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The animal gut is perpetually exposed to microorganisms, and this microbiota affects development, nutrient allocation, and im-
mune homeostasis. A major challenge is to understand the contribution of individual microbial species and interactions among
species in shaping these microbe-dependent traits. Using the Drosophila melanogaster gut microbiota, we tested whether mi-
crobe-dependent performance and nutritional traits of Drosophila are functionally modular, i.e., whether the impact of each
microbial taxon on host traits is independent of the presence of other microbial taxa. Gnotobiotic flies were constructed with
one or a set of five of the Acetobacter and Lactobacillus species which dominate the gut microbiota of conventional flies (Dro-
sophila with untreated microbiota). Axenic (microbiota-free) flies exhibited prolonged development time and elevated glucose
and triglyceride contents. The low glucose content of conventional flies was recapitulated in gnotobiotic Drosophila flies colo-
nized with any of the 5 bacterial taxa tested. In contrast, the development rates and triglyceride levels in monocolonized flies
varied depending on the taxon present: Acetobacter species supported the largest reductions, while most Lactobacillus species
had no effect. Only flies with both Acetobacter and Lactobacillus had triglyceride contents restored to the level in conventional
flies. This could be attributed to two processes: Lactobacillus-mediated promotion of Acetobacter abundance in the fly and a sig-
nificant negative correlation between fly triglyceride content and Acetobacter abundance. We conclude that the microbial basis
of host traits varies in both specificity and modularity; microbe-mediated reduction in glucose is relatively nonspecific and mod-
ular, while triglyceride content is influenced by interactions among microbes.

Animals are in constant contact with microorganisms, and this
host-associated microbiota impacts nearly every aspect of an-

imal biology (1). In many animals, the largest and most diverse
populations of microbes associated with animals reside in the gut,
a critical interface for nutrient acquisition and immune recogni-
tion (2–4). In humans, the taxonomic composition of the gut
microbiota has been linked to obesity (5), diabetes (6), and in-
flammatory bowel disease (7). Therapies that target the gut micro-
biota have tremendous potential to improve human health, but
their success depends on gaining a better understanding of how
the microbiota composition is coupled to its function(s), i.e., im-
pacts on host traits (8–10).

The relationship between the composition and function of
host-associated microbiota depends critically on the degree of
functional modularity of the microbiota. For a perfectly modular
microbiota, the impact of each microbial taxon on host traits is
independent of the presence of other microbial taxa. Specifically,
the various microorganisms may affect the same or different host
traits, but the effect of a community of any composition on host
traits can be predicted from the sum of effects of each taxon in
isolation. Deviation from modularity would be indicative of inter-
actions among the microorganisms (e.g., metabolites or signaling
molecules produced by microbe A may alter the abundance or
traits of microbe B, with knock-on consequences for host traits) or
interactions between microorganisms and the host (e.g., apparent
competition, such as a situation where microbe B is very suscep-
tible to host immune response triggered by microbe A).

A powerful route to study the relationship between the com-
position and function of host-associated microbial communities,
and especially to investigate the degree of functional modularity of
the microbiota, is provided by gnotobiotic animals. These are an-
imals experimentally colonized by known sets of microorganisms.
Studies of single-species, dual-species, and multispecies micro-

biota reconstituted in rodents have identified bacterial genes im-
portant for microbiota persistence (11), described syntrophy be-
tween different species (12), and revealed competitive interactions
that shape microbiota metabolism (13, 14). Despite recent prog-
ress in scaling up the complexity of gnotobiotic communities in
mammals (15, 16), it remains unclear how the many interactions
between microbes, and between microbiota and host, sum to-
gether to shape an animal’s phenotype.

The fruit fly Drosophila melanogaster offers an amenable sys-
tem to investigate the relationship between composition and
function of gut microorganisms. Drosophila has a low-diversity
gut microbiota, typically containing �30 taxa and commonly
dominated by as few as five species in the genera Acetobacter and
Lactobacillus (17, 18), which are readily culturable. These gut bac-
teria have profound effects on the nutritional traits of Drosophila.
Generally, axenic Drosophila (i.e., reared under germfree condi-
tions) display extended larval development time and hyperglyce-
mia, and the traits of conventional Drosophila (i.e., with unma-
nipulated microbiota) are recapitulated, partially or completely,
in axenic hosts reinfected with Acetobacter, Lactobacillus, or unde-
fined microbial inocula derived from conventional flies (19–22).
However, the results across the several studies are not fully con-
sistent, perhaps reflecting variations in the diet and genotypes of
the host and bacteria.

