
Alternative infection models



๏ 22000 students
๏ 1500 research students
๏ 4000 staff
๏ 900 academic staff

๏ Ranked 6th in the UK, 35th in the world

๏ £200m portfolio of research projects
๏ Fastest growing UK research university
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Animal use for experimental work in the UK
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Advantages of developing 

non-mammalian animal models 

๏ Ethically more acceptable

๏ Experiments are more cost effective

๏ Less labour intensive

๏ Can be used at an earlier project stage 

๏ Larger experimental groups can be used providing greater power

๏ Can capture the complexity of a whole animal system

๏ Some have immune systems



Galleria mellonella (waxmoth)



๏ Easy to inject with precise doses

๏ Incubate at 37oC

๏ Possess an innate immune system

๏ Well developed and tested model
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G. mellonella larvae



CFU 106 104 102

๏ Dosing via prolegs

๏ Disease is typically associated with a 

colour change

๏ End points either morbidity or mortality

Challenge of G. mellonella larvae



Biofilm challenge models

Lara Thieme, Institute of Infectious Diseases and Infection 

Control, Jena University Hospital, Germany

E. faecalis biofilm on bristle



Morbidity and mortality scoring

Category Description Score

activity no movement 0

minimal movement on stimulation 1

move when stimulated 2

move without stimulation 3

cocoon formation no cocoon 0

partial cocoon 0.5

full cocoon 1

melanisation black larvae 0

black spots on brown larvae 1

≥3 spots on beige larvae 2

<3 spots on beige larvae 3

no melanisation 4

survival dead 0

alive 2

The G. mellonella Health Index Scoring System 

Loh, J.M., et al., Galleria mellonella larvae as an infection model for group A streptococcus. Virulence, 2013. 4: 

419-28.



Humans, mice and insects

Mice 85%

% of human protein coding genes shared with;

Fruit flies 61%

Poultry 60%



Cellular immunity
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Pro-PO system Humoral immunity

Plasmatocyte

Spherulocyte

Granular cell

Hemocytes

Pro-phenoloxidase

Phenoloxidase

Melanin

Pathogen recognition 

(TOLL, IMD, JAK/STAT, 

JNK)

Antimicrobial peptides

The G. mellonella immune system
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Hemocytes Neutrophils

Phagocytosis Lectin-mediated Lectin-mediated

ROS O2−, H2O2, NO− O2−, H2O2, NO−

Degranulation Yes Yes

AMPs 
Peroxynectin, transferrin, 

lysozyme, defensin

MPO, transferrin, lysozyme, 

defensin

Receptors TLRs, B-1,3-glucan, IL-IR TLRs, B-1,3-glucan, IL-IR

Transcription factors NFκB, IκB NFκB, IκB

Cascades IMD, JNK, JAK-STAT IMD, JNK, JAK-STAT

Kinases p38 MAPK, ERK, PKC, PKA p38 MAPK, ERK, PKC, PKA

Neutrophil extracellular nets 

(NET)
NET-like structures present NETs present

Browne N, Heelan M, Kavanagh K. Virulence. 2013 4:597-603.

Plasmatocyte

Spherulocyte

Granular cell

Cellular immunity



Immuno-suppression enhances disease severity



Disadvantages of Galleria mellonella

๏ do not have an adaptive immune system

๏ larvae purchased as pet food are variable in 

age, size and health status

๏ antibiotics and hormones are commonly used 

in feedstuffs

๏ microbial flora on the surface and within larvae 

can result in different results from replicate 

experiments



Sources of larvae

๏ Research grade larvae (TruLarv™)

๏ Genetically defined breeding colony

๏ Age and weight matched 

๏ Raised without addition of antibiotics or hormones

๏ Surface decontaminated

๏ Batch documentation and quality control



Sources of larvae
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๏ Compare wild type and mutT

mutants of V. 

parahaemolyticus

๏ Cannot discriminate using pet 

food larvae (8 separate 

studies)

๏ Can clearly see the difference 

using research grade larvae

Wagley S et al., Virulence. 2018 9:197-207
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Applications

