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Abstract

Background The fruit fly Drosophila melanogaster lives in natural habitats and has also long been used as a model
organism in biological research. In this study, we used a molecular barcoding approach to analyse the airways
microbiome of larvae of D. melanogaster, which were obtained from eggs of flies of the laboratory strain w'''®

and from immune deficient flies (NF-kB-K), and from wild-caught flies. To assess intergenerational transmission of
microbes, all eggs were incubated under the same semi-sterile conditions.

Results The airway microbiome of larvae from both lab-strains was dominated by the two families Acetobacteraceae
and Lactobacillaceae, while larvae from wild-caught flies were dominated by Lactobacillaceae, Anaplasmataceae

and Leuconostocaceae. Barcodes linked to Anaplasmataceae could be further assigned to Wolbachia sp., which is a
widespread intracellular pathogen in arthropods. For Leuconostoceae, the most abundant reads were assigned to
Weissella sp. Both Wolbachia and Weissella affect the development of the insects. Finally, a relative high abundance of
Serratia sp. was found in larvae from immune deficient relish™~ compared to w'"'® and wild-caught fly airways.

Conclusions Our results show for the first time that larvae from D. melanogaster harbor an airway microbiome,
which is of low complexity and strongly influenced by the environmental conditions and to a lesser extent by the
immune status. Furthermore, our data indicate an intergenerational transmission of the microbiome as shaped by the
environment.
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Background

The airway microbiome is considered an important
contributor to the development of chronic respiratory
diseases, such as asthma and chronic obstructive pul-
monary disease [1-4]. Given its limited accessibility, the
respiratory microbiome is however difficult to study in
humans. The fruit fly Drosophila melanogaster is a recog-
nized model to investigate the molecular underpinnings
of chronic airway diseases [5, 6]. However, it is not yet
known whether it harbors a respiratory microbiome. The
airways of Drosophila larvae consist of two tracheal tubes
that extend along the horizontal body-axis and ramify
into a network of smaller branches [7]. The gas exchange
occurs through two openings (spiracles) at the posterior
end of larvae [8]. The area of spiracles ranges between
2200 and 2800 pm? [9] which is in principle large enough
for bacteria to enter. On the other hand, the spiracular
lumen is lined by fine cuticular threads with hair-like
extensions that function as air filter and could prevent
bacterial immigration [7, 10].

Aside from its presence in nature, D. melanogaster is
used as model organism in basic and applied research
for decades. Our question of interest in this study was
whether tracheae of wild flies have a microbiome and,
if so, whether it has a different composition from that
of flies reared for generations under laboratory condi-
tions. We therefore analysed the tracheal bacterial com-
munity structure of larvae descending from flies caught
in a natural habitat compared to laboratory strains kept
under semi-sterile conditions using a molecular barcod-
ing approach. Eggs from those flies were incubated under
identical conditions, which enabled us to analyse the con-
sequences of different parental exposure for the airway
microbiome of the next generation. To assess the influ-
ence of the immune system on bacterial genera compo-
sition, we compared a widely used laboratory wildtype
strain to an immunodeficient mutant.

Methods

Fly strains

We used the laboratory wildtype line
(RRID:BDSC_5905), which was kept for at least 70 gener-
ations in our lab and the immune deficient line relish~/~
(rel®8 RRID:BDSC_9458) lacking a functional version of
the transcription factor relish (homologue of mammalian
NF-«xB precursors pl100). About 60 adult wild-living D.
melanogaster specimens were captured with two com-
mercially available live traps (Trapango®), using fruits as
bait, in a domestic kitchen in Bad Oldesloe, Germany
(WT-BO, tab. S1). Traps were closed after one day and
flies were immediately taken to the lab and directly trans-
ferred to a vial with sterile standard medium (supple-
mented with Methyl 4-hydroxybenzoate and propionic
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acid to exclude growth of fungi) or egg deposition for
24 hat25°C.

Culture conditions

Laboratory lines were reared on sterile standard corn-
meal/molasses/yeast/agar medium at 25 °C and a relative
humidity of 50-60% at a 12 h:12 h light:dark cycle.

