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Despite considerable progress over 
recent years, the prognosis of 

invasive aspergillosis (IA) remains 
unfavorable, reflecting an incomplete 
understanding of Aspergillus patho-
genesis and suboptimal antifungal effi-
cacy in vivo. Mammalian host systems 
including rodents and rabbits are impor-
tant tools in elucidating antifungal drug 
activity and the immunopathogenesis of 
IA. Nonetheless, they are hampered by 
limitations that impose a “bottleneck” 
in mass screening of novel antifungal 
compounds and putative Aspergillus 
virulence factors including their cost, 
labor intensity and ethical constraints. 
Drosophila melanogaster is an inverte-
brate host with a long track record of 
genetic studies and a simple yet highly 
conserved innate immune system. 
Herein, we describe our experience using 
this fly model as a facile, non-labori-
ous, inexpensive pathosystem for high-
throughput screening of novel antifungal 
compounds and putative Aspergillus 
mutants, and studying antifungal innate 
immunity. We present three infection 
protocols (i.e., injection, rolling, inges-
tion) that introduce Aspergillus either 
directly into the hemolymph or at dif-
ferent epithelial surfaces of Toll-deficient 
Drosophila flies. As a proof of principle, 
we demonstrate attenuated virulence of 
known hypovirulent Aspergillus strains 
and protection of Aspergillus-infected 
flies given oral Aspergillus-active agents 
such as voriconazole. These protocols can 
be adapted for similar studies of other 
fungal pathogens. Crossing and gen-
eration of Toll-deficient Drosophila flies 
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takes three weeks; Aspergillus conidial 
preparation takes three days; fly inocu-
lation depending on the infection assay 
takes one to 6–8 hours; and assessment 
of fly survival, Aspergillus strain viru-
lence, Drosophila innate host parameters 
and/or drug activity takes 4–8 days.

Introduction

Since the 1990s, invasive aspergillosis 
(IA) has emerged as the leading cause of 
infection-related death in recipients of 
hematopoietic stem cell and solid organ 
transplants.1,2 Despite significant advances 
in diagnosis and antifungal therapy over 
recent years, the prognosis of patients 
who develop IA remains poor, reflecting 
its incompletely understood pathogenesis, 
suboptimal diagnosis and the mediocre 
efficacy of modern antifungal drugs in 
vivo. Traditionally, small mammals such 
as mice, rats, guinea pigs and rabbits have 
served as invaluable research tools in mod-
eling human IA and studying Aspergillus 
virulence and antifungal drug activity 
against IA.3-6 Because of their immu-
nological and anatomical similarities to 
humans and the ability to precisely control 
the host and its environment, these biosys-
tems are considered the gold standard for 
pathogenetic and pharmacological studies 
of IA.

Nevertheless, use of small mammals 
as host models of human IA is restricted 
by several factors. With regard to patho-
genetic studies, although they are ame-
nable to reverse genetics via generation 
of knockout mutants,7 use of large-scale 
forward genetic strategies with these 
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revealed a high rate of concordance in 
Aspergillus virulence between the two 
species.27 In addition, administration of 
voriconazole, the preferred drug for treat-
ment of IA in humans,28 significantly pro-
tects flies against IA, as demonstrated by 
decreased mortality rates and tissue fungal 
burdens.26

In addition to A. fumigatus, the pro-
tocols described below can be adapted 
with modifications to the study of viru-
lence, host defense against and antifun-
gal activity against other molds (e.g., 
Aspergillus terreus,29 Zygomycetes spe-
cies,30,31 Fusarium species,32 Scedosporium 
species32) and yeasts (e.g., Candida 
albicans,15,33 Cryptococcus neoformans13) 
although some of these pathogens have key 
differences. For example, C. albicans does 
not infect Toll-deficient flies following 
ingestion; it only does so following injec-
tion.33 Also, infection of OregonR WT 
flies with Zygomycetes species leads to 
higher mortality rates in WT Drosophila 
flies than does infection with other molds 
and yeasts.30 These fungus-specific differ-
ences in Drosophila susceptibility to fun-
gal infection provide ample opportunities 
for investigating fungus-specific host-
pathogen interaction questions using this 
fruit fly mini-host model.

Despite having the benefit of facilita-
tion of testing large numbers of animals 
quickly and inexpensively, the Drosophila 
model has its limitations. For instance, 
precisely quantifying the number of 
conidia that infect each fly as well as the 
amount of antifungal drug ingested by 
individual flies is difficult. Furthermore, 
studying the pharmacokinetic and phar-
macodynamic properties of tested com-
pounds is not feasible in Drosophila flies; 
instead, this requires a larger mamma-
lian host. Moreover, to extend testing of 
antifungal activity to compounds that 
are not orally absorbed, injection of such 
agents into Drosophila flies using micro-
pipettes is currently under development. 
Finally, because thermotolerance is a uni-
versal virulence trait across pathogenic 
fungi,34 infection of Drosophila flies 
and maintenance of them at 29°C may 
limit the study of certain fungal viru-
lence traits. For example, studies showed 
that an Aspergillus strain lacking the 
gene that regulates the expression of the 

D. melanogaster does not have an 
adaptive immune system but its innate 
immune pathways are evolutionary con-
served through mammals.11,12,19,20,23,24 
The imd (immune deficiency) and Toll 
cascades, which are important for host 
defense against Gram-negative bacteria 
and fungi/Gram-positive bacteria respec-
tively are considered the fly counterparts 
to the human tumor necrosis factor 
receptor signaling and Toll-like receptor 
pathways respectively.19 Following fungal 
challenge in Drosophila flies, peptidogly-
can recognition protein SA and Gram-
negative binding protein 1 activate the 
serpin Persephone, which cleaves the ser-
pin Spatzle and then activates the trans-
membrane receptor Toll. Upon activation, 
Toll recruits the adaptor proteins MyD88 
and Tube and the threonine/serine kinase 
Pelle.19 The resultant intracellular pro-
teolytic cascade results in degradation of 
the Ik-B-like protein Cactus and nuclear 
translocation of the NFκB-like tran-
scriptional factors Dorsal and Dif, which 
induce expression of antifungal peptide-
related genes such as drosomycin and 
metchnikowin.19