In principle, the gut microbiota can influence host nutrition in
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two ways. First, it can modulate the host nutritional signaling
networks, thus altering nutritional allocation patterns. For exam-
ple, the production of acetic acid by Acetobacter pomorum has
been determined to promote insulin signaling, thereby promoting
larval growth and development and reducing adult lipid and sugar
levels (21), and Lactobacillus has been implicated in modulating
TOR (target of Rapamycin) signaling, which intersects with insu-
lin signaling in the regulation of growth and metabolism (22).
Additionally or alternatively, the bacteria can modify the nutri-
tional inputs to the host by providing supplementary nutrients
and consuming dietary constituents. The latter would be deleteri-
ous to the host for limiting nutrients and beneficial for nutrients
that are in excess. For hosts like Drosophila that shed feces con-
taining live bacteria into the medium on which they feed, bacterial
modulation of the food can be displayed by bacteria both in the
gut and externally.

The purpose of this study was to assess the degree of functional
modularity among the bacteria that contribute to the gut micro-
biota of Drosophila. We focused on the five species previously
identified as dominating the gut community in our laboratory
stock of Drosophila (17). First, we measured the development time
and nutritional indices of Drosophila in monoassociation with
each of these bacteria to determine baseline measures of the func-
tion of each bacterium. We then quantified these traits in dual-
species associations. Our results reveal that the degree of func-
tional modularity varies across the different microbial functions
and that synergistic interactions can be explained by effects of
cocolonization on bacterial abundance.

MATERIALS AND METHODS
Cultivation of bacteria and flies. Wolbachia-free Drosophila melanogaster
Canton S flies were reared at 25°C in a 12-h-light/12-h-dark cycle on a Y-G
diet (100 g liter�1 Brewer’s yeast [inactive; MP Biomedicals], 100 g liter�1

glucose [Sigma], 12 g liter�1 agar [Apex], and preservatives comprising
0.04% phosphoric acid and 0.42% propionic acid [Sigma]). Acetobacter
pomorum, Acetobacter tropicalis, Lactobacillus brevis, Lactobacillus fructiv-
orans, and Lactobacillus plantarum were isolated on modified MRS agar
from fly guts and identified by sequencing of 16S rRNA genes. Modified
MRS (MMRS) contained the following (all from Sigma unless otherwise
noted): 1.25% vegetable peptone (Becton Dickinson), 0.75% yeast ex-
tract, 2% glucose, 0.5% sodium acetate, 0.2% dipotassium hydrogen
phosphate, 0.2% triammonium citrate, 0.02% magnesium sulfate hepta-
hydrate, 0.005% manganese sulfate tetrahydrate, 1.2% agar (Apex). All
bacteria were maintained on MMRS medium at 30°C, with Lactobacillus
plates kept in sealed containers that were gassed with CO2 prior to sealing.

Preparation of axenic and gnotobiotic flies. To produce axenic flies,
freshly laid eggs (�18 h old) were collected from grape juice agar plates,
surface sterilized by 3 washes with 0.6% hypochlorite (equivalent to 1:10
dilution of Clorox bleach) followed by 3 washes with sterile water, and
then aseptically transferred to sterile food. For conventional flies with
uncontrolled microbiota, embryos from the same collection were trans-
ferred to sterile food directly from the egg collection agar. To introduce
defined gut microbiota for gnotobiotic treatments, the inoculum was pre-
pared as follows and added to the food surface immediately following
aseptic egg transfer. Optical density (OD) measurements were made on an
overnight culture of each bacterial species used. The cells were then pel-
leted at 7,500 � g for 2 min and resuspended in fresh growth medium at a
final cell density of 108 cells per ml. The resuspension volume was deter-
mined based on the following empirically determined constants (CFU
ml�1 at an OD of 1): A. pomorum, 1.3 � 109; A. tropicalis, 9.5 � 108; L.
brevis, 6.5 � 108; L. fructivorans, 1.0 � 109; and L. plantarum, 9.0 � 108.
Fifty microliters of resuspended cells was added to each gnotobiotic vial to
give 5 � 106 cells per vial. For microbiota of �1 species, each component

was added in equal parts to make up the total inoculum (e.g., the 5-species
microbiota inoculum contained 1 � 106 cells of each species). This inoc-
ulum density was chosen because it yielded 5-species gnotobiotic adults
with total CFU counts comparable to those in conventional flies (data not
shown).

Insect development. For the experiment whose results are shown in
Fig. 1A and B, observations were made once daily between 8 and 10 h
postdawn (h.p.d.) and the times of pupation and eclosion were scored.
For the experiment whose results are shown in Fig. 1C and D, observa-
tions were made three times daily: at 0, 6, and 11.5 h.p.d. for pupation and
at 2, 7, and 11 h.p.d. for eclosion. In each case, data from 5 independent
experiments were collected. Data for gnotobiotic treatments were ana-
lyzed in R Software for Statistical Computing, version 2.15.3, using the
Survival, coxme, and multcomp packages. The first development data
were formatted as survival objects for each treatment using the Surv func-
tion. Kaplan-Meier plots were generated from survival objects using plot-
(Survfit(survival object)). A Cox mixed-effects model was applied to sur-
vival objects using experiment as a random effect, and pairwise Tukey’s
tests were made with the general linear hypothesis test (glht) function,
correcting P values for multiple comparisons by the single-step method
(default procedure in multcomp).

