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A rationally designed microbial
consortiummodulates
neurodegeneration in a Drosophila
melanogastermodel of Parkinson’s
disease

Check for updates

Aline Ovalle1, Estefanía López2,3, Jimena Sierralta2,3 , Nuria Paricio4 & Daniel Garrido1

The gut-brain axis enables communication between the central nervous system and the gut, with
certain microbial metabolites influencing neurodegeneration. Using genome-scale metabolic
modeling, we designed and tested a synthetic microbial consortium with predicted capacity to
produceGABAandother neurometabolites in aDrosophilamelanogastermodel of neurodegeneration
of Parkinson’s Disease (PD). The consortium (Levilactobacillus brevis, Lacticaseibacillus paracasei,
Bacteroides thetaiotaomicron) produced GABA in bioreactors. Female PD flies receiving the
consortium exhibited protection from locomotor impairment at 10 and 25 days upon consortium
administration. Headmetabolomics revealedpartial restoration of PD-associated alterations in energy
balance, amino acid and neurotransmitter metabolism, and disease-related biomarkers. Early
administration increasedmicrobiome diversity and Lactobacillus abundance. These findings suggest
that rationally designedmicrobial consortia targeting neurometabolite production canmodulate brain
physiology andconfer neuroprotection, supporting their potential formicrobiome-based interventions
in neurodegenerative disease.

The human gutmicrobiome comprises a set of genomes of commensal and
symbiotic microorganisms found in the gastrointestinal tract that coexist
with thehost, influenceguthomeostasis, andplay an essential role inhealth1.
Changes in their composition are associated with the development of var-
ious conditions such as intestinal, metabolic, and immune diseases2,3. In
recent years, the impact of the gutmicrobiome on psychiatric disorders and
neurodegeneration has been evidenced4. A bidirectional communication
between the brain and the gut, the gut-brain axis, has been described5. Here,
the central nervous system (CNS) influences the gastrointestinal tract’s
motor, sensory, and secretory functions, while signals from the gut micro-
biome can impact nervous system functions5. This communication is pos-
sible throughpathways suchas the vagus nerve, the hypothalamic-pituitary-
adrenal axis, and microbial metabolites such as short-chain fatty acids

(SCFAs) and neurotransmitters6–9. Butyrate, one of the most critical SCFAs
for host health, can improve intestinal barrier function, stimulate the
immune system, and reduce inflammation10. It also displays a neuropro-
tective effect on the nervous system11–13. Additionally, some gut microbes
synthesize neurotransmitters de novo14, such as dopamine, serotonin,
norepinephrine, and γ-aminobutyric acid (GABA), the primary inhibitory
neurotransmitter of the CNS15,16. This property is distributed among gut
microbes, especially in Bacteroides, Lactobacillus, and Bifidobacterium17,
which use this compound as a cross-feedingmolecule or growth factor, and
to regulate physiological processes such as acid stress18,19.

Reductions in brain GABA have been associated with anxiety,
depression20–24, and neurodegeneration25–27. Remarkably, GABA-producing
bacteria species Lactobacillus and Bifidobacterium delivered in the gut of
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aging rats modulate the brain metabolic profile in the frontal cortex and
hippocampus, inducing beneficial effects on memory28. In rats receiving
these bacteria, GABA concentrations increased in the frontal cortex, which
could modulate glutamate neurotransmission and synaptic plasticity28.
Another study showed that the abundance of GABA-producing bacteria,
such as Bifidobacterium and Lactobacillus species, decreased in the gut
microbiome of fibromyalgia patients, along with glutamate accumulation
and GABA depletion26. Genes participating in GABA synthesis (gadC and
gadB) were also downregulated26. Considering that lactic acid bacteria
produce high concentrations of lactate and acetate, these molecules could
also contribute to these neuroprotective effects, but their impact remains
mostly uncharacterized.

The effect of different dietary bacteria on the nervous system was
recently evaluated in Caenorhabditis elegans. The results indicated that
Escherichia coli HT115 exerted a neuroprotective effect through GABA
production sincemutants lacking the gadwere not neuroprotective27. These
results highlight the potential role of microbial neurometabolites in the
nervous system and position them as potential candidates to evaluate their
impact on neurodegenerative disorders by gut microbiome modulation.

Clinical and preclinical evidence suggest that microbial composition
changes in the gutmay increase the risk of neurodegenerative diseases4. The
fecal metabolome from patients with Parkinson’s disease (PD) shows that
alterations in their gutmicrobiome correlatewith changes in themetabolites
produced by bacterial species. Specifically, changes in the secretion of spe-
cific metabolites, including GABA, were observed25. A correlation between
Parkinson’s disease and gut microbiome alterations in patients has been
shown29. A large-scale cohort study including 72 PD patients and the same
number of healthy controls suggested that Prevotellaceae abundance was
decreased in PD patients30. Also, the abundance of butyrate-producing
bacteria, such as Roseburia and Faecalibacterium spp., was significantly
reduced in PD patients compared to healthy controls31. Interestingly, evi-
dence linked PD with α-synuclein accumulation in the gastrointestinal
tract4. Therefore, interventions targeting the gut microbiota, such as fecal
microbiota transplantation (FMT) and probiotic and prebiotic adminis-
tration, have been evaluated in PD patients32,33.

Despite these findings, the role ofmicrobialmetabolites such asGABA
or SCFAs in neurodegeneration remains unclear, especially in PD, which
targets primarily dopaminergic neurons. While microbial GABA produc-
tion has been demonstrated in vitro, its functional role in vivo, particularly
in neuroprotection, remains speculative. We hypothesize that a microbial
consortium capable of producing neuroactive metabolites such as GABA
and related metabolites such as lactate could mitigate some markers of
neurodegeneration. In this study, we aimed to evaluate the impact of a
putative neuroactive microbial consortium on a genetic PD model in Dro-
sophila melanogaster, a well-established system for studying neurodegen-
erative processes34–37. D. melanogaster offers significant advantages,
including a short lifecycle, powerful genetic tools, cost-effectiveness, and
conserved disease pathways replicating key hallmarks of human neurode-
generative conditions. We used metabolic modeling to design a microbial
consortium with predicted capacity to produce GABA and other neuro-
metabolites and evaluated its effects on D. melanogaster with α-synuclein
overexpression, which mirrors PD-like phenotypes.

Results
SteadyCom simulations revealed GABA and butyrate-producing
consortia
This study aimed to understand the impact of neurometabolite-producing
microbial consortia in a neurodegeneration model in D. melanogaster. We
first focused on GABA and butyrate for their role in neuroprotection. We
first obtained semi-automatic metabolic reconstructions of nine candidate
gut microbes chosen for their GABA production, interactions with GABA
producers from the genera Bifidobacterium, Lactobacillus or Bacteroides, or
Butyrate-ProducingBacteria (SupplementaryTable 138).All reconstructions
predicted biomass production on glucose, and B. thetaiotaomicron and B.
adolescentis produced biomass using inulin as the carbon source (Table 1),

with higher growth rates generally observed in glucose. A few models
showed positive in silico GABA fluxes (Table 1): Bifidobacterium ado-
lescentis, Bacteroides thetaiotaomicron and Lactiplantibacillus plantarum.
While Levilactobacillus brevis G2 did not exhibit GABA production in
monoculture simulations, its model reconstruction contained both the
synthesis and export reaction for GABA (Table 1), consistent with previous
reports17.

