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ABSTRACT 

Galleria mellonella (greater wax moth) is a popular animal model that has been extensively 

used as an alternative in vivo model for investigating the virulence and pathogenicity of different 

bacteria. G. mellonella has also been shown to be a suitable model for studying the efficacy and 

toxicity of various compounds. Recently, this model has been gaining popularity as the larvae are 

conveniently sized for manipulation, they do not need constant feeding, they are inexpensive to 

purchase and to breed, they do not require much space or special infrastructure, they present a low 

biohazard risk, and they are more ethically accepted. More importantly, G. mellonella has an innate 

immune system very similar to the one found in mammals. In this thesis, G. mellonella was used to 

develop a standardized and reproducible animal model of infection and toxicity. 

Pseudomonas aeruginosa is an opportunistic pathogen that has gained great medical 

importance as it causes serious illnesses in humans and it can be resistant to many antibiotics. During 

infection, ribonucleotide reductases (RNR) play an essential role as they catalyze the reduction of 

ribonucleotides to deoxyribonucleotides, thus providing the precursor molecules needed for DNA 

synthesis. Since G. mellonella has been proven to be a suitable model for P. aeruginosa infections, 

we developed a promoter probe vector with bioluminescence expression to enhance the study and 

monitoring of a P. aeruginosa in vivo infection. This vector was used to construct different RNR gene 

promoter fusions as proof of concept. Additionally, we optimized a total bacterial RNA extraction 

protocol to facilitate the study of transcriptional gene levels during in vivo infections. By 

implementing both methods, variable gene expression levels were efficiently measured at different 

time points throughout the course of a bacterial infection. 

Staphylococcus aureus is also considered an opportunistic pathogen. This bacterium is also 

capable of forming biofilms and it is considered an important cause of biofilm formation in catheters 

and prostheses. Due to the misuse and overuse of antimicrobials, multi-resistant bacteria are rapidly 

appearing so there is a critical need for new antimicrobials. The toxicity and antimicrobial efficacy 

against S. aureus of novel oleanolic and maslinic acid derivatives were determined using G. 

mellonella. Out of the 14 derivatives tested, 2 were found to have improved toxicity and efficacy in 

vivo when compared to the in vitro results. Therefore, G. mellonella can be used as an efficient 

screening alternative for determining in vivo toxicity and efficacy of new antimicrobials before their 

use in rodents or other more expensive models. 

G. mellonella was also used to test the toxicity of other therapeutical strategies and 

nanoparticles (NPs). Mycolicibacterium brumae was not toxic to G. mellonella larvae, and the results 
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correlated with the results obtained with mice. Therefore, M. brumae was deemed as a safe 

alternative treatment for non-muscle-invasive bladder cancer. The different NPs caused a variety of 

acute toxicity effects that were detected by an array of indicators within the larvae, such as lethal 

dose calculation, hemocyte proliferation, NP distribution, behavioral changes, and histological 

alterations. Therefore, G. mellonella is proposed as an alternative non-rodent model of toxicity that 

can be used as a bridge between in vitro and in vivo rodent assays. 

Due to the broad applicability of the G. mellonella model, new methodologies are warranted 

to exploit its full potential. Besides the optimized RNA extraction protocol already mentioned, an 

optical clearing protocol was also optimized in this work. As a proof of concept for our larvae 

clearance protocol, fluorescent rhodamine NPs were injected into larvae that were then fixed with 

paraformaldehyde, permeabilized with increasing concentrations of methanol, and cleared with 

BABB (Benzyl Alcohol and Benzyl Benzoate). Visual observations of the internalized NPs were 

achieved in cleared larvae using confocal microscopy. Quantification of the relative fluorescence 

emitted by the internalized NPs was also possible only in the cleared larvae. 
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INTRODUCTION 

1. The biology of Galleria mellonella 

1.1. Taxonomy 

Galleria mellonella is also known as the greater wax moth or honeycomb moth. These aliases 

are derived from the ubiquitous presence of this moth in honeybee colonies. For this reason, they 

are considered a major pest of honeycombs worldwide as they damage beehives and hive products 

which has important economic and climatic consequences. G. mellonella is a member of the 

Galleriinae subfamily within the Pyralidae family of the Lepidopteran order [1,2]. 

1.2. Life cycle 

The life cycle of G. mellonella is composed of four main stages: egg, larva, pupa, and adult 

(Figure 1). The duration of the cycle can vary from weeks to months and it depends on a variety of 

biotic and abiotic factors. Some examples of biotic factors include competition for food, cannibalism, 

parasitoids, and diet quality [2-5]. Abiotic factors such as temperature and humidity also have a 

critical impact on the life cycle. Temperatures ranging from 29-35°C with high humidity (about 70%) 

are reported as ideal for an optimal life cycle. Under these ideal conditions, the duration of a cycle 

is about 6 weeks [1,2,6,7]. 

Figure 1. The different developmental stages in the life cycle of Galleria mellonella. First is the egg stage 
followed by the different larvae instar phases. The pupa (right) is found inside a white cocoon (left). As 
seen in the adult figure insert, the adult moth can be differentiated in male (left) and female (right). 
Adapted from [1,8]. 

1.2.1. Egg stage 

Female moths lay eggs in clusters of 50-150. The color of the eggs ranges from pearly white to 

light pink and they have a rough texture due to scattered wavy lines on their surface. The eggs are 
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spherically shaped with an average length of 0.478 mm and an average width of 0.394 mm [1,2]. 

This stage can last anywhere between 3 and 30 days depending on the temperature of the 

environment. At warm temperatures (29-35°C), the eggs will develop in a few days but at cold 

temperatures (18°C), the development can be delayed by 30 days. Eggs cannot survive in 

temperatures ≤0°C or ≥46°C [1,2,9]. 

1.2.2. Larva stage 

Recently-hatched larvae have an off-white color and measure about 1-3 mm in length and 0.12-

0.15 mm in diameter. Fully grown larvae can measure up to 25-30 mm and 5-7 mm in length and 

diameter, respectively, and the color darkens to a cream-color with gray to dark gray markings. The 

larvae are polypod with 6 legs on the thorax and 8 prolegs between the third and sixth abdominal 

segments. During the larval stage, male and female sexing is not possible as sex-specific external 

morphological traits are not yet present. The larva can molt 8-10 times throughout its development 

and release silk threads in all stages but only the last instar can spin a silk cocoon [1,7,10]. 

Upon hatching in nature, the larvae immediately begin feeding on honeycomb and eventually 

destroy the comb structure. In the laboratory, larvae can be maintained on an artificial diet 

consisting of honey, wax, and cereal products. Early instar larvae feed more intensively compared 

to late instar ones. If the diet and temperature conditions are favorable, early instars grow at a 

surprisingly accelerated rate with the majority of the increases in growth and size occurring during 

the last two final instar stages. Under optimal conditions (29-32°C with abundant food), the larval 

stage lasts 6 to 7 weeks but can be increased up to 5 months if there is a shortage of food and cold 

temperatures [1,2,9,10]. 

1.2.3. Pupa stage 

The pupa is found immobile within a white silk cocoon. When pupation begins, the color is 

white to yellow but it gradually changes to brown and dark brown as the pupa develops. The average 

pupa measures 12-20 mm and 5-7 mm in length and diameter, respectively. At this stage, sexual 

dimorphism is first evident as females develop a cloven sternum representing the copulatrix’s 

aperture on the eighth abdominal segment. On the other hand, males acquire a pair of external 

rounded knobs representing the phallomeres on the ninth abdominal segment. The duration of this 

stage ranges from 1 to 9 weeks, and it is temperature-dependent as higher temperatures shorten 

the duration [2,9,10]. 
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1.2.4. Adult stage 

The adult moth has grayish-brown forewings and cream-colored hindwings. The average adult 

moth is about 15-19 mm long with a 14-38 mm wingspan. The male moth is slightly smaller than the 

female moth and is easily distinguishable by many additional characteristics: lighter wing color, 

indented and scalloped front wing, shorter antennae, and snub-nosed appearance. Adult moths do 

not feed, and female moths lay an average of 300-600 eggs about 4-10 days after emergence from 

pupation. Females will continue laying eggs as long as their vitality lasts and can deposit more than 

100 eggs in 1 minute. Female moths live for about 12 days while male moths live for approximately 

21 days and the lifespan can be increased if they are kept at colder temperatures [1,2,9,10]. 

2. The immune system of Galleria mellonella 

G. mellonella fights off intruders with physical and anatomical barriers as well as with innate 

immune defenses. The larval stage of G. mellonella is commonly used as an in vivo model for 

studying pathogenesis, virulence, and toxicity and efficacy of new drugs, among other uses. The 

main reason for this is that the larvae have an innate immune system that closely resembles the one 

found in mammals. Additionally, the larvae can withstand incubation at 37°C which allows 

experiments to be performed at the same temperature as the human body. Unlike mammals, G. 

mellonella larvae do not have adaptive immunity [11,12]. 

2.1. Physical and anatomical barriers 

The larval cuticle is composed of a single layer of epithelium that is soaked with chitin and is 

found on the basal membrane. This hardened cover protects the worm against physical injury and 

pathogen entry, similarly to mammalian skin [13]. The trachea also possesses antimicrobial features 

such as chitin lining, low humidity, and lack of nutrients. The oral infection route is further protected 

by a chitin lining in both the foregut and hindgut and by the unfavorable biochemical conditions of 

the gut. Additionally, there is antibiosis and competition in the gut. All of these barriers prevent 

microorganisms from infecting the larvae [11]. 

2.2. Innate immune system 

2.2.1. Cellular immune responses 

The cellular responses in G. mellonella are mediated by hemocytes, which are found in free 

circulation within the hemolymph (analogous to mammalian blood, found within the hemocoel) or 
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attached to internal organs such as the digestive tract or fat body [14]. Hemocytes are involved in 

phagocytosis, encapsulation, and nodulation [15]. Hemocyte levels in the hemolymph can fluctuate 

during different processes. An increased level is associated with the movement of hemocytes from 

internal organs to the hemolymph in response to foreign intruders such as microorganisms and toxic 

compounds [16,17]. On the other hand, decreased hemocyte levels have been linked to nodulation 

or encapsulation processes during infection [18]. 

In G. mellonella, there are at least five types of hemocytes: prohemocytes, plasmatocytes, 

granulocytes, oenotocytes, and spherulocytes. The most predominant hemocytes found in G. 

mellonella larvae are plasmatocytes and granulocytes, and these are the ones involved in the 

majority of cellular defenses [19]. An image and a brief description of each type of hemocyte can be 

found in Figure 2. 

Figure 2. Hemocytes found in Galleria mellonella. Top row (a-e): light microscopy images of stained 
hemocytes. Scale bar: 5 µm. Adapted from [20]. Bottom row: Morphology and functions of the different 
types of hemocytes. Information gathered from [15,19,21]. 

2.2.1.1. Hemocyte-driven phagocytosis 

Phagocytosis in G. mellonella is mediated directly by plasmatocytes and indirectly by 

granulocytes [22]. During this process, hemocytes engulf pathogens and release enzymes through 

degranulation to destroy them (Figure 3A). For phagocytosis to occur, hemocytes first need to 

recognize the target as foreign. Pathogens are recognized by humoral pattern recognition molecules 

or by hemocyte receptors such as calreticulin and apolipophorin. Once opsonic ligands bind and 

recognize external molecules of the pathogens, an intracellular cascade is triggered which ends with 

the internalization of the pathogen. Then, a membrane-bound enzyme system is activated, 
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superoxide is produced, and degranulation begins releasing enzymes that not only kill the pathogen 

but also trigger inflammatory responses and local tissue damage in the infection area [15,23]. 

2.2.1.2. Hemocyte-driven encapsulation 

In G. mellonella, encapsulation is mediated by granulocytes. These cells recognize the presence 

of large intruders such as protozoa, nematodes, and parasitic insect eggs or larvae in the hemolymph 

[24]. Granulocytes degrade upon contact with the intruders, which promotes the binding of 

plasmatocytes [25]. A smooth capsule is formed by superimposed layers of plasmatocytes around 

the foreign object (Figure 3B). During the formation of the capsule, the number of circulating 

hemocytes decreases as they are focused on this process. Once the capsule is complete, there is an 

increase of hemocytes with enzymatic activity [26]. 

2.2.1.3. Hemocyte-driven nodulation 

Nodulation is the main cellular defense in response to an infection as large quantities of 

bacteria can be cleared from the hemolymph by the binding of multiple hemocytes to bacterial 

clusters (Figure 3C). The group of hemocytes bind together and form an overlapping sheath around 

the bacteria followed by the activation of prophenoloxidase and melanization of nodules [15,19]. 

Figure 3. Simplified representation of the cellular immune processes in G. mellonella. A) Phagocytosis: 
hemocytes internalize and destroy pathogen. B) Encapsulation: Hemocytes form a capsule around a 
large pathogen (e.g., nematode). C) Nodulation: Hemocytes layer around a large group of bacteria. 

Created with BioRender.com. 

2.2.1.4. Similarities with the mammalian innate immune system 

As previously mentioned, the innate immune system of G. mellonella closely resembles the 

innate immune system of mammals. The latter has phagocytes such as macrophages, neutrophils, 

and dendritic cells that function similarly to plasmatocytes and granulocytes found in G. mellonella 

by their quick activation and defense against infection. Other similar functions in mammals are the 

recruitment of immune cells to the infection site, detection and elimination of foreign objects by 
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specialized phagocytic cells, and antigen presentation on the cell surface to trigger the activation of 

the immune system, among others [15]. Both types of immune systems have effectors and receptors 

alike and also regulate gene expression in a related manner. An example of this is that plasmatocytes 

and granulocytes have surface receptors, like calrecticulin, that are similar to the ones found in 

mammalian neutrophils [27]. Another example is that the method for superoxide production in 

hemocytes is almost identical to the one in human phagocytes [15]. 

2.2.2. Humoral immune responses 

The humoral immune response of G. mellonella involves melanization, clotting, antimicrobial 

peptide synthesis, and reactive oxygen species. All play an important role in the final defense against 

pathogens. 

2.2.2.1. Melanization 

The phenoloxidase (PO) enzyme oxidizes phenolic substances to quinones that are later 

converted to melanin, resulting in the blackening of the trauma site. PO is generally found in both 

prokaryotes and eukaryotes in its inactive form as a proenzyme called prophenoloxidase (ProPO). In 

G. mellonella, ProPO was one of the first immune-related molecules found. Purified and 

characterized in 1995 and 2012, respectively, this proenzyme is present in the hemocytes (mainly 

oenocytoides) of unchallenged G. mellonella [28-30]. After pathogen recognition, oenocytoides 

release the enzyme which becomes activated by cascades of serine proteases. The ProPO complex 

ends with: the darkening of the infected larvae, the generation of products that are toxic to invading 

pathogens, and the trigger of other antimicrobial molecules to help fight off infection [31]. The 

extent of melanization often relates to larval health as higher larval mortality is associated with 

higher levels of melanization [12] (Figure 4). 

Figure 4. Melanization in G. mellonella larvae. A) Healthy larvae. B) Melanization taking over the larvae 
in response to bacterial infection. C) Fully melanized larvae that died from the infection. 



Introduction 

 7 

Melanization also takes part during wound healing, sclerotization, and cuticle hardening. 

Furthermore, it aids with the encapsulation and nodulation of parasites and microbes during the 

cellular immune response [32]. Although the ProPO system is described as part of the humoral 

immune system, it also involves cellular components such as ProPO itself [33]. The activation of the 

ProPO cascade has been reported to be similar to the complement system found in mammals [34]. 