Nutritional and performance indices. Mated females were collected
under light CO2 anesthesia 5 to 6 days after eclosion, weighed in groups of
3 to 5 to the nearest microgram using a Mettler Toledo (MX5) microbal-
ance, and then homogenized in 125 �l TET buffer (10 mM Tris, pH 8, 1
mM EDTA, 0.1% Triton X-100) in 1.5-ml tubes with �100 �l of lysis
matrix D (MP Biomedicals) with shaking for 30 s in a FastPrep-24 instru-
ment with the default settings (MP Biomedicals). Next, tubes were cen-
trifuged for 1 min at 20,000 � g to pellet debris. Twenty-microliters of the
resulting supernatant was flash frozen for subsequent protein determina-
tion, while 40 �l was heated at 72°C for 20 min to inactivate endogenous
enzymes and then flash frozen. The replicates for each treatment in each
experiment consisted of 3 groups of flies from 3 different vials. A second
group of 3 to 5 flies from each of the 3 vials was collected for CFU deter-
mination.

The protein content of each sample was analyzed using the Bio-Rad
DC kit according to the manufacturer’s instructions. Triglyceride (TAG)
was measured using the free glycerol detection kit in combination with
triglyceride reagent, following the manufacturer’s instructions (Sigma).
Glucose content was measured by the glucose oxidase (GO) method (23).
The GO reagent contained 1 �g ml�1 GO (product number G7141;
Sigma), 1 �g ml�1 horseradish peroxidase (product number P8375;
Sigma), and 20 �g ml�1 o-dianisidine (product number D3252; Sigma) in
100 mM Tris, pH 7. In a 96-well plate, 150 �l of GO reagent was added to
5 �l of homogenate and incubated at 37°C for 30 min, and then 150 �l of
6.25 M H2SO4 was added and the absorbance read at 544 nm against
glucose standards.

CFU determination. For CFU determination, each sample of 3 to 5
female flies was homogenized as described above except that MMRS me-
dium was employed instead of TET buffer. The resulting homogenate was
diluted to 1 ml and assayed for bacterial abundance by spiral plating (on a
WASP-2 instrument, Microbiology International) on MMRS. Differen-
tial detection of each species from multispecies gnotobiotes was achieved
by plating the sample onto two different MMRS plates; one contained 10
�g per ml ampicillin to exclude the growth of lactobacilli but permit the
growth of acetobacters, and the other was placed under a CO2 atmosphere
to exclude the growth of acetobacters but permit the growth of lactoba-
cilli. The species were further differentiated by colony morphology, as L.
plantarum makes large, yellow colonies, while L. brevis makes smaller
white colonies, and A. pomorum makes rough, opaque colonies with a
distinctive copper color, while A. tropicalis makes smooth, translucent
colonies that are highly reflective. L. fructivorans grows slowly in vitro and
could not be scored in mixed-bacterial samples. CFU counts were made
with the Protocol 3 colony counter (Microbiology International).
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Statistical analyses. All statistics were performed in R, version 2.15.3.
When analysis of variance (ANOVA) indicated significant differences, a
linear mixed-effects model was implemented using the multcomp and
lme4 packages with experiment as a random effect. This approach allowed
us to account for any “block” variation among experiments, which were
performed at different times in the calendar year. Pairwise comparisons
were made via Tukey’s test (glht function in multcomp, correcting P val-
ues for multiple comparisons by the single-step method). Mann-Whitney
(MW) pairwise tests were made with the wilcox.test function, and P values
were adjusted for multiple comparisons by the Bonferroni correction.
Correlations were tested by Spearman’s method using the cor.test func-
tion.

RESULTS
Effects of defined microbiota on development time. Axenic Dro-
sophila have a prolonged developmental period relative to that of
conventional Drosophila (with unmanipulated microbiota) (20–
22). To assess the performance of gnotobiotic flies colonized with
our gut microbiota isolates, we first examined the effect of a de-
fined, 5-species microbiota (A. pomorum, A. tropicalis, L. brevis, L.
fructivorans, and L. plantarum) on development time to pupation
and eclosion compared to the times for axenic and conventional
controls. Axenic flies pupated 6 days post-egg deposition (p.e.d.),
a significant increase over the time for conventional and gnotobi-
otic flies, which formed pupae 5 days p.e.d. (MW comparing the
medians of gnotobiotic and axenic treatments from 8 experi-
ments, U � 2.5, n � 8, P � 0.05) (Fig. 1A). Axenic flies eclosed 12
days p.e.d., while gnotobiotic and conventional flies eclosed sig-

nificantly sooner, at 11 days p.e.d. (MW, gnotobiotic to axenic,
U � 7, n � 8, P � 0.05) (Fig. 1B). These results indicate that our
defined, 5-species microbiota can support development times
matching those of conventional Drosophila (MW comparing gno-
tobiotic to conventional flies for pupation, U � 12.5, n � 8, P �
0.05, and for eclosion, U � 24.5, n � 8, P � 0.05).

