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Abstract
Many aspects of animal ecology and physiology are influenced by the microbial communities
within them. The underlying forces contributing to the assembly and diversity of gut microbiotas
include chance events, host-based selection and interactions among microorganisms within these
communities. We surveyed 215 wild individuals from four sympatric species of Drosophila that
share a common diet of decaying mushrooms. Their microbiotas consistently contained abundant
bacteria that were undetectable or at low abundance in their diet. Despite their deep phylogenetic
divergence, all species had similar microbiotas, thus failing to support predictions of the phy-
losymbiosis hypothesis. Communities within flies were not random assemblages drawn from a
common pool; instead, many bacterial operational taxonomic units (OTUs) were overrepresented
or underrepresented relative to the neutral expectations, and OTUs exhibited checkerboard distri-
butions among flies. These results suggest that selective factors play an important role in shaping
the gut community structure of these flies.
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INTRODUCTION

Animal ecology and evolution is influenced by interactions with
microorganisms inhabiting the body, especially the digestive
tract (McFall-Ngai et al. 2013). The gut microbiota contributes
to the development and health of the host (Chung et al. 2012),
such as by processing otherwise inaccessible energy sources in
the diet (David et al. 2014), excluding potential pathogens (Buf-
fie et al. 2015) and detoxifying particular compounds (Ceja-
Navarro et al. 2015). Perturbations to the gut community can
detrimentally affect the host, and some animals have evolved
specific behaviours or gut morphologies to obtain and retain
beneficial microbial associates (Engel & Moran 2013). Consis-
tently associated sets of microbes have been described in several
species of animals (Fraune & Bosch 2007; Martinson et al.
2011; Berg et al. 2016; Mikaelyan et al. 2016), suggesting that
the composition of the microbiota can be specific to the host
species. Nevertheless, surveys have found substantial micro-
biota variation among individuals in many species and the pro-
cesses by which the gut microbiota is assembled remain largely
unknown (Falony et al. 2016).
Community assembly theory provides a null model, based on

random processes, to which the structure of natural communi-
ties can be compared. Hubbell’s (2001) neutral model of com-
munity structure has been modified by Sloan et al. (2006) and
Burns et al. (2016) to be applicable to gut microbiotas, where
each individual animal hosts a distinct community. These mod-
els assume that each animal randomly samples an equivalent
microbial source pool in the environment and that microbial
birth and death processes within hosts are equivalent between
microbial species and host individuals, yielding quantitative
predictions of among-host variation in microbiota composi-
tion. Significant deviations from these expectations indicate
that one or more of the assumptions have been violated, thus

warranting a search for various selective factors that determin-
istically shape the community (e.g. host features, host–microbe
or microbe–microbe interactions).
Several surveys have shown that microbiotas differ between

related host species, and this has been interpreted as host spe-
cies-specific selection (Fraune & Bosch 2007; Ochman et al.
2010; Brucker & Bordenstein 2013; Moeller et al. 2016). How-
ever, the surveyed animal species differ in their geographic
ranges, habitats or diet, and thus might be sampling different
environmental pools of microbial species. In such a case, even
purely random environmental sampling and equivalent growth
rates in the gut could lead to systematic differences among
host species. Laboratory experiments can ensure that different
host species encounter the same microbial source pool, but
such pools are unlikely to be representative of those encoun-
tered in the wild. These limitations can be overcome by analy-
sis of the microbiota in sympatric, ecologically similar species.
The genus Drosophila is an important model for the study of

microbiomes, as gut microbes can affect their nutrition, devel-
opment, longevity, sexual behaviour and gut morphology
(Brummel et al. 2004; Sharon et al. 2010; Shin et al. 2011;
Broderick et al. 2014; Newell & Douglas 2014; Wong et al.
2014; Chaston et al. 2016). Although there has been much
research on the microbiota of laboratory-reared Drosophila,
there are few data on the structure of these communities in
individual wild flies (Corby-Harris et al. 2007; Chandler et al.
2011; Jones et al. 2013; Wong et al. 2013; Broderick et al.
2014; Staubach et al. 2014). Here, we examine the gut micro-
biotas of four sympatric species of mycophagous Drosophila in
the wild: D. falleni and D. recens of the quinaria species group,
and D. putrida and D. neotestacea of the testacea group. These
species utilise a wide variety of mushroom species as sources of
adult and larval food (Shorrocks 1982; Lacy 1984), and all four
species can be found at a single mushroom (Jaenike & James
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1991). Thus, these species are likely to be sampling a similar
environmental pool of microbes. Izumitani et al. (2016) esti-
mated that D. putrida and D. neotestacea split ~ 8 mya, D. fall-
eni and D. recens ~ 20 mya, and the testacea and quinaria
groups ~ 27 mya. Consequently, we hypothesise that they are
sufficiently divergent genetically to provide different selective
environments to their resident gut communities; therefore, Dro-
sophila species will differ in their microbiota composition.

