). 

Regarding chorion formation, two genes have been thoroughly 

characterized in B. germanica: citrus (Irles and Piulachs, 2011) and 

brownie (brw) (Irles et al., 2009a). At the end of choriogenesis, the 

cytoskeleton of the follicular epithelium in the BOFs is rearranged, thus 

facilitating the release of the egg into the oviduct (Alborzi and Piulachs, 

2023). The eggs are then oviposited into a hardened egg capsule or ootheca. 

In B. germanica, the female carries the ootheca attached to the genital 

atrium throughout embryogenesis, which lasts 18 days under our laboratory 

conditions (Bellés et al., 2024). 

 

7.2. Materials and methods 

7.2.1. Blattella germanica colony and tissue sampling 

Newly emerged B. germanica adult females, were obtained from a colony 

fed ad libitum on Panlab 125 dog food and water, maintained in darkness 

at 29 ± 1 ºC and 60-70% relative humidity (Bellés et al., 1987). All 

dissections were performed on CO2 anesthetized specimens. In adult 

females, the length of the BOF was used to establish chronological age. 

Females were maintained with males and, at the end of each experiment, 

the presence of spermatozoa in the spermatheca was assessed to confirm 

fertility. 
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7.2.2. Small RNA library processing 

B. germanica piRNA sequences were obtained from small RNA libraries 

previously prepared in our laboratory (Ylla et al., 2017), publicly available 

at GEO, under accession number GSE87031. These sequences correspond 

to various developmental stages, including ovaries from 7-day-old adults, 

non-fertilized eggs, embryos (days 0, 1, 2, 6 and 13) and nymphs (instars 1, 

3, 5 and 6). The small RNA libraries were preprocessed to remove 

sequencing adapters using Trimmomatic (v 0.39; relevant parameters used 

were: ILLUMINACLIP TruSeq2-PE.fa:2:15:10 LEADING:20 

MINLEN:18) (Bolger et al., 2014). Reads ranging from 26 to 31 

nucleotides were selected using Cutadapt (v 3.5) (Martin, 2011) and aligned 

to the B. germanica genome assembly (v 1.1) (Harrison et al., 2018) with 

Bowtie2 (v 2.4.4; relevant parameters used were: -a --end-to-end --score-

min L,0,0) (Langmead and Salzberg, 2012), resulting in 2,534,205 aligned 

putative piRNA sequences. Infrequent sequences were filtered out by 

applying a cut-off of 17 reads across the whole dataset, reducing the number 

of sequences to 128,653. Finally, the sequences that shared the same 

genomic 5’ start position and only differed in their length at the 3’ end were 

collapsed. The counts of each of the collapsed variants were attributed to 

the most expressed one and normalized using the median-of-ratios method 

from DESeq2 (Love et al., 2014). The resulting data were used to select the 

piRNA candidate for functional studies. 

7.2.3. RNA extraction and expression studies 

The extraction of ovarian small RNAs was carried out at different ages 

using the miRNAeasy Mini Kit (Qiagen), following the manufacturer's 

protocol. The quantity and quality of the extracted small RNAs were 

estimated by spectrophotometric absorption at 260/280 nm using a 

Nanodrop spectrophotometer (MicroDigital Co, Ltd). A total of 400 ng 

from each RNA extraction was reverse transcribed with the 1st Strand 

cDNA synthesis Kit (Agilent Technologies) to obtain cDNA. The forward 

primer used in qRT-PCR was designed using the full piRNA sequence, 

while the universal primer from the Agilent 1st Strand cDNA synthesis Kit 

was used as the reverse primer. The efficiency of the primers used in qRT-

PCR was first validated by constructing a standard curve based on three 

serial dilutions of cDNA from ovaries (Figure 7.S1). The U6 small nuclear 

RNA was used as a reference for expression studies (Tanaka and Piulachs, 
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2012). qRT-PCR reactions were performed with iTaq Universal SYBR 

Green Supermix (Bio-Rad Laboratories). Amplification reactions were 

performed at 95 ºC for 5 min, 44 cycles of 95 ºC for 10 s plus 62 ºC for 40 

s, followed by 95 ºC for 1 min and finally, the melting curve: from 60 ºC to 

95 ºC with a measurement every 0.5 ºC increase. After the amplification 

phase, a dissociation curve was carried out to ensure the presence of only a 

single product in the amplification (Figure 7.S1). 