Next, we generated monoassociated flies with each of the 5
species and scored the development times, increasing the fre-
quency of observations from the previous experiment. Flies colo-
nized with A. pomorum had the same larval development time as
5-species gnotobiotes, while A. tropicalis significantly accelerated
development relative to that observed for the 5-species microbiota
(P � 0.01) (development statistics can be found in Table 1). All
three of these treatments promoted larval development compared
to that of the Lactobacillus gnotobiotes and axenic flies (P �
0.001). L. plantarum and L. brevis gnotobiotes had similar larval
development times, which were significantly shorter than the lar-
val development time of axenic flies (P � 0.001), while L. fructiv-
orans gnotobiotes were no different than axenics (P � 0.05). In a
separate experiment, we found that larvae reared with all three
Lactobacillus species did not develop significantly faster than ax-
enic larvae (data not shown).

The durations of the pupal period were similar across all treat-
ments (Fig. 1C and D), suggesting that differences in time to eclo-
sion result from changes in larval development time. The absence
of Acetobacter retarded the time to eclosion relative to the times for

FIG 1 Gut microbiota impact Drosophila development. (A and B) Times to pupation (A) and to eclosion (B) are shown in days post-egg deposition. The median
of medians from 8 independent experiments is displayed, with n indicating the total number of observations. Different letters to the right of the bars indicate
statistically significant differences by the Mann-Whitney test at a P value of �0.05. (C and D) Kaplan-Meier plots of times to pupation (C) and eclosion (D),
respectively, with a key above indicating the treatments compared and number of observations (n) for each treatment.
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treatments containing Acetobacter (Fig. 1D; Table 1). Collectively,
the development data suggest that individual Acetobacter species
are necessary and sufficient to produce development times com-
parable to those observed for the 5-species gut microbiota com-
munity. Additionally, some Lactobacillus species tested can accel-
erate development relative to that of axenic Drosophila, while
others cannot. Subsequent experiments found no difference be-
tween the development times of dual-species gnotobiotes (one
species of Acetobacter and one species of Lactobacillus, described
below) and 5-species gnotobiotes (data not shown).

Effects of defined microbiota on nutritional indices of Dro-
sophila. To examine the effects of our single- and 5-species mi-
crobiota on host nutrient allocation, we compared flies with these
treatments to conventional and axenic flies in the following mea-
sures: adult weight and protein, glucose, glycogen, and TAG con-
tents. We found no significant effect of microbiota treatment on
fresh weight (ANOVA, F7,232 � 0.741, P � 0.05), protein level
(ANOVA, F7,232 � 1.475, P � 0.05), or glycogen level (ANOVA,
F7,112 � 0.751, P � 0.05) (data not shown). Subsequently, the
values of glucose and TAG contents were normalized to the pro-
tein content.

All microbiota treatments reduced the host glucose concentra-
tion to that of conventional flies (Fig. 2A). TAG levels, by contrast,
showed a more varied response to microbiota treatment. The flies
in the axenic and Lactobacillus treatment groups contained over
3� the level of TAG found in conventional flies, and of the species
tested, only the L. plantarum treatment showed a significant re-
duction in host TAG relative to that in axenic flies (Fig. 2B). Ace-
tobacter species reduced TAG relative to the levels in flies with
Lactobacillus and axenic treatments but still resulted in levels sig-
nificantly greater than that in conventional flies. Only the 5-spe-

TABLE 1 Multiple comparisons of Cox mixed-effects survival modelsa

Microbiota compared

Cox statistic for time to:

