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Abstract

Background: Animals are chronically infected by benign and beneficial microorganisms that generally promote animal
health through their effects on the nutrition, immune function and other physiological systems of the host. Insight into the
host-microbial interactions can be obtained by comparing the traits of animals experimentally deprived of their microbiota
and untreated animals. Drosophila melanogaster is an experimentally tractable system to study host-microbial interactions.

Methodology/Principal Findings: The nutritional significance of the microbiota was investigated in D. melanogaster
bearing unmanipulated microbiota, demonstrated by 454 sequencing of 16S rRNA amplicons to be dominated by the o-
proteobacterium Acetobacter, and experimentally deprived of the microbiota by egg dechorionation (conventional and
axenic flies, respectively). In axenic flies, larval development rate was depressed with no effect on adult size relative to
conventional flies, indicating that the microbiota promotes larval growth rates. Female fecundity did not differ significantly
between conventional and axenic flies, but axenic flies had significantly reduced metabolic rate and altered carbohydrate
allocation, including elevated glucose levels.

Conclusions/Significance: We have shown that elimination of the resident microbiota extends larval development and
perturbs energy homeostasis and carbohydrate allocation patterns of of D. melanogaster. Our results indicate that the
resident microbiota promotes host nutrition and interacts with the regulation of host metabolism.
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Introduction

It is increasingly recognized that all animals are chronically
infected by microorganisms, and that the resident microbiota,
especially the substantial microbial community in the alimentary
tract, has major effects on nutrient processing, metabolic signaling
and, ultimately, the health and well-being of the animal host
[1,2,3]. There is now persuasive evidence linking the gut
microbiota with energy homeostasis of rodent biomedical models
and humans, including microbial-mediated promotion of nutrient
acquisition and storage [4]. In particular, a causal role of the
microbiota in animal energy metabolism is indicated by the
elevated lipid levels and other indices of metabolic syndrome in
wild-type mice infected with the microbiota from individuals that
are obese as a consequence of genetic deficiencies in leptin or Toll-
like receptor 5 (a component of the innate immune system that is
expressed in the gut) [5,6].

It is experimentally challenging to study the interactions
between the resident microbiota and the nutrition of humans

and rodent biomedical models because the microbiota of

mammals includes hundreds of taxa, many of which are
unculturable, with wide variation in composition among individ-
uals [7,8,9]. Simple systems comprising animals bearing one or
a few microbial taxa are valuable tools to investigate how resident
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microorganisms interact with host metabolism [10]. For example,
mice experimentally infected with specific bacterial taxa have
revealed the effects of the gut microbiota on carbohydrate and
energy metabolism [11,12]. A second approach, adopted in this
study, is to use insects that have a less diverse microbiota than
mammals, often comprising <20 species [13,14,15,16]. In
particular, Drosophila melanogaster combines renowned genetic and
experimental tractability [17] with a microbiota that is culturable,
of low diversity, and uniform among individuals for a given set of
conditions. The bacteria associated with Drosophila include
Acetobacter, Gluconobacler, Enterococcus and Lactobacillus
[18,19,20,21,22,23].

Comparison between animals containing and experimentally
deprived of microorganisms is a powerful strategy to investigate
the interactions between animals and their resident microbiota.
Here, we provide the first analysis of how the resident microbiota
affects the organismal physiology of Drosophila, with particular
emphasis on nutrition. Using insects reared on a diet that supports
excellent performance of Drosophila with unmanipulated micro-
biota, we investigate the impact of eliminating the microbiota on
host performance (growth, fecundity etc), nutritional status and
metabolic rate. Our data suggest that, although the resident
microorganisms are not essential for Drosophila, they have pervasive
effects on the nutrition and metabolic status of their animal host.
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Figure 1. Bacterial complement of Drosophila. PCR assay with
general 165 rRNA primers of 14-day-old adult flies, derived from pupae
washed in 10% sodium hypochlorite solution or sterile water (lanes 1-
2), and eggs washed in 10% sodium hypochlorite solution or sterile
water (lanes 3-4). Negative and positive controls are PCR reactions with
DNA from filtered water and Drosophila in standard culture, re-
spectively, as template (lanes 5-6).
doi:10.1371/journal.pone.0036765.g001

Results

Bacterial complement of flies

The first experiments tested for the presence of bacteria by PCR
with general 16S rRNA gene primers (Figure 1). A PCR product
of the predicted size was obtained from flies reared from eggs that
had been washed in sterile water (conventional flies) but not from
dechorionated eggs (axenic flies). Conventional insects reared to
the pupal stage, then surface-sterilized with 10% hypochlorite, and
allowed to develop on sterile diet to 14-day-old adults, also bore
bacteria.