Because the Toll pathway is signifi-
cantly conserved between Drosophila and 
humans and because flies can grow, and 
be manipulated and analyzed in larger 
numbers in a more time-efficient man-
ner and with significantly less labor and 
cost than conventional mammalian mod-
els can, Drosophila is a useful model for 
high-throughput screening of Aspergillus 
virulence factors and of compounds for 
activity against IA.25 For this purpose, 
three infection assays described herein 
deliver Aspergillus conidia (1) directly 
into the fly hemolymph (needle prick-
ing [injection] assay), (2) on the fly exte-
rior surface (rolling assay) or (3) in the 
fly gastrointestinal epithelium (ingestion 
assay). All three assays have high inter-
operator and intra-operator reproduc-
ibility, are easy to perform, and result in 
higher mortality rates in Toll-deficient 
flies than in WT flies, which are resis-
tant to IA.26 Aspergillus strains shown 
to be hypovirulent in mammalian hosts 
also exhibit attenuated virulence in Toll-
deficient Drosophila flies.26 In fact, a 
recent comparative analysis of hypoviru-
lent Aspergillus strains in mice and flies 

models is difficult for logistical, economi-
cal and ethical reasons. Not surprisingly, 
only one Aspergillus mutant is typically 
tested at a time using these models via 
comparison of its virulence with that of 
the isogenic wild-type (WT) parental 
Aspergillus strain in a small number of 
animals. In this era in which sequenc-
ing of the genome of Aspergillus and 
other medically important fungi (e.g., 
Candida, Cryptococcus) has been com-
pleted, and tools that facilitate generation 
of a larger number of mutants are becom-
ing increasingly sophisticated,8-10 alterna-
tive methods of large-scale screening of 
fungal virulence traits and assessment of 
their contribution to the pathogenesis of 
IA are required. Successful use of large-
scale screens may uncover potential novel 
targets for diagnosis and treatment of IA. 
However, the same logistical difficulties in 
investigating the immunopathogenesis of 
IA also impede assessment of the activity 
of antifungals or combination of them in 
mammalian models of IA. Not unexpect-
edly, use of these animal models is typi-
cally limited to testing a limited number 
of drugs or drug combinations and only 
one Aspergillus isolate at a time in small 
numbers of animals.

Over the past 10 years, pioneering 
studies have demonstrated that vari-
ous fungi including Aspergillus fumiga-
tus can cause fatal infections in an array 
of simpler invertebrate hosts, such as the 
fruit fly Drosophila melanogaster,11-15 the 
greater wax moth Galleria mellonella,16 the 
roundworm Caenorhabditis elegans,17 and 
the free-living soil amoeba Dictyostelium 
discoideum.18 Elegant studies using these 
invertebrate pathosystems have shown 
that important aspects of innate immu-
nity are evolutionarily conserved in mam-
malian hosts.19-21 For example, 50–60% 
of protein homologs involved in patho-
gen recognition, signal transduction and 
innate immunity in humans also exist in 
D. melanogaster and C. elegans. For these 
reasons, as well as because the genomes 
of D. melanogaster and C. elegans have 
been sequenced and research tools such as 
full-genome microarrays and RNA inter-
ference libraries can be used with these 
hosts,22 these invertebrates have gained 
significant favor in studying microbial 
pathogenesis and host defense.
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• Stereoscopic microscope (Stemi 
2000, Carl Zeiss Inc.) equipped with a 
controllable CO

2
 flow pad

• Spatula (Sigma, cat. no. Z283282)
• Sterile disposable Petri dishes 100 x 

15 mm (BD Biosciences, cat. no. 351029)
• Bunsen burner (Sigma, cat. no. 

Z270296)
• 29°C and 37°C incubators (Precision 

Scientific)
• Fly incubators with high humidity 

capacity (60–75%), adjustable tempera-
ture and a 12 hour light/12 hour dark cycle

• Bead-beater homogenizer (Biospec 
Products, cat. no. 1107900)

• DNeasy Kit (Qiagen, cat. no. 69504)
• Glass spreaders (Sigma, cat. no. 

S4522)
• Hemocytometer
Reagent setup. YAG agar plates. Add 5 

g of yeast extract (wt/vol), 10 g of dextrose 
(wt/vol), 15 g of agar (wt/vol), 10 ml of 1M 
MgSO

4
 (vol/vol), 2 ml of vitamin mix (vol/

vol) and 1 ml of trace elements (vol/vol) in 
1 l of distilled water and autoclave. Pour the 
autoclaved medium on 100 x 15 mm sterile 
disposable Petri dishes (~20 ml/dish) or in 
empty fly vials (~15 ml/vial) and let over-
night at room temperature to solidify. Store 
at 4°C for up to 2–3 months until use.

Fly food. Prepare conventional fly food 
with 1% agar (wt/vol), 3% yeast (wt/vol), 
0.6% sucrose (wt/vol), 4.4% cornmeal (wt/
vol), 0.11% methylparaben (tegosept; wt/
vol) and 0.36% propionic acid (vol/vol).

Antibiotics stock. Prepare stock solu-
tions of 40 mg/ml voriconazole and terbi-
nafine diluted in distilled water.

Procedure

Fly preparation: crossing of Tlr632/
TM6B and TlI-RXA/TM6B Toll-deficient 
Drosophila alleles for generation of 
Tlr632/TlI-RXA mutants (timing 21–28 d).  
(1) Distinguish male (Fig. 1A) and female 
(Fig. 1B) flies based on their genitalia.

(2) Identify virgin female flies accord-
ing to the dark mark on the ventral 
abdomen (Fig. 1C), which is an embry-
onic residue that is excreted from their 
gastrointestinal tract upon maturation. 
Typically, female flies are considered vir-
gins during the first 8–12 h after eclosion. 
Afterwards, they mature and become 
reproductively active. Hence, another way 

Materials

Reagents.
• Fungal strains: Aspergillus fumiga-

tus clinical isolate AF293 wild-type 
(WT) strain and gliP-deleted Aspergillus 
fumigatus strain derived from AF293; 
alb1-deleted Aspergillus fumigatus strain 
B-5233/RGD12-8 and its isogenic WT 
Aspergillus strain, B-5233; Candida 
kefyr American Type Culture Collection 
66028.

