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Microbiome assembly on Drosophila body surfaces
benefits the flies to combat fungal infections

Song Hong,1,2 Yanlei Sun,1,2 Dapeng Sun,4 and Chengshu Wang1,2,3,5,*

SUMMARY

In contrast to the well-characterized gut microbiomes, the composition and func-
tion of the insect body-surface microbiotas are still elusive and highly underex-
plored. Here we report the dynamic features of theDrosophila melanogaster sur-
face microbiomes. It was found that the microbiomes assembled on fly surfaces
could defend insects against fungal parasitic infections. The substantial increase
of bacterial loads occurredwithin 10 days of fly eclosion, especially the expansion
of Gilliamella species. The culturable bacteria such as Lactiplantibacillus planta-
rum could effectively inhibit fungal spore germinations, and the gnotobiotic addi-
tion of the isolated bacteria could substantially delay fungal infection of axenic
flies. We found that the fly tarsal segments were largely accumulated with bacte-
rial cells, which could accelerate cell dispersal onto different body parts to deter
fungal spore germinations. Our findings will facilitate future investigations of the
surface microbiotas affecting insect physiologies.

INTRODUCTION

A plethora of studies has revealed that animal microbiomes, largely the gut microbiomes, play essential

roles in animal physiologies (Douglas, 2019; Martino et al., 2017). For example, the gut microbiota of the

fruit flyDrosophila melanogastermay potentially contribute to the regulation of the intestinal homeostasis,

innate immunity, development, reproduction, and even behaviors (Broderick and Lemaitre, 2012; Douglas,

2019; Engel and Moran, 2013; Ludington and Ja, 2020; Schretter et al., 2018). In addition to the gut micro-

biomes, the investigations of human skin microbiotas have revealed that skin microbes are functionally

essential for health maintenance by curbing the development of skin diseases (Byrd et al., 2018; Chen

et al., 2018; Ross et al., 2019). The skin microbiotas of amphibians have also been demonstrated to the roles

in restraining the widespread chytridiomycosis and amphibian population collapses (Bletz et al., 2017; Cat-

enazzi et al., 2018; Muletz-Wolz et al., 2019). Similar beneficial effects on plants have also been found in the

plant phyllosphere microbiomes (Liu et al., 2020; Remus-Emsermann and Schlechter, 2018). In contrast, the

assembly, composition, and function of insect body-surface microbiotas are still elusive and highly under-

explored (Boucias et al., 2018).

The gut microbiota composition of Drosophila species varies in association with the diet, genotype, labo-

ratory, and age (Broderick and Lemaitre, 2012; Chandler et al., 2011; Clark and Walker, 2018; Marra et al.,

2021). The culture-dependent and 16S-rRNA-gene pyrosequencing investigations of Drosophila gut mi-

crobes indicated that bacterial loads increased along with fly aging, which could induce dysbiosis of gut

microbiotas to drive mortality or had no obvious negative effect on fly lifespan (Clark et al., 2015; Guo

et al., 2014; Ren et al., 2007). Drosophila gut microbiota composition is mainly regulated by the antibacte-

rial IMD pathway (Marra et al., 2021; Mistry et al., 2017), and the age-dependent declines in survival have

been evident in Drosophila challenged with different bacteria (Burger et al., 2007; Ramsden et al., 2008).

The dynamic abundance and physiology of fly surface microbiotas remain unclear.

Different from the infection of insects by pathogenic bacteria and viruses through oral ingestions, the

spores of the ubiquitous entomopathogenic fungi land on insect surfaces to initiate the infection process

by the penetration of cuticles (Ortiz-Urquiza and Keyhani, 2013; Wang and Wang, 2017). It has been well

demonstrated in D. melanogaster that the antifungal Toll pathway is activated in response to fungal infec-

tions (Buchon et al., 2014; Hanson and Lemaitre, 2020; Lemaitre and Hoffmann, 2007). In addition, some

insects (especially the social insects such as termites, ants, and honeybees) have evolved hygienic behav-

iors and social immunities to fight off fungal parasites (Cremer, 2019; Heinze and Walter, 2010; Konrad

1Key Laboratory of Insect
Developmental and
Evolutionary Biology, CAS
Center for Excellence in
Molecular Plant Sciences,
Shanghai Institute of Plant
Physiology and Ecology,
Chinese Academy of
Sciences, Shanghai 200032,
China

2CAS Center for Excellence in
Biotic Interactions, University
of Chinese Academy of
Sciences, Beijing 100049,
China

3School of Life Science and
Technology, ShanghaiTech
University, Shanghai 201210,
China

4Institute of Crop Breeding
and Cultivation, Shanghai
Academy of Agricultural
Sciences, Shanghai 201403,
China

5Lead contact

*Correspondence:
wangcs@sippe.ac.cn

https://doi.org/10.1016/j.isci.
2022.104408

iScience 25, 104408, June 17, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:wangcs@sippe.ac.cn
https://doi.org/10.1016/j.isci.2022.104408
https://doi.org/10.1016/j.isci.2022.104408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104408&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


et al., 2018; Ugelvig and Cremer, 2007). Otherwise, the assembly of Actinobacteria on the body surfaces of

ants, beetles, and wasps has been demonstrated to the abilities to produce antifungal compounds to

defend insects against fungal parasites (Batey et al., 2020; Chevrette et al., 2019; Haeder et al., 2009; Kal-

tenpoth, 2009; Pessotti et al., 2021). Thus, insect external microbiotas may contribute to defense against

fungal pathogens. However, it has yet to be determined.