Pupation Eclosion

Estimateb SE z value P value Estimateb SE z value P value

A. pomorum–axenic 1.327 0.059 22.324 �0.001 1.178 0.060 19.634 �0.001
A. tropicalis–axenic 1.476 0.059 25.114 �0.001 1.538 0.060 25.595 �0.001
5-Species–axenic 1.250 0.059 21.324 �0.001 0.974 0.059 16.507 �0.001
L. brevis–axenic 0.389 0.057 6.797 �0.001 0.334 0.059 5.694 �0.001
L. fructivorans–axenic �0.007 0.057 �0.119 1 0.013 0.058 0.225 1
L. plantarum–axenic 0.352 0.058 6.105 �0.001 0.266 0.059 4.521 �0.001
A. tropicalis–A. pomorum 0.150 0.059 2.537 0.14 0.360 0.060 6.034 �0.001
5-Species–A. pomorum �0.077 0.059 �1.307 0.84 �0.204 0.060 �3.412 0.01
L. brevis–A. pomorum �0.937 0.059 �15.826 �0.001 �0.844 0.060 �14.087 �0.001
L. fructivorans–A. pomorum �1.334 0.059 �22.493 �0.001 �1.165 0.060 �19.534 �0.001
L. plantarum–A. pomorum �0.975 0.060 �16.380 �0.001 �0.912 0.060 �15.175 �0.001
5-Species–A. tropicalis �0.227 0.058 �3.889 0.001 �0.564 0.060 �9.466 �0.001
L. brevis–A. tropicalis �1.087 0.058 �18.608 �0.001 �1.204 0.060 �20.191 �0.001
L. fructivorans–A. tropicalis �1.483 0.059 �25.303 �0.001 �1.525 0.060 �25.538 �0.001
L. plantarum–A. tropicalis �1.125 0.059 �19.080 �0.001 �1.272 0.060 �21.216 �0.001
L. brevis–5-species �0.860 0.059 �14.670 �0.001 �0.640 0.059 �10.784 �0.001
L. fructivorans–5-species �1.257 0.058 �21.484 �0.001 �0.961 0.059 �16.358 �0.001
L. plantarum–5-species �0.898 0.059 �15.254 �0.001 �0.708 0.060 �11.907 �0.001
L. fructivorans–L. brevis �0.396 0.057 �6.928 �0.001 �0.321 0.058 �5.497 �0.001
L. plantarum–L. brevis �0.038 0.057 �0.656 0.99 �0.068 0.059 �1.159 0.90
L. plantarum–L. fructivorans 0.358 0.058 6.232 �0.001 0.253 0.059 4.316 �0.001
a The Cox model makes a global comparison of development observations, using experimental replicate as a random effect. Pairwise comparisons of the Cox models were made by
Tukey’s HSD test implemented in the multcomp package for R, adjusting P values for multiple comparisons using the default (single-step) method.
b Restricted maximum likelihood estimate of the coefficient.

FIG 2 Effects of single-species gut microbiota on host nutritional indices.
Glucose (A) and triglyceride (TAG) (B) contents were determined for the
indicated treatment groups and are reported here as the means of 10 indepen-
dent experiments 	 standard errors, normalized to the protein content of the
same samples. Treatments that do not share a letter above the bars had signif-
icantly different results by Tukey’s honestly significant difference (HSD) test at
a P value of �0.05, corrected for multiple comparisons.
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cies microbiota produced flies with TAG levels comparable to the
level in conventional flies (Fig. 2B), suggesting that microbiota
with �1 species may have a distinct effect on host nutrient alloca-
tion.

Impacts of dual-species microbiota. Since hosts colonized
with a multispecies microbiota had lower TAG levels than mono-
colonized hosts, we hypothesized that interaction(s) between mi-
crobiota species could impact host phenotypes, with the implica-
tion that the bacteria may not be functionally modular with
respect to host TAG content. To test this hypothesis, we examined
all possible pairwise Acetobacter-Lactobacillus combinations and
compared them to the 5-species treatment and axenic controls.

Each dual-species treatment reduced the glucose levels relative
to the level in axenic flies (Fig. 3A), consistent with the results for
single-species microbiota. Assessment of TAG contents showed
that all dual-species microbiota produced flies with reduced levels
compared to the level in axenic flies and all but one dual-species
microbiota yielded levels comparable to the level observed for the
5-species treatment (Fig. 3B). Uniquely, the A. tropicalis–L. brevis
treatment reduced TAG to levels significantly lower than those
observed for the 5-species microbiota and some of the other dual-
species gnotobiotes (Fig. 3B).

These data highlight that dual-species pairs containing A.
tropicalis and L. brevis had particularly potent effects on TAG lev-
els in the host. Each dual-species combination that contained one
of these bacteria produced a lower TAG level than the correspond-
ing pairs that did not contain it. For example, the TAG value for A.
pomorum–L. brevis microbiota flies was lower than those for other
treatments containing A. pomorum, and the same was true for A.
tropicalis–L. brevis compared to other combinations with A. tropi-
calis (Fig. 3B). The TAG content of flies with each A. tropicalis-
containing dual-species pair was lower than that in flies with the
corresponding A. pomorum-containing pair (Fig. 3B). Although
not all of these differences were statistically significant after cor-
recting for multiple comparisons, the trend was consistent.

The dual-species microbiota treatments had no significant ef-
fect on host protein content (ANOVA, F7,110 � 1.13, P � 0.05),
but unlike the gnotobiotic treatments tested previously, adult
weight varied significantly with the microbiota (ANOVA, F7,112 �
3.19, P � 0.01). Here again, the A. tropicalis–L. brevis treatment
was distinctive, significantly lowering weight relative to that of
axenic and A. pomorum–L. plantarum gnotobiotic flies (Fig. 3C).
While these were the only differences that were statistically signif-
icant, dual-species microbiota containing A. tropicalis or L. brevis
yielded consistently lower weights than those without, a trend
matching that observed in the TAG data.