2.2.2.2. Hemolymph clotting 

Hemolymph clotting, also known as coagulation, is a complex yet necessary process for 

hemostasis, healing, and immunity. Clotting helps to seal wounds and prevent blood loss, a process 

similar to the one occurring in vertebrates. In G. mellonella, clotting is mediated by hemocytes, 

mainly granulocytes [12,35]. When an external wound occurs, initial soft clots consist of a fibrous 

matrix embedded with numerous granulocytes and then, the clot hardens due to protein cross-

linking and melanization [21]. If hemocytes are removed from the hemolymph, the cell-free 

hemolymph does not clot which further demonstrates the important role of these cells during 

clotting. Besides hemocytes, clotting also involves soluble factors such as transglutaminase, 

lipophorin, and apolipoproteins [36]. Coagulation is inhibited by chelating Ca+2, so the presence of 

Ca+2 is also critical for coagulation [33]. 

Similar to platelets in mammals, hemocytes are activated after stimulation and become highly 

adhesive. But unlike platelets, hemocytes can contribute to microbial clearance by participating in 

nodulation and melanization [37]. The activation of the prophenoloxidase (ProPO) cascade links the 

coagulation cascade and melanization process [33,38]. The ProPO cascade and clotting are both 

activated by components present on the cell wall of microorganisms like lipopolysaccharides. Then, 

melanized nodules form and trap bacteria, but it is not known whether clotting also plays a role in 

the killing of the bacteria [36]. The activation of the coagulation process is also dependent on the 

presence of extracellular nucleic acids that are released from activated oenocytoides and damaged 

tissues [37]. 

2.2.2.3. Antimicrobial peptides 

Antimicrobial peptides (AMPs) are small and cationic molecules that have broad-spectrum 

activity against bacteria, fungi, parasites, and viruses. They can have many mechanisms of action, 

ranging from disintegrating membranes to containing intracellular processes such as protein 

synthesis [39,40]. AMPs are mainly produced in the hemocytes, fat body, digestive tract, salivary 

glands, and reproductive tract of insects [41]. 
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When G. mellonella larvae are presented with an immune challenge, a plethora of structurally 

and functionally diverse AMPs are secreted. This varies according to the infecting pathogen. For 

instance, the AMPs released during a fungal infection are not the same as during a bacterial infection 

[42]. G. mellonella larvae have about 20 known or putative defense peptides and many of those 

have been found in the hemolymph of immune-challenged larvae [43-45]. The AMPs that have been 

reported most in the literature (Figure 5) are listed below: 

• Cecropin: active against filamentous fungi and Gram-positive and Gram-negative 

bacteria [43]. 

• Galiomicin: insect defensin that lacks antimicrobial activity but is active against some 

filamentous fungi and yeast [44]. 

• Gallerimycin: defensin-like peptide that is active against filamentous fungi yet not 

against yeast or bacteria although its expression increases significantly during a 

bacterial infection [12,42]. 

• Gloverins and moricins: active against filamentous fungi as well as yeast, Gram-

positive, and Gram-negative bacteria but to a lesser extent [46]. 

Figure 5. Predicted protein structure of the main AMPs found in Galleria mellonella larvae. Predictions 
obtained with Phyre2 [47] and visualized with EzMol [48]. The chain ribbon is colored using a rainbow 

gradient from the amino-terminus to the carboxyl-terminus of the protein. The protein sequences used 
for the predictions were: NCBI Reference Sequence XP_026754247.1 and XP_026757665.1 for cecropin 
and gloverin-like peptides, respectively, and GenBank accession number AAS19170.1, AAM46728.1, 
and ABQ42573.1 for galiomicin, gallerimycin, and moricin-like peptide A, respectively. 
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Additionally, there are immune-related proteins and peptides (e.g., lysozyme, apolipophorin 

III, moricin-like peptides, among others) that are normally present in the hemolymph, become 

induced once there is a foreign body, and team up with other antimicrobial proteins and peptides 

to combat the infection [49,50]. The isolation and characterization of some of these antimicrobial 

peptides offer a promising prospect for the development of new antimicrobial therapies. 

2.2.2.4. Reactive oxygen species 

In human phagocytes, reactive oxygen species (ROS) are produced during phagocytosis and in 

response to pathogen destruction as these molecules are toxic to microorganisms [51,52]. Insects 

are also able to produce ROS as cytotoxic agents during defense responses against pathogens 

[53,54]. In G. mellonella, hemocytes are the main producers of ROS as they generate superoxide 

radicals, nitric oxide, and hydrogen peroxide during phagocytic and pathogen-destruction processes 

[55]. ROS can also be freely found in the hemolymph as hydrogen peroxide and superoxide; these 

are derived from enzymatic oxidation-reduction reactions resulting from the activation of the 

phenoloxidase (PO) cascade due to melanization [56,57]. The exact mechanism of ROS production 

in G. mellonella is unknown. Nevertheless, it is believed to be related to melanization through the 

activation of the PO cascade. The way PO is activated depends on the kind of infecting pathogen 

(bacteria or fungi) since it affects the different responses in the production of ROS. However, the 

correlation between different types of pathogen and specific ROS-production pathways is still 

unclear [12]. 

Tissue toxicity can be caused by non-selective ROS activity. Several antioxidant mechanisms 

exist in mammals to degrade ROS to prevent the cytotoxic activity on the organism [58]. In insects, 

antioxidant mechanisms have also been found that include enzymes such as superoxide dismutase, 

glutathione-S-transferase, and peroxidase [59,60]. In G. mellonella, antioxidant systems involving 

similar enzymes also exist. Furthermore, the antioxidant action of non-enzymatic components has 

also been reported [61]. 

2.2.2.5. Immunological priming 

Besides innate immunity, mammals also have acquired or adaptive immunity which can 

develop memory responses and is mediated by B cells and T cells [62]. Although insects do not have 

acquired immunity, they have a similar phenomenon termed “immunological priming” which 

consists in exposing the insect to sublethal concentrations of a pathogen which causes an increase 

in hemocyte density and AMPs expression for 24-48h. When the insect is again exposed to the same 
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pathogen but at lethal concentrations, the insect resists and lives [12,63]. In G. mellonella larvae, 

immunological priming has been reported many times; a few examples are listed below: 

• A study performed with Candida albicans demonstrated that larvae were able to resist 

lethal doses of the yeast due to an increase in AMPs expression after pre-exposure to a 

non-lethal dose [64]. 

• In another study, larvae were able to survive infection with C. albicans after previously 

receiving high doses of a polysaccharide found in the fungal cell wall called beta-glucan. 

High concentrations of glucan caused an increase in hemocyte density along with a 

decrease in yeast proliferation [65]. 

• In a different study, larvae were first primed with injections of heat-killed Photorhabdus 

luminescens TT01 and Bacillus thuringiensis HD-1 strains. Then, the larvae were able to 

survive posterior injection with lethal doses of the same strains due to an elevated 

hemocyte density and an increased antimicrobial activity in the cell-free hemolymph of the 

primed larvae [66]. 

3. Galleria mellonella as a model of infection 

For experiments using G. mellonella as an infection model, last instar larvae are generally used. 

These larvae are easy to manipulate as they measure 2-2.5 cm long and weigh about 250 mg. Before 

inoculation, the larvae can be stored at 15°C to delay pupation and it is recommended that the larvae 

are starved 24 hours prior to their inoculation [67]. Due to their relatively large size, the larvae can 

be easily and accurately infected by intrahemocoelic injection through the prolegs. Oral infection 

can also be done by ingestion or by force-feeding the larvae through the mouth, but this type of 

infection is less common. The results obtained with larvae infected with bacteria through injection 

have been consistently correlated with results from similar mammalian studies [67-69]. Before 

injecting the microbial inoculum into the larvae, it is important to first wash the cells to remove any 

virulence factors that were secreted during the bacterial in vitro growth [41]. Also, it is suggested to 

include a group of larvae injected with a placebo (e.g., PBS) so to control any potential physical 

trauma from the injection [70]. 

Infection studies can be carried out at temperatures ranging up to 37°C [70]. This is particularly 

significant as experiments can be done at the same temperature as the human body which is 

important for the expression of certain microbial virulence factors [71]. Microbial virulence can be 

assessed in various ways:  
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• Survival rate at different time points: larvae are injected with various doses of bacteria and 

the median lethal dose (LD50) can be determined as the bacterial concentration required 

to kill 50% of the larvae [41]. 

• Expression of AMPs in response to infection: larvae are injected with bacteria and several 

hours post-infection, the hemolymph is extracted to measure levels of different AMPs 

[44]. 

• Degree of melanization: lethality of bacteria is determined by the melanization degree of 

the larvae after infection. Larvae that are completely melanized (all black) correlates with 

larval death [41]. 

•  Measurement of bacterial proliferation inside the larvae: at different time points after 

infection, larval hemolymph, or homogenized larvae are plated on agar plates for bacterial 

enumeration [72]. Another method is using bioluminescent bacteria to determine 

bacterial load inside intact and infected larvae using bioluminescence imaging [73]. 

G. mellonella has been used as a model of infection for many microorganisms including 

Acinetobacter baumannii [74], Burkholderia cenocepacia [75], Burkholderia cepacia complex [76], 

Campylobacter jejuni [77], Candida albicans [78], Escherichia coli [79], Mycobacterium abscessus 

[80], Mycobacterium tuberculosis complex [81], Pseudomonas aeruginosa [82], Staphylococcus 

aureus [83], Vibrio anguillarum [84], and Yersinia pseudotuberculosis [85], among many others. 

3.1. Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative, bacillus (rod-shaped) bacterium that is 

ubiquitous in soil and water, but it can also be found in plant, insect, and animal tissues [73,86]. This 

bacterium is considered an opportunistic pathogen and it is a major cause of hospital-acquired 

infections since it causes serious infection in patients who have a previous illness or are 

immunocompromised, especially in patients with chronic obstructive pulmonary disease (COPD), 

cancer, AIDS, and severe burns [87]. In fact, P. aeruginosa is the leading cause of death in patients 

with cystic fibrosis (CF) [88]. This pathogen also causes hospital-acquired pneumonia, 

gastrointestinal infections, urinary tract infections, dermatitis, skin infections (e.g. external otitis), 

bacteremia, soft tissue infections, bone and joint infections, among many others [87]. P. aeruginosa 

is naturally resistant to many antibiotics and has progressively developed multi-drug resistance 

which further limits the therapeutic options available. Some strains are resistant to almost all 

antibiotics including aminoglycosides, cephalosporins, fluoroquinolones, and carbapenems [88,89]. 
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P. aeruginosa has a large genome (about 6.3 million base pairs long) with a wide repertoire of 

regulatory genes and networks that are the basis for the pathogen’s ability to respond and adapt to 

diverse environments [90,91]. This pathogen is responsible for both acute and chronic infections. P. 

aeruginosa isolates from chronic infections are phenotypically different than those isolated from 

acute infections [92]. During acute infections, P. aeruginosa isolates express a wide variety of 

virulence factors such as adhesins (i.e., flagella and pili), lipopolysaccharides (LPS), and type 3 

secretion system (T3SS). Flagella and pili play a major role in bacterial motility, adhesion to host 

cells, and initiation of the inflammatory response [87]. LPS is a complex glycolipid and main 

component of the outer membrane of Gram-negative bacteria that acts as a physical barrier and 

protects the bacteria from the host immune defenses. It also plays a part in the inflammatory 

response and antibiotic interactions [93]. T3SS allows the direct transfer of toxins from the bacteria 

to the host cells [87]. In contrast, isolates from chronic CF infections lack inflammatory factors (e.g. 

adhesins) while virulence mechanisms, such as the type 3 secretion system, are attenuated [94]. 

Instead, chronic isolates can readily form biofilms, and the strains become mucoid due to the 

overexpression of the exopolysaccharide alginate [95]. P. aeruginosa also has quorum sensing 

mechanisms that facilitate cell-to-cell communication to coordinate gene expression for 

environmental adaptation. The activation of these mechanisms promotes the formation of bacterial 

biofilms, which are bacterial communities embedded in an extracellular matrix that contain 

proteins, polysaccharides, and extracellular DNA. This matrix protects the bacteria by blocking the 

effects of immune cells, antibodies, and most antibiotics [96]. Since biofilms are highly resistant to 

antibiotics and disinfectants, they pose a serious medical problem. Biofilm development during 

chronic infections is associated with poor prognosis, worsened disease progression, and increased 

mortality [97]. A graphical summary depicting the differences between acute and chronic P. 

aeruginosa infections can be found in Figure 6. 

P. aeruginosa also has other virulence factors that contribute to its pathogenicity such as 

proteases (disrupt epithelial tight junctions and degrade immunoglobulins and fibrin in the host), 

exotoxin A (inhibits protein synthesis in host cells), lipases and phospholipases (disrupt lipids and 

phospholipids in the host cell membrane), pyocyanin (causes oxidative stress to the host), and 

pyoverdine (sequesters iron from host storage), among others [87]. 
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Figure 6. Simplified representation of the differences between acute and chronic P. aeruginosa 
infections. In acute infections, P. aeruginosa employs a variety of virulence features such as pili, flagella, 

T3SS, and secreted virulence factors. Damage to the epithelial cells facilitates initial biofilm 
development. In chronic infections, biofilm matures and disperses to neighboring cells to renew the 
biofilm formation cycle. Adapted from [98]. Created with BioRender.com. 

3.1.1. Ribonucleotide reductases 

P. aeruginosa must be able to replicate within its host to establish an infection, hence it 

needs an active DNA synthesis. Ribonucleotide reductases (RNR) are vital enzymes that catalyze the 

reduction of NTPs to dNTPs thus providing the precursor molecules required for DNA synthesis 

(Figure 7A). These enzymes require a protein radical to initiate catalysis. There are three classes of 

RNR: I, II, and III. Class I RNR is oxygen dependent as the radical is only generated under aerobic 

conditions. This class is further divided into three subclasses: Ia, Ib, and Ic. Class Ia is encoded by the 

nrdAB genes and requires a di-ferric center to generate the tyrosyl radical while class Ib is encoded 

by the nrdHIEF genes and requires a di-manganese or di-ferric center to generate the tyrosyl radical. 

Class Ic is also encoded by the nrdAB genes, but the tyrosyl radical is generated by a manganese-

iron center instead. Class II RNR is encoded by a single nrdJ gene and it uses S-adenosylcobalamine 

(vitamin B12) to generate the cysteinyl radical. This class functions under both aerobic and anaerobic 

conditions as the generation of the radical is only dependent on the availability of S-

adenosylcobalamine (AdoCob). In class III RNR (encoded by the nrdDG genes), the radical is 

produced after the binding of S-adenosylmethionine (SAM) to an iron-sulfur metal center located in 
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the NrdG subunit, but this radical is oxygen-sensitive so it only forms under anaerobic conditions 

[99]. All three RNR classes must be tightly regulated to sustain an adequate level of dNTPs, which is 

needed for DNA synthesis and repair. For this reason, RNR gene expression is controlled by a 

regulatory protein termed NrdR that is encoded by the nrdR gene. This protein is a transcriptional 

regulator that binds to the regulatory regions of the different RNR operons. Several studies have 

demonstrated that it suppresses the transcription of the RNR genes depending on the oxygenation 

and growing conditions of the bacteria [100,101]. 

Figure 7. Graphical representations of bacterial ribonucleotide reductases. A) Simplified representation 
of the enzymatic reduction of ribonucleotides to deoxyribonucleotides by RNR. Adapted from [99]. B) 
RNR classes present in the genome of P. aeruginosa PAO1 with their corresponding encoding genes. 

Mbp: million base pairs. 