In this study, it was uncovered that bacterial loads quickly increased on theDrosophila body surfaces within

10 days of eclosion. Topical infection of the flies collected at different days post eclosion (DPE) with fungal

pathogens indicated that the 10-DPE flies survived better than the 2-DPE adults. The gnotobiotic addition

of bacteria could delay fungal infections. In addition to unveiling the beneficial antifungal effect of fly sur-

face bacteria, the findings of this study also reveal the dynamic composition and feature of Drosophila sur-

face microbiotas.

RESULTS

Bacterial load increases on the body surface of Drosophila after eclosion

Considering that bacterial abundance increases in Drosophila guts along with fly age increase (Clark et al.,

2015; Guo et al., 2014), we examined the microbial compositions on the body surface of the flies collected

from the same bottles within 10 days of eclosion by culture-dependent estimation of the bacterial colony-

forming units (CFUs) on the Luria-Bertani (LB) medium. It was found that the bacterial loads quickly

increased on both the female and male flies over the first 10 days post eclosion (Figures 1A and 1B). For

example, the bacterial abundance increased more than 40-fold on both the female (p = 2.26 3 10�5)

and male (p = 1.22 3 10�6) flies in eight days. We also tested the addition of antibiotics in LB medium

for specific inhibition of either Gram-positive (G+, with nafcillin) or negative (G-, with aztreonam) bacteria.

The results revealed that the addition of nafcillin but not aztreonam could significantly (p < 0.001) reduce

the number of bacterial CFUs isolated from both the two- and 10-DPE flies than that of the mock controls

(Figures 1C and 1D). The data demonstrated, therefore, that the culturable G+ bacteria largely inhabit

Drosophila body surfaces. After the isolation of single colonies and sequencing of the 16S rDNA PCR prod-

ucts, it was consistent to find that the sequenced colonies were mainly (47/56) identified as the G+ bacteria,

especially the species Lactiplantibacillus plantarum (formerly Lactobacillus plantarum) (24/56), Corynebac-

terium nuruki (11/56) and Enterococcus faecalis (3/56). The isolated G-bacteria all belong to Acetobacter

species (9/56) (Table S1). It was also found that the culture-dependent isolation of CFUs had no obvious

difference when examined with other nutritional media (Figure 1E).

Fly survival and immune gene expression variations when challenged with fungal parasites

To unveil the potential biological effect of surface bacterial increases, we sequentially collected the two-

and 10-DPE female flies from the same bottles for topical infections with two common entomopathogenic

fungi Beauveria bassiana andMetarhizium robertsii. It was found that the 2-DPE flies died much faster than

10-DPE flies after immersion with the spore suspensions of both B. bassiana (log rank test: c2 = 47.96;

p < 0.0001) and M. robertsii (c2 = 10.95; p = 0.001) (Figures 1F and 1G). We next examined the fly immune

responses by quantitative analysis of the antimicrobial peptide gene (AMP) expressions after topical infec-

tions with these two fungal parasites. It was found that the examined AMPs Bomanin BomS1 (Clemmons

et al., 2015), drosomycin Drs, and diptericin DptA (Hanson et al., 2019) could be activated in both two-

and 10-DPE flies after topic infections with fungi compared with the mock controls. However, the gene

expression levels were considerably reduced in 10-DPE flies compared with those in 2-DPE flies

(Figures 1H and 1I). For example, relative to the uninfected insects, BomS1 was upregulated >34-fold in

2-DPE flies but only 17-fold in 10-DPE flies (t-test, p = 0.0033), and DptA was induced up to 42-fold in

2-DPE flies whereas less than 7-fold in 10-DPE flies (p = 0.0001) after infection with B. bassiana. These

AMP genes were also downregulated (p < 0.01) in 10-DPE flies compared with those in 2-DPE flies when

infected withM. robertsii (Figure 1I). There were no obvious differences in basal AMP gene expressions be-

tween the uninfected insects.

Gnotobiotic assays reveal the deterrence of fungal infection and spore germination by fly

surface bacteria

We next obtained the germ-free flies for challenges with fungal parasites (Figures S1A and S1B). After

infection for 48 h, similar patterns of AMP gene expressions were obtained after the topical infection

of the two- and 10-DPE sterile flies, i.e., all the examined genes were downregulated in 10-DPE flies
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Figure 1. Bacterial load increase on the Drosophila body surfaces after eclosion for different times and variations in fly survival and AMP gene

expressions

(A and B) Time-dependent increase of the bacterial CFUs on the surfaces of female (A) andmale (B) flies. Within each panel, different capital and lower letters

labeled above each sample represent the significance of difference at the level of p < 0.01 and p < 0.05, respectively, after one-way ANOVA analysis.

(C and D) Variation or non-variation of the CFU numbers formed on the LB medium with the addition of different antibiotics. Both the 2-DPE (C) and 10-DPE

(D) flies were washed for CFU counting. DPE, days post eclosion. The antibiotic nafcillin largely inhibits the G+ bacteria whereas aztreonam inhibits the G-

bacteria. The difference level of the two-tailed Student’s t test for significance is at: ***, p < 0.001.

(E) No obvious difference in the CFU numbers formed on different media. The 2-DPE flies were washed for CFU counting. Panels A-E: Values are represented

as mean G SD.

(F and G) Survival of the different-age female flies against the topical infection of B. bassiana (F) andM. robertsii (G). Mocks one and two represent the two-

and 10-DPE flies treated with 0.05% Tween 20, respectively. Plotted values are represented as mean G SEM (SE of mean). More than 70 flies were used for

each treatment and the experiments were repeated twice.

