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Abstract

Various bacterial taxa have been identified both in association with animals and in the external 

environment, but the extent to which related bacteria from the two habitat types are ecologically 

and evolutionarily distinct is largely unknown. This study investigated the scale and pattern of 

genetic differentiation between bacteria of the family Acetobacteraceae isolated from the guts of 

Drosophila fruit flies, plant material and industrial fermentations. Genome-scale analysis of the 

phylogenetic relationships and predicted functions was conducted on 44 Acetobacteraceae 

isolates, including newly-sequenced genomes from 18 isolates from wild and laboratory 

Drosophila. Isolates from the external environment and Drosophila could not be assigned to 

distinct phylogenetic groups, nor are their genomes enriched for any different sets of genes or 

category of predicted gene functions. In contrast, analysis of bacteria from laboratory Drosophila 
showed they were genetically distinct in their universal capacity to degrade uric acid (a major 

nitrogenous waste product of Drosophila) and absence of flagellar motility, while these traits vary 

among wild Drosophila isolates. Analysis of the competitive fitness of Acetobacter discordant for 

these traits revealed a significant fitness deficit for bacteria that cannot degrade uric acid in culture 

with Drosophila. We propose that, for wild populations, frequent cycling of Acetobacter between 

Drosophila and the external environment prevents genetic differentiation by maintaining selection 

for traits adaptive in both the gut and external habitats. However, laboratory isolates bear the signs 
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of adaptation to persistent association with the Drosophila host under tightly-defined 

environmental conditions.
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Introduction

It is becoming increasing apparent that the community of microorganisms in healthy animals 

(the microbiome) can have wide-ranging impacts on the ecology and evolution of the animal 

host (McFall-Ngai et al. 2013). The microbiome can facilitate the utilization of otherwise 

intractable food sources by variously providing supplementary nutrients, degrading complex 

dietary macromolecules and detoxifying dietary toxins (Brune 2014; Hansen & Moran 2014; 

Karasov & Douglas 2013; Kohl et al. 2014); confer protection against natural enemies, 

especially microbial pathogens (Jaenike et al. 2010; Stecher & Hardt 2011); and influence 

behavioral traits that affect gene flow, e.g. mate choice, group recognition, and choice of 

oviposition and larval settling sites. (Fischer et al. 2017; Lize et al. 2014; Mansourian et al. 
2016; Sharon et al. 2010).

Compared to the wealth of data relating to microbial effects on their animal hosts, the impact 

of these associations on the ecology and evolution of the microbial partners is very poorly 

understood, but see Soto et al. 2012, and Garcia & Gerardo (2014). In this context, 

associations can usefully be classified as either “closed”, where the microbial partners are 

obligately vertically transmitted and, consequently, isolated from the external environment 

often over multiple host generations; or “open”, where the microbial communities in the host 

and external environment are connected, such that external microbes colonize the host and 

host-associated microbes are shed to the external environment, often throughout the life of 

the animal host. The ecology of microorganisms in closed associations is defined by the 

animal host and, when sustained for very extended periods (to millions of years), their 

evolutionary trajectory is dominated by gene loss and genome erosion (McCutcheon & 

Moran 2012). Open associations present very different selective pressures for 

microorganisms, favoring traits that promote colonization of the host habitat, 

competitiveness in interactions with other microbial taxa, and, in many cases, a capacity to 

persist and proliferate in the external environment.

Open associations are exemplified by the relationship between animals and their gut 

microbiome. In most animals, the composition of the gut microbiota is influenced not only 

by microbial compatibility with the conditions and resources in the animal gut habitat, but 

also by the patterns of colonization by microbes in the food and shedding of microbes in the 

feces. However, the extent to which the ecology and evolutionary trajectory of gut 

microorganisms are distinct from related microorganisms in the external environment is 

largely unknown.

The purpose of this study was to investigate the scale and pattern of genetic differentiation 

between related bacteria isolated from animal guts and the external environment, 
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recognizing that genetic differences are strongly indicative of ecological differentiation in 

bacteria (Dutilh et al. 2014; Hehemann et al. 2016). We focused on bacteria of the family 

Acetobacteraceae, which favor sugar-rich habitats, e.g. rotting fruits, plant nectar (Lievens et 
al. 2015), and also colonize the guts of various animals feeding on these products (Crotti et 
al. 2010). In particular, representatives of Acetobacteraceae are prevalent in the microbiota 

of wild and laboratory Drosophila melanogaster (Chandler et al. 2011; Corby-Harris et al. 
2007; Staubach et al. 2013; Wong et al. 2011), and promote rapid development of D. 
melanogaster larvae (Newell & Douglas 2014; Shin et al. 2011), a critically important trait 

in the natural environment where larvae exploit the ephemeral resource of rotting fruit 

(Nunney 1990).

Our specific strategy was to make genome-scale comparisons of, first, the phylogenetic 

relationships between bacteria isolated from Drosophila guts and external environments; 

and, second, the gene content of the bacteria, enabling us to address functional variation 

among the bacterial taxa. For this analysis, we used published genome sequence data for 

various Acetobacteraceae isolated from plant material and industrial fermentations (we 

designated these habitats as “external environment”) and from laboratory cultures of D. 
melanogaster. Because no genome sequences are available for Acetobacteraceae isolated 

from wild populations of Drosophila, we supplemented the dataset with newly-sequenced 

genomes from a further 18 isolates of Acetobacteraceae, 14 of which were derived from 

wild, fruit-feeding Drosophila species. Our analysis revealed no substantive evidence for 

differentiation between bacteria in the external environment and associated with Drosophila, 

but the bacteria from laboratory Drosophila are genetically differentiated with respect to 

specific functional traits.