Impact of interspecies interactions on bacterial abundance.
Several studies utilizing gnotobiotic animals have indicated that
interspecies interactions can impact microbial metabolism and/or
abundance (11–14). To establish whether the abundance of the
gut bacteria in Drosophila is influenced by interactions among
microbiota members, we quantified the numbers of bacteria in the
various gnotobiotic flies. Our investigation was initiated with an
analysis of the 5-species gnotobiotes. If interactions had no impact
on abundance, each species would be expected to be equally abun-
dant in the single-species gnotobiotes and 5-species community.
Inconsistent with this prediction, A. pomorum, A. tropicalis, and L.
brevis exhibited significantly more CFU per fly in the 5-species
gnotobiotes than in monocolonized hosts (Fig. 4A, B, and C). The
L. plantarum levels were significantly reduced in the 5-species

gnotobiotes compared to the L. plantarum level in monoassoci-
ated flies (Fig. 4D). L. fructivorans was not tested because its low
growth rate in vitro precluded quantification of its abundance in
the presence of other Lactobacillus species. These observations
suggest that positive and negative interactions affect the abun-
dance of microbiota members.

Next, the various dual-species treatments were compared to
single-species controls to clarify which bacterial species pairs ex-
hibit positive or negative interactions. Pairings of each Acetobacter
species with L. brevis showed reciprocal, positive interactions,
with both bacteria reaching a higher abundance in the host when
colonizing together than when colonizing alone (Fig. 5A, B, and
C). Acetobacter abundance also increased significantly during co-

FIG 3 Effects of dual-species gut microbiota on host nutritional indices. (A
and B) Glucose (A) and triglyceride (TAG) (B) contents were determined for
the indicated treatment groups and are reported here as the means of 5 inde-
pendent experiments 	 standard errors, normalized to the protein concentra-
tion determined for the same samples. (C) Fresh weights of female flies, 5 days
after eclosion, are reported as means 	 standard errors from 5 independent
experiments. Treatments that do not share a letter above the bars had signifi-
cantly different results by Tukey’s HSD test at a P value of �0.05, corrected for
multiple comparisons. Ap, A. pomorum; At, A. tropicalis; Lb, L. brevis; Lf, L.
fructivorans; Lp, L. plantarum.
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colonization with L. fructivorans, but the benefit was not mutual.
L. fructivorans levels dropped by �30-fold under cocolonization
conditions, indicating a negative interaction with Acetobacter (Fig.
5D). L. plantarum did not show significant reciprocal effects on
abundance in dual-species microbiota (Fig. 5A, B, and E).

Correlation between Acetobacter abundance and host phe-
notypes. The experiments described above revealed that the im-
pacts of the microbiota on host TAG content differed between

single- and dual-species treatments, indicating that the contribu-
tions of the bacteria to reductions in host TAG were not additive.
For example, the TAG levels in flies monocolonized with L. brevis
and L. plantarum were not significantly different (Fig. 2B), yet
TAG was significantly lower in Acetobacter–L. brevis dual-species
gnotobiotes than in flies with the corresponding Acetobacter–L.
plantarum pairs (Fig. 3B). One explanation for this nonadditive
effect is that the density of Acetobacter was greater in Acetobac-
ter–L. brevis hosts than in Acetobacter–L. plantarum hosts (Fig. 5A
and B), and increased levels of Acetobacter led to a corresponding
decrease in host TAG. Consistent with this hypothesis, the median
CFU of Acetobacter species was significantly negatively correlated
with host TAG levels across all gnotobiotic treatments (Fig. 5F).
These observations suggest a dose-dependent relationship be-
tween Acetobacter abundance and reductions in host TAG con-
tent.

We next sought to determine whether the host TAG level was
responsive to the inoculum of Acetobacter alone or whether the
observed relationship between Acetobacter abundance and TAG
levels was only apparent in multispecies microbiota. We varied the
inoculum over 5 orders of magnitude (2.5 � 102 to 2.5 � 107 cells
per vial) and observed no significant change in host TAG level or
Acetobacter abundance (Fig. 6A), revealing that A. tropicalis den-
sity in the fly was not determined by inoculum density. However,
when a constant Acetobacter inoculum of 2.5 � 105 cells per vial
was introduced in combination with various densities of L. brevis,
we observed a stepwise increase in the median Acetobacter abun-
dance (Fig. 6A) and a statistically significant increase of L. brevis
abundance as its inoculum density was increased from 2.5 � 103

to 2.5 � 106 cells per vial (Fig. 6B). Unlike what we observed for A.
tropicalis monoassociations, the TAG content of dual-species gno-
tobiotes decreased significantly with increasing bacterial density
in the inoculum (Fig. 6C). Acetobacter abundance showed a sig-
nificant negative correlation with host TAG levels in the case of A.
tropicalis–L. brevis treatments but not in the case of treatments