NOTE: Aspergillus and Candida agar 
plates and conidial suspensions should be 
disposed of as biohazardous material.

• Adult fly lines: OregonR WT flies; 
Tlr632/TM6B and TlI-RXA/TM6B Toll-
deficient flies.

NOTE: Infected flies are killed by 
freezing at -20°C and disposed of as bio-
hazardous material.

• Yeast extract (BD Biosciences, cat. 
no. 211931)

• Dextrose (Sigma, cat. no. D9434)
• Bacto Agar (BD Biosciences, cat. no. 

214030)
• NaCl (AMRESCO, cat. no. 0241)
• MgSO

4
 (AMRESCO, cat. no. 0662)

• Phosphate-buffered saline (Sigma, 
cat. no. P5368)

• Hank’s balanced salt solution  
(Sigma, cat. no. H8264)

• Hexamethyldisilazane (HMDS; 
Sigma, cat. no. H4875)

• Autoclaved water
• Ethanol (Sigma, cat. no. 2777649)
• Acetone (Sigma, cat. no. 650501)
• Glycerol (Sigma, cat. no. G9012)
• Formalin solution, neutral buffered, 

10% (Sigma, cat. no. HT501320)
• TRIzol reagent (Invitrogen, cat. no. 

15596-026)
• Voriconazole (Sigma, cat. no. 

PZ0005)
• Terbinafine (Sigma, cat. no. T8826)
• Fly food reagents: agar, sucrose, yeast 

and cornmeal (Genesee Scientific)
• Vials (Genesee Scientific, cat. no. 

32–116)
• Inactive dry yeast particles (Genesee 

Scientific, cat. no. 62–106)
Equipment. 
• Paintbrush (size 0)
• Tungsten stainless steel needle (tip 

diameter, 0.01 mm), held in a pin vise 
(Ernest F. Fullam Inc., cat. no. 54270)

nucleolar protein CgrA, a key regulator of 
Aspergillus thermotolerance, was hypo-
virulent in mice infected with it35 but 
fully virulent in Toll-deficient Drosophila 
flies infected and maintained at 29°C sug-
gesting that certain aspects of fungal vir-
ulence in mammals may not be accurately 
modeled in mini-hosts. Thus, the lack of 
a virulence of an Aspergillus mutant at 
29°C (fly model) does not mean that it is 
not virulent when tested at 37°C (mouse 
model) and vice versa.

Experimental Design

Because 10- to 15-day-old Drosophila flies 
have significantly higher mortality rates 
after Aspergillus infection than do 2- to 
4-day-old flies,36 consistent use of flies in 
the latter age range in all experiments is 
critical. In addition, female flies are typi-
cally used because they are larger than 
male flies and relatively more resistant to 
injection injury. To minimize potential 
sex-dependent effects on infection suscep-
tibility, we use female flies in all experi-
ments. Finally, to decrease the influence 
of circadian rhythm on innate immune 
responses in Drosophila flies, we perform 
all experiments with this model in the 
morning.

Fungal strain selection. We use 
the Aspergillus fumigatus clinical iso-
late AF293 WT strain for the infection 
assays and drug protection experiments 
because it was the strain used in the 
Aspergillus genome sequencing project.8 
For Aspergillus virulence studies, we 
have used (1) the gliotoxin-deleted A. 
fumigatus strain DgliP and its isogenic 
WT Aspergillus strain AF293,37 and 
(2) the alb1-deleted A. fumigatus strain 
B-5233/RGD12-8 and its isogenic WT 
Aspergillus strain, B-5233.38

Fly selection. We use WT OregonR 
flies, which have a functional Toll cas-
cade and thus are inherently resistant to 
Aspergillus challenge, as controls. Also, 
we generate Tlr632/TlI-RXA flies by cross-
ing Tlr632/TM6B and TlI-RXA/TM6B Toll-
deficient flies as described below (Steps 
1–8). Because Tlr632 is a thermosensitive 
loss-of-function allele with a strong phe-
notype at 29°C, flies should be maintained 
at that temperature following Aspergillus 
infection.
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(C) Prick the dorsolateral thorax of 
each fly by inserting the needle midway 
into the thorax along the anteroposterior 
axis (Fig. 2B). This assay takes 5–10 min 
per 10 injected flies. Inject 30–50 female 
flies per group of interest.

(D) Return the injected flies to the vials 
containing fly food. To prevent flies from 
sticking in the food and dying as a result, 
place the vials on their sides until the flies 
recover from anesthesia (this usually takes 
a few minutes). For control purposes, 
inject a different group of 30–50 female 
flies with a sterilized needle that has not 
been dipped in an Aspergillus solution 
(septic injury control).

(E) Observe the injected flies over 
the next 3 h. Flies that die during this 
3-hour period (typically <5%) are con-
sidered to have died of injection injury 
(not Aspergillus infection) and should be 
excluded from the analysis.

NOTE: Dead flies are typically found 
on the surface of the fly food. At death, 
they appear smaller than normal and 
dehydrated.

(F) Maintain the flies at 29°C, the 
temperature at which their susceptibility 
to microbial challenge is maximal.

NOTE: Tlr632 is a thermosensitive loss-
of-function allele with a strong phenotype 
at this temperature.

(G) Proceed to Step 15 for assessment 
of virulence and pathogenicity or to Steps 
21–25 for assessment of antifungal drug 
activity.

(13) Rolling assay (timing 1–2 h). (A) 
Anesthetize flies by placing them on a CO

2
 

fly pad for 3–4 min. (PROBLEM) Handle 
flies with a paintbrush to avoid injury.

(B) Transfer 30–50 anesthetized female 
flies onto the surface of a YAG plate with 
a fresh layer of Aspergillus conidia pre-
grown for 3 d as described in Step 10.

(C) Roll the anesthetized flies on 
the YAG agar plate surface for 2 min to 
uniformly cover them with Aspergillus 
conidia (Fig. 2C).