 

Total RNA extraction from 7-day-old adult B. germanica ovaries was 

carried out using Tissue Total RNA purification Kit (Canvax Biotech), 

following the manufacturer's protocol. The quantity and quality of the 

extracted RNAs were estimated by spectrophotometric absorption at 

260/280 nm using a Nanodrop spectrophotometer (MicroDigital Co, Ltd). 

A total of 200 ng of each RNA extraction was reverse-transcribed using the 

Transcriptor First Strand cDNA Synthesis Kit (Roche) to obtain the 

corresponding cDNAs. The expression of selected mRNAs related to the 

studied processes was determined by qRT-PCR, using iTaq Universal 

SYBR Green Supermix (Bio-Rad Laboratories), and actin-5c mRNA 

expression as a reference. The amplification reactions were performed at 

95 ºC for 3 min, 44 cycles of 95 ºC for 10 s plus 57 ºC for 1 min, followed 

by 95 ºC for 10 s and finally, the melting curve: from 57 ºC to 95 ºC with a 

measurement at each 0.5 ºC increase.  

 

Expression levels of small RNAs and mRNAs were calculated relative to 

their respective reference gene, using the 2-ΔCt method (Irles et al., 2009b; 

Livak and Schmittgen, 2001). Results are given as copies of small RNA per 

1000 copies of U6, or copies of mRNA per 1000 copies of actin-5c mRNA 

and correspond to three biological replicates. The primer sequences are 

detailed in Table 7.S1. 

7.2.4. Treatments with antisense oligonucleotides 

The piRNA-83679 levels were reduced using a chemically unmodified 

antisense oligonucleotide (ASO:  5'-

GGAGGTCCCCCAGACCGGCACAGACCGAA-3') designed to 

encompass the entire piRNA sequence. Newly emerged adult females were 

treated with 1 μL of a solution containing 15 μg/μL of ASO in water 

(hereafter referred to as ASO-treated). As negative control, the same dose 

of a custom-designed oligonucleotide (ASO-Control) was administered. 
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The sequence of ASO-Control corresponds to the concatenated recognition 

sites of four restriction enzymes (XbaI, HindIII, KpnI, BamHI), and four 

additional nucleotides to reach the length of the ASO (5'-

TCTAGAAAGCTTGGTACCGGATCCCAGGT-3'). Alternatively, both 

water and ASO-Control were used in control animals since no significant 

differences were observed in oviposition rates or the number of emerged 

nymphs (ASO: 40.27 ± 1.16 nymphs, n = 15; Water: 42.25 ± 0.75 nymphs, 

n = 12; p = 0.187), henceforth referred to as Mock-treated. 

7.2.5. Microscopy methodologies 

7.2.5.1. In situ hybridization  

The piRNA-83679 was localized in ovaries from B. germanica adults using 

an antisense LNA (locked nucleic acid) probe conjugated to Digoxigenin 

(DIG) at the 5' and 3' ends (5'-DIG-

GGAGGTCCCCCAGACCGGCACAGACCGAA-DIG-3', Merck). 

Ovaries were dissected in Ringer’s saline, and immediately fixed in 

paraformaldehyde (4% in PBS 0.2 M; pH 6.8) overnight. Subsequent 

hybridization and washing reactions were carried out as previously reported 

(Irles et al., 2009b). The DIG hapten was detected by incubating the 

samples in a 1:4,000 dilution of anti-DIG-rhodamine antibody (Roche, 

Basel, Switzerland) in PBS-T for 90 min at room temperature. Ovaries were 

washed again and incubated in DAPI (4',6-diamidino-2-phenylindole,          

1 μg/mL, Merck) for 5 min at room temperature.  