(H and I) qRT-PCR analysis of the antimicrobial gene expressions after the topical infection of the two- and 10-DPE female flies with B. bassiana (Bb, panel H)

andM. robertsii (Mr, panel I) for 48 h. The flies treated with 0.05% Tween 20 were used as mock controls. Values are mean G SD. There were three replicates

each with 10 flies, and the two-tailed Student’s t test was conducted to compare the expression level difference of AMP genes: *, p < 0.05; **, p < 0.01; ***,

p < 0.001; ****, p < 0.0001. (See also Figure S1 and Table S1).
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compared to those in 2-DPE sterile flies (Figures S1C and S1D). In contrast to the conventionally reared

flies, the axenic 10-DPE flies succumbed faster (c2 = 40.07; p < 0.0001) to the topical infection of

M. robertsii than did 2-DPE germ-free flies (Figure S1E). The cells of the isolated L. plantarum were

then used for gnotobiotic studies of fungal infections. Not surprisingly, when the spore suspension of

B. bassiana (c2 = 63.94; p < 0.0001) or M. robertsii (c2 = 4.11; p = 0.043) was added to the cells of

L. plantarum, the topical infection of 2-DPE sterile flies could significantly delay insect mortality

compared with the treatment with the pure fungal spores (Figures 2A and 2B). A similar pattern was

observed when the axenic flies were pre-treated with the L. plantarum cells for 24 h before fungal infec-

tions. Thus, relative to the untreated flies, the survivals of the pre-treated flies were extended when chal-

lenged with B. bassiana (c2 = 4.98; p = 0.026) or M. robertsii (c2 = 4.05; p = 0.044) (Figures 2C and 2D).

These results were reproducible at the second batch of survival assays (Figure S2). It was also found that

the topical infection of the 10-DPE axenic flies with M. robertsii plus the cells of L. plantarum could simi-

larly reduce (c2 = 12.19; p = 0.0005) fungal virulence (Figure S1F). Consistently, fungal loads in the flies

treated with M. robertsii plus L. plantarum were considerably lower (t-test, p = 0.0125) than those in the

flies only infected with M. robertsii the same time post treatments (Figure S3).

To corroborate the infection assays, we performed co-culturing fungal spores with bacteria. It was found

that the co-inoculation of either L. plantarum (p < 0.001), C. nuruki (p < 0.05), Acetobacter persici

(p < 0.01), or E. faecalis (p < 0.01) could substantially inhibit the germination of both the Beauveria and

Metarhizium spores than those of mock controls (Figures 3A–3C). Taken together, it is implied, therefore,

that the bacterial loads on flies could deter fungal topical infections by inhibiting fungal spore

germinations.

Figure 2. Gnotobiotic assay of fly survivals

(A and B) Survival of the 2-DPE axenic flies infected by B. bassiana (Bb, A) and M. robertsii (Mr, B) with and without the

addition of L. plantarum (Lp) cells.

(C and D) Survival of the 2-DPE axenic flies untreated and pre-treated with the Lp cells for the topical infection of

B. bassiana (C) and M. robertsii (D). The sterile flies were treated with the cells of Lp for 24 h before the fungal topical

infections. The germ-free flies only treated with 0.05% Tween 20 and Lp cells were included as mock controls. Plotted

values are represented as mean G SEM. More than 70 flies were used for each treatment and the experiments were

repeated twice. (See also Figures S2 and S3).
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Varied patterns of bacterial accumulation and distribution on different body parts

We performed microscopic observation of fly bodies using a Scanning Electron Microscope (SEM) (Fig-

ure 4A). It was found that the tarsal segments of fly legs were the body parts mainly inhabited by bacterial

cells. In comparison with the patchy distribution on the tarsi of 2-DPE flies (Figures 4B and 4C), abundant

bacterial cells were found on the tarsi of 10-DPE flies to form biofilms (Figures 4D and 4E). The recessed

areas such as the leg junctions of 10-DPE flies were also inhabited by abundant bacterial cells (Figure 4F).

Otherwise, bacterial cells could be observed on the surfaces of thoraxes, abdomens, and wings

(Figures 4G–4I). After the inoculation of B. bassiana spores on flies for 20 h, it was found that, similar to

the in vitro effect of inhibition, the spore germinations were more or less severely inhibited once in contact

with bacterial cells than those without contacting any bacterium (Figures 4J–4M). The observations thus

supported the finding of the bacterial load increase in flies after eclosion and that the surface bacteria

could inhibit fungal spore germination.

Figure 3. Antagonism of fly surface bacteria against fungal spore germinations

(A and B) Inhibition of B. bassiana (A) or M. robertsii (B) spore germinations by the bacteria isolated from fly surfaces.

Values are represented as mean G SD. One-way ANOVA analysis of germination rate difference was conducted by

comparing each bacterial treatment with the mock control: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. There

were five replicates for each treatment, and at least 100 spores were counted for each replicate.

