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Abstract
The taxonomic composition of microbial communities in animals varies among animal species, but the contribution of
interspecific differences in filtering of the microbial pool by the animal host to this variation is uncertain. Here, we
demonstrate significant interspecific variation in microbial community composition among laboratory-reared Drosophila
species that was not related to host phylogeny. Complementary reciprocal transfer experiments yielded different microbial
communities for a single microbiota administered to homologous and heterologous hosts (i.e., the same and different
Drosophila species from which the microbiota was derived), indicative of among-host species differences in traits that shape
microbiota composition. The difference in microbiota composition between homologous and heterologous hosts was not
greater for distantly related than for closely related host species pairs. Furthermore, Drosophila survival to adulthood was
significantly reduced in heterologous associations relative to homologous associations and microbiologically sterile flies,
suggesting that microbial taxa that are advantageous for their homologous host species can be deleterious for other host
species. We conclude that drosophilid flies display robust among-host species variation in host controls over microbiota
composition that has diversified in response to selection pressures which are not tracked by host phylogeny.

Introduction

Animals host diverse microbial communities, and there
is increasing evidence that variation in the composition
of these communities can influence the health and
fitness of the host [1, 2]. As our knowledge of microbiota
effects on host phenotype increases, so does interest in
applying this knowledge to achieve specific outcomes, for
example to optimize microbial therapies for human health
[3, 4] and to design microbial strategies for improved
control of insect pests [5–7]. The success of these appli-
cations will rely on a fundamental understanding of the
processes that shape the composition of these microbial
communities.

The conditions and resources in the host habitat, e.g.,
pH or redox conditions of the gut, can influence micro-
biota assembly by acting as ecological filters determining
which of the microbes the host encounters can colonize the
host environment. However, quantifying the contribution
of filtering by the host environment is a challenge as many
other processes also contribute to the assembly of the
host microbiota, including transmission of microbes
among hosts and from the external environment to hosts,
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among-microbe interactions, and ecological drift [8, 9].
Variation in the host environment is often cited as an
explanation for observed differences in microbiota com-
position among host species. However, interspecific var-
iation in the niche, social behavior, and geographic range
of the host can generate differences in gut microbiota
composition among species by altering the pool of
microbial species that the host encounters and patterns of
microbial transmission [10–13]. Furthermore, differences
in host diet can generate variation in composition of the
gut microbiota both by altering the resources in the gut and
by acting as a source of microbes [14–18].

The drosophilid flies offer an excellent system to inves-
tigate the role of the host environment in generating among-
species variation in gut microbiota composition because
multiple species can be maintained under uniform condi-
tions in the laboratory. Previous studies have indicated that,
while some microbial taxa are common in the gut micro-
biome of multiple Drosophila species (e.g., Acetobacter-
aceae, Lactobacillaceae and Enterobacteriaceae), gut
microbiota composition varies among host species [19–21].
This interspecific variation in microbiota composition may
be most evident under uniform conditions in the laboratory,
e.g., refs. [19, 20] and can be masked in field populations by
other processes influencing microbiota assembly. In parti-
cular, neutral processes (i.e., ecological drift and passive
dispersal) contribute to the assembly of the drosophilid gut
microbiota [22, 23], and the large-scale variation in
microbiota composition with time and site of collection
[21, 22, 24, 25], suggests that the pool of microbes in the
environment may also play an important role in the shaping
the composition of the gut microbiota. However, inter-
specific variation in microbiota composition has only been
quantified under controlled laboratory conditions for a small
number of Drosophila species, e.g., refs. [19, 20], and the
ecological processes that underlie this variation have not yet
been addressed.

In this study, we first investigated gut microbiota
composition in Drosophila species that were maintained
under uniform conditions, using two independent sets of
fly species that were cultured and processed for analysis
by different methods. Then, we tested the role of host
filtering experimentally by making reciprocal transfers of
microbiota between two pairs of Drosophila species, one
closely related and one distantly related, such that each
host species was colonized with microbiota from the same
species (homologous association) and a different species
(heterologous association). We also scored survival to
adulthood, as an index of the fitness of homologous and
heterologous associations, following evidence that het-
erologous associations can reduce host performance in
both mice of the genus Peromyscus and Nasonia jewel
wasps [19, 26].

Materials and methods

The flies

The experimental material comprises two different sets of
Drosophila species (Table 1). Set-1 consisted of eight
species maintained at 25 °C, 36% relative humidity, and
12:12 h (L:D) at Cornell University, reared on a sterile diet
of 10% inactive Brewer’s yeast (MP Biomedicals, Santa
Ana, CA, USA), 10% glucose (Sigma-Aldrich, St. Louis,
MO, USA), 1.2% agar (Apex Bio, Houston, TX), and
preservatives (0.04% phosphoric acid and 0.42% propionic
acid; Sigma-Aldrich). Set-2 consisted of 14 species main-
tained at 21.5 °C, 60% relative humidity, and 13:11 h (L:D)
at the University of Western Ontario, reared on a non-sterile
diet of 13.75% organic bananas, 4.75% corn syrup, 3%
liquid malt, 2.75% active yeast (Fleischmann’s active dry
yeast, ADY, Canada), 0.725% agar (Apex Bioresearch
Products; Genesee Drosophila agar type II), and the pre-
servatives 0.2% methylparaben (Sigma-Aldrich) and 0.3%
propionic acid (Sigma-Aldrich) [27]. The diet for two spe-
cies (D. mojavensis, D. persimilis) was supplemented with
0.213% Opuntia ficus-indicta powder (OroVerde Export,
Morelos, Mexico). Set-2 Drosophila had been treated with
0.03% dietary tetracycline hydrochloride (Sigma-Aldrich)
for two consecutive generations to eliminate Wolbachia
endosymbionts at least five generations prior to collection
for this study.