7.2.5.2. DAPI-TRITC-Phalloidin staining 

Ovaries from 7-day-old B. germanica adults, were dissected under Ringer’s 

saline, and immediately fixed in paraformaldehyde (4% in PBS 0.2 M; pH 

6.8) for 2 h. Subsequently, they were washed with PBT (PBS 0.2 M; pH 6.8 

+ 0.2% Tween-20) (Irles and Piulachs, 2014). The ovaries were incubated 

for 20 min in 300 ng/mL of TRITC-phalloidin (tetramethyl rhodamine 

isocyanate-phalloidin, Merck) prepared in PBT, and after washing with 

PBT, were incubated for 5 min in 1 μg/mL of DAPI, and washed again with 

PBT.  
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Samples were mounted with Mowiol (Calbiochem) and analyzed by 

epifluorescence using a Zeiss Axiolmager.Z1 microscope (Apotome) (Carl 

Zeiss MicroImaging). 

7.2.5.3. Embryo observations 

Fifteen-day-old oothecae were removed from the female abdomen by 

gentle pressure, to observe the embryo development. The oothecae were 

incubated during 5 min in water at 95 ºC to facilitate the individualization 

of the embryos. Images of the embryos were obtained using a Zeiss 

DiscoveryV8 stereomicroscope (Carl Zeiss MicroImaging).  

7.2.6. Statistical analysis 

The data are expressed as mean ± standard error of the mean (S.E.M.). 

Statistical analyses were performed using GraphPad Prism version 8.1.0 for 

Windows, GraphPad Software. Significant differences between control and 

treated groups were calculated using the Student’s t-test. Data were 

evaluated for normality and homogeneity of variance using the Shapiro-

Wilk test, which indicated that no transformations were needed. All datasets 

passed normality test. 

 

7.3. Results 

7.3.1. piRNA-83679 in the ovary 

B. germanica piRNAs were ranked according to their levels in the 

transcriptomes of both 7-day old adult ovaries and non-fertilized eggs. We 

selected as a candidate for functional studies the piRNA-83679 (5’-

UUCGGUCUGUGCCGGUCUGGGGGACCUCC-3’), one of the most 

abundant piRNAs in ovaries of 7-day-old adults, and with quite high levels 

in non-fertilized eggs, which suggests that it is maternally transmitted 

(Figure 7.1A).  
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Figure 7.1. piRNA-83679 in ovaries of adult Blattella germanica. (A) Levels of 

piRNA-83679 in the small RNA libraries from different developmental stages, 

including embryos of different ages (days 0, 1, 2, 6 and 13 (E0, E1, E2, E6, E13)), 

nymphs from first (N1), third (N3), fifth (N5) and sixth (N6) instars. Data from 

transcriptomes from 7-day-old adult ovaries (Ov7) and non-fertilized eggs (NFE) 

were also included (Ylla et al., 2017).  Each value represents the average of 

normalized counts, conducted using the median-of-ratios method from DESeq2. 

Data are shown as mean ± S.E.M. (n = 2). (B) Expression profile of piRNA-83679 

in adult ovaries during the first gonadotropic cycle. Data represent copies of piRNA 

per 1000 copies of U6, and are expressed as the mean ± S.E.M. (n = 3). (C) In situ 

hybridization in late 3-day-old adult ovaries showing the piRNA-83679 

localization in the cytoplasm of follicular cells of a BOF; (C’) shows the merged 

images with the nuclei stained with DAPI. (D)  In situ  hybridization in  follicular 
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The piRNA-83679 continues to be detectable during early embryonic 

stages (days 0 to 2), but it becomes undetectable in later embryonic stages 

and early nymphal instars (Figure 7.1A). Its levels reappear, albeit low, in 

the last nymphal instars (Figure 7.1A). 

 

In B. germanica adult ovaries, piRNA-83679 increase gradually as the BOF 

grows and matures. In the transition from 3- to 4-day-old females, piRNA-

83679 levels double (Figure 7.1B), coinciding with changes in the program 

of FCs in the BOF, which become binucleated at this period (Irles and 

Piulachs, 2014). From day 4, piRNA-83679 levels tend to decrease, 

increasing again on day 7 and reaching the highest levels, concurrently with 

the synthesis of the chorion proteins by the FCs (Figure 7.1B) (Irles et al., 

2009b). In situ hybridization revealed the localization of piRNA-83679 in 

the FCs of the adult female BOF. Labeling appeared to accumulate in the 

cytoplasm of FCs early in the gonadotropic cycle (Figure 7.1C). In 5-day-

old females, piRNA labeling remains present in the cytoplasm of the FCs 

(Figure 7.1D), with an increase of the signal next to the nuclei membrane 

(Figure 7.1D, white arrow).  