To obtain time-synchronized larvae for tracheal prep-
aration, each 10 males and females of the parental gen-
eration were transferred into a culture tube with sterile
standard medium for egg deposition for 24 h at 25 °C.
After oviposition adult flies were removed from the vial
and eggs were collected.

Preparation of trachea

To avoid contamination during sample preparation, all
instruments were sterilized for 30 min. using UV irradia-
tion under a sterile bench, followed by RNAse away treat-
ment. Subsequently, all instruments were individually
wrapped in aluminium foil and sterilized in a sterilizator
at 180 °C for 4 h. All liquids were sterile filtered, before
use.

To prevent contamination via the skin by the culture
medium in which the larvae are grown, the larvae were
washed three times (sterile PBS —70% ethanol - sterile
PBS) before being placed in a sterile preparation dish
with 150 pl sterile PBS puffer under a sterile hood.

Larvae undergo three developmental stages, which are
L1, L2 and L3. We used L3 larvae for microscopic isola-
tion of airways as larvae at earlier stages are more fragile
and smaller with a correspondingly higher risk of harm-
ing other organs during the preparation of airways. The
animals were prepared at a magnification of 25x to 50x
under a stereomicroscope. First, the head was completely
removed from the larvae using two Dumont forceps.
The larvae were then fixed with one forceps, and the
dorsal trunk with primary and secondary branches was
prepared with another forceps (s. supplemental Video).
Remaining body tissue was removed. During the dissec-
tion of the respiratory tracts, only those tracheae that
were still filled with gas were isolated to exclude any
accidental contamination by the sterile preparation buf-
fer that might have occurred during the isolation proce-
dure. Most importantly, the intestine was not damaged
during tracheal isolation. When the larvae were opened,
only the skin was opened, and the trachea was cut at both
ends of the larva and removed as a strand (see video).
All other internal organs therefore remained completely
untouched. The only contamination could come from
haematocytes, which however cannot have an influ-
ence on the microbiome as the haemolymph is sterile.
After isolation, the tracheae were then washed twice in
sterile PBS again to wash away any unintentional exter-
nal contamination and then transferred to an Eppendorf
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tube with 150 pl sterile lysis buffer (RA1 buffer, MN
NucleoSpin RNA II Kit, Macherey Nagel, Germany) on
ice.

Finally, the tracheae from 40 larvae were pooled for one
sample per replicate (3 samples for each genotype were
treated as true replicates), were homogenized (Pellet
pestles, cordless motor; Sigma Aldrich), shock frozen in
liquid nitrogen and stored at -80 °C until further process-
ing. Three biological replicates were taken per genotype
(see table S1). To prove contamination free preparations
negative controls were included in the analysis, includ-
ing sterile PBS as well as PBS exposed to room air while
preparation.

Microbiome analysis

We used an RNA based pipeline for further analysis as
this was less prone to contamination by environmental
microbes than a DNA based pipeline (data not shown).
Extraction of RNA, cDNA synthesis and amplification
of cDNA obtained from 16 S rRNA followed standard
protocols.

RNA-Isolation and cDNA preparation

Bacterial cells were disrupted using NucleoSpin® Bead
Tubes Type B (Macherey Nagel, Diiren, Germany) and a
tissue lyser (Quiagen, Germany) (5 times, 1 min., 60 Hz).
After each step, the samples were cooled on ice.

The isolation and purification of RNA from tracheal
cells was performed according to the manufacturer’s
instructions using the NucleoSpin RNA II Kit (Mach-
erey Nagel, Diiren, Germany). The total RNA was eluted
in 40 pl sterile H,O (RNAse-free). Afterwards an addi-
tional digestion of the remaining DNA was performed
using the turbo DNAse free kit (Thermo Fisher Scien-
tific, Waltham, USA). Therefore 10 ul Turbo DNase buf-
fer (10x), 1 ul Turbo DNase and 5 pL. RNase-free water
were added to each batch. The reaction mix was incu-
bated at 37 °C for 30 min. Then 5 pl inactivation buffer
was added, incubated for 5 min at room temperature fol-
lowed by a centrifugation step (10,000 x g; 1.5 min), 40 pl
supernatant were transferred in a new tube and the con-
centration and purity of the RNA was determined using a
nanophotometer (P330, Implen, Germany).