MATERIALS AND METHODS

Collections and sample storage

Flies were collected with an insect net at naturally occurring
mushrooms and kept with wild mushrooms found at the site
to ensure survival during transport to the laboratory. Collec-
tions were made from July through September of 2013 at four
locations with similar fungal communities near Rochester, NY
and once at Limekiln Lake in the Adirondack Mountains,
NY on 30 August 2013 (Fig. S1). Drosophila recens is rare
near Rochester, requiring that it should be collected elsewhere
(the Adirondacks).
Guts were dissected under sterile conditions with flame-ster-

ilised forceps in 1X phosphate-buffered saline. Dissections
were usually performed on the day of collection, but were
delayed 2 days for samples from the Adirondacks. The gut
and residual carcass tissue of each fly were stored separately
in sterile 0.1 mL tubes with 30 lL H2O at !20 °C until DNA
extraction.
To determine whether laboratory-reared Drosophila harbour

a microbiota similar to those of wild-caught flies, we dissected
guts of female D. neotestacea that had been cultured for several
years on Formula 4–24 Medium (Carolina Biol., Burlington,
NC, USA) plus a piece of store-bought Agaricus bisporus mush-
room. Females were collected from three isofemale lines and
the microbiota was obtained either by gut dissection—as with
wild flies—or the whole abdomen was used for the DNA extrac-
tion. For whole abdomen extractions, the fly was anaesthetised
with CO2, soaked in 10% Clorox bleach for 2 min for degrada-
tion of surface bacterial DNA, 70% EtOH for 1 min, rinsed in
sterile H2O and stored as above until DNA extraction. This
procedure was carried out to minimise bacteria on the surface
of the fly, but not those residing in the gut. For each isofemale
line, all the flies used for analysis came from the same vial.
To compare the fly and mushroom microbiotas, we collected

six Drosophila adults and the corresponding mushroom tissue
at each of four mushrooms. Collections were made at two
mushrooms in August 2014 and two mushrooms in September
2015 at Mendon Ponds Park. We sampled six D. falleni and six
D. neotestacea for the 2014 collections and four D. falleni, five
D. neotestacea and three D. putrida for the 2015 collections.
Four additional mushroom samples were collected without fly
individuals; these mushrooms were at different states of decay
(i.e. nearly fresh, early rot, late rot) (File S1a).

DNA extraction and PCR screening

DNA was extracted from dissected gut, abdomen and mush-
room tissues using the protocol outlined in Powell et al. (2014),

with the exception that fly extractions did not use cetyl tri-
methylammonium bromide (CTAB) or 2-mercaptoethanol and
the bead beating was performed with a FastPrep-24 Instrument
at 4 m s!1 for 30 s (MP Biomedicals, Santa Ana, CA, USA).
Insect larvae were removed from mushroom samples with ster-
ile forceps before 25 mg of tissue was homogenised for extrac-
tion. Extracted DNA was arranged onto 96-well plates and
screened for the presence of fly and bacterial DNA with specific
primers and PCR conditions listed in File S1f.

Amplicon sequencing

DNA from the gut and abdomen samples was amplified with
a panel of general bacterial primers that target the V3–V4
hypervariable region of the 16S ribosomal rRNA gene. These
primers are uniquely barcoded to enable multiplexed amplicon
sequencing (File S1af, Fadrosh et al. 2014). The cycling condi-
tions were modified from Fadrosh et al. (2014) to enable the
amplification of low DNA concentration from individual Dro-
sophila guts. Resulting amplicons were cleaned and nor-
malised using the SequalPrep 96-well plate kit (Life
Technologies, Carlsbad, CA, USA), pooled and concentrated
with the AMPure kit (Beckman Coulter, Brea, CA, USA).
Multiplexed, paired-end sequencing was performed on the
Illumina MiSeq platform (2 9 300 bp) at the University of
Rochester Genomics Research Center. A process control of
Staphylococcus aureus was included.

