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Metabolic Basis for Mutualism between Gut Bacteria and Its
Impact on the Drosophila melanogaster Host
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ABSTRACT Interactions between species shape the formation and function of mi-
crobial communities. In the gut microbiota of animals, cross-feeding of metabolites
between microbes can enhance colonization and influence host physiology. We ex-
amined a mutually beneficial interaction between two bacteria isolated from the gut
microbiota of Drosophila, i.e., Acetobacter fabarum and Lactobacillus brevis. After de-
veloping an in vitro coculture assay, we utilized a genetic screen to identify A. faba-
rum genes required for enhanced growth with L. brevis. The screen, and subsequent
genetic analyses, showed that the gene encoding pyruvate phosphate dikinase
(ppdK) is required for A. fabarum to benefit fully from coculture. By testing strains
with mutations in a range of metabolic genes, we provide evidence that A. fabarum
can utilize multiple fermentation products of L. brevis. Mutualism between the bac-
teria in vivo affects gnotobiotic Drosophila melanogaster; flies associated with A.
fabarum and L. brevis showed >1,000-fold increases in bacterial cell density and sig-
nificantly lower triglyceride storage than monocolonized flies. Mutation of ppdK de-
creased A. fabarum density in flies cocolonized with L. brevis, consistent with the
model in which Acetobacter employs gluconeogenesis to assimilate Lactobacillus fer-
mentation products as a source of carbon in vivo. We propose that cross-feeding be-
tween these groups is a common feature of microbiota in Drosophila.

IMPORTANCE The digestive tracts of animals are home to a community of microor-
ganisms, the gut microbiota, which affects the growth, development, and health of
the host. Interactions among microbes in this inner ecosystem can influence which
species colonize the gut and can lead to changes in host physiology. We investi-
gated a mutually beneficial interaction between two bacterial species from the gut
microbiota of fruit flies. By coculturing the bacteria in vitro, we were able to identify
a metabolic gene required for the bacteria to grow better together than they do
separately. Our data suggest that one species consumes the waste products of the
other, leading to greater productivity of the microbial community and modifying the
nutrients available to the host. This study provides a starting point for investigating
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Examination of human gut microbes in vitro and in gnotobiotic mice has revealed

January 2019 Volume 85 Issue 2 e01882-18 Applied and Environmental Microbiology aem.asm.org 1


https://orcid.org/0000-0002-0959-5907
https://doi.org/10.1128/AEM.01882-18
https://doi.org/10.1128/AEM.01882-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:peter.newell@oswego.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01882-18&domain=pdf&date_stamp=2018-11-2
https://aem.asm.org

Sommer and Newell

metabolic cross-feeding as a key force shaping the gut microbiota. Degradation of
polysaccharides and monosaccharides by primary fermenters like Bacteroides species
produces organic acids and other metabolites, which serve as growth substrates for a
range of other microbes, including methanogens, acetogens, and sulfate reducers (14,
15). In gnotobiotic animals with microbiota consisting of only two or a few species,
metabolic interactions have been shown to affect colonization and resource utilization.
For example, the sulfate-reducing bacterium Desulfovibrio piger cannot colonize the
intestine effectively without the primary fermenter Bacteroides thetaiotaomicron being
present to provide sulfate via sulfatase activity (16). Another study showed that the
metabolism of B. thetaiotaomicron shifted to being focused on fructan catabolism
during cocolonization with the methanogen Methanobrevibacter smithii, rather than D.
piger; both M. smithii and B. thetaiotaomicron reach higher densities when colonizing
together, rather than alone (17). Lastly, among Bacteroidetes, there is an array of
cross-feeding interactions in which diverse polysaccharide substrates are catabolized
via the collective action of many species, each contributing a different enzymatic
repertoire (18-20). Extrapolating the insights gained from these studies, which utilize
simplified communities (relative to the thousands of species found in native human gut
microbiota), presents a challenge, although recent work suggests that it may be
feasible (21, 22).

Drosophila melanogaster is an attractive model animal for microbiota studies be-
cause its gut microbiota has lower diversity, typically consisting of just a few species
that are cultivable and easily manipulated (23-25). The ease of rearing Drosophila
axenically (free of microbes) and gnotobiotically (with defined microbial communities)
has enabled large-scale studies, including studies of the association of host genetic
variation with host responses to microbiota (26) and metagenome-wide studies of the
impact of microbiota genetic variation on host traits (27). Microbiota affect Drosophila
immunity (28, 29), development (30, 31), nutrition (32-35), and starvation resistance
(36), as well as behavioral responses such as preferences for food, mates, and ovipo-
sition sites (37-39). Genetic manipulation of both the host and the microbiota presents
an exciting opportunity to investigate the mechanistic bases of these impacts (30,
40-42).

Recent studies examining interactions among members of the Drosophila microbi-
ota suggest that these interactions are varied and consequential. Newell and Douglas
tested the impact of single-species, dual-species, and multispecies microbiota on
bacterial cell density, as well as host nutrient allocation and development (33). That
study found that a positive interaction led Lactobacillus brevis and Acetobacter species
to reach higher densities in cocolonized versus monocolonized flies, but that pattern
was not seen for other Lactobacillus species paired with Acetobacter species. Flies
colonized with both genera were spared from the high triglyceride (TAG) levels that
developed in axenic or monocolonized flies, suggesting that interspecies interactions
are essential for microbiota function (33). Other studies indicated that, when they are
cultured together, microbiota members produce unique metabolites that act as signals
sensed by Drosophila. Fischer et al. showed that flies exhibit a strong oviposition
preference for Acetobacter-Lactobacillus-Saccharomyces cocultures, due to the unique
mixture of volatile esters and aldehydes they produce (38). A separate study by
Leitdo-Gongalves et al. found that a combination of Acetobacter pomorum and Lacto-
bacillus, but not either bacterium alone, modulated feeding preferences and increased
egg laying under conditions of amino acid deprivation; the authors suggested that an
unknown metabolite, unique to this multispecies microbiota, regulated host behaviors
(43).