P. aeruginosa is one of the few organisms that encodes all three RNR classes in its genome (Ia, 

II, and III) (Figure 7B), and it has been shown that RNR play a key role during infection and in biofilm 

formation. The expression of nrdJ and nrdD increased during infection studies done with P. 

aeruginosa PAO1 in Drosophila melanogaster and Danio rerio while the deletion of these RNR genes 

led to a decreased pathogenicity in both models [102,103]. Class II and III RNR are also induced 

during biofilm formation, and they have been shown to play an important role in proper cell division 



Introduction 

 15 

during the development and maturation of biofilms. In previous biofilm studies with P. aeruginosa 

PAO1 (laboratory strain), PAO1ΔnrdJ and PAO1ΔnrdD displayed a reduced anaerobic growth 

capacity that caused a considerable reduction in biofilm formation. Additionally, the 

PAO1ΔnrdJΔnrdD strain had no anaerobic growth, so it was unable to form biofilms [104]. 

3.1.2. P. aeruginosa studies in G. mellonella 

G. mellonella larvae have been used in many studies to investigate the virulence of P. 

aeruginosa. More importantly, a positive correlation in the virulence of P. aeruginosa mutants in 

both G. mellonella and mice has been established [82]. P. aeruginosa is highly virulent to G. 

mellonella larvae as it has been shown that as little as 25 CFU per larva of PA14 is enough to kill the 

larvae [82]. Decreased virulence studies using mutant strains have been carried out in G. mellonella. 

An example of this is a study where an attenuation in virulence was obtained by inactivating an 

adenosine DNA methyltransferase present in P. aeruginosa PAO1 [105]. Another study found that 

multiple deletions of glucose uptake genes in PAO1 also resulted in decreased virulence [106]. The 

virulence results obtained in G. mellonella with PA14 wild-type and mutant strains were positively 

correlated with the results obtained in mice with the same strains [82]. This demonstrates the 

suitability of the G. mellonella model for detecting and characterizing bacterial genes that are 

involved in mammalian infections. 

The immune response of the larvae to P. aeruginosa has been frequently analyzed in G. 

mellonella. Some studies have shown that sublethal doses of elastase B, one of the proteolytic 

enzymes secreted by P. aeruginosa, trigger the humoral immune response by inducing AMPs 

(specifically apolipophorin III) and lysozyme in the hemolymph of larvae. This led to an increased 

larval survival against a lethal dose of P. aeruginosa [107]. Additionally, protease IV and elastase B 

have been suggested to be responsible for the degradation of apolipophorin III present in the 

hemolymph [108,109]. The humoral immune response in G. mellonella larvae depend on the P. 

aeruginosa strain used. A study done with three different P. aeruginosa strains (one 

entomopathogenic and two clinical strains) revealed that the larvae were able to distinguish 

between the three strains as seen by the activation of different immune responses, especially seen 

by the AMPs, lysozyme, and phenoloxidase levels. High levels of elastase A was detected only in the 

entomopathogenic strain while elastase B and alkaline protease production was equal in all three 

strains. The apolipophorin III levels in the hemolymph of infected larvae also varied depending on 

the strain [110]. G. mellonella infection with an entomopathogenic strain of P. aeruginosa caused 

significant changes in morphology, viability, and spreading ability of hemocytes [111]. 
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3.2. Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive, coccus (round-shaped) bacterium that is considered 

both a commensal and a human pathogen. This opportunistic pathogen is most frequently found in 

the anterior nares of the nose, but it is also typically found in the skin, perineum, and pharynx. Less 

frequent carriage sites include the gastrointestinal tract, vagina, and axillae [112]. S. aureus is 

capable of causing a wide range of infections. It is the leading cause of bacteremia and infective 

endocarditis; it can also cause skin and soft tissue, osteoarticular, pleuropulmonary, and device-

related infections as well as other syndromes such as toxic shock syndrome and meningitis [113]. 

Infections with S. aureus account for significant morbidity and mortality in the US. In 2017, 

there were about 119,000 cases of S. aureus bloodstream infections alone with ~19,800 associated 

deaths [114]. Many S. aureus strains are resistant to methicillin and penicillin antibiotics. MRSA 

strains are a worldwide burden since they are responsible for a high percentage of all the hospital-

associated and community-acquired S. aureus infections. MRSA infections are linked to prolonged 

hospital stays, expensive treatments, and poor clinical outcomes. The antibiotic of choice for 

treating MRSA infections has been vancomycin for many years [115-117]. Prolonged therapy with 

vancomycin for these patients led to the appearance of MRSA strains with decreased susceptibility 

to the antibiotic followed by the emergence of S. aureus isolates with high-level resistance to 

vancomycin. These strains acquired the vancomycin-resistance through the transfer of plasmid-

borne copies of the Tn1546 transposon that originated in vancomycin-resistant Enterococcus 

faecalis [118]. Since S. aureus can easily acquire and develop resistance to antibiotics, alternative 

treatment options are urgently needed. 

Besides its ability to resist antibiotics, S. aureus has plenty of other strategies for evading the 

innate immune defenses of the human host. This bacterium secretes a variety of highly selective 

proteins which enable it to escape attacks from the complement system and neutrophils [119]. A 

few examples of these proteins are as follows: 

• Staphylokinase: binds to the α-defensins secreted by neutrophils and inhibits their 

bactericidal effect [120]. 

• Aureolysin: cleaves and destroys the antibacterial activity of cathelicidin LL-37, a human 

bactericidal peptide that has potent anti-staphylococcal activity [121]. 

• Catalase: inactivates toxic hydrogen peroxide and free radicals generated by 

polymorphonuclear neutrophils after bacterial ingestion [122]. 
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• Staphylococcal complement inhibitor: blocks human complement by interacting 

specifically with the C3 convertases that are necessary for complement activation [123]. 

Additionally, S. aureus has numerous other virulence factors that facilitates its ability to lyse 

host cells, promote the invasion and destruction of tissues, and manipulate the adaptive immune 

responses. The inhibition of some of these virulence factors is studied as potential alternative 

treatment strategies [124]. Since the list of these factors is extensive, only a few ones are mentioned 

in Table I and depicted in Figure 8. A more complete listing can be found in a couple of reviews that 

describe the S. aureus virulence factors more extensively [124,125]. 

Table I. Some of the virulence factors expressed by S. aureus. 

Virulence factor Function Known interference Ref. 

Protein A (SpA) Binds to Fc portion of 

immunoglobulins, von 

Willibrand factor, TNFR-1, 

and complement protein C3 

Anti-opsonic and anti-phagocytic; 

increases bacteria adhesion to 

platelets; reduces TNF-α 

proinflammatory signaling 

[126-

128] 

Coagulase Activates prothrombin and 

the conversion of fibrinogen 

to fibrin 

Promotes the clotting of plasma or 

blood; facilitate formation of 

abscesses 

[129] 

α toxin Forms pores in erythrocytes 

and monocytes 

Proinflammatory cytokine; induces 

TNF-α 

[130] 

Toxic shock 

syndrome toxin-

1 (TSST1) 

T cell superantigen Induce T lymphocyte proliferation; 

suppresses immunoglobulin 

production 

[131] 

Staphyloxanthin Carotenoid Interacts with ROS; confers 

resistance to ROS-mediated killing 

by neutrophils 

[132] 

Teichoic acids Binds to Toll-like Receptor 2 Can confer secretion of cytokines 

and chemoattractants 

[133] 

Adhesins Adheres to extracellular 

matrix and plasma proteins 

of host cells 

Allows the colonization and 

dissemination of the bacteria 

throughout the host; triggers 

bacterial internalization 

[134] 
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Figure 8. Simplified representation of a few of the S. aureus virulence factors that are mentioned in 
section 3.2. MSRAMM or Microbial Surface Recognizing Adhesive Matrix Molecules are a type of 
adhesins. Adapted from [135]. 

S. aureus can also escape immune defenses and antimicrobials by its ability to form biofilms. 

This bacterium is very proficient at forming biofilms on the surfaces of foreign bodies that are 

present inside the human host, such as prosthetic cardiac valves, prosthetic joints, intravascular 

catheters, among other devices. S. aureus regulates biofilm formation through quorum sensing, 

which is a communication process that allows the transfer of information between bacteria (e.g., 

nutrient availability and bacterial density). Biofilm infections are impossible to eradicate without 

surgical removal of the device [113,136]. Besides humans, S. aureus also infects animals such as 

dogs, cats, sheep, cattle, and poultry [137,138]. A high prevalence of infections is seen particularly 

in the udder of dairy cows. These infections affect the yield and quality of the milk produced by the 

cows which results in significant losses for the dairy industry [139]. The importance of S. aureus as a 

pathogen along with the increasing prevalence of MRSA strains calls for further studies with animal 

models, other than mice, to gain more knowledge on the pathogenesis of S. aureus [140]. 

 

 

Staphylococcus	aureus 
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3.2.1. S. aureus studies in G. mellonella 

The utility of G. mellonella for analyzing the virulence of S. aureus was first reported in a study 

that identified the pathogenic consequences of S. aureus strains with reduced vancomycin 

susceptibility during infection [69]. S. aureus was first injected at doses ranging from 104 to 107 

CFU/ml, and the larvae were incubated at 30°C and 37°C. Larval mortality was dependent on the 

bacterial concentration and incubation temperature, with greater killing observed with 107 CFU/ml 

and at 37°C. Then, the effects of agr functional status and vancomycin susceptibility on S. aureus 

virulence were studied. The results showed that functional loss of agr and resistance to vancomycin 

are associated with impaired S. aureus virulence thus showing that the G. mellonella model can be 

effectively used to study S. aureus virulence in vivo. Decreased virulence was also achieved by 

infecting G. mellonella larvae with a secDF S. aureus mutant strain [141]. This was consistent with 

reduced cytotoxicity, adhesion, and invasion in human umbilical vein endothelial cells. Another 

study examined the interaction of S. aureus with the immune system response of G. mellonella 

larvae [83]. Larval mortality increased dose-dependently after infection with S. aureus. This was 

accompanied by extensive melanization and significant proliferation and dissemination of S. aureus 

which led to the formation of nodules within the larvae. Significant hemocyte proliferation was seen 

in the larvae after inoculation with S. aureus. Proteomics analysis showed that at 6 hours post-

infection, the larval hemolymph was enriched with AMPs, ProPO cascade proteins, and various 

peptidoglycan recognition proteins. At 24 hours post-infection, there was a significant increase in 

the expression of AMPs with anti-staphylococcal activity as well as proteins associated with nodule 

formation. The results of this study revealed the cellular and humoral responses of larvae against S. 

aureus infection and its similarities to the responses seen in human infections with S. aureus. 

G. mellonella was also used to study the virulence of different S. aureus clinical isolates from 

acute and chronic implant-associated bone infections [142]. Larval survival analysis showed various 

levels of lethality with high, intermediate, and low virulence phenotypes. Furthermore, the results 

obtained with G. mellonella had good correlation with the results obtained in osteoblast invasion 

and biofilm formation assays done with the same strains. S. aureus biofilms cultivated in a flow 

system were shown to secrete high amounts of functional virulence factors that were found in the 

extracellular matrix and in the biofilm flow-through [143]. These virulence factors were tested in the 

G. mellonella animal model to reveal that the factors were active as seen by the increased larval 

mortality. 
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3.3. Mycolicibacterium brumae 

Previously denominated Mycobacterium brumae, Mycolicibacterium brumae is a Gram-

positive bacillus with acid-alcohol fastness that was first described in 1993. This strain is a rapidly 

growing, non-photochromogenic, and saprophytic mycobacterium that is capable of forming clumps 

and cords [144]. M. brumae is considered an environmental mycobacterium as it is commonly found 

in soil and water sources. No infections caused by M. brumae have been reported in humans, 

animals, or plants [145]. In 2004, a catheter-related infection caused by M. brumae was reported, 

but it was later established that the strain isolated from this infection was not M. brumae [146,147].  

Mycobacteria cell walls have a high lipid content which makes them hydrophobic, so the cells 

tend to clump when resuspended in aqueous solutions [148]. Additionally, the cell wall of M. brumae 

contains cord factors which consist of α-mycolates that are able to induce variable amounts of 

different pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-12p40, and IL-23 that are relevant 

to tuberculosis, so they are considered as potential adjuvants [149]. M. brumae has been shown to 

have immunomodulatory and antitumor activity. This mycobacterium is capable of activating 

macrophages, inhibiting the proliferation of bladder cancer cells, and prolonging the survival of 

tumor-bearing mice. For this reason, M. brumae is indicated as a promising therapeutical agent for 

non-muscle-invasive bladder cancer [150,151].  

No studies using M. brumae in the G. mellonella animal model have been reported. 

3.4. Antimicrobial studies in G. mellonella 

Since antibiotic resistance among numerous pathogens has been increasing at an alarming 

rate, there is a critical need to discover and develop novel antimicrobial agents. Typically, novel 

agents are first screened in vitro to assess their efficacy and the most promising candidates are then 

tested in an animal model, generally murine or other rodent models. However, in vivo mammalian 

studies involving rodents are expensive, time-consuming, and ethically controversial [41]. On the 

other hand, G. mellonella is a simple, inexpensive, and highly versatile model that can be used to 

rapidly assess the in vivo effectiveness of antimicrobial agents against any pathogen to which the G. 

mellonella larva is susceptible. By using this model for preliminary screenings, the likelihood of an 

antimicrobial agent with promising results in vitro from progressing to an unsuccessful performance 

in mammalian models can be reduced thus saving time, money, and mammals from unnecessary 

experiments. Therefore, G. mellonella can be used as an additional pre-screening alternative model 

to justify the number of antimicrobial drugs proceeding to mammalian in vivo testing [152]. 
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G. mellonella larvae can be accurately infected with defined bacterial concentrations, and it is 

important to select a dose that kills the larvae at a sufficient proportion during the chosen incubation 

time. The larvae can also be injected with precise doses of the antimicrobial agent which can be 

administered in different treatment regimens such as the number of doses given in total, timings of 

the different doses given after infection, and total dose administered. By injecting the antimicrobial, 

it is delivered directly into the hemocoel, and this systemic application mimics the typical delivery 

route used in mammalian studies [41,152]. Several studies have demonstrated that effective 

antibiotic doses in G. mellonella are similar to the doses recommended for humans [70,153-155]. 

Therefore, unlike in vitro MIC values, antimicrobial doses determined in G. mellonella provide a 

more accurate prediction of the doses needed for subsequent mammalian studies. G. mellonella can 

not only be used to test agents with direct antimicrobial activity, but it can also be used to test 

combinations of different antibiotics and to evaluate the therapeutic efficacy of antivirulence 

compounds, bacteriophage treatments, and alternative strategies (e.g., substances obtained from 

plants) [41,152] (Figure 9). After infection and antimicrobial agent administration, larval survival is 

monitored as it is the most suitable criteria for assessing antimicrobial efficacy. Additionally, 

microbial burden within the larvae can be measured by plating and enumerating bacteria from the 

hemolymph and by using GFP-tagged or bioluminescent bacteria [77,81,152]. To detect activation 

of the larval immune response against pathogens and antimicrobial toxicity, hemocyte density 

within the larvae can be measured [83,156]. Furthermore, hemocytes can be isolated from the 

larvae to perform ex vivo assays to determine the response of the larvae to the pathogens and to 

detect the cellular effects of antimicrobial agents [157]. However, it is important to establish 

whether hemocyte proliferation is due to immune priming as this will add to the apparent 

antimicrobial efficacy of the agent [158]. 

G. mellonella has been used to test the antimicrobial efficacy of different agents against a 

multifold of microorganisms including Acinetobacter baumannii [159], Burkholderia cenocepacia 

[160], Clostridium difficile [161], Enterobacter cloacae [162], Enterococcus species [163], Escherichia 

coli [164], Helicobacter pylori [165], Klebsiella pneumoniae [166], Listeria monocytogenes [167], 

Mycobacterium abscessus [168], Mycobacterium tuberculosis [169], Porphyromonas gingivalis 

[170], Pseudomonas aeruginosa [171], Shigella sonnei [172], and Staphylococcus aureus [173], 

among several others. 
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Figure 9. Antimicrobial strategies tested in the G. mellonella model. G. mellonella larvae can be used to 
evaluate different antimicrobial therapies, including classical drugs or drug combinations (top right), 
natural compounds such as a plant derived-extract like cinnamaldehyde (top left), classical drugs 
combined with adjuvants such as AMPs (bottom left), and bacteriophages or phage therapy (bottom 
right). Adapted from [174]. Created with BioRender.com. 