Materials and Methods

Isolation and identification of Acetobacteraceae associated with Drosophila

Bacteria were isolated from adult Drosophila melanogaster captured directly from field sites; 

from adult D. suzukii that emerged from collected fruits; and from laboratory-reared D. 
melanogaster Canton S and W1118 (Table S1). Individual flies were surface-sterilized with 

70% ethanol, rinsed with sterile phosphate-buffered saline (PBS), homogenized with a 

sterile pestle and spread onto Potato medium (PM; 10g/l yeast extract, 10g/l Bacto Peptone 

(Becton Dickinson, Franklin Lakes, NJ), 8 g/l Potato Infusion Powder, 5 g/l glucose, and 

15g/l agar) and Modified MRS medium (mMRS; 12.5 g/l vegetable peptone (Becton 

Dickinson), 7.5 g/l yeast extract, 20 g/l glucose, 5 g/l sodium acetate, 2 g/l dipotassium 

hydrogen phosphate, 2 g/l di-ammonium hydrogen citrate, 0.2 g/l magnesium sulfate 7H2O, 

and 0.05 g/l manganese sulfate 4H2O. Candidate Acetobacteraceae were identified as small, 

brown, tan or copper-colored colonies, and were isolated by repeated streaking onto PM 

plates. DNA was isolated from cells grown in liquid culture using the DNeasy Blood and 

Tissue kit (Qiagen, Hilden, Germany). For taxonomic identification, four 16S rRNA gene 

amplicons were generated for each isolate using primers (Start forward: 5′-
GCTTAACACATGCAAGTCGCACG, First third forward: 5′-
CTAGCGTTGCTCGGAATGACTG, Last third reverse: 5′-
CACCTTCCTCCGGCTTGTCAC, and End reverse: 5′-
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GGCTACCTTGTTACGACTTCACC), then Sanger sequenced and concatenated to obtain 

full coverage of the gene.

Sequencing, assembly and annotation of genomes

Libraries were prepared using the Nextera XT DNA Library Preparation Kit (Illumina, San 

Diego, CA) according to the manufacturer’s instructions, targeting an insert size of 500 bp. 

The average insert size obtained was much larger (~1,200bp), so libraries were further size-

selected with a Blue Pippin device (Sage Science, Beverly, MA) targeting fragments 

≤800bp. Following DNA quantification with a Qubit Fluorometer (Thermo Fisher Scientific, 

Waltham, MA), the libraries were pooled, and 100 bp paired-end reads were sequenced on 

an Illumina HiSeq 2000 Platform. Between 3,150,000 and 45,000,000 reads per genome 

passed quality filtering (300×–4200× coverage). Genome sequences were assembled de 
novo using Velvet 1.2.03 (Zerbino & Birney 2008), and annotated using the Rapid 

Annotation using Subsystem Technology (RAST) server (Aziz et al. 2008) as described 

previously (Newell et al. 2014). Final assemblies were deposited as Whole Genome Shotgun 

projects at GenBank, where they were annotated using the NCBI Prokaryotic Genome 

Annotation Pipeline (see Table S1 for accession numbers). Analyses in this study were 

completed using the RAST version of the annotation. Pairwise Average Percent Nucleotide 

Identity (APNI) was calculated as in Varghese et al. (2015) with the following parameters: 

minimum length- 80bp, minimum identity- 70%, minimum alignments- 50, window size 200 

bp, step size 100 bp.

Identification of orthologous genes and comparisons of gene content across genomes

Sixty-two bacterial genomes were analyzed including draft and complete genomes of 

Acetobacteraceae in the NCBI Genome Database (as of June 2016) and the 18 generated in 

this study (Table 1). Orthology of protein coding genes was predicted as described (Newell 

et al. 2014). Briefly, orthologous groups (OGs) were called de novo using OrthoMCL with 

inflation factor of 1.5 (Li et al. 2003). A representative protein for each OG was selected 

using HMMer (hmmer.janelia.org/), and the annotation of the selected protein was retained 

as the annotation for the cluster (Table S2). A presence/absence matrix for all orthologous 

genes in all taxa was constructed and the gene contents of bacteria derived from laboratory 

Drosophila, wild Drosophila and non-Drosophila environments were compared to identify 

genes significantly associated with each environment.