๏ Infection models to study virulence

๏ Antimicrobial Drug screening

๏ Chemical toxicity testing



Infection models to study virulence



Burkholderia pseudomallei

๏ Etiological agent of melioidosis

๏ Estimated global incidence 

165,000 cases (42,000 deaths)

๏ The most frequent cause of 

community acquired 

septicaemia in N. Thailand

๏ B. thailandensis is a low-

virulence relative



Wiersinga WJ et al. Nature Reviews Microbiology 4, 272–282 (April 2006) | doi:10.1038/nrmicro1385

Intracellular lifestyles of B. pseudomallei and B. 

thailandensis
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Burkholderia are able to invade hemocytes

Thomas et al. 2013 Galleria mellonella as a model system to test the pharmacokinetics and efficacy of 

antibiotics against Burkholderia pseudomallei. Int. J. Anti. Agents. 41(4): 330-336
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B. pseudomallei treA mutant is attenuated in G. 

mellonella and in mice



G. mellonella bacterial infection models reported

BACTERIAL PATHOGEN Key References (maximum 2)

Acinetobacter baumannii (Peleg et al. 2009a; Hornsey and Wareham 2011)

Acinetobacter indicus (Klotz et al. 2017)

Acinetobacter nosocomialis (Chusri et al. 2014)

Acinetobacter pittii (Chusri et al. 2014)

Actinobacillus pleuropneumoniae (Pereira et al. 2015)

Bacillus anthracis (Blower et al. 2017)

Bacillus cereus (Salamitou et al. 2000; Fedhila et al. 2006)

Brucella melitensis (Sprynski et al. 2014)

Brucella suis (Sprynski et al. 2014)

Burkholderia ambifaria (Vial et al. 2010)

Burkholderia cepacia complex (Seed and Dennis 2008; Tegos et al. 2012)

Burkholderia cenocepacia (Uehlinger et al. 2009; Schwager et al. 2013)

Burkholderia mallei (Schell et al. 2008)

Burkholderia multivorans (Silva et al. 2011; Schmerk and Valvano 2013)

Burkholderia pseudomallei (Schell et al. 2008; Wand et al. 2011)

Campylobacter jejuni (Champion et al. 2010b; Askoura and Stintzi

2017)

Clostridium difficile (Nale et al. 2016)

Cronobacter sakazakii (Abbasifar et al. 2014)

Coxiella burnettii (Norville et al. 2014; Martinez et al. 2016)

Enterobacter cloacae (Betts et al. 2014a)

Enterococcus faecalis (Gaspar et al. 2009)

Enterococcus faecium (Lebreton et al. 2011)

Escherichia coli (Dudziak and Jozwik 1969)

Escherichia coli ExPEC (Dudziak and Jozwik 1969; Nathan 2014

Escherichia coli UPEC (Alghoribi et al. 2014)

BACTERIAL PATHOGEN Key References (maximum 2)

Escherichia coli EPEC (Leuko and Raivio 2012; Younas et al. 2016)

Escherichia coli EAEG (Jonsson et al. 2016)

Escherichia coli EHEC (Morgan et al. 2014)

Francisella philomiragia (Propst et al. 2016)

Francisella tularensis (Aperis et al. 2007)

Helicobacter pylori (Giannouli et al. 2014)

Klebsiella pneumoniae (Insua et al. 2013; Benthall et al. 2015)

Legionella pneumophila (Harding et al. 2012; Harding et al. 2013)

Listeria monocytogenes (Mukherjee et al. 2010; Browne and Kavanagh 2013)

Proteus mirabilis (Howery et al. 2016)

Pseudomonas aeruginosa (Kropinski and Chadwick 1975; Jander et al. 2000) 

Salmonella enterica Typhimurium (Kurstak and Vega 1968; Viegas et al. 2013) 

Serratia marcescens (Chadwick et al. 1990; Gruber et al. 2015) 

Shigella sonnei (Mahmoud et al. 2016)