3.4.1. Antimicrobial efficacy studies against S. aureus in G. mellonella 

Several studies have been conducted in G. mellonella to test different antibiotic therapies 

against S. aureus. In one study, larvae were infected with two S. aureus strains (one methicillin-

susceptible and one methicillin-resistant) and then treated with daptomycin, penicillin, or 

vancomycin [70]. All three treatments were effective against the methicillin-susceptible strain as 

seen by the increased larval survival. Daptomycin and vancomycin were also effective when 

administered to the larvae prior to S. aureus infection. On the other hand, only daptomycin and 

vancomycin were active against the methicillin-resistant strain since penicillin had no antimicrobial 

effects in the infected larvae. Larval survival was also enhanced by vancomycin treatment after 

infection with two MRSA strains [175]. Another study tested the in vivo efficacy of three different 

pleuromutilins alone or in combination with tetracycline or ciprofloxacin against various S. aureus 

strains [173]. When pleuromutilins were combined with tetracycline to treat larvae infected with S. 

aureus, enhanced survival rates were obtained when compared to pleuromutilins or tetracycline 
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alone. In contrast, no synergy effects were seen with the combination of pleuromutilins and 

ciprofloxacin as compared to monotherapy. 

Alternative antimicrobial compounds against S. aureus have also been tested in G. mellonella. 

One study analyzed the effects of the flavonoid myricetin against three different S. aureus strains 

[176]. After infection with S. aureus, the larvae treated with myricetin demonstrated an increase in 

survival as myricetin exhibited antivirulence effects without modulating bacterial growth. Another 

plant-derived active compound, cinnamaldehyde, was tested in S. aureus-infected larvae. Treatment 

with this compound also resulted in enhanced larval survival and diminished bacterial load within 

the larvae [177]. Hamamelitannin, an antibiofilm compound, increased the survival of G. mellonella 

larvae that were previously infected with two different MRSA strains [175]. Furthermore, the larval 

survival was even greater after treatment with a combination of hamamelitannin and vancomycin. 

The therapeutic potential of temporin-1OLa was assessed by determining its in vivo efficacy against 

a S. aureus infection in G. mellonella [178]. Prior treatment with this antimicrobial peptide protected 

the larvae from the staphylococcal infection. In a different study, a single dose of the commercially 

available Raf kinase inhibitor GW5074 was sufficient to rescue G. mellonella larvae from an MRSA in 

vivo infection [179]. Furthermore, GW5074 demonstrated long-term protection capacity as seen by 

the 42% larval survival rate at 5 days post-infection. 

Additionally, G. mellonella can be used to test the efficacy of novel antimicrobial agents against 

S. aureus infections. A novel protonophore 1-(4-chlorophenyl)-4,4,4-trifluoro-3-hydroxy-2-buten-1-

one (compound 1) that showed bacteriostatic effects against MRSA in vitro, also prolonged the 

survival of MRSA-infected larvae when administered before or after infection [180]. Furthermore, 

the antibacterial effects of the compound were comparable to the ones seen with the vancomycin 

control group. Another study synthesized N-phenyl-1H-pyrazole-4-carboxamide derivatives and 

other pyrazoles to evaluate their ability to inhibit biofilm formation in three S. aureus strains [180]. 

The in vivo efficacy of the most active compound (14d) was then tested using G. mellonella. When 

the compound was administered 1 hour before infecting the larvae with S. aureus, a protective 

effect was demonstrated as seen by the increased larval survival. Compounds 1 and 14d were 

proposed as potential antibacterial and antivirulence agents, respectively, for S. aureus infections. 
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3.5. Limitations in the use of G. mellonella as an infection model 

G. mellonella has a few limitations in its use as an infection model. The short life span of the 

larvae can interfere with the study of chronic infection processes [8]. Another limitation is that the 

larvae have a high tolerance to polyphenol compounds such as theaflavin and epicatechin as seen 

by the lack of toxicity with high concentrations of these compounds [181]. Similar results were 

obtained when testing pulp extract from Eugenia brasiliensis Lam. (grumixama), which is rich in 

polyphenols, in G. mellonella larvae [182]. This resistance is probably due to the natural diet of the 

larvae. Bee honeycombs are rich in phenolic and polyphenolic compounds, so the larvae may have 

naturally adapted to tolerate these compounds [181,183]. For this reason, the in vivo interactions 

between microbial infections and antimicrobial agents with high phenolic and polyphenolic levels 

cannot be determined using the G. mellonella model. Unlike C. elegans and D. melanogaster, G. 

mellonella is not as well established as an infection model. A first draft genome sequence has only 

been recently published and few microarrays and RNA interference and mutant strains libraries are 

available [184,185]. Furthermore, there are no stock centers that sell specific genotypes like the 

ones seen with D. melanogaster [41]. 

The major limitation in using G. mellonella as an infection model is the lack of standardized 

procedures [186]. There are many experimental variations during infection studies in G. mellonella, 

including preparation and quantity of the inoculum, subjective interpretation of morbidity and 

mortality parameters, and experimental conditions (e.g., temperature). These can lead to variable 

results thus impeding the comparison between different published studies. Larvae can be easily 

purchased from breeders that sell them as food for reptile and bird pets or as fishing bait. However, 

these larvae do not have a defined age or weight, may contain antibiotic and hormone residues, and 

all life cycles have been kept under differing conditions [186]. Larvae can also be reared and 

standardized directly in research labs [8]. Variations in breeding conditions, feeding status, physical 

handling of the larvae, and maintenance can influence the susceptibility of the larvae to infections 

[41,187,188]. Additionally, the presence of antibiotics and hormones can alter their metabolism 

[189]. Therefore, factors such as age, weight, diet, and breeding conditions should be included in 

every publication involving G. mellonella as a way to standardize experiments between research 

groups. A few companies like BioSystems Techonology in the UK provide standardized G. mellonella 

larvae for scientific purposes. Although they are more expensive than common larvae, the results 

obtained with these larvae are more consistent and reproducible [190]. 
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4. Galleria mellonella as a model of toxicity 

Due to the rising prevalence of antibiotic resistance and the emergence of multi-drug resistant 

bacterial phenotypes, there is a critical need to develop alternative antimicrobial agents [191]. Once 

new antimicrobial compounds are shown to be nontoxic in vitro, their toxicity has to then be tested 

in vivo using animal infection models. In vivo assays enable the detection of different factors that 

could prevent the potential application of the compounds in humans, such as decreased efficacy in 

vivo due to degradation by host enzymes, interaction with host components, and the effects of 

physiological conditions of the host (e.g., pH, metabolism). Furthermore, in vivo testing can reveal 

maximum tolerable doses and possible short and long-term toxicity effects which are necessary for 

clinical trials [152,192]. The animals typically used for toxicity studies are murine or rodent models 

due to their anatomical, physiological, and genetic similarities with humans [193]. However, the use 

of these models is expensive, time-consuming, and ethically controversial. For this reason, 

alternative non-mammalian animal models like Danio rerio, Drosophila melanogaster, and 

Caenorhabditis elegans have been implemented in laboratories as they provide significant data at a 

low cost and do not require the same ethical considerations as murine studies [152,194-196]. These 

non-mammalian models are not only useful for testing the antimicrobial efficacy of new compounds 

but also for detecting any toxicity effects that could not be determined in vitro. Recently, G. 

mellonella has been gaining popularity as a model for studying the virulence of different pathogens, 

and it has also shown to be highly suitable for evaluating the efficacy and toxicity of new 

antimicrobial agents as well as other compounds [152]. 

There are many benefits to using G. mellonella as a toxicity model. The larvae used for testing 

are relatively large (about 2 cm in length) which facilitates handling as well as the administration of 

precise doses of compounds by intra-hemocoel injection, and this delivery route closely mimics 

systemic injections typically used for drug delivery in humans. Although less common, drug 

administration can also occur through force-feeding and topical application [152,197]. Another 

advantage is that the larvae can be bred quickly and at a low cost. Therefore, many larvae can be 

used in one experiment thus producing statistically valid results in a short period of time. 

Additionally, the larvae can survive at 37°C, so toxicity studies can be performed at the same 

temperature as the human body. The use of larvae for toxicological screenings does not involve any 

of the legal or ethical restraints that apply to rodent models. Larvae produce a large amount of 

hemolymph (about 70 µl per larva), so pharmacokinetic data can be easily obtained [152,158,185]. 

Pharmacokinetic data generated with G. mellonella larvae such as antibiotic clearance time, 
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elimination half-life of the drug, and maximum drug concentration can correctly directly with the 

values reported in humans [198]. All of these advantages validate G. mellonella as a suitable model 

for toxicity studies. 

4.1. Toxicity studies in G. mellonella 

G. mellonella has been used to assess the in vivo toxicity of various compounds. The acute 

toxicity of 19 chemicals was studied using G. mellonella larvae, and the results were compared 

against the LD50 values previously obtained with cytotoxicity in vitro and oral toxicity in vivo studies 

using NHK or 3T3 cells and rats, respectively [199]. G. mellonella was found to be a reliable predictor 

for low toxicity chemicals when compared to cell culture systems, and the authors proposed that a 

more robust assessment of chemical toxicity could be achieved by using both cell cultures and G. 

mellonella. Another study supported the use of G. mellonella larvae for acute toxicity studies [200]. 

The LD50 values of 11 different compounds that were established in G. mellonella correlated to the 

values obtained in mice and rats. Similar results were seen when evaluating the toxicity of food 

preservative agents [197]. The larvae were administered various food additives by feeding or intra-

hemocoel injection, and the LD50 values obtained showed a strong correlation to the LD50 values 

determined in rats. The acute toxicity of ionic liquids was also assayed in G. mellonella [201]. The 

data obtained revealed that 1-alkyl-3-methylimidazolium chloride ionic liquids were toxic to the 

larvae, which was directly related to the length of the alkyl side chain. Although it was suggested 

that the high lipid content of the larvae made them slightly more sensitive to ionic liquids, G. 

mellonella was still shown to be a reliable and robust model for evaluating the toxicity of these 

compounds. 

Besides assessing in vivo toxicity, G. mellonella can also be used to study the mode of action of 

different compounds. Larvae were administered potassium nitrate by intra-hemocoel injection 

which yielded a significant increase in circulating hemocytes, but it reduced the killing ability of these 

cells by potential inhibition of superoxide production [17]. The compound also led to an increase in 

superoxide dismutase activity and in proteins associated with mitochondrial function, oxidative 

stress response, and nitrate metabolism. This study demonstrated a correlation between the acute 

effects of potassium nitrate seen in both larvae and mammals. The effects of caffeine were also 

studied in G. mellonella [202]. Larvae that were administered caffeine by feeding had reduced 

movement and pupae formation. They also exhibited an increase in proteins associated with brain 

trauma and a decrease in proteins involved in development and protein degradation. These results 

indicate that caffeine is metabolized similarly in both G. mellonella and mammals. Novel copper 
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phenanthroline-phenazine cationic complexes with promising chemotherapeutic potential were 

tested in G. mellonella [203]. The results showed low immunogenicity and upregulation of metabolic 

and detoxification proteins that may provide an opportunity for developing drug targeting. G. 

mellonella was successfully used as a first step in assessing the in vivo tolerance and mode of action 

of these complexes, and it is proposed as a model for testing future therapeutic and targeting 

improvements. 

G. mellonella has also been used to evaluate the toxicity of various alternative antimicrobial 

agents. Two triazole analogues of natural bioactive precursors were synthesized as promising anti-

biofilm agents and since they showed efficacy in in vitro assays, their toxicity was tested in G. 

mellonella [204]. The results showed that concentrations up to 2.5 mg/ml of the compounds did not 

affect the larvae. Additionally, the hemocyte density of the larvae was not altered significantly with 

the same concentration, indicating a lack of immune response towards the compounds. A series of 

thiourea-containing compounds were also synthesized as potential antimicrobial agents and their 

toxicity was evaluated using G. mellonella [205]. Different concentrations of the compounds were 

found to be non-toxic to the larvae and they did not seem to interfere with larval development. 

Using G. mellonella, the lethal dose for different thiazolylhydrazone compounds was found to be 

>10 mg/kg [206]. Therefore, 10 mg/kg of the most promising compound was subsequently tested in 

murine models and the results corroborated the safety and antifungal efficacy seen with G. 

mellonella at this concentration. Similar results were seen in a study that assessed the toxicity of 

potential antimicrobial copper(II) and silver(I) complexes, as the toxicity levels obtained in G. 

mellonella were also similar to the levels observed in Swiss mice [207]. While the order of toxicity 

differed slightly, the most toxic compound in larvae was the same one as in mice. 

G. mellonella is a simple and inexpensive animal model that facilitates the rapid and reliable 

detection of any potential toxicity effects derived from different compounds. This non-rodent in vivo 

model can be used to screen out compounds that have poor success probabilities while providing 

greater justification for performing further studies in more expensive and ethically controversial 

rodent models. Although G. mellonella will never replace rodent models completely, it can provide 

an indication of any toxicity effects encountered in vivo during early stages of drug development 

(Figure 10). Therefore, G. mellonella can bridge the gap between in vitro and in vivo rodent studies 

thus reducing the number of rodents used during preclinical assessments as well as the overall drug 

development cost [152]. 
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Figure 10. Proposed addition of G. mellonella into the traditional drug development pathway. The 
inclusion of the in vivo toxicity testing step with G. mellonella (dark blue arrow) could reduce the costs 
and the number of rodents used in toxicity in vivo studies as compounds that display toxic effects in G. 
mellonella would not be pursued in mammalian models. PD: pharmacodynamic, PK: pharmacokinetic. 
Adapted from [152]. Created with BioRender.com. 

4.1.1. Toxicity studies involving nanoparticles in G. mellonella 

G. mellonella was used as an in vivo model to test the toxicity of lipid-core nanocapsule 

formulations with different surface coatings [208]. Different concentrations of neutral, negative, and 

positive charged nanocapsules were injected into G. mellonella larvae and survival was assessed 

daily up to 5 days post-injection. The results indicated that none of the nanocapsules were toxic to 

the larvae which correlated with previous toxicological data obtained with the same nanocapsules 

in Wistar rats. Consequently, G. mellonella was validated as a preliminary toxicological model for 

nanocapsules and nanoparticles. The toxicity of novel polymeric nanoparticle delivery vehicles for 

tobramycin was also assessed in G. mellonella [209]. Larvae were injected with 250 µg/ml of 

tobramycin NPs and free tobramycin and survival rates were recorded over 96 hours post-injection. 

At this concentration, the NPs were not toxic to the larvae as seen by the 90% survival at the end of 

the experiments. Therefore, the tested concentration was deemed safe for subsequent 

antimicrobial efficacy testing against P. aeruginosa infections in G. mellonella. Another strategy 

against P. aeruginosa infections involved a new formulation of AgNPs [156]. Different 

concentrations of these NPs were administered to G. mellonella larvae and viability was observed 
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for 8 days. No toxicity was seen with AgNPs concentrations below 35 mg/kg, and the LD50 was 

established as 68.70 mg/kg. Similar results were seen with biogenic AgNPs which failed to elicit toxic 

effects in G. mellonella larvae exposed to concentrations up to 1 mM for 120 hours post-injection 

[210]. 

Various other types of NPs with antimicrobial potential have been tested in G. mellonella. 