We then used these models to simulate multispecies consortia, evalu-
ating community growth, metabolite production, and metabolic cross-
feeding. We assembled and tested combinations involving primary and
secondary fermenters, as well as predicted GABA- or butyrate-producing
strains. These simulations yielded 23 consortia with predicted GABA pro-
duction using glucose or inulin (Table 1). Notably, growth rates were
inversely correlated with GABA fluxes (Table 1). Increasing the number of
bacteria in the consortia did not necessarily increase growth rates or GABA
production. Some consortia exhibited high GABA and butyrate fluxes. For
instance, a consortiumcomposedofB. adolescentis,Coprococcus eutactus,B.
thetaiotaomicron and L. brevis produced high GABA (Consortium 9;
1.48mmol gDW−1h−1) and butyrate fluxes (4.39mmol gDW−1h−1). In
general, L. brevis and L. plantarum contributed the most to GABA pro-
duction in silico.

Flux Variability Analysis (FVA) was later used to explore suboptimal
metabolic states and confirm community metabolic flexibility. In Con-
sortium 9, although three members harbored GABA synthesis capacity
(Supplementary Fig. 1A), only twoactively produced theneurometabolite at
the optimal growth rate (Supplementary Fig. 1B). As community growth
increased, GABA fluxes decreased, suggesting a trade-off between com-
munity biomass optimization and neurometabolite output. FVA analysis of
Consortium 9 revealed that cross-feeding of acetate, lactate, and glutamate
supportedGABA and butyrate production (Fig. 1A), resulting in a complex
interaction network (Fig. 1C).

In some consortia, GABA was predicted to be produced before
reaching the maximum community growth rate (Supplementary Fig. 1C).
For example, a consortium formed by L. brevis, B. thetaiotaomicron, and
Lacticaseibacillus paracasei (C8c) showed equal relative abundances of these
species at low growth rates (Supplementary Fig. 1C). This consortium
displayed no GABA flux at optimum growth rates, but GABA flux was
rather significant at suboptimal rates (Supplementary Fig. 1D). As above,
cross-feeding of acetate, lactate, and glutamate appears necessary for GABA
production in silico in some microbial consortia (Fig. 1B).

GABA screening showed GABA production in monoculture and
co-culture
Based on simulation results, we screened 15 monocultures, 11 co-cultures,
eight tri-cultures, and two tetra-cultures for GABA production. GABA was
detected in eight supernatants, including L. brevis G2 and B. thetaiotao-
micron VPI 5482 (Fig. 2A). Notably, the co-culture of L. brevis G2 and L.
paracasei M38 produced GABA independent of monosodium glutamate
supplementation (Fig. 2B). However, adding monosodium glutamate
intensified the GABA band (Fig. 2B), suggesting that substrate availability
can potentiate production in vitro.

Consortia batch bioreactor growth and substrate consumption
Six microbial consortia producing GABA in silico were selected for batch
fermentations using inulin as a carbon source: G2M38, BvulgM38,
G2BtM38,G2BovaM38,D3BtM38 andBtLsG2M38 (G2:L. brevisG2;M38:
L. paracasei M38; Bvulg: Phocaeicola vulgatus S1; Bt: B. thetaiotaomicron
VPI 5482; Bova:Bacteroides ovatusBEI 3_8_47FAA;D3:B. adolescentisD3;
Lsym: Lachnoclostridium symbiosumWAL14673; Supplementary Table 1).
Biological replicates showed similar behavior regarding growth kinetics
(Supplementary Fig. 2). Consortia with four bacteria reached the expo-
nential phase faster (Supplementary Fig. 2). Inulin was partially consumed
in most consortia by 12 h, being nearly exhausted by 26 h (Supplementary
Fig. 3). The consortium BtLsG2M38 showed a faster consumption at 12 h,
correlating with its shorter lag phase (Supplementary Fig. 3). These
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Table 1 | Results of growth simulations of single (S) and co-culture (C) of candidate GABA-producers using metabolic
reconstructions

Consortium Composition Medium Growth rate (h−1) GABA (mmol gDW−1h−1) Butyrate (mmol gDW−1h−1)

S1 LSYM INU 0.06 0 0

S2 LSYM GLC 0.30 0 0

S3 CEUT INU 0.00 0 0

S4 CEUT GLC 0.21 0 3.32

S5 PDOR INU 0.20 0 0

S6 PDOR GLC 0.56 0 0

S7 BTHE INU 0.82 0.82 0

S8 BTHE GLC 0.82 0.82 0

S9 LBRE INU 0.16 0 0

S10 LBRE GLC 0.78 0 0

S11 LPLA INU 0.00 0 0

S12 LPLA GLC 0.34 0 0

S13 BADO INU 0.25 1.21 0

S14 BADO GLC 0.55 0.35 0

S15 LPAR INU 0.11 0 0

S16 LPAR GLC 0.34 0 0

S17 PVUL INU 0.28 0 0

S18 PVUL GLC 0.79 0 0

C1a BADO-BTHE INU 0.33 0.66 0

C2a BADO-BTHE-PVUL INU 0.37 1.34 0

C1b LPLA-CEUT GLC 0.28 0.73 1.54

C2b LBRE-CEUT GLC 0.25 1.49 3.06

C3b LPLA-CEUT-BADO GLC 0.30 1.37 1.47

C4b LBRE-CEUT-BADO GLC 0.29 1.48 2.93

C5b LPLA-LBRE-CEUT GLC 0.30 1.37 0.74

C6b LPLA-BTHE-BADO-CEUT GLC 0.31 1.36 2.63

C7b LPLA-BADO-CEUT GLC 0.30 1.35 1.96

C8b LPLA-LBR-CEUT-BADO GLC 0.29 1.45 1.96

C9b LBRE-BTH-CEUT-BADO GLC 0.28 1.48 4.39

C10b LBR-BDOR-CEUT-BADO GLC 0.29 1.63 2.47

C11b BADO-CEUT INU 1.23 0.87 0.05

C12b LPLA-CEUT-BADO-LBRE-BTH GLC 0.30 1.35 1.98

C13b LPLA-CEUT-BTH-BADO-LBRE GLC 0.29 1.43 2.29

C14b LPLA-CEUT GLC 0.30 1.36 2.63

C1c LBRE-LPAR GLC 0.31 0.66 0

C2c LPLA-LPAR INU 0.43 1.22 0

C3c BADO-LPAR INU 0.55 1.21 0

C4c BTHE-LPAR GLC 0.31 0.66 0

C5c BADO-BTHE-LPAR INU 1.22 0.78 0

C6c PVUL-LPAR GLC-INU 0 0 0

C7c LBRE-BTHE GLC-INU 0 0 0

C8c LBRE-BTHE-LPAR INU 1.14 0 0

C9c LSYM-BADO-LPAR INU 1.16 0 5.77

C10c LPLA-LSYM-BADO INU 1.22 0 1.19

C11c PDOR-LSYM-BADO INU 1.23 0.38 0.73

C12c PDOR-LSYM-BADO-LPAR INU 0 0 0

C13c LBRE-LPAR-BTHE-LSYM INU 0 0 0

Three rounds of simulations are shown (a, b, c). Models and abbreviations used are indicated in Supplementary Table 1, and inulin (INU) or glucose (GLC) were used in silico.
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dynamics are likely driven by L. paracasei M38, which encodes inulin-
degrading enzymes38.

GABA production peaked at the end of fermentation. G2BtM38 and
G2BovaM38 consortia exhibited higher GABA production in vitro (Sup-
plementary Fig. 4). Two of the six consortia synthesized GABA (3 g/L):
G2BtM38 and BtLsG2M38 (Supplementary Fig. 4D; p = 0.0142 and
p = 0.0120 respectively). L. paracaseiM38 was dominant in the three-species
consortium (Supplementary Fig. 5). In contrast, the four-species consortium
was dominated by L. symbiosumWAL 14673 and L. paracaseiM38, which
increased its abundance throughout the fermentation (SupplementaryFig. 5).