Staphylococcus aureus (including MRSA) (Peleg et al. 2009b; Boakes et al. 2016) 

Stenotrophomonas maltophilia (Nicoletti et al. 2011; Betts et al. 2014b) 

Streptococcus mutans (Abranches et al. 2011; Bitoun et al. 2012)

Streptococcus pneumoniae (Evans and Rozen 2012; Loh et al. 2013)

Streptococcus pyogenes (Olsen et al. 2011)

Streptococcus suis (Velikova et al. 2016)

Group A streptococci (Olsen et al. 2011; Loh et al. 2013)

Vibrio anguillarum (McMillan et al. 2015)

Vibrio cholera (Nuidate et al. 2016)

Yersinia entercolitica (Fuchs et al. 2008)

Yersinia pestis (Erickson et al. 2011; Ford et al. 2014)

Yersinia pseudotuberculosis (Champion et al. 2009; Strong et al. 2011)

Notable exception; Neisseria 



G. mellonella fungal infection models reported

Notable exception; Pneumoncystis murina

Aspergillus fumigatus (Jackson, Higgins et al. 2009, Geissel, Penka et al. 2017)

Candida albicans (Cotter, Doyle et al. 2000, Brennan, Thomas et al. 2002)

Candida auris (Borman, Szekely et al. 2016)

Candida dubliniensis (Junqueira, Fuchs et al. 2011)

Candida glabrata (Junqueira, Fuchs et al. 2011, Borghi, Andreoni et al. 2014)

Candida kefyr (Junqueira, Fuchs et al. 2011)

Candida krusei (Junqueira, Fuchs et al. 2011)

Candida lusitaniae (Junqueira, Fuchs et al. 2011)

Candida novergensis (Junqueira, Fuchs et al. 2011)

Candida parapsilosis complex (Gago, Garcia-Rodas et al. 2014, Souza, Fuchs et al. 2015)

Candida tropicalis (Mesa-Arango, Forastiero et al. 2013, Moralez, Perini et al. 2016)

Cryptococcus deneoformans (Gago, Serrano et al. 2017)

Cryptococcus gattii (Firacative, Duan et al. 2014)

Cryptococcus neoformans (Mylonakis, Moreno et al. 2005)

Paracoccidioides brasiliensis (de Lacorte Singulani, Scorzoni et al. 2016)

Paracoccidioides lutzii (de Lacorte Singulani, Scorzoni et al. 2016)

Scedosporium boydii (Rollin-Pinheiro, de Meirelles et al. 2017)

Scedosporium aurantiacum (Rollin-Pinheiro, de Meirelles et al. 2017)

Sporothrix brasiliensis (Clavijo-Giraldo, Matinez-Alvarez et al. 2016)

Sporothrix schenckii (Clavijo-Giraldo, Matinez-Alvarez et al. 2016)

Trichosporon asahii (Marine, Bom et al. 2015)

Trichosporon asteroids (Marine, Bom et al. 2015)

Trichosporon inkin (Marine, Bom et al. 2015)



Antimicrobial drug screening



Antibiotic resistance of B. pseudomallei

๏ Resistant to many antibiotics

๏ many penicillins

๏ macrolides

๏ aminoglycosides

๏ early cephalosporins

๏ polymyxins

๏ rifamycins

๏ Usually treated with

๏ ceftazidime

๏ (doxycline)



Can clinically relevant antibiotics rescue G. 

mellonella?

Antibiotic Sensitive/Resistant Lipid Soluble Hypothesis for 

activity in vivo

ceftazidime (120mg/kg) Sensitive Yes Yes

doxycycline (80mg/kg) Sensitive Yes Yes

kanamycin (15mg/kg) Sensitive No No

gentamycin (3mg/kg) Resistant No No

ciprofloxacin (20mg/kg) Sensitive Yes Yes



G. mellonella predicts the efficacy of clinically relevant 
antimicrobials
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Timing of antibiotic dosing affects outcome
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Antibiotic clearance from G. mellonella hemolymph

Thomas et al. 2013 Galleria mellonella as a model 

system to test the pharmacokinetics and efficacy of 

antibiotics against Burkholderia pseudomallei. Int. 