Sequence assembly and quality control

Dual-index barcodes were removed from the paired-end reads
with custom python scripts and subsequently processed in the
QIIME software package (Caporaso et al. 2010b). Briefly,
reads were truncated at the first ambiguous base or at low-
quality regions (window of 30 nt, minimum quality score of
20). Reads were removed if they contained homopolymer
runs exceeding six bases, barcode errors or primer mis-
matches. Operational taxonomic units (OTUs) were con-
structed at 97% and 99% similarity with the open-reference
method and uclust (Edgar 2010). Representative OTU
sequences were aligned with PyNAST (Caporaso et al.
2010a), and taxonomy was assigned with the RDP classifier
(Lan et al. 2012). Sequences matching chloroplast, eukaryotic
rRNA, the known heritable endosymbionts (i.e. not gut bac-
teria) Spiroplasma and Wolbachia (File S1a), along with chi-
meric sequences identified with ChimeraSlayer (Haas et al.
2011) were removed. To remove potential sequencing arte-
facts, OTUs containing < 100 reads summed across all sam-
ples were removed. Samples with < 9500 sequences were
removed and the remaining samples were rarefied to 7384
sequences (75% of the lowest coverage sample) to ensure a
random subset of OTUs for all samples. For fly–mushroom
comparison, the samples were rarefied to 7500 sequences. The
iNEXT program in R (Hsieh et al. 2013; Chao et al. 2014)
was used to create rarefaction and sample completeness
curves with 50 bootstrap replicates for each sample to deter-
mine the minimal sampling depth. Raw and rarefied OTU
abundance tables with taxonomic assignments are presented
in File S1b,c, and representative sequences are available in
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File S2. A phylogeny of the remaining OTUs was built with
FastTree (Price et al. 2010) for phylogenetic diversity metrics.

Community diversity analyses

Alpha diversity, richness and coverage were calculated in
QIIME (File S1a). Beta diversity comparisons were performed
with the presence/absence metrics Jaccard and Unweighted-
UniFrac, and the relative abundance metrics Bray–Curtis and
Weighted-UniFrac. Principal coordinates analysis was per-
formed in QIIME on the rarefied OTU tables (File S1c).
Unweighted pair group method with arithmetic mean
(UPGMA) hierarchical clustering was performed in QIIME
and node support was measured with 999 jackknife resam-
plings (7384 sequences/sample). UPGMA dendrograms were
visualised with GraPhlAn (Asnicar et al. 2015).

Additive diversity partitioning

To determine the relative contributions of alpha and beta
diversity to the overall (gamma) diversity among wild individ-
uals, we performed additive diversity partitioning using the
adipart function (Crist et al. 2003) in the vegan package of R
(Oksanen et al. 2015). Alternative sampling hierarchies (host
species and collection locality) were analysed to compare their
relative contributions to gut microbiota diversity.

Neutral community model

The neutral community model for prokaryotes (Sloan et al.
2006) makes three assumptions for the community assembly
of the microbiota: (1) random sampling of OTUs from a
common pool, (2) equivalent dispersal rates of OTUs
between flies (immigration) and (3) equivalent growth and
death rates of OTUs within flies (ecological fitness). There-
fore, compositional differences between microbiotas are due
to stochastic changes of OTU abundances within individual
flies (ecological drift). This model is based on previous neu-
tral community models (Hubbell 2001), but excludes the
potential for bacterial speciation, which occurs on a time-
scale far greater than assembly of an individual’s gut micro-
biota. Specifically, the neutral model uses the average
abundance of each OTU across all Drosophila individuals
(mean relative abundance) to predict the occurrence fre-
quency of that OTU across Drosophila individuals. This
model was implemented as in Burns et al. (2016) on the rar-
efied OTU matrix. Using the Akaike’s information criterion,
the fit of the Sloan et al. (2006) model was compared to a
binomial distribution model (Brown et al. 2001), a simpler
neutral model that assumes a binomial distribution of OTUs
among host individuals.

Checkerboard distribution

Bacterial communities across Drosophila individuals were
analysed for checkerboard distributions, which might arise
from interactions among bacterial OTUs (Stone & Roberts
1990). The C-score metric summarises the total segregation of
species (bacterial OTUs) across habitat patches (Drosophila

individuals) (Diamond 1975; Stone & Roberts 1990). Nor-
malised C-score values range between 0 and 1, where 0 indi-
cates species always co-occur (maximum aggregation) and 1
indicates species never co-occur (maximum segregation). The
C-score for each dataset was compared to the distribution of
C-scores from 1000 randomised matrices generated with the
r2dtable method where both column and row totals are fixed,
using the vegan (oecosimu) and bipartite packages in R (Dor-
mann et al. 2015; Oksanen et al. 2015).

Canonical correspondence analysis

Canonical correspondence analysis (CCA) was used to find
the contributions of individual OTUs to the overall composi-
tional variation in the microbiota. The rarefied abundances of
the top 20 OTUs across wild Drosophila individuals were
compared the whole-community variation using (1) the raw
Weighted-UniFrac dissimilarity matrix and (2) the top three
principal coordinates from the Weighted-UniFrac PCoA. The
cca function in the vegan package was used to perform CCA
and the results were visualised with the ggplot2 and MASS
packages in R (Venables & Ripley 2002; Wickham 2009).