DNA extraction and amplicon sequencing

For the samples in Set-1, flies were individually surface-
washed in sterile water, and then dissected with fine pins to
isolate the gut (comprising the crop, midgut, and hindgut,
but excluding the Malpighian tubules). For each species and
sex, two samples of 30 dissected guts were collected. DNA
was extracted in phenol:chloroform:isoamyl alcohol, fol-
lowing the protocol in ref. [24], designed specifically to
isolate DNA from both Gram-positive and Gram-negative
bacteria. 16S ribosomal RNA (rRNA) genes were amplified
with the primers 319F and 806R that target the V3-V4
variable region, using the dual-indexing strategy of [28].
Briefly, each 25 μl reaction comprises 0.25 μl Phusion
polymerase (Thermo Fisher Scientific, Waltham, MA,
USA), 5 μl HF buffer, 0.5 μl 10 mM dNTPs, 0.75 μl
DMSO (dimethyl sulfoxide), 8.5 μl water, 2.5 μl each 1 μM
primer, and 5 μl template DNA. The cycling conditions
were: 98 °C for 60 s, followed by 35 cycles of 98 °C for 15
s, 58 °C for 15 s, and 72 °C for 15 s, and a final elongation
of 72 °C for 1 min. Amplicons were cleaned and normalized
using the SequalPrep 96-well plate kit (Life Technologies,
Carlsbad, CA, USA), pooled and concentrated with the
AMPure kit (Beckman Coulter Inc., Brea, CA, USA),

218 K. L. Adair et al.



according to manufacturer’s instructions. Multiplexed,
paired-end sequencing was performed on the Illumina
MiSeq platform (2 × 300 bp reads) at the University of
Rochester Genomics Research Center.

For Set 2, three replicate samples of whole flies were
generated for both sexes of each Drosophila species by
combining flies from multiple rearing vials. Each replicate
consisted of either 15–20 male or 10 female adult flies at
5 days post-eclosion. The pooled flies were washed three
times in sterile phosphate-buffered saline (PBS) to remove
food and fecal debris. Washed flies were stored at −20 °C
prior to DNA extraction. Flies were homogenized in 180 μl
enzymatic lysis buffer (20 mM Tris·Cl, pH 8.0; 2 mM
sodium EDTA; 1.2% Triton® X-100; 20 mg/ml lysozyme)
with a sterile pestle, then DNA was isolated using the
DNeasy Blood & Tissue kit with pre-treatment for Gram-
positive bacteria (Qiagen, Germantown, MD, USA). The
V3-V4 region of bacterial 16S rRNA genes were amplified
with the primers 341f (5′-CCTACGGGAGGCAGCAG-3′)
and 806r (5′-GGACTACHVGGGTWTCTAAT-3′) utiliz-
ing a dual-indexing strategy modified from [29]. PCR
reactions contained 1X KAPA HiFi HotStart ReadyMix

(Kapa Biosystems, Wilmington, MA, USA), 0.3 μM each
primer, and 20 ng template DNA. Amplicons were gener-
ated with the cycling protocol: 3 min at 95 °C, 30 cycles of
95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final
extension of 5 min at 72 °C. Following purification with
Agencourt Ampure XP beads (Beckman Coulter, Indiana-
polis, Indiana, USA), PCR products were quantified with a
Qubit 2.0 fluorimeter (Invitrogen), and pooled in equimolar
concentrations. The pooled amplicons were quality checked
with a Fragment Analyzer (Advanced Analytical Technol-
ogies, Ames, IA, USA), and sequenced on a MiSeq
instrument (2 × 250 bp; Illumina, San Diego, CA, USA) at
the Cornell Biotechnology Resource Center. Both sequen-
cing runs included template-free controls, and the ASV read
counts for these negative controls are provided in Data-
set S1a and S1c.

Microbiota transfer experiments

Microbiota slurries were obtained from adult flies of
D. melanogaster, D. simulans, and D. willistoni strains from
Set-1 (Table 1) that had been reared in the laboratory at