Miltefosine-loaded alginate NPs were synthesized for the treatment of cryptococcosis and 

candidiasis [211]. At a concentration of 200 mg/kg, the NPs did not cause larval mortality while the 

same concentration of free miltefosine caused 22% mortality, thus demonstrating that the 

encapsulation of miltefosine protected the larvae from its toxic effects. Another study tested the 

toxicity of itraconazole-loaded nanostructured lipid carriers as topical treatment for sporotrichosis 

and other fungal infections [212]. Unloaded and itraconazole-loaded carriers showed no toxicity on 

the larvae as seen by the 100% larval survival. Dry powders consisting of PEGylated C109 (FtsZ 

inhibitor) nanocrystals were formulated to be used alone or in combination with piperacillin for 

treating B. cenocepacia infections [213]. No toxicity was reported in larvae injected with the C109 

nanocrystal formulation or with the antibiotic. A lack of toxicity was similarly seen with free silver(I) 

complex at concentrations <250 mg/kg [214]. As a new strategy for H. pylori infections, the same 

complex was loaded into polymeric nanoparticles, and it was also nontoxic to the larvae at the 

highest concentration tested (8 mg/kg). 

Besides assessing larval mortality after NP injection, G. mellonella larvae can additionally be 

used to determine other toxicity effects derived from the NPs. One study tested the toxicity of ZnO 

rod shaped NPs in G. mellonella [215]. The LD50 was established as 6.03 µg/10 µl after force feeding 

the larvae with different concentrations of the NPs. To determine acute toxicity effects in the larvae, 

total hemocyte counts were analyzed after feeding the larvae with doses lower than the LD50. After 

24 hours, the hemocyte density was not significantly affected when compared to the control group. 

However, the highest concentration tested (5 µg/10 µl) yielded an increased percentage of dead 

hemocytes which was attributed to the cellular toxic effects of the ZnO NPs. Another study tested 

the effects of CuO NPs in G. mellonella [216]. Fourth instar larvae were fed an environmentally 

realistic concentration of the NPs (10 µg/L) for about 15 days (until last instar). Then, toxicological 

effects were evaluated in the midgut and fat body tissues of the larvae. Copper accumulations were 

seen in both the midgut and fat body. Increased catalase levels were seen in the midgut and fat body 

while superoxide dismutase levels decreased only in the fat body. In both tissues, no significant 

changes were observed with glutathione peroxidase while glutathione-S-transferase levels 

increased. For acetylcholinesterase, the activity decreased in the midgut of the larvae but increased 
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in the fat body. The results obtained in this study demonstrate that antioxidant enzymes in G. 

mellonella are strongly affected by intoxication with heavy metals. 

5. Methodology approaches in G. mellonella 

Multiple techniques have been employed in the use of G. mellonella as an infection model. 

Bacteria present in the hemolymph extracted from infected larvae have been visualized using 

fluorescent and confocal microscopes [59,217]. Bacterial load within infected whole larvae has been 

monitored using a spectrophotometer (for GFP-tagged bacteria) and an IVIS imaging system (for 

bioluminescent bacteria) [80,218]. Bacterial load can also be determined by assessing CFU at 

different time points. This can be achieved by plating homogenized larvae or the hemolymph 

collected from infected larvae onto media plates [59,80]. CFU counts can be substituted by 

measuring the photon count, photon flux, and radiance in larvae infected with bioluminescent 

bacteria [80]. Additionally, histopathological analysis of infected larvae can be performed to assess 

the impact of the infection on the internal tissues of G. mellonella larvae [77,81]. To study bacterial 

biofilm formation in vivo, a method involving toothbrush bristles has been developed using G. 

mellonella larvae [219]. The bristles are inserted into the larvae (to mimic a medical device), bacteria 

are injected into the larvae, and then the bristles are removed to evaluate biofilm formation by CFU 

quantification and scanning electron microscopy. 

Other techniques used during infection studies in G. mellonella involve the analysis of 

hemocytes. GFP-tagged bacteria can be used to determine hemocyte internalization by extracting 

hemocytes from infected larvae and imaging them under a confocal microscope [59]. The presence 

of non-fluorescent bacteria within hemocytes can also be detected using immunofluorescence or 

transmission electron microscopy [81,217]. Bacterial phagocytosis studies can also be achieved by 

labeling bacteria with FITC before injecting them into the larvae and then isolating the hemocytes 

for microscopy imaging [220]. The levels of circulating hemocyte within inoculated larvae can be 

quantified by extracting the hemocytes from the larvae and counting the cells using a 

hemocytometer or an automated cell counter [215,217]. Although a hemocyte cell culture line has 

not been established, a protocol has been developed for the isolation and temporary ex vivo 

maintenance of hemocytes derived from G. mellonella [221]. By implementing this protocol, several 

ex vivo studies can be accomplished, such as analyzing interactions between microorganisms and 

hemocytes, determining whether antimicrobial drugs can target intracellular pathogens located 
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within hemocytes, and comparing the interactions of hemocytes and mammalian phagocytes with 

pathogens, among others. 

5.1. Tissue clearing techniques 

Three-dimensional biological samples are difficult to image due to the obscuring effects caused 

by light scattering. These samples are comprised of water, lipids, and proteins and each component 

has its own refraction index (RI). When a sample has a mixture of components that are small with 

varied RI, it lacks transparency due to the interactions of incoming light with the heterogenous RI of 

the components. Tissue clearing protocols have been developed to try to homogenize the RI of a 

biological sample by removing, replacing, and modifying some of its components so that the sample 

becomes transparent. Therefore, large samples (e.g., whole organs) can be analyzed by using visible 

wavelengths of light with microscopy [222]. Tissue clearing methods usually involves four steps: i) 

tissue fixation, ii) permeabilization, iii) decolorizing, and iv) RI-matching by a high-RI medium. Tissue 

fixation is an important step to preserve the molecules of interest throughout the clearing process 

and it can be achieved using paraformaldehyde (PFA), hydrogel embedding, and glutaraldehyde-

based methods. The permeabilization step substitutes the water within tissues with a high-RI 

medium. Permeabilizing reagents can be categorized into three groups: water-miscible polar 

solvents (such as alcohols), hyperhydration reagents without delipidation (such as urea), and 

delipidation reagents (such as detergents). Decolorizing involves removing endogenous pigments 

like melanin, heme, and riboflavin that tend to interfere with sample imaging [223,224]. These 

pigments can be bleached using chemicals like H2O2 [225]. The final RI-matching step is done to 

homogenize the RI of the whole tissue and this can be achieved with high RI-media like benzyl 

alcohol and benzyl benzoate (BABB) [223,226]. 

Clearing protocols are chemically divided into organic solvent-based methods and hydrophilic 

reagent-based methods. After fixation, the first type consists of dehydration, delipidation and/or 

decolorization, and RI matching (Figure 11A) while the second method involves delipidation and/or 

decolorization, and RI matching (Figure 11B) [223]. Hydrophilic reagent-based methods are 

generally limited to small samples and may require longer clearing times. On the other hand, organic 

solvent-based methods have faster and better clearing results, but they require the use of toxic and 

corrosive chemicals. Moreover, the use of ethanol, methanol, and organic solvents can affect the 

fluorescence of some proteins (e.g., GFP). The dehydration step can also cause sample shrinkage 

which can further disrupt the fluorescence of proteins [222,227]. Determining the best clearing 

method for a given application can be a challenge due to the numerous protocols available, so many 



Introduction 

 32  

parameters must be carefully evaluated, including sample size, lipid staining requirements, 

immunostaining needs, cost, speed, sample conservation, and fluorescence preservation, among 

others. Despite the challenges, tissue clearing is an attractive methodology that allows three-

dimensional views of large tissue samples to facilitate the study of the internal structures of 

organisms [222-224]. 

Figure 11. Overview of tissue clearing classification and methods. A) Organic solvent-based clearing 
methods involve dehydration, delipidation, bleaching, and RI matching. B) Hydrophilic reagent-based 
clearing methods include delipidation, decolorizing, and RI matching. For both types of methods, each 

step depicts different examples of the chemicals used. The name of the specific clearing protocol is 
found in parenthesis beneath the corresponding chemical (for example, THF and DCM are used for 
dehydration and delipidation, respectively, in the 3DISCO clearing protocol). Adapted from [223]. 

 



Introduction 

 33 

Tissue clearing protocols have been successfully used to make a variety of transparent tissues, 

including human brain section [228], human tumor biopsy [229], adult mice [230], mouse brain 

[231], marmoset brain [232], mouse embryo [226], mouse intestine [233], mouse lung [234], mouse 

kidney [235], mouse spinal cord [236], adult Drosophila melanogaster [237], heads of diverse ant 

species [238], Halobatrachus didactylus larvae [239], and adult Danio rerio [240], among others. The 

rapid development of numerous tissue clearing techniques coupled with recent advances in 

microscopy has paved the way for broadening the scientific knowledge on the different biological 

events occurring within various organs [223]. 

 

 



Objectives 

 34 

OBJECTIVES 

This work was focused on developing a standardized and reproducible animal model of 

infection and toxicity by using Galleria mellonella and to establish new methodologies and protocols 

with this model. The main objectives can be defined as follows: 

1. Optimize the experimental conditions of G. mellonella larvae as an infection model. 

 

2. Study the bacterial infection process in vivo by evaluating gene expression in G. mellonella 

larvae. 
 

3. Test the efficacy of different antimicrobial strategies in infected G. mellonella larvae. 
 

4. Determine the utility of G. mellonella larvae in toxicity screenings. 
 

5. Test new methodology approaches in G. mellonella larvae. 
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SUMMARY OF THE RESULTS PRESENTED 

Galleria mellonella has been gaining popularity as an alternative in vivo model for many 

applications. The larval stage of this insect has been used to study the virulence of different 

microorganisms, the antimicrobial efficacy of various drugs, and the toxicity of several compounds, 

among other uses (see Introduction, sections 3 and 4). For this reason, we sought to implement the 

G. mellonella animal model for this work. In Objective 1, we aimed to optimize the necessary 

experimental conditions for using G. mellonella as an infection model. This objective is addressed in 

all the articles presented in this thesis, as all the experiments involving G. mellonella testing were 

carried out using the optimized experimental conditions. The first G. mellonella eggs were kindly 

donated by Dr. Ana Morton from the Departament de Biologia Animal, Biologia Vegetal i Ecologia 

(BABVE) at the Universitat Autònoma de Barcelona. The first generation of G. mellonella was used 

to optimize the growing conditions. First, an initial temperature of 25°C was tried, but it was deemed 

too low since the cycle took a long time (>8 weeks). Therefore, the temperature was raised to 34°C. 

At this temperature, the cycle took about 5 weeks and the larvae thrived. For subsequent life cycles, 

G. mellonella was reared at 34°C and protected from light at 34°C as they are sensitive to light [1]. 

As recommended by Dr. Morton, the larvae were fed a diet a consisting of corn flour, wheat flour, 

powdered milk, cereals, brewer’s yeast, honey, and glycerol, but we adjusted the concentration of 

each component to the one that worked best for us. 

Next, the injection procedure for the larvae was optimized, and it was defined as 10 µl of 

bacteria (Article 1 and 2), nanoparticle (Article 3 and 4), or antimicrobial suspensions (Article 2) 

injected through the upper prolegs using a Hamilton microsyringe. The optimal infection dose was 

calculated for the different bacterial strains used in the articles of this thesis. For P. aeruginosa 

PAO1, different dilutions were injected into the larvae and the optimal dose was determined to be 

20-40 CFU per larva, thus it was subsequently used in all virulence studies involving PAO1 (Article 

1). To see whether the same infection dose applied for different P. aeruginosa strains, 20-40 

CFU/larva of the PA14 and PAET1 strains were injected into the larvae. PA14 is a laboratory strain 

that was isolated from a burn patient while PAET1 is a clinical strain that was isolated from a cystic 

fibrosis patient [103,241]. The PA14 strain was more virulent to the larvae as they all died within 18 

hours post-infection (Appendix Figure 1A). On the other hand, the larvae were able to survive a 

similar dose of PAET1, and the larvae only died when the infection dose was increased to 1x105 

CFU/larva. Similar differences in virulence were also seen with testing other P. aeruginosa clinical 
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strains in G. mellonella (Appendix Figure 1B). Larvae were injected with the optimized infection dose 

of two acute and multi-resistant clinical isolates (PA54 and PA166) and two chronic isolates (PAET2 

and PAET3). PA54 killed all the larvae within 21 hours post-infection while only 13% of the larvae 

survived the infection with PA166. In contrast, 38% of the larvae infected with PAET2 and 100% of 

the larvae infected with PAET3 survived, respectively. 

Other infection studies were done in G. mellonella that involved S. aureus (Article 2) and M. 

brumae [242]. For these, the optimal infection dose had to first be optimized for each strain. For S. 

aureus, a range of concentrations were injected into the larvae to find that the optimal infection 

dose was 1x107 CFU/larva (Appendix Figure 2A) which was then used in all the larval experiments 

performed in Article 2. For M. brumae, the initial dosing tests were done with concentrations 

ranging from 1x105 to 1x107 CFU/larva (Appendix Figure 2B). Since M. brumae takes about 5 days to 

grow [144], the infected larvae had to be incubated for at least that long. Since the larvae were first 

incubated without food, the deaths seen prior to 120 hours post-infection were probably due to 

cannibalism or food deprivation. The infection dose studies were repeated using 1x104, 1x105, and 

1x106 CFU/larva, and the larvae were incubated with food for 6 days [242]. As seen in Appendix 

Figure 2C, all the larvae survived with all three concentrations. On the other hand, significantly 

different survival rates were seen with 1x105 and 1x106 CFU/larva of M. bovis BCG. During all the 

infection dose optimizations, we standardized a protocol so we could obtain the desired CFU/larva 

for every experiment. For this, we washed the bacterial cells three times to remove any virulence 

factors that were secreted by the bacteria during overnight growth. Then, the OD590 of the culture 

was measured and it was equalized to a final OD590 of 1 which was equivalent to 1x107 CFU/larva. 

Serial dilutions from the equalized culture were done until the desired concentration of bacteria was 

reached. After infection, the larvae were monitored at different time points and were considered 

dead when they were fully melanized and did not move in response to touch. No deaths were seen 

in any of the control groups in all of the experiments. This indicates that the inoculation procedure 

was always successful and did not cause any injury to the larvae. 

Bacterial growth curves inside G. mellonella larvae were also optimized to determine bacterial 

load at various time points by plating the hemolymph on media plates to count CFUs (Figure 5B, 

Article 1). We also tried to assess bacterial load using fluorescently-tagged bacteria in whole larvae, 

but we found that the natural autofluorescence and thick cuticle of the worms difficulted the 

detection of the fluorescence from inside the larvae (see Article 1). Consequently, bacterial load was 

determined using bioluminescent bacteria in whole larvae. Additionally, we found that gene 

expression levels were best measured using bioluminescence in whole larvae, so the pETS220-
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BIATlux vector was constructed (see Article 1). Immune response measurements were also 

optimized in G. mellonella. The activation of the larval immune system was determined by 

optimizing hemocyte density measurements. This was done by extracting the hemolymph from 

immune-challenged larvae at different time points and isolating the hemocytes for quantification. 

For microscopy studies, the hemocytes were stained with different dyes to determine the best one 

for confocal microscopy imaging to detect whether NPs were internalized by the hemocytes (see 

Article 3). 