These data indicate that bacteria are acquired from the external
environment by first-instar larvae, and persist through larval
development and in internal tissues of pupae to adulthood,
validating early studies [24] that quantified CFUs of culturable
bacteria without identification. In supplementary PCR assays with
general 16S primers throughout the experimental study, axenic
flies of all ages invariably yielded negative results, and all
conventional flies bore bacteria.

The 454 pyrosequencing of 16S rRNA gene amplicons of DNA
from adult flies yielded 46,752 sequence reads with an average
length of 352 nucleotides (including the multiplex identifier
“MID” and primer sequences), after quality filtering and removal
of chimeric sequences. A single cluster with 100% sequence 1D to
the o-proteobacterium Acelobacter pomorum EW816 accounted for
98% of the reads. The remaining reads were assigned to:
Lactobacillus  plantarum, (1.9% of reads) and an uncultured 7-
proteobacterium in the family Xanthomonadacae (0.1% of reads)

(Table 1).

Insect performance

Table 2 displays the performance indices of conventional and
axenic insects. Development time to adulthood was significantly
extended by a median value of one day in axenic insects. The
other fitness indices tested, survival to adulthood, adult weight,
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and female fecundity over 7 days, did not differ significantly
between the two treatments (Table 2 and Figure 2A).

The basis for the extended development time to adulthood of
axenic insects was investigated. The egg dechorionation treatment
used to generate axenic insects was confirmed to have no effect on
survivorship or development time of the embryos: the median
proportion of larvae hatching from dechorionated and control
eggs was 0.9 and 0.8, respectively (p>0.05), and median
development time to hatching was 19 h for both control and
dechorionated eggs (n=10). The development time of conven-
tional and axenic insects from egg deposition to pupation was 7
and 8 days, respectively (Mann Whitney U, W =874, p<<0.001),
the same difference of one day as between development time of
conventional and axenic insects from egg deposition to adulthood
(Table 2). These data indicate that larval development time was
extended in axenic insects.

Two sets of supplementary experiments were conducted. In the
first experiment, 10 replicate groups of 10 untreated eggs were
transferred to diet containing the antibiotic chlortetracycline at
50 ug ml ', a treatment which reduces the number of culturable
bacteria per fly by >90% (Ridley, unpub. data). The median
development time to adulthood of the antibiotic-treated flies was
13.5 days (range 12-15 days, n = 10), significantly longer than for
conventional flies with median development time of 12 days (range
11-13 days) (Mann Whitney W=276.5, p<<0.001) but not
significantly different from axenic flies with median of 13 days
and range 12-16 days (Mann Whitney W = 364.5, p>0.05). In the
second set of experiments, 10 replicate groups of 10 dechorionated
eggs were transferred to sterile diet and sterile diet seeded with
feces collected from adult male flies, with untreated eggs as
controls. The median development times of the insects reared on
the fecal-seeded plates and the conventional flies were identical, at
13 days (range 12-14 days), and significantly shorter than the
median development time of axenic flies (14 days, range 13-15
days) (Mann Whitney W =55, p<<0.002). This final analysis was
conducted at a different time with a different batch of dietary yeast
from the previous experiments, giving slightly different absolute
values for development times but the same patterns as shown in
Table 2. Taken together, these experiments indicate that the slow
development of larvae from dechorionated eggs is caused by the
absence of resident microorganisms and could not be attributed to
non-specific deleterious effects of the dechorionation procedure.