Table 1 The Drosophila species source information and diet type

Species Subgenus Species group Sourcea Strain/Stock no. Collection location

Set-1: reared at Cornell University on yeast/glucose diet

D. ananassae Sophophora Melanogaster DSSC 14024-0371.13 Hawaii

D. melanogaster Sophophora Melanogaster DSSC Canton-S Not known

D. pseudoobscura Sophophora Obscura DSSC SD02 Not known

D. santomea Sophophora Melanogaster DSSC 1402-0271.01 San Tome and Principe Island

D. sechellia Sophophora Melanogaster DSSC 14021-0248.03 Cousin Island, Seychelles

D. simulans Sophophora Melanogaster DSSC 14021-0251.001 Georgetown, Guyana

D. willistoni Sophophora Willistoni DSSC 14030-0811.24 Guadaloupe Island, Caribbean

D. yakuba Sophophora Melanogaster DSSC 14021-0261.01 Liberia

Set-2: reared at Western University on banana diet

D. ananassae Sophophora Melanogaster EU E-11002 Kagoshima, Japan

D. bipectinata Sophophora Melanogaster DSSC 14024-0381.20 Kep Province, Cambodia

D. borealis Drosophila Virilis DSSC 15010-0961.05 Lytton, Quebec, Canada

D. hydei Drosophila Repleta Field NA London, Ontario, Canada

D. immigrans Drosophila Immigrans DSSC 15111-1731.03 Patan, Nepal

D. melanogaster Sophophora Melanogaster Field NA London, Ontario, Canada

D. mercatorum Drosophila Repleta DSSC 15082-1521.25 Argoin, Bahia, Brazil

D. mojavensis Drosophila Repleta DSSC 15081-1352.22 Catalina Island, California, USA

D. persimilis Sophophora Obscura DSSC 14011-0111.49 Mt. St. Helena, California, USA

D. simulans Sophophora Melanogaster Field NA Florida City, USA

D. suzukii Sophophora Melanogaster Field NA South-Ontario, Canada

D. tropicalis Sophophora Willistoni DSSC 14030-0801.00 San Salvador, El Salvador

D. virilis Drosophila Virilis EU E-15601 Hokkaido, Japan

D. willistoni Sophophora Willistoni DSSC 14030-0811.24 Guadaloupe Island, Caribbean

aDSSC=National Drosophila Species Stock Center (University of California, San Diego); EU=Drosophila Stocks of Ehime University (Japan);
Field= field collection
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Cornell University on sterile diet of 10% inactive Brewer’s
yeast, 10% glucose, 1.2% agar, and preservatives (0.04%
phosphoric acid and 0.42% propionic acid; Sigma-Aldrich).
For each slurry, 60 adult flies (30 male and 30 female,
5–10 days post-eclosion, and collected from multiple vials)
were pooled, washed 3x in sterile PBS to remove external
debris, and crushed with a sterile pestle. The homogenate
was resuspended in 3 ml sterile PBS and centrifuged at
2880 × g for 1 min. Glycerol was added to each supernatant
to a final concentration of 20% and the microbiota-glycerol
stocks were stored at −80 °C until required.

Axenic (i.e., microbiologically sterile) D. melanogaster,
D. simulans, and D. willistoni were generated by egg
dechorionation [30]. Eggs ( < 18 h old) were collected from
yeast/glucose/grape juice agar plates (D. melanogaster),
yeast/glucose/grape juice agar plates covered with inactive
Brewer’s yeast paste (D. willistoni), and plates of Formula
4–24® Instant Drosophila Medium (Carolina Biological
Supply Company, Burlington, North Carolina, USA)
rehydrated in grape juice (D. simulans). The eggs of D.
melanogaster and D. willistoni were gently removed from
agar plates with a paintbrush, and D. simulans eggs were
floated from the medium in 20% sucrose solution. Eggs of
all species were surface-sterilized by three washes in 0.6%
hypochlorite, followed by three rinses in sterile water.

The reciprocal microbiota transfer experiments com-
prised two independent transfers, each conducted between
two pairs of species: D. simulans and D. melanogaster
(closely related), and D. simulans and D. willistoni (more
distantly related) (Fig. 2a). Approximately 60 axenic eggs
were transferred aseptically to sterile 50 ml Falcon cen-
trifuge tubes containing 7.5 ml autoclaved yeast/glucose
diet (described above), followed by an inoculum of 35 μl
microbiota slurry that had been thawed on ice. Each
reciprocal transfer comprised five replicate vials of four
treatments, i.e., two heterologous associations (between
insects and microbiota of different Drosophila species)
and two homologous associations (between insects and
microbiota of the same Drosophila species), together with
five vials administered with 35 μl sterile PBS, as a check
for the microbiological sterility of eggs. The insects were
reared at 25 °C and 36% humidity in a 12:12 h (L:D) cycle.
The number of pupae present was counted at 7 or 8 days
after inoculation, and the number of surviving flies of each
sex in each vial was determined at 5 days post-eclosion.
Three flies of each sex in each vial were stored at −20 °C,
and then processed using the DNA extraction method for
Set-1 (above) and 16S rRNA gene amplicon sequencing
by the procedure for Set-2. In parallel, two male and
female flies per vial were individually checked for
microbiological sterility by the method of [30]. Briefly,
each fly was homogenized in 100 μl sterile PBS for 30 s
using a FastPrep-24 instrument (MP Biomedicals). The

homogenate was diluted to 1 ml in PBS, plated onto
modified MRS agar medium (1.25% vegetable peptone
(Becton Dickinson), 0.75% yeast extract, 2% glucose,
0.5% sodium acetate, 0.2% dipotassium hydrogen phos-
phate, 0.2% triammonium citrate, 0.02% magnesium sul-
fate heptahydrate, 0.005% manganese sulfate tetrahydrate,
1.2% agar) using the WASP-2 apparatus (Microbiology
International) and incubated for 1–2 days at 30 °C.
Colony-forming units (CFUs) were counted using a Pro-
tocol 3 colony counter (Microbiology International).
Homogenates from most flies derived from the vials
administered PBS contained no CFUs, with a maximum of
four CFUs per fly, indicating that microbial contamination
of the experiments was minimal. The abundance of 16S
rRNA gene copies in the DNA extractions from homo-
logous and heterologous associations was quantified with
the quantitative PCR (qPCR) protocol described in ref.
[31]. To test whether compounds from the flies themselves
present in the homogenates could influence the survival of
the recipient flies, we conducted transfers 1 and 2 (Fig. 2a)
with homogenates from axenic flies generated as described
above. The number of flies at 5 days post-eclosion was
assessed.