Regarding SCFA production, the consortium BtLsG2M38 produced
butyrate at a concentration of 1.88 g/L (Supplementary Fig. 6). This con-
sortiumalso generated the highest acetate concentration (Supplementary Fig.
6), even compared to BtG2M38. High levels of lactate, another potential
neurometabolite, were observed in consortia containing L. paracasei M38,
and succinate was characteristic of consortia containing Bacteroides species
(Supplementary Fig. 6). Based on these results, the consortium G2BtM38,
resulting in high lactate and GABA production, was selected to evaluate its
impact on a neurodegeneration model in D. melanogaster.

Effect of the neuroactive consortium on locomotor deficits,
survival, and dopaminergic degeneration in D. melanogaster
The effect of the selected consortium on neurodegeneration was evaluated
in vivo using a genetic PDmodel inD.melanogaster. Thismodel is based on

the overexpression of α-synuclein with aggregation properties (A30P39;).
Here, flies display a PD-like phenotype, with locomotor deficits, loss of
dopaminergic neurons, and premature death40,41. Four groups were eval-
uated in parallel: untreated control and PD groups (C; PD), and control and
PD groups receiving the microbial consortium in the larval stage
(C+ ; PD+ ).

We tested the locomotor ability of female flies in a climbing assay on
day10 andday2542.As expected, PDflies had significantly reduced climbing
compared to the control group C (Fig. 3A, Fig. 3B; Two way ANOVA,
Tukey’s multiple comparisons test, n = 135 per group, p = 0.0003 and
p = 0.0356 at 10 and 25 days, respectively), showing a detriment in climbing
probably due to α-synuclein overexpression. In contrast, PD flies treated
with the consortium (PD+ ) showed a significantly improved climbing
index compared to untreated PD flies (p = 0.0246 and p = 0.0444 at 10 and
25 days, respectively), and were statistically indistinguishable from control
groups (CandC+ ; allp > 0.1). These results suggest that early-life exposure
to the microbial consortium mitigates locomotor decline in PD flies,
resulting in a neuroprotective effect.

We later evaluated the total number of dopaminergic neurons in
femaleflies by immunostainingusing anti-tyrosinehydroxylase, the enzyme
required to synthesize dopamine from tyrosine (Fig. 3C). Brain images for
other groups are shown in Supplementary Fig. 7. At day 25, flies expressing
α-Syn had significantly fewer TH-positive dopaminergic neurons than
controls (C and C+ ; Fig. 3D). The PD+ group showed an intermediate

Fig. 1 | Design of microbial consortia. A Predicted flux (mmol gDW−1h−1) of key
metabolites and their cross-feeding at optimal growth rate for Consortium 9. BTHE:
B. thetaiotaomicron, CEUT: C. eutactus, BADO: B. adolescentis, LBRE: L. brevis,
LPAR: L. paracasei. Blue cells indicate predicted metabolite release into the extra-
cellular medium, and red cells indicate uptake by the bacterium. B predicted flux of

keymetabolites and their cross-feeding at optimal growth rates for ConsortiumC8c.
C Network representation of predicted cross-feeding across members of Con-
sortium 9. Export metabolites are shown in blue, uptake metabolites are shown in
red, and green diamonds indicate specific metabolic or exchange reactions for these
metabolites. EX indicates exchange metabolites.
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phenotype, with no significant differences compared to either controls or
the untreated PD group, suggesting a partial preservation of dopaminergic
neurons following consortium treatment.

Finally, survival was evaluated usingmale flies (Supplementary Fig. 8).
No significant differences in survival were found among the four groups
(Supplementary Fig. 8A, Log-rank test, n per group = 60, x2 = 3.784, df = 1,
p = 0.0518). However, when comparing control flies with and without the
consortium, increased survival was associated with the consortium (Sup-
plementary Fig. 8B, Logrank test, n per group=60, x2 = 4.376, df = 1,
p = 0.0365).Although survival results cannot bedirectly compared to female
flies, this result shows that feeding a consortium of human commensal
bacteria toD.melanogasterhas nodeleterious effect on survival ofmaleflies.

Microbial consortia impact on the brain metabolic profiles
To investigate whether the microbial consortium influenced brain meta-
bolism in a manner consistent with the improved locomotor performance
observed in treated flies, we performed untargetedmetabolomic profiling of
female fly heads across all experimental groups at day 10. A three-
dimensional principal component analysis (PCA) of metabolite profile
distribution showed that samples were grouped by phenotype, where PD+
flies had profiles separated from the PD group (Supplementary Fig. 9). All
comparisons yielded optimal models with R2 values close to 1 and reason-
able predictive values (Q2).

NMR analysis detected a total of 33 metabolites, with 15 showing a
significant difference in pairwise comparisons (One-way ANOVA with
Tukey post-hoc analysis, p < 0.05; Fig. 4; Supplementary Table 2). The PD
brain metabolome was the most distinct, while metabolomes from C+ and
PD+ groups clustered more closely, suggesting a partial shift toward a
shared metabolic state following consortium treatment (Supplementary
Fig. 10).

Figure 4 and Supplementary Table 2 show metabolite distributions
across samples and groups. GABA levels were moderately elevated in PD
flies compared to controls, but its concentrations in brain were not
modulated by the consortium. Lactate was significantly increased in PD+

compared to C+ , suggesting a shift in glycolytic activity (Fig. 4). In con-
trast, acetate levels were consistently reduced in both C+ and PD+ groups
relative to their groups without consortium, suggesting the consortium is
responsible for this change. Interestingly, succinate levels were significantly
higher in both groups flies receiving the consortium (C+ and PD+) than
untreatedflies (Fig. 4), possibly reflecting improvedmitochondrial function.

Certainmetabolites previously associated with neurodegeneration and
oxidative stress showed robust changes. N-acetylcysteine and xanthurenate
were significantly elevated in both PD and PD+ flies compared to their
controls, but were not modified by the consortium, suggesting persistent
redox imbalance.Methionine sulfoxide andGPC, typically increased in PD,
were significantly reduced in PD+ flies, indicating a partial shift toward a
less oxidatively stressed state43–45.

Amino acid-related metabolites also showed distinct profiles. Gluta-
minewas significantly higher inPDandC+flies compared to control, while
histidine was lower in PD flies vs C. These alterations were not affected by
consortium administration. Finally, metabolites related to energy metabo-
lism and turnover were moderately affected. AMP, glycine, and glycogen
were significantly reduced in C+ flies relative to controls, and glycogen was
also lower in PD compared to C, suggesting alterations in energy reserves
and purine metabolism linked to both disease and early-life microbial
exposure. Together, these data indicate that the microbial consortium
selectively modulates brain metabolism, especially in pathways related to
mitochondrial activity, oxidative stress, and energy regulation. However,
neurotransmitter-related metabolites such as GABA were not significantly
altered by the intervention, suggesting indirect or alternative mechanisms
underlying the observed neuroprotective effects.