(C) Microscopic images show the deterrence of fungal spore germinations by the selected bacteria. Bar, 5 mm.
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Quantitative microbiome analysis confirms the bacterial load increase on flies

To further assess the body-surface bacterial composition features, we performed the quantitative micro-

biome analysis of the two-, six- and 10-DPE flies to determine the bacterial operational taxonomic units

(OTUs). The results indicated that there was no obvious difference of relative abundance between the sam-

ples at the phylum level. The Proteobacteria phylum of bacteria largely inhabited fly surfaces, which was

followed by the phyla of Firmicutes and Actinobacteriota (Figure 5A). At the genus level, however, the

2-DPE flies were mainly covered with the Acetobacter bacteria whereas the Gilliamella species (the order

Orbales of g-Proteobacteria) primarily dominated on the six- and 10-DPE flies (Figures 5B and S4A). Consis-

tent with the age-associated increase of culturable CFUs, our sequencing data also revealed the age-

dependent expansion of bacterial loads on flies. Unlike the above finding of the G+ bacteria mostly de-

tected by culture-dependent methods, the sequencing data revealed that the G- bacteria of Gilliamella

and Acetobacter genera quickly proliferated and dominated on the older flies (Figure 5C). These predom-

inant OTUs could be further supported by the results of LEfSe (linear discriminant analysis effect size) anal-

ysis that the g-Proteobacteria phylum bacteria were enriched in the six- and 10-DPE flies (Figure S4B). Venn

Figure 4. Bacterial distribution on the fly-body surfaces

SEM imaging analysis of a 10-DPE fly body (A), and the body parts with microbes on the tarsal segments (panels B and C of

2-DPE flies; panels D and E of 10-DPE flies), leg junction area (F, arrowed in panel A), upper thorax (G), lower abdomen

(H) and wing (I). After immersion of the 10-DPE flies in the spore suspension of B. bassiana, conidium (CO) germinated into

different shapes with (J–L) or without (J) contacting bacterial cells (arrowed) 20 h posttreatment. Panels F-M are the

10-DPE fly parts with different microbes. Scale bars: (A) = 200 mm; (B–I) = 15 mm; (J–M) = 5 mm. (See also Table S1).
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diagram analysis indicated that the numbers of the total detected OTUs and age-specific OTUs both

declined with fly age (Figure 5D).

After the calculation of the a-diversity indices based on the obtained OTUs, we found that both the total

number of the detected OTUs and Shannon H indices displayed decreasing patterns in association with fly

age increase (Figures 5E and 5F). Thus, relative to those of the 2-DPE sample, both indices declined sharply

(p < 0.001) for both the six- and 10-DPE microbiomes. Consistently, more diverse lineages of bacteria are

enriched in the 2-DPE fly-surfacemicrobiota than those dominated by the six- and 10-DPE flies (Figure S4C).

We, therefore, revealed a tradeoff between the diversity and abundance of fly surface microbiomes.

Verification of the Gilliamella bacterium detected from Drosophila

As Gilliamella sp. has not been reported in previous studies of Drosophilamicrobiomes (Broderick and Le-

maitre, 2012; Chandler et al., 2011; Clark and Walker, 2018), we tried the uses of different media and the

anaerobic conditions but failed to obtain the pure culture of Gilliamella. We then performed PCR verifica-

tions with the specific primers designed for the 16S rRNA gene of the social-bee bacteriumGilliamella api-

cola (Koch et al., 2013). Consistent with the above microbiota analysis, positive PCR bands were detected

Figure 5. Quantitative microbiome analysis shows bacterial abundance increase and diversity decrease after fly eclosion

(A) No obvious difference in the OTU relative abundance between the age-related surface microbiomes at the bacterial phylum level.

(B) Variation of the OTU relative abundance between the age-related surface microbiomes at the bacterial genus level.

(C) Age-dependent increase of bacterial abundance on flies. The same color fragments represent the same genus of bacteria in panels B and C.

(D) Venn diagram analysis of the OTUs shared between different DPE flies.

(E) Substantial decrease of the observed OTU numbers (Sobs) in an age-dependent manner.

(F) Substantial decrease of the Shannon H index in an age-dependent manner. Panels E and F: Data are represented as mean G SD. The 2-DPE flies were

used as a reference for the two-tailed Student’s t test of difference: ***, p < 0.001; ****, p < 0.0001. There were eight independent replicates for each

treatment. (See also Figures S4 and S5).
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from the six- and 10-DPE but not the 2-DPE samples (Figure S5A). In addition, it was found that the PCR

bands could be detected from the media after fly rearing for different times but not from the media without

adding insects (Figure S5B), suggesting that Gilliamella is not a medium-contaminated taxon. It was also

confirmed that the positive bands could be obtained from both the surface and gut bacterial samples of

the flies reared in two additional labs (Figure S5C). A few positive PCR bands were purified, cloned, and

sequenced. The obtained sequences were highly conserved with each other. A Blastn search indicated

that this conserved sequence is highly similar to the 16S rRNA gene of G. apicola at a level of 94.86% iden-

tity, and that ofOrbus sasakia at a level of 92.54% identity (refer to Additional Resources for details). Based

on the bacterial classification thresholds (Kim et al., 2014), this similarity level indicates that the detected

Gilliamella is a taxon different from the bee-specific G. apicola.

DISCUSSION

In this study, we found that the bacterial loads quickly increased on fly surfaces within 10 days of eclosion,

which could benefit the flies to battle fungal infections by the inhibition of spore germinations. Besides

the recessed area of body parts (Ren et al., 2007), the tarsal segments were found to be densely accu-

mulated with bacterial cells probably owing to the contact and contaminations with food nutrients and

fecal bacteria. Bacterial cells on tarsi could be feasibly dispersed and transmitted onto the self-body

parts during fly grooming, and between flies owing to fly copulation and or fighting. Further gnotobiotic

assays confirmed that the addition of bacterial cells in fungal spore suspensions or pre-treating flies with

bacterial cells could substantially deter fungal infection of axenic flies. Further assays are still required by

using the different amounts of bacterial cells and different species of bacteria. Overall, our data thus un-

veil a previously overlooked strategy that may be employed by flies to combat the infection of fungal

parasites.