The objective of this study was to investigate interactions between Acetobacter and
Lactobacillus in the Drosophila microbiota. We developed an in vitro coculture assay to
examine positive interactions between Acetobacter species and L. brevis. The assay was
applied in a transposon mutant screen to identify genes important for the growth of
Acetobacter fabarum DsW_054 in coculture. We found that mutualism between
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FIG 1 Acetobacter and L. brevis mutualism in vitro. Bacteria were inoculated independently or in a 1:1
mixture on YPD agar plates. (A and B) CFU after 6 days of culture for A. tropicalis in monoculture (At) or
coculture (At+Lb), A. fabarum in monoculture (Af) or coculture (Af+Lb), and L. brevis in monoculture (Lb)
or coculture (Lb+xx) (n = 9). ***, P < 0.001 in Wilcoxon test comparing the bracketed treatments. In each
box plot, the box delineates the first and third quartiles, the dark line is the median, and the whiskers
show the range. White bars indicate monocultures and gray bars indicate cocultures. (C and D) CFU of
the species indicated after 6 days of coculture initiated with different ratios of L. brevis to A. fabarum
(n = 3 to 5). % P<0.05 in Wilcoxon test, indicating significantly lower CFU in comparison with a 1:1
ratio inoculum or between the bracketed treatments. (E) Colony areas measured digitally using Image)
software; bars indicate the mean = standard deviation (n = 18).

A. fabarum and L. brevis relies on metabolite exchange and affects Drosophila nutrient
storage.

RESULTS

Mutualism between Acetobacter and L. brevis in vitro. We sought to understand
the basis for positive interactions between Acetobacter species and L. brevis found in the gut
microbiota of Drosophila. First, we tested whether positive interactions between the
bacteria could be observed under in vitro growth conditions. When Acetobacter tropicalis
and L. brevis were mixed in equal proportions and cultured on agar plates, each species
reached a significantly higher cell density, compared to a monoculture control (Fig. 1A).
We obtained comparable results for cocultures of L. brevis and A. fabarum DsW_054, a
genetically tractable isolate from wild-caught Drosophila suzukii (41, 44) (Fig. 1B). Next,
we varied the ratio of L. brevis to A. fabarum in the inoculum, to observe the impact on
the final density of the bacteria. The final density of L. brevis was lower at the 10~* and
1073 dilutions of A. fabarum, compared to the 1:1 inoculum (Fig. 1C). However, all of the
cocultures resulted in significantly more L. brevis than the monoculture (P < 0.05,
Wilcoxon test [n = 3 to 5]), even at the lowest dose of A. fabarum, which consisted of
10 to 100 CFU per plate. Essentially the same pattern was observed when we performed
the reverse experiment; even the lowest starting dose of L. brevis significantly increased
the A. fabarum density in coculture, compared to monoculture (P < 0.05, Wilcoxon test
[n = 4 or 5]) (Fig. 1D). These experiments show that mutualism can occur across a wide
range of starting densities for either partner. In addition to reaching a higher cell
density in coculture, A. fabarum covered a larger surface area and developed an orange
color on coculture plates (Fig. 1E). Collectively, these data demonstrate that L. brevis
and some Acetobacter isolates from the gut microbiota of Drosophila can mutually
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FIG 2 PPDK gene contribution to A. fabarum growth in coculture. (A and C) CFU of A. fabarum grown in
monoculture (white bars) or coculture (gray bars). (B and D) CFU of L. brevis (Lb) grown in monoculture
or coculture with the indicated strains of A. fabarum. WT, wild type. The 108A11, 12A2, and 66G2 strains
are independent transposon ppdK mutants, and the 108A11c and 12A2c strains have a wild-type copy
of ppdK reintroduced for complementation. Pairwise Wilcoxon tests compared the bars indicated with
brackets; ns, not significant (P > 0.05); ¥, P < 0.05; ** P < 0.01; *** P < 0.001, after Bonferroni correction
(n = 9 to 12). (E) Representative images of coculture colonies containing L. brevis and the strains of A.
fabarum indicated by the labels of the plot in panel C.

benefit from growing together, consistent with prior studies of interspecies interactions
in vivo (33).

Genetic basis for mutualistic growth of Acetobacter. A genetic screen of A
fabarum DsW_054 was performed in order to identify mutations that lead to reductions
in mutualistic growth with L. brevis. About 3,000 independent transposon mutants were
screened visually for reduced growth on coculture plates and normal growth in
monoculture. One mutant with the desired phenotype, 108A11, was isolated. The
transposon insertion site was found to be in the gene encoding pyruvate phosphate
dikinase (PPDK), the enzyme that catalyzes the conversion of pyruvate to phosphoe-
nolpyruvate. This represents the first step in gluconeogenesis, suggesting that A.
fabarum relies on a carbon source other than glucose under coculture conditions. We
found a significant reduction in the density of 108A11 in coculture, compared to the
wild-type strain (P < 0.001, Wilcoxon test [n = 9]) (Fig. 2A). In monoculture, growth of
the mutant was reduced slightly but was not significantly different from that of the
wild-type strain (P > 0.05, Wilcoxon test [n = 9]), suggesting that the loss of PPDK does
not cause a generalized growth defect on yeast extract-peptone-dextrose (YPD) plates.
Interestingly, L. brevis grew to a similar density in coculture with ppdK mutants,
compared to coculture with the wild-type strain (Fig. 2B), suggesting that the reduced
growth of Acetobacter did not affect L. brevis.