 

Although the large size of the BOF in 5-day-old females prevented the 

observation of labeling inside the basal oocyte, the piRNA-83679 labeling 

was detected in the oocyte cytoplasm and nucleus of subbasal ovarian 

follicles, with stronger signals towards the anterior and posterior oocyte 

poles (Figure 7.1E, arrowheads).  

 

 

 

 

 

__________________________________________ 

Figure 7.1. (continued) cells from 5-day-old adult ovaries. piRNA-83679 labeling 

accumulates close to the nucleus membrane (arrows). (E) Subbasal ovarian follicle 

from a 5-day-old adult, showing the piRNA-83679 labelling in the ooplasm, with 

increasing labelling towards the oocyte poles (arrowheads); FE: follicular epithelia. 

N: nucleus. The apical pole is in the top-right. An antisense LNA probe with the 

piRNA sequence was used, labeled with DIG at both ends. In C-E, the probe was 

revealed with a rhodamine-labeled anti-DIG antibody (red). The DNA in the nuclei 

was stained with DAPI (blue).  
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7.3.2. piRNA-83679 and basal ovarian follicle    

development 

To study the function of piRNA-83679, newly emerged B. germanica adult 

females were treated with an ASO targeting the piRNA, and effects were 

observed 7 days after the treatment. 

 

 
 

Figure 7.2. Effects of piRNA-83679 depletion in the ovaries of Blattella 

germanica. Newly emerged adult females were treated with ASO or Mock and 

dissected 7 days later. Images from A-C and E-G correspond to basal ovarian 

follicles. (A) Follicular epithelia, from a Mock-treated adult female, showing the 

follicular cells (FCs) distribution; cells are closing the intercellular spaces; arrows 

indicate closed intercellular spaces, and arrowheads indicate intercellular spaces 

that are still open. (B) F-actin distribution in the basal pole of FCs from a Mock- 

treated adult female in early chorion stage; the actin fibers in the basal pole of FCs 

are not completely packed. (C) F-actin distribution in the basal pole of FCs from a 

Mock-treated adult female in late chorion stage; the F-actin fibers are completely 

packed giving the FCs a round shape. (D) Expression levels of piRNA-83679 in 7-

day-old B. germanica adult ovaries from freshly emerged females that were 

injected with Mock or ASO. Data represent copies of the piRNA per 1000 copies 

of  U6,  and  are  expressed  as  the  mean ± S.E.M. (n = 3). The  asterisk  indicates 
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In 7-day-old Mock-treated adult females, the binucleated FCs in the BOF, 

exhibit uniform distribution, with nuclei of same size and shape (Figure 

7.2A, E) and begin to close intercellular spaces (Figure 7.2A, arrows). Upon 

completion of the chorion, the actin cytoskeleton surrounds the FCs, 

modifying their distribution and covering the surface of the basal pole of 

FCs in an orderly manner, packing the entire ovarian follicle (Figure 7.2B). 

Just before ovulation, the actin fibers wrap up the FCs, giving them a 

rounded shape (Figure 7.2C), which facilitates the contractions of the 

ovarian follicle needed for ovulation and oviposition. 

 

piRNA-83679 levels in the ovaries were quantified in 7-day-old adult 

Mock- and ASO-treated females. In ASO-treated females, piRNA-83679 

levels were significantly reduced (p = 0.0107) compared to Mock-treated 

females (Figure 7.2D). The FCs from the BOF from ASO-treated compared 

to Mock-treated females evidenced some morphological changes. These 

FCs of piRNA-83679-depleted females exhibited enlarged nuclei, 

heterogeneous in shape with bizarre morphologies (Figure 7.2F). 