For synthesis of ¢cDNA, Hexamere random primes
(ThemoFisher Scientific, Germany) and SuperScript® III
reverse transcriptase according to the manufacturer’s
protocol were used. For all tracheal samples, 100 ng of
RNA were used in a total reaction volume of 20 ul. For all
negative control samples, the maximum RNA volume of
11 pl was used.

Library preparation and sequencing
We  selected the  primers  S-D-Bact-0008-a-
S-16 (5-AGAGTTTGATCMTGGC-3) and
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S-D-Bact-0343-a-A-15(5-CTGCTGCCTYCCGTA-3"),
which amplifies the hypervariable regions V1-2 of the
16 S rRNA gene [11] with added overhanging sequences
at their 5’ ends compatible to Nextera XT indices for
multiplexing. PCR reactions contained 50 ng template
cDNA. PCRs were performed in tripliactes and negative
template PCR controls were included in each run. PCR
conditions were as follows: 10 s of initial denaturation at
98 °C; 22 cycles including denaturation at 98 °C for 30 s,
45 s annealing at 58 °C and 30 s elongation at 72 °C; a
final 5 min elongation step at 72 °C. Success of each PCR
was verified by agarose gel electrophoresis. PCR prod-
ucts were purified with Agencourt AMPure XP para-
magnetic beads (Beckman Coulter, Brea, USA) and then
checked for dimers and were quantified using the DNEF-
473 Standard Sensitivity NGS Fragment Analysis Kit on
the Fragment Analyzer (Advanced Analytical, Ankeny,
USA). Library preparation was performed according to
the Illumina guidelines for 16 S rDNA gene amplicon
preparation with slight modifications [12] with 8 cycles of
indexing PCR. Following purification and quality control
of the indexing, PCR products were diluted to 4 nmol/l
and pooled. Sequencing was performed on a MiSeq® Sys-
tem (Illumina, Inc., CA, USA) using the MiSeq® Reagent
Kit v3 (600 cycles) for paired end sequencing according
to the manufacturer’s guidelines. Sequences are depos-
ited at NCBI (SRA number SUB10670274, bioproject
PRJNA784260).

Sequence processing

Raw reads were processed according to the FASPA pro-
tocol [13]. In short, demultiplexed raw reads were qual-
ity filtered and merged using USEARCH v.10.2.240 [14].
After removal of sequences below a maximum expected
error threshold of 1.0, primer stripping and sequence
trimming in USEARCH, we applied the Unoise3 algo-
rithm to identify zero-radius operational taxonomic units
(zOTUs) [15]. Only zOTUs with a minimum length of
270 bp were kept and the resulting zOTU table was rean-
alyzed using the UNCROSS algorithm [16] to remove
sequencing errors due to erroneous assignment of bar-
codes. We applied the SINTAX algorithm with a confi-
dence cut-off at 0.5 [17] on the RDP reference database
v16 [18] to assign the taxonomy on zOTUs down to the
genus level. Estimation of species level was performed for
selected zOTUs using blastn on the nt database. Assign-
ments on the species level were made in case the zOTU
had an unambiguous 100 % similarity to an isolate/cul-
tivate of which the full 16 S rRNA gene sequence was
available. We applied the cluster—agg command in USE-
ARCH v.10.2.240 to construct a phylogenetic tree in
Newick format. The final zOTU table was analyzed for
contaminations.



Angstmann et al. Environmental Microbiome (2023) 18:55

PCR negative controls had few reads belonging to dis-
tinct bacterial lineages and were removed from further
analysis. zOTUs of above-described negative control
samples were compared to the zOTUs of the respective
larvae/tracheae samples to estimate the impact of con-
tamination introduced at each step. Thus, contaminated
larvae/tracheae samples were removed at this step.