Nutritional indices

The values of all nutritional indices (Figure 2) were significantly
greater in females than males, reflecting the difference in body size
between the sexes. Conventional and axenic flies did not differ
significantly in protein or triglyceride contents (Figure 2 B-C), but
did vary with respect to the three carbohydrates tested, glucose,
trehalose and glycogen. The glucose content was elevated by ca.
70% in both female and male axenic flies (Figure 2D), but the
effect of axenic rearing on the trehalose and glycogen content
differed significantly between the sexes (Figure 2E-F). For females,
the trehalose and glycogen contents of axenic flies were elevated
by 68% and 20%, respectively, relative to conventional flies; but
these indices were reduced in axenic males, by 30% and 100%,
respectively. The sum of glucose, trehalose and glycogen contents
was significantly greater in axenic than conventional flies for
females (32.1+1.75 pug versus 18.5%+1.84 ug per fly, ts=8.06,
p<<0.001), but not males (15.9%1.13 versus 15.7%20.71 pg per fly,
t;=0.11, p>0.05).
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Table 1. 16S rRNA gene amplicons detected by 454 pyrosequencing in 5-7-day-old adult D.melanogaster.

NCBI accession

number of
cluster (this
study) Number of sequence reads Sequence identity
Experimental Reagent-only NCBI accession % sequence
sample control number Taxonomic identity identity
JN592041 45682 26 EU096229.1 Acetobacter pomorum 100
strain EW816
JIN592042 873 7 AL935263.2 Lactobacillus plantarum 100
strain WCFS1
JN592043 28 1 FJ893035 Uncultured bacterium 95.2

clone nbt16f09

doi:10.1371/journal.pone.0036765.t001

Respiration rates

For both oxygen consumption and carbon dioxide production,
exchange rates were significantly lower in males relative to
females, and in axenic flies relative to conventional flies, with non-
significant interaction terms in the ANOVA tests (Figure 3A).
Bacterial respiration was calculated to contribute <2% to the
difference in respiration rate between conventional and axenic flies
(Text S1). The RQ was not significantly affected by either sex or
treatment (Figure 3B), and the mean values of both males and
females did not differ significantly from unity (male RQ:
1.18+0.051 (m=15), t4=0.229, p>0.05; female RQ;
0.97x0.087 n=11), t;0=0.030, p>0.05), indicating that the
dominant respiratory fuel in all flies was glucose.

Discussion

Effects of axenic cultivation on Drosophila performance
The experimental value of animals deprived of their resident
microbiota to study symbiosis function depends critically on the
specificity and efficacy of the methods to eliminate the microbiota,
and the degree of host dependence on the microbiota. This study
demonstrates that axenic Drosophila obtained from dechorionated
eggs are ideally suited to this approach because egg dechoriona-
tion completely eliminates the microbiota (Figure 1), while the eggs
are undamaged by the treatment, as indicated by the uniform
survivorship and development time of treated and control eggs to
hatching, the comparable effects of dechorionation and antibiotic
treatment on development time to adulthood, and the equivalent
development time of conventional insects and insects from
dechorionated eggs provided with bacteria via fecal washings.
The sole performance effect of eliminating the microbiota
identified under the conditions tested here was extended larval
development time of axenic Drosophila. If this effect were replicated
under natural conditions, it would be beneficial for Drosophila
because multiple eggs are deposited onto rotting fruit, such that
larvae are in scramble competition for a transient resource.
Individuals that develop rapidly are at a competitive advantage
and more likely to pupate before exhaustion of the resource [25].
Importantly, the extended larval development time of axenic
flies was not accompanied by any difference in adult body size
between axenic and conventional flies (Figure 2) under the rearing
conditions employed. Thus, axenic larvae take longer than
conventional larvae to reach the critical weight at which they
are committed to metamorphosis, but they are able to acquire
dietary nutrients and convert them into biomass as efficiently as
conventional insects once they have passed the critical weight, i.e.
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during the interval to cessation of growth (ICG). This suggests that
microbial effects are particularly important during larval de-
velopment prior to ICG.