Construction of phylogenetic trees using whole genome sequences

A multilocus phylogeny was constructed using 89 single copy orthologous protein 

sequences present in 47 representative taxa, excluding ortholog families that included 

proteins with <100 amino acid residues. Granulibacter bethesdensis NIH1 was selected as 

out-group because the number of orthologous genes in common with the genomes analyzed 

was greater for this bacterium than all other evolutionarily-divergent acetic acid bacteria that 

we tested (Saccharibacter floricola DSM 15669, Asaia platycodi SF2, Acidiphilium cryptum 
ATCC 33463 and Roseomonas oryzae JC288T). A total of 89 proteins were used for the 

phylogenetic analysis (Table S3). Alignments were constructed using ClustalW on the 

MEGA5 GUI program with default parameters (Tamura et al. 2013). These alignments were 

Gblocked, removing gaps and poorly aligned regions (Talavera & Castresana 2007), and the 
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best evolutionary model was determined for each aligned CDS using ProtTest 3 (Darriba et 
al. 2011). Alignments were concatenated and a phylogenetic tree was built with the online 

RAxML Blackbox server, performing 100 bootstraps with a partitioned maximum likelihood 

model that factors in the evolutionary models assigned to each alignment (Stamatakis et al. 
2008). Phylogenetic trees for the 16S rRNA gene, as well as other single gene trees, were 

constructed by the same procedure as for the multilocus tree, and all trees were visualized 

and manipulated with the program FigTree (tree.bio.ed.ac.uk/software/figtree). The last 150 

bases were omitted from the 16S rRNA gene tree analysis due to variable sequence quality, 

representing the variable region 9 and an approximately 50 nucleotide conserved region.

Functional Enrichment Analyses

Gene Ontology (GO) enrichment analyses were conducted using Blast2GO (BioBam, 

Valencia, Spain). A single amino acid sequence file containing all representative OG 

sequences and singletons from all genomes was annotated using BLASTp, GO, and KEGG. 

GO enrichment between categories (flies vs. external environment; laboratory flies vs. wild 

flies) was conducted in R and accounted for the presence of each GO term in each bacterial 

species. For example, if a gene with an assigned GO term was present in 5 of 7 lab fly 

isolates the GO term was counted 5 times. A chi-squared test was performed to compare 

counts of each GO-term in each category. Chi-square p-values were false-discovery-rate 

corrected in R.

Rearing gnotobiotic Drosophila and bacterial competition experiments

Drosophila melanogaster Canton S (Wolbachia-free) was maintained at 25°C, 12h:12h light-

dark cycle, on a yeast, sucrose, cornmeal diet (all chemicals used in this study were obtained 

from Sigma-Aldrich, St. Louis, MO unless otherwise noted): 50 g/l brewer’s yeast (inactive; 

MP Biomedicals, Santa Ana, CA), 40 g/l glucose, 60 g/l yellow cornmeal (Aunt Jemima, 

Chicago, IL), 12 g/l agar (Apex Bio, Houston, TX) and preservatives (0.04% phosphoric 

acid, 0.42% propionic acid; 0.1% methyl 4-hydroxybenzoate). Axenic and gnotobiotic D. 
melanogaster were generated and reared as described (Koyle et al. 2016). Briefly, embryos 

were surface-sterilized by 3 washes with 0.6% hypochlorite (Clorox, Oakland, CA) followed 

by 3 washes with sterile water, then transferred aseptically to sterile food. Food composition 

was 50 g/l brewer’s yeast, 25 g/l glucose, 12g/l agar. Gnotobiotic flies were generated by the 

addition of approximately 5 × 106 bacterial cells to each vial of dechorionated eggs. To 

prepare bacteria, cultures were grown 18 h in PM, pelleted by centrifugation 2 min at 8,000 

× g, washed once in PBS, then resuspended in PBS to a cell density of 108 cells/ml.

Relative fitness of bacteria was assessed under two conditions: on fly food in the absence of 

D. melanogaster, and on fly food in the presence of all life stages of D. melanogaster. For 

competition on food without the insects, cell suspensions of equivalent densities were mixed 

in a 1:1 ratio and 3 spots of 10 μl each were made on the surface of sterile fly food in a Petri 

plate. Plates were incubated at 25° C for 12 days, then the cells were recovered with a sterile 

scraper, resuspended in PBS and cell density determined by serial dilution in a 96-well 

microtiter plate and spotting onto PM in replicate aliquots of 5 μl. After 48 h incubation, 

colonies were counted for the 3 replicate aliquots that yielded between 5–50 colonies/spot. 

Strain pairs were chosen to be discordant for only one trait of interest (e.g. one contains 
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uricase locus while the other does not, but both are motile) and have distinctive colony 

morphology (Table S4).

To test competitive fitness in the presence of D. melanogaster, bacteria were harvested after 

14 days of culture. Adult flies were discarded, 5 ml sterile PBS was added and mixed 

thoroughly with the food by vortexing (maximum speed for 5–10 seconds). The suspension 

was then diluted and bacterial cell density assessed as described above. Relative fitness was 

calculated based on the method of Wiser & Lenski (2015):

where w is fitness, and A and B are the cell densities of the two competitors at initial (i) and 

final (f) time points. For 5 of 8 competitions between DsW_063 and DmW_047 with 

Drosophila, no colonies were recovered for the latter strain. To calculate relative fitness in 

these cases we set the cell density of DmW_047 to the lower limit of detection (500 CFU/

ml).

Uric acid determination

The Amplex Red Uric Acid/Uricase determination kit (Invitrogen, Carlsbad, CA) was used 

to measure uric acid concentrations in used fly food. Food samples (10–30 mg) were 

homogenized in 100 mM Tris pH 7.5 at concentration of 1 mg/10 μl, and solids removed by 

centrifugation for 1 min at 15,000 × g. Uric acid standards (1–100 μM), were prepared from 

a 5 mM stock and 100 mM Tris pH 7.5 reaction buffer as per the manufacturer’s 

instructions. Reactions were performed in 100 μl volume at 25° C, and substrate 

fluorescence was measured at 590 nm with a Synergy H1 hybrid plate reader (BioTek, 

Winooski, VT), following excitation at 530 nm.