Processing of 16S rRNA gene amplicon sequences

The QIIME2 v2018.4 [32] microbiome bioinformatics
platform was used to resolve amplicon sequence variants
(ASVs) from paired-end reads with the DADA2 pipeline
[32, 33]. Taxonomic assignments were made with a naive
Bayes classifier trained on the Silva 128 99% operational
taxonomic units (OTUs) reference sequences trimmed with
the 341f and 806r primer sequences [34, 35]. Amplicon
sequence variants that were not assigned to the domain
Bacteria were omitted from analysis. Read counts for the
remaining sequence variants are provided in Dataset S1a–c
for Set-1, Set-2, and the reciprocal transfer experiments,
respectively. Read counts for ASVs assigned to Wolbachia
are highlighted in Datasets S1a–c, and they are excluded
from subsequent analysis, as are ASVs detected in only
one sample. The raw reads from all datasets are deposited
in the NCBI Short Read Archive under BioProject
PRJNA515926.

Statistical analysis

All statistical analyses were conducted in R [36] with
functions from the vegan package [37], except where spe-
cified. Prior to analysis, reads from Set-1 samples were
subsampled to 90,900 reads per sample, Set 2 to 3950 reads
per sample, and transfer experiment samples to 1800 reads
per sample. Sequence coverage plots generated with the
iNEXT package [38] confirmed that these sequencing depths
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were sufficient to cover the ASV diversity present (Sup-
plementary Fig. S1).

Relationships among microbiome samples were visua-
lized with principal coordinate analysis (PCoA) plots of
Bray–Curtis or Jaccard dissimilarity calculated from the
relative abundance or presence/absence of ASVs, respec-
tively. To test for differences in microbiome composition
between Drosophila species, we conducted one-way PER-
MANOVA analyses [39] of Bray–Curtis and Jaccard dis-
similarities. For samples from Set-2, we tested whether
microbiome composition differed between the subgenera
Drosophila and Sophophora with a nested PERMANOVA
(host species nested within subgenus) using the
nested.npmanova function from the BiodiversityR package
[40]. We tested the influences of host species and rearing
laboratory for the species common to both sets of species
with a two-way PERMANOVA based on the relative
abundance of bacterial genera. For Acetobacter and Lacto-
bacillus, we tested for differences between rearing labora-
tory in each species common to both sets with linear models
of logit transformed relative abundances. The relationship
between host phylogeny and microbiota composition for
each set of host species was assessed in two complementary
ways [41]: congruence in topology of host phylogenetic
trees and microbiota dendrograms, determined with the
normalized Robinson-Foulds metric [42]; and significance
of the correlation between host phylogenetic distance and
similarity in microbiome composition determined with
Mantel tests based on Pearson’s product-moment correla-
tions. Host phylogenies were constructed from ref. [43] (see
legend to Fig. 1 for detail). Microbiota composition den-
drograms were constructed by averaging the microbiota

composition of all samples for each species, followed by
hierarchical clustering of Bray–Curtis and Jaccard dissim-
ilarities by average linkage.

For the reciprocal transfer experiments, microbiome
composition and characteristics were compared between
homologous and heterologous associations for each of the
eight tests. Relationships among samples were visualized
with PCoA ordination plots of Bray–Curtis dissimilarities.
Differences in microbiome composition between associa-
tion type were tested with PERMANOVA tests and
p-values were adjusted with the false-discovery rate pro-
cedure of ref. [44]. To determine the microbial taxa that
differed in relative abundance between homologous and
heterologous associations in each test, we used the linear
discriminant analysis effect size method (LEfSe) [45] with
α= 0.05 for the initial Kruskal–Wallis test and applying a
linear discriminant analysis (LDA) score threshold of 2.0.
To determine whether association type, host species, host
sex, microbiota source species, and experiment influenced
microbiome characteristics in the reciprocal transfer
experiments, we ran linear models. For the number of ASVs
and genera present (i.e., richness), we performed general-
ized linear models with quasipoisson error distributions and
likelihood ratio chi-square tests. For dissimilarity-based
measures (i.e., distance to microbiome inoculum and mul-
tivariate dispersion), we applied a logit transformation and
conducted F-tests. A generalized linear model with quasi-
possion error distribution and likelihood ratio chi-square
tests were used to determine the influence of association
type, host species, microbiota source species, and experi-
ment on the number of surviving flies at 5 days post-
eclosion.
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Fig. 1 Microbiota composition
does not track phylogeny of
Drosophila species. Principal
coordinates plots for Set 1 (a)
and Set 2 (b) with % variation
explained by each axis shown in
paretheses; and comparison of
host phylogeny with
dendrogram of similarity in
microbiota composition for Set 1
(c) and Set 2 (d). For a, b male
(triangles) and female (squares),
and the color code for species is
provided in c, d, respectively
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Results

Microbiota composition varies with host species but
does not reflect host phylogeny

Our first analysis examined whether composition of the gut
bacterial communities varied among drosophilid species
maintained under uniform conditions. To check for the
generality of our findings, this analysis was conducted on
two sets of Drosophila species that had been reared on
different diets in different laboratories, and processed for
16S rRNA gene amplicon sequences by different proce-
dures. The microbiota in every drosophilid species from
both sets was dominated by two families of bacteria, the
Acetobacteraceae (α-proteobacteria) and Lactobacillaceae
(Firmicutes) (Supplementary Fig. S2). However, at the level
of amplicon sequence variants (ASVs), microbiome com-
position differed significantly among Drosophila species in
both Set-1 (species, R2= 0.42, p= 0.002; sex, R2= 0.01,
p= 0.860; Fig. 1a) and Set-2 (species, R2= 0.70, p < 0.001;
sex, R2= 0.004, p= 0.44; Fig. 1b).

