






Fig. 2. In vitro growth measurements show that Lp can overcome its auxotro-
phy for Isoleucine when in co-culture with Ap. In vitro growth curves of Ap (A)
and Lp (B) in complete liquid holidic medium (black line) or in liquid medium with-
out Ile (blue line) plotted as CFUs at different time intervals. Ap and Lp (dashed
lines) are data points representing the number of CFUs detected in monoassoci-
ated flies and Ap(Lp) and Lp(Ap) (continuous lines) the measurement of Ap or Lp
in co-culture conditions. The number of CFUs per ml of culture was determined by
collecting and cultivating liquid culture samples in selective media at the indicated
time points (as described in material and methods). Data points represent mean
values of three to four biological replicates and error bars the standard deviation of
the mean.

of labelled AAs in the supernatant of the cultures using liquid chro-
matography mass spectrometry (LC-MS). While Ap should be syn-
thesizing Ile to be able to grow in a medium lacking this eAA, we
could not detect an increase in secreted labelled Ile when we culti-
vated Ap alone (compared to both the 12C6-D-glucose no-labelling
control and the no-growth control (0h)) (Figure 3). However, when
Ap grew in a community with Lp, we could detect an increase in the
presence of multiple 13C-labelled isotopomers (m+3, m+4, m+5) of
Ile when compared to the controls and the Ap single culture (Figure
3). We did not detect an increase in secreted, synthesized Ile when
the bacteria were grown in media that contained Ile (either com-
plete medium or medium lacking His), suggesting that the absence
of dietary AAs stimulates the biosynthesis of this metabolite (Fig-
ure S3). Furthermore, when analysing other AAs we could see an
overall increase in labelled and secreted AAs in the co-culture con-
dition when compared to when Ap was grown in isolation. (Figure
S4). Importantly, the same pattern of AA labelling was observed in
48h cultures with the expected exception that heavier isotopomers
were also detected, attesting to the robustness of our findings (Fig-
ure S5). These results strongly suggest that the production of AAs
by Ap and/or their accumulation in the medium is stimulated by the
presence of Lp. In conclusion, these data show that Ap produces
and secretes Ile and other AAs when growing in co-culture with Lp,
providing the biochemical basis by which the bacterial community
overcomes nutritional challenges posed by imbalanced host diets.

Lp contributes to the bacterial syntrophy through the produc-
tion of lactate
We have shown that Ap allows Lp to overcome its Ile auxotrophy
by providing this limiting AA. Furthermore, our data clearly show
that both the behavioural effect on the host as well as the increase
in available AAs is a community effect depending on the presence
of Lp. Therefore, Lp must be making a critical contribution to the
community both in the host as well as when growing in vitro. What

Fig. 3. Ap synthesizes and secretes Isoleucine in the presence of Lp. The
stacked bars represent the relative amount of Ile isotopomers measured in the su-
pernatant of liquid holidic medium of bacterial cultures lacking Ile and either con-
taining unlabelled glucose (12C-glucose control), or uniformly labelled 13C-glucose
(13C-glucose). Heavy labelled Ile isotopomers were measured using LC-MS in sam-
ples collected after 24h of bacterial growth and displayed as metabolite peak area.
No bacteria were added to the media representing time “0”. The number of heavy
carbons incorporated per Ile molecule is indicated as m+n, where n = the number
of 13C. Filled black circles represent the presence of specific bacteria in the cul-
ture. Open black circles represent the absence of specific bacteria. Each data point
represents the mean of three biological replicates and the error bars represent the
standard error of the mean for each isotopomer.

could be the form of this contribution? We have shown that both Lp
and Lactobacillus brevis are interchangeable in their capacity to sup-
press yeast appetite when inoculated in co-culture with Ap (Leitão-
Gonçalves et al., 2017). Therefore, given that both are lactic acid-
producing bacteria, one attractive hypothesis is that Lp provides
lactate to Ap which then is used as a metabolic precursor by this
bacterium. Supporting this hypothesis in the labelled metabolomics
data we could detect significant amounts of lactate produced from
glucose in the Ap/Lp co-culture condition (Figure S6). To directly
test if lactate production is necessary for the observed effect of the
bacterial community on the behaviour of the host, we chose to ge-
netically ablate lactate production in Lp and assess if this affected
the ability of the bacterial community to suppress yeast appetite. We
used a LpWCFS1 strain harbouring a deletion of the ldhD and ldhL
genes (LpWCFS1ldh), which had been shown to be important for lac-
tate production in this Lp strain (Ferain et al., 1996). While the co-
culture of Ap with the wt LpWCFS1 control strain strongly reduced
the Ile deprivation induced increase in yeast feeding, the LpWCFS1ldh