Results

Sequencing and annotation of bacterial genomes

In this study we tested whether bacteria associated with Drosophila are ecologically distinct 

from bacteria isolated from other environments. We began with a genomic approach, on the 

rationale that ecological differences should be evident as differentiation, either in taxonomy 

or gene content, between Acetobacteraceae isolates from Drosophila and the external 

environment. Because the publically-available genome sequences for Acetobacteraceae 

lacked representation of bacteria isolated from wild Drosophila, we initiated the study by 

sequencing the genomes of 14 Acetobacteraceae isolates from wild D. melanogaster and D. 
suzukii, together with 4 isolates from laboratory-reared D. melanogaster (see Table S5 for 

assembly information). The genome sequences were assembled de novo, and final draft 

assemblies annotated by RAST (Aziz et al. 2008). The predicted genome sizes of the 

isolates ranged from 2.43–4.05 Mb, with 2211–4036 protein coding genes per genome 

(Table 1).
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Taxonomic assignments and phylogenetic analyses

Preliminary taxonomic assignments were made based on genome-wide nucleotide 

alignments, and/or alignment of 16S rRNA gene sequences. Unambiguous assignments, 

based on Average Percent Nucleotide Identity (APNI) of ≥95%, could be made for 11 strains 

(Table 1). In addition, we made species assignments for strains Acetobacter nitrogenifens 
DsW_063 and Acetobacter malorum DsW_057 based on the multi-locus and 16S 

phylogenies (see below). Taxonomic assignments of the remaining 5 strains could only be 

made at the genus level due to a low degree of similarity with other sequences in the NCBI 

Genomes database (Table 1).

To begin our assessment of whether Drosophila-associated bacteria are distinct from their 

relatives isolated from other environments, we performed phylogenetic analyses comparing 

the new isolates to other members of the Acetobacteraeae. Prior work has highlighted 

inconsistencies between 16S and multi-gene phylogenies of this family (Chouaia et al. 2014; 

Matsutani et al. 2011), so we included both approaches. Comparing our isolates to 29 other 

Acetobacteraceae, we also obtained discordant topologies between the 16S tree and a multi-

locus tree based on 87 orthologous genes (Fig. 1). Specifically, the sister group of 

Acetobacter is Gluconobacter in the 16S tree, but Komagataeibacter (formerly 

Gluconacetobacter) in the multi-locus tree, as previously reported (Chouaia et al. 2014; 

Matsutani et al. 2011). Despite the discordant topologies, the within-genus relationships are 

broadly congruent between the two trees, with the exception of the phylogenetic placement 

of two strains of K. diazotrophicus, and the position of a three-taxon group including A. 
okinawensis and Acetobacter sp. DsW_054. The latter group is basal in the Acetobacter 16S 

phylogeny while A. aceti assumes that position in the multi-locus tree. Within these 

phylogenies, the Drosophila isolates could be assigned to Acetobacter and Gluconobacter, 
but Komagataeibacter/Gluconacetobacter comprised exclusively isolates from non-

Drosophila environments.

Further analysis focused on the genus Acetobacter because we obtained too few fly isolates 

of other genera in the Acetobacteraceae to allow for robust comparisons to congeners from 

the external environment. Our phylogenies identified Drosophila isolates as broadly 

distributed across the Acetobacter genus, rather than grouped together. In many cases, taxa 

that were isolated from the external environment are sister to Drosophila-associated bacteria. 

Additionally, isolates from D. suzukii and D. melanogaster are intermixed, and a number of 

isolates from the two Drosophila species appear as sister taxa in the multi-locus tree (e.g. A. 
orientalis DsW_061 and A. orientalis DsW_048; A. malorum DmCS_006 and A. malorum 
DsW_057). Therefore our data suggest that the bacteria associated with D. melanogaster and 

D. suzukii are not consistently phylogenetically distinct from one another, as also suggested 

by the data in Vacchini et al. (2017) and Rombaut et al. (2017), or from Acetobacteraceae 

isolates from the external environment.

Comparisons of gene content of Acetobacter from Drosophila and the external 
environment

To determine whether Acetobacter isolated from Drosophila are functionally different from 

isolates from the external environment, we compared the full complement of proteins across 
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42 Acetobacter genomes. Of 24,357 unique genes analyzed, 5474 orthologs groups (OGs) 

were found in 3 or more genomes. Among these, only 1950 OGs occurred in the majority of 

genomes (>50%), and no OGs were significantly associated with isolation from Drosophila 
or the external environment after Bonferroni correction for multiple tests (Fisher’s Exact 

Test). The gene with the most biased distribution is an aspartate racemase (cluster 3009; 

P=6.3×10−5), which is the only gene present in the majority of Drosophila isolates but 

absent from all isolates from the external environment (Table 2, Table S6). No gene has the 

converse distribution, i.e. is absent from all fly isolates but found in a majority of the other 

isolates. A parallel analysis using GO term enrichment that included the 68% of OGs found 

in one or two bacterial strains yielded similar results: none of 1882 GO categories analyzed 

were significantly enriched in either group of genomes after correcting for multiple tests 

(Table S7). The category most enriched in the genomes of Drosophila isolates relative to 

those from the external environment was GO:0036361, encoding for amino acid racemase 

activity. Together, these results indicate that gene families are shared between Acetobacter 
strains regardless of their origin and do not support the hypothesis that Drosophila-

associated bacteria are functionally differentiated from those isolated from the external 

environment.