Four Drosophila species (D. ananassae, D. melano-
gaster, D. simulans, and D. willistoni) were represented in
both sets, and for these species, “Set” explained more of
the variation in microbiome composition based on relative
abundance of bacterial genera, than Drosophila species
(Set, R2 = 0.33, p < 0.001; Drosophila species, R2= 0.22,
p= 0.004). The effect of “Set” is primarily due to a higher
relative abundance of Acetobacter in Set-1 than Set-2,
and the reverse pattern for Lactobacillus, particularly in
D. ananassae and D. simulans (Suplementary Fig. S3).
An equivalent analysis of ASVs was not conducted
because differences in the methods for generating ampli-
cons between the two sets would confound interpretation.

We investigated how the pattern of variation in micro-
biota composition related to host phylogeny using two
complementary statistical methods of normalized Robinson-
Foulds (nRF) index of dendrogram similarity and Mantel
test for correlation between host phylogenetic distance and
dissimilarity in microbial community composition. For the
relative abundance data for both species sets (Fig. 1c, d),
host phylogeny and microbiota dendrograms were com-
pletely incongruent (nRF= 1.0) and Mantel tests using
Pearson’s r were not significant (Set-1, r= 0.41, p= 0.07;
Set-2, r=−0.08, p= 0.74). Significant phylogenetic signal
was also not obtained for the presence/absence of ASVs
(Set-1: nRF= 0.6; r= 0.39, p= 0.13; Set-2: nRF= 1.0;
r=−0.03, p= 0.61), nor for bacterial OTUs generated
with 97%, 95% and 90% sequence identity cutoffs (Sup-
plementary Table S1).

We conducted a supplementary test for Set-2, which
included Drosophila species of two subgenera (Drosophila
and Sophophora) (Table 1). Pairs of species from the same

subgenus did not have more similar microbiome composi-
tion than pairs of species from different subgenera (Sup-
plementary Fig. S4A, Mann–Whitney U-test:= 0.87), and
subgenus did not significantly contribute to variation in
microbiota composition among samples (Supplementary
Fig. S4B; PERMANOVA: subgenus, p= 0.613; species
nested within subgenus, p < 0.001).

Our results provide clear evidence that microbiome
composition varied among the Drosophila species. We
reasoned that among species differences in compatibility
with various bacterial taxa present in each laboratory may
make an important contribution to this variation. Alter-
natively, the patterns may be the legacy of differences in the
microbiological history of individual fly cultures, for
example at the point of acquisition from the field or during
subsequent maintenance in the laboratory. To test between
these alternative explanations, we conducted a set of reci-
procal transfer experiments, described next.

Reciprocal transfer experiments reveal differences
in microbiota composition between host species
administered the same microbial inoculum

We conducted two reciprocal microbiota transfers:
between D. simulans and, first, the closely related species
D. melanogaster (Transfer 1) and, second, the more dis-
tantly related species D. willistoni (Transfer 2) (Fig. 2a).
As the microbiota composition of laboratory cultures of
drosophilid flies can vary over time [20, 21], each transfer
was conducted twice (Experiment 1 and Experiment 2)
with different microbial inocula yielding eight tests.
Specifically, a microbial inoculum from one Drosophila
species was administered to eggs of the same species
(homologous host) and different species (heterologous
host), and the microbiota in the resultant adult flies was
determined at 5 days post-eclosion. Significant differences
in microbiome composition between the homologous and
heterologous hosts would be indicative of among-host
species differences in compatibility with microorganisms
present in the inoculum.

Microbiome composition, quantified as the relative
abundance of ASVs, differed between the two Drosophila
species administered the same microbial inoculum in all
eight tests (Fig. 2b). For presence/absence of ASVs, the
microbiomes of D. simulans and D. melanogaster differed
significantly in three of the four tests while there were
no differences in the microbiomes of D. simulans and
D. willistoni for this metric (Supplementary Table S2). Our
data did not indicate that the magnitude of the differences
was greater for distantly related host species as the amount
of variation explained by host species did not differ between
Transfer 1 and Transfer 2 (t-test for differences in PER-
MANOVA R2 values; t= 0.75, p= 0.48).
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In transfers between D. melanogaster and D. simulans
(Transfer 1), differences in microbiota composition were
attributed primarily to the genera Acetobacter and Lacto-
bacillus, which dominated the microbiota of these flies.
Lactobacillus were more abundant in D. melanogaster than
in D. simulans for all four tests, while the opposite pattern
was observed for Acetobacter (Table 2 and Supplementary
Fig. S5). In addition, three lines of evidence suggest that D.
melanogaster is compatible with a wider range of microbial
taxa than D. simulans. First, significantly more genera were
detected in D. melanogaster than D. simulans (Supple-
mentary Fig. S6; likelihood ratio χ2= 8.44, p= 0.004).
Second, low abundance genera (i.e., genera other than

Acetobacter and Lactobacillus) were more abundant in
D. melanogaster than D. simulans (Table 2). Finally, many
more bacterial ASVs were enriched in the microbiota of
D. melanogaster relative to D. simulans than the reverse
(Table 3).