To further assess the importance of PPDK for A. fabarum growth with L. brevis, two
additional independent transposon mutants were tested (12A2 and 66G2), and similar
reductions in coculture growth were seen (Fig. 2A). These additional mutants were
isolated and mapped as part of a separate study (41). A wild-type ppdK gene was
introduced into mutants 108A11 and 12A2 to determine whether this gene is necessary
and sufficient to explain the mutant phenotypes. The complemented strains (108A11c
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and 12A2c) showed restored mutualism in coculture, reaching higher cell densities than
the mutants (P < 0.001, Wilcoxon test [n = 12]) (Fig. 2C). The 12A2c strain reached a
density comparable to that of the wild-type strain when grown with L. brevis, while the
density of the 108A11c strain was slightly lower (P < 0.05, Wilcoxon test [n = 12]). L.
brevis densities did not vary significantly when cocultures with wild-type A. fabarum
were compared to cocultures with the mutants or complemented mutants (Fig. 2D).
However, a pairwise comparison of L. brevis densities in the cocultures with the
108A11c and 12A2c strains indicated a lower density with 108A11c (P < 0.05, Wilcoxon
test [n = 12]). We noted that both complemented mutant strains developed the
characteristic color seen for the wild-type strain when grown in coculture (Fig. 2E),
while ppdK mutants did not, suggesting that gluconeogenesis is required for the
production of pigment(s) or secreted and/or surface molecules (e.g., polysaccharides).
Altogether, the data indicate that A. fabarum requires PPDK to fully benefit from growth
with L. brevis and therefore is likely to utilize something other than glucose as a source
of carbon. Given that glucose is the main substrate provided in the coculture medium,
A. fabarum must obtain carbon from a metabolite produced by L. brevis.

Impacts of mutations in metabolic genes. Acetobacter and Lactobacillus are
important components of cocoa fermentations (45, 46), and a study by Adler et al.
identified lactate produced by Lactobacillus as the major source of carbon for Aceto-
bacter under these conditions (47). The complete metabolic flux analysis of Acetobacter
pasteurianus in the study pinpointed PPDK as the key enzyme for assimilation of carbon
from lactate via gluconeogenesis, while ethanol was used predominantly for energy
generation via alcohol dehydrogenase (ADH). During growth on these substrates,
lactate dehydrogenase (LDH) converts lactate to pyruvate to feed gluconeogenesis,
while excess pyruvate is converted to acetoin via a-acetolactate (47). Based on our
finding that PPDK is important for the growth of A. fabarum in coculture, a basic model
for mutualistic growth of L. brevis and A. fabarum is as follows: the heterofermentative
L. brevis converts glucose to lactic acid and ethanol while A. fabarum utilizes these
products for carbon and energy, respectively.

To test this model, we investigated the contributions of particular A. fabarum
metabolic genes to growth on different carbon sources, utilizing transposon mutants
mapped previously (41). Liquid cultures were incubated statically for 48 h to mimic the
structured, diffusion-limited conditions in coculture colonies. A. fabarum density was
nearly 5-fold higher in lactate medium and 4-fold higher in ethanol medium than in
glucose medium, indicating a preference for those substrates (Fig. 3A). As expected, the
ppdK mutant showed reduced growth in lactate and ethanol media but reached a cell
density similar to that of the wild-type strain in glucose medium. Reintroduction of
ppdK in the complemented strain restored growth in lactate and ethanol media,
confirming that gluconeogenesis is required for proliferation in those media (Fig. 3A).
Mutation of Idh eliminated growth in lactate but not in glucose or ethanol, while
mutation in the pyrroloquinoline quinone-dependent ADH (adh) had no effect on
growth in lactate or glucose and caused only a minor reduction in growth in ethanol
(Fig. 3A). A kinetic analysis of adh mutant growth found a reduced growth rate in
ethanol medium but a final yield similar to that of the wild-type strain (data not shown).
Additional ADHs are encoded in the A. fabarum genome (44), so it is not surprising that
a mutation in adh did not abolish the ability to utilize ethanol.

In another set of experiments, we measured cell density and acetoin production of
selected mutants in lactate medium. Our objectives were to verify that acetoin is
produced as an overflow metabolite of lactate metabolism in A. fabarum and to
evaluate the relative contributions of several genes to this pathway. We tested two
independent Idh mutants, as well as one each for the genes for acetolactate synthase
(ALS) (als), acetolactate decarboxylase (ALDC) (aldC), and pyruvate decarboxylase (pdc),
enzymes that may contribute to acetoin production. As anticipated, mutation of Idh
abolished growth in lactate, as well as acetoin production (Fig. 3B). The als and aldC
mutations reduced but did not eliminate growth and acetoin production in lactate,
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FIG 3 Effects of mutations in metabolic genes on A. fabarum growth and mutualism. (A) Cell density
(ODgq,) Of static liquid cultures of A. fabarum in YP medium amended with the indicated carbon source.
* P<0.05 in Tukey's HSD test, pairwise with the wild-type strain under the same conditions (n = 6 to
8). WT, wild type; 108A11, ppdK mutant; 108A11c, complemented 108A11; Idh1, Idh mutant 10B7, adh1,
adh mutant 21G4. (B) Cell density (blue bars) (OD4,,) and acetoin production (orange bars) (ODs,,) of A.
fabarum in YP-lactate medium after 48 h (mean =+ standard deviation [n = 8]). Strains and statistics are
as in panel A plus the following: Idh2, Idh mutant 92G1; als, als mutant; aldC, aldC mutant; pdc, pdc
mutant. (C) CFU of A. fabarum in coculture with L. brevis; no significant difference was found in pairwise
Wilcoxon tests (n = 9 to 12). Strains are as in panels A and B plus the following: adh2, adh mutant 5F1.

while mutation of pdc had no effect. Finally, the ppdK mutant showed an increase in
acetoin production despite reduced growth in lactate, and wild-type phenotypes were
restored by complementation (Fig. 3B). These data fit the model that lactate is assim-
ilated through gluconeogenesis via LDH and PPDK, while excess pyruvate is converted
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to acetoin by ALS and ALDC. Altogether, the data are consistent with the metabolic flux
analysis of A. pasteurianus by Adler et al. (47).