NOTE: Cover the Petri dish with its 
lid to avoid dispersion of conidia in the air.

(D) A key difference between the roll-
ing and injection assays is that, as shown 
in Figure 2C, flies are covered with a high 
Aspergillus inoculum during rolling. To 
prevent continuous conidial exposure and 
rapid death of a significant number of flies 

Tlr632/TM6B flies with male TlI-RXA/TM6B 
flies (virgin ♀ Tlr632/TM6B x ♂ TlI-RXA/
TM6B) or crossing female virgin TlI-RXA/
TM6B flies with male Tlr632/TM6B flies 
(virgin ♀ TlI-RXA/TM6B x ♂ Tlr632/TM6B).

(7) Four genotypic combinations may 
result from theTlr632/TM6B x TlI-RXA/
TM6B cross: (1) TM6B/TM6B flies, 
which are not viable; (2) TlI-RXA/TM6B 
flies, which are dark gray and have the 
“multiple hair-type” bristle; (3) Tlr632/
TM6B flies, which are light brown and 
have the “multiple hair-type” bristle; (4) 
Tlr632/TlI-RXA flies, which are light brown 
and have the “double hair-type” bristle 
(Figs. 1F and G).

(8) Keep transferring the Tlr632/TM6B 
x TlI-RXA/TM6B cross to new vials every 
3–4 days so that the female flies lay their 
eggs in multiple vials. This will increase 
the yield of Tlr632/TlI-RXA flies. Hydrate 
vials that appear to be dry by adding dis-
tilled water to them.

Fungal inoculum preparation (tim-
ing 3 d). (9) Streak frozen glycerol stocks 
of A. fumigatus AF293 (or the hypoviru-
lent Aspergillus strain of interest) onto 
YAG agar plates and incubate at 37°C for 
24 h.

(10) Inoculate single colonies from the 
fresh plates onto new YAG agar plates and 
incubate at 37°C for 72 h until a uniform 
lawn of Aspergillus conidia forms onto the 
agar surface.

(11) Collect Aspergillus conidia from 
the surface of the agar plate by adding 0.5 
ml of autoclaved water and using a glass 
spreader. Count the conidia using a hemo-
cytometer. Prepare working solutions of 
Aspergillus conidia at various concen-
trations depending on the experimental 
design (range: 107–1010 conidia/ml).

Fly infection assays (timing 1 to 6–8 
h). Depending on the question to be 
answered, choose one of three infection 
assays: injection, rolling and ingestion.

(12) Needle pricking (injection) assay 
(timing 1 h). (A) Anesthetize flies by 
placing them on a CO

2
 fly pad (Fig. 2A). 

Handle the flies with a paintbrush to avoid 
injury.

(B) Sterilize a tungsten needle (tip 
diameter, 0.01 mm) with a flame, and wait 
for it to cool off before dipping the tip of 
the needle into the Aspergillus conidial 
suspension. (PROBLEM)

to collect virgin females besides looking at 
this abdominal mark, is to make sure that 
you completely remove every single fly 
from the vials in the morning (e.g., 9:00 
a.m.) and then come back to collect them 
before the completion of the 8 hour criti-
cal post-eclosion period (e.g., 4:00 p.m.).

(3) Drosophila genotypes typically 
include a so-called “balancer” that is used 
to provide flies with unique phenotypic 
characteristics for distinguishing different 
fly crossings phenotypically. For example, 
a balancer may provide a specific eye color 
or wing or bristle pattern. In the Tlr632/
TM6B and TlI-RXA/TM6B flies the bal-
ancer is called TM6B. A fly with this bal-
ancer has a “multiple hair-type” bristle in 
its upper lateral thorax/torso (Fig. 1D and 
E), whereas flies without TM6B have a 
“double hair-type” bristle (Fig. 1F and G).

(4) Maintain vials containing the 
stock Tlr632/TM6B flies in which the  
TlI-RXA/TM6B x TlI-RXA/TM6B cross 
could lead to the following three geno-
typic combinations: Tlr632/TM6B, Tlr632/
Tlr632 and TM6B/TM6B. TM6B/TM6B 
flies do not have a viable phenotype so 
they never appear in the vials; Tlr632/
TM6B flies are similar to their ancestors 
and capable of reproduction; Tlr632/Tlr632 
flies, although having a viable phenotype 
(despite their developmental defects), are 
sterile. Differentiate between Tlr632/TM6B 
and Tlr632/Tlr632 flies by identifying the 
balancer TM6B (Step 3). Hence, Tlr632/
TM6B flies have the “multiple hair-type” 
bristle whereas Tlr632/Tlr632 flies have the 
“double hair-type” bristle.

(5) Maintain vials containing the stock 
TlI-RXA/TM6B flies in which the TlI-RXA/
TM6B x TlI-RXA/TM6B cross could lead 
to the following three genotypic combi-
nations: TlI-RXA/TM6B, TlI-RXA/TlI-RXA and 
TM6B/TM6B. TM6B/TM6B and TlI-RXA/
TlI-RXA flies do not have viable phenotypes 
so they never appear in the vials; TlI-RXA/
TM6B flies are similar to their ancestors 
and capable of reproduction.

NOTE: TlI-RXA is a null allele of Toll, 
whereas Tlr632 is a strong loss-of-function 
allele accounting for why homozygous 
TlI-RXA mutants are not viable but homozy-
gous Tlr632 mutants are.

(6) Obtain TlI-RXA/TlI-RXA Drosophila 
mutants for use in the infection experi-
ments by either crossing female virgin 
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(B) Modify step 10 by allowing 
Aspergillus to grow in these YAG-
containing fly vials. Specifically, add 
100–200 μl of a 108 conidia/ml solution 
to the surface of the YAG medium. A fresh 
conidial layer forms after a 72 h incuba-
tion period at 37°C.

(C) Place 30–50 female flies into the 
vials and let them feed on Aspergillus 
conidia for 6–8 h (Fig. 2E). (PROBLEM)

NOTE: The ingestion assay does not 
require fly anesthetization.