Enterotyping analysis

Enterotyping has sometimes been used incorrectly to artificially
divide continuous variation into discrete ‘types’ (Koren et al.
2013; Knights et al. 2014). However, enterotypes are described
as ‘“densely populated areas in a multi-dimensional space of
community composition” and should not be seen as discrete
clusters, but as a way of stratifying samples to reduce complex-
ity’ (addendum to Arumugam et al. 2011). We use this method
as an independent test to find differences in microbial commu-
nity structure among the Drosophila individuals not directly
associated with host or environmental factors. Following the
methods previously employed in the microbiota of humans
(Arumugam et al. 2011), apes (Moeller et al. 2012), mice
(Wang et al. 2014) and bumblebees (Li et al. 2015), entero-
types were analysed with bacterial genus abundance profiles
(File S1d) created with greengenes (McDonald et al. 2012).
The enterotype analysis was initially performed on the wild
individuals’ dataset and repeated with the entire dataset,
including laboratory-reared Drosophila, to test the fidelity of
the enterotype assignment. Enterotype quality was evaluated
with 10 000 randomised matrices created with rndtaxa (labdsv
in R). For each matrix, a Jensen–Shannon distance matrix was
generated, clustering was performed with the partitioning
around medoids method, the optimal number of enterotypes
was calculated with the Calinski–Harabasz index and the dis-
tinctness of the enterotype clusters was determined with the
average silhouette score. Over-represented bacterial genera
were identified for each enterotype with Kruskal–Wallis tests.
To test if enterotypes might be correlated with variation in

total bacterial abundance among flies, 10 D. neotestacea indi-
viduals from each enterotype were screened with qPCR primers
for the bacterial 16S rRNA and fly ef1-alpha genes. Primers
and qPCR cycling conditions are listed in File S1f. PCR effi-
ciencies were approximately equal for the genes (absolute DCT

vs. log input < 0.05), so DDCT was used for comparisons.
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ADONIS and Kruskal–Wallis tests

Significant differences in the OTU composition among shared
attributes of wild flies (i.e. species, collection locality, collec-
tion week, sex) were identified with ADONIS tests (analysis
of variance using distance matrices; also called nonparametric
multivariate analysis of variance) (Anderson 2001). ADONIS
was performed on pairwise dissimilarity matrices from differ-
ent diversity metrics and significance was calculated by F-tests
on permutations in QIIME. Significant differences in the
abundances of individual OTUs were identified with Kruskal–
Wallis tests.

RESULTS

Sequence reads and OTUs of the gut microbiota

An ~ 485 bp region of the 16S rRNA gene was amplified to
survey the bacterial community profiles of 283 individual flies
from wild and laboratory settings. After quality and rarefac-
tion cutoffs, 215 wild and 30 laboratory individuals were
included in the subsequent community analyses (File S1a,b,c;
Figs S2 and S3). Overall, 6498 OTUs with < 100 total
sequences were removed, leaving 725 bacterial OTUs (≥ 97%
similarity) for subsequent analyses.

Comparison of bacteria associated with flies and mushrooms

Drosophila may acquire their microbiota directly from their
diet of decomposing mushrooms. To compare microbial com-
munities, we surveyed paired samples of flies and mushrooms
in consecutive years. The microbiota of mushrooms was vari-
able in Shannon diversity and number of OTUs (File S1a),
but often dominated by Enterobacteriaceae OTUs that were
also common in Drosophila individuals (Figs S4 and S5).
Nearly half (325/683) of all bacterial OTUs were present in
flies, but undetectable from the mushroom samples (Figs 1,
S4 and S5). For example, Orbales_FM003 is ~ 1400 times
more abundant in fly guts than in mushrooms.

Additive diversity partitioning

We partitioned the total diversity proportionally among sam-
pling levels to investigate how each level contributed to spe-
cies richness (OTUs observed) and diversity (Shannon or
Simpson). This analysis revealed that the majority of gut com-
munity diversity is partitioned between individual flies
(Table 1). A small but significant fraction of microbiota diver-
sity was attributed to locality and host species. The lowest
attributed proportion of richness (OTUs observed) was at the
individual level (12.8%), as relatively few bacterial OTUs were
present within individual flies (average of 61 " 2 SE in rar-
efied samples) compared to the total of 687 OTUs identified
across all wild individuals (Table 1).