16S rRNA profiling of the D. melanogastermicrobiome
To assess whether the microbial consortium colonized the D. melanogaster
gut, we performed 16S rRNA sequencing on 10 day-old female flies from all
experimental groups. Taxonomic classification at the genus level revealed a
predominance of Acetobacter across groups (Fig. 5A). The microbial
composition of the control and PD groups was similar (Wald test,

Fig. 2 | GABA screening. A Thin-layer chromato-
graphy of bacteria supernatants. The first two lanes
correspond to the standards of GABA and mono-
sodium glutamate (MSG). The following four lines
are the culture media without bacteria. The
remaining lines correspond to bacterial supernatant
frommonoculture growth. GABA is visualized as an
intensely colored band at the same height as the
GABA standard. All media was supplemented with
monosodium glutamate (glut) to induce GABA
production. Culture medium was mZMB unless
indicated, and media abbreviations are indicated in
methods. D3: B. adolescentis D3. Ba: B. adolescentis
ATCC 15703. G2: L. brevis G2. L: L. plantarum
JDM1. S1: P. vulgatus S1. Bt: B. thetaiotaomicron
VPI 5482, and Bova: B. ovatus BEI 3_8_47FAA.
B Thin-layer chromatography of co-cultures.
BtM38: B. thetaiotaomicron VPI 5482 and L. para-
caseiM38. BovaM38: B. ovatus BEI 3_8_47FAA and
L. paracasei M38. G2M38: L. brevis G2 and L.
paracasei M38. Lanes are as in A indicating the
carbon source (Glucose or Inulin).
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p = 0.325), whereas the microbiota of the C+ group differed significantly
from that of controls (Wald test, p = 0.045). The PD+ group also displayed
significant differences compared to both the PD andC+ groups (Wald test,
p = 0.007 and p = 0.049, respectively), indicating that both the consortium
and the disease model contributed to microbiome alterations. In particular,
Staphylococcus spp. and Corynebacterium spp. were higher in the PD+
groups compared to control flies (One-Way ANOVA; F = 41.592;
p = 0.0475 and One-Way ANOVA; F = 142.279; p = 0.014 respectively).

Shannon’s diversity index of the PD+ group was significantly higher
than the PD and control groups (One-Way ANOVA; Df: 3; F: 5.146;
p = 0.0285); Fig. 5B. Therefore, treatment with the consortium in the PD
group significantly increased the species diversity of the gut microbiome
compared to the untreated group and control.

We finally conducted qPCR analysis with the 10 day-old fly’s midguts
to confirm these results. L. brevisG2 and L. paracaseiM38 copy numbers in
PD+ were significantly higher compared to the control group (One-Way
ANOVA, Dunnett’s multiple comparisons test, n = 135 per group,
p = 0.0007 and p = 0.0302 for L. brevis G2 and L. paracasei M38, respec-
tively) indicating these bacteria are found in the midgut of the flies (Fig. 6).
However, their increased presence was lost by day 25 (Fig. 6).

Discussion
The computational models employed in this study helped predict microbial
consortia with potential for neurometabolite production. By simulating
metabolic fluxes and community interactions, SteadyCom enabled the
identification of functionally diverse consortia, reducing the need for exten-
sive empirical screening. Although semi-automated reconstructions lack the
depth of fully curated GSMMs, they provided a practical framework to
generate testable hypotheses. While results could be inaccurate due to these
limitations, modeling microbial consortia suggested that metabolic cross-
feeding increases neurometabolite production, implying that the availability
of metabolic intermediates in the consortium increases GABA production.

There was a good agreement between model predictions and in vitro
validation. In general, glucose predicted higher biomass production in these
models, probably due to better curation of central metabolism. AGORA
models predicted more GABA-producing bacteria than reconstructed
models of this study, possibly due to improvements in this database allowing
better predictions. Biomass and neurometabolite FVA showed different
species abundance and neurometabolite production at suboptimal com-
munity growth rates, evidencing the trade-off between growth and pro-
duction. This trade-off is reasonable, considering that the community uses

Fig. 3 | Impact of consortium administration on
PD pathophysiology in a D. melanogaster model.
A Climbing assay at 10 days. B Climbing assay at
25 days. C Dopaminergic neurons positive for Tyr-
osineHydroxylase enzyme, labeledwith an antibody
against the enzyme. The picture corresponds to a
control fly fed with the consortium. D Analysis of
dopaminergic neurons in the each group at 25 days.
Statistical analysis was performed with two-way
ANOVA followed by Tukey test (*p < 0.05,
**p < 0.01, ***p < 0.001).
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its resources for biomass production, and GABA production is a secondary
process associated with acid stress responses. Cross-feeding analysis also
indicated which metabolites are essential in producing this molecule at the
community level, where glutamate, acetate, and lactate appear to be directly
related to GABA synthesis. In vitro GABA screening supported in silico
predictions of single cultures and helped identify specific GABA-producing
consortia that were evaluated later.

ThePDmodel recapitulatesmost of thepathophysiologyof thedisease,
including locomotive defects, reduction of dopaminergic neurons, and
alterations in mitochondrial energy metabolism. Climbing ability in D.
melanogaster declines with aging, being maximum and stable during the
first 12−15 days and then decreasing progressively42. For the D. melano-
gaster PD model, the climbing test evidenced similar climbing scores as
controlflies in youngflies but a premature loss of climbing ability compared

Fig. 4 | Distribution of metabolite concentrations among experimental groups.
Violin plots illustrating the distribution and density of metabolite concentrations
across experimental groups. Each dot represents an individual sample and the yellow
dot indicates the mean value for each group. The width of each violin reflects the

density of the data distribution. Statistical differences were evaluated usingOne-way
ANOVA followed by Tukey’s post-hoc test. p-values, FDR corrections and sig-
nificant changes in pairwise comparisons are detailed in Supplementary Table 2.
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to controls at 10 and 25 days. These results are coherent with other studies
where D. melanogaster lines expressing α-synuclein A30P lose their
climbing ability earlier than those expressing α-synuclein wild-type or
A53T39,46. Interestingly, our findings suggest that the microbial consortium
conferred a locomotor phenotypic rescue in the PD model since their
climbing performance approached that of healthy control flies, indicating
substantial mitigation of PD-related deficits. These results could be the
product of the microbial synergic interactions in the consortium and the
production of beneficialmetabolites such as lactate, GABA, or other SCFAs.

Survival analysis in male flies showed that the consortium did not
negatively affect fly longevity and even improved survival in control flies,
indicating that the administration of human commensal bacteria is well

tolerated in this model. While male PD flies showed a trend toward
reduced lifespan, consistent with prior reports of α-synuclein toxicity40,41,
this difference did not reach statistical significance, potentially due to
environmental conditions that attenuate stress (e.g., abundant food, low
density) or biological variability. The consortium consists of human
commensal bacteria, which may not efficiently colonize other animal
models.

Sex-specific differences in neurodegeneration models using D. mela-
nogaster have been reported across various paradigms, particularly in Par-
kinson’s disease (PD) models, where according to some studies females
exhibit equal or greater resilience47,48. In our study, survival was assessed in
males, which are often more susceptible to neurodegeneration, while

Fig. 5 | 16S rRNA-based analysis was used to determine microbial gut compo-
sition and diversity in the four Drosophila groups. A Stacked vertical bar charts
illustrating species relative abundance. B Shannon diversity index for each group.

Microbial diversity for PD+ group was statistically different from PD group (paired
t-student test; p = 0.028).
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behavioral and metabolomic analyses were performed in females. This
design limits direct comparisons across sexes.

Quantifying dopaminergic neurons in the fly brain provides a reliable
readout for neurodegeneration in PD models49. Previous studies have evi-
denced that dopaminergic neuron loss inα-Synmutants is age-dependent40.
In this study, a reduction in dopaminergic neurons at 10 days of age showed
no significant differences among the groups.Mohite et al.41 also detected no
signs of neurodegeneration at 10 days. However, substantial changes in
dopaminergic neuron clusters were manifested on day 30, supporting our
result. On day 25, dopaminergic degeneration was observed in PD flies
compared to the control. Interestingly, the control and the PD groups
receiving the consortium did not show differences between them and the
control in the number of dopaminergic neurons, supporting a protection
role of the consortium against neuronal degeneration. Although we cannot
attribute this effect to a specific microbial metabolite, several mechanisms
may be involved, including improved mitochondrial energy metabolism,
modulation of neuroinflammation, or the action of neurometabolites pro-
ducedor stabilizedby the consortium.Thesefindings are consistentwith the
behavioral improvements observed and support the hypothesis that
microbial intervention can modulate PD-relevant neurobiological
outcomes.