Genomic comparison of Acetobacter from wild and laboratory-reared Drosophila

Our second analysis compared genomes of Acetobacter from wild and laboratory 

Drosophila. None of 4175 OGs present in three or more genomes was significantly 

associated with laboratory or wild origin when correcting for multiple tests (Table S8). 

However, multiple genes were universally present in genomes of laboratory isolates but rare 

in isolates from wild Drosophila (Table 3). Of particular note are a group of genes predicted 

to function in purine salvage and degradation of uric acid to allantoin. Seven of them form a 

single locus in all the genomes analyzed, including a putative oxidoreductase, uricase, 5-

hydroxyisourate hydrolase, and xanthine permease; the locus is frequently adjacent to genes 

encoding components of xanthine dehydrogenase (Fig. 2). Microorganisms in laboratory 

cultures of Drosophila are likely exposed to uric acid, which is a major nitrogen excretory 

product of insects, including Drosophila.

A second difference between the isolates from laboratory and wild Drosophila is that key 

genes involved in flagellar motility and chemotaxis are present in half of the wild fly isolates 

but absent from all isolates from laboratory Drosophila. The capacity of these strains for 

flagellar motility was confirmed by soft agar assays and microscopy (Table S10). To 

investigate whether remnants of motility genes were present in the genomes of Acetobacter 
from laboratory flies, we performed systematic blastn searches with genes from the flagellar 

locus of A. okinawensis DsW_060 as queries. No significant hits were found for genes 

within this 68 kb locus, whether or not they were predicted to encode flagellar components 

(Table S11). However, several genes adjacent to the flagellar locus matched conserved genes 

in the genomes of non-motile Acetobacter (E value < 1×10−20); in four genomes, genes from 

each side of the flagellar locus were found adjacent to one another, suggesting that deletion 

of the entire locus could have given rise to the current gene arrangement (Fig. 3). The results 

are consistent with a model in which flagellar motility is not advantageous for Drosophila 
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microbiota in the laboratory environment, and thus motility genes have been lost from 

laboratory isolates by deletion.

We expanded our genomic comparison of Acetobacter isolates from laboratory and wild 

Drosophila to include all genes annotated with GO terms. This approach confirmed the 

conclusions from the comparison of OG content. Specifically, Acetobacter from wild 

Drosophila are significantly enriched in motility genes relative to isolates from laboratory 

Drosophila. In the seven strains from laboratory Drosophila, only a single gene was 

categorized into the bacterial-type flagellum (including “–dependent cell motility” and “–

organization” subcategories) and chemotaxis categories, relative to 24, 90, 25, and 52 genes 

in the same respective categories in 12 wild-fly isolates (Table 4). The genomes of 

laboratory isolates also bore a greater fraction of genes in GO:0006144 “- purine nucleobase 

metabolic process”, GO:0033971 “-hydroxyisourate hydrolase activity”, and GO:0004854 “-

xanthine dehydrogenase activity”, including the uric acid degradation locus and adjacent 

genes identified in the OG analysis (Table 3, Fig. 2), although these GO terms did not meet 

the FDR-corrected significance threshold. Together these findings suggest that motility is a 

key functional difference between bacterial isolates from laboratory- and wild Drosophila, 

with additional possible differences in uric acid degradation. Next, we sought to verify the 

findings of our genomic analyses experimentally.

Acetobacter-mediated depletion of uric acid from Drosophila food

We reasoned that spent Drosophila food would contain uric acid and may be an environment 

in which bacterial degradation of uric acid occurs. To test this hypothesis, we raised axenic 

flies to adulthood, then removed them from the culture vials and applied bacteria to the 

Drosophila-conditioned food. After 72 hours of incubation, the concentration of uric acid in 

the food varied significantly with treatment (ANOVA: F6,35 = 63.07, p<1×10−5), being 

depleted significantly in food that had been incubated with Acetobacter strains containing 

the uricase locus (DmW_42, DmW_046 and DsW_054) compared to strains lacking the 

uricase locus and the bacteria-free control (Fig. 4). Sterile food that had not been exposed to 

flies had trace amounts of uric acid, near the lower limit of detection for the assay (~1μM; 

Fig. 4).

Competition between Acetobacter strains in the laboratory environment

The comparative genomic analyses above suggest the ability to degrade uric acid, but not to 

synthesize flagella might be advantageous for Acetobacter species associated with 

laboratory cultures of Drosophila. These considerations lead to the hypothesis that the 

fitness of Acetobacter with the uricase locus and lacking motility genes is significantly 

elevated in the presence of Drosophila, relative to Acetobacter lacking the uricase locus and 

with motility, respectively. To test this prediction, we conducted competition experiments 

between multiple pairs of Acetobacter strains with divergent uricase and motility traits, in 

the presence and absence of D. melanogaster. The Acetobacter strains with divergent traits 

were chosen from the isolates from wild Drosophila, so that interpretation of any effects 

were not confounded by unrelated adaptations of Acetobacter to the laboratory conditions.
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We first investigated the hypothesis that Acetobacter strains lacking the uricase locus would 

display reduced competitiveness on food containing uric acid produced by Drosophila, 

compared to the Drosophila-free food condition that lacks uric acid. Bacteria without the 

uricase locus generally reached lower densities than uricase+ competitors under both 

conditions tested (Fig. 5A, relative fitness < 1; see Table S12 for cell density values). For 

three out of four pairs tested, bacteria without uricase showed a significant decrease in 

competitive fitness in the presence of flies compared to the fresh food condition (Wilcoxon 

sum rank test, P<0.004; α=0.00625 after Bonferroni’s correction). The one exception was 

the competition between strains DmW_045 and DsW_054 for which there was not a 

significant difference in the relative fitness of DmW_045 between the two conditions (Fig. 