We tested the impact of mutations in metabolic genes on growth in coculture. Our
rationale was that, if these mutations interfere with growth on lactate and/or ethanol,
they should also affect the mutualism. Surprisingly, all of the mutants reached densities
in coculture that were not significantly different from that of the wild-type strain
(P> 0.05, Wilcoxon test [n = 9 to 12]) (Fig. 3C). This was unexpected, given the
phenotype of the PPDK mutant (Fig. 2A) and the fact that lactate is the major metabolic
product of Lactobacillus fermentation. L. brevis reached similar densities in cocultures
with all of the A. fabarum strains tested in these experiments (data not shown).

Microbiota mutualism in Drosophila. Next, we examined mutualism between the
bacteria in the context of their host by generating gnotobiotic Drosophila melanogaster.
Prior studies have highlighted the importance of interspecies interactions within the
microbiota in determining its composition and function. In particular, Acetobacter
density can be significantly increased in the presence of L. brevis, and flies colonized by
both types of bacteria have significantly lower TAG levels than those colonized by
Acetobacter alone (33). Based on these findings, we predicted increased densities of
both A. fabarum and L. brevis in hosts colonized by the two species (coculture flies),
relative to those colonized by only one species (monoculture). Furthermore, we pre-
dicted that mutations that disrupt bacterial mutualism in vitro would reduce the
densities in coculture flies and potentially affect host TAG stores.

Drosophila were raised gnotobiotically from the embryo stage under monoculture
and coculture conditions. Bacterial cell density in whole flies was determined for
females on the fifth day after eclosion. We found the density of A. fabarum to be
increased for all cocultures, compared to monocultures, by at least 2 orders of mag-
nitude (Fig. 4A). In the monoculture flies, there was not a significant difference in A.
fabarum density when the wild-type strain was compared to ppdK mutants or comple-
mented mutants (P> 0.01, Wilcoxon test [n = 18]). However, both ppdK mutants
reached significantly lower densities than the wild-type strain in coculture flies with L.
brevis (P < 0.01, Wilcoxon test [n = 18]). Reintroduction of ppdK in the complemented
mutants significantly increased the A. fabarum density in coculture flies (P < 0.01,
Wilcoxon test [n = 18]) but not to a level on par with that of the wild-type strain (Fig.
4A). L. brevis density was also increased by about 2 orders of magnitude in coculture
flies, compared to monoculture flies (Fig. 4B). In contrast to our in vitro results, there
were significant differences in L. brevis density in vivo depending on the A. fabarum
genotype. L. brevis reached significantly lower densities in cocultures with ppdK mu-
tants, compared to the complemented mutants or the wild-type strain (P < 0.05,
Wilcoxon test [n = 18]). Mirroring the A. fabarum densities in same samples (Fig. 4A),
L. brevis did not reach as high a density in cocultures with the complemented mutants,
compared to the wild-type strain (P < 0.01, Wilcoxon test [n = 18]) (Fig. 4B). Altogether,
these results are consistent with our prediction that A. fabarum and L. brevis engage in
mutualism when colonizing Drosophila, and they suggest that gluconeogenesis via
PPDK in A. fabarum contributes to that mutualism.

To avoid unwanted effects on L. brevis or Drosophila, neither our in vitro assays nor
the gnotobiotic fly experiments utilized antibiotics to select for the maintenance of
transposon or complementation constructs in A. fabarum. We assessed the stability of
these genetic elements over a 15-day incubation period by plating a subset of the
samples from flies monocolonized with A. fabarum strains on selective media. For
transposon mutants, comparable numbers of CFU were obtained on YPD kanamycin
plates, which selected for the transposon, and nonselective plates (94.4 = 15.1% [n =
12]). In contrast, samples from flies monocolonized with complemented mutants
(108A11c and 12A2c¢) had fewer CFU on YPD tetracycline plates, compared to nonse-
lective plates (36.7 = 8.7% [n = 15]), suggesting that a significant fraction of the A.
fabarum cells had lost the complementation construct by the time flies were harvested.
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FIG 4 Mutualism in vivo and its impact on Drosophila nutrition. (A and B) Cell densities of A. fabarum (A)
and L. brevis (Lb) (B) in pools of three female gnotobiotic flies at 5 days post eclosion. White bars indicate
single-species associations, and gray bars indicate coculture associations including L. brevis and the
indicated strains of A. fabarum. WT, wild type; 108A11 and 12A2, transposon ppdK mutants; 108A11c and
12A2c, complemented ppdK mutants. Pairwise Wilcoxon tests compared the bars indicated with brackets;
*, P <0.05; **, P < 0.01, after Bonferroni correction (n = 15 to 18). (C) TAG contents of fly homogenates
from the indicated treatment groups, normalized to the protein concentrations determined for the same
samples (mean * standard deviation [n = 18]). Treatments that do not share a letter above the bars are
significantly different by Tukey’s HSD test, P < 0.05. (D) Correlation between A. fabarum abundance and
TAG contents in fly homogenates. Values are matched on the basis of vial, and correlation statistics are
from Spearman’s rank order test. Circles, monocultures; diamonds, cocultures with A. fabarum with ppdK;
triangles, cocultures with A. fabarum ppdK mutants. (E) Glucose contents of Drosophila diet after
gnotobiotic rearing with the indicated bacteria, normalized to soluble protein concentrations (mean =+
standard deviation [n = 12]). Treatments that do not share a letter above the bars are significantly
different by Tukey’s HSD test, P < 0.05. Coculture treatments were not included in the statistics because
=50% of the samples did not have detectable glucose. (F) Model for metabolic mutualism between L.
brevis (L.b.) and A. fabarum (A.f). Solid arrows indicate connections with experimental support, while the
dotted arrow represents hypothesized benefits to L. brevis.