(D) Because a few flies are exposed to 
Aspergillus conidia on their surface after 
this 6–8 h period (that is, a slight rolling 
exposure may occur in some flies) perform 
steps 13D and 13E to remove Aspergillus 
conidia from the flies.

of this 24-hour continuous exposure to 
Aspergillus conidia.

(F) For control purposes, roll a differ-
ent group of 30–50 female flies on empty 
sterile disposable Petri dishes (rolling-
associated injury control).

(G) Flies that die within 3 h after roll-
ing (typically <1%) are considered to have 
died of the rolling procedure and should 
not be included in subsequent analyses.

(H) Proceed to Step 15 for assessment 
of virulence and pathogenicity or to Steps 
21–25 for assessment of antifungal drug 
activity.

(14) Ingestion assay (timing 6–8 h). 
(A) Prepare special fly vials without fly 
food by adding YAG medium to empty 
vials (Fig. 2D).

within 24 h after rolling, place them in 
“temporary” vials for 1–2 h to allow for 
a substantial number of conidia to fall 
off their surfaces and wings into these 
vials. Again, to prevent flies from sticking 
in the food in these vials, place the vials 
on their sides until the flies recover from 
anesthesia.

(E) After this 1- to 2-hour period, 
transfer the flies to new vials and main-
tain them at 29°C. If flies are transferred 
directly to vials without the intermedi-
ate 1–2 hour step, 24 hours later, the 
fly-food surface will be covered with 
Aspergillus conidia that fall from the 
flies after they recover from anesthesia 
and move around in the vial, and a sub-
stantial number of flies will die because 

Figure 1. Toll-deficient Drosophila flies. Image of a (A) male and a (B) female D. melanogaster. The arrows point to their genitalia. (C) A female virgin  
D. melanogaster. The arrow points to the embryonic residue that is present in virgin female flies within the first 8–12 h after eclosion. (D and E) The 
“multiple-hair type” of bristle seen in flies with the TM6B balancer, such as TlI-RXA/TM6B and Tlr632/TM6B flies (E is an image of the bristle in D at a higher 
magnification). (F and G) The “double-hair type” of bristle seen in flies without the TM6B balancer, such as Tlr632/TlI-RXA flies (G is an image of the bristle in 
F at a higher magnification).
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and statistical analysis of differences in fly 
survival rate using the Kaplan-Meier sur-
vival method.

(B) Fungal burden using qPCR, histo-
pathological analysis and scanning electron 
microscopy (timing 4–8 d). (i) For qPCR 
analysis, store groups of 20 flies of inter-
est at -80°C until proceeding with DNA 
extraction. Collect flies at various time-
points after Aspergillus inoculation for 
comparative analysis of tissue fungal 
burden.

(ii) When ready to proceed, wash flies 
twice with 0.85% NaCl to remove conidia 
from their exterior (which could skew the 
qPCR results) and homogenize them.

(iii) Extract DNA using the DNeasy 
tissue kit.

(iv) Analyze the DNA samples using 
primers and dual-labeled fluorescent 
hybridization probes specific for the  
A. fumigatus 18S rRNA gene (GenBank 

electron microscopy and/or (C) fly host 
immune responses.

(A) Fly survival (timing 4–8 d). (i) After 
infection incubate flies at 29°C and trans-
fer them to new fly-food vials every 2 d.

(ii) Count live flies at intervals of 3–6 
hours after inoculation. Flies begin to die 
about 48 h after infection in all assays but 
the progression of mortality thereafter is 
faster for the injection assay, followed by 
the ingestion and rolling assays.

(iii) Exclude from analysis flies that 
have died within 3 h of any of the infection 
assays as death in such cases is not caused 
by Aspergillus infection but is likely the 
result of excessive injury and/or stress pro-
duced by the procedure. Of note is that 
the percentage of excluded flies should not 
exceed 5% with the injection assay or 1% 
with the rolling and ingestion assays.

(iv) Perform at least three independent 
experiments using 30–50 flies per group 

(E) For control purposes, place a dif-
ferent group of 30–50 female flies into 
vials containing YAG medium without 
Aspergillus conidia for 6–8 h (starvation 
control).

(F) Flies that die within 3 h after com-
pletion of the ingestion assay (typically 
<1%) are considered to have died because 
of procedure and should be excluded from 
subsequent analyses.

(G) Proceed to Step 15 for assessment 
of virulence and pathogenicity or to Steps 
21–25 for assessment of antifungal drug 
activity.

Virulence/pathogenicity assessment 
(timing 4–8 d). (15) Assess virulence/
pathogenicity using any of the three infec-
tion assays described above by determin-
ing the: (A) fly survival rate, (B) tissue 
fungal burden using real-time quantita-
tive polymerase chain reaction (qPCR), 
histopathological analysis and scanning 

Figure 2. Infection assays of aspergillosis in Toll-deficient D. melanogaster. (A) Anesthetized flies on a CO2-flow fly pad. (B) Injection assay. A CO2-anes-
thetized fly was pricked at its dorsolateral thorax with a 0.1 mm diameter needle previously dipped in a concentrated Aspergillus conidial solution.  
(C) Rolling assay. Anesthetized flies were rolled on a Petri dish covered by a fresh layer of Aspergillus conidia for 2 min. At the end of rolling, Aspergillus 
uniformly covered the fly surface. (D) Fifteen milliliters of a sterile YAG medium that was allowed to solidify in an empty vial. (E) Ingestion assay. Flies 
feeding on the surface of a fresh lawn of Aspergillus conidia pre-grown in a YAG-containing vial.
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Antifungal drug activity assessment 
(timing 4–8 d). (21) Place female flies in 
empty vials for 6–8 hours to starve them 
(Fig. 3C). This will facilitate improved 
ingestion of the antifungal drug-contain-
ing food (PROBLEM).

(22) After this 6- to 8-hour fast-
ing period, transfer flies into a drug-
containing vial and let them feed on the 
drug-containing food for 24 h before 
infecting them with Aspergillus. This will 
result in detectable drug levels in the flies 
prior to infection, increasing the likeli-
hood of demonstration of drug efficacy. 
Alternatively, in addition to prophylaxis 
with the antifungal drug for 24 h prior to 
infection, the activity of the drug can be 
assessed in treatment by initiating expo-
sure of the flies to the immediately after 
infection. When transferring anesthetized 
flies after infection, place them at the 
side of the vial to keep them from stick-
ing in the fly food until they recover from 
anesthesia.