5A). Altogether, the data suggest that bacteria lacking uricase tend to be less fit when 

cultured with Drosophila than those that possess the uricase locus.

We then tested the hypothesis that non-motile bacteria are more competitive than motile 

bacteria under laboratory Drosophila culture conditions. Using the same experimental 

protocol as for the analysis of uricase locus, we identified significantly decreased bacterial 

fitness in the presence of D. melanogaster than on food without the insects for two of the 

four pairs tested (significantly reduced Drosophila-dependent fitness of DsW_054 relative to 

DmW_042 and DmW_046) (Fig. 5B; Wilcoxon sum rank test, P<0.004). However, the non-

motile strain A. cibinongensis DmW_047 did not display significantly elevated Drosophila-

dependent fitness against motile strains (A. orientalis DmW_045 or A. nitrogenifigens 
DsW_063). This result may be consequent of the competitive inferiority of DmW_047 on 

the Drosophila food substrate, whether or not the Drosophila was present.

Discussion

In this study, we investigated the genetic differentiation between bacteria of the genus 

Acetobacter that are associated with Drosophila and in the external environment, from both 

taxonomic and functional perspectives. Published phenotypic and genotypic comparisons 

have suggested that Drosophila-associated Acetobacter may be functionally distinct from 

Acetobacter isolates from the external environment (Newell et al. 2014; Petkau et al. 2016), 

but these studies were limited by small sample sizes and did not include bacteria from wild 

Drosophila. Here we addressed these shortcomings by comparing genomes from 19 

Acetobacter isolates from wild and laboratory Drosophila, as well as 22 Acetobacter species 

from plant material and industrial fermentations. The inclusion of genomes from wild 

Drosophila prove to be crucial to the correct interpretation of the data. Specifically, the 

indications in previous studies of differentiation between Acetobacter isolates from 

Drosophila and external environments can be attributed to genetic divergence of 

functionally-important traits in bacteria associated with long-term Drosophila cultures, and 

not between bacteria in wild Drosophila and the external environment.

Here, we first address the likely selection pressures and functional implications of the 

genetic differentiation of Acetobacter associated with long-term laboratory cultures of 

Drosophila; and then consider the evidence for lack of genetic differentiation between 

Drosophila-associated and free-living isolates of Acetobacter and how these results 

contribute to our understanding of the ecology of these bacteria under natural conditions.
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The Acetobacter isolated from laboratory cultures of Drosophila differ in gene content from 

isolates from wild Drosophila in relation to two functional traits: their universal possession 

of genes contributing to uric acid degradation and their absence of key genes in motility. The 

laboratory strains of Drosophila from which all but one of the Acetobacter were isolated 

(Canton-S, Oregon-R and white1118) were derived from wild flies collected before 1930 

(Lindsley et al. 1972), providing the opportunity for up to 80 years of selection on the 

bacteria imposed by the laboratory environment.

The capacity of Acetobacter isolated from laboratory cultures of Drosophila to degrade uric 

acid can be linked to the role of uric acid as a major excretory product of these insects. 

Soluble urate is released from the Malpigian tubules of the insect into the hindgut, where it 

is precipitated into uric acid crystals prior to elimination via the feces (Dow & Davies 2003). 

Consequently, Acetobacter cells in the hindgut and feces are exposed to very high 

concentrations of uric acid, providing strong selection for the genetic capacity to use uric 

acid as a nitrogen source. Bacterial consumption of uric acid in laboratory cultures of 

Drosophila may have far-reaching consequences for the redox balance of the insect. Uric 

acid can scavenge singlet oxygen and hydroxyl radicals, and thereby protect cells against 

oxidative and nitrosative damage, including lipid peroxidation and protein nitrosylation 

(Ames et al. 1981; Hooper et al. 1998), with the implication that bacterial consumption of 

uric acid may increase the susceptibility of the insect host to oxidative stress. However, other 

data indicate that some products of animal-mediated oxidation of uric acid can be toxic and 

activate pro-inflammatory pathways associated with metabolic dysfunction and obesity 

(Sautin & Johnson 2008). Acetobacter isolated from laboratory cultures of Drosophila have 

been demonstrated to protect against the accumulation of excessive lipid in Drosophila 
(Chaston et al. 2014; Newell & Douglas 2014; Shin et al. 2011), and these considerations 

raise the possibility that uric acid depletion may contribute to these anti-obesogenic effects.