Nevertheless, these results should be extrapolated beyond the
specifics of this study with great caution. Although the literature is
fragmentary, there are indications that multiple aspects of diet
composition, host genotype and the identity of the resident
microbiota may influence Drosophila performance, potentially in an
interactive fashion. For example, elimination of the microbiota has
been reported to reduce the lifespan of Drosophila reared on diet
containing sucrose [21], but this effect was not replicated for flies
reared on a diet containing glucose [18]; and the effect of sugar
type on the performance of conventional Drosophila can vary with
both sugar concentration and host genotype [26]. Performance
can also vary with the composition of the microbiota, which is
influenced by age and immunocompetence of the Drosophila
[20,27]. An indication that diet composition can also affect
microbial composition comes from the comparison between the
microbiota in the young adult flies studied here and a previously-
published analysis of the same Drosophila strain reared on a diet
with higher yeast content. In both studies, the young adult flies
bore Acetobacter and Lactobacillus, but at ratio of 49:1 in this study
(4.8% yeast diet), and 1:4 in the study using 8.6% yeast diet [20].
Further research involving systematic variation of these multiple
factors is required to elucidate the multiway interactions between
diet, bacterial composition, host genotype and insect performance.

Effects of axenic cultivation on the nutritional phenotype
of Drosophila

A key finding of this study was the impact of the microbiota on
the carbohydrate allocation pattern of the adult Drosophila
(Figure 2D-F). Furthermore, the elevated female-specific body
glycogen content and prolonged larval development, obtained for
axenic flies on the diet used in this study [with 5:1 carbohy-
drate:protein ratio (5C:1P)], has also been reported for conven-
tional flies on diets containing 10C:1P, relative to diets with more
balanced C:P ratios (5C:1P and 2.5C:1P) [28]. These data suggest
that the bacteria may reduce insect utilization of ingested
carbohydrate. Specifically, the bacteria in the gut lumen may
compete with the Drosophila for ingested carbohydrate. Addition-
ally or alternatively, they may suppress insect digestion of complex
dietary carbohydrates. Candidate bacterial products are acetic
acid and lactic acid, which are secreted by Acetobacter and
Lactobacillus species, respectively, and are known to reduce the
digestibility of starch and other carbohydrates by mammals
[29,30,31,32]. The impact of the microbiota on the nutritional

May 2012 | Volume 7 | Issue 5 | e36765



20
A mg body weight
15 1
1.0 ~
05 - sex: F(1,36) = 319, p<0.001
sym:F(1,38) =0.93, p>0.05
int: F(1,36) =2.7, p>0.05
00 . T T
00 0.5 1.0 15 2.0
200 :
B g protein
n 1751
4b)
— 150 -
N
L s
g sex: F(1,16) = 74.1, p<0.001
< 100 + sym:F(1,16) =0.49, p>0.05
int: F(1,16) =1.79, p>0.05
T s T . T T
75 100 125 150 175 200
30 _ _
C g triglyceride
25 4
20 -
15 sex: F(1,16) = 49.1, p<0.001
sym:F(1,16) = 0.72, p>0.05
L int: F(1,16) =0.09, p>0.05
10 T T T
10 15 20 25 30

Microbiota and Drosophila Nutritional Phenotype

15
D ug glucose
10 -
1
5 4
sex: F(1,15) = 18.0, p<0.001
sym:F(1,15) =31.3, p<0.001
int: F(1,15) =1.79, p>0.05
0 T T
0 5 10 15
15

E g trehalose

10
5 4
1 sex: F(1,15) = 13.4, p<0.01
sym:F(1,15) =12.4, p<0.001
. int: F(1,15) = 24.6, p<0.001
0 5 10 15
15
F ng glycogen
10 1 @
5 -
sex: F(1,15) = 36.1, p<0.001
HEsym:F(1,15) = 1.03, p>0.05
int: F(1,15) = 13.0, p<0.01
0 T T
0 5 10 15

conventional flies

Figure 2. Nutritional indices of 7-to-10-day-old conventional and axenic flies, all expressed on per fly basis. Factors in ANOVA are sex
(female O, male @), sym (conventional or axenic) and int (interaction). Critical probability =0.008 after Bonferroni correction for six tests. Data are

represented as mean +/— SEM.
doi:10.1371/journal.pone.0036765.9002

status of Drosophila may also arise from system-level effects on host
signaling networks that regulated carbohydrate allocation patterns.
In particular, Acetobacter and Lactobacillus (both resident in the flies
studied here) have been implicated to promote insulin signaling in
different Drosophila genotypes reared on diets of different formula-
tions from this study [33,34]. The sex-specific effect of axenic
cultivation on the level of glycogen and also the disaccharide blood
sugar trehalose in Drosophila (Figure 2) is consistent with the
prediction that nutrient allocation to energy reserves is more
responsive to diet composition in females, which have a high
reproductive investment, than in males [35].