G. mellonella has been frequently used to study the virulence of different bacteria. Typically, 

microorganisms (wild-type or mutants) are injected in the larvae and then virulence is assessed by 

measuring survival rates and humoral response levels (see Introduction, section 3). P. aeruginosa is 

a major opportunistic pathogen that causes fulminant infections in immunocompromised hosts and 

chronic lung infections in cystic fibrosis patients. Since G. mellonella has been proven to be a suitable 

model to study P. aeruginosa infections (see Introduction, section 3.1.2), we intended to study the 

infection process of P. aeruginosa using G. mellonella larvae by measuring gene expression levels 

during an in vivo infection. This refers to Objective 2, and it is addressed in Article 1. In this article, 

we discovered that fluorescent promoter probe vectors could not be used due to the 

autofluorescence of the hemocytes. Therefore, we developed a promoter probe vector with 

bioluminescence expression (pETS220-BIATlux). As a proof of concept, we used RNR genes (nrd) as 

these are involved in an active infection. The promoters of the different RNR genes (PnrdA, PnrdJ, 

PnrdD, and PnrdR) were successfully cloned into the pETS220-BIATlux vector. These nrd promoter-

lux fusion vectors were incorporated into P. aeruginosa PAO1 and then injected into G. mellonella 

larvae. First, the bioluminescence in whole larvae was determined qualitatively at various time 

points, and the results showed that the larvae emitted more or less bioluminescence. This 

luminescence was then quantified by measuring relative luminescence in the same larvae. The 

results show that differences in RLU values could be observed for the different strains depending on 

their respective nrd expression during the course of infection. PnrdR-lux and PnrdJ-lux were the first 

to begin rising during the infection while PnrdA-lux and PnrdD-lux peaked towards the end of the 

infection. Furthermore, the nrdR gene was highly induced throughout the whole infection. The Anr-

lux negative control (pETS220-BIATlux containing a fragment of the anr gene) had low background 

signals as seen by the low RLU values obtained at all time points. 

Galleria mellonella has also been used to test the efficacy of different antimicrobial agents (see 

Introduction, section 3.4). Since this model can be used to do preliminary screenings of potential 

antimicrobials, it facilitates the rapid detection of novel lead compounds and therapeutic strategies 
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that are effective against in vivo infections. Moreover, precise concentrations of the compounds can 

be injected directly into the hemocoel of the larvae, and the larvae can be used to pre-screen 

numerous drugs so to reduce the number of compounds and animals needed for additional efficacy 

studies in mammalian models [174]. In Objective 3, we aimed to optimize our G. mellonella model 

to include in vivo antimicrobial testing. This objective is addressed in Article 2 where we evaluated 

the antimicrobial efficacy of oleanolic acid (OA) and maslinic acid (MA) amide derivatives in G. 

mellonella. First, the infection dose of S. aureus was optimized to 1x107 CFU/larva. Then, the active 

amide derivatives that had the highest antimicrobial efficacy in vitro (MA-HDA and OA-HDA) were 

tested in G. mellonella. The compounds were injected 1 hour and 6 hours after infection with the 

optimized S. aureus dose, and the results showed that MA-HDA and its parent compound (MA) 

reduced the larval mortality by 50%. 

Generally, antimicrobial agents that are tested in G. mellonella for efficacy are simultaneously 

tested for toxicity. This animal model has also been used to study the toxicity of other compounds 

as well as nanomaterials (see Introduction, section 4). In Objective 4, we aimed to test the 

effectiveness of the G. mellonella model in determining the toxicity of different agents. This 

objective is addressed in Articles 2 and 3. In Article 2, the toxicity of the different compounds used 

for antimicrobial testing was evaluated. G. mellonella larvae were injected with different 

concentrations of the MA-HDA and OA-HDA compounds, and larval mortality was recorded to 

calculate the LD50 (compound concentration that kills 50% of the larvae within 24 hours). The SI of 

the compounds was improved when using the in vivo LD50 instead of the in vitro CC50 (compound 

concentration that kills 50% of the cells). As a potential therapy for non-muscle-invasive bladder 

cancer, the toxicity of M. brumae was also assessed using G. mellonella [242]. Larvae were infected 

with 1x104, 1x105, and 1x106 CFU/larva of M. brumae. The larvae were also injected with the same 

concentrations of M. bovis BCG which is the current immunotherapy option. Even at the highest 

concentration tested, all larvae survived until the end of the experiment (6 days) (Appendix Figure 

2C). On the other hand, only about 43% of the larvae infected with M. bovis BCG survived. M. brumae 

was not found in the hemolymph of the infected larvae at 144 hours (6 days) post-infection, but M. 

bovis BCG was found in concentrations ranging from 103 to 105 CFU/ml (Appendix Figure 3). 

In Article 3, we determined the toxicity effects of different types of nanoparticles in G. 

mellonella. Various concentrations of functionalized gold (Au(HAL)), silver (Ag), and selenium (Se) 

nanoparticles were injected into the larvae to calculate the LD50. The results revealed that the most 

toxic NPs were the SeNPs followed by AgNPs and Au(HAL)NPs. The NPs were internalized by the 

hemocytes, and they also triggered hemocyte proliferation. The lowest concentrations of 
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Au(HAL)NPs and AgNPs yielded the highest hemocyte proliferation values, but these values 

decreased as the NP concentrations increased. In contrast, the hemocyte density did not vary much 

among the different concentrations of SeNPs. Additionally, the toxicity of the NPs resulted in NP 

accumulations, histological damage, and motility reduction in the larvae. NP accumulations were 

seen in the caudal (tail) area of the larvae, even when the movement of the worms was partially or 

fully restricted. Histological analysis of the larvae injected with SeNPs revealed large stellate-like 

aggregates of NPs intermingled with hemocytes and surrounded by large extracellular spaces. For 

the larvae injected with AgNPs and Au(HAL)NPs, the aggregates seen were smaller and more 

dispersed. The larvae injected with Au(HAL)NPs had motility patterns similar to the control larvae 

that were injected with PBS. On the other hand, the movement of the larvae injected with AgNPs 

and SeNPs was significantly reduced. 

G. mellonella testing has applied a wide array of methodologies (see Introduction, section 5). 

In Objective 5, we strived to validate new methodology approaches in G. mellonella larvae. This 

objective is addressed in Articles 1 and 4. In Article 1, we optimized an RNA extraction protocol for 

bacteria derived from a G. mellonella infection. Larvae were injected with an infective dose of P. 

aeruginosa PAO1 and incubated for 16 hours. Then, the hemolymph was extracted from the larvae, 

the bacteria were isolated from the hemolymph, and the RNA was extracted from the bacteria. The 

RNA was used for cDNA preparation for subsequent qRT-PCR analysis. Finally, RNR gene expression 

levels were quantified to see how they varied in infection compared to a planktonic culture. The 

highest inductions were seen with nrdR and nrdJ followed by nrdA and nrdD. The norC gene 

(anaerobiosis marker) was also analyzed, which was found to be highly induced during the infection. 

In this same article, we also used a technique that we previously optimized to measure gene 

expression using fluorescent bacteria. Larvae were infected with P. aeruginosa PAO1 wild-type 

strain, two P. aeruginosa PAO1 strains expressing GFP (PnrdA-GFP and PnrdJ-GFP), two P. 

aeruginosa PAO1 strains expressing E2Crimson (PnrdA-E2Crimson and PnrdJ-E2Crimson), and PBS. 

After infection, the larvae were incubated for 16 and 20 hours. Afterward, the hemolymph was 

extracted from the larvae and relative fluorescence was measured using a microplate reader. The 

hemolymph of larvae injected with PBS and the PAO1 wild-type strain had RFU/ml values 

comparable to ones seen with the hemolymph of larvae injected with the PAO1 strains with GFP and 

E2Crimson expression. Still, some differences in fluorescence could be seen between the PnrdA and 

PnrdJ strains. The same hemolymphs used for the RFU measurements were visualized under a 

fluorescence microscope. The bacteria fluoresced green or red according to their respective 

fluorophore, but the hemocytes also showed green and red fluorescence. With both of these 
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techniques, we were able to discover that hemocytes have natural autofluorescence that interfered 

with the measurements of the fluorescence emitted by the bacteria present in the hemolymph. 

In Article 4, we optimized a clearing protocol for G. mellonella larvae. As proof of concept, we 

used fluorescent rhodamine NPs which were injected into G. mellonella larvae. Several attempts 

were done using different approaches, which included fixation of the larvae in different 

concentrations of paraformaldehyde (PFA) and the dehydration of the larvae with ethanol or 

methanol (at different concentrations with different incubation times) followed by immersion in a 

clearing solvent. Another approach involved the immersion of larvae in increasing concentrations of 

sucrose mixed with a detergent solution or directly in a highly concentrated sucrose solution. The 

final protocol involved the following steps: i) overnight fixation of the larvae in 1-4% PFA, ii) three 

PBS washes to remove remaining PFA, iii) dehydration of the larvae using increasing concentrations 

of methanol (1-hour incubation at 4°C with each concentration), iv) one-hour incubation with 1:1 

solution of 100% methanol and 100% BABB as the clearing solution (1 part of Benzyl Alcohol + 2 

parts of Benzyl Benzoate), and v) incubation for 7-10 days in 100% BABB. The fluorescent NPs were 

able to be seen deep within cleared larvae using confocal microscopy, but they could not be seen in 

the non-cleared larvae. Furthermore, the fluorescence emitted by the NPs was quantified using a 

microplate reader. The cleared larvae with NPs yielded high RFU values while the non-cleared larvae 

with NPs did not. The cleared larvae injected with PBS as a control revealed an increase in RFU values 

when compared to the non-cleared larvae injected with PBS. 
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DISCUSSION 

The articles presented in this thesis address the different aspects involved in the 

implementation of Galleria mellonella as an animal model to study bacterial infections as well as the 

efficacy and toxicity of different compounds. In this section, the main results of all the articles will 

be discussed according to the objectives involved. For a more detailed discussion, refer to the 

corresponding Discussion section of each article. Figures that were not included in the articles but 

are used to support this discussion can be found in the Appendix section (see page 134). 

Galleria mellonella as an animal model of infection 

Before starting to use the G. mellonella animal model, many experimental conditions had to 

first be optimized. The growing conditions that worked best for us were found and therefore, all the 

G. mellonella larvae used in this work were reared at 34°C in the dark and fed a diet consisting of 

corn flour, wheat flour, powdered milk, cereals, brewer’s yeast, honey, and glycerol. The dietary 

components of this diet and similar components have been reported as optimal for G. mellonella 

rearing [8,67]. The first larvae were utilized to optimize the infection dose of different bacteria, 

including P. aeruginosa, S. aureus, and M. brumae (Appendix Figure 1 and 2). For P. aeruginosa, both 

laboratory and clinical strains were analyzed. We found that the larvae had higher survival rates 

when infected with small doses of the chronic strains, yet they succumbed to low doses of the acute 

laboratory strains. Only when the larvae were infected with a high dose of the PAET1 chronic strain, 

the larvae died in the same time frame as with the acute strains. These results demonstrate the 

difference in virulence between acute and chronic P. aeruginosa strains and how these distinctions 

can be easily determined using the G. mellonella model. In contrast to acute P. aeruginosa strains, 

S. aureus is more virulent to the larvae at much higher concentrations. Similar concentrations of M. 

brumae and M. bovis BCG also had variable results. M. brumae was not virulent to the larvae while 

M. bovis BCG yielded low survival rates. This further validates the diverse virulence levels of different 

bacterial strains which can be efficiently determined using G. mellonella. 

Besides assessing the survival rate of infected larvae, bacterial virulence was also evaluated by 

determining the degree of larval melanization and bacterial proliferation within the larvae. The 

criteria to determine larval death during experiments was established as full melanization and lack 

of movement in response to touch; both conditions had to occur to classify a larva as dead. Bacterial 

burden inside the larvae was optimized by doing growth curves, which allowed us to estimate how 
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many bacteria were present inside the larvae at a given time. This data was useful for further 

experiments such as the RNA extraction done with bacteria isolated from G. mellonella larvae seen 

in Article 1. By previously doing a P. aeruginosa PAO1 growth curve in larvae, we were able to know 

that at 16 hours post-infection, sufficient bacterial load was present for RNA extraction (Figure 5B, 

Article 1). Bacterial burden was also studied using bioluminescence. Whole larvae infected with 

bacteria expressing bioluminescence could be monitored at different time points to see how the 

bacteria grew inside the larvae. In Figure 1C from Article 1, larvae were imaged at death, and 

bioluminescence could be seen throughout the entire larval body. Fluorescently-tagged bacteria 

could not be used in G. mellonella because we found that the larval hemocytes have intrinsic 

autofluorescence that interferes with the fluorescence measurements of the bacteria (Figure 2, 

Article 1). 

To determine whether the immune system of G. mellonella larvae was activated in response 

to foreign invaders, we optimized a way to measure hemocyte proliferation within the larvae. The 

hemolymph of larvae injected with bacteria, NPs, or PBS was extracted at different time points and 

hemocytes were isolated through low-speed centrifugation. Hemocytes were then counted with a 

Neubauer counting chamber. During the optimization for this protocol, we learned the importance 

of keeping the hemolymph and hemocytes on ice (or 4°C during centrifugation) to prevent 

melanization. In Figure 3 from Article 4, hemocyte proliferation was seen with all concentrations of 

NPs tested. Hemocyte proliferation was also seen in response to sub-lethal doses of bacterial 

antigens (results not shown). Additionally, we optimized a microscope staining technique to 

determine whether hemocytes were capable of internalizing NPs (Figure 4, Article 4). Different dyes 

were individually tested, such as Syto™ 60 (red, stains nucleic acids), Concanavalin A, Alexa Fluor™ 

350 (blue, stains polysaccharides), Concanavalin A, Alexa Fluor™ 647 (red, stains polysaccharides), 

FM™ 4-64 (red, stains lipids in cell membrane), and DAPI (blue, stains DNA). The one that worked 

best for our purposes was FM™4-64 as it stained the membrane of the hemocytes red while allowing 

the visualization of the internalized NPs (Figure 4, Article 3). By optimizing this methodology, we 

were able to easily determine whether hemocytes were proliferating in response to the invaders 

and whether they were capable of internalizing NPs as part of the immune response. 

 

Bacterial infection studies in Galleria mellonella 

Fluorescent proteins have been previously used to detect bacterial infection sites in vivo, and 

fluorescent promoter probe vectors have been utilized to analyze gene expression during bacterial 
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infections [103,243,244]. Therefore, these vectors would be ideal to study gene expression in G. 

mellonella, and this is the focus of Article 1. Initial gene expression studies were done by infecting 

larvae with P. aeruginosa PAO1 strains expressing GFP and E2Crimson (Figure 2, Article 1). As a 

control, larvae were also infected with PAO1 (without any fluorescence marker) and PBS. The 

hemolymph of the infected larvae was extracted, and the fluorescence from the bacteria was 

measured using a microplate reader. The relative fluorescence measurements revealed that the 

hemolymph and hemocytes of G. mellonella larvae have intrinsic autofluorescence. Therefore, we 

have demonstrated that fluorescent vectors cannot be used for this type of study as changes in 

fluorescence due to genetic expression cannot be easily distinguished from the autofluorescence of 

the larvae. Our experiments with bioluminescent P. aeruginosa PAO1 revealed that the larvae that 

were not infected with the bioluminescent bacteria had almost imperceptible background 

bioluminescence (Figure 1, Article 1). For this reason, vectors expressing bioluminescence seem like 

the most optimal alternative for gene expression studies. 