Our culture-dependent analysis obtained the dominant bacterial species of the Lactiplantibacillus and

Acetobacter, which have been identified as the key members of fly gut microbiomes (Lesperance and Bro-

derick, 2020; Wong et al., 2017). Taken together with the isolation of the typical animal gut bacterium

E. faecalis, it is suggestive that the fly cuticular microbiomes would be mainly assembled from fecal bacte-

ria. In terms of the detected OTU numbers; however, it was found that the bacterial richness of surface mi-

crobiomes is much higher than that of the gut microbiotas that usually contain less than 30 taxa for labo-

ratory fly strains (Broderick and Lemaitre, 2012; Chandler et al., 2011; Clark and Walker, 2018). In practical,

bacterial species from food sources and or aerial environments can also become the components of fly sur-

facemicrobiomes. The influence of specific factors such as the diet and genotype on fly surfacemicrobiotas

remains to be investigated in the future.

It is common regarding the competitive antagonisms for nutrients and niches between microbes (Douglas,

2019; Li et al., 2021). It is, therefore, not surprising to find that the dominant bacterial species isolated from

the fly surfaces could all inhibit the germination of both the B. bassiana and M. robertsii spores. Consis-

tently, the strains of L. plantarum have been demonstrated with a broad antifungal activity and have the

potentials to be used as a probiotic agent (Lavermicocca et al., 2000; Russo et al., 2017). Likewise,

E. faecalis can antagonize fungal viability with the production of antifungal peptides (Brown et al., 2019).

Taken together, our findings suggest that the quick increase of bacterial loads on the body surface would

benefit the flies to battle fungal infections. Future investigations are still required to determine the anti-

fungal factors (e.g., small compounds and or peptides) produced by these bacteria. It would be true

that there are additional physiological factors such as the cuticular component variations and reproduction

costs that may affect the resistance or resilience against fungal pathogens between different ages of flies.

In addition, it is noteworthy that the flies were conventionally reared on the medium containing the anti-

fungal compound nipagin (0.1% w/v). Theoretically, the 10-DPE flies would consume and or accumulate

a higher level of nipagin than that in 2-DPE flies. The negative effect of nipagin accumulation on fungal

infection, if any, remains to be determined.

Our pyrosequencing analysis demonstrated that, relative to those on 2-DPE flies, the Proteobacteria Gil-

liamella and Acetobacter sharply increased in 10-DPE adults. Previous analysis also identified the age-

dependent expansion of g-Proteobacteria (largely the Orbus bacteria) in the guts of D. melanogaster

(Clark et al., 2015). The OTUs termed ‘‘Enterobacteriacae Group Orbus’’ have been detected from the

different Drosophila species collected from distant geographic locations (Chandler et al., 2011). Intrigu-

ingly, Gilliamella sp. has not been reported before from the Drosophila gut microbiomes (Broderick and
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Lemaitre, 2012; Chandler et al., 2011; Clark and Walker, 2018). The two genera Orbus and Gilliamella are

highly close to each other, and both have been reclassified into the family Orbaceae (order Orbales) of

g-Proteobacteria (Kwong and Moran, 2013). Considering the frequent re-classifications of bacteria and

the delay in sequence availability, it is possible that the previously reported Orbus from Drosophila

might contain or belong to Gilliamella. In support, the Gilliamella OTU has been recently detected as

one of the core or common members of the gut microbiotas of different flies (Asimakis et al., 2021;

Jose et al., 2021). We confirmed that Gilliamella was also present in fly gut samples. Taken together,

Gilliamella may also be a common endo- or ectosymbiont genus of flies other than bees. Further

investigations are still required to isolate the Drosophila-related Gilliamella and test its antifungal

activity.

The insect pathogenic fungi of the Beauveria and Metarhizium species have been developed and used as

promising insect biocontrol agents (van Lenteren et al., 2018; Wang and Feng, 2014). Many efforts have

been spent to identify the virulence-related genes involved in host recognition, cuticle penetration, and

immune evasion (St Leger and Wang, 2020; Wang, 2020). The results of this study highlight that the insect

surface microbiomes can be the essential factors to deter the infection efficacy of insect pathogenic fungi.

Future efforts are, therefore, required to shift from the focus of fungus-insect bilateral relationships to the

elucidation of the complex interactions among fungi, bacteria, and insect hosts to facilitate the better use

of fungal biocontrol agents.

In conclusion, we report the microbiome assembly on fly surfaces that could help defend insects against

fungal infections. The findings of this study shed lights on the dynamic feature of Drosophila external mi-

crobiomes. It remains to be determined in the future regarding the insect physiologies mediated by

external microbiomes. The direct or indirect mechanism(s) and factors involved in regulating the dynamic

homeostasis of insect surface microbiomes as well as the relationships between endo- and ectomicro-

biomes of insects and other animals are also worthy of investigation.

Limitations of the study

Comparative microbiome and survival analysis of the more aged flies have not been conducted at this

stage owing to the perturbation of bacterial communities during vial transfers.

The fly age-associated developmental differences have not been determined in this study on affecting sur-

face microbiome assembly and fungal infections.

Further gnotobiotic survival assays are still required using the varied amounts of different bacterial cells.

The isolation and cultivation of the highly expanded Gilliamella were tried but failed in this study.

The isolation of any antifungal compounds from the isolated bacteria has not been conducted at this stage.
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All requests for additional information and resources should be directed to the Lead contact, Chengshu
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Materials availability

This study did not generate new unique reagents.

Data and code availability

Bacterial 16S rRNA sequencing fastq data have been deposited at the SRA (Sequencing Read Achieve)

database with the BioProject accessions PRJNA751631 (SRX11638369-SRX11638392).