mutant strain failed to suppress yeast appetite (Figure 4A). The fail-
ure of the LpWCFS1ldh mutant strain to suppress yeast appetite could
be compensated by adding back lactate to the medium, confirming
the conclusion that lactate production by Lp is necessary for the
community to alter the food choice of the host. These data clearly
show that lactate production by Lp is necessary for the commensal
bacteria community to alter food choice.
These results prompt the intriguing possibility that lactate produc-
tion is the only critical metabolite provided by Lp for the commensal
bacteria community to be able to exert its effect on host behaviour.
To test this hypothesis we assessed if lactate is sufficient to replace
Lp in its ability to affect host behaviour in the context of the com-
mensal bacterial community. As expected, flies in which Lp was re-
moved from the bacterial community showed the same Ile depriva-
tion induced yeast appetite as germ-free animals (Figure 4B). Strik-
ingly, replacing Lp with lactate in the Ap gnotobiotic animals lead
to a potent suppression of yeast appetite, despite the host being Ile
deprived for multiple days (Figure 4B). This effect was not due to a
direct, unspecific effect of lactate on the host as lactate alone (with-
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Fig. 4. Lactate production by Lp is necessary and sufficient to reduce yeast
appetite in the presence of Ap. (A and B) Number of sips on yeast of either
germ-free flies (empty boxes) kept in complete holidic medium (grey border boxes)
or medium without Ile (-Ile, blue border boxes) of flies that were monoassociated
(light blue) with Ap, or biassociated (dark blue) with both Ap and Lp, or grown in
medium containing lactate (bordeaux). Filled black circles represent a complete
holidic medium or association with either Ap, wt or mutant Lp or the presence of
lactate in the medium. In (A) wt denotes the parental LpWCFS1 strain and ldh the
deletion mutant LpWCFS1ldh . Open black circles represent the absence of specific
bacteria or lactate. Boxes represent median with upper and lower quartiles. (A) n
= 51-85. (B) n= 33-38. Significance was tested using a Kruskal–Wallis test with a
Dunn’s multiple comparison test. Not significant (ns) p > 0.05, *** p 0.001.

out Ap) did not affect yeast appetite. These data together with the
data from the lactate production mutant clearly show that lactate is
the key metabolite provided by Lp allowing the bacterial community
to alter food choice. Furthermore, these data strongly suggest that
Ap is the main microbial player altering host behaviour and that Lp
acts mainly as a provider of lactate, which could be required for Ap
to synthesize the critical factors that drive the alterations in feeding
behaviour.
Lactate is used by Ap to produce amino acids
What could be the metabolites synthesized from lactate by Ap re-

quired for the bacterial community to act on the host? Given that the
synthesis and secretion of AAs by Ap was increased by the presence
of Lp, we wondered whether lactate could serve as a precursor for
the production of these important nutrients. To test this hypothesis,
we cultivated Ap in holidic media in which we replaced Lp with uni-
formly labelled 13C3-L-lactate (20 g/l). We tracked the synthesis of
13C labelled AAs from this carbon source, normally provided by Lp
using LC-MS. Confirming our hypothesis, in the supernatant of Ap
cultures grown in media lacking Ile, we found higher levels of the
m+3, m+4 and m+5 forms of 13C-Ile, compared to the levels found
in the no growth and no-labelling 12C-glucose control cultures (Fig-
ure 5). Furthermore, we could detect synthesis from lactate of all
AAs that were previously detected as being produced from glucose
in Ap/Lp co-cultures (Figure S7). Importantly, the same pattern of
AA labelling was observed in 48h cultures with the expected excep-
tion that heavier isotopomers were also detected (Figure S8). Fur-
thermore the AA labelling in the 24h and 48h samples showed very
similar patterns as the one detected in Ap and Lp co-cultures using
labelled glucose. Our results show that Ap synthesizes multiple AAs
from lactate and are in agreement with earlier reports that lactate can
serve as an important precursor for AA synthesis in other Acetobac-
teraceae (Adler et al., 2014). Interestingly, the average amount of
13C-Ile synthesized from 13C3-lactate was similar to that measured
in the co-cultures of Ap and Lp synthesized from 13C-glucose (Fig-
ure 3 and 5 and Figure S5, S7 and S8), enforcing the similarity be-
tween the co-culture condition and the lactate Ap condition. Given
that our original behavioural and culture experiments included His
deprivation, we also analysed the levels of de novo synthesized His,
an eAA for the fly and a non-essential amino acid (neAA) for Ap and
Lp (Figure S1 and S2). His levels were overall similar in all diets
both in the Ap single cultures and in co-cultures in which labelled
glucose was used as a precursor (Figure S4 and S5), and in Ap cul-
tures where labelled lactate was used as a tracer (Figure S7 and S8).
Interestingly, no His was detected in co-cultures growing in media
lacking His. This suggests that Lp prioritizes the consumption of
AAs existing in the media over its synthesis (Figure S4 and S5).
Altogether, these results show that Ap uses lactate to synthesize se-
creted AAs. In the host, Lp derived lactate is therefore very likely to
be used by Ap to synthesize AAs which are then used by Lp to grow
and produce lactate, allowing the community to overcome deleteri-
ous dietary conditions. The syntrophic relation between Ap and Lp
therefore ensures the dietary stability of the community, while also
ensuring a constant flux of lactate to Ap enabling this bacterium to
exert its function on host behaviour.

AAs de novo synthesized by bacteria are unlikely to suppress
flies’ yeast appetite