Statistical analyses

A FASPA script [13] was applied to enable downstream
analyses in R [19]. Using the Rhea pipeline [20] we per-
formed rarefaction analysis to control for the sufficiency
of sequencing depth. Following sample normalization,
Rhea scripts were also used for the estimation of a —
and 83-diversity, serial group comparisons and correla-
tion analyses. a-Diversity measures included observed
species richness, Shannon diversity and Evenness; For
3-diversity Nonmetric multidimensional scaling (nMDS)
analyses were calculated based on generalized UNI-
FRAC distances [21]. Differences of categorical metadata
among all samples analyzed were calculated using PER-
MANOVA (999 permutations). On the taxa and zOTU
levels, pairwise categorical differences were calculated
using the Wilcoxon-Rank-Sum-Test with FDH correc-
tion. For Pearson correlation (FDH corrected) analysis,
the quantitative relative abundance data of zOTUs and
taxa was center log-transformed to remove composi-
tional constraints.

Results
On average we obtained 68,574 high quality reads per
sample, which was sufficient to cover the bacterial diver-
sity in tracheae from larvae of the different Drosophila
specimen. We observed a relatively high a-diversity of
bacteria in tracheae of larvae which derived from wild-
caught specimen as compared to lab strains (Fig. 1A,
B). Estimation of 3-diversity indicated that the micro-
bial community composition of larvae from wild-caught
WT-BO is distinct from the lab strains w'!!® and relish~/~
(Fig. 1C; ANOSIM with 999 perturbations; p=0.048).
The phylogenetic analysis revealed a high degree of simi-
larity in the larvae, which originated from the lab-strains,
which were both dominated by the two families Aceto-
bacteraceae, and Lactobacillaceae, while larvae from
wild-caught specimens were dominated by Lactobacilla-
ceae, Anaplasmataceae and Leuconostocaceae (Fig. 2A).
Most reads allocated to Acetobacteraceae obtained
from larvae of the laboratory strains were assigned to
zOTU1 which accounted for >80% of reads in tracheae
but was absent in WT-BO (Fig. 2B; Table 1). Lactobacil-
laceae represented six of the eight most abundant zOTUs
(Table 1) and were equally present in all D. melanogaster
specimens.
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The high abundance of Anaplasmataceae in airways of
larvae from wild-caught specimen was assigned to Wol-
bachia sp. (zOTU3), one of the most widespread mater-
nally transmitted, intracellular pathogen in arthropods
[22]. Wolbachia sp. is known from other studied on the
role of the microbiome for insects to influence the behav-
ior and development in D. melanogaster [23]. The sec-
ond most abundant family in two out of three samples of
larvae from wild-caught flies was Leuconostoceae, with
the most abundant zOTU being assigned to Weissella sp.
(Fig. 2B; Table 1).

Finally, a relative high abundance of Serratia sp.
(zOTU36) was found in larvae from relish™~ compared
to w'!!8 and WT-BO.

Discussion

In the present study, we demonstrate for the first time
that D. melanogaster larvae harbor an airway microbi-
ome that is of low complexity. As described in more detail
in the methods section, contamination of our samples by
environmental bacteria is unlikely as tracheal prepara-
tion was performed under highly sterile conditions using
only gas-filled, i.e. undamaged tracheae. Together with
the use of non-template extraction controls and a rigor-
ous elimination of the very few zOTUs found in the nega-
tive control, for downstream analysis (see supplemental
material), we are confident that we did not include any
contaminating reads into our analysis. Similarly, contam-
ination with gut bacteria can be ruled out since the intes-
tine is not damaged during tracheal isolation (see also
video in supplemental methods section). Along this line a
study by Fink et al. [24] compared data of whole fly, mid-
gut and faeces of three different fly lab strains, includ-
ing w'8, which was also used in our study. The authors
found similar taxa in all three sample types, indicating
an overlap of species found in gut and whole D. melano-
gaster. However, specific qPCR analysis enabled PCoA
clustering of A. tropicalis, Commensalibacter intestini, L.
brevis, L. plantarum, and Guconobacter sp. according to
organs. Of note, for w'!® there was a very low abundance
of Gluconobacter sp. and C. intestini in whole flies com-
pared to the gut and fecal samples, indicating very low
levels in organs outside the gut. We therefore used these
species as indicators of potential gut contaminations but
found only very few numbers of zOTUs in all samples of
our fly strains. We therefore provide here another line
of evidence that no contaminating gut DNA was co-
extracted in our samples.