REGENT OR RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Lactiplantibacillus plantarum Isolated in this study from fly surface N/A

Corynebacterium nuruki Isolated in this study from fly surface N/A

Enterococcus faecalis Isolated in this study from fly surface N/A

Acetobacter persici Isolated in this study from fly surface N/A

Chemicals, Peptides, and Recominant proteins

Nipagin SinoPharm ZA051486

Znafcillin TopScience T1312

Aztreonam Qisong Biotech BQS124779

Kanamycin Shishen Sibas H3*1312

Carbenicillin disodium salt Shishen Sibas H3*2200

Cefotaxime sodium salt Sigma-Aldrich C7039

MRS medium Oxoid CM0361

Marine agar BD Difco BD 212185

Potato dextrose agar BD Difco BD 213330

cDNA Synthesis SuperMix kit Transgen AT301-02

SYBR qPCR mix Toyobo QPS-201

23 Taq PCR MasterMix Tiangen KT205

Tissue lysis Buffer Tiangen KG205

Experimental Models: Organisms/Strains

Metarhizium robertsii ARS Collection of Entomopathogenic Fungal Cultures (ARSEF) ARSEF 2575

Beauveria bassiana ARSEF ARSEF 2860

Oligonucleotides

Different primers This paper N/A

Softwares and Algorithem

Mothur (Schloss, 2020) N/A

InteractiVenn (Heberle et al., 2015) N/A

Other

Tabletop Scanning Electron Microscopy Hitachi TM4000Plus
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Insects

The wild type line W1118 of Drosophila melanogaster was maintained at 25�C and 12 h of light/dark cycles

on the Bloomington formulation of cornmeal agar medium containing 0.1% (w/v) nipagin (methyl-4-hydrox-

ybenzoate, SinoPharm) (Neyen et al., 2014).

Fungi

The wild type strains of fungal pathogensMetarhizium robertsii ARSEF 2575 and Beauveria bassiana strain

ARSEF 2860 were cultured on potato dextrose agar (PDA; BD Difco) at 25�C for two weeks for harvesting

conidial spores.

Bacteria

The bacterial species Lactiplantibacillus plantarum (formerly Lactobacillus plantarum), Corynebacterium

nuruki, Enterococcus faecalis and Acetobacter persici isolated in this study from D. melanogaster surfaces

were used for gnotobiotic and fungal inhibition assays.

METHOD DETAILS

Isolation of bacteria from Drosophila surfaces

To isolate the body-surface bacteria from Drosophila adults, we used the same batch of fly eggs for hatch-

ing and insect rearing in the same polypropylene bottles. After eclosion for different days (i.e., 2, 4, 6, 8 and

10 DPE), male and female files were collected separately from each bottle, anesthetized with CO2 and then

lined on ice for 2 h prior to transferring into the microcentrifuge tubes (10 flies each) containing 1 ml of ster-

ile phosphate-buffered saline (PBS, pH 7.4). The tubes were vortexed for 1 min, and the washing buffer

(960 ml) was carefully transferred to a new tube. After preliminary trials, each washing buffer was diluted

properly prior to be inoculated on the LB plates (9 cm in diameter, 100 ml each) for counting CFUs. After

incubation at 28�C for 24 h, CFUs formed on each plate were counted and then converted to the unit of

CFUs per insect. Twelve independent replicates (10 flies per sample) were conducted for each sample. Sin-

gle colonies from 2-DPE and 10-DPE flies were randomly selected for PCR amplification with the primers

27F (AGAGTTTGATCMTGGCTCAG) and 1492R (TACGGYTACCTTGTTACGACTT) (Chandler et al.,

2011). The obtained PCR products were purified and sequenced for Blastn analysis. Additional media

were also used for CFU counting, including the MRS (de Man, Rogosa and Sharpe medium, Oxoid),

GYC (glucose, 50 g/l; yeast extract, 10 g/l; 0.5% CaCO3, 5 g/l; agar, 15 g/l) and Marine agar (BD Difco)

(Ito et al., 2019). The specific antibiotics against the G+ (nafcillin, Topscience, Shanghai) andG- (aztreonam,

Qisong Biotech, Beijing) bacteria were also individually added to the LB medium each with a final concen-

tration of 10 mg/ml to determine the difference of G+/G- bacterial CFU forming numbers.

Fungal infection assays

The W1118 line of D. melanogaster was reared and used for fungal infections. To avoid the variation of mi-

crobial load differences during viral transfer (Marra et al., 2021), we sequentially collected the two- and

10-DPE flies from the same batch of bottles for bioassays. The wild type strains of B. bassiana strain

ARSEF 2860 and M. robertsii ARSEF 2575 were cultured on potato dextrose agar (PDA; BD Difco) at

25�C for two weeks for harvesting conidial spores. Topical infection assays were conducted against the fe-

males as described (Cen et al., 2017; Mei et al., 2021). Briefly, the concentrations of spore suspensions were

adjusted to 3 3 107 conidia/ml for B. bassiana and 1 3 106 conidia/ml for M. robertsii in 0.05% Tween 20.

The 2- and 10-DPE female flies were immersed in spore suspensions for 30 s. The insects treated with 0.05%

Tween 20 were used as mock controls. The insects were transferred into vials (ca. 15 each) after immersions,

and maintained at a high humidity (> 95%) for the first 24 h. The mortality was recorded every 12 h. More

than 70 females were used for each treatment, and the experiments were repeated twice.