The second distinctive functional trait of Acetobacter strains isolated from laboratory 

Drosophila was their loss of motility genes. We hypothesize that motility may generally be 

advantageous to Acetobacter populations in the external environment and in wild 

Drosophila. Naturally-occurring microhabitats are generally heterogenous; and adult flies 

may spend extended periods away from substrates suitable for bacterial growth, favoring 

bacteria that persist in the gut for many hours or even days. These selective forces are likely 

relaxed in the laboratory environment, where the food is homogenous and provided ad 
libitum to the insects, enabling bacteria to cycle continuously between the food substrate and 

feeding Drosophila. Consistent with this scenario, the evolutionary loss of motility from 

bacteria reared on homogenous media in the laboratory is common (Fux et al. 2005; Sellek 

et al. 2002), and the cycling of bacteria between fly and food has been demonstrated 

empirically for Acetobacter isolated from laboratory Drosophila (Blum et al. 2013). These 

effects may be compounded by selection for non-motility exerted by certain bacteriophage 

that utilize the flagellum as receptor (van Houte et al. 2016) and the energetic costs of the 

proton motive force required for motility (Edwards et al. 2002; Koskiniemi et al. 2012). 

Interestingly, the host immune system is unlikely to be a factor selecting against motility 

because, although the bacterial flagellin protein is recognized by the immune system of 

many animals and plants, Drosophila and other insects apparently lack the receptors that 

recognize this protein (Buchon et al. 2014).
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As a first approach to test whether uric acid utilization and non-motility enhance the fitness 

of Acetobacter in laboratory cultures of D. melanogaster, we compared the fitness of 

Acetobacter strains that differed with respect to each trait, in the presence and absence of the 

insects. We recognize that the Acetobacter strains used in the competition experiments differ 

at many loci other than motility/uric acid utilization, and that further technical advances in 

the genetic transformation of Acetobacter, to obtain isogenic strains with specific null 

mutations, are required to obtain definitive data. Despite this limitation, the results are 

instructive. Specifically, initial supportive evidence for the selective advantage of the genetic 

capacity to utilize uric acid in laboratory cultures of Drosophila is provided by the 

significant increase in relative fitness of these strains relative to competing strains that 

cannot utilize uric acid in the presence of Drosophila for three of the four pairs of strains 

tested (Fig. 5A). The competition between motile and non-motile Acetobacter strains 

yielded more equivocal results (Fig. 5B), and this may reflect fitness differentials that are 

smaller, e.g. the slight energetic cost of motility in a semi-solid environment, or context-

dependent, e.g. significant in presence of bacteriophages that utilize flagella proteins as 

receptors.

Research on Drosophila in laboratory culture has made important contributions to our 

fundamental understanding of animal-gut microbiome interactions (Broderick & Lemaitre 

2012; Douglas 2011; Erkosar & Leulier 2014). Nevertheless, the microbiota in laboratory 

Drosophila is taxonomically distinct and of lower diversity than in wild Drosophila 
(Chandler et al. 2011; Wong et al. 2013), raising questions about the relevance of laboratory 

studies to natural Drosophila populations. This study contributes to the resolution of this 

uncertainty. Specifically, by pinpointing specific functional traits, (uric acid utilization and 

non-motility) that are likely favored in Acetobacter in laboratory cultures, we have identified 

aspects of host-bacterial interactions that may, indeed, be divergent between laboratory and 

field Drosophila. Because many of the bacteria in field populations of Drosophila cannot 

utilize host waste uric acid, the nitrogen relations between Drosophila and its gut microbiota 

identified in the laboratory (Yamada et al. 2015) may not be relevant for field populations, 

where the bacteria may compete with the host for other dietary nitrogen sources, such as 

limiting protein, potentially with negative consequences for host fitness. Furthermore, as 

argued above, the motility of bacteria in field populations may facilitate persistence in the 

gut, such that data obtained for laboratory isolates, e.g. (Blum et al. 2013) may 

underestimate the colonization and residence time of bacteria in natural populations. It is of 

considerable interest for future work whether laboratory maintenance selects for similar 

traits, both for other bacteria in Drosophila and for Acetobacter in other animal hosts.

Turning to the broader comparison between Acetobacter isolated from external 

environments and Drosophila, our analyses yielded no signal for either phylogenetic or 

functional differentiation (Fig. 1, Table 3, Table S6). Although our analysis cannot provide a 

definitive demonstration of absence of genetic differentiation between Acetobacter isolates 

from Drosophila and other environments, our demonstration of significant enrichment for 

predicted gene functions in the isolates from laboratory vs. wild Drosophila sampled from 

across the Acetobacter phylogeny argues that the level of differentiation between bacteria 

associated with Drosophila and those in the external environment would, at most, be small. 

Further insights may be gained from two complementary strategies. One is to adopt a 
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sampling strategy focused on among-strain variation in a single bacterial species, to obtain a 

more powerful test for genetic differences between bacterial strains that correlate with their 

environment. This has been adopted in a study of Lactobacillus plantarum, which is 

prevalent in both the guts of animals, including Drosophila, and other habitats. Interestingly, 

the genomic content of L. plantarum is uncoupled from source of isolation (Martino et al. 
2016), paralleling our conclusions for Acetobacter. A second strategy would be to address 

among-strain variation in regulation of gene expression. This is potentially important, given 

the evidence from other symbioses that evolutionary changes in expression of specific 

bacterial genes can dictate compatibility with animal hosts (Mandel et al. 2009; Somvanshi 

et al. 2012).