(23) Continue transferral of infected 
flies to new drug-containing vials every 
24 h.

(24) For control purposes, infect a dif-
ferent group of 30–50 female flies with 
Aspergillus and place them in vials with 
fly food that does not contain any antifun-
gal drugs.

(25) Count the live flies every 3–6 h 
after infection with Aspergillus and com-
pare the survival rates in drug-treated 
and untreated control flies. Carry out at 
least three independent experiments using 
30–50 flies per group and perform statisti-
cal analysis of the differences in fly sur-
vival using the Kaplan-Meier method.

(26) Assess the tissue fungal burden 
using qPCR, histopathological analy-
sis and scanning electron microscopy in 
groups of drug-treated and untreated con-
trol flies as described above (Step 15B).

Antifungal drug bioassay (timing 1–2 
d). (27) Place groups of 20 drug-exposed 
flies at -20oC until use.

(28) Grind and homogenize flies 
in 0.85% NaCl with a bead-beater 
homogenizer.

(29) Prepare YAG agar plates and add 
5 ml of a 104 C. kefyr ATCC 66028 ster-
ile saline solution to each plate. Allow the 
inoculum to coat the entire plate prior to 
aspirating off the fluid with a sterile pipette.

Preparation of antifungal drug con-
taining fly-food vials (timing 1–2 d).  
(16) Sterilize a spatula with a flame and 
make horizontal and vertical abrasions on 
the surface of the fly food (Fig. 3A).

NOTE: The abrasions should be super-
ficial, not exceeding 2–3 mm in depth.

(17) Calculate the concentration of the 
antifungal drug and add the drug to the 
surface of the fly food (Fig. 3A).

NOTE: An optimal drug volume is 
200 μl. If a higher volume is added, it will 
not be absorbed by the fly food and the 
yeast particles, and the flies will become 
stuck in the food and die. Prepare a high-
concentration stock solution of the drug 
(e.g., 40 mg/ml). In doing so, even if a 
very high concentration of the drug or a 
drug combination (e.g., voriconazole plus 
terbinafine) is added to the fly food add-
ing a volume higher than 200 μl will not 
be required.

(18) After addition of the 200 μl drug 
volume, fill a 1 ml pipette tip with dry 
inactive yeast particles and slowly drop 
them onto the surface of the vial. Do not 
add all the yeast particles at once; add a 
small number, let them soak into the drug 
and then add more. Continue until all 
yeast particles are soaked into the drug 
volume (Fig. 3B). (PROBLEM)

NOTE: Addition of yeast particles is 
critical for ingestion of the drug. If the 
antifungal drug is added directly to the 
fly food without any yeast particles, two 
problems may arise. First, absorption of 
the drug will be suboptimal and erratic, 
as flies will not eat much of the drug-con-
taining fly food without yeast particles. 
Second, the flies will be much more likely 
to become stuck in the food because the 
food will not fully absorb the drug and it 
will be sticky.

(19) After preparation of the vials, let 
them sit for 24–48 h at room temperature 
to dry completely before use; otherwise 
the flies will become stuck in the food and 
die. (PROBLEM)

(20) After the vials dry transfer them at 
4°C to (1) maintain them for long periods 
(i.e., because they not dry quickly at 4°C) 
and (2) protect the drug or drugs against 
degradation. After preparing the vials and 
letting them dry for 24–48 h (Step 19), 
they are ready for use in antifungal protec-
tion experiments.

accession number. AB008401): (i) for-
ward, 5'-GGC CCT TAA ATA GCC 
CGG T-3'; (ii) reverse, 5'-TGA GCC 
GAT AGT CCC CCT AA-3'; (iii) probe, 
5'-FAM-AGC CAG CGG CCC GCA 
AAT G-TAMRA-3'. The threshold cycle 
(C

T
) for each sample is then interpolated 

from a standard seven-point curve of C
T
 

values prepared by spiking naïve, unin-
fected flies with 1 x 101 to 1 x 107 AF293 
conidia.

(v) Report the qPCR results as conid-
ial equivalents of A. fumigatus DNA.39 
Perform all experiments in triplicate and 
analyze each DNA sample in duplicate.

(vi) For histopathological analysis, 
fix flies using 10% buffered formalin, 
and embed them in paraffin wax. Stain 
the tissue sections with Grocott-Gomori 
methenamine-silver nitrate or hematox-
ylin-eosin and examine them for visible 
hyphal burden.

(vii) For scanning electron microscopy, 
place flies of interest in 70% acetone for 4 
h and then transfer them to 100% acetone 
for a 4 h or overnight incubation. Next, 
transfer flies to a new 100% acetone solu-
tion and incubate them for at least 4 h 
and then transfer them into a 1:1 100% 
acetone:HMDS solution for a 4 h or over-
night incubation. After this incubation, 
transfer flies to a 100% HMDS solution 
for at least 4 h and then to a new 100% 
HMDS solution for a 4 h or overnight 
incubation. Let flies air-dry on paper tis-
sue and place them on mounting pads 
in the desired orientation. Handle flies 
carefully as they become very brittle after 
these incubations.

NOTE: All incubations should take 
place at room temperature.

(C) Fly host responses (timing 4–8 d). 
(i) Collect Aspergillus-infected and unin-
fected control flies at various time points 
after inoculation following induction of 
anesthesia using CO

2
.

(ii) For subsequent RNA extraction, 
grind and homogenize 20 flies of inter-
est in 1 ml of Trizol reagent and store the 
homogenates at -80°C until proceeding 
with qPCR or microarray analysis.

(iii) For subsequent protein analysis, grind 
and homogenize 20 flies of interest in 0.5 ml 
of phosphate-buffered saline or Hank’s bal-
anced salt solution for western blot analysis 
or enzyme-linked immunosorbent assay.
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them from producing as many eggs as they 
would at the optimal male:female ratio. 
Hence, do not place more than 10 male 
flies and 15 virgin female flies in a vial.