Moreover, the distribution of the F-actin fibers in the basal pole of the FCs 

was disorganized (Figure 7.2G). The misaligned fibers did not follow the 

correct orientation on the ovarian follicle surface, and appeared overlapping 

different FCs.  

 

 

 

 

 

__________________________________________ 

Figure 7.2. (continued) statistically significant differences (p = 0.01). (E) Nuclei 

from FCs in Mock-treated females, showing the uniformity in size and distribution. 

(F) Nuclei from FCs in ASO-treated females, showing the different size and forms. 

(G) F-actin distribution in the basal pole of FCs of ASO-treated adult females, 

showing their disorganization; the F-actin microfilaments were stained with 

phalloidin-TRITC (red in A, white in B, C and G). DNA was stained with DAPI 

(blue in A, white in E and F). (H) Expression of the ecdysteroidogenic genes, 

neverland (nvd), spook (spo), phantom (phm), disembodied (dib), and shadow 

(sad). (I) Expression of shade (shd), E75A, fushi tarazu- f1 (ftz-f1), brownie (brw) 

and citrus. In H and I, data represent copies of mRNA per 1000 copies of actin-5c 

mRNA and are expressed as the mean ± S.E.M. (n = 3-5). The asterisks indicate 

statistically significant differences respect to Mock-treated: * p = 0.03 (E75A);                    

* p = 0.02 (ftz-f1); *** p = 0.0003 (spo); **** p < 0.0001 (brw and citrus). 
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Relevant changes in the mRNA levels of ecdysteroidogenic genes were 

detected (Figure 7.2H) in ovaries of ASO-treated females. While the 

expression of nvd remained unaffected, spo expression increased 

significantly by 41% (p = 0.0003). The expression of phm, dib, and sad 

showed a trend to increase, but the differences were not statistically 

significant compared to Mock-treated females (Figure 7.2H). Interestingly, 

the expression of shd, which encodes a 20-hydoxylase responsible for 

converting ecdysone into its active form, 20-hydroxyecdysone (20E), 

tended to decrease by an average of 61% (Figure 7.2I). This reduction in 

shd expression likely led to decreased availability of 20E, resulting in a 

significant reduction of E75A (71%; p = 0.03; Figure 7.2I) and a severe 

depletion of ftz-f1 transcripts (94%, p = 0.02, Figure 7.2I). These 

disruptions in ecdysone signaling also caused a significant and extreme 

depletion of the chorion genes citrus and brw (99.89% and 99.95% 

respectively, p < 0.0001; Figure 7.2I). 

7.3.3. piRNA-83679 function on reproduction and embryo 

development 

To extend our study, we investigated whether depletion of piRNA-83679 

in adult females could affect reproduction and embryo viability. Again, 

newly emerged adult females were treated with the same ASO targeting the 

piRNA, and then paired with males and observed until ootheca formation. 

The first effect observed was a significant delay in oviposition in ASO-

treated females (8.11 ± 0.26 days; n = 53; p = 0.013), compared to Mock-

treated insects (7.33 ± 0.08 days; n = 38).  

 

Despite this delay, ASO-treated females carried the ootheca throughout the 

entire embryogenesis period (18.50 ± 0.26; n = 32) with no significant 

differences from Mock-treated females (18.81 ± 0.21; n = 28). However, 

although all the ASO-treated females successfully mated (n = 32), a 

significant number (25%, n = 8) of oothecae failed to produce nymphs. 

Furthermore, in the remaining ASO-treated females, the number of 

hatching nymphs was significantly reduced (36.29 ± 1.60; n = 24) compared 

to Mock-treated females (41.15 ± 0.74; n = 27; p = 0.0062). The lower 

number of hatching nymphs may be linked to the production of defective 

oothecae in several ASO-treated females (31.25%, n = 10), with shortened, 

curved or dried oothecae, or a combination of these defects, which often 
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resulted in misaligned eggs (Figure 7.3A and B), compromising hatching. 

The number of hatching nymphs from these malformed oothecae was 

drastically reduced (24.25 ± 3.64 nymphs; n = 4) and in some cases, no 

nymphs hatched at all (n = 6) (Figure 7.3B).  