So far, our results show that Ap sustains Lp growth in vivo and in
vitro in absence of Ile and that either in the presence of Lp or lac-
tate, Ap increases the synthesis and secretion of AAs. It is widely ac-
cepted that gut microbes are an important source of eAAs in differ-
ent hosts, insects and humans included (Douglas and Prosser, 1992;
Metges, 2000). Our data would therefore be compatible with a sim-
ple model in which Ap synthesized AAs would not only be required
to ensure the growth of Lp but would also act on the host to sup-
press yeast appetite. If this would be the case, the amount of AAs
provided by the bacterial community should be comparable with
the amount of dietary AAs sufficient to suppress protein appetite
in the axenic animals. We therefore first decided to compare the
amount of Ile secreted by the bacterial community with the amounts
measured in the complete fly medium, which we know efficiently
suppresses yeast appetite. While in the Ile dietary deprivation sit-
uation we could detect de novo synthesized Ile in the co-culture as
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Fig. 5. Ap synthesizes Ile from lactate. The stacked bars represent the relative
amount of Ile isotopomers measured in the supernatant of liquid holidic medium of
bacterial cultures lacking Ile and either containing, unlabelled glucose (12C-glucose)
as a control for unspecific labelling, or uniformly 13C labelled lactate (13C-lactate,
20 g/l). Heavy labelled Ile isotopomers were measured using LC-MS in samples
collected after 24h of bacterial growth and displayed as metabolite peak area. No
bacteria were added in media representing time “0”. The number of heavy carbons
incorporated per Ile molecule is indicated as m+n, where n = the number of 13C.
Filled black circles represent the presence of specific bacteria in the culture. Open
black circles represent the absence of specific bacteria. Each data point represents
the mean of three biological replicates and the error bars represent the standard
error of the mean for each isotopomer.

well as in the Ap culture supplemented with lactate (Figure 3 and
5), the amount of secreted Ile in these conditions is a 1/1000th of the
amount present in the complete holidic medium (Figure 6A). In or-
der to identify the amount of Ile required to suppress yeast appetite
we next titrated the concentrations of Ile in the holidic medium and
tested the feeding behaviour of axenic flies maintained on these di-
ets. Strikingly, a diet with 25% of the total concentration of Ile did
not lead to a significant suppression of yeast appetite, suggesting
that this amount of Ile is not sufficient to significantly alter the be-
haviour of the fly (Figure 6B). Only the addition of at least 50%
of the full Ile concentration led to a complete suppression of protein
appetite. This shows that commensal bacteria would have to provide
relatively high amounts of dietary Ile (between 25 and 50% of the
original amounts in the holidic medium) to directly suppress yeast
appetite. Our in vitro measurements, however, suggest that the bac-
terial community secretes orders of magnitude lower amounts of Ile
than the ones required to suppress yeast appetite (Figure 6A). This
makes it unlikely that the amount of AAs secreted by the bacterial
community is sufficient to suppress protein appetite.
We decided to back this conclusion using a different physiologi-
cal readout for AA availability. In Drosophila dietary eAAs are
the main rate limiting nutrients required for egg production (Leitão-
Gonçalves et al., 2017; Piper et al., 2014). As such egg laying can
be used as an almost linear readout for the physiological availabil-
ity of eAAs (Piper et al., 2017). We had shown that commensal
bacteria can increase egg laying in eAA deprived animals (Leitão-
Gonçalves et al., 2017). Indeed, we observed that Ile deprivation led
to a drastic decrease in egg laying in germ-free females, which was
mildly rescued in females harbouring an Ap/Lp community (Figure
6C). This can be interpreted as the community providing AAs to the
host which it then uses for producing eggs. It is however important
to note that the rate of egg laying is still very low when compared to
what would be expected on a diet containing between 25%-50% of
the original Ile diet (Piper et al., 2014). Even more strikingly, in flies
in which we replaced Lp by lactate, egg laying was not increased