This provides a possible explanation for why the complemented mutants did not reach
as high a density as the wild-type strain in coculture flies (Fig. 4A).

Impact of microbiota mutualism on Drosophila. To ascertain how mutualism
between microbiota members may affect the host, we assayed TAG concentrations in
gnotobiotic flies. TAG levels are significantly elevated in axenic versus gnotobiotic flies,
and flies monocolonized with Acetobacter have significantly lower TAG levels than
those colonized only with Lactobacillus (33, 48, 49) (Fig. 4C). Consistent with prior work
on other Acetobacter species, we found that flies colonized with both A. fabarum and
L. brevis had significantly less TAG than those colonized with A. fabarum alone; this was
true regardless of A. fabarum genotype (Fig. 4C). Interestingly, the presence or absence
of PPDK in A. fabarum did not affect TAG levels, as coculture flies with ppdK mutants

January 2019 Volume 85 Issue 2 e01882-18

Applied and Environmental Microbiology

aem.asm.org 8


https://aem.asm.org

Metabolic Mutualism in Gut Bacteria

had TAG levels comparable to those of coculture flies with either wild-type A. fabarum
or the complemented mutants. This was unexpected, because mutations in ppdK did
significantly decrease the cell density of A. fabarum in coculture flies (Fig. 4A), and
Newell and Douglas showed a significant negative correlation between Acetobacter
density and host TAG levels (33).

To explore this further, we examined the correlation of A. fabarum density and TAG
concentrations in gnotobiotic fly homogenates, grouped on the basis of vial. Consistent
with the findings of Newell and Douglas, we found that there was not a significant
correlation between A. fabarum density and TAG levels in monoculture flies (P > 0.05,
Spearman’s test [n = 25]) (Fig. 4D, circles). However, unlike in the prior study, there was
not a significant correlation between A. fabarum density and TAG levels in coculture
flies (P > 0.05, Spearman’s test [n = 20]). This discrepancy appears to be driven by the
samples from flies colonized by ppdK mutants, which had lower TAG levels than
expected based on their bacterial density (Fig. 4D, triangles). When only the coculture
flies with wild-type A. fabarum or complemented ppdK mutants were considered, there
was a significant negative correlation between Acetobacter density and TAG levels
(P < 0.05, Spearman'’s test [n = 15]) (Fig. 4D, diamonds).

Microbiota can decrease Drosophila TAG storage through diet modification; bacteria
limit the amount of glucose available to their host by consuming the sugar (27, 48).
Based on the fact that coculture flies have lower TAG levels than monoculture flies, we
hypothesized that mutualism between A. fabarum and L. brevis reduces host TAG levels
by depleting glucose in the diet. To test this hypothesis, we measured soluble glucose
and protein contents of the diet on the same day flies were harvested for other
analyses. Microbiota did not significantly affect the protein concentration in the food
(Fi1,144 = 1.643; P> 0.05, ANOVA); therefore, the glucose values were normalized
based on the concentration of soluble protein. Microbiota did significantly affect the
glucose content (Fg 5, = 87.99; P < 10715, ANOVA). All diet samples containing bacteria
had significantly lower glucose levels than those from axenic vials (P < 0.001, Tukey’s
honestly significant difference [HSD] test) (Fig. 4E). All A. fabarum treatments resulted
in significantly lower glucose levels than L. brevis (P < 10~7, Tukey’s HSD test). We were
unable to reliably compare glucose contents in the diet from coculture treatments
because =50% of the samples for each of the treatments did not contain detectable
amounts of glucose (limit of detection, 0.1 ug glucose/ml). Nevertheless, diet from
coculture flies had at most one-fifth the amount of glucose as diet from flies with A.
fabarum alone. This finding is consistent with the hypothesis that coculture microbiota
significantly decrease the host TAG content via consumption of dietary glucose.

DISCUSSION

We investigated how two gut bacteria, A. fabarum and L. brevis, engage in mutu-
alism. Our ability to quantify the benefits of coculture in vitro provided an opportunity
to apply genetic tools in A. fabarum and gain insight into the mechanisms behind this
interaction. We conclude that the mutualism has a metabolic basis, i.e., A. fabarum
requires gluconeogenesis to benefit fully from growth with L. brevis and therefore must
rely on one or more metabolites produced by L. brevis as a carbon source. While the full
extent of metabolic cross-feeding between them remains to be elucidated, our results
provide some clues and directions for future inquiry. More broadly, this work highlights
the importance of interspecies interactions in shaping the composition and function of
microbiota. There is increasing confidence that mechanistic dissection of pairwise
interactions may enable accurate modeling and modulation of dynamics in more
complex communities (21, 22). Such advances will open new avenues for treatment of
a range of human aliments that are caused or potentiated by gut microbes (50, 51).