To study gene expression using bioluminescence in G. mellonella larvae, we constructed a 

promoter probe vector expressing bioluminescence that was named pETS220-BIATlux. This plasmid 

contains a luxCDABE operon and is a broad-host-range vector, has a multi-cloning site that contains 

unique restriction sites for easy insertion of the promoter fragment of interest, and carries 

gentamicin resistance for simple clone selection (Figure 3, Article 1). As a proof of concept for our 

new vector, we evaluated the expression of the ribonucleotide reductase (nrd) genes during an in 

vivo infection. The promoters of the different P. aeruginosa ribonucleotide reductase genes (PnrdA, 

PnrdJ, PnrdD, and PnrdR) were cloned into the pETS220-BIATlux vector. All promoters were included 

to efficiently detect differences in gene expression during the infection. As a negative control, a 

fragment of the anr gene similar in size to the promoters used was also cloned into the vector. This 

was done to detect the intrinsic bioluminescence of the vector. After all the promoter fusions were 

successfully constructed, they were easily transformed into P. aeruginosa PAO1 cells by 

electroporation. G. mellonella larvae were injected with the PAO1 strains containing the different 

constructions, and bioluminescence was measured with two instruments at different time points 

during the infection. With the ImageQuant™ LAS 4000 mini imager, bioluminescence could only be 

seen qualitatively (Figure 4B, Article 1). In contrast, bioluminescence could be measured 

quantitatively using the Spark® multimode microplate reader (Figure 4A, Article 1). Nevertheless, 

the results obtained with both instruments coincided at the corresponding time points. The 

bioluminescence quantitative measurements showed that the infection could be monitored as the 

RLU values within the larvae increased over time for the different strains according to the level of 
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expression of the different nrd genes, as regulated by the promoters controlling the luxCDABE 

operon (Figure 4A, Article 1). The expression of both PnrdR-lux and PnrdJ-lux began to rise at 14 

hours post-infection and continued to increase throughout the remainder of the infection. In 

contrast, PnrdD-lux and PnrdA-lux had lower expression levels during most of the infection which 

did not peak until 17-20 hours post-infection. At 20 hours post-infection (death), PnrdR-lux had the 

highest RLU values, thus demonstrating that nrdR is highly expressed not only at death but 

throughout the whole infection. The negative control, Anr-lux, had low levels of bioluminescence 

that were consistent with background signals caused by leaking reporter expression. Despite the 

leaking, the values of all the other strains were much higher than Anr-lux at all time points. The 

highest RLU value obtained with Anr-lux was only 2600 at 20 hours post-infection, which is about 46 

times less than the lowest corresponding value (PnrdD-lux, 1.2x105 RLU). The results were also 

represented by induction factors. As previously mentioned, the negative control had a luminescent 

background signal, so it was first subtracted from each of the corresponding strains and time points. 

The induction values seen in Figure 4C from Article 1 are the induction factors of each strain at the 

different time points when compared to itself at the initial time point (8 hours post-infection). A high 

induction in nrdR expression was clearly seen during all time points (119, 18217, and 106174-fold 

induction at 14, 17, and 20 hours, respectively). At the same time points, the second and third 

highest expressions were seen with nrdJ (73, 3988, and 6706-fold induction) and nrdD (12, 543, and 

3557-fold induction), respectively. A small induction (4–46-fold) was seen with nrdA expression in 

the first hours until it suddenly increased at the last time point (up to 6838 times). 

By using the different nrd promoter-lux fusion constructions, we were able to observe and 

monitor a shift of nrd expression during an in vivo P. aeruginosa infection. This shift is reported for 

the first time in G. mellonella, and it corresponds with previous results obtained in our lab with other 

in vivo models. In the Drosophila melanogaster and Danio rerio infection models, the expression of 

nrdJ and nrdD was also highly induced throughout the course of a P. aeruginosa infection [102,103]. 

Our results corroborate the importance of anaerobic environments for the in vivo expression of RNR 

class II and III [102,104,245]. Furthermore, while nrdR expression has been reported to increase in 

vitro [245], our experiments with G. mellonella are the first ones to report nrdR induction during an 

in vivo bacterial infection. Our promoter probe vector with bioluminescence expression offers a 

simple and effective method for monitoring gene expression in vivo using whole G. mellonella larvae. 
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Antimicrobial efficacy studies in G. mellonella 

As the emergence and global spread of drug-resistant pathogens is rapidly rising, there is an 

urgent need for new antimicrobials. One of the main causes of antimicrobial resistance is the misuse 

and overuse of antimicrobials. Unless people change these bad habits, new antimicrobials will 

eventually become ineffective as well [191]. The development of antimicrobial alternatives with a 

reduced risk of resistance would be ideal. Generally, new antimicrobials are first tested in vitro to 

assess their effectiveness, and the most promising candidates will be tested in vivo using murine 

models prior to human testing. G. mellonella offers a simple and inexpensive alternative for quick in 

vivo evaluations of antimicrobial effectiveness. Furthermore, it can decrease the probabilities of 

obtaining unsuccessful results in murine models with drugs that showed promise in vitro [41]. 

In Article 2, the antimicrobial efficacy of novel oleanolic and maslinic acid derivatives was 

tested in G. mellonella larvae. OA and MA are pentacyclic triterpenic compounds that are found in 

the fruits and leaves of Olea europaea and therefore, copious amounts are found in industrial olive 

oil waste [246]. OA and MA have known antimicrobial properties and more importantly, no bacterial 

resistance mechanisms have been reported yet. In this article, 14 OA and MA amide derivates were 

synthesized and their antimicrobial efficiency was tested in vitro and in vivo. The in vitro efficacy was 

tested using an array of Gram-positive and Gram-negative bacteria to determine the concentration 

of each compound that inhibits bacterial growth by 50% (MIC50). The amide derivates had no 

antimicrobial effects against any of the Gram-negative bacteria tested (Table 1, Article 2). In 

contrast, better efficacy was seen against Gram-positive strains. The MA-HDA and OA-HDA derivates 

had the highest efficacy against S. aureus and Methicillin-Resistant S. aureus (MRSA) since they 

either matched or increased the antimicrobial activity of their parent compounds as seen by the 

same or reduced MIC50. Since MA-HDA and OA-HDA were deemed the best amide derivatives, they 

were used (along with their parent compounds) to test their in vivo efficacy against S. aureus using 

G. mellonella larvae. The larvae were injected with S. aureus at a concentration of 1.5x107 

CFU/larvae. Then, a dose of each compound was given at 1 hour and 6 hours post-infection (240 

mg/kg total concentration). The MA and MA-HDA treatments saved 50% of the larvae from 

succumbing to the S. aureus infection. On the other hand, only 10% of the larvae survived after OA 

treatment, and OA-HDA treatment failed to save the larvae. By using G. mellonella larvae, we were 

able to determine that OA and OA-HDA lacked in vivo activity against S. aureus without involving 

murine models. We also confirmed that both MA and MA-HDA have antimicrobial efficiency against 

S. aureus, so these could now be tested in rodents with sufficient justification. Additionally, the 
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treatment conditions can be further optimized with this model (e.g., more treatment doses) to 

reduce the number of rodents even further. For this, one experiment that would be helpful is to 

measure the bacterial load within the larvae at different time points after treatment, and the results 

would determine whether the compounds are actively killing the bacteria. All of these reasons 

demonstrate the practicality of the G. mellonella model for antimicrobial efficacy studies. 

Toxicity studies in G. mellonella 

The G. mellonella animal model has been widely used to assess efficacy and toxicity of many 

therapeutic compounds. As the efficacy of the MA, OA, MA-HDA, and OA-HDA compounds was being 

studied in Article 2, the toxicity of these compounds was also determined in G. mellonella. The larvae 

were injected with different concentrations of the compounds to calculate the LD50 which was then 

used to calculate the SI (Table I, Article 2). For half of the compounds tested, the toxicity obtained 

in vivo was higher than the toxicity obtained in vitro, but it can be different in other instances. For 

example, the toxicity of the MA-HDA compound increased in vivo, but the toxicity of its parent 

compound (MA) decreased in vivo. These results highlight the importance of using an animal model 

to evaluate toxicity as it allows for a better selection of a compound for further investigative steps. 

Another way to analyze the efficacy was to calculate the SI, which is a largely accepted parameter 

that can be used to predict whether a drug is effective and safe during in vivo treatment [247]. The 

SI of the compounds improved considerably when using the in vivo LD50 instead of the in vitro CC50. 

For instance, the SI for MA-HDA was 17.9 when calculated using the CC50 and it increased to 661 

when using the LD50. Therefore, this compound would be described as active against S. aureus and 

safe to use if using the 661 SI value, but it would be more likely to be discarded as unsafe and 

ineffective if it depended only on the 17.9 SI value. These results demonstrate the importance of 

using an in vivo model to calculate the SI of a potential antimicrobial agent to better predict its 

performance in humans. The G. mellonella model can be used to achieve this as it offers a cheap 

screening alternative for in vivo toxicity and efficacy prior to analysis in rodents or other more 

expensive mammalian models. 

G. mellonella can also be used to test the toxicity of other therapeutical strategies. The current 

gold standard treatment for non-muscle-invasive bladder cancer patients is intravesical 

immunotherapy with M. bovis BCG [248]. Since half of these patients develop adverse effects, the 

safety of M. brumae as a potential alternative therapy was assessed [242]. At all concentrations 

tested, M. brumae was not lethal to G. mellonella larvae (Appendix Figure 2C). Furthermore, the 
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larvae were able to eliminate the bacteria since no bacteria was recovered from the hemolymph of 

the infected larvae at the end of the experiments (6 days post-infection) (Appendix Figure 3). In 

contrast, less survivability was seen in larvae infected with M. bovis BCG (Appendix Figure 2C), and 

these larvae were not able to eliminate the bacteria since high concentrations of M. bovis BCG were 

recovered from the hemolymph of the infected larvae (Appendix Figure 3). Additionally, M. brumae 

did not cause any toxicity effects in mice and was deemed safe to use as treatment for non-muscle-

invasive bladder cancer. The toxicity results obtained with G. mellonella correlated with the results 

obtained with mice, which further proves the efficacy of the model. 

The toxicity of nanoparticles can also be assessed using G. mellonella larvae. We performed 

several experiments to exploit the potential of this animal model as a nanotoxicological in vivo 

model. First, the larvae were used to calculate the LD50 for every type of NP tested. For this, various 

NP concentrations were injected into the larvae and mortality was assessed at different time points. 

The results revealed that the SeNPs were the most toxic to the larvae followed by AgNPs and 

Au(HAL)NPs (Figure 2, Article 3). Although the cytotoxicity results with A549 cells had the same 

pattern, the CC50 values were much lower than the LD50 values. In vitro cytotoxicity assays are not 

the most optimal method to predict NPs toxicity as the results are affected by a variety of factors 

such as the cell line used, incubation times, and NP concentrations tested [249,250]. On the other 

hand, LD50 doses can be defined in a more efficient way using G. mellonella larvae since large groups 

of larvae can be used to screen numerous types and concentrations of NPs. The LD50 values acquired 

in our studies are more comparable to the LD50 values obtained with murine models (Table 1, Article 

3) which demonstrates that G. mellonella is a more reliable model for initial toxicity screenings. 

The cellular immune response found in G. mellonella is mediated by hemocytes and these cells 

have been found to be involved in phagocytosis, encapsulation, and nodulation of foreign intruders 

[15]. Our toxicity studies demonstrated that circulating hemocytes were able to internalize more 

than one nanoparticle simultaneously (Figure 4, Article 3). The histological analysis of larvae injected 

with NPs revealed an accumulation of hemocytes surrounding the NPs (Figure 6, Article 3). These 

results further indicate that hemocytes are actively involved in an immune response against the 

foreign NPs, although further studies are needed to determine the exact uptake mechanism. 

Another way to determine whether the innate immune system of the larvae is activated is to 

measure changes in the number of circulating hemocytes [15]. Some studies have demonstrated 

that increases in hemocyte density in G. mellonella is linked to toxicity of compounds [17,204]. For 

this reason, hemocyte density was quantified in all larval groups injected with the different NPs 

(Figure 3, Article 3). All NP concentrations resulted in significant hemocyte proliferation when 
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compared to the control group (larvae injected with PBS only). An interesting result was obtained 

with the lowest concentrations of Au(HAL)NPs and AgNPs, as these concentrations yielded the 

highest hemocyte proliferation (Figure 3A and 3B, Article 3). This finding suggests that exposure of 

the larvae to low doses of these NPs boosted hemocyte proliferation due to hormesis, which is 

described as the production of stimulatory effects by low doses of potentially toxic compounds 

[251]. The surface functionalization of the AuNPs with amino acids could also play a role since these 

NPs are cationic and can be easily recognized by phagocytic or other removal systems [252]. In 

contrast, the hemocyte density decreased as the concentrations of Au(HAL)NPs and AgNPs 

increased. The most probable explanation for this is that the larvae were experiencing potential 

damage of hemopoietic organs due to the toxicity of the NPs [215]. The hemocyte density values 

obtained with SeNPs were more or less constant with all the concentrations tested (Figure 3C, 

Article 3). Since the LD50 experiments showed that these NPs were the most toxic, the lack of 

hemocyte proliferation is probably due to increased cell death from the high toxicity of the NPs. This 

argument was reinforced with the histology results. Stained sections of the larvae injected with 

SeNPs showed that large clusters of these NPs were surrounded by large extracellular spaces (Figure 

6C, Article 3) which is indicative of increased cell death due to the toxic activity of the NPs. The 

larvae injected with AgNPs and Au(HAL)NPs also had the extracellular spaces surrounding the 

clusters of NPs (Figure 6D and 6E, Article 3), but these were significantly smaller than the ones seen 

with SeNPs. Since the larvae were killed 1 hour after injection, more time might be needed to 

visualize tissue damage like the one seen with the larvae injected with SeNPs. The histology results 

seem to correlate with the reduced toxicity of the Ag and Au(HAL) nanoparticles seen with our 

previous experiments.  

The different NPs injected into G. mellonella larvae were found to accumulate primarily in the 

caudal area (tails) of the larvae (Figure 5A, Article 3). This phenomenon continued to occur even 

after the larval movement was partially or fully restricted (Figure 5B, Article 3). This suggests that 

the accumulation is not due to the peristaltic movement of the worms. However, the NPs could still 

potentially move through the hemolymph of the larvae due to the contractions of the abdominal 

spiracles during respiration [253] or another unknown mechanism, so further studies are needed to 

decipher this event. The histological analysis confirmed the presence of NP aggregates in the caudal 

parts of the larvae. The largest degree of accumulation was seen with SeNPs which resulted in big 

stellate-like aggregates that were predominant in the most caudal part of the larvae (Figure 6B and 

6C, Article 3). The aggregates seen with AgNPs and Au(HAL)NPs were smaller and more dispersed 

along the rostrocaudal axis of the larvae (Figure 6D and 6E, Article 3). The control larvae that were 
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injected with PBS showed no alterations in the gross anatomical distribution as reported by other 

studies [254] (Figure 6A, Article 3). 

The final way that we used to study NP toxicity in G. mellonella larvae was to assess the 

behavior of the larvae after injection with a toxic concentration of the NPs (Figure 7, Article 3). The 

larvae injected with Au(HAL)NPs behaved similarly to the larvae injected with PBS as a control, but 

this was expected as the concentration of Au(HAL)NPs tested was not lethal to the larvae until 

several hours post-injection. On the other hand, the larvae injected with AgNPs experienced 

significantly reduced motility while the larvae injected with SeNPs completely lacked mobility (Figure 

7B, Article 3). Furthermore, the larvae blackened in color in response to the toxicity of AgNPs and 

SeNPs with the latter causing the fastest darkening. These behavioral results further validate the 

toxicity effects seen with the rest of the experiments performed in this study.  

The results obtained with all of the experiments performed in Article 3 were all consistent 

according to the level of toxicity of each type of NP. This demonstrates the significant utility of this 

animal model as the results obtained are more reliable than with traditional in vitro models and 

toxicity screenings can be performed in an inexpensive, convenient, and more ethical manner. This 

study revealed that G. mellonella offers an array of indicators to assess NP toxicity in vivo, and it is 

proposed as a nanotoxicological model that can be used as a bridge between in vitro and in vivo 

murine assays to better predict NP toxicity. 