Other data suggest that the microbiota has a profound effect on
energy homeostasis of Drosophila. In particular, the significantly
elevated glucose content of axenic flies can be attributed to one or
both of reduced demand and increased supply of glucose. Glucose
is likely the dominant respiratory fuel for both conventional and
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axenic flies (RQ) does not differ significantly from unity), but axenic
flies have a lower respiratory demand for glucose, as indicated by
their lower respiration rate than conventional flies. A greater
supply of glucose from ingested food for axenic than conventional
flies is also predicted (see above). In particular, a contribution of
bacterial-derived acetic acid in depressing the glucose content of
Drosophila is suggested by the evidence that lowered blood glucose
levels accompany the reduced digestibility of complex carbohy-
drates in human volunteers who include acetic acid in their diet
[31]. These effects in axenic flies may be linked to reduced insulin/
insulin-like growth factor signaling (IIS), which is known to
promote free glucose levels [36], alter mitochondrial function
resulting in reduced rates of oxygen consumption and oxidative
phosphorylation [37], and depress Drosophila developmental rate
prior to ICG [38]. The absence of any discernible effect of
hyperglycemia on the weight or fecundity of axenic flies (Figure 2
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and Table 2) reflects the far greater physiological tolerance of
variable sugar levels in insects than in mammals [39,40].

Both diet composition [28] and axenic cultivation (this study)
had no effect on the protein density of the flies. This important
result 1s fully consistent with previous evidence that food
consumption and nutrient allocation in Drosophila are regulated
to maintain a certain target protein content [41]. Studies involving
Drosophila reared on diets with lower protein content and
protein:carbohydrate ratio than used in this study would be
required to investigate the role of the microbiota in protein
nutrition.

In conclusion, this study demonstrates that the nutritional
phenotype of Drosophila is strongly influenced by chronic infection
with microorganisms that influence energy homeostasis and
carbohydrate allocation patterns. These effects are predicted to
both accompany and interact with signaling interactions between
the microbiota and the host that are known to underpin normal
development and cellular homeostasis, especially of the Drosophila
gut [42]. Although the detail of the relationship between animals
and their resident microbiota is anticipated to vary with host and
symbiont taxa and environmental circumstances, the Drosophila
association demonstrates the generality that a comprehensive
explanation of the nutritional phenotype of animals requires
understanding of the animal interactions with its microbiota.

Materials and Methods

Fly cultures and experimental design

Wolbachia-free Drosophila melanogaster strain Canton-S was reared
at 25°C with a 12 h:12 h light-dark cycle on autoclaved medium
containing 96 g glucose (Sigma), 48 g inactive dry yeast and 14 g
agar (both from Genesse Scientific) 17!, equivalent to 5:1 (g/g)
carbohydrate:protein ratio. Experiments were initiated with eggs
deposited overnight by mated females. Two egg treatments were
used: dechorionated eggs (yielding axenic insects), obtained by
washing in sterile deionized water, immersion in 10% sodium
hypochlorite solution for 5 min, and then three rinses in sterile
water; and control eggs (yielding conventional insects), for which
the hypochlorite was replaced by sterile water. To initiate
experiments, 10 eggs were transferred to uncrowded conditions
comprising replicate vials (2 cm diam.) containing ca. 8 ml diet.
All manipulations were conducted in a laminar flow cabinet with
aseptic technique. In some experiments, the microbiota was
depleted by rearing insects from control eggs on diet supplemented
with 50 pg chloretetracycline (Sigma) ml~'. To supplement the
diet with Drosophila microbiota, adult males were cultured for 24 h
on sterile medium, which was then rinsed with sterile PBS, and
50 ul of the fecal washing was added to the test diets; the fecal
washings were confirmed to contain viable Acetobacter, by plating
onto bacteriological agar.