Fig. 6. Bacterial amino acid supply are unlikely to explain the effect of gut
bacteria on behaviour. (A) Relative amount of total (labelled plus unlabelled) Ile in
complete holidic medium and medium lacking Ile, determined by LC-MS in sterile
media or in media in which Ap and Lp were co-cultured. (B) Number of sips on
yeast of flies maintained in holidic medium lacking Ile (0%), or in holidic media con-
taining 25%, 50% or 100% of the total Ile amount found in complete medium). n =
44-53. (C) Number of eggs per mated female flies. Axenic flies were maintained
on complete holidic medium or medium lacking Ile (open boxes). Flies monoasso-
ciated with Ap (light blue box), flies co-associated with Ap and Lp (dark blue box),
and flies associated with Ap and maintained in media supplemented with lactate
(bordeaux box), where maintained on holidic medium lacking Ile. n=23. (D) Bars
represent the relative abundance of Ile and Ile degradation metabolites as mea-
sured in metabolomics experiments from heads of germ-free flies (GF) and flies
inoculated with commensal bacteria (Bact) and maintained in either complete ho-
lidic medium (grey boxes), medium lacking Ile (blue boxes) or medium lacking His
(green boxes). n=5. (E) Schematic describing the metabolic interactions resulting
from the syntrophic relation between Ap and Lp and their potential effects on the
bacterial community and the host. The carbohydrates in the host diet are repre-
sented as purple dots, AAs as orange circles and the absence of eAAs in the diet is
represented as dashed circles. Lp and Ap are represented as blue and green bac-
teria, respectively. Black arrows represent the flow of lactate produced by Lp and
utilized by Ap to produce AAs which are then used by Lp in situations of dietary AA
scarcity. The black dashed inhibitory arrow indicates the effect of Ap in suppressing
protein appetite of the host through a yet undetermined mechanism requiring the
presence of lactate produced by Lp. In (A and C) filled black circles represent a
complete holidic medium or association with specific bacteria or the presence of
lactate. Open black circles represent the absence of specific bacteria or lactate in
the diet. (A and D) Data are plotted as the mean of three (A) or five (D) biological
replicates and the error bars represent the standard error of the mean. (B) Signif-
icance was tested using a Kruskal–Wallis test with a Dunn’s multiple comparison
test. Boxes represent median with upper and lower quartiles. Not significant (ns) p
> 0.05, *** p 0.001.
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when compared to the Ap alone and the germ-free controls (Figure
6C). Given that providing flies with Ap and lactate is sufficient to
completely suppress protein appetite, this shows that the effect of
the commensal bacteria on behaviour can be functionally separated
from the effect on egg laying. The failure of the Ap+lactate condi-
tion to rescue egg laying in an –Ile situation, strongly supports our
earlier conclusion that the amount of Ile provided by Ap is not suf-
ficient to provision the fly with adequate amounts of this essential
nutrient. This strengthens the evidence that bacterially synthesized
AAs are unlikely to contribute to the suppression of yeast appetite.
Finally, we tested if we could detect an increase in free amino acids
in AA deprived flies with a bacterial community. For this we per-
formed metabolomics on isolated heads of germ free and gnotobi-
otically bacterially reconstituted females (to avoid the confounding
contribution of reducing the amount of eggs by eAA deprivation).
Supporting previous results (Leitão-Gonçalves et al., 2017), in ax-
enic conditions the removal of either Ile or His drastically reduced
the levels of the corresponding free amino acid (Figure 6D and Fig-
ure S9). This finding is supported by the observed concomitant
reduction in the levels of multiple metabolites derived from these
amino acids such as N-acetylisoleucine, 3-methyl-2-oxovalerate, N-
acetylhistidine and imidazole lactate (Figure 6D and Figure S9). In
agreement with all our results the presence of gut bacteria did not
rescue this reduction in free amino acids and corresponding derived
metabolites (Figure 6D and Figure S9). The levels of the deprived
eAAs and its metabolites in the fly remained very low in both the
flies with and without gut bacteria. These measurements made in
the host further support the conclusion that gut bacteria are unlikely
to act on host behaviour by rescuing the levels of free AAs in the
animal. Overall our data are in agreement with a model in which
Lp and Ap grow as a community in the fly where they engage in
a syntrophic interaction buffering them from adverse dietary host
conditions (Figure 6E). Lp provides lactate to Ap which it uses to
synthesize and secrete AAs. This ensures Lp growth even in detri-
mental dietary conditions in which limiting AAs are missing. This
also ensures the constant flux of lactate which provides the neces-
sary fuel for Ap to synthesize the metabolites that alter choice be-
haviour (Figure 6E) which according to our data are unlikely to be
proteogenic AAs. Syntrophic relations between gut bacteria could
therefore be a common theme among gut bacterial communities,
generating metabolic cycles which buffer them from suboptimal
host dietary conditions and allowing them to generate a constant
flux of metabolites acting on the host.

Discussion
Identifying the mechanisms by which metabolic exchanges shape
diet-microbiome-host interactions is key to understanding how gut
microorganisms alter the physiology and behaviour of the host.
Both the food choice of animals and their microbiome are altered
by changes in diet. How one mechanistically relates to the other is
currently poorly understood. We had shown that two bacteria abun-
dant in fly’s microbiome (Ap and Lp) act together to suppress the
protein appetite of AA deprived animals (Leitão-Gonçalves et al.,
2017). Here we show that they need to act as a community to estab-
lish a syntrophic relationship that enables them to overcome drastic
nutritional limitations generated by imbalanced host diets. While
most studies on the impact of host diet on the microbiome empha-
size the ability of diet to alter the microbiome (David et al., 2014;
Johnson et al., 2019; Turnbaugh et al., 2009; Wang et al., 2014) our
work highlights a different facet of diet-microbiome relationships:
how metabolic interactions within the microbiome allow the gut mi-
crobiome to become resilient to changes in the host diet. Key is

the ability of multiple microbes to establish communities in which
syntrophic relationships allow specific members of the community
to overcome auxotrophies for specific nutrients. While widely stud-
ied in the context of microbial ecology (Mee et al., 2014; Morris
et al., 2013; Ponomarova and Patil, 2015) less is known about the
metabolic interactions shaping gut microbes and their importance
in how they act on the host. This is especially the case in humans
where we have just started analysing the nutritional preferences and
metabolic idiosyncrasies of single members of the human gut mi-
crobiome (Tramontano et al., 2018). While it has been proposed
that microbial metabolic interactions might be key for the gener-
ation of specific effector metabolites such as GABA or serotonin
(Olson et al., 2018; Sharon et al., 2014), we show that an impor-
tant aspect of gut microbial communities is their resilience towards
dietary perturbations, thereby ensuring a stable and constant impact
of the microbiome on the host.