J. Anti. Agents. 41(4): 330-336

Antibiotics were administered to the larvae at doses scaled from the human dose on a weight basis and the concentration 

of antibiotic in haemolymph determined. Graph shows median and each replicate.

ceftazidime (120 mg/kg) imipenem (50 mg/kg); 

doxycycline

5 mg/kg

50 mg/kg

ciprofloxacin (20 mg/kg)



Antibiotic pharmacokinetics in humans and in G. mellonella

Antibiotic Cmax

(ug/ml)

AUC 

(h*ug/mL)

Half life 

(hours)

Ceftazidime 134.18 2047.85 8.15

Ciprofloxacin 26.98 522.25 10.42

Doxycycline 80.48 299.59 17.04

Antibiotic Dose 

(mg/kg/day)

Dose Cmax

(ug/ml)

AUC 

(h*ug/mL)

Half life 

(hours)

Ceftazidime 120 6 g day-1 iv 89.6 1496 11.89

Ciprofloxacin 20 750 mg day-1 po 4.3 31.6 4

Doxycycline 3.3 200 mg day-1 po 2.6-5.9 40-123 13-25

G. mellonella

Human



Existing antimicrobials tested in G. mellonella

drug class drug pathogen reference

ANTIBACTERIAL

Penicillins Piperacillin P. aeruginosa (Hill et al. 2014; Krezdorn et al. 2014; Adamson et al. 2015) 

Meropenem P. aeruginosa, Acinetobacter baumannii (Peleg et al. 2009; Hill et al. 2014; Krezdorn et al. 2014; Adamson 

et al. 2015)

Ampicillin E. faecium (Chibebe Junior et al. 2013)

Doripenem Acinetobacter baumannii (O'Hara et al. 2013)

Imipenem B. pseudomallei (Thomas et al. 2013)

Penicillin S. aureus (MSSA & MRSA) (Desbois and Coote 2011)

Cephalosporins cefotaxime P. aeruginosa, Acinetobacter baumannii (Peleg et al. 2009; Hill et al. 2014; Krezdorn et al. 2014)

Ceftazidime B. pseudomallei (Thomas et al. 2013)

Aminoglycosides Amikacin P. aeruginosa (Hill et al. 2014; Krezdorn et al. 2014)

Gentamicin E. faecium, Acinetobacter baumannii (Peleg et al. 2009; Chibebe Junior et al. 2013)

Kanamycin B. pseudomallei (Thomas et al. 2013)

Streptomycin F. tularensis (Aperis et al. 2007)

Polymyxins colistin Stenotrophomonas maltophilia, Acinetobacter baumannii (Hornsey and Wareham 2011; O'Hara et al. 2013; Betts et al. 2014; 

Hill et al. 2014)

Glycylcylines Tigecycline Stenotrophomonas maltophilia (Betts et al. 2014)

Rifamycins Rifampicin Stenotrophomonas maltophilia (Betts et al. 2014)

Tetracyclines Doxycycline Coxiella burnettii, B. pseudomallei (Thomas et al. 2013; Norville et al. 2014)

Tetracycline Acinetobacter baumannii (Peleg et al. 2009)

Glycopeptides Vancomycin S. aureus (MSSA & MRSA), Acinetobacter baumannii (Desbois and Coote 2011; O'Hara et al. 2013; Yang et al. 2015)

Fluoroquinolones Ciprofloxacin B. pseudomallei, F. tularensis (Aperis et al. 2007; Thomas et al. 2013)

Levofloxacin P. aeruginosa, F. tularensis (Aperis et al. 2007; Hill et al. 2014; Adamson et al. 2015)

Lipopeptide Daptomycin S. aureus (MSSA & MRSA) (Desbois and Coote 2011)

Macrolide Azithromycin F. tularensis (Ahmad et al. 2010)

ANTIFUNGAL

Triazoles Fluconazole C. albicans, C. tropicalis, Trichosporon asahii, Trichosporon asteroides and 

Trichosporon inkin

(Forastiero et al. 2013; Li et al. 2013; Mesa-Arango et al. 2013; 

Marine et al. 2015)

Voriconazole C. tropicalis, C. krusei, Trichosporon asahii, Trichosporon asteroides and 

Trichosporon inkin

(Forastiero et al. 2013; Mesa-Arango et al. 2013; Scorzoni et al. 