Prepare of axenic flies for fungal challenges

To eliminate the influence of ecto- and endo-symbiotic microbes, we prepared the axenic flies for fungal

infection assays by following the previous protocols (Kietz et al., 2018). In brief, fly eggs were collected

in 1.5 ml of tubes containing 1 ml of the diluted (1:30, v/v) Vewin disinfectant solution for rinsing thrice

for 1 min each time. The eggs were further washed with 1 ml of the diluted hypochlorite (1:1, v/v) for

1 min, and then rinsed twice with 75% ethanol for 1 min. Finally, the embryos were rinsed twice (1 min
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each time) with the phosphate buffer (pH, 7.4) containing 0.1% Tween 20 before transfer to the autoclaved

food without the addition of nipagin for hatching and rearing. Prior to infection assays, the adult sterility

was checked by washing and plating the buffers on both LB andMRSmedia for examination of colony form-

ing. The samples were also checked by PCR with the universal 16S rDNA primers 27F and 1492R.

To further determine whether there was difference in survival between different ages, we challenged the

two- and 10-DPE axenic females with the spore suspension of M. robertsii (1 3 106 conidia/ml). For

gnotobiotic assays, the 2-DPE germ-free flies were used for challenging with fungal spores with and

without the addition of the isolated bacterium L. plantarum (at a final OD600 = 2 in fungal spore suspen-

sion). Alternatively, 2-DPE axenic flies were pre-treated with the cells of L. plantarum for 24 h prior to the

topic infection of both fungi. In addition, the 10-DPE germ-free female flies were treated with the spore

suspension of M. robertsii with and without the supplement of L. plantarum. At least 50 females were

used for each treatment. The control flies were treated with the sterile 0.05% Tween 20. After infection

for 96 h, additional flies treated (five as each replicate) with M. robertsii with or without bacterial cells

were collected and homogenized in 1.5 ml of centrifuge tubes containing 100 ml of sterile PBS buffer.

After dilutions, the suspensions were plated on the PDA plates amended with the antibiotic mixes

including kanamycin (at a final concentration of 50 mg/ml), carbenicillin (50 mg/ml), and cefotaxime

(300 mg/ml). Fungal CFUs were counted and compared between different treatments.

Quantitative analysis of antimicrobial peptide gene expressions

To examine the age-associated immune responses, we performed the quantitative reverse transcription (qRT)-

PCR analysis of the antifungal genes Drosomycin (Drs, CG10810; DrsF, CGTGAGAACCTTTTCCAATATGATG

and DrsR, TCCCAGGACCACCAGCAT) (Gottar et al., 2006), Bomanin short1 (BomS1, CG18108; Primers:

Bom1F, CTTCTCAGTCGTCACCGTT and Bom1R, CTTGCCACCGTGGACATTG) (Clemmons et al., 2015) and

the antibacterial gene Diptericin (DptA, CG12763; Primers: DptF, GCTGCGCAATCGCTTCTACT and DptR,

TGGTGGAGTGGGCTTCATG) (Hanson and Lemaitre, 2020). After topical infection of the two- and 10-DPE

conventionally-reared and axenic flies with the spore suspensions (the same as being used for above bioassays)

for 48h, the treated flies and those immersedwith 0.05%Tween 20 (mock control) were collected for RNAextrac-

tion and further conversion into cDNA with the cDNA Synthesis SuperMix kit (TransGen Biotech, Beijing). After

10-folddilutionof the cDNAtemplate, the real-timeqRT-PCRanalysiswereperformedwith a SYBRMix (Toyobo,

Japan). The Drosophila ribosomal protein gene RPL32 (primers: RpL32F, GACGCTTCAAGGGACAGTATCTG,

and RpL32R: AAACGCGGTTCTGCATGAG) was used as the internal reference (Huang et al., 2020). There

were three replicates with 10 flies per treatment and the two-tailed Student’s t-test was conducted to compare

the difference of expression between 2-DPE and 10-DPE flies after being infected by the same fungus.

Inhibition assays of fungal spore germination

The representative bacteria isolated from Drosophila surfaces were used to test their inhibition effects on

spore germination of two fungal species, including the bacterial species of L. plantarum, C. nuruki,

E. faecalis and A. persici. Each bacterial species were grown in LB broth for overnight, and the bacterial

cells were collected by centrifugation, washed thrice with sterile water and re-suspended in fresh LB me-

dium. Fungal spores were harvested from the two-week old PDA plates and suspended in 0.05% Tween

20. The LB medium (20 ml) was inoculated with bacterial cells (each at a final OD600 = 0.05) and fungal

spores at the final concentration of 13107 conidia/ml. The mixed samples were incubated in a rotary shaker

at 28�C, 200 rpm for 14 h for the germination of B. bassiana spores and 9 h for the germination of

M. robertsii conidia. There were five replicates for each treatment, and at least 100 spores were counted

for each replicate after microscopic examinations. The spore germination rate of each treatment was

then estimated by dividing the number of germinated spores (with a germ tube two-times longer than

the mother spore) by the total number of counted spores.