Interpretation of the apparent lack of genetic differentiation between Acetobacter isolates 

from Drosophila and external environments is shaped by our current understanding of the 

ecology of Acetobacter-Drosophila interaction. Under laboratory conditions, populations of 

Acetobacter are significantly depressed by inclusion of the insects in the vials (Wong et al. 
2015). However, this cost of the association for Acetobacter may be offset under natural 

conditions by the benefit of Drosophila-mediated dispersal (Barata et al. 2012; Gilbert 1980; 

Staubach et al. 2013). Specifically, in the highly mobile adult insect, bacteria ingested by 

insects at one feeding site may be defecated at a different feeding site. The selection for 

fitness in both the Drosophila gut and external environment, together with frequent transfer 

between different habitats, may select against the evolution of Acetobacter genotypes that 

are specialized for either habitat. Consistent with this reasoning, various bacterial taxa with 

no evolutionary history of interactions with Drosophila can colonize these insects, and affect 

host nutritional indices in ways comparable to bacteria isolated from Drosophila guts 

(Chaston et al. 2014), suggesting that the Drosophila-gut microbe association is not 

necessarily founded on specific coevolved adaptations between host and symbiont.

A further consideration is that Drosophila is just one of many insect taxa and other animals 

that feed from sugar-rich diets bearing Acetobacteraceae (Crotti et al. 2010). This raises the 

possibility that a diversity of animals provides the ecologically-important service of 

microbial dispersal in the absence of specific bacterial adaptations for individual animal 

taxa. Looking ahead, community-level studies of ecology of Acetobacter and other bacteria 

utilizing ephemeral, sugar-rich habitats under field conditions is required to obtain a clear 

understanding of the evolutionary and ecological relations between these bacteria and the 

animals with which they associate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparison of multilocus and 16S rRNA gene phylogenies of Acetobacteraceae. Maximum 

likelihood phylogenies are shown with bootstrap values at each branch point with support 

>50%. The taxa compared are listed in the center, in line with their corresponding nodes in 

the multi-locus tree. Taxa in shaded boxes were isolated from Drosophila. Brackets and 

dotted lines on the right of the list link the taxa to their corresponding nodes in the 16S 

rRNA gene phylogeny, illustrating the incongruity of the two trees. Dotted lines in black 

highlight the most substantial differences in topology.
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Fig. 2. 
Uric acid degradation genes found in Acetobacteraceae. The relative size and orientation of 

putative uric acid degradation genes are shown: light grey, predicted to function in uric acid 

degradation; dark grey, predicted subunits of xanthine dehydrogenase (XDH); black, 

predicted xanthine permease. OHCUdc denotes 2-oxo-4-hydroxy-4-carboxy-5-

ureidoimidazoline decarboxylase; HIUase denotes 5-hydroxyisourate hydrolase. A) Locus 

organization found in A. malorum DmCS_005, A. tropicalis DmW_042, A. tropicalis 
DmCS_006, A. persici DmL_053, A. indonesiensis DmL_051, A. tropicalis DmL_050, and 

A. indonesiensis DmW_046. B) Locus organization found in A. pomorum DmCS_004, A. 
pomorum DM001, A. okinawensis DsW_060, Acetobacter sp. DsW_054, and 

Gluconobacter sp. DsW_056. C) Locus organization found in G. morbifer G707, and 

Gluconobacter sp. DsW_058.
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Fig. 3. 
Putative deletion of flagellar genes in non-motile Acetobacter isolates from laboratory 

Drosophila. Genes from Acetobacter strains listed on the left are shown in relative size and 

orientation, and color-coded to indicate homology with A. okinawensis DsW_060. A. 
okinawensis DsW_060 (used as the reference strain) encodes all of its flagellar motility 

genes at a single locus, depicted as a thick black line. None of the genes within this locus 

have homologs in the genomes of non-motile strains shown below. However, genes adjacent 

to the flagellar locus of DsW_060 can be found in the non-motile strains, suggesting that a 

deletion gave rise to their current arrangement.
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Fig. 4. 
Depletion of uric acid from Drosophila culture medium by Acetobacter. Used food from 

axenic Drosophila culture was incubated with the bacterial strains indicated for 72 h, or with 

no bacteria as control. Uric acid concentration was determined for these samples as well as 

sterile food that had not been exposed to Drosophila. Different letters above the bars indicate 

statistically significant differences by Tukey’s HSD test, P<1×10−5 (α=0.002 after 

Bonferroni’s correction).
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Fig. 5. 
Competitive fitness of Acetobacter isolates from wild Drosophila in laboratory culture. 

Pairwise competitions were initiated with equivalent cell densities applied to sterile 

Drosophila food (white bars), or gnotobiotic Drosophila cultures beginning at the embryo 

stage (grey bars). Asterisks indicate significantly reduced competitive fitness in culture with 

Drosophila compared to food alone: P<0.004 in Wilcoxon sum rank, α=0.00625 after 

Bonferroni’s correction. A) The fitness of strains without the uricase locus (Uricase−) 

relative to strains with the uricase locus (Uricase+) is displayed (n=5 to 8); each box 

delineates the first and third quartiles, the dark line is the median, and the whiskers show the 
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range. B). The fitness of strains with flagella (Flagella+) relative to strains without flagella 

(Flagella−) is displayed as in A (n=5 to 8).
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