For Drosophila melanogaster, microbiota composition affects TAG storage, among
other phenotypes (29). Here we show that mutualism between A. fabarum and L. brevis
significantly lowers TAG levels in coculture gnotobiotic flies, relative to those with only
Acetobacter. Our data are consistent with a model in which this two-species microbiota
consumes more glucose, thereby reducing the concentration available to the host.
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Reductions in TAG levels caused by the microbiota are known to decrease starvation
resistance in Drosophila (36) and may affect survival during infection.

Interestingly, mutation of ppdK in A. fabarum decreased the density of both mi-
crobes in flies but did not significantly affect TAG levels. It is possible that bacterial
density above a certain threshold is sufficient to deplete dietary glucose and to depress
host TAG levels and the cocultures with ppdK mutants were able to reach that
threshold. It should be noted that the loss of PPDK reduced but did not eliminate
mutualism, as both partners still showed densities at least 1 order of magnitude higher
in coculture flies without PPDK than in monoculture flies (Fig. 4A and B). Another
possibility is that, despite reaching a lower density, microbiota without PPDK use the
same amount of glucose as those with PPDK. The A. fabarum ppdK mutant may
compete with L. brevis for glucose while the wild-type A. fabarum does not. Additional
experiments (e.g., tracking bacterial densities and the consumption of isotopically
labeled metabolites over time) may distinguish between these hypotheses. Metabolo-
mics were successfully applied in a recent study of the honey bee gut microbiota, in
which some cross-feeding was shown to occur (52).

The in vitro coculture data suggest that A. fabarum can utilize multiple metabolites
produced by L. brevis. Based on the literature, it is predicted that lactate is the primary
source of carbon for A. fabarum under these conditions; LDH converts lactate to
pyruvate, which is assimilated through gluconeogenesis via PPDK (47). However, Idh
mutants reached a density in coculture similar to that of the wild-type strain, despite
not being able to grow on lactate alone (Fig. 3). Therefore, something else must serve
as a source of carbon for A. fabarum, and ethanol is the most plausible candidate. A
metabolic flux analysis of A. pasteurianus grown on lactate and ethanol gave robust
evidence that Acetobacter exhibited split metabolism under those conditions, obtaining
nearly all carbon from lactate while utilizing ethanol for energy via ADH (47). Our
experiments with Idh mutants suggest that A. fabarum can efficiently reroute its
metabolism in order utilize ethanol as a sole carbon source. This could explain why
there is no apparent defect in mutualism for /dh mutants. Alternatively, other metab-
olites that have yet to be identified may serve as connections between the bacteria.

The benefits of coculture to L. brevis remain to be elucidated (summarized in Fig. 4F).
Removal of oxygen and/or lactate by A. fabarum may enhance L. brevis growth. This
would be analogous to the consumption of H, by secondary fermenters in the human
gut microbiota, removing a waste product of saccharolytic primary fermenters and
improving their growth (15). If lactate removal were the only benefit, however, we
might expect every lactobacillus to exhibit mutualism with Acetobacter. Instead, L.
brevis was unique among the three lactobacilli tested by Newell and Douglas in
reaching a higher density in gnotobiotic flies with Acetobacter than in monocolonized
flies (33). The fact that the L. brevis density in coculture is not affected by mutation of
Idh in A. fabarum also argues against lactate removal as the major benefit of the
mutualism. The genome of L. brevis DmCS_003 lacks many biosynthetic pathways,
including those for most amino acids, B vitamins, purines, and pyrimidines (49).
Therefore, it is possible that L. brevis benefits from A. fabarum provisioning these
factors.

Notably, L. brevis was not affected by a 10-fold reduction in A. fabarum cell density
in vitro when cocultured with the ppdK mutant versus the wild-type strain, but L. brevis
did show a lower density in vivo when colonized with the ppdK mutant (Fig. 4B). This
indicates an important difference in the mutualism between the two conditions and a
role for the host in modulating interactions between the bacteria. The host likely adds
a spatiotemporal dimension, by mixing diet and microbes throughout development
and by providing a number of distinct environments in the digestive tract (53-55).
Digestive physiology and/or interactions with the immune system also could account
for the difference (3). Investigating the influences of these factors on A. fabarum and L.
brevis mutualism is a focus for future research.

Finally, it is informative to consider how Acetobacter-Lactobacillus mutualism fits into
the broader ecological context of interactions between D. melanogaster and its micro-
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biota. Larvae acquire microbiota from the chorion but also by consuming the ferment-
ing substrate in which they were laid (56, 57). Female flies assess a range of cues when
choosing oviposition sites, seeking to optimize the success of their offspring, which
must develop with ephemeral food sources (58, 59). These cues include metabolites
produced through metabolic interactions among microbes. Fischer et al. showed that
flies are attracted to volatile compounds produced in Acetobacter-Lactobacillus-
Saccharomyces cocultures, including breakdown products of acetoin and acetaldehyde
(38). Those authors proposed that a particular blend of volatiles may signal to the host
that an oviposition site contains a microbial community that is beneficial for larval
development and is protected from parasites or competitors. We also expect cocultures
of L. brevis and Acetobacter to produce these metabolites. In either case, the volatiles
would signal that a potential substrate for oviposition is lower in sugar and higher in
protein than one lacking interspecies metabolic exchange, i.e., a nutrient profile more
conducive to rapid larval development (32). Food preferences of both larvae and adults
are influenced by microbes in the food source, as well as the identity of the microbes
with which the animals were raised (39, 43, 60). These findings suggest a dynamic in
which cooperation between microbes could be reinforced because the host is condi-
tioned to seek out microbiota with a familiar metabolic profile. The role of host
behavior in microbiota assembly and the relative contributions of cooperation and
competition among microbes in the formation of these communities are exciting areas
of investigation (13, 14). The Drosophila microbiota will be a valuable experimental
system for this research.