Neutral model

The occurrence frequency of bacterial OTUs within the wild
Drosophila fit rather weakly to the neutral community model

of Sloan et al. 2006 (r2 = 0.43, Fig. 2). The majority of bacte-
rial OTUs fell outside the 95% confidence interval for the
neutral prediction, with 426 (62%) above, 32 (5%) below and
229 (33%) OTUs within the neutral prediction range. The fit
of the neutral model was equal to or greater than natural pop-
ulations in laboratory-reared D. neotestacea (Fig. S6).

Checkerboard distribution

All datasets had C-scores significantly greater than random
expectation (P < 0.001), suggesting that negative interactions
among OTUs affect their distributions or that differences in
individual gut conditions favour different OTUs (Fig. S7).

Microbiota community variation among wild Drosophila individuals

Principal coordinates analysis based on Weighted-UniFrac
explained just over half of the variance in microbiota composi-
tion, with PC1 = 35%, PC2 = 11%, PC3 = 6% (Fig. S8). Host
attributes and collection information (host species, locality, col-
lection week, or host sex) did not strongly discriminate varia-
tion among microbiotas. Although these variables were often
significant, each of them only explained ≤ 7% of the variation
in the composition of the gut microbiota using either 97% or
99% similarity OTUs in ADONIS tests (Tables 2 and S1). Of
the 687 OTUs present in wild flies, 44 differed significantly by
host species, 18 by locality, 48 by collection week and 5 by host
sex (P < 0.05, Kruskal–Wallis, Bonferroni correction, File
S1g). The UPGMA dendrograms of the gut microbiotas
showed that wild host species are interspersed, but most labora-
tory individuals formed a distinct cluster (Fig. S9).
Canonical correspondence analysis based on Weighted-Uni-

Frac revealed two densely populated areas (separated by a
saddle) and a diffusely populated area of microbiota composi-
tion space. This was observed with both the dissimilarity
matrix (Figs S11 and S12) and the top three principal coordi-
nates (Figs 3a,b and S10). These regions are not discrete clus-
ters, but instead are clouds within a continuous gradient. The
contribution vector arrows of the 20 most abundant bacterial
OTUs are taxonomically clustered (Figs 3b and S11b). Both
density and arrow direction generally align with the entero-
type analysis (Fig. 3c,d) and their overrepresented taxa: Ec
has arrows for Lactobacillales that includes Enterococcus, Eb
has arrows for Enterobacteriales and O has arrows for
Orbales (Figs S10d and S12d).
Three enterotype clusters were identified among wild-caught

Drosophila (Ec, Eb and O) (Fig. 3c), whereas all laboratory-
reared flies individuals were sorted into Enterotype Ec (File
S1a,e). Enterotypes are robust to randomised testing for both
optimal enterotypes number and average silhouette score
(Fig. S13). Enterotypes were not overrepresented in either sex
[v2(2, N = 206) = 4.12, P = 0.13] or locality, except for Entero-
type Eb, which was more prevalent at Corbett’s Glen [v2(6,
N = 206) = 22.0, P < 0.01]. Enterotype Eb was significantly
less prevalent in D. putrida (4%) than in D. neotestacea (22%)
and D. falleni (23%) [v2(4, N = 206) = 13.6, P < 0.01]. A com-
plete summary of enterotype classification is presented in File
S1e. Each enterotype has overrepresented bacterial genera:
Enterotype Ec (Enterococcus, unclassified Enterococcaceae_1),
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Enterotype Eb (unclassified Enterobacteriaceae_1, unclassified
Enterobacteriaceae_2, Serratia, Citrobacter) and Enterotype O
(unclassified Orbales) (Fig. 3d). Enterotyping explicitly divides
continuous diversity into distinct types; in reality, variation is
continuous with focal areas (dense regions in CCA). Therefore,
CCA is more informative than enterotypes, but both methods
identified similar microbiota structure.
To test if enterotypes were driven by the general abundance

of bacteria, qPCR was performed on 10 D. neotestacea indi-
viduals from each enterotype. The mean relative abundance of
bacteria did not significantly differ between enterotypes deter-
mined by one-way ANOVA [F(3, N = 32) = 0.90, P = 0.45]
(Fig. S14).

Comparison between the bacterial communities in laboratory-reared
and wild D. neotestacea

Wild individuals from all species had microbiotas with simi-
lar diversity and species richness (Files S1a). In the average
microbiota pooled by host species, < 15 OTUs contributed
90% of the sequences within an individual (D. falleni:
8.5 " 0.7 SE, D. recens: 13.7 " 3.4, D. neotestacea:
11.3 " 0.9, D. putrida: 9.9 " 0.7). The microbiota of

laboratory-reared D. neotestacea harbours even fewer taxa
with 4.0 " 0.3 OTUs accounting for 90% of bacterial
sequences. Wild D. neotestacea had more bacterial OTUs (!x
= 72) than laboratory D. neotestacea (!x = 38) (t
(79) = !6.73, P < 0.0001). Also, the variance in OTUs per
fly was greater among wild than laboratory D. neotestacea
(F(58,29) = 8.65, P < 0.0001). Laboratory D. neotestacea are
strongly differentiated in the principal coordinates analysis
using Unweighted-UniFrac and Jaccard, but less so with
Weighted-UniFrac and Bray–Curtis, indicating that labora-
tory and wild flies have different low abundance OTUs
(Fig. S15). The most common bacteria found in Drosophila
individuals are displayed in Fig. S16.