 

To further investigate how piRNA-83679 depletion affected embryo 

development, we examined 15-day-old oothecae from Mock- and ASO-

treated females. At this stage, embryos from Mock-treated females (94 

embryos from 4 oothecae) have completed the dorsal closure, and the tips 

of the antennae and the hind legs almost reached the seventh abdominal 

segment. Eye pigmentation is completed, and sclerotization of mandibles 

and legs is at the onset (Figure 7.3C) (Piulachs et al., 2010; Tanaka, 1976). 

In contrast, embryos from ASO-treated females (107 embryos from 3 

oothecae) exhibited a wide range of phenotypic defects. Many embryos 

(62%) were morphologically similar to controls but showed less 

sclerotization (Figure 7.3D). The phenotypes of the remaining 38% of 

embryos displayed a variety of defects, ranging from eggs lacking the 

germinal band or with some tissue concentration in the ventral side, with 

the aspect of an amorphous mass (Figure 7.3E), to embryos with incomplete 

segmentation and with defective eyes (Figure 7.3F and G). Some embryos 

lacked eye pigmentation (Figure 7.3F), while others had eyes of incorrect 

shape (Figure 7.3H). The dorsal organ was still visible in this group of 

embryos (Figure 7.3H, arrow), and none of them showed signs of 

appendage sclerotization in the appendages, and in general, the legs were 

improperly sized and shaped (Figure 7.3F-I). In addition, in a few ASO-

treated embryos, the fat body cells (urate cells and mycetocytes; see 

Tanaka, 1976) were more abundant than in Mock-treated ones (Figure 7.3I, 

white dots in the thorax and abdomen). 
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Figure 7.3. Effects of piRNA-83679 depletion on Blattella germanica 

embryogenesis. (A) Oothecae from Mock- and ASO-treated females; the later 

shows the eggs were not well-aligned. (B) Number of nymphs hatching from 

oothecae formed by Mock- and ASO-treated females. Each dot represents the total 

nymphs from one ootheca. Blue dots correspond to well-formed oothecae, and 

orange dots to defective oothecae. Data are represented as the mean ± S.E.M. 

(Treated females, n = 27; Control females, n = 24). Asterisks indicate statistically 

significant differences (** p < 0.01). (C) Fifteen-day-old embryo from Mock-

treated females. Segmentation is complete; the sclerotization of mandibles (arrow) 

and legs (arrowheads) already started. (D-I) Fifteen-day-old embryo from ASO-

treated females. (D) Embryo similar to controls without sclerotized appendixes. (E) 

Embryo with no signs of development. (F) Embryo with the different body parts 

differentiated; the appendages have some degree of development; the eyes are not 
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7.4. Discussion 

 

The role of piRNAs as regulators of TEs and genome protectors is a well-

established function. However, recent research has shown the importance 

of piRNAs as mRNA regulators. Thus, piRNA functions have been 

extended to processes as different as the maintenance of germinal stem 

cells, DNA repair mechanisms, sex determination, chromatin 

modifications, learning and memory, and cancer mechanisms (Gleason et 

al., 2018; Iki et al., 2023; Kiuchi et al., 2023, 2014).  

 

Insect oogenesis is a highly regulated event involving multiple steps and 

processes, including germ cell proliferation, oocyte growth and maturation, 

vitellogenesis, and eggshell formation. These processes occur under the 

control of ecdysone and juvenile hormone (Alborzi and Piulachs, 2023; 

Bellés et al., 2024). Due to the efficiency and precision required, the 

regulation of this process entails different regulatory layers involving 

proteins, mRNAs, and non-coding RNAs, which have specific functions at 

different regulatory levels. Among the non-coding RNAs are the small non-

coding RNAs that include the piRNAs studied here.  

 

Our findings show that the piRNA-83679 is highly expressed in B. 

germanica ovaries, being present in somatic and germinal cells. 