Step 12B. To ensure uniform inocula-
tion of all 30–50 flies per group, regularly 
vortex the Aspergillus suspension between 
fly inoculations.

Step 13A. The reason for anesthetiz-
ing flies 3–4 min prior to rolling (instead 
of the few seconds otherwise required to 
anesthetize them) is to keep the flies from 
waking up during the 2 min rolling pro-
cedure. This facilitates uniform exposure 
to Aspergillus conidia. In contrast, if flies 
recover from anesthesia during rolling, 
exposure to Aspergillus is not uniform 
because the flies move around in the Petri 
dish.

Step 14C. Longer feeding times result 
in fly death because of dehydration and 
starvation, as conidia do not constitute an 
optimal nutritional medium for flies. For 
example, a 24 h feeding period using these 
vials results in fly mortality rate of about 
50%.

Step 18. Add the number of yeast par-
ticles necessary to saturate them with the 
drug (Fig. 3B) but not more or fewer. If 
more than the required number of yeast 
particles is added, the flies will eat the 
surface yeast particles that are not soaked 
with the drug, as the drug will only soak 
the yeast particles at the bottom. This will 
lead to suboptimal exposure of the flies to 
the drug. On the other hand, if fewer than 
the required number of yeast particles is 

Steps 27–32: antifungal drug bioassay, 
1–2 d

Problem Handling

Steps 4–8.
• Transfer flies to new vials every 3–4 d 

to renew the stocks continuously.
• Among the critical components of fly 

hatching are optimal humidity and tem-
perature. For optimal humidity, every 3–5 
d (depending on how dry the vials appear 
to be), supplement vials with distilled 
water to the point of covering the vial sur-
face. For optimal temperature, maintain 
flies at 25°C. This increases the yield of 
emerging adult flies. Extreme tempera-
tures inhibit fly hatching and the emer-
gence of adult flies; for example, male flies 
may become sterile at temperatures above 
29°C, whereas temperatures below 20°C 
will slow hatching and emergence of adult 
flies. At optimal temperature and humid-
ity, the time span from when female flies 
lay their eggs in fly food to when adult flies 
emerge is about 10 d.

• 20–30 flies is an optimal number for 
placement in each vial; flies do not pro-
duce many eggs if they are overcrowded in 
vials (>50/vial) so avoiding overcrowding 
is advisable.

• Crossing male flies with virgin female 
flies at a ratio of 2:3 is optimal. For exam-
ple, place six male flies with nine virgin 
female flies in each vial. The reason for 
this is that placement of more male flies 
will disturb the female flies and prevent 

(30) Allow the plates to dry at ambient 
temperatures for 1 h, and drill a well on 
the surface of YAG agar plates.

(31) Instill 200 μl of the fly homoge-
nate into drilled wells on the surface of the 
YAG agar plate that has been previously 
inoculated with C. kefyr ATCC 66028.

(32) Measure the zone of growth inhi-
bition in millimeters after 24 h of incuba-
tion at 37°C and compare it with the zone 
of growth inhibition caused by known 
drug concentrations.40

Timing

Steps 1–8: fly preparation, including col-
lection of newly eclosed flies, crossing of 
Toll-deficient alleles and allowing flies to 
age to 2–4 days old, 3–4 wk.

Steps 9–11: fungal inoculum prepara-
tion, 3 d.

Step 12: needle pricking (injection) 
assay, 1 h.

Step 13: rolling assay, 1–2 h.
Step 14: ingestion assay, 6–8 h.
Step 15: virulence/pathogenicity assess-

ment including monitoring of fly survival 
and tissue fungal burden using qPCR/his-
topathological analysis/scanning electron 
microscopy, 4–8 d.

Steps 16–20: preparation of antifungal 
drug-containing fly food vials, 1–2 d.

Steps 21–26: antifungal drug activity 
assessment including monitoring of fly 
survival and tissue fungal burden using 
qPCR/histopathological analysis/scan-
ning electron microscopy, 4–8 d.

Figure 3. Preparation of antifungal-drug containing food vials and fly fasting. (A) A spatula is used to create 2- to 3-mm-deep abrasions on the surface 
of the fly food. Afterward, 200 μl of the antifungal drug of choice is added to the surface. (B) Dry yeast particles are then added to the surface of the 
drug-containing vial until they are entirely soaked by the antifungal agent. (C) Before exposure to the drug-containing food vials, flies are placed in 
empty vials for 6–8 hours so that they can starve.
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experimental infection in these two infec-
tion assays is more protracted than that 
in the injection assay (Fig. 4B and C), 
leading to less acute and lower mortality 
rates.26 This characteristic of the rolling 
and ingestion assays may be beneficial in 
effectively identifying virulence attributes 
of fungal strains with attenuated virulence 
using these assays.

Infection of Toll-deficient Drosophila 
flies with Aspergillus strains shown to 
be hypovirulent in mammalian models 
of IA results in improved survival rates 
and less acute infection progression than 
does infection with WT Aspergillus 
strains. Two examples of such hypoviru-
lent mutants are worth mentioning: (1) 
the DgliP Aspergillus strain that lacks 
gliotoxin, a virulence factor by induction 
of host-cell apoptosis and by impairment 
of phagocyte effector functions,41,42 and 
(2) the albino Dalb1 Aspergillus strain 

(Fig. 4A–C).26 Because it delivers 
Aspergillus conidia directly into the fly 
hemolymph, the injection assay is the 
most acute of these three infection mod-
els. Mortality after injection of Aspergillus 
is inoculum-dependent; hence, injection 
with a needle dipped in a 1 x 107 conidia/
ml solution delivers about 700–800 
conidia per fly, leading to survival rates 
of about 60% and 30% at days 3 and 6 
post-infection, respectively. In contrast, 
injection with a needle dipped in a 1 x 
1010 conidia/ml solution delivers about 
20,000 conidia per fly, resulting in a mor-
tality rate of 100% by day 6 post-infection 
(Fig. 4A).26 In comparison, the rolling 
and ingestion assays deliver Aspergillus 
conidia to epithelial surfaces, specifically, 
the skin (Fig. 4D) and gastrointestinal 
tract (Fig. 4E), respectively. Thus, because 
of the requirement for Aspergillus invasion 
through mucosal surfaces, the tempo of 

added, the flies will become stuck in the 
food because the number of yeast particles 
will not be sufficient to soak the added 
drug volume.