The lower a-diversity of laboratory strains w™° and
the immune deficient line relish™'~ compared to larvae
which were obtained from flies caught in nature maybe
explained by the limited contact of the flies with environ-
mental microbes under uniform culture conditions on
semi-sterile medium [25-27]. As eggs from laboratory
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Fig. 1 a-diversity zOTU Richness (A), Shannon effective (B) and unconstrained nonmetric multidimensional scaling (metaMDS) plot (C) in dissected
tracheae in different fly strains

A: a-diversity metrics based on zOTU richness and B: Shannon diversity in dissected tracheae in w8 (red), relish™~ (green) and WT-BO (blue). Wilcoxon-
Rank-Sum test, corrected for multiple testing with the Benjamin-Hochberg method to decrease the False Discovery Rate (FDR). N=3 per group. C: Un-
constrained nonmetric multidimensional scaling (metaMDS) plot of generalized UniFrac distances. w‘”g(green), relish™= (red), WT-BO (blue), p<0.048
(ANOSIM). N=3 per group



Angstmann et al. Environmental Microbiome

(2023) 18:55

>

Relative abundance (%)

Relative abundance (%)

&
I Acetobacter

EEEEEEE
HEEEEEE B uncl_Anaplasmataceae
HEEYEENE | Lactobacillus
HEER Bl Weissella
[ [ [ ] B Nocardioides
HER Arthrobacter
HER Kocuria
HER Noviherbaspirillum
HEN Turicella
HEEE [l uncl_Sphingomonadales
HEEEEEENE Deinococcus
HEEEEEEEN steptococcus
R a
833533333
777232888
Acetobacter
(z0TU1)
100 |
—
i 8
75 8
c
(5]
©
50 g
2
(1]
()}
25 E
1]
]
o
0]
S
# “d
& § L
58
‘QI
Lactobacillus
50
40| ;\?
]
30 g
2
20 | -g
(1]
[}
L 2
5
(V]
0. (-4
S
X > O
’ Y Q
$ &
‘Q

Page 6 of 9

U Mol

g
g
Weissella
50 ————
40
30
20|
10
0] —
» G
s & &
& &
Wolbachia
(zOTU3)
80
60
40
20 ]
0] ——

Fig. 2 Abundance of bacterial families (A) and influence of strain type on bacterial taxa and zOTUs (B) in isolated airways of different Drosophila strains

A: Relative abundance of bacterial families in dissected larval tracheae are displayed. Each bar represents individual D. melanogaster samples. The different
D. melanogaster strains are indicated at the bottom of the bar charts. B: Box plots showing significantly different median relative abundances of genera
and zOTUs between groups. Pairwise Wilcoxon Rank Sum test (p < 0.05, FDR corrected). N=3 per group
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Table 1 Abundant and prevalent bacterial zOTUs in D. melanogaster larvae. The zOTUs listed contribute to at least 1% of total reads
across all samples taken of each D. melanogaster strains. To obtain the nearest named isolate, the representative sequence for each
zOTU was compared to the NCBI database for nucleotide blast (status 24.02.2021)

WT-BO

zOTU ID % of total reads % of samples Nearest named isolates
(identity)

zOtu3 57,72% 100% Wolbachia pipientis

zOtu13 10,49% 66,67% Weissella hellenica

z0tu16 8,55% 66,67% uncultured bacterium

zOtu35 8,28% 66,67% Acetobacter sicerae

zOtu5 6,96% 100,00% Lactiplantibacillus plantarum

z0tu29 5,65% 66,67% Lactiplantibacillus plantarum

zOtu7 5,29% 100% Lactiplantibacillus plantarum

z0tu26 455% 66,67% Weissella hellenica

zO0tu34 3,74% 66,67% Weissella hellenica

zOtu11 3,51% 66,67% Lactiplantibacillus plantarum

zOtu51 3,21% 66,67% Acetobacter sp.