Lactic acid bacteria are known to often co-occur with other microor-
ganisms in a variety of natural niches (Duar et al., 2017; Pono-
marova and Patil, 2015). One such niche is the adult Drosophila gut
where Acetobacteracaea and Lactobacilli are often found together
(Pais et al., 2018; Ren et al., 2007; Ryu et al., 2008; Wong et al.,
2011). The co-occurrence of bacteria from these two genera in the
fly has been shown to increase the propagation of both bacteria and
to contribute to the impact of the microbiome on physiological traits
of the host (Gould et al., 2018; Newell and Douglas, 2014; Sommer
and Newell, 2019). Although lactate has been proposed to play a
role in these interactions (Sommer and Newell, 2019) the mecha-
nisms that promote and sustain bacterial growth in co-cultures and
how they modify the host remain largely unexplored. Lactobacilli
lack many key genes required for the synthesis of different essential
nutrients such as AAs and vitamins (Martino et al., 2016; Newell
et al., 2014; Wu et al., 2017). Conversely their genome encodes
an unusually large repertoire of transporters highlighting their abil-
ity if not requirement to take up nutrients from their environment
(Kim et al., 2013; Martino et al., 2016). Using a chemically defined
diet (Piper et al., 2017), we show that Lp, a bacteria auxotrophic
for Ile, is able to proliferate in vitro via the uptake of Ile produced
by Ap. Moreover, the cross-feeding of this eAA, most likely, oc-
curs also in vivo, since Lp levels are higher in biassociated than in
monoassociated flies deprived of Ile and Lp is necessary with Ap for
altering feeding behaviour and egg laying in these flies. Microbial
cross-feeding has been shown to allow intra and inter-species ex-
change of several nutrients, including AAs, through its secretion to
the media or via bacterial nanotubes (Mee et al., 2014; Shitut et al.,
2019; Ziesack et al., 2019). The Ap-Lp interaction is however not
unidirectional as has been shown for example for yeast-Lactobacilli
interactions (Ponomarova et al., 2017). The production and secre-
tion of AAs by Ap depends or is strongly enhanced by the presence
of Lp. Concomitantly, this interaction also spurs the growth of Ap
as this bacterium grows better in the fly in the presence of Lp. This
positive effect of Lp on AA synthesis by Ap is best explained by the
preferential use of lactate by Ap for the production of AAs (Adler
et al., 2014) which coincidentally is one of the main metabolic by-
products produced and secreted by Lp. These metabolic interactions
within the Ap/Lp community allow these two bacteria to create a
“circular economy” in which they both optimally use the available
nutritional resources provided by the host diet, allowing them both
to overcome detrimental host diets and boosting their metabolic out-
put.

Our results also strongly suggest that one or multiple metabolites
derived from Ap lactate metabolism are likely to be the effectors
altering feeding behaviour in flies co-inoculated with Ap and Lp.
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This conclusion is based on the observation that lactate can fully
substitute Lp to suppress yeast appetite in Ap-monoassociated flies
deprived of Ile. One straightforward hypothesis is that Ap, an au-
totrophic strain, synthesizes and provides eAAs to the host, sup-
pressing protein appetite. In fact, there is evidence that gut microbes
can supply significant amounts of essential nutrients, like AAs, to
the host including humans (Douglas and Prosser, 1992; Metges,
2000; Sannino et al., 2018; Smith et al., 2013). However, we find
that the bacteria produce and secrete extremely low amounts of AAs
compared to those existing in the complete holidic medium which
has been optimized to promote egg laying and lifespan of the fly
(three orders of magnitude less). This significantly weakens the hy-
pothesis that Ap alters yeast appetite by supplying enough eAA to
the host so that it can compensate for the dietarily absent eAA. Es-
pecially considering that our psychometric measurements indicate
that concentrations of 50% or more of the Ile concentrations in the
media are necessary to significantly suppress protein appetite. This
strongly suggests that the gut bacteria would need to produce at least
that amount of AAs to alter protein appetite via these metabolites,
which is not compatible with our in vitro and in vivo measurements.
Moreover, we have shown that Ap and Lp are required together to
supress yeast appetite in His-deprived flies (Leitão-Gonçalves et al.,
2017). Multiple evidence however suggest that His production by
the bacterial community does not explain the suppression in yeast
appetite observed in His-deprived flies: our in vitro measurements
show that 1) while Ap is not sufficient to suppress yeast appetite
on its own it produces and secretes His when cultivated in isolation
(Figure S4) and that 2) while in a –His diet the Ap/Lp co-culture is
able to suppress protein appetite, we can hardly detect His synthesis
and secretion, suggesting that synthesized His is exhausted from the
media by the bacterial community when it is dietarily absent. These
data make it further unlikely that the bacteria reduce yeast appetite
of the fly by rescuing the absence of His in the diet. Finally, the
mono-association of malnourished flies with Ap in the presence of
lactate does not increase egg laying, a physiological process which
is profoundly dependent on AA availability and we could not de-
tect a rescue in the heads of flies associated with bacteria of the free
AAs which had been removed from the diet. All these results to-
gether with earlier published data (Leitão-Gonçalves et al., 2017),
fail to support the straight forward hypothesis that the bacteria act
on yeast appetite by producing enough eAAs to replace the effect of
the dietary removal of specific eAAs.

It is however important to note that in the physiological Lp/Ap bias-
sociation situation, the presence of the microbiome is beneficial for
the animal as it allows the fly to lay more eggs in an eAA deprived
diet situation. This might sound counterintuitive to the above men-
tioned arguments as egg laying requires building blocks. But this
apparent contradiction can be easily resolved by our finding that egg
laying and protein appetite can be functionally separated. The mod-
est improvement in egg laying could simply result from the use of
the increased bacterial biomass in the biassociation situation, which
would be sufficient to support a modest amount of egg laying while
not being sufficient to suppress yeast appetite. This interpretation is
supported by our finding that in the Ap+lactate situation protein ap-
petite is completely abolished while egg laying is not increased. In
a malnutrition setting the Ap/Lp community is hence beneficial for
the fly as it allows it to maintain egg laying. Importantly, this benefit
requires the ability of the community to grow in a diet lacking AAs
for which Lp is auxotrophic. The ability of the bacterial community
to withstand dietary perturbations is therefore key for its beneficial
effect on the adult host.