Step 19. Prepare vials in sets of 5–10 
at a time depending on how many will be 
required for the experiments of each week. 
If drug-containing vials are prepared but 
not used within 5–10 days, they will dry 
excessively and not be suitable for use.

Step 21. Do not let flies starve for more 
than 6–8 hours because the majority of 
them will die of starvation. For instance, a 
24 hour fasting period will result in death 
of 50–75% of flies.

Results

Aspergillus challenge in any of the three 
infection assays described above results 
in reproducibly higher mortality rates in 
Toll-deficient than in WT Drosophila flies  

Figure 4. Toll-deficient Drosophila flies are susceptible to Aspergillus challenge. Shown are Kaplan-Meier survival curves for OregonR WT and Tlr632/
TlI-RXA flies infected with AF293 using the (A) injection, (B) rolling and (C) ingestion assays. (D) Aspergillus conidia covering a fly’s exterior surface (arrow) 
following the rolling assay. (E) Aspergillus conidia in the lumen of a fly’s gastrointestinal tract (black arrow) following the ingestion assay. Later on, 
conidia invade through the gastrointestinal tract (white arrow) and cause disseminated infection.
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that lacks melanin production, another 
virulence factor by quenching free oxygen 
radicals and inhibiting conidial phago-
cytosis by neutrophils.38 Similar to that 
shown in rodent models of IA,37,38 injec-
tion of Toll-deficient Drosophila flies with 
DgliP Aspergillus results in better survival 
rates than does infection with its isogenic 
WT strain (Fig. 5A).37 In addition, Toll-
deficient Drosophila flies infected by roll-
ing in or ingestion of (but not injection 
of) Dalb1 Aspergillus have lower mortality 
rates (Fig. 5B) and tissue fungal burdens 
(Fig. 5C) than do flies infected with its iso-
genic WT strain.26 This differing behavior 
of (1) Dalb1 as a function of the mode of 
introduction of infection and (2) Dalb1 
and DgliP when injected emphasizes the 
effect that the site of conidial inoculation 
and relative virulence potential of various 
strains have on the acuity of Aspergillus 
infection in Drosophila flies. It also offers 
an opportunity for studying differen-
tial induction of host immune responses 
against Aspergillus conidia when infec-
tion is introduced into Drosophila flies via 
various epithelial surfaces.43

Voriconazole treatment in Aspergillus-
infected Toll-deficient Drosophila flies 
results in reproducible protection against 
mortality (Fig. 6A) and decreases the tis-
sue fungal burden as determined using 
qPCR (Fig. 6B), and as observed in his-
topathological analysis and scanning 
electron microscopy (Fig. 6D).26 Levels 
of voriconazole in flies can be detected 
using a simple antifungal drug bioas-
say as described above (Steps 27–32). 
Furthermore, Aspergillus-infected flies 
given a combination of orally absorbable 
antifungals known to act synergistically 
against Aspergillus spp. in vitro (i.e., vori-
conazole and terbinafine)44 have better 
survival rates than do flies given single 
drugs alone (Fig. 6C),26 supporting the 
role of the Drosophila mini-host model 
in performing in vivo testing of various 
antifungal combinations. However, in 
terms of studying antifungal drug phar-
macology, the significant differences in 
metabolism (e.g., transport, oxidation, 
pharmacokinetics) among all mini-host 
models and mammals preclude the use of 
Drosophila in dose-response and, poten-
tially, toxicity assessment. For example, if 
DNA methylation is the potential mode 

Figure 5. Evaluation of Aspergillus virulence in Toll-deficient Drosophila flies. (A) Survival rates in 
Tlr632/TlI-RXA flies following injection of the hypovirulent DgliP Aspergillus strain or its isogenic WT 
strain AF293. (B) Survival rates in Tlr632/TlI-RXA flies eight days after infection with the hypovirulent Dalb1 
Aspergillus strain compared with infection with its isogenic WT strain B-5233 in the three infection 
assays. (C) qPCR analysis of the tissue fungal burden in Tlr632/TlI-RXA flies infected with Dalb1 Aspergillus 
or its isogenic WT strain in the rolling assay. CE, conidial equivalent of Aspergillus fumigatus DNA.
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cellular, immune and developmental pro-
cesses from Drosophila to mammals and 
the fact that Drosophila has been behind 
many fundamental modern biological dis-
coveries makes this mini-host well suited 
for further advances in the study of impor-
tant areas in experimental mycology.
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of action of an antifungal, flies, in view of 
their “methylase-deficient” background, 
may not be suitable for assessing drug 
efficacy.45

In summary, despite its shortcomings, 
the Toll-deficient Drosophila fly model 
is an inexpensive, easy-to-use heterolo-
gous host suitable for quickly studying 
Aspergillus virulence, antifungal innate 
immune responses and the efficacy of 
orally absorbed antifungals against 
Aspergillus spp. and other fungal patho-
gens. The level of conservation of key 

Figure 6. Voriconazole protects Toll-deficient Drosophila flies against Aspergillus infection. (A) Survival rates in untreated control and voriconazole-
treated Tlr632/TlI-RXA flies 8 days after infection with AF293 in the three infection assays. (B) qPCR analysis of the tissue fungal burden in untreated control 
and voriconazole-treated Tlr632/TlI-RXA flies infected in the rolling assay. (C) Survival rates in untreated control and Tlr632/TlI-RXA flies given voriconazole, 
terbinafine or a combination of the two drugs 8 days after infection with AF293 in the rolling assay. (D) Histopathological and scanning electron 
microscopic analysis of the difference in tissue fungal burden in untreated control and voriconazole-treated Tlr632/TlI-RXA flies. VRC, voriconazole; TRB, 
terbinafine; EM, electron microscopy; GMS, Grocott-Gomori methenamine-silver nitrate stain; H&E, hematoxylin-eosin stain; CE, conidial equivalent of 
Aspergillus fumigatus DNA.
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