Methodology advances in G. mellonella 

Due to the wide applicability of the G. mellonella model, new methodologies are warranted to 

exploit its full potential. For this work, a few different methodologies were optimized using G. 

mellonella larvae. The first one was a protocol to extract RNA from bacterial cells derived from a G. 

mellonella infection (Figure 5A, Article 1). As a proof of concept, we used the extracted RNA to 

measure RNR gene expression during a P. aeruginosa infection in G. mellonella. The larvae were 

injected with P. aeruginosa PAO1 wild-type cells and then incubated at 37°C for 16 hours. Based on 

previous growth curves done with PAO1 in G. mellonella, we knew that about 108 CFU/ml were 

present inside the larvae at 16 hours post-infection (Figure 5B, Article 1). This bacterial 

concentration was deemed sufficient for RNA extraction as it is close to the ~109 CFU/ml 

concentration recommended by the manufacturer of the RNA purification kit. The PAO1 growth 

curves also verified an active and ongoing DNA synthesis due to the involvement of RNR during the 

infection process. After the 16-hour incubation, the larvae were anesthetized on ice for 10 minutes 
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and then the hemolymph was removed. The hemolymph was centrifuged at low speed for 5 minutes 

at 4°C to remove the hemocytes. The cell-free hemolymph containing the PAO1 cells was used for 

RNA purification that resulted in high and pure RNA concentrations (Supplementary Table 3, Article 

1). 

The purified RNA was used for cDNA preparation and qRT-PCR analysis to measure RNR gene 

expression. As a reference, the gene expression of P. aeruginosa PAO1 wild-type cells grown in LB 

medium to mid-exponential growth phase was also measured. This control was chosen based on the 

growth curve in Figure 5B from Article 1 that shows that the PAO1 cells within the larvae are in mid-

exponential growth phase during sample collection. The qRT-PCR results were analyzed using the 

comparative Ct (cycle threshold) method (∆∆Ct) by comparing the Cts of the different genes in a 

PAO1 infection against the Cts of the same genes in a PAO1 exponential culture. The transcript levels 

of each gene were normalized using the gapA as an internal control since the expression of gapA is 

vital during P. aeruginosa growth. The results clearly showed variations in the expression of the 

different nrd genes (Figure 5C, Article 1). The highest inductions were seen with nrdR and nrdJ as 

they were both about 7 times more induced during infection than in planktonic culture. On the other 

hand, nrdA was induced 3.1 times more while nrdD was less induced (1.7 times more) when 

compared to the reference planktonic culture. We also measured the expression of the norC gene 

(an anaerobiosis marker), and it revealed a 5.3-fold increase that indicated a shift in the anaerobic 

metabolism of PAO1 during infection. The results obtained with this methodology are very similar 

to the ones obtained with the different pETS220-BIATlux constructions (Figure 4, Article 1). The only 

difference was seen with nrdD and nrdA since higher expression was seen with PnrdD-lux than with 

PnrdA-lux. This could be due to the RNA extraction occurring at 16 hours post-infection while the 

pETSlux measurements were done at 17 hours post-infection, and gene expression levels depend 

on the metabolic state of the bacteria during RNA extraction. By using this optimized RNA extraction 

protocol, P. aeruginosa PAO1 cells derived from an in vivo G. mellonella infection were able to be 

isolated for efficient RNA purification that was successfully used in downstream applications. 

The RNR gene expression studies in G. mellonella were first attempted using fluorescent 

promoter probe vectors that were previously constructed [100,102]. G. mellonella larvae were 

injected with four P. aeruginosa PAO1 strains that contain plasmids which encode transcriptional 

fusions of the nrdA and nrdJ promoters with GFP and E2Crimson. As a control, groups of larvae were 

injected with P. aeruginosa PAO1 wild-type and PBS. The hemolymph from the infected larvae was 

extracted at different time points and it was used for relative fluorescence quantification as well as 

fluorescence microscopy imaging. The hemolymph containing PAO1 wild-type cells revealed high 
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levels of green and red fluorescence that were similar to the values obtained with the PAO1 strains 

expressing GFP and E2Crimson (Figures 2A and 2B, Article 1). The hemolymph of the larvae injected 

with PBS also had high fluorescence values, and the values were also comparable to the ones 

obtained with the expression vectors. Since the hemolymph alone had such high RFU/ml values, we 

concluded that the hemolymph has natural autofluorescence. Furthermore, the hemocytes also 

appear to have intrinsic autofluorescence. This is indicated by the high RFU/ml values seen with the 

hemolymph of the larvae infected with the PAO1 wild-type strain even though it does not have any 

fluorophores. This hemolymph does have a high concentration of hemocytes as larval hemocytes 

proliferate in response to an infection [255], so this indicates that the hemocytes are the ones 

responsible for the high fluorescence values. The same hemolymphs were used for fluorescence 

microscopy analysis. The hemolymph containing PAO1 wild-type strain showed the hemocytes 

glowing green and red with the GFP and Texas red channels, respectively, thus confirming their 

natural autofluorescence (Figure 2C, Article 1). The fluorescence of the PAO1 strains expressing GFP 

and E2Crimson was difficult to differentiate from the autofluorescence of the hemocytes (Figures 

2D and 2E, Article 1). The same was true with the RFU measurements as differences in gene 

expression were difficult to assess. The PnrdA strains had higher RFU values than the PnrdJ strains, 

but the true extent of the induction could not be determined. Regardless, nrdA was previously 

shown to be more induced than nrdJ during infection [102]. The results obtained with this technique 

show that the autofluorescence of hemocytes present an important limitation with the use of 

fluorescent vectors in G. mellonella as variations in fluorescence expression cannot be easily 

identified. By using this technique, we were able to discover the autofluorescence problems which 

led us to create a promoter probe vector with bioluminescence expression (pETS220-BIATlux) as an 

alternative vector for gene expression studies in G. mellonella (Figure 3, Article 1). 

The last methodology optimized for this work was a clearing protocol for G. mellonella larvae. 

Imaging three-dimensional samples can be challenging due to obscuring effects caused by light 

scattering [224]. Optical clearing reduces lateral scattering thus allowing all light wavelengths to pass 

through the sample and making it transparent. The steps typically involved are sample fixation, 

permeabilization, and/or decolorization followed by refractive index (RI) matching [223]. G. 

mellonella clearing is an attractive approach as it would provide new insights on larval visualization 

and it would enable the study of bacterial infection processes, toxicity of various compounds, and 

NP interactions in vivo. Since clearing protocols in G. mellonella have not been previously reported, 

we had to optimize one from the start. The optimization was carried out using G. mellonella larvae 

injected with fluorescent rhodamine NPs as a proof of concept. A schematic representation of all 
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the different approaches used for the clearance can be seen in Figure 2 from Article 4. The first step 

optimized was the fixation. A few clearance protocols found in the literature fixed samples with 

paraformaldehyde (PFA) to preserve the molecules of interest [256,257]. Therefore, we tested 

different concentrations of PFA ranging from 1% to 4%, and they were all found to work the same 

for our purpose. We found that the fixation worked best when it was performed right after the 

larvae were injected, which is probably due to a better penetration of PFA through the open wound 

site. Nevertheless, successful clearance was achieved even when larval fixation was performed up 

to 16 hours post-infection. 

The permeabilization and clearing steps were optimized next. These steps aim to remove lipids 

by replacing water with a high-RI medium. Two different strategies were attempted, one with 

alcohols and the other one with detergents. Permeabilization through dehydration alcohols involved 

testing different gradual concentrations of ethanol or methanol during both hourly and overnight 

incubation steps. Dehydration with ethanol never reached full delipidation as seen by the complete 

darkening of the larvae (Figure 2B, Article 4) caused by melanization. On the other hand, methanol 

dehydration seemed to work better at preventing melanization although it still affected the 

reproducibility sometimes. After dehydration with both types of alcohols, the larvae were incubated 

in 100% BABB (1 part Benzyl Alcohol + 2 parts Benzyl Benzoate) clearing solution. This high-RI 

medium was selected as the clearing solution as several experiments have reported successful 

clearing with BABB [226,233,237]. Cleared larvae were only obtained after dehydration with hourly 

incubation steps of increasing concentrations of methanol (Figure 2C, Article 4). We also noticed 

that better clearing results were obtained after incubating the larvae for 1 hour in a 1:1 mixture of 

pure methanol and BABB prior to the clearing step with 100% BABB. Permeabilization involving 

delipidation with detergents followed by RI matching with certain sugars was also attempted. For 

this, we tested 2% Triton X-100 combined with gradually increasing concentrations of sucrose 

(Figure 2D, Article 4). We also tried immersing fixed larvae directly in a 67% sucrose solution (Figure 

2E, Article 4). Sucrose was selected since it has been reported to be an efficient tissue clarifying 

method due to its ability to facilitate cell permeability [223,258]. Neither of the sucrose protocols 

were able to achieve optical clearing in the larvae. The final optimized clearing protocol for G. 

mellonella larvae involved overnight incubation with 1% or 4% FPA, hourly incubations with 

increasing concentrations of methanol, 1-hour incubation in a 1:1 solution of pure methanol and 

BABB, and final incubation in 100% BABB for 7-10 days. A schematic representation of the protocol 

is seen in Figure 1B from Article 4. 
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To determine whether the clearing protocol was successful, the cleared larvae were visualized 

under a confocal microscope to see if the internal NPs could be detected. As a control, non-cleared 

larvae injected with NPs were also visualized. For these larvae, the fluorescence from the NPs could 

not be detected as the laser could not penetrate the cuticle, so visualizations deeper than 25 µm 

could not be obtained (Figure 3A, Article 4). On the other hand, NPs could be observed inside cleared 

larvae fixed with 1% PFA at a depth of 219.6 µm (Figure 3C, Article 4). Similar results were obtained 

with cleared larvae fixed with 4% PFA (Figure 3D, Article 4). These depth visualizations were only 

possible due to the reduced light scattering achieved by optical clearing. The extent of the clearing 

efficiency could not be determined using confocal microscopy since it has image depth limitations 

[224]. In contrast, image depths up to several millimeters inside cleared larvae could be obtained 

with ultramicroscopy or multiphoton microscopy techniques [226,233]. 

Another way to test the efficiency of our clearing protocol was attempted by measuring the 

relative fluorescence of the cleared larvae injected with the rhodamine fluorescent NPs. Cleared and 

non-cleared larvae injected with PBS as well as non-cleared larvae with NPs were included as 

controls. Low RFU values were obtained from the non-cleared larvae injected with PBS and NPs 

which is most likely due to the background fluorescence of the larvae (Figure 4, Article 4). In 

contrast, the cleared larvae injected with NPs revealed a considerable increase in RFU values as 

indicated by an induction factor of almost 13 that is statistically significant when compared to the 

cleared larvae without NPs. Furthermore, the difference in fluorescence emission between cleared 

and non-cleared larvae with NPs is clearly vast. The cleared larvae injected with PBS yielded a 6-fold 

increase in RFU values, but this is due to the larval autofluorescence being more detectable now 

that the larvae are cleared. Autofluorescence was also seen with the green channel during confocal 

microscopy analysis (Figure 3A and 3B, Article 4), so the autofluorescence of the larvae can also be 

a limitation when analyzing fluorescence in whole larvae. Regardless, we were able to visualize and 

quantify the fluorescence emitted by the NPs without any interference from the autofluorescence. 

Although the dehydration and BABB steps have been reported to weaken protein fluorescence 

[222], it did not affect the fluorescence of the NPs as seen by the intense rhodamine signal in our 

confocal images and in our fluorescence measurements. In fact, the clearing greatly improved the 

quantification of the NP fluorescence. Still, this limitation can be overcome by using other labeling 

techniques that are more resistant to dehydration, such as immunofluorescent labeling using 

antibodies conjugated with organic dyes or optimized fluorescent proteins [224]. Our optimized 

clearing protocol paves the way for further applications in the microbiology and nanomedicine 

fields. 
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CONCLUSIONS 

The information and data presented in this thesis as well as in the articles have answered the 

proposed objectives by demonstrating the advances accomplished for the utilization of G. mellonella 

as an animal model for infection and toxicity studies. Therefore, the conclusions for this thesis are 

as follows: 

1. The hemolymph and hemocytes of G. mellonella larvae exhibit intrinsic autofluorescence that 

limits the use of fluorescent promoter probe vectors in this animal model of infection 
 

2. A promoter probe vector with bioluminescence expression (pETS220-BIATlux) was constructed 

which offers a simple and effective method for measuring gene expression in vivo using the G. 

mellonella animal model of infection. 
 

3. An RNA extraction protocol for bacterial cells derived from a G. mellonella infection was 

optimized to enable the study of transcriptional levels of genes during an in vivo infection. 
 

4. Antimicrobial efficacy results obtained in vitro can be easily and inexpensively validated in vivo 

using G. mellonella larvae prior to testing in murine models. 
 

5. MA-HDA showed the most efficient antimicrobial efficacy by increasing the survival of G. 

mellonella larvae infected with S. aureus by 50%, and it also exhibited reduced toxicity by 

improving its SI after G. mellonella testing. 
 

6. The toxicity results achieved with M. brumae in G. mellonella larvae correlate well with the 

toxicity results obtained with M. brumae in mice. 
 

7. G. mellonella larvae can be used to do toxicity screenings of various NPs in an economical, 

convenient, and ethical manner. 
 

8. The extent of NP toxicity can be efficiently determined using G. mellonella larvae by evaluating 

mortality, hemocyte density, larval behavior, and histological changes. 
 

9. G. mellonella can be used as a bridge between in vitro models and in vivo murine assays to 

reduce the number of toxicity testing done in mammals. 
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10. A clearing protocol was optimized for G. mellonella larvae that involved three steps: fixation 

with PFA, permeabilization with methanol dehydration, and optical clearing with BABB. 
 

11. Cleared G. mellonella larvae enabled the visualization of internalized fluorescent NPs using 

confocal microscopy, and it also facilitated the quantification of the fluorescence emitted by the 

same NPs. 
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APPENDIX 

In this Appendix section, three supplementary figures are provided. These figures were not 

published in the articles but are necessary to support certain findings described in the Discussion 

section of this thesis. 

 

 

Figure 1. Differences in virulence of different P. aeruginosa strains .............................................. 135 

Figure 2. Optimization of S. aureus, M. brumae, and M. bovis BCG infection doses using G. mellonella 

larvae .............................................................................................................................................. 135 

Figure 3. Toxicity assessment of M. brumae and M. bovis BCG using hemocytes from G. mellonella 

larvae .............................................................................................................................................. 136 

 

  



Appendix 

 135 

Figure 1. Kaplan-Meier survival curve of G. mellonella larvae infected with different P. aeruginosa strains. A) 
Comparison of doses between acute laboratory strains (PAO1 and PA14) and a chronic clinical strain (PAET1). 
Statistically significant difference seen with PA14 and PAET1 strains compared to the PAO1 strain in a Log-rank 
test (*: p-value <0.05, **: p-value <0.01). B) Comparison between acute and chronic clinical isolates using the 
same infection dose (20-40 CFU per larva). 

 

 

Figure 2. Kaplan-Meier survival curves of G. mellonella larvae infected with different concentrations of A) S. 
aureus and B) M. brumae. C) Final Kaplan-Meier survival curve using optimized dose of M. brumae and M. bovis 
BCG. *** p < 0.0005, **** p < 0.0001 (Mantel-Cox test). All concentrations tested are the number of CFU per 
larva. 



Appendix 

 136 

Figure 3. Bacterial burden recovered in hemolymph samples from G. mellonella larvae. Data are presented as 
the mean values ± SD of the mycobacteria CFU counts. ** p < 0.01, **** p < 0.0001 (Kruskal-Wallis H test). 
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