zOtu6 2,83% 66,67% Lactiplantibacillus plantarum

zOtu9 2,07% 66,67% Lactiplantibacillus plantarum

W1118

zOTU ID % of total reads % of samples Nearest named isolates
(identity)

zOtu1 87,61% 100% Acetobacter pomorum

zOtu4 9,51% 66,67% Levilactobacillus brevis

relish™~

zOTU ID % of total reads % of samples Nearest named isolates
(identity)

z0tu1 83,89% 100% Acetobacter pomorum

zOtu6 3,22% 33,33% Lactiplantibacillus plantarum

zOtu5 3,18% 33,33% Lactiplantibacillus plantarum

zOtu7 2,66% 33,33% Lactiplantibacillus plantarum

zOtu9 2,50% 33,33% Lactiplantibacillus plantarum

zOtu4 1,89% 33,33% Levilactobacillus brevis

and wild caught flies were laid and cultivated under iden-
tical conditions, differences in the airway microbiome
must be linked to vertical microbial transmission from
the parental generation via eggs to the offspring larvae.

Lactobacillaceae and Acetobacteraceae prevailed in
the tracheal system of all larvae independent of the ori-
gin of the parental flies. Both taxa have been shown to be
prevalent in gut microbial communities of D. melanogas-
ter laboratory strains earlier [26, 28] and were considered
important for successful oogenesis [29], development
and survival [30]. The presence of those families also in
the tracheal system of the larvae indicates that at least at
younger development stages the different organs of the
flies might be provide comparable habitats for microbial
colonization. However, it cannot be excluded that differ-
ences in the ecophysiology of the microbes colonizing
gut and tracheal system might be present and only visible
on a higher taxonomic level (species or strains).

The higher relative abundance of Serratia marcescens
in larvae of the immunodeficient laboratory strain is in
line with the already described susceptibility to intestinal

Serratia marcescens infections in immunosuppressed D.
melanogaster strains [31].

Conclusions

In summary, we demonstrate for the first time that larvae
of D. melanogaster harbors an airway microbiome. We
further show that also in airways, the microbial compo-
sition clearly differs between laboratory and wild-caught
strains and is mainly shaped by environmental condi-
tions and at least partly transmitted to the next genera-
tion. However, our study also provides evidence that the
conditions under which laboratory strains are commonly
kept can lead to a significant loss of diversity in the host-
associated microbiome over many generations. Smaller
differences between the wildtype and immunodeficient
lab strains on genus level indicate an additional influence
of the immune status on the microbial composition. Fur-
ther studies are needed to understand the impact of the
airway microbiome on the fly’s resilience towards air-
borne biotic or abiotic stressors.



Angstmann et al. Environmental Microbiome (2023) 18:55

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540793-023-00506-9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
The authors thank Cornelia Galonska for her help in library preparation and
Beate Hoschler for excellent technical assistance.

Authors’ contribution

H.A. participated in the study design, performed and analyzed the
experiments. SK. performed experiments. S.P. analyzed the experiments.
H.A.and S.P had the primary responsibility for writing. H.A,, S.P, SK, BE, KU,
KFR., SK-E, TR, M.S and CW. participated in critical data interpretation. M.S.
and S.K-E. conceived the manuscript, designed and supervised the study. All
authors contributed to writing of the manuscript.

Funding

The present work was supported by the Leibniz Science Campus Evolung, the
DFG Research Group “The Microbiome as a Therapeutic Target in Inflammatory
Bowel Diseases (miTarget)’, Research Unit 5042 and the award of the Balzan
Prize to the German Center for Lung Research (DZL) scientists Erika von
Mutius, Klaus F. Rabe, Werner Seeger and Tobias Welte.

Open Access funding enabled and organized by Projekt DEAL.

Data Availability

The datasets generated and/or analysed during the current study are
available in the Sequences are deposited at NCBI (SRA number SUB10670274,
bioproject PRINA784260) repository, [https://www.ncbi.nlm.nih.gov/
bioproject/PRINA784260/].