Neurodegenerative diseases are multifactorial disorders with unclear
mechanisms for neuronal death50. These diseases are often characterized by
mitochondrial dysfunction and increased levels of radical oxygen species51.
PDhas also been described as ametabolic syndrome, given its links to redox
imbalance and impaired energy metabolism52. In our study, PCA showed a
clear grouping of samples by phenotype, indicating that both the PD
mutation and consortium administration significantly influenced brain
metabolite profiles.

Metabolites related to energy production exhibited differential
responses. Succinate levels were significantly increased in consortium-
treated flies (both C+ and PD+ ), suggesting improved mitochondrial

function53,54. In contrast, ADP+ATP levelswere not significantly altered by
consortium administration, indicating that changes in high-energy phos-
phate compounds may not fully account for the observed neuroprotective
effects. Similarly, although glucose metabolism disruptions have been
associated with PD and other neurodegenerative diseases52, glucose levels
were not significantly modulated across experimental groups. Given that
glucose is the primary energy source in the brain and is critical for nervous
system function55, these findings suggest that mitochondrial pathways
rather thanglycolyticfluxmaybe the primary site ofmetabolic intervention.

Regarding amino acids, the low levels of essential amino acids such as
histidine observed in PD flies are consistent with previous reports linking
reduced histidine to increased clinical severity of PD56. However, this
alteration was not restored by consortium administration. Additionally,
glutamine levels remained elevated in both PD and C+ groups, suggesting
that microbial exposure early in life influences amino acid metabolism
independently of neurodegenerative processes. These persistent alterations
indicate that amino acid metabolism is less responsive to microbial mod-
ulation under the tested conditions.

GABA levels were moderately elevated in PD flies compared to con-
trols but were not significantly modulated by consortium administration.
This suggests that neurotransmitter-related pathways may not be the pri-
mary targets of the observed neuroprotective effects.

Metabolites related to oxidative stress showed more robust responses.
Methionine sulfoxide levels, elevated in PD flies, were significantly reduced
in PD+ flies, suggesting improved redox homeostasis and partial restora-
tion of the methionine sulfoxide reductase (Msr) system function57. Given
the role of methionine oxidation in α-synuclein aggregation58–60, these
results suggest that consortium administration may mitigate oxidative
stress-related protein aggregation. Additionally, GPC levels, typically
increased in PD, were reduced following treatment, further supporting the
restoration of redox balance. However, other oxidative stress-related
metabolites, such as N-acetylcysteine and xanthurenate, remained elevated

Fig. 6 | Genome copy number of consortium bacteria in experimental groups at
10 and25 days. Statistical significance was evaluated compared to untreated control.
A Genome copy numbers of L. brevis G2 at 10 days. B Genome copy number of B.
thetaiotaomicronVPI 5482 at 10 days.CGenome copy number of L. paracaseiM38

at 10 days. D Genome copy number of L. brevis G2 at 25 days. E Genome copy
number of B. thetaiotaomicron VPI 5482 at 25 days. F Genome copy number of L.
paracaseiM38 at 25 days. (One way-ANOVA, Dunnett’s multiple comparisons test
*: p < 0.05, ***: p < 0.001, ns: not significant).
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in PD and PD+ flies, indicating persistent redox imbalance in certain
pathways.

Finally, metabolites related to energy reserves and purine metabolism
showed selective alterations. AMP and glycogen were significantly reduced
in C+ flies compared to controls, and glycogen was also lower in PD flies
relative to controls. These results suggest alterations in energy storage and
turnover linked to both disease and microbial exposure. Overall, these
findings indicate that consortium administration partially restores meta-
bolic balance in PD flies, affecting pathways involved in energymetabolism,
oxidative stress, and neurotransmission. This supports the idea that
metabolite-mediated modulation of host physiology may contribute to the
neuroprotective effects observed.

Several studies have shown that the gut microbiome is altered in
patients with PD compared to healthy individuals25. Gut microbiome
imbalance has been hypothesized to be responsible for many gastro-
intestinal disorders observed in this disease61. Moreover, microbiome dys-
biosis in PD has been proposed to play a role in non-gastrointestinal
symptoms, specifically those related to the microbiome-gut-brain axis62. In
this study, the Acetobacter abundance was slightly higher in the PD group
than in the control, and a higher Lactobacillus proportion was shown
compared to the control. A higher abundance of acetic acid bacteria in PD
flies (park25 mutants), and a higher proportion of lactic acid bacteria in
control flies have been reported63, with the latter being concordant with our
observations. The consortium administration reduced Acetobacter abun-
dance, which was more noticeable in the PD group. The consortium sig-
nificantly increased the gut microbiome diversity in the control and PD
groups concerning the untreated groups. The increased diversity was more
noticeable in the PDgroupwith treatment, as the disease tends to reduce the
diversity of the gut microbiome compared to the healthy group64. The
increase in Staphylococcus in the PD and especially PD+ groups is
remarkable, and could be explained by the genetic model being more easily
colonized by this genus and the consortium creating a niche favorable for
these bacteria.

qPCR results detected L. brevis and L. paracasei in PD+ group suggest
that early administration enables midgut colonization during larval

development. Their presence also suggests that their metabolic activity
partly explains the improvement of PD pathophysiology. In contrast, B.
thetaiotaomicronDNAwas not identified in any group, probably due to its
more fastidious and narrow growth inside the fly midgut, characterized by
colder temperature (25 °C) and higher oxygen concentration. Despite the
lack of B. thetaiotaomicron colonization, the G2M38 sub-consortium pro-
duces similar amounts of GABA, as evidenced by our in vitro data (Sup-
plementary Fig. 4).However, thiswork did not evaluate howmuchGABA is
beingproduced invivoby the consortium.Whilewedidnot quantifyGABA
in vivo or perform metabolic tracing, our results indicate that early-life
exposure to Lactobacillus strains can modulate gut composition and con-
tribute to improved PD-related phenotypes. These findings support the
feasibility of targeting the microbiota–gut–brain axis using tailored
consortia.

We propose the followingmechanisms of action for the consortium in
the PD model. The G2BtM38 microbial consortium showed a neuropro-
tective effect in a D. melanogaster PD model, as evidenced by improved
locomotion andmetabolomic profile, and partially preserved dopaminergic
neurons (Fig. 7). D. melanogaster possesses a structurally defined blood-
brain barrier (BBB) formed by subperineurial glial cells, which restrict
paracellular diffusion and regulatemetabolite entry into the brain.Although
simpler than its vertebrate counterpart, the Drosophila BBB performs an
analogousprotective role,maintainingneural homeostasis and shielding the
brain from systemic fluctuations. In this context, it is unlikely thatmicrobial
GABA, even if produced in the gut or hemolymph, could cross the BBB to
exert a direct neural effect65,66. However, TCA intermediates and neuro-
transmitter precursors generated by microbial metabolism—such as glu-
tamate or aspartate—may enter the brain through regulated transport67,
potentially influencing neuronal function indirectly. For instance,microbial
GABAmay be catabolized in the gut via the GABA shunt, replenishing the
TCA cycle and contributing to energy balance68. Additionally, SCFAs, lac-
tate or even succinate could enter systemic circulation and affect host
metabolism with a neuroprotective effect69–71. Moreover, the consortium
increased gut microbial diversity, which may contribute to microbiota
resilience and functional plasticity, as well as metabolic changes impacting

Fig. 7 | Proposed mechanisms of action of microbial consortium in D. melano-
gaster PD model. This figure presents potential interactions between the adminis-
tered microbial consortium and changes in brain physiology in the context of

Parkinson’s disease (PD). It includes proposed pathways by which microbial
metabolites, such as GABA, lactate or other SCFAs might contribute to neuropro-
tection, potentially influencing inflammation and dopaminergic signaling.
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brain responses. These changes likely act in combination to support host
homeostasis and mitigate PD-related decline71,72.