Furthermore, piRNA-83679 levels in the ovary correlate with the key 

changes in the BOF, which are mainly related to the changes in the FCs 

program (Claycomb and Orr-Weaver, 2005; Irles et al., 2016, 2009b; Irles 

and Piulachs, 2014, 2011). The changes in piRNA-83679 expression during 

critical moments, such as the arrest of cytokinesis, the increase of 

 

__________________________________________ 

Figure 7.3. (continued) pigmented. (G) Similar to F but less advanced 

development; the legs are distinguishable, but the body segmentation was not 

apparent. (H) Embryo with a correct body development, however, the head has an 

abnormal morphology and the dorsal organ is still visible, these modifications 

determine a miss-localization of the head appendages; in addition, the legs appear 

to be larger than in controls. (I) Embryo with complete body segmentation; the 

head does not have the correct structure; the eyes are correctly pigmented, but the 

head appendages are not well defined; the legs are short reaching only the first 

abdominal segments; there is an increase of cells corresponding to the fat body that 

appeared like white dots. 
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polyploidy, or the endoreplication in the FCs, suggest a role in genome 

protection. However, piRNA-83679 likely has other functions since it is 

maternally provided to the embryo.  

 

Using an ASO to deplete the piRNA-83679 allowed us to infer its functions 

in the adult ovary and the embryo of B. germanica. Reduction of piRNA-

83679 levels in the ovary led to a delay in oviposition and malformations 

in the ootheca shape and size. These oothecae defects could explain the 

observed reduction in the number of emerging nymphs. Moreover, the 

expression profile of the piRNA-83679 in the ovary, and the observed 

oothecae malformations, suggest an effect of this piRNA on genes 

important at the end of the gonadotropic cycle, among them, 

ecdysteroidogenic genes expressed in the adult ovary (Ramos et al., 2020; 

Bellés et al., 2024). In most adult insects, when the prothoracic gland 

degenerates, the ovary becomes the main source of ecdysone, which acts 

then in an autocrine manner (Pascual et al., 1992; Romaña et al., 1995). In 

B. germanica adults, ecdysone is primarily needed at the end of the 

gonadotropic cycle to facilitate the endoreplication of some genome regions 

in the FCs, promoting chorion synthesis and facilitating the egg release into 

the oviduct (Alborzi and Piulachs, 2023; Bellés et al., 2024; Bellés et al., 

1993). Depletion of piRNA-83679 led to reduce shd mRNA expression, 

which prevents the conversion of ecdysone to 20E, resulting in an 

overexpression of phm, dib, and sad. This suggests that piRNA-83679 may 

directly or indirectly repress the expression of these three genes, or that their 

mRNAs accumulate due to the shd reduction.  

 

The inability to convert ecdysone to 20E disrupts 20E signaling, as shown 

by the lowered E75A expression. This weakened of 20E signaling affects 

the FCs program in the BOFs (Ramos et al., 2020), which in turn results in 

a decrease in the expression of chorion genes. Since the piRNAs have been 

described as repressors of mRNAs, the reduction of shd expression 

determined after the ASO treatment suggests that piRNA-83679 would 

inhibit a shd repressor.  

 

The cytoskeleton in the BOF, which contributes to the egg release into the 

oviduct was also affected by the piRNA-83679 depletion. We had 

previously described that in B. germanica ovaries ftz-f1 contributes to 

control the distribution of the cytoskeleton and its organization at the end 

of the gonadotropic cycle (Alborzi and Piulachs, 2023). Now, we have 
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observed that piRNA-83679-depleted females show a reduction of ftz-f1 

levels. This reduction resulted in the same phenotype obtained when ftz-f1 

was depleted by RNAi in adult females, which involved a decrease in 

ecdysone levels (Alborzi and Piulachs, 2023). 

 

The diversity of phenotypes resulting from piRNA depletion could be 

attributed to its action on different mRNA targets. It is worth noting that the 

functions described here may represent only part of the roles of piRNA-

83679 in B. germanica ovaries. The maternal provision of piRNA-83679 to 

the embryo suggests that it would play specific roles in early embryo 

development, a topic for future research. Nonetheless, our results show that 

ASOs-mediated piRNA depletion can be a useful approach to study the 

functions of these still mysterious sncRNAs. 
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7.6. Supplementary material 

 

Table 7.S1. Primers used in the qRT-PCR reactions of small RNAs and mRNAs. 