For the reciprocal transfer experiments between D.
simulans and D. willistoni, Acetobacter ASVs dominated
the microbiota (Supplementary Fig. S7). Three of these
Acetobacter ASVs differed significantly between the host
species (Table 3). The two most abundant ASVs, #387 and
#402 (Supplementry Fig. S7), showed differing responses to
the type of association. Specifically, ASV #387 tended to be
more abundant in homologous associations while ASV

PC1 (41%)

P
C

2 
(3

1%
)

R2 = 0.24
p = 0.007 

PC1 (37%)

P
C

2 
(3

1%
)

R2 = 0.17
p = 0.004 

PC1 (60%)

P
C

2
(2

3%
)

R2 = 0.29
p = 0.002

PC1 (74%)

P
C

2 
(1

3%
)

R2 = 0.38
p = 0.003 

D. melanogaster
microbiota

D. simulans

D. melanogaster

D. simulans
microbiota

D. melanogaster

D. simulans

Experiment 1 Experiment 2

PC1 (63%)

P
C

2 
(2

8%
)

R2 = 0.29
p = 0.020 

PC1 (83%)

P
C

2 
(6

%
)

R2 = 0.43
p = 0.004 

PC1 (65%)

P
C

2 
(2

4%
)

R2 = 0.44
p = 0.001 

PC1 (65%)

P
C

2 
(1

3%
)

R2 = 0.16
p = 0.040 

D. willistoni
microbiota

D. simulans

D. willistoni

D. simulans
microbiota

D. willistoni

D. simulans

Transfer 1

Transfer 2

Experiment 1 Experiment 2

A BFig. 2 Microbiota composition
in Drosophila differs
significantly between microbial
slurries administered to
homologous and heterologous
host species. a Design of
reciprocal transfer experiments
between closely related species
(Transfer-1) and distantly related
species (Transfer-2). b Principal
coordinates analysis plots for
bacterial communities in two
replicate experiments
(Experiment-1 and Experiment-
2) for each Transfer design.
The percentage of variation
explained by each axis is given,
and the results of
PERMANOVA tests for
differences in community
composition between host
species are shown on each plot.
Male flies are represented by
triangles, and female flies by
squares

Host determinants of among-species variation in microbiome composition in drosophilid flies 223



#402 was more abundant in heterologous associations
(Table 3). The responses of these ASVs to association type
are consistent with results from the microbiota transfers
between D. simulans and D. melanogaster. A further ASV,

#388, tended to be more abundant in D. willistoni than
D. simulans (significantly so for two of the four tests), and
more abundant in D. simulans than D. melanogaster for one
of the four tests in Transfer 1 (Table 3). Differences

Table 3 Linear discriminant analysis effect sizes (LEFSe) for bacterial ASVs that differed significantly in relative abundance between host species
in microbiome transfer experiments

Bacterial Taxon Source of Microbiota 
2refsnarT1refsnarT

D.melanogaster D. simulans D. willistoni D. simulans
Genus ASV Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
Anaerobacillus 174 3.5 (0.003)
Lactobacillus 248 4.9 (0.002)

255 4.4 (0.004) 4.6 (0.003)
261 5.0 (0.031) 5.1 (0.003)

Acetobacter 387 5.2 (0.011) 5.0 (0.001) 5.2 (0.005)
388 4.7 (0.040) 4.9 (0.012) 4.6 (0.003) 
391 3.3 (0.046)
392 4.6 (0.027)
402 5.3 (0.001) 4.9 (0.042) 5.0 (0.027) 5.3 (0.001)
405 4.8 (0.016)

Bradyrhizobium 321 3.6 (0.001)
Phyllobacterium 349 3.5 (0.046)
Ochrobactrum 328 3.2 (0.020)
Methylobacterium 339 3.50(0.010)
Paracoccus 367 3.6 (0.012)
Achromobacter 460 4.1 (0.017)
Ralstonia 475 3.4 (0.024)
Del�ia 490 3.3 (0.020)
Herbaspirillum 506 3.7(0.004) 3.4 (0.002)
Acinetobacter 593 3.1 (0.020)

606 3.6 (0.036)
Pseudomonas 627 3.3 (0.006) 3.4 (0.024)

639 3.9 (0.030)
Stenotrophomonas 669 3.4 (0.018)

Values are LDA scores (log 10) with p-values for Kruskal–Wallis tests in parentheses. Cells are shaded to indicate the Drosophila species in which
the ASV was more abundant (blue=D. melanogaster, yellow=D. simulans, green=D. willistoni)

Table 2 Linear discriminant analysis effect sizes (LEFSe) for bacterial genera that differed significantly in relative abundance between D.
melanogaster and D. simulans in microbiome transfer experiments

atoiborcimfoecruoSairetcabfoaxaT
Phylum Order Genus D. melanogaster D. simulans

Exp. 1 Exp. 2 Exp. 1 Exp. 2
Firmicutes Bacillales Anaerobacillus 4.07 (0.045) 3.77 (0.005) 3.40 (0.019)

Lactobacillales Lactobacillus 5.22 (0.011) 5.07 (0.003) 4.56 (0.012) 4.96 (0.020)
Proteobacteria 
(α-proteobacteria) 

Rhizobiales Bradyrhizobium 4.40 (0.001

Phyllobacterium 3.58 (0.046)
Ochrobactrum 3.85 (0.020)
Methylobacterium 3.68 (0.010)

Rhodobacterales Paracoccus 3.91 (0.012)
Rhodospirillales Acetobacter 5.18 (0.011) 5.17 (0.006) 5.18 (0.015)
Sphingomonadales Sphingomonas 3.71 (0.013)

(β-proteobacteria) Burkholderiales Achromobacter 4.10 (0.019)
Ralstonia 4.01 (0.024)
Herbaspirillum 4.63 (0.004) 3.64 (0.002)

(γ-proteobacteria) Pseudomonadales Acinetobacter 4.18 (0.012)
Pseudomonas 3.91 (0.017)

Xanthomonadales Stenotrophomonas 3.65 (0.018)

Values are LDA scores (log 10) with p-values for Kruskal–Wallis tests in parentheses. Cells are shaded to indicate the Drosophila species in which
the genus was more abundant (blue=D. melanogaster, yellow=D. simulans). There were no significant differences between fly species for any
bacterial genera in the microbiome transfer experiments between D. willistoni and D. simulans
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between host species in the absolute abundance of ASVs
generally reflected those based on the relative abundance of
ASVs (Supplementary Table S3). Altogether, these results
are indicative of species-specific determinants of microbiota
community composition, and suggest that D. melanogaster
is a more permissive host than D. simulans or D. willistoni.