Finally, this study has several limitations that should be acknowledged.
First, while our in silico approach efficiently identified consortia with
neurometabolite production potential, the metabolic reconstructions used
were semi-automated andnotmanually curated.As such,modelpredictions
—particularly for metabolite fluxes—may be affected by incomplete path-
way annotations, imprecise stoichiometries, or generic growth conditions
that do not fully reflect the fly gut environment. Second, although the
selected consortium produced GABA and SCFAs in vitro, we could not
directly confirm their production or availability in vivo. GABA was not
consistently elevated in fly brains, andwe did not applymetabolic tracing or
labeling approaches to determine microbial contribution to host metabo-
lites. Thus, the causal link between microbial metabolite production and
neuroprotection remains putative. Additionally, our metabolomic analysis
was based on whole-head samples, which may have masked localized
metabolite changes in vulnerable dopaminergic neurons. Future studies
should consider targeted metabolomic profiling to resolve this limitation.
Third, the colonization capacity of the consortium was only partial and
transient.While L. brevis and L. paracasei established in the flymidgut early
in life, B. thetaiotaomicron was not detected—likely due to its fastidious
growth requirements and poor adaptation to the fly gut conditions (e.g.,
higher oxygen levels, lower temperature). This incomplete implantation
may have limited the in vivo production of some target metabolites.
Moreover, we did not evaluate the contribution of each bacterial strain
independently, nor the effect of dosage or administration timing. These
factors may influence colonization dynamics and metabolic output and
should be considered.

A further limitation involves the use of different sexes across experi-
mental endpoints. Survival was assessed in males, while behavioral, meta-
bolomic, and microbiome analyses were conducted in females. This design
reflects practical constraints and the aim to minimize variability by using
one sex for core assays. Female flies were prioritized in these assays to
improve reproducibility and reduce variability. However, we acknowledge
that this sex-specific allocation was not based on a fully systematic rationale
at the time of study design.As a result, the comparison of survival with other
endpoints is limited, and the absence of sex as an experimental variable
reduces the generalizability of our findings.

As final remarks, this study demonstrates the feasibility of rationally
designing microbial consortia with neurometabolite-producing potential
using metabolic modeling. The selected consortium modulated gut
microbial diversity, partially preserved locomotor function and dopami-
nergic neurons, and restored key metabolic alterations in PD flies—despite
lack of direct confirmation of in vivo GABA production or uptake. These
results support the potential of early-life microbial interventions to mod-
ulate host neurophysiology via gut–brain axismechanisms, highlighting the
importance of metabolic cross-feeding and strain compatibility in shaping
functional outcomes. While D. melanogaster offers powerful tools for
mechanistic exploration, extrapolation to human physiology must be done
with caution due to species-specific differences in gut architecture, immu-
nity, and neural complexity. Future studies should refine strain-level con-
tributions, integrate metabolic tracing, and evaluate sex-specific and host-
specific responses to microbial therapies in neurodegeneration.

Methods
Genome sequencing and metabolic models
Supplementary Table 1 shows the microorganisms and metabolic recon-
structions used in this study. For genome sequencing, the total DNA of
isolated bacteria pellets was extracted using the phenol-chloroformprotocol
previously described73. Total DNA concentration was quantified using a
Nano-Quant plate in a Tecan Infinite M200 Pro microplate reader by
measuring the absorbance at OD260. Libraries and subsequent DNA
sequencing of the bacteria samples were performed by MicrobesNG (Bir-
mingham, U.K.). Illumina MiSeq platform with 250 bp paired-end
sequencing reads was used. Illumina adapter TruSeq3-PE sequences and

low-quality bases were trimmed from raw fastq reads using Trimmomatic
v0.3674. Trimmed reads data quality was evaluated with FastQC v0.11.5 and
was de novo assembled using SPAdes v3.13.0with default parameters75. The
reads obtainedwere assembled and annotatedwith SPADES and PROKKA
from KBase76. Subsequently, draft metabolic reconstructions of these gen-
omes were automatically generated with ModelSEED of KBase76. The
models were cured automatically by gap-filling using the Gapfill Metabolic
Model tool from KBase76 and manually using reported information and
previously published GSMMs.

Computational optimization of bacterial consortia producing
GABA and butyrate
An initial in silico screening of neurometabolic-producing consortia using
metabolic reconstructions was performed. Monoculture and consortia flux
simulationsweredone inMATLAB2022ausing theCOBRAToolboxv3.077

and GUROBI v9.0.3 optimizer. Metabolic reconstructions from genomes
used in this study, including GABA- and butyrate-producing bacteria
GSMMs, were obtained fromAGORA v3.078 (Supplementary Table 1). The
modified version of culturemedia ZMB (mZMB)79 with glucose or inulin as
the carbon source was used for growth simulations. The consortia were
simulated using the SteadyCom algorithm from the COBRA Toolbox,
which allows us to obtain the maximum community steady-state growth
rate and flux distribution at this optimum rate80. In addition, SteadyCom
calculates the relative abundance of each species from the consortia and
seeks to determine cross-feeding between the consortia members. Each
designed consortium had at least one bacterium from the following cate-
gories: primary fermenters (Bifidobacterium, Bacteroides), secondary fer-
menters (Lactobacillus), and GABA or butyrate producers. The final
consortium comprised a maximum of five species to reduce the experi-
mental variability in the following stages.

Strains and culture media monoculture and co-culture assays
Themicroorganisms of Supplementary Table 1were cultured in Reinforced
Clostridial Medium (RCM, Becton-Dickinson, Franklin Lakes, NJ) or de
Man Rogosa and Sharpe broth (MRS, Becton-Dickinson, Franklin Lakes,
NJ), supplemented with 1 g/L and 0.5 g/L of L-cysteine (Loba Chemie,
India) respectively. Bacteria were cultured from a −80 °C stock in the
corresponding complex medium under anaerobic conditions. Then, the
bacteria were incubated at 37 °C for 48 h in anaerobic jars (Medica-Tec,
Chile) with anaerobic packs (Gaspak EM, Becton-Dickinson, Franklin
Lakes,NJ,USA). Themonoculture assaywas performed in 96-well plates on
mZMB medium with glucose (20 g/L) or inulin (1 g/L) as a carbon source
under sterile conditions. Microorganisms were inoculated at 5% v/v, and
wellswere coveredwith amineral oil layer (20 μL). The strainswere cultured
in triplicates at 37 °C for 48 h in an anaerobic chamber (Sheldon Manu-
facturing INC, Bactronez-Anaerobic Chamber Workstation, Cornelius,
OR, USA). The optical density was measured at OD620nm on a Tecan
F50 spectrophotometer (TecanTrading AG, Infinite F50, Mannedorf,
Switzerland), which was located inside the chamber every 30min with a 5 s
shaking before measurement. Co-culture was carried out the same way as
monoculture, and bacteria forming a consortium were added in equal
proportions to the inoculum.