Table 2. Fitness indices of conventional and axenic Drosophila.

Microbiota and Drosophila Nutritional Phenotype

Bacterial content of flies

DNA extractions were conducted with the DNeasy Blood and
Tissue Kit (Qiagen, Valencia, California, USA) following a pro-
tocol modified from the manufacturer’s instructions to ensure
disruption of Gram-positive bacteria. Specifically, samples were
hand-homogenised in 20 mM Tris-HCl pH 8.0, 2 mM sodium
EDTA, 1.2% Triton® X-100 containing 20 mg lysozyme ml ™",
and the homogenates were incubated at 37°C for 1.5 h with a 5-
min bead-beating in a Disruptor Genie® using 0.1 mm glass beads
(Scientific Industries) at 45 min.

Individual conventional and axenic flies were checked for the
presence of bacteria by PCR using general 16S rRNA gene
primers 16SAl: 5'- AGAGTTTGATCMTGGCTCAG-3" and
16SB1: 5" — TACGGYTACCTTGTTACGACTT-3" [43], yield-
ing ca. 1.5 kb product (27F-1522R). The PCR reactions contained
1x Tag polymerase buffer, 0.24 mM of each dNTP, 2 mM
MgCly, 0.32 uM primers, 1 pl template DNA and 0.025 U
Platinum 7ag in 25 ul. The cycling conditions were 5 min at
94°C, followed by one cycle of 1 min at 55°C, 72°C for 2 min and
25-30 cycles of 1 min at 94°C, 1 min at 55°C and 2 min at 72°C
with a final incubation of 8 min at 72°C. All experiments included
PCR reactions replacing template DNA with water, as negative
control. PCR products were separated by electrophoresis in a 1%
agarose gel with molecular weight markers, and visualized under
ultraviolet light after staining with Sybr Safe (Invitrogen).

The diversity of bacteria associated with the flies was
investigated by 454 pyrosequencing of the V2 region of the 16S
rRNA gene. Three replicate PCR reactions were conducted on the
experimental sample comprising DNA extracted from five pooled
7-day-old adults (3 male and 2 female) conventional flies, with
a reagent-only negative controls. The primers were 27F
(ACGCTCGACAAGAGTTTGATCMTGGCTCAG) and 338R
(TGCTGCCTCCCGTAGGAGT), with the sample-specific 27F
primer bearing a multiplex identifier (MID) sequence [MID2
(ACGCTCGACA) for the experimental sample, MID11 (TGA-
TACGTCT) for the control sample) and all 27F and 338R
primers modified with 5'-Adaptor A and 5’-Adaptor B sequences
(Roche), respectively. The reactions comprised 0.6 U Platinum®
Tag DNA Polymerase (Invitrogen) in 1x PCR buffer, 2 mM
MgCly, 8 pmol each primer, 0.24 mM dNTP, and 1 pl template
in 25 pl final volume, at 94°C for 10 min followed by 25 cycles of
94°C for 1 min, 58°C for 1 min, and 72°C for 1 min. Following
purification with the Qiagen Qiaquick purification kit and
quantification using the Quant-iT™ PicoGreen® Kit, cach
sample was diluted to 1x107 molecules per microliter (based on
350 bp size of the products). Emulsion PCR with 1.5 copies per
bead used only “A” beads for unidirectional sequencing on 454
GS-FLX pyrosequencing instrument with standard Titanium
chemistry.

Treatment Performance indices Median (range)

Survival to adulthood

(per 10 eggs) adulthood (days)

Development time to

Number of eggs deposited

day ' female ' Male lifespan (days)

7.0 (5-8)
7.5 (5-10)
W=107, p>0.05

12 (11-13)
13 (12-16)
W =313, p<0.001

Conventional
Axenic

Mann-Whitney U°

17.5 (5-24) 415 (20-62)
17.0 (11.5-22) 49.0 (34-61)
W=103.5, p>0.05 W =63, p>0.05

?Critical probability =0.0125, after Bonferroni correction for 4 tests.
doi:10.1371/journal.pone.0036765.t002
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Data are represented as mean +/— SEM.
doi:10.1371/journal.pone.0036765.9g003