F: primer forward, R: primer reverse.  

 

Name  Primer sequence (5’-3’) Accession 

number 

piRNA 

83679 

F TTCGGTCTGTGCCGGTCTGGGGGACCTCC - 

Universal 

(Agilent) 

R GACGAGCTGCCTCAGTCGCATA - 

U6 F 

R 

CGATACAGAGAAGATTAGCATGG 

GTGGAACGCTTCACGATTTT 

FR823379 

actin-5c F 

R 

AGCTTCCTGATGGTCAGGTGA  

TGTCGGCAATTCCAGGGTACATGGT 

AJ862721 

dib F 

R 

GCAACAGACAATGGACCTCA 

AGATCCAATGCAACCTCCTC 

PSN36324 

E75A F 

R 

AATGAGTAGAGATGCGGTGCGGTT 

TCAGCGTCGGACAGTCTTAGTGA 

CAJ87513.1 

ftz-f1 F 

R 

TTGTCACATCGACAAGACGCA 

GTACATCGGGCCGAATTTGTTTCT 

FM163377 

nvd F 

R 

CTGGGGCCAGTCACAATACT 

GCAGGGGCTTGTCAATGTAT 

PSN31862 

phm F 

R 

CTAGGCACCAGAGCACCTTC 

GCAAGCACTGTGTCTTCCAA 

PSN36025.1 

sad F 

R 

ATGAGGAGGTTCAGGGTGTG 

CTGGCCAGAAGTCATTTGGT 

OE845190.1 

shd F 

R 

CACAGAGGCGCACAAGTTTA 

GTTCCCCTTCAAAGTCCACA 

PSN43891.1 

spo F 

R 

GCCTTCATCATGTTGGCGTC 

CAGGTGTGGAGAGGTGTCTG 

PSN30774.1 

citrus F 

R 

TCGTGCTTTTCAATGTGCGTA 

GGGAATCCAGGGTATTTGGAA 

FN823078.1 

brownie F 

R 

CTCAGCACAAAGCCGTAGCA 

CGTCGGCGTAAGCTTCGTAG 

FM253364.1 
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Figure 7.S1. (A) Standard Curve to calculate the efficiency of the primer pair used 

to quantify the piRNA-83679 expression. Efficiency was calculated with serial 

dilutions of ovarian cDNA. (B) Dissociation curve carried out after the 

amplification phase. The two panels are complementary and together validate the 

efficiency of the qPCR and the specificity of the primer pairs. qRT-PCR reactions 

were performed with iTaq Universal SYBR Green Supermix (Bio-Rad 

Laboratories). Amplification reactions were performed at 95°C for 5 min, 44 cycles 

of 95 ºC for 10 s plus 62 ºC for 40 s, followed by 95 ºC for 1 min. Finally, to obtain 

the dissociation curve, the samples were heated from 60 to 95 ºC with a 

measurement every 0.5 ºC increase.  
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ANNEXES 

 

Table S1. Primers used for qRT-PCR measurements and biotechnologically 

dsRNA synthesis. dsRNA synthesis primers are underlined. The length of the 

amplicon, and the accession number of the sequence in the NCBI are indicated.  

F: Forward primer; R: Reverse primer.  

 

Primer set  primer 5’-3’ Amplicon 

length 

(bp) 

Accession 

number 

actin-5c F 

R 

AGCTTCCTGATGGTCAGGTGA 

ACCATGTACCCTGGAATTGCCGACA 

213 AJ862721 

  

 

 

 

  

eIF4aIII F 

R 

ATGGTGACATGCCACAAAAA 

GCAACACCTTTCCTTCCAAA 

208 HF969254 

  

 

 

 

  

Vg F

R 

CTGGGCATTTGACAACACAACAT 

TTGAAGAGCTGCTGGAGAGTTTG 

116 AJ005115.2 

  

 

 

 

  

  

 

 

 

  

dsPolyH F 

R 

ATCCTTTCCTGGGACCCGGCAA 

ATGAAGGCTCGACGATCCTAATCA 

306 K01149 

  

 

 

 

  

 

 

 

 

 

  

 











 

 

 

 