If the bacterial community does not act on food choice behaviour

by maintaining a high level of eAAs in the host, how does it then
modify behaviour? The here presented data support the hypothe-
sis that it is one or multiple, lactate-derived, Ap-generated metabo-
lite(s) which modulate the feeding behaviour of the fly. This fits
with earlier data suggesting that the gut bacteria need to be metabol-
ically active to modify food choice (Leitão-Gonçalves et al., 2017).
Gut bacteria can contribute with a plethora of small metabolites on
concentrations comparable to those administered in drug doses (10
µM–1 mM) (Nicholson et al., 2012). These include neuroactive sub-
stances such as GABA and serotonin (Strandwitz et al., 2019; Yano
et al., 2015). Furthermore, recent studies identified multiple bacte-
rial metabolites acting as G-protein-coupled receptors (GPCRs) ag-
onists, which have the potential to affect host physiology, including
the nervous system (Chen et al., 2019; Colosimo et al., 2019). The
reduction of the complexity of the behaviourally active community
to one bacterium (Ap) and the identification of lactate as a likely
precursor for the generation of the neuroactive metabolites allows a
targeted focus to identify the precise mechanisms by which the gut
microbiome alters food choice. A combination of metabolomics ap-
proaches, including stable isotope-resolved metabolomics, and bac-
terial genetics, including unbiased genetic screens, should allow for
the identification of the exact molecular mechanisms underlying the
changes in behaviour.

Our work identifies the mechanisms that sustain a syntrophic re-
lation between two abundant species of bacteria found in the fly’s
microbiome and identifies the species that drives the alteration in
behaviour observed in the host. We also show that this mutual-
istic relationship buffers the effect of dietary restrictions in both,
the microbiome and the host. Diet is an essential, dynamic, and
highly diverse environmental variable deeply affecting several as-
pects of behaviour, including food choice (Leitão-Gonçalves et al.,
2017; Simpson et al., 2015; Solon-Biet et al., 2019; Tarlungeanu
et al., 2016), as well as the microbiome, which has been shown
to play a critical role in human behaviour, including through the
metabolism of nutrients and drugs (Dodd et al., 2017; Kessel et
al., 2019; Rekdal et al., 2019; Sharon et al., 2019; Smith et al.,
2013). Our study highlights the importance of metabolic interac-
tions among different species of gut bacteria in shaping the out-
come of diet on the microbiome and its impact on host physiology
and behaviour. Given the numerical complexity of the human mi-
crobiome and its high inter-individual heterogeneity (The Human
Microbiome Project Consortium et al., 2012) mechanistically dis-
entangling such relationships is a daunting task. The ability to com-
bine extremely precise dietary manipulations using a holidic diet,
as well as microbial, genetic and molecular perturbations with de-
tailed behavioural, physiological and metabolic phenotyping in high
throughput makes Drosophila an ideal system to identify mecha-
nisms by which gut bacterial communities act on the host. Impor-
tantly, given that the key molecular and physiological regulatory
mechanisms are conserved across phyla, the microbiome mecha-
nisms identified in invertebrates have been shown to be translatable
to vertebrates (Schwarzer et al., 2016). Our study shows the poten-
tial in using Drosophila to mechanistically disentangle the influence
of diet on microbiological communities and identify the individual
contributions of bacterial species on host behaviour and brain func-
tion. The identified molecular and metabolic strategies can then be
harnessed to explore similar mechanisms in vertebrates, including
humans, providing an attractive path for the efficient mechanistic
dissection of how gut microbes act on the host across phyla.
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Materials and Methods
D. melanogaster husbandry and dietary treatments
All experiments were performed with either axenic or gnotobiotic
mated w1118 female flies. Flies were reared under controlled con-
ditions at 25°C, 70% humidity, and 12 h light/dark cycle. Ax-
enic fly stocks were generated as described in ((Leitão-Gonçalves et
al., 2017) and dx.doi.org/10.17504/protocols.io.hebb3an) and main-
tained on high yeast-based medium (highYBM) (per litre of water:
8 g agar [NZYTech, PT], 80 g barley malt syrup [Próvida, PT], 22 g
sugar beet syrup [Grafschafter, DE], 80 g corn flour [Próvida, PT],
10 g soya flour [A. Centazi, PT], 60 g instant yeast [Saf-instant,
Lesaffre], 8 ml propionic acid [Argos], and 12 ml nipagin [Tegospet,
Dutscher, UK] [15% in 96% ethanol]) laced with antibiotics (50
µg/ml tetracycline, 50 µg/ml kanamycin, 50 µg/ml ampicillin, and
10 µg/ml erythromycin). The absence of bacteria was assessed reg-
ularly by grinding flies in sterile 1x PBS and spreading the suspen-
sion on LB, MRS, or Mannitol plates. For the experiments described
in this study axenic fly cultures were set in sterile highYBM with-
out antibiotics using 6 females and 4 males per vial, to guarantee a
homogeneous density of offspring across the different experiments,