DISCUSSION

The microbiota composition of wild Drosophila deviates sub-
stantially from random expectations, as a neutral model of
community assembly explains less than half of the variance in
bacterial OTU distribution among individuals. Microbiota
composition did not differ strongly among host species, sex or
collection localities (Tables 2 and S1; Fig. S8). However, there
were large differences among individual wild flies in their gut
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microbiotas, with gut communities tending to fall into densely
populated clusters that crossed host species boundaries.
Our survey is the first detailed analysis of microbial commu-

nity variation at the level of individual flies in wild Drosophila.
We dissect the differences between individuals and species at a
much finer scale than previous studies of the Drosophila
microbiota (Corby-Harris et al. 2007; Chandler et al. 2011;

Jones et al. 2013; Staubach et al. 2013; Wong et al. 2013).
Examining 215 individual flies revealed a large amount of
variation in their microbial composition. Differences among
individuals within a host species contributed much more to
the total diversity than comparisons between different host
species or between localities (Table 1). This is counter to pre-
vious findings that microbiotas were more similar within a
Drosophila species; however, these surveys have compared lab-
oratory-reared flies or species that may have been collected at
different food sources (Jones et al. 2013; Wong et al. 2013;
Brooks et al. 2016). Analysis of checkerboard distributions
revealed consistently higher than expected C-scores among
wild flies, suggesting that negative interactions between
microbes or differences in gut conditions (e.g. pH, antimicro-
bial peptide titre) may contribute to variation among individ-
uals (Figs 3, S7 and S10). Previous studies of Drosophila
microbiotas have mostly assessed microbial diversity with
pooled individuals, obscuring the underlying variation among
individuals (Chandler et al. 2011; Staubach et al. 2013). Com-
bining individuals omits the largest portion of the microbiota
diversity and possibly conceals interactions between microbes
that play out within individual bacterial communities.

Table 1 Hierarchical partitioning of diversity within and among gut microbiota communities

Alternative
hierarchy schemes

Diversity
level Description

Richness Shannon Simpson

Raw no. OTUs % Raw Index % Raw Index %

1. Unstructured Gamma Total diversity 687 100 4.03 100 0.96 100

2. Individuals and
host species

Alpha Average alpha diversity of an individual 87.9 12.8 2.35 58.4 0.81 83.9
Beta 1 Among individuals of a host species 406.3 59.1 1.33 32.9 0.14 14.8
Beta 2 Among host species 192.8 28.1 0.35 8.7 0.01 1.3

3. Individuals and
localities

Alpha Average alpha diversity of an individual 87.9 12.8 2.35 58.4 0.81 83.9
Beta 1 Among individuals of a locality 372.2 54.2 1.33 33 0.14 14.9
Beta 2 Among localities 226.8 33 0.35 8.6 0.01 1.2

4. Individuals,
localities, and
host species

Alpha Average alpha diversity of an individual 87.9 12.8 2.35 58.4 0.81 83.9
Beta 1 Among individuals of a host species at a locality 209.4 30.5 0.94 23.4 0.11 11.9
Beta 2 Among individuals of a host species 196.9 28.7 0.39 9.6 0.03 2.9
Beta 3 Among host species 192.8 28.1 0.35 8.7 0.01 1.3

5. Individuals, host
species, and
localities

Alpha Average alpha diversity of an individual 87.9 12.8 2.35 58.4 0.81 83.9
Beta 1 Among individuals of a host species at a locality 209.4 30.5 0.94 23.4 0.11 11.9
Beta 2 Among individuals of a locality 162.9 23.7 0.39 9.7 0.03 3

Beta 3 Among localities 226.8 33 0.35 8.6 0.01 1.2
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Figure 2 Neutral model fit: Occurrence frequency [fraction of individuals
in which a bacterial operational taxonomic unit (OTU) was found] as a
function of the overall abundance of OTUs among the gut microbiota of
flies. The solid and dashed lines represent, respectively, the predicted
occurrence frequency and 95% confidence interval of the neutral model of
Sloan et al. (2006). OTUs above the model occur more frequently than
predicted, and those below occur less frequently than predicted. Each
OTU is coloured by its bacterial phylum. The top 20 most abundant
OTUs are labelled (File S1c).