Based on our data and the studies discussed here, we propose that a typical
microbiota for Drosophila is one with at least two complementary metabolic types,
namely, primary saccharolytic fermenters (yeasts and/or lactic acid bacteria) and sec-
ondary acetogenic oxidizers that consume the products of the first group (Acetobacter
and/or other acetic acid bacteria). A similar dynamic has been observed in a range of
traditional fermentations, including those of cocoa (45, 61) and vinegar (62, 63), and is
likely widespread in nature. This could also be just one of several common configura-
tions for Drosophila microbiota. More research into microbial interactions in these
communities will yield additional insights into how microbiota assemble and function.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed
in Table 1. Unless otherwise noted, all cultures were grown at 30°C in a YPD broth containing 10 g/liter
peptone, 10 g/liter yeast extract, and 8 g/liter dextrose. For solid medium, 18 g/liter of agar was added
to the YPD broth. Acetobacter liquid cultures were incubated with shaking at 250 rpm, while L. brevis
cultures were incubated statically.

Transposon mutant library of Acetobacter fabarum DLS_54. Transposon mutants of A. fabarum
were generated via conjugal transfer of the plasmid vector pRL27 (64) from Escherichia coli S17, using the
method of reference 41. Briefly, donor and recipient strains were grown overnight in lysogeny broth and
YPD broth, respectively. Cells were harvested by centrifugation and washed twice in fresh medium
before the two species were mixed in a 1:1 ratio. After a 4-hour coincubation, cells were plated on YPD
plates with 50 ug/ml kanamycin and 25 ug/ml chloramphenicol to select for Acetobacter transconju-
gates. A total of 3,008 individual colonies were arrayed in sterile, 96-well plates containing 100 ul/well of
YPD medium with 50 ug/ml kanamycin, with wild-type and sterile controls in each plate. After 48 h of
incubation at 30°C, cultures were mixed with 50 ul of sterile 75% glycerol for storage at —80°C.

Screen of A. fabarum mutant library. Cultures of each library plate were grown by inoculating a
fresh 96-well plate of YPD agar containing 50 wg/ml kanamycin, using a sterile, 48-pin, multiwell transfer
device. After a 24-hour incubation at 30°C, with gentle agitation, cultures were spotted onto YPD agar,
with or without L. brevis, using the transfer device. L. brevis was introduced prior to spotting by spread
plating of 50 ul of overnight liquid culture. Agar plates were incubated for 1 week prior to visual
screening for colonies showing reduced growth on YPD agar with L. brevis, compared to the wild-type
strain, but unaffected growth on YPD agar alone.

Sequencing and complementation of ppdK mutant. Primers and plasmids used in this study are
listed in Table 1. All enzymes were from New England Biolabs and were used according to the
manufacturer's recommendations. The transposon insertion site of 108A11 was mapped by Sanger
sequencing of arbitrarily primed PCR products, as described (65). Briefly, PCR was performed in two
rounds with OneTaq polymerase using purified genomic DNA from 108A11. The first round used primers
Arb1, Arb6, and Extsx, and the second round used primers Arb2 and Intsx. Products were purified with
the Thermo Genelet PCR purification kit and were sequenced with primer Intsx.
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TABLE 1 Strains, plasmids, and primers used in this study

Strain, plasmid, or primer Relevant characteristics or sequence? Reference
Strains
Acetobacter fabarum
DsW_054 From D. suzukii gut 44
108A11 Tn5:ppdK This study
108A11c 108A11 plus pMQ97-Tc-ppdK This study
12A2 Tn5:ppdK 41
12A2c 12A2 plus pMQ97-Tc-ppdK This study
66G2 Tn5:ppdK 41
Idh1 (10B7) Tn5:ldh 41
Idh2 (92G1) Tn5:Idh 41
adh1 (21G4) Tn5:adh 41
adh2 (5F1) Tn5:adh 41
als (36G1) Tn5:als 41
aldC (26G11) Tn5:aldC 41
pdc (63F5) Tn5:pdc 41
Acetobacter tropicalis DmCS_007 From D. melanogaster gut 49
Lactobacillus brevis DmCS_003 From D. melanogaster gut 49
Escherichia coli S17-1 (A-pir) Conjugation donor 67
Saccharomyces cerevisiae InvSc1 URA~ 66
Plasmids
pRL27 Tn5 delivery vector; Km* 64
pKO3 Tcr 65
pMQ97 RK2 ori, URA3, 2 um 66
pMQ97-Tc Tcr This study
pMQ97-Tc-ppdK ppdK with native promoter This study
Primers
Extsx GACAACAAGCCAGGGATG 68
Intsx CGCACTGAGAAGCCCTTAGAGC 68
Arb1 GGCCACGCGTCGACTAGTACN, ,GATAT 65
Arb2 GGCCACGCGTCGACTAGTAC 65
Arb6 GGCCACGCGTCGACTAGTACN,;,ACGCC 65
Tc_Fwd GTGAATCCGTTAGCGAGGTGC This study
Tc_Rev CCGATCTCGGCTTGAACGAATTG This study
ppdK_YC_Fwd CGTAACAAACGGATAGAACCAC This study
ppdK_YC_Rev CGGAAACGAGGTGGAGAGTAAG This study

aKmr, kanamycin resistance; Tc', tetracycline resistance.