FIG 4 Bacterial species abundance in single- and multispecies microbiota.
CFU counts from whole flies are shown for each bacterial species indicated. In
each plot, the left bar presents data from single-species gnotobiotes and the
right bar shows data from 5-species gnotobiotes. Each box delineates the first
and third quartiles, the dark line is the median, and the whiskers show the
range minus outliers, which are shown as open circles. Statistics reported are
from Mann-Whitney tests. Ap, A. pomorum; At, A. tropicalis; Lb, L. brevis; Lp,
L. plantarum; 5 Sp., 5-species treatment.

FIG 5 Bacterial species abundance in dual-species gnotobiotic flies. (A to E) CFU counts from whole flies for each bacterial species, indicated on the y axis, from
the gnotobiotic treatment indicated on the x axis. Each box delineates the first and third quartiles, the dark line is the median, and the whiskers show the range
minus outliers, which are shown as open circles. Treatments that do not share letters above the bars had significantly different results by Mann-Whitney test at
a P value of �0.05 after Bonferroni correction. Ap, A. pomorum; At, A. tropicalis; Lb, L. brevis; Lf, L. fructivorans; Lp, L. plantarum. (F) Correlation between
Acetobacter abundance and TAG content across all gnotobiotic treatments (single, dual, and 5 species); values are matched on the basis of vial (technical
replicate), and correlation statistics are from Spearman’s rank-order test.
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with only A. tropicalis (Fig. 6D). L. brevis abundance did not sig-
nificantly correlate with TAG levels.

DISCUSSION

In this study, we investigated whether gut microbiota-dependent
traits of Drosophila are mediated by bacterial species acting inde-
pendently, such that the microbiota is functionally modular, or
whether some functions are the product of interactions among
bacterial species. Our data suggest that the gut bacteria are mod-
ular with respect to their impact on host glucose levels (mediated
by all Acetobacter and Lactobacillus species tested) and develop-
ment time (mediated by Acetobacter only) but interactive with
respect to their impact on TAG (Acetobacter-mediated reduction
of host TAG is promoted by cocolonization with Lactobacillus
species that have no effect on host TAG in monoassociation).
These results are not predicted from current understanding of the
association. The three microbiota-dependent traits are regulated
by insulin- and TOR-dependent signaling pathways, which are
known to be influenced by microbiota (21, 22), and the simplest
expectation would be that these traits would be coupled, i.e., to
vary in concert. Our data raise the possibility that the outputs
from insulin and TOR signaling that regulate the three traits may
have different response thresholds to the microbiota. Further-
more, the three traits are affected by multiple but not identical
host processes (24–27), and differences in the responsiveness of
these various processes to the microbiota may also contribute to
the variation in their specificity and modularity. Further research

is required to establish the molecular basis of this predicted vari-
ation in the response of different host traits to the microbiota.

Another indication of differences in the mechanistic basis of
the microbiota-mediated reduction in fly glucose and TAG levels
comes from the difference in their response to bacterial abun-
dance. Microbiota-dependent reduction of fly glucose content is
evident at low bacterial densities, for example, 400 CFU in flies
monoassociated with A. pomorum (this study) and 120 CFU in
antibiotic-treated flies (19). The microbiota-dependent reduction
in TAG content is, in contrast, strongly dependent on the abun-
dance of Acetobacter. Indeed, the dependence of this effect on a
certain minimal density of Acetobacter in the microbiota may con-
tribute to the greater variation among studies in the effect of elim-
inating the microbiota on the TAG level than on glucose content
of Drosophila (20, 21; also this study). Other contributory factors
could include variation among studies in diet and Drosophila ge-
notype.

More generally, these findings of nondeleterious density-de-
pendent effects of gut microbiota differ from previous research,
which has focused primarily on the negative consequences of large
bacterial populations. In humans and biomedical rodent models,
so-called “blooms” of particular bacteria have been associated
with intestinal disease (28–30), immunodeficiency (31), and neg-
ative consequences of antibiotic treatments (32, 33). Similarly,
experimental conditions that induce high densities of specific gut
bacteria in Drosophila can impair gut function and depress fly life
span, for example, Gluconobacter morbifer in flies with an overac-