Table 2 Comparison of microbial community composition using ADONIS

Category

Weighted-UniFrac

P r2

Host species 0.001 0.06
Locality 0.148 0.03
Collection week 0.003 0.05
Host sex 0.238 0.002

Analysis of variance using distance matrices (ADONIS), 999 permuta-
tions, F-tests, Wild Drosophila 97% operational taxonomic units (OTUs).
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Our results show that laboratory-reared flies do not repre-
sent the full diversity of their wild counterparts, consistent
with previous work showing that the laboratory environment
introduces dietary conditions, microbial species and abiotic
conditions that alter the microbiota (Chandler et al. 2011;
Staubach et al. 2013; Wong et al. 2013; Wang et al. 2014).
Laboratory-reared flies harboured less diverse microbiotas
than did wild flies, and lacked a major wild constituent,
Orbales. Although positive and negative interactions between
gut bacteria have been identified in the laboratory (Wong
et al. 2013; Newell & Douglas 2014), we found a good fit to
the binomial sampling model’s predictions among laboratory
flies, suggesting that selective factors may be a less important
determinant of the microbiota composition in the laboratory
than in field populations (Fig. S6b).
Many of the OTUs, including several of the most prevalent

(e.g. FM001, FM002), were found at similar abundance in
guts and mushrooms suggesting that dietary microbes play a
role in shaping the microbiota (Fig. 1). However, the diversity
and membership of microbial communities of Drosophila and
mushrooms are different (Fig. S4). Strikingly, some of the
most abundant OTUs (e.g. FM003, FM014) in flies are much

less abundant or undetectable in the mushrooms from which
they were collected (Figs 1 and S5). These bacteria may come
from an unidentified dietary source or inhabit a micro-envir-
onment (e.g. thin surface film on mushrooms) that adult flies
disproportionately consume. Alternatively, these components
of the microbiota may persist and proliferate in the gut envi-
ronment. Among the most pronounced bacterial orders that
show this pattern are Orbales, which are known from many
other insect gut communities but largely absent from environ-
mental samples in GenBank (Martinson et al. 2011, 2012;
Kwong & Moran 2013). For example, honeybees harbour Gil-
liamella (Orbales), a species that does not live in food stored
in the hive, instead these bacteria reside in the gut as members
of a biofilm adhering to the hindgut cuticle and are spread to
new individuals through social interactions (Martinson et al.
2012; Anderson et al. 2013; Powell et al. 2014). Earlier sur-
veys found Orbales are prevalent in numerous species of wild-
caught Drosophila that differed in diet (fruit, flower, cactus)
and geography (Australia, USA) (Corby-Harris et al. 2007;
Chandler et al. 2011). The communal defecating and feeding
sites, common to Drosophila species, could facilitate transmis-
sion of bacteria that survive short periods in the environment,
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but thrive in the gut. We cannot draw final conclusions from
our limited sampling of mushrooms; yet, our results agree
with the broadly observed pattern that the Drosophila micro-
biota is influenced by food substrate, but also suggest that
there are gut-specialised bacteria.
A model of neutral microbiota assembly accounted for only

43% of the variation among individual flies in the occurrence
of particular bacterial OTUs (Fig. 2). A previous study of the
zebrafish gut microbiota also found that nearly half of the
variation was explained by the neutral model in adults (Burns
et al. 2016). However, the neutral model assumes that gut
communities are assembled by randomly sampling from a
common pool of microbial OTUs, which is constructed by
pooling the gut communities of the flies themselves. The great
differences between the microbiotas of fly guts and their
mushroom food sources belie this assumption. Furthermore,
abundant bacterial OTUs in wild flies generally occurred in
significantly fewer flies than expected, and the rarer bacterial
OTUs occurred in more of them than expected (Fig. 2). This
pattern could be due to a variety of factors, such as competi-
tive exclusion between taxa capable of attaining high abun-
dances within individual hosts.
Regardless of variation among individuals and localities,

different species of mushroom-feeding Drosophila had, on
average, very similar gut microbiotas (Table 2). For example,
the same bacterial OTUs and community structures were
found in flies of different species, including Drosophila recens
that were collected over 200 km away. After 7–13 Ma of sep-
aration, there are large and consistent compositional differ-
ences in the microbiotas of humans and chimps (Moeller
et al. 2014). The Drosophila species in our study diverged
between 8 and 28 mya (Fig. S9) (Izumitani et al. 2016).
Despite their greater divergence times, all four Drosophila spe-
cies shared a common set of gut bacteria (Fig. S16), and anal-
ysis of individual OTUs found only a small proportion had
significantly different distributions among host species (File
S1 g). We cannot exclude the possibility of host species-speci-
fic strains within 97% OTUs, as have been found in great
apes (Moeller et al. 2016).
Microbiotas have been hypothesised to differ among host