Pyrosequencing owgrams were converted to sequence reads
using 454 Life Science software (www.454.com). The data were
then processed using Pyrotagger [44] as previously described [20],
with minor modifications. In brief, reads with ambiguous
nucleotides (N), <290 nucleotides after the forward primer,
mismatches with the 16S rRNA gene primers, and all reads with
0.2% per-base error probability (=3% of bases with Phred scores
<27) were removed The remaining sequences were trimmed to
290 nucleotides, dereplicated and clustered into operational
taxonomic units (OTUs) with 97% sequence identity (ID)
threshold. The most abundant unique sequence of each OTU
cluster was selected as representative, and checked for chimeras by
the Mallard algorithm (Ashelford et al., 2006). Non-chimaeric
sequences was assigned to bacterial taxa by NCBI StandAlone
BLAST (megaBLAST program) using the nucleotide (nt) database
(13 August 2011) with default settings, and allocated to the
experimental or control sample according to the MID sequence.
The sequences of the three clusters are available at NCBI, with
accession numbers provided in Table 1.

Insect performance indices

Vials with dechorionated or control eggs were monitored daily,
and the pupation and eclosion dates of every insect surviving to
adulthood was scored, from which the number surviving to
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adulthood and median development time per vial was determined.
Three days later, 10 females were selected at random from across
each treatment for analysis of fecundity. Each insect was
transferred aseptically to an individual sterile 15 ml Falcon tube
containing autoclaved diet in the lid. The lid was changed daily for
7 days, the number of eggs per lid per day was scored, and the
median number of eggs per day deposited by each female was
determined.

Nutritional analyses

Ten replicate 7-to-10-day-old adult flies were weighed on
a Mettler MX5 microbalance (1 lg accuracy). The flies were then
homogenized in 80 ul ice-cold buffer comprising 10 mM Tris,
I mM EDTA pH 8.0 and 0.1% (v/v) Triton-X-100 with hand-
held homogenizer, and centrifuged at 7,000 g at 4°C for 1 min.
The supernatant was used for analysis of protein, triglyceride and
carbohydrates using coupled colorimetric assays with an xMark™
microplate spectrophotometer, following manufacturer’s instruc-
tions (5 replicates per assay). The assay kits were the triglyceride
assay kit of Sigma (catalogue number TG-5-RB); the Coomassie
Brilliant Blue microassay method of BioRad (catalogue number
500-0201), with bovine serum albumin as standard (40-480 pg
protein ml™") for protein; and the glucose assay kit of Sigma
(catalogue number GAGO20) for glucose and, following trehalase
(3.7 U/ml) and amyloglucosidase (2 U ml™") treatment, for
trehalose and glycogen, respectively.

Respirometry

Respiratory oxygen consumption and carbon dioxide pro-
duction by 7-to-10 day old adult flies were determined by stop-
flow respirometry with air scrubbed of water vapour and carbon
dioxide by silica/Ascarite columns. All experiments were con-
ducted at 25°C with low light conditions that minimized insect
activity, and at 37 hours after onset of the light period, with the
flies of each treatment analyzed at different times on multiple days,
to avoid any confounding effects of circadian rhythm in Drosophila
respiration rates. Each replicate of 5 flies was transferred to
a respirometry chamber comprising a 5 ml syringe, and allowed to
acclimate for 30 minutes prior to analysis, by which time they
were quiescent. The air in the syringe was then replaced by 3.2 ml
dried carbon dioxide-free air, with airflow at 57 ml min~'. The
carbon dioxide and oxygen content of the syringe was determined
30 minutes later by injecting 3 ml of the syringe volume into Sable
Systems SS3 Gas Analyzer Sub-sampler with an FCA-10A CO,
analyzer and FC-10 Oy Analyzer (Sable systems, Nevada, USA),
respectively. The gas analyzers were calibrated with 50 ppm CO,
gas and 20.9% O, gas. Carbon dioxide and oxygen contents were
analyzed using the Sable System data acquisition software
(Expedata, Sable Systems, Nevada, USA). All experiments
included an empty baseline chamber, as a control for drift in the
baseline measures.

Supporting Information

Text S1 Predicted contribution of gut bacteria to the respiration
rate of Drosophila

(DOC)
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