GABA production screening
A screening for GABA production was performed by thin-layer chroma-
tography (TLC)17. The assay was performed in triplicate on 96-well plates,
and each bacteriumwas cultured (5% v/v) in the respective complexmedia,
mZMB medium with glucose (20 g/L), and mYCFA medium was used81.
These media were supplemented with monosodium glutamate (10 g/L) to
induce GABA production. The plate wells were covered with a mineral oil
layer (20 μL), and the strains were cultured at 37 °C in anaerobic patch jars
for 48 h. OD620nm was measured in a spectrophotometer (Tecan, Mod.
Infinite® 200 PRO, Switzerland). The supernatant was stored at−20 °C for
further analysis. Similarly, co-cultures were evaluated in mZMB medium
with inulin (1% w/v) with and without monosodium glutamate (1% w/v),
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and the consortium was inoculated at 5% (v/v), where each species was in
equal proportion. TLC was performed in F-60 silica plates (Merck, Ger-
many), using a running buffer (N-butanol, acetic acid with 99% purity, and
water for chromatography in the proportions 4:1:1). Two μL were taken
from each sample supernatant sample. To develop the chromatogram, the
silica plate was dried, placed in a developing solution (0.8% (w/v) ninhydrin
and distilled water as solvent), and heated at 100°C for 10min or until the
spots were visible.

Batch bioreactor cultivation
Batch experiments were conducted in 250mL bioreactors connected to a
MyControl system (Mini-bio Applikon Biotechnology, Netherlands) in
duplicate for the consortia that exhibited thehighestGABAproduction.The
optimized mZMB culture medium was used, supplemented with 10 g/L
inulin, 0.5 g/L L-cysteine, and 0.1% (w/v) monosodium glutamate. The
strains of a given consortiumwere inoculated at an initial OD620nm of 1, and
the bioreactor was maintained at 37 °C, pH 5.5, at 90 rpm agitation in an
anaerobic environment by nitrogen injection (99.99% purity grade) to
simulate proximal colon conditions82. Samples were taken every 2 h for
1 day and stored at−20 °C for further analysis.

Substrate consumption
TLCwas performed from bacterial supernatants at 0 h, 12 h, and at the end
of the fermentation time. Briefly, supernatant samples (2 μl) were loaded on
F-60 silica plates (Merck, Germany). The reactor culture media was used as
the control, and carbohydrate standards were prepared (1 g/L). The TLC
sheets were developed twice with a running solution of n-butanol, acetic
acid, andwater at a 2:1:1 (v/v) ratio. Staining solution (0.5% α-naphthol, 5%
H2SO4, and molecular grade ethanol as solvent) was added for band
visualization, followed by air drying at 100 °C.

GABA quantification
GABA concentration was quantified using TLC and the method of
Watchararparpaiboon et al.83. Briefly, the mixture (0.2M borate buffer,
0.2mL: 6% phenol reagent, 1 mL) was added to the supernatants (0.1 mL).
Subsequently, 0.4mL of 7.5% sodium hypochlorite was added, and the
samples were brought to 100 °C in a thermoregulated bath for 10min. They
were then immediately cooled in an ice-water bath for 5min, and the optical
density was measured at 630 nm. The calibration curve with GABA stan-
dard was prepared in a concentration range of 0-4 g/L, which yielded a
determination coefficient (R2) of 0.99 and was used to determine the con-
centration of GABA in the samples.

SCFA quantification
The concentration of acetate, butyrate, lactate, propionate, and succinate
was quantified by high-performance liquid chromatography (HPLC) using
a Lachrom L-700 liquid chromatograph (Merck-Hitachi, Japan) equipped
with a UV detector at 210 nm. On the Aminex HPX- 87H ion exclusion
column (300mm, 7.8mm; Bio-Rad, Hercules CA, USA), samples were
elutedwithH2SO4 (5mM)at aflow rate of 0.45mL/min at 35 °C for 35min.
Acetic, butyric, lactic, propionic, and succinic acid standards of known
concentrations were used for column calibration (Sigma-Aldrich, St. Louis,
MO,USA). Thirtymicroliters of each sample were injected and analyzed in
duplicate. Sample detection was carried out by comparing retention times
with standards. Each standard ranged in concentration from 0.155mg/mL
to 20 g/L. Data analysis was performed withMulti-HSMManager software
(Hitachi, Japan).

Determination of relative bacterial abundances in the consortia
Total DNA extraction from cell pellets was performed using an adaptation
of the phenol-chloroform-isoamyl alcohol protocol73. DNA was quantified
using a NanoQuant plate in a Tecan Infinite M200 Pro microplate reader
and diluted to 10 ng/μl. Bacterial absolute and relative abundances were
determinedbyqPCR, using a set of species-specificprimers basedonunique
gene sequences present in each bacterium (Supplementary Table 3). The

reagent concentrations used were those of the kit SensiFAST™ SYBR® No-
ROX Kit (Bioline, USA) with annealing temperatures of 60 °C. Reactions
were performed in triplicates.

D. melanogaster strains and husbandry
Flies and crosses were raised on standardD. melanogaster food at 25 °C
in 12 h light/dark cycles. Fly stocks used in the study were elav-GAL4
(Bloomington 458), UAS-α-Syn (A30P) (Bloomington 8147), and
w1118(CS) (donation). The elav-GAL4 line (called a driver), expressing
the GAL4 transcription factor under a neuronal promoter (elav), was
crossed to flies fromUAS-α-Syn line expressing the A30Pmutant of the
human α−synuclein under UAS control (also called responder) for the
PD group. For the control group, w1118(CS) was crossed with
elav-GAL4.

Generation of germ-free flies
Germ-free flies were generated according to a previously described pro-
tocol that was modified36. The eggs were washed with sodium hypo-
chlorite (0.5% v/v) for 5 min and three 5-min washes with distilled water
under sterile conditions. For control and PD groups that did not receive
consortium, axenic eggs were transferred to bottles with standard sterile
food previously left overnight in contact with control flies. In contrast, the
axenic eggs were transferred in bottles with sterile standard food for the
control and PD groups that received the consortium. However, these
bottles were not exposed to control flies but were inoculated with the
consortium every 48 h for 10 days from the larval stage until hatching. A
standard diet was composed of 11 g/L agar, 100 g/L yeast extract, 10 g/L
wheat flour, 50 g/L corn flour, 80 g/L glucose, 0.6% (v/v) propionic acid
and 1.2% (v/v) methyl parahydroxybenzoate (Nipagin) as antifungal. A
dose of 200 μl of the bacterial consortium (108 cells/ml each bacterium)
was added, and larvae were transferred to standard food (with or without
consortium) every 2 days.

Consortium culture
Consortium bacteria were cultured (10% v/v inoculum) in their respective
complex media for 48 h at 37 °C under anaerobic conditions. Lactobacillus
strains were cultured in MRS-cys and Bacteroides strain on RCM-cys. The
cultures were centrifuged at 8000 x g for 2min, and the pellets were resus-
pended in sterile phosphate-buffered saline (PBS) supplementedwith inulin
(1% v/v) as carbon source andmonosodium glutamate (0.1% v/v) to induce
GABA production. The average growth of single culture bacteria (OD620)
was 0.5, 2.0, and 2.6 for B. thetaiotaomicron VPI 5482, L. brevis G2, and L.
paracasei M38, respectively and was 5.7 for the selected consortium. For
inoculation, 300 μL of the bacterial consortium culture was administered to
each group.

Climbing Assay
The climbing assay was performed based on the negative geotactic
behavior of flies42. Groups of 135 1 day-old female flies were collected for
each condition under brief CO2 exposure, placed in fresh food vials in
groups of 35 per/vial, and tested at 10 or 25 days. Before the test, flies
were kept at 25 °C for 15 min on the bench to acclimate to the assay
environmental conditions. A counter-current apparatus with six tubes
in the lower frame and five in the upper part was used for the test84. Each
group of flies was placed in the first apparatus (1.5 cm diameter and
10 cm height) and gently tapped to the bottom. After 10 s, the upper
frame wasmoved to the right, and the flies that passed in the upper tubes
for 30 s were transferred to the following lower tubes by gently tapping.
This procedure was repeated five times. The climbing index was calcu-
lated using the following formula for each genotype84.