species in deterministic ways that recapitulate the host phy-
logeny. Phylosymbiosis is a hypothesis about the relation-
ships between whole microbial communities found in hosts;
it is not codiversification of hosts and individual bacterial
strains (Bordenstein & Theis 2015; Moran & Sloan 2015).
Phylosymbiosis has two fundamental predictions: (1) micro-
biota communities are more similar within a host species
than between host species and (2) microbiota relationships
mirror the host phylogeny (Brucker & Bordenstein 2013;
Bordenstein & Theis 2015). Notwithstanding various criti-
cisms of phylosymbiosis (Chandler & Turelli 2014; Moran &
Sloan 2015; Douglas & Werren 2016), empirical tests have
found evidence consistent (Ochman et al. 2010; Sanders et al.
2014; Brooks et al. 2016; Moeller et al. 2016) and inconsis-
tent (Wong et al. 2013, 2015; Baxter et al. 2015; Brooks
et al. 2016) with this hypothesis. Our sampling scheme min-
imised potentially confounding dietary and geographical dif-
ferences between host species, thus enabling a test of
phylosymbiosis in natural populations.

In contrast to the phylosymbiosis predictions, neither CCA
nor UPGMA separated host species by their microbiota com-
position (Figs 3a and S9). This contrasts with the results of
previous studies on apes, Hydra, Nasonia wasps, Peromyscus
mice and mosquitoes (Fraune & Bosch 2007; Ochman et al.
2010; Brucker & Bordenstein 2013; Franzenburg et al. 2013;
Brooks et al. 2016). It is possible that confounding factors
may have affected prior surveys, in that the study species dif-
fered in diet (apes), the sampled animals were reared in artifi-
cial laboratory conditions (Nasonia, Peromyscus, mosquitoes
and Drosophila) where organisms may harbour an unrepresen-
tative microbiota, or the survey included few individuals per
species, compromising the potential to detect intraspecific
variation (Hydra and Nasonia).
Canonical correspondence analysis revealed that community

variation space was not evenly populated; instead, there are
two densely populated focal regions separated by a distinct sad-
dle (Figs 3 and S11). Such clustering would not be evident if
bacterial OTUs were randomly distributed among individuals.
These clusters were not explained by host species, sex, locality
or collection week (Table 2 and Fig. S10). The major factor
contributing to community structure in the gut microbiota was
the taxonomic identity of the major bacterial OTUs (Figs 3b
and S10). We used enterotype analysis as an independent test
to identify differences in community composition and identified
three enterotypes that generally matched both the density clus-
ters and the overrepresented bacteria in the CCA plot.
The signature bacterial genera of the CCA focal areas and

Drosophila enterotypes are similar to those previously
described in bumblebee enterotypes, despite the two insect
groups having different diets, inhabiting different continents
and being very distantly related (Li et al. 2015). A similar pat-
tern has been described in mammalian enterotypes where the
overrepresented bacteria (e.g. Bacteroides, Lachnospiraceae,
Ruminococcus/Robinsoniella) are shared in humans, chimps
and mice (Arumugam et al. 2011; Moeller et al. 2012; Wang
et al. 2014). Bumblebee enterotype 1 and Drosophila entero-
type Eb are both dominated by unclassified Enterobacteri-
aceae and Serratia, common pathogens of insects (Grimont &
Grimont 1979). Bumblebee enterotype 2 and Drosophila enter-
otype O are overrepresented in Orbales, a bacterial order
almost exclusively associated with insect guts that has been
linked to protection against gut-infecting trypanosomatids in
bumblebees (Koch & Schmid-Hempel 2011; Martinson et al.
2014). The dominant bacteria in an individual’s microbiota
may be controlled by host attributes including age and sex, or
by tradeoffs between investments in immune function and
reproduction (Schwenke et al. 2016). Alternatively, commu-
nity ecology forces like interspecific interactions within the
microbiota or founder effects that shape the colonisation pro-
cess may influence the identity of the dominant bacterial
taxon.
In summary, mushroom-feeding Drosophila are consistently

associated with bacterial genera, but there is abundant com-
positional variation among individuals. The microbiota struc-
ture of wild flies exhibits conspicuous deviations from neutral
models, but we found little evidence for species-specific
microbiotas. Instead, gut communities tend to form clusters
in multidimensional space that cannot be explained by host
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species attributes. Given the evident differentiation among
individual flies in their gut microbiotas, an important next
step will be to explore the causes and consequences of this
variation.
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