Microscopic observation of Drosophila body surfaces

The two- and 10-DPE flies (either male or female) were used for microscopic observation of fly body sur-

faces with the Scanning Electron Microscopy (Tabletop TM4000Plus, Hitachi). The flies were freeze killed,

dried and then lined in the microscope vacuum chamber for observation after ultrasonic spray of gold par-

ticles. Accelerating voltages were set at 15 or 20 kV. Different micrographs of fly body surfaces were re-

corded using the automated imaging function of the TM4000Plus software.
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Quantitative microbiome analysis

As indicated above for CFU counting, the same batch of flies reared in bottles were used for washing-off of sur-

face bacteria. Thus, the wash buffer of ten anesthetized two-, six- and 10-DPE female flies was concentrated to

100 ml by centrifugation at 13,200 rpm for 10 min (Ren et al., 2007). Every four tubes were pulled together and

concentrated again to 100 ml as one biological repeat (i.e., 40 females per replicate). Eight replicates were pre-

pared for eachDPE sample. After pre-experimental trials, each tubewas addedwith the amount of 0.1 pg of the

plasmid pUC57 harboring the bacterial 16S synthetic stuffer sequence of 429 bp as a spike-in standard (Wang

et al., 2020). Similar to the inconsistent issues of the work on the small-sized ants (Birer et al., 2017), considerable

variations were obtained during our initial trials for DNA extraction of the washed-off bacteria followed by the

anomalous variations of the OTU read numbers between replicates. Thus, a direct PCR amplification method

was employed by following the previous protocols (Kai et al., 2019). To this end, each pooled bacterial sample

was treated with 100 ml of Lysis Buffer (Mouse Tissue Direct PCR Kit, Tiangen Biotech, Beijing) for 30 min at 65�C
and 5min at 95�C. The lysis samples were then used as templates for PCR amplification of 16S rRNA genes with

the universal primers 515F (GTGCCAGCMGCCGCGG) and 806R (GGACTACNNGGGTATCTAAT) following

the previous protocol (Wang et al., 2020). PCR reactions were performed in 20 ml of reactionmixtures containing

10 ml 23 Taq PCRMasterMix (Tiangen Biotech), 0.5 ml of each primer (at a final concentration of 0.2 mM), and 2 ml

of the lysis product as the template. The PCR program was carried out for 28 cycles (30 s at 95�C, 30 s at 55�C,
30 s at 72�C)with an initial 5min hot start at 95�C and a final extension step of 10min at 72�C. The products were
checked by agarose gel analysis for quality control. Amplicon library constructions and sequencing were con-

ducted (PE 2 3 250 bp; Illumina HiSeq 2500) by the service company Biozeron (Shanghai, China).

After quality control, sequencing reads were normalized for counting the number of the identical tags with the

programMothur ver. 1.45.3 (Schloss, 2020), and clustered into theOTUs using a cutoff of 97% identity. TheOTU

was not considered if only detected in one biological repeat of eachDPE sample with less than five read copies.

The sequences were assigned to taxonomic levels with the Ribosomal Database Project (RDP, Release 11) clas-

sifier based on a Bayesian approach. The 16S rRNA gene copy number of each OTU was rectified according to

the rrnDBdatabase data (Stoddard et al., 2015). Based on the detected 16S spike, quantified abundanceof each

OTU were calculated as described before (Wang et al., 2020) and converted to the abundant copies per insect.

Different a-diversity indices such as the number of the detectedOTUs Sobs and Shannon H were estimated with

Mothur. To explore the key biomarkers that may lead to the observed differences between the fly-age associ-

atedmicrobiomes, weperformed the LEfSe algorithmanalysis (Segata et al., 2011). The LDA scores ofmore than

4.0 for discriminative features were determined in this study by combining the Kruskal-Wallis test for estimation

of the effect size of differentially abundant features with statistical significance. Venn diagram analysis of OTU

overlapping relationships was conducted using the program InteractiVenn (Heberle et al., 2015). Ternary plot-

ting was conducted using the R package vcd.

Verification of Gilliamella-like bacteria

The plates spread with the 10-DPE fly washing buffer were also incubated in the sterile anaerobic tank for

CFU formation. To verify the presence ofGilliamella sp. detected in this study, we used the specific primers

GprotF (GTATGGGGATCTGCCGAATG) and GprotR (AGCTATCTACTTCTGGTGCA) designed for ampli-

fication of the 16S rRNA gene of the social-bee gut bacterium G. apicola (Koch et al., 2013). In addition to

using the templates of the surface bacterial samples, fly-rearing medium was also examined for the pres-

ence or absence of Gilliamella-like bacterium. Thus, 10 sterile glass beads were added into the medium-

containing bottles that have been put in the growth chamber without flies for 12 days, and themedium-con-

taining bottles cleared out the flies two and 10 days post eclosion. After shaking for 10 s, the beads were

taken out and put into the tubes containing 1 ml of PBS buffer. After vortexing for 1 min, 1 ml of washing

buffer was used as a template for PCR reaction.We also collected the older flies ofW1118 line from two addi-

tional labs for examining the presence or absence ofGilliamella-like bacterium on body surface and in guts.

The guts dissected from five flies were added in tubes containing 100 ml PBS buffer, and homogenized with

glass beads. Each volume of lysis buffer was added into each tube and then the samples (1 ml each) were

then used as PCR templates. The positive PCR bands were cut from the agarose gel, purified and clone into

the pUC57 vector for sequencing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification was performed as described in the relevant method details sections above. The difference

of insect survivals was compared by Kaplan-Meier analysis with the log-rank test (Shang et al., 2021).
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One-way ANOVA test was conducted to compare the fungal spore germination rate difference between

the mock control and co-culture with different bacteria isolated from fly body surface. The two-tailed Stu-

dent’s t-tests were conducted to compare the AMP gene expressions, bacterial CFU variation between

different DPE flies and the a-diversity index difference between samples.

ADDITIONAL RESOURCES

The obtained sequences of the Gilliamella-like bacterial 16S rDNA sequences, alignments and Blastn

search results have been deposited at Gitbub (https://github.com/knowledgeontology/addinfo).
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