FIG 6 Effect of bacterial inoculum on Acetobacter abundance and host triglyceride content. (A and B) A. tropicalis (A) and L. brevis (B) abundance are shown on
a linear scale for the indicated gnotobiotic treatments. Treatments consisted of A. tropicalis (At) alone or in combination with L. brevis (Lb); the approximate
number of cells added per vial is indicated at the bottom using a Log10 scale. Each box delineates the first and third quartiles, the dark line is the median, and the
whiskers show the range from 3 independent experiments with 5 to 9 replicates each. Treatments that do not share a letter had significantly different results by
Mann-Whitney test at a P value of �0.05 after Bonferroni correction. (C) Whole-fly triglyceride (TAG) content for the samples whose CFU counts are shown in
panels A and B. Treatments that do not share a letter above the bars had significantly different results by Tukey’s HSD test at a P value of �0.05, implemented with
a linear mixed-effects model treating experiment as a random effect and corrected for multiple comparisons. (D) Correlation between A. tropicalis abundance
and TAG content in the experiment whose results are shown in panel A; values are matched on the basis of vial, and correlation statistics are from Spearman’s rank
order test.
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tive immune system (34) and a monoassociation of Lactobacillus
brevis bacteria that induces dual oxidase-mediated production of
reactive oxygen species (ROS) (35). Interestingly, the L. brevis
strain used in this study displayed no detectable deleterious effects
on the flies, possibly indicative of variation among strains of L.
brevis.

The promotion of microbiota-mediated reduction in host
TAG by cocolonization by Acetobacter and Lactobacillus can be
explained by, first, the variation in TAG content with Acetobacter
abundance and, second, the promotion of Acetobacter abundance
by cocolonization with Lactobacillus. In other words, reduced host
TAG is a nonmodular function of the microbiota because Lacto-
bacillus stimulates Acetobacter abundance and not because Lacto-
bacillus and Acetobacter interact synergistically with the host reg-
ulation of nutrient allocation to TAG reserves. The basis of the
positive effect of Lactobacillus on Acetobacter remains to be deter-
mined and may involve the provisioning of Lactobacillus-derived
nutrients to Acetobacter and Lactobacillus-mediated modification
of conditions in the host gut to favor Acetobacter. Metabolite
cross-feeding among bacteria with complementary metabolic ca-
pabilities is a well-established phenomenon in the mammalian gut
(36), and microbe-specific impacts on the gut environment
through modulation of immune function (e.g., induction of anti-
microbial peptides and ROS) and gut epithelial turnover are also
known for both mammals and Drosophila (34, 35, 37–41).

The variation in dual-species associations involving the differ-
ent Lactobacillus species (Fig. 5) indicates that multiple processes
contribute to the Acetobacter-Lactobacillus interaction. Not only
do the Lactobacillus species vary in their promotion of Acetobacter
abundance, but this variation is accompanied by dramatic differ-
ences in the effect of Acetobacter on Lactobacillus. While the asso-
ciation between Acetobacter and L. brevis is mutualistic, yielding
increased abundance of both species in the fly, the relationship
with L. fructivorans is antagonistic, involving a 30-fold reduction
in this Lactobacillus species. A possible explanation for the latter
observation could be that the presence of either Lactobacillus spe-
cies promotes Acetobacter colonization of the gut but only L. brevis
cooperates metabolically with Acetobacter, while L. fructivorans
competes. Alternatively or additionally, there could be a temporal
dimension to these interactions, e.g., L. fructivorans could increase
Acetobacter abundance by promoting its growth in larvae, fol-
lowed by a competitive interaction in adult flies from which Ace-
tobacter emerges as the victor. Lastly, the survival or proliferation
of each bacterial species in the diet could be impacted by the pres-
ence of others, which would influence their abundance in the fly
via ingestion. Further research will investigate the mechanisms
responsible for interspecies interactions in the Drosophila gut mi-
crobiota, taking into account their spatiotemporal dimensions.

Like the human gut microbiota, the gut microbiota of conven-
tionally reared Drosophila flies exhibits variation among individ-
uals in species content, as well as compositional changes over time
(18, 42, 43). Unlike in humans, however, the Drosophila gut com-
munity is of low taxonomic diversity such that its content can be
comprehensively determined, enabling us to draw conclusions
about how compositional changes impact microbiota function.
By utilizing Drosophila with gnotobiotic gut microbiota, we found
that not all microbial species are functionally equivalent and, fur-
thermore, that their impacts on certain host traits are not modular
but shaped by interactions among species. One important impli-
cation of our findings is that natural variation in microbiota con-

tent across conventionally reared Drosophila may result in sub-
stantial phenotypic inconsistency. This would be especially true
for fly stocks lacking Acetobacter, which we observed in a previous
survey (42). Even with an Acetobacter species in common between
two hosts, differences in the Lactobacillus species present could
cause significant variation in host TAG content.

In conclusion, we found that the microbial basis of host traits
varies in both specificity and modularity. The microbe-mediated
reduction in glucose is relatively nonspecific and modular, while
the reduction of TAG content is influenced by interspecies inter-
actions. One output of these interactions is an increased abun-
dance of Acetobacter in the presence of some Lactobacilli. Further
research will uncover the basis of these interactions and provide a
more mechanistic understanding of how the microbiota functions
in this experimental system.
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