2013; Marine et al. 2015)

Polyenes amphotericin B C. albicans, C. tropicalis, C. krusei, Aspergillus terreus, Cryptococcus 

neoformans

(Mylonakis et al. 2005; Forastiero et al. 2013; Li et al. 2013; Mesa-

Arango et al. 2013; Scorzoni et al. 2013; Blatzer et al. 2015)

Pyrimidine analogues Flucytosine C. albicans, Cryptococcus neoformans (Mylonakis et al. 2005; Li et al. 2013)

Lipopeptide Caspofungin C. krusei, C. tropicalis (Mesa-Arango et al. 2013; Scorzoni et al. 2013)
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Testing new therapeutics

๏ Combinations antibiotics (Betts et al. 2014)(Krezdorn

et al. 2014) (Hornsey and Wareham 2011; Hornsey et 

al. 2013; O'Hara et al. 2013) 

๏ Combinations of antifungals (Mylonakis et al. 2005) . 

๏ Combinations of existing and novel drugs (Adamson 

et al. 2015) (Blatzer et al. 2015) (Farha et al. 2013)

๏ Bacteriophages (Seed and Dennis 2009), or 

antibiotics and bacteriophages (Kamal and Dennis 

2015)

๏ Novel drugs (Antunes et al. 2012; Ross-Gillespie et al. 

2014)(Koch et al. 2014) (Brackman et al. 2011) 

(McKenney et al. 2012)(Bastidas et al. 2012) (Mil-

Homens et al. 2012) (Rowan et al. 2009; Browne et al. 

2014) (Vu and Gelli 2010) (Cowen et al. 2009)

๏ Antimicrobial peptides (Gibreel and Upton 2013)(Dean et al. 

2011) (Brown et al. 2008)

๏ Antimicrobial peptides (Gibreel and Upton 2013)(Dean et al. 

2011) (Brown et al. 2008)

๏ Plant derived antimicrobials (Favre-Godal et al. 2014)

๏ Antimicrobial photodynamic therapy for (Chibebe Junior et 

al. 2013)

๏ Drug delivery systems (Deacon et al. 2015)(Coughlan et al. 

2010)

๏ Reports that immunosuppressive drugs, such as myrocin,  

enhance the susceptibility of G. mellonella to infection with 

Candida albicans and this may allow new opportunities for 

the testing of antimicrobials in a clinically relevant model (de 

Melo et al. 2013). Similarly, immunosuppression with 

cyclospron A reduced resistance of G. mellonella to 

infection with P. aeruginosa (Fiolka 2008)



High throughput screening of novel antimicrobials

Thomas et al. 2013 Galleria mellonella as a model system to test the pharmacokinetics and efficacy of antibiotics against 

Burkholderia pseudomallei. Int. J. Anti. Agents. 41(4): 330-336
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Actinomycete 

collection

37

Bottle neck in discovery of lead compounds 

HPLC purification of 

candidates

toxicity screen in 

cell culture

efficacy in mice



Actinomycete 

collection

38

Rapid lead selection pipeline 

HPLC purification 

of candidates

Efficacy and

toxicity in mice

Crude extract toxicity 

screen in Galleria

Crude extract efficacy 

screen in Galleria



The future
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Tools to genetically engineer 

larvae

Technologies to enable high 

throughput screening
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Summary

Galleria mellonella larvae are susceptible to infection by a range of 

bacterial and fungal pathogens

The model can reflect differences in the virulence of different 

strains / mutants (in humans)

The model can be used to screen antimicrobial drugs for efficacy 

Cost effective, ethical, high throughput
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