Further analyses revealed no consistent pattern of dif-
ferences between homologous and heterologous associa-
tions in ASV richness (Supplementary Fig. S8), similarity to
composition of the inoculum microbiota (Supplementary
Fig. S9), or microbiota variation among replicate vials (i.e.,
multivariate dispersion) (Supplementary Fig. S10). Con-
straining definitive interpretation of these results, all these
indices are influenced by the composition of the microbiota
inoculum (Table 4), which differed significantly in dissim-
ilarity to the composition of the fly microbiome between
Experiment-1 and Experiment-2 (Table 4). Host species
also influenced ASV richness (Table 4) and pair-wise post-
hoc analysis showed that ASV richness was greatest in D.
melanogaster, intermediate in D. simulans, and lowest in D.
willistoni (p < 0.05 for all).

Host survival to adulthood is lower in heterologous
associations than in homologous associations

As a measure of host fitness in homologous and hetero-
logous associations, the number of flies at harvest (5 days
post-eclosion) of the reciprocal transfer experiments was
scored, with Drosophila reared under microbiologically
sterile conditions (axenic flies) as controls (Supplementary
Fig. S11). Survival to adulthood varied significantly with
association type (χ2= 10.8, p= 0.001), host species (χ2=
12.8, p= 0.002) and microbiota inoculum (χ2= 19.1, p <
0.001). However, following standardization of the data by
host species and experiment, the overall survival in homo-
logous associations was significantly greater than in het-
erologous associations (F2,116= 12.7, p= 0.001; Fig. 3).
Post-hoc tests revealed no significant difference between the
standardized survival of flies in homologous associations

and axenic flies, a result that confirms and extends the
evidence that axenic status does not significantly affect
survivorship to adulthood of D. melanogaster under
laboratory conditions on nutritionally adequate diets [46].
However, host survivorship was significantly reduced in
heterologous associations, indicating that the microbiota
from different species can be deleterious for Drosophila.

As a check for the possible deleterious effects of insect
material in the microbial slurries on the survival of het-
erologous species, we administered homogenates from
axenic flies of the same and different species. Fly mortality
did not differ significantly between treatments with axenic
homogenates of the same or different species (Supplemen-
tary Fig. S12; p > 0.05 for all comparisons). Furthermore,
our index of bacterial abundance (16S rRNA gene copy
number, determined by qPCR with general bacterial pri-
mers) did not differ significantly between homologous and

Table 4 ANOVA tables for
generalized linear models of
microbiota characteristics

ASV richness Dissimilarity to inoculum Multivariate dispersion

df χ2 p F P F p

Inoculum microbiota 2 8.73 0.013 89.97 <0.001 3.66 0.028

Host species 2 45.49 <0.001 0.84 0.435 1.60 0.206

Association type 1 0.83 0.362 0.59 0.445 0.05 0.827

Host sex 1 2.07 0.150 0.03 0.856 0.07 0.797

Experiment 1 3.28 0.070 118.12 <0.001 1.00 0.320

Residuals 122

Significant values are shown in bold (α= 0.05)
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Fig. 3 Host survival is significantly greater in homologous associa-
tions than heterologous associations. The number of flies in each vial
at 5 days post-eclosion was standardized within each host species and
experiment
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heterologous associations (Supplementary Fig. S13). 16S
copy number also did not vary with microbiota source
species or experiment, but the effect of host species was
significant, with significantly lower abundance in D. simu-
lans than D. melanogaster (Supplementary Fig. S13).

Discussion

This study has yielded two key results. First, the analysis of
microbial communities in 18 Drosophila species (Fig. 1)
reveals that microbiota composition varies among Drosophila
species maintained under uniform laboratory conditions.
Second, the reciprocal transfer experiments demonstrate that
two drosophilid species administered with the same micro-
organisms yield microbial communities of significantly dif-
ferent composition, and that host survival to adulthood is
significantly depressed in associations with microbiota
derived from a different host species. Specifically, these
results indicate that variation in microbiota composition can
be explained by differences among host species in compat-
ibility with different microbial taxa, rather than their micro-
biological history; and that these differences are important for
host fitness.

The fate of microorganisms that enter the gut is deter-
mined by multiple host factors [47], as well as among-
microbe competition [48, 49]. Current understanding of
host filtering by the gut environment in drosophilids is
dominated by research on D. melanogaster, with evidence
that some ingested microorganisms persist and others are
lost, either by dying in the gut or by elimination with the
bulk flow of food through the gut [50–52]. Candidate host
determinants of the fate of microbial cells include the profile
of antimicrobial peptides expressed in the gut [53, 54], the
patterns of gut epithelial turnover [55–57], and the pH of
the acidic region of the gut [58]. How these host traits vary
among Drosophila species is largely unknown, beyond the
genome-scale evidence for extensive evolutionary diversi-
fication of the repertoire of canonical immune genes among
Drosophila species [59]. Previous studies have found that
D. melanogaster is relatively permissive, for example cap-
able of associating with many bacterial taxa administered
individually [60]. The finding from the reciprocal transfer
experiments in this study that D. melanogaster supports a
higher taxonomic diversity of microorganisms than both
D. simulans and D. willistoni indicates that host filtering
may be more restrictive in some drosophilid species than in
D. melanogaster.