CI ¼ #F5 × 5ð Þ þ #F4 × 4ð Þ þ #F3 × 3ð Þ þ #F2 × 2ð Þ þ #F1 × 1ð Þ þ#F0 × 0
#FT

� �

ð1Þ
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#Fn is the number of flies in the tube, “n” (0 in the initial tube and 5 in
the last tube), and #FT is the total number of flies.

Survival assays
Survival assays were performed to evaluate half-life. Experiments were
carried out with 60 one-day-old male flies of the F1 generation for each
genotype. Flies were transferred to a new vial every two days, and the
number of live flies was recorded. Flies were maintained at 25 °C under a
12 h light/dark cycle. The percentage of survival was calculated at the end of
the experiments.

Immunofluorescence and imaging
Dopaminergic neurons were quantified by immunofluorescence. 10 and
25 day-old adult female flies were used, where 10 brains were imaged per
experimental group. Flieswere anesthetizedwithCO2, and their brainswere
dissected in cold PBS 1X and fixed with 4% paraformaldehyde at 25 °C for
15min. The brains were washed with PBS 1X supplemented with triton
(0.3%) (PBST) at 25 °C for 5min. The brains were blocked with PBST
containing 1% normal goat serum at 25 °C for 1 h. Tyrosine hydroxylase
(TH) enzyme was applied as a marker for DA neurons. Brain samples were
incubatedwith the primary antibody (Rabbit anti-TH,Merck, Cat#AB152)
and diluted in the blocking solution (PBST containing 1% normal goat
serum; 1:500) at 4 °C overnight. Next, samples were washed four timeswith
PBST incubated with the secondary antibody (Rabbit fit C, Jackson
InmunoResearch, USA, catalog number: 111-095-003) and diluted in
blocking solution (1:300) at 25 °C for 2 h85. Brains were washed and
mounted in VECTASHIELD Mounting Medium86. Confocal images were
taken with an Olympus FV1000 confocal microscope (Shinjuku, Tokyo,
Japan), and the number of total dopaminergic neurons was determined
using ImageJ software87.

Metabolite extraction
Head metabolite extraction was performed as previously described88. Six
samples of 10 day-old flies were prepared for each experimental group,
containing 50heads of femaleflies each.Headswere frozen by immersion in
liquid nitrogen. Then, 240 μL of cold methanol and 48 μL of cold Milli-Q
waterwere added to each tube and incubated for 5min.Theheadswere then
homogenized with a small mortar for 60 s vortexed, 120 μL of cold CHCl3
and 120 μL of cold Milli-Q water were added and vortexed again. The
sampleswere then incubated at 4 °C for 15min and centrifuged at 10,000 x g
at 4 °C for 15min. After this, two phases were formed: an aqueous phase at
the top with polar metabolites and a lower lipophilic phase with non-polar
metabolites. The aqueous phase was frozen with liquid nitrogen and stored
at −80 °C until further use.

NMR-1H Analysis
Aqueous extracts were placed on ice and resuspended in 550 μl of NMR
buffer (20mMNNaP, 20 μM(trimethylsilyl)-2,2’,3,3’-tetraduteropropionic
acid (TSP), pH = 7.4 in D2O). The supernatant was transferred to a 5mm
NMR tube. NMR spectra of the extracts were recorded at 27 °C on a
600MHzBrukerNMRspectrometer equippedwith a 5mmTCI cryoprobe.
One-dimensional 1H-NMR NOESY spectra were acquired with 360 free
induction decays (FIDs) for the aqueous extracts. 64,000 data points were
digitalized over a spectral width of 30 ppm for extract spectra. A 3 s
relaxation delay was included between FIDs, and water presaturation was
applied. The FID values were multiplied by an exponential function with a
0.5 Hz line broadening factor. Total Correlation Spectroscopy (TOCSY)
and multiplicity Heteronuclear Single Quantum Correlation (HSQC) were
performed for representative samples for signal assignment. 256-512 t1
increments were used for each experiment, and 32−96 transients were
collected.

Metabolite assignment and quantification
Metabolite identification and assignment were performed with the help of
databases (Amix, HMBD, and Biological Magnetic Resonance Data Bank),

literature values, and information from 2D NMR experiments. For meta-
bolite quantification, spectra were automatically integrated at selected
regionswithMestreNova. For a better comparison between extract samples,
integration values were normalized to total intensity to minimize the
variability generated by the extraction procedure.

Multivariate analysis of metabolites
Multivariate and univariate statistical analyses were primarily performed
using the MetaboAnalystR 4.0 platform89, complemented by exploratory
multivariate analyses in SIMCA-P 16.0 (Umetrics, Sweden). Principal
Component Analysis (PCA) was used for an initial overview of sample
distribution and identification of outliers. Supervised Partial Least Squares
Discriminant Analysis (PLS-DA) models were generated to evaluate class
separation, with model quality assessed through R² and Q² values. For
visualization of global metabolic patterns, log10-transformed data were
analyzed using hierarchical clustering in MetaboAnalyst, applying Eucli-
deandistance andWard’s linkagemethods togenerateheatmaps illustrating
group-specific metabolic profiles. Univariate analysis was conducted using
One-way ANOVA to identify metabolites with significant differences
among groups. Pairwise comparisons were performed with Tukey’s post-
hoc test, and correction for multiple comparisons was applied using the
False Discovery Rate (FDR) method. Statistical significance was considered
at p < 0.05.

16S rRNA sequencing and analysis
DNA gut samples of D. melanogaster were prepared for 16S rRNA gene
sequencing to evaluate gut microbiome composition in the four experi-
mental groups. Sequencing libraries were prepared by extracting DNA
from the midgut of 10 day-old female flies using the Zymo Quick-DNA
fecal/soil microbe kit, following manufacture protocol (D6011, Zymo,
Irvine, CA). A pool of 15 midgut samples was collected in triplicate per
group. DNA samples were sent for sequencing to Molecular Research
(www.mrdnalab.com, Shallowater, TX, USA). DNA was amplified using
the515F/806R (515 F:5′-GTGYCAGCMGCCGCGGGGTAA3′, 806 R:5′
GGACTACNVGGGGGTWTCTAAT-3′) primers, which recognize the
V4 region of bacterial 16S ribosomalDNA. Sequencing was performed on
an Illumina MiSeq sequencer following the manufacturer’s guidelines
(Illumina, USA). Sequenced reads were analyzed using QIIME290 and R
software91. Reads were trimmed based on quality scores, denoised, and
dereplicated using DADA292, eliminating chimeras and filtering the reads
to a minimum length of 240 nt. Taxonomic classification was assigned
using the GreenGenes 13.8 database93 trained for the classify-sklearn
classifier. Taxonomic annotation results were exported for Operational
TaxonomicUnits (OTUs) and converted toPhyloseq format inR.Relative
abundance of genera and species was plotted; differential abundance
analysis was performed for the different conditionswithDeseq94 using the
Wald test. Finally, Shannon diversities were calculated and plotted for
significance using a t-test to compare significant differences between
conditions.

Consortium identification on D. melanogaster gut microbiome
The consortium species in the gut microbiome of 10- and 25 day-old
females for each condition was identified by qPCR according to the
methodology described in section 2.9. Fifteen midguts were dissected in
triplicate for the10 day-old groups, and30weredissected in triplicate for the
25 day-old groups per group.

Statistical analysis
Statistical analysis was performed with PRISM v 9.4.1 (GraphPad, La Jolla,
CA), using One-Way and Two-Way ANOVA, with post-hoc Tukey’s or
Dunnett’s tests to determine differences between each condition or group
with a confidence level of 95%.

Data availability
Data is provided in the supplementary information files.
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