All data generated or analysed during this study are included in this published
article [and its supplementary information files].

Sequences are deposited at NCBI (SRA number SUB10670274, bioproject
PRINA784260).

Declarations

Competing interests
The authors declare that there are no competing financial interests in relation
to the work described.

Author details

'Division of Experimental Asthma Research, Early Life Origins of Chronic
Lung Disease, Research Center Borstel, German Center for Lung Research
(DZL), Airway Research Center North (ARCN), Leibniz Lung Center, Borstel,
Germany

2ZIEL - Institute for Food and Health, Technical University of Munich,
Freising, Germany

3Research Unit for Comparative Microbiome Analysis, Helmholtz Zentrum
Munchen, Oberschleilheim, Germany

“Department of Pneumology, Lungen Clinic, Grosshansdorf, Germany
°Department of Medicine, Christian Albrechts University, Germany
Member of the German Center for Lung Research, Kiel, Germany
®Division of Molecular Physiology, Institute of Zoology, Christian-
Albrechts University, Airway Research Center North (ARCN), German
Center for Lung Research (DZL), Kiel, Germany

7Department of Medicine, Institute for Experimental Medicine, Christian
Albrechts University, Kiel, Germany

Received: 15 December 2022 / Accepted: 19 May 2023
Published online: 27 June 2023

Page 8 of 9

References

1. Taylor SL, Leong LEX, Choo JM, Wesselingh S, Yang IA, Upham JW, et al.
Inflammatory phenotypes in patients with severe asthma are associated with
distinct airway microbiology. J Allergy Clin Immunol. 2018;141:94-103e15.

2. Pérez-Losada M, Authelet KJ, Hoptay CE, Kwak C, Crandall KA, Freishtat RJ.
Pediatric asthma comprises different phenotypic clusters with unique nasal
microbiotas. Microbiome. 2018;6:1-13.

3. Depner M, Ege MJ, Cox MJ, Dwyer S, Walker AW, Birzele LT, et al. Bacterial
microbiota of the upper respiratory tract and childhood asthma. J Allergy
Clin Immunol. 2017;139:826-834e13.

4. LiuJ,Ran Z, Wang F, Xin C, Xiong B, Song Z. Role of pulmonary microorgan-
isms in the development of chronic obstructive pulmonary disease. https://
doi.org/101080/1040841X20201830748. 2020;47:1-12.

5. El-Merhie N, Kriger A, Uliczka K, Papenmeier S, Roeder T, Rabe KF et al. Sex
dependent effect of maternal e-nicotine on F1 Drosophila development and
airways. Sci Rep. 2021;11.

6. Wagner C, Uliczka K, Bossen J, Niu X, Fink C, Thiedmann M et al. Constitu-
tive immune activity promotes JNK- and FoxO-dependent remodeling of
Drosophila airways. Cell Rep. 2021;35.

7. Manning G, Krasnow MA. The Development of Drosophila melanogaster.
2009th edition. Cold Spring Harbor Laboratory Press; 1993.

8. Harrison JF, Waters JS, Cease AJ, Vanden Brooks JM, Callier V, Jaco Klok C, et al.
How locusts breathe. Physiology. 2013;28:18-27.

Heymann N, Lehmann FO. The significance of spiracle conductance and spa-
tial arrangement for flight muscle function and aerodynamic performance in
flying Drosophila. J Exp Biol. 2006;209:1662-77.

10. Jarial MS, Engstrom L. Fine structure of the spiracular glands in larval Dro-
sophila melanogaster (Meig.) (Diptera: Drosophilidae). Int J Insect Morphol
Embryol. 1995,24:1-12.

11.  Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evalu-
ation of general 16S ribosomal RNA gene PCR primers for classical and
next-generation sequencing-based diversity studies. Nucleic Acids Res.
2013;41:1-11.

12. lllumina Inc. 16S Metagenomic Sequencing Library Preparation - Prepar-
ing 16S Ribosomal RNA Gene Amplicons for the Illlumina MiSeq System.
2013;:1-28. https//support.illumina.com/documents/documentation/chem-
istry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.
pdf. Accessed 20 Oct 2022.