and left to develop until adulthood in this media. Holidic medium
(HM) without preservatives and with an optimizes AA composition
(FLYAA) was prepared as described in ((Leitão-Gonçalves et al.,
2017), and dx.doi.org/10.17504/protocols.io.heub3ew). HM lack-
ing isoleucine or histidine was prepared by simply omitting the cor-
responding AAs. A 300 g/l lactic acid solution (pH 4.0-4.5) was
prepared from a 90% (w/w in H2O) DL-lactic acid solution (Sigma-
Aldrich, 69785) using 10 M NaOH, and used to prepare HM supple-
mented with lactate at 20 g/l. Flies were exposed to the different di-
etary treatments using the protocol described in ((Leitão-Gonçalves
et al., 2017) and dx.doi.org/10.17504/protocols.io.hhcb32w) where
axenic or gnotobiotic 1 to 5-d-old flies were used. Briefly, 16
females and 5 males were placed in highYBM-containing vials
(without preservatives), transferred to fresh highYBM after 48h and
transferred, after 24h, to the different HM (sterile or bacteria-treated
media) where they were maintained for 72 h before any indicated
assay.
Bacterial species and generation of pre-inocula
The following bacteria strains were used in this study: Lacto-
bacillus plantarumNC8 (Axelsson et al., 2012), Lactobacillus plan-
tarumWCFS1 (Ferain et al., 1996), Lactobacillus plantarumWCFS1ldh

(Ferain et al., 1996) and Acetobacter pomorum (Ryu et al., 2008).
To generate the 5 bacteria community used for the fly head
metabolomics measurements the following bacterial strains were
also used: Lactobacillus plantarumWJL (Ryu et al., 2008), Lac-
tobacillus brevisEW (Ryu et al., 2008), Commensalibacter intes-
tiniA911T (Ryu et al., 2008), and Enterococcus faecalis (Cox and
Gilmore, 2007). All Lactobacillus species were cultivated in 10 ml
MRS broth (Fluka, 38944) as static cultures in 14 ml culture tubes
(Thermo Fisher Scientific, 150268) at 37°C for 24 h. A. pomorum
and C. intestiniA911T were cultivated in mannitol (3 g/l Bacto pep-
tone [Difco, 0118–17], 5 g/l yeast extract [Difco, 212750], 25 g/l
D-mannitol [Sigma-Aldrich, M1902]) at 30°C for 48 h with orbital
agitation (180 rev.min-1). C. intestiniA911T was cultured in 20 ml of
medium in 50-ml tubes (Falcon), while A. pomorum was cultured in
200 ml of medium in 500-ml flasks. E. faecalis was cultured in 200
ml of liquid LB medium (Sigma-Aldrich, L3022) in 500-ml flasks
at 37°C for 24 h at 220 rev/min.
Generation of axenic and gnotobiotic flies
Axenic flies were generated as previously described (Leitão-
Gonçalves et al., 2017). To prepare mono- and biassociated flies
with A. pomorum and Lactobacilli strains, vials containing HM me-
dia were inoculated with the desired bacterial species before flies
were transferred. The number of CFU added per vial was as fol-
lows: L. plantarumNC8, 7.2 x 107; L. plantarumWCFS1, 5.0 x 107;
L. plantarumWCFS1ldh, 5.6 x 107; and A. pomorum, 9.5 x 107. In the
particular case of the gnotobiotic flies used to measure the metabo-
lites in the fly’s head the bacterial community consisted of: L. plan-
tarumWJL (6.4 x 107 CFU), L. brevisEW (5.31 x 106 CFU), C. in-
testiniA911T (9.04 x 107 CFU), A. pomorum (9.5 x 107 CFU) and
E. faecalis (1.11 x 108 CFU). The volume of culture containing the
appropriate number of CFUs was centrifuged (5,000 x g, 10 min),
the pellet washed three times with 1xPBS and the cells resuspended
in 50 µl of 1xPBS. The same volume of sterile bacterial media was
centrifuged and the PBS resulting from washing the tube three times
was used as a control. Fifty microliters of cell suspension were
added to each fly culture vial, and those allowed to dry for 2h before
transferring flies.
Assessment of bacterial CFUs
The selection and assessment of the number of A. pomorum or
L. plantarumNC8 CFUs in flies co-inoculated with two bacterial
species or in liquid co-cultures was done by plating samples in MRS
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media either supplemented with Kanamycin (50 µg/l) or Ampi-
cillin (10 µg/l) for the selection of L. plantarumNC8 or A. po-
morum, respectively. MRS plates supplemented with Kanamycin
were incubated at 37°C, while plates supplemented with Ampi-
cillin were incubated at 30°C. Samples of monoassociated flies were
plated in MRS and incubated at 30°C or 37ºC for A. pomorum or
L. plantarumNC8, respectively. All samples were plated using an
easySpiral® (InterScience, 412000) plater and the number of CFU
counted with an automatic colony counter Scan® 500 (Interscience,
436000).
Assessment of the bacterial load of flies
Flies were washed in 70% ethanol, to remove bacteria adhering to
the fly cuticle, and further washed twice with sterile 1x PBS. The
flies were homogenized using 50 µl of 1x PBS per fly and the ho-
mogenates serially diluted and plated in an appropriate media for
the selection of the different bacteria. The number of CFU per fly
was measured in at least three independent biological samples of 8
flies.
flyPAD assays
Food choice experiments were performed using the flyPAD as de-
scribed in (Itskov et al., 2014). The food preferences of single
gnotobiotic flies with, maintained in complete HM or deprived of
single AAs, were tested in an arena with food patches containing
1% agarose mixed with either 10% yeast or 20 mM sucrose. The
flies were allowed to feed for 1 h and the number of sips per ani-
mal was calculated using the previously described flyPAD analysis
algorithms in (Itskov et al., 2014). Non-eating flies (those flies hav-
ing less than two activity bouts per assay) were excluded from the
analysis. To test if glucose (100 mM) can replace sucrose (50 mM)
as a carbon source in the HM, the feeding behaviour of axenic and
biassociated flies was tested using the flyPAD. Axenic flies fed the
glucose-based HM diet exhibited the same increase in yeast appetite
when deprived of isoleucine (Figure S10). Furthermore, isoleucine
deprived animals associated with Ap and Lp exhibited a decreased
yeast appetite compared to the axenic animals. These data show that
glucose and sucrose are interchangeable as carbon sources in what
concerns the feeding behaviour of the flies.
Egg-laying assays
After 72 h on HM with different AA compositions, groups of 16 fe-
males and 5 males were placed in apple juice agar plates (250 ml/l
apple juice, 19.5 g/l agar, 20 g/l sugar, and 10 ml/l nipagin [15% in
ethanol]) and allowed to lay eggs for 24 h. Living adult flies and
eggs were then counted and the number of eggs was normalized by
the number of living females. Data were pooled from three experi-
ments performed independently on different days.
Assessment of bacterial growth in holidic media
A liquid version of the HM was used to cultivate bacteria in vitro.
The media was prepared by removing agar and cholesterol from the
HM recipe to avoid turbidity in the media and replacing sucrose with
100 mM of glucose. An appropriate volume of cells was calculated
in order to inoculate 20 ml of liquid HM with an initial optical den-
sity measured at 600 nm (OD600) of 0.05 of each bacterium. The
calculated volume of bacterial culture was centrifuged (5,000 x g,
10 min), washed once with 1x PBS and the pellet resuspended in 50
µl of 1x PBS. The cell suspension was used to inoculate 20 ml of
liquid HM in 100 ml Erlenmeyer flasks, which were incubated at 25
°C with orbital agitation (180 rev/min). The number of CFU in the
liquid cultures was assessed 0, 1, 2, and 3 days after the growth was
resumed by plating and counting colonies as described above. The
bacterial growth was determined for all tested conditions in at least
three independent experiments.
Metabolomics analysis of fly heads