It is also important to consider the microbial taxonomic
resolution of host filtering. Our results concur with the
growing evidence that host–microbe compatibility can vary
widely among closely related bacterial strains, with the
implication that biologically relevant variation can be

undetected in studies that use of 97% sequence identity of
16S gene amplicons as the cutoff for taxon identification
[61]. Illustrating the importance of fine-scale variation, we
found that the relative abundance of some individual ASVs
of Acetobacter displayed the reverse of the general pattern
that Acetobacter is promoted in D. simulans relative to D.
melanogaster (Table 3). A further layer of complexity is
indicated by two Acetobacter ASVs that displayed the
intriguing pattern of elevated abundance in either homo-
logous or heterologous hosts (ASV #387 and #402,
respectively, in Table 3) rather than in one host species. The
reduced survival to adulthood of heterologous hosts raises
the possibility that this pattern reflects processes, which
favor some taxa in healthy hosts, while other taxa flourish in
unhealthy hosts, potentially contributing to dysbiosis [53].
One specific scenario is that flies have inadequate controls
over certain bacterial taxa derived from different host spe-
cies, and the resultant high abundance of these bacteria is
deleterious for the host. Future research can test this
hypothesis by identifying the bacterial functional traits that
dictate compatibility with different Drosophila species, and
investigating how compatibility both influences, and is
influenced by, the physiological condition of the host.

The evidence from this study that the composition of
microbial communities varies among drosophilid species is
overlain by the lack of evidence that this variation tracks
host phylogeny. There is, however, one systematic caveat in
the approach of this and other studies [19, 20] of among-
species variation in the microbiota of drosophilids: that the
analyses are conducted on long-term laboratory cultures.
The microbiota in these cultures is of lower diversity and
differs in both taxonomic composition and functional traits
from natural populations [20, 21, 25, 62], raising the pos-
sibility that the microbial taxa which have been eliminated
are precisely those that are controlled by host traits
that track host phylogeny. Tempering this concern, a robust
relationship between host phylogeny and microbiota com-
position is detected in mammals maintained in captivity
[19, 63], even though the microbiota in these animals can be
depauperate and divergent from field individuals [64, 65].

Weak or undetectable correspondence between host
phylogeny and microbiota composition has been reported
for various systems other than drosophilid flies, notably
marine nematodes [66], passerine birds [67], and possibly
bats [63] (but see [68, 69]). To date, the factors that may
influence the host phylogenetic pattern of microbiota
composition in different groups has received limited con-
sideration. It has been argued [19] that the poor phyloge-
netic signal for drosophilids can be attributed to the
variability in the microbiota composition (also argued by
ref. [20]), the rapid transit of some bacterial taxa through the
Drosophila gut, and the dominance of the microbiota by
Acetobacter. However, these explanations are contradicted
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by other data. Specifically, there is excellent evidence that
some bacterial taxa can persist for extended periods in the
Drosophila gut [50, 51] and that bacterial taxa other than
Acetobacteraceae can dominate the gut microbiota, varying
with diet and Drosophila species [23, 24, 70]. Furthermore,
no detectable phylogenetic pattern is obtained in analyses of
greater phylogenetic scope (including representatives of
subgenus Drosophila in Set 2 of this study), even though
the reciprocal transfer experiments in this study show that
host factors are an important driver of among-species var-
iation in microbiota. Taken together, these considerations
indicate that the lack of phylogenetic signal does not arise
from a dearth of among-host species variation in controls
over the microbiota. Instead, the host controls may have
diversified in response to ever-shifting selection pressures
that preclude simple correspondence with host phylogeny.

Further insights come from the finding of this study that
the survival to adulthood of Drosophila species is sig-
nificantly depressed by association with microbiota from
different species, suggesting that some microbial taxa that
are advantageous for one host species may be deleterious
for a related species. Similar results have been obtained for
Nasonia jewel wasps [19, 26]. This effect is likely mediated
predominantly by ineffective filtering by the heterologous
host of bacteria that are specifically deleterious in that host.
Additionally, filtering by the donor host may exclude bac-
terial taxa that are specifically advantageous to the recipient
host from the microbiota inocula generated in this study.
Among-host species variation in traits that influence
microbiota composition can arise from selection for optimal
microbial partners, which may vary among host species in
relation to ecological circumstance (especially diet) and
physiological differences in metabolism, etc. However,
some relevant host traits may be adaptations for diet pro-
cessing in the gut or resistance to gut pathogens, with
incidental consequences for the microbiota composition.
For example, the expression of antimicrobial peptides,
which influence gut microbiota composition (see above), is
strongly diet-dependent in some insects [71], and pH of the
acidic region of the D. melanogaster gut influences sus-
ceptibility to the bacterial pathogen Pseudomonas entomo-
phila, as well as gut microbiota abundance [58]. As a
consequence, among-host species variation in compatible
microorganisms may be dictated, at least in part, by inter-
specific differences in the natural diet and the ever-changing
selection pressures exerted by pathogens.

In conclusion, this study reinforces the growing apprecia-
tion that multi-species approaches provide valuable insights
into microbial community assembly in animal hosts
[19, 63, 72]. To date, most research on host–microbial com-
patibility has focused on the synthesis of symbioses with
single microbial taxa, e.g., rhizobia in legumes [73], biolu-
minescent Vibrio in squid [74]. However, these systems are

increasingly being complemented by studies of animals with
complex microbiomes, including the zebrafish [75, 76],
Peromyscus mice [69, 77], and Drosophila [23, 78]. This
study demonstrates the technical tractability of Drosophila
system for multi-species experiments, offering the opportunity
to identify host traits shaping microbiota composition and the
evolutionary processes dictating among-host species variation.
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