13.  Pfeiffer S. FASPA - Fast Amplicon Sequence Processing and Analysis (Version
1.0.5). Zenodo. 2018.

14.  Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26:2460-1.

15.  Edgar RC. {UNOISE2}: improved error-correction for {lllumina} {16S} and {ITS}
aplicon sequencing. bioRxiv. 2016;tinc el bi.

16.  Edgar RUNCROSS. Filtering of high-frequency cross-talk in 16S amplicon
reads. 2016;:088666.

17.  Edgar R. SINTAX: a simple non-bayesian taxonomy classifier for 16S and ITS
sequences. bioRxiv. 2016;:074161.

18. Maidak BL, Cole JR, Lilburn TG, Parker CT, Saxman PR, Farris RJ et al. The RDP-II
(Ribosomal Database Project). 2001.

19. R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. https.//www.R-
project.org/. Accessed 20 Oct 2022.

20. Lagkouvardos |, Fischer S, Kumar N, Clavel T, Rhea. A transparent and modular
R pipeline for microbial profiling based on 16S rRNA gene amplicons. Peer).
2017;2017.

21, Chen J, Bittinger K, Charlson ES, Hoffmann C, Lewis J, Wu GD, et al. Associat-
ing microbiome composition with environmental covariates using general-
ized UniFrac distances. Bioinformatics. 2012;28:2106-13.

22. Hilgenboecker K, Hammerstein P, Schlattmann P, Telschow A, Werren JH. How
many species are infected with Wolbachia ? A a statistical analysis of current
data. 2008;281:215-20.

23. Fry AJ, Palmer MR, Rand DM. Variable fitness effects of Wolbachia infection in
Drosophila melanogaster. Heredity (Edinb). 2004;93:379-89.

24.  Fink C, Staubach F, Kuenzel S, Baines JF, Roeder T. Noninvasive analysis of
microbiome dynamics in the fruit fly Drosophila melanogaster. Appl Environ
Microbiol. 2013;79:6984-8.

25.  Chaston JM, Dobson AJ, Newell PD, Douglas AE. Host genetic control of the
Microbiota mediates the Drosophila Nutritional phenotype. Appl Environ
Microbiol. 2016:82:671-9.



Angstmann et al. Environmental Microbiome (2023) 18:55

26.

27.

28.

29.

30.

Chandler JA, Lang J, Bhatnagar S, Eisen JA, Kopp A. Bacterial communities
of diverse Drosophila species: ecological context of a host-microbe model
system. PLoS Genet. 2011;7.

Staubach F, Baines JF, Kiinzel S, Bik EM, Petrov DA. Host species and Environ-
mental Effects on bacterial Communities Associated with Drosophila in the
Laboratory and in the natural environment. PLoS ONE. 2013;8.

Wong CNA, Ng P, Douglas AE. Low-diversity bacterial community in the gut

of the fruitfly Drosophila melanogaster. Environ Microbiol. 2011;13:1889-900.

Elgart M, Stern S, Salton O, Gnainsky Y, Heifetz Y, Soen Y. Impact of gut micro-
biota on the fly's germ line. Nat Commun. 2016;7.

Fridmann-Sirkis Y, Stern S, Elgart M, Galili M, Zeisel A, Shental N, et al. Delayed
development induced by toxicity to the host can be inherited by a bacterial-
dependent, transgenerational effect. Front Genet. 2014;5 FEB:1-14.

Page 9 of 9

31, Flyg C, Boman HG. Drosophila genes cut and miniature are associated
with the susceptibility to infection by Serratia marcescens. Genet Res.
1988;52:51-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿The microbial composition of larval airways from ﻿Drosophila melanogaster﻿ differ between specimens from laboratory and natural habitats
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Fly strains
	﻿Culture conditions
	﻿Preparation of trachea
	﻿Microbiome analysis
	﻿RNA-Isolation and cDNA preparation
	﻿Library preparation and sequencing
	﻿Sequence processing


	﻿Statistical analyses
	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