At least a thousand mated gnotobiotic females maintained on each
dietary condition were collected after brief CO2 anaesthesia and
snap frozen in liquid nitrogen. To separate heads from the body and
collect them, the frozen flies were vortexed in Eppendorf tubes and
sieved through a 710-mm and 425-mm mesh (Retsch GmbH). All
the material used to handle the body parts was continuously cooled
in liquid nitrogen throughout the process, to ensure that heads were
kept frozen. At least 1000 heads were sent for metabolomics pro-
filing as a paid service at Metabolon Inc, USA. The plotted relative
amount of metabolites detected in the analysis was normalized ac-
cording to the number of heads in each sample.
Metabolomic analysis by liquid chromatography-mass spec-
trometry (LC-MS)
To trace the synthesis of the different metabolites produced by
bacteria, two universally isotopically-labelled carbon sources were
used: 13C6-D-glucose (Cambridge Isotope Laboratories, CLM-
1396) or 13C3-lactate (Cambridge Isotope Laboratories, CLM-
1579). In experiments using 13C6-D-glucose, equimolar amounts
of the heavy glucose were used to completely substitute the glucose
in the HM. In experiments using 13C3-lactate, 20 g/l of the heavy
lactate were added to the HM formulation which normally does not
contain lactate. A control culture with HM without isoleucine with
unlabelled glucose was used in parallel. The liquid version of HM
without cholesterol was used. To set up the cultures, the bacterial
suspensions were centrifuged (5,000 x g, 10 min) and washed, and
the pellet resuspended in 50 µl of 1x PBS. Five millilitres of HM
were inoculated with an initial OD600 of 0.05 in 25 ml Erlenmeyer
flasks, and incubated at 25°C with orbital agitation (180 rev/min).
A sample of the supernatant was collected after 24h of incubation.
For that, 50 µl of culture were centrifuged at 5,000 x g for 3 min
at 4°C and 10 µl of the supernatant immediately added to 500 µl
of extraction buffer (30% methanol [Merck, 1.06035], 50% acetoni-
trile [Sigma-Aldrich, 900667] in miliQ water). Samples were kept
at -80°C until analysis. Before collecting the sample the OD600
of the cultures were measured to later normalize the values of the
13C-labelled metabolites by the growth rate of the bacteria. Liq-
uid chromatography-mass spectrometry (LC-MS) was performed as
described previously (Maddocks et al., 2017): The supernatant sam-
ples were analysed on a LC–MS platform consisting of an Accela
600 LC system and an Exactive mass spectrometer (Thermo Scien-
tific), using a ZIC-HILIC column (4.6mm×150mm, 3.5µm) (Merck)
with the mobile phase mixed by A=water with 0.1% formic acid
(v/v) and B=acetonitrile with 0.1% formic acid. A gradient pro-
gram starting at 20% of A and linearly increasing to 80% at 30min
was used followed by washing and re-equilibration steps. The total
run time was 46min. The LC stream was desolvated and ionized
in the HESI probe. The Exactive mass spectrometer was operated
in full-scan mode over a mass range of 75–1,000m/z at a resolu-
tion of 50,000 with polarity switching. LC-MS raw data was con-
verted was analysed by LCquan (Thermo Scientific) and MZMine
2.10 for metabolite identification and quantification. Data repre-
sents metabolite peak area after scaling for the growth of the bac-
teria in culture. This was done by multiplying the peak area with
the ratio of the highest OD600 measured in all the cultures in the
metabolomics experiments and the OD 600 of the culture from which
the metabolomics measurement were done. The metabolites were
measured in three independent experiments.
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