The Saccharomyces cerevisiae-bacteria shuttle vector pMQ97 was modified by adding the tetracycline
resistance gene tetA from pKO3. The plasmid was linearized by digestion with Hindlll and blunted with
DNA polymerase | Klenow fragment. The tetA gene was amplified with Phusion polymerase and primers
Tc_Fwd and Tc_Rev and then was ligated to pMQ97 with T4 DNA ligase. E. coli was transformed with the
ligation product, and construction of the resultant plasmid, pMQ97-Tc, was confirmed by restriction
digestion and Sanger sequencing. For complementation, the ppdK gene of A. fabarum was PCR amplified
with primers ppdK_YC_Fwd and ppdK_YC_Rev. The product and Smal-linearized pMQ97-Tc were used to
transform S. cerevisiae, enabling recombination cloning as described (66). Plasmid construction was
confirmed by restriction digestion and Sanger sequencing. The plasmid was introduced into mutant A.
fabarum via conjugation with E. coli S17, and selection was performed on YPD plates with 50 ug/ml
kanamycin and 20 ug/ml tetracycline.

Coculture assay. Overnight liquid cultures of Acetobacter and Lactobacillus were normalized via
resuspension in phosphate-buffered saline (PBS) to an optical density at 600 nm (ODy,,) of 0.2. Cells were
mixed together in equal volumes. Two 5-ul spots of mixed cultures were pipetted onto YPD agar plates
containing 10 g/liter peptone, 10 g/liter yeast extract, 20 g/liter dextrose, and 15 g/liter agar. The plates
were incubated for 6 days at 30°C. Following incubation, cells were collected in sterile PBS. Tenfold serial
dilutions in PBS were performed for each sample, and six dilutions were spotted onto YPD agar in
triplicate 5-ul aliquots. Plates were incubated for 3 days prior to counting colonies. Colony counts of
Acetobacter and Lactobacillus were recorded for the dilution containing between 5 and 50 individual
colonies. The species were distinguished by differences in colony color and morphology. The median
count of three replicate spots was used to determine the CFU.

YP medium growth experiments. Aliquots of the overnight cultures were transferred to corre-
sponding yeast extract-peptone (YP) medium containing 1% yeast extract and 1% peptone. Added
carbon sources included 1% glucose, 1.25% ethanol, or 1% lactic acid. Components were sterilized
separately before being added to sterile water to make YP medium. The inoculated YP medium was
cultured statically at 30°C. Samples of the bacterial cultures were collected after 48 h. The cell density of
each sample was determined by measuring the OD,q,. The cells were removed from the samples via
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centrifugation (1 min at 16,000 X g), and the supernatants were tested via the Voges-Proskauer assay
(Gibson Bioscience). Acetoin levels were then quantified by measuring the OD.;, in a microplate reader.
All measurements were blanked with the respective sterile medium.

Coculture with gnotobiotic Drosophila. Drosophila melanogaster Canton S (without Wolbachia) was

used in all experiments. Gnotobiotic Drosophila were generated using the method described by Newell
and Douglas (33). Briefly, embryos were collected in deionized water, sterilized by two washes in 0.6%
hypochlorite and one in sterile water, and then aseptically transferred to sterile Drosophila diet in a
biological safety cabinet. The diet contained 100 g/liter yeast, 100 g/liter glucose, and 12 g/liter agar, and
embryos were added at a density of 20 to 40 embryos per vial. Overnight cultures of the bacteria used
were pelleted by centrifugation, washed once in PBS, and resuspended in PBS at an OD,, of 0.2. For
monocultures, 50 ul of a single strain was added to each vial; cocultures received 50 ul of a 1:1 mixture
of the two strains. At 5 days post eclosion, flies were anesthetized with CO,, and three females were
pooled and homogenized in 100 ul of sterile PBS, with 1.4-mm ceramic beads, for each measurement.
CFU were determined by 10-fold serial dilutions in a 96-well plate and spot plating on YPD agar, as
described above.

Determination of Drosophila TAG concentrations and diet contents. Five days post eclosion,

female flies were pooled in groups of three and homogenized as described above but in 100 ul of TET
buffer (10 mM Tris [pH 8], T mM EDTA, 0.1% Triton X-100). Debris was pelleted by centrifugation (1 min
at 16,000 X g). One aliquot of supernatant was frozen at —20°C for subsequent protein determination,
while another was heated at 72°C for 20 min and then frozen for subsequent TAG measurement. Protein
contents were determined by using the Bio-Rad DC protein assay kit, following the manufacturer’s
instructions. TAG contents were determined using the Cayman Chemical TAG colorimetric assay kit, as
directed by the manufacturer’s instructions.

After removal of 5-day-old flies, 50-mg aliquots of used diet from the top 5 mm of the vials were

transferred from the vials to microcentrifuge tubes. The diet was thoroughly mixed with 500 ul of
100 mM Tris-HCl (pH 7.5) by vortex-mixing. Soluble protein contents were determined using the Bio-Rad
DC protein assay kit. Glucose contents were determined using the Invitrogen Amplex Red glucose/
glucose oxidase assay kit, according to the instructions.

Statistical analyses. All statistic analyses were performed in R (version 2.15.3 or later), and all P

values were adjusted for multiple comparisons with the p.adjust function, using the Bonferroni method.
Pairwise Wilcoxon rank sum tests were performed with the wilcox.test function. For the in vitro growth
experiments shown in Fig. 3A and B, all comparisons were made pairwise between the wild-type strain
and mutants under the same conditions, because not all mutants were assayed at the same time. For fly
TAG and food glucose data, a linear mixed effects model was implemented using the multcomp and
Ime4 packages, with experiment as a random effect; this accounted for any “block” variations among
independent experiments. Pairwise comparisons were made via Tukey’s HSD test (ghlt function in
multcomp, with correction of P values for multiple comparisons by the single-step method). Correlations
were tested by Spearman’s method, using the cor.test function.
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