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Methionine cycle in C. elegans serotonergic
neurons regulates diet-dependent behaviour
and longevity through neuron-gut signaling
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The folate and methionine cycles (Met-C) are regulated by vitamin B12 (B12),
obtained exclusively from diet and microbiota. Met-C supports amino acid,
nucleotide, and lipid biosynthesis and provides one-carbon moieties for
methylation reactions. While B12 deficiency and polymorphisms in Met-C
genes are clinically attributed to neurological and metabolic disorders, less is
known about their cell-non-autonomous regulation of systemic physiological
processes. Using a B12-sensitive Caenorhabditis elegansmutant, we show that
theneuronalMet-C responds todifferential B12 content indiet to regulatep38-
MAPK activation in the intestine, thereby modulating cytoprotective gene
expression, osmotic stress tolerance, behaviour and longevity. Mechan-
istically, our data suggest that B12-driven changes in the metabolic flux
through the Met-C in the mutant’s serotonergic neurons increase serotonin
biosynthesis. Serotonin activates its receptor, MOD-1, in the post-synaptic
interneurons, which then secretes the neuropeptide FLR-2. FLR-2 binding to its
intestinal receptor, FSHR-1, induces the phase transition of the SARM domain
protein TIR-1, thereby activating the p38-MAPKpathway. Together, we reveal a
dynamic neuron-gut signalling axis that helps an organism modulate life his-
tory traits based on the status of neuronal Met-C, determined by B12 avail-
ability in its diet.

Animals dependondietary sources and theirmicrobiota for the supply
of B121,2. B12 exists in two biologically active forms, methylcobalamin
and adenosylcobalamin, functioning as coenzymes for cytosolic
methionine synthase (MS) and mitochondrial methylmalonyl-CoA
mutase, respectively. MS joins the cytosolic folate cycle and the
methionine cycle (Met-C), facilitating the transfer of methyl group
from methyltetrahydrofolate to homocysteine, resulting in the for-
mation of methionine (Fig. 1A)3. Methionine, in conjunction with ATP,
undergoes further conversion to S-adenosylmethionine (SAM). SAM,

in turn, serves as the primary methyl donor for the methylation of
DNA, RNAor other cellularmetabolites, and is converted to S-adenosyl
homocysteine (SAH). Met-C also supplies key metabolites for the
biosynthesis of amino acids, nucleotides, and lipids4,5. Thus, B12 defi-
ciency leads to increased susceptibility to disorders like depression,
anxiety, and schizophrenia while polymorphism in the genes of the
Met-C is linked to increased risk of obesity, insulin resistance, cardio-
vascular disease, and cancer2,6–11. However, the precise mechanisms
underpinning the association between B12 deficiency, Met-C gene
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polymorphism and their pathological outcomes are not fully under-
stood. Importantly, whether and how B12-driven changes in Met-C in
one tissue may affect systemic physiology through effects on a distal
tissue is less known.

In vertebrates, two distinct mechanisms are involved in the re-
methylation of homocysteine to methionine, one catalyzed by the B12-
dependent MS, and other by a vitamin B6-depedent betaine-

homocysteine methyltransferase (BHMT)12. Like other invertebrates,
Caenorhabditis elegans lacks BHMT and depends entirely onMS. In spite
of these differences, this nematode plays a prominent role in our efforts
to understand the contributions of B12 andMet-C in cellular physiology,
highlighting the importance of host-microbiota interactions on a spec-
trum of life-history traits, gene expression dynamics, and metabolic
adaptations13–17. C. elegans is a bacterivore that feeds on diverse bacterial
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species in both its natural habitats and in controlled laboratory settings;
thus, bacteria act both as food and themicrobiota of the worms. So, like
mammals, the worms are entirely dependent on their bacterial diet for
B12 supply. Additionally, due to the availability of diverse genetic, bio-
chemical and cell biology tools, it serves as a popular model system for
the exploration of inter-tissue crosstalk in evolutionarily conserved
cellular pathways regulating stress responses, diseases, and aging18–20.

To study the effects of B12 on systemic physiology, a sensitized
genetic background is necessary. This is because the wild-type worms
that feed on a wide range of bacterial diets, can maintain cellular and
metabolic homeostasis orchestrated by specific genes, preventing
alteration of life-history traits on different diets rich in diverse
nutrients21. However, occasionally we come across genetic mutants
that show altered life-history traits specific to one diet and not others.
These ‘gene-diet pairs’have significantly contributed toour knowledge
of the impact of food quality and microbiota on both lifespan and
health22. Our laboratory has characterized one such diet-gene pair
where a serine-threonine kinase gene (fluoride resistance 4 or flr-4)
mutant displays an increased sensitivity to B12 and exhibits enhanced
cytoprotective gene (CyTP) expression, osmotic stress tolerance, and
lifespan only on the B12-rich E. coli HT115 but not on E. coli OP5023,24,
providing us with the perfect paradigm to study the regulation ofMet-
C by B12 and its effect on organismal physiology.

When the kinase-dead allele flr-4(n2259) [referred to as flr-4(-)] is
fed HT115 or OP50 supplemented with B12, themetabolic flux through
theMet-C cycle is augmented, leading to the downstreamactivation of
the p38-MAPK pathway24. Notably, flr-4 is expressed both in the neu-
rons as well as the intestine23, suggesting that the gene may indepen-
dently affect the Met-C and the p38-MAPK pathway in distinct tissues.
Here, we show that metabolically active bacteria provide both B12 and
the essential amino acid methionine to the host. The B12- and
methionine-driven changes in Met-C take place in the serotonergic
ADF neurons of flr-4(-)while the p38-MAPK is activated in the intestine.
5-HT secreted from theseneurons engages its cognate receptorMOD-1
in the post-synaptic interneuron, which then releases the glycoprotein
hormone/neuropeptide FLR-2. FLR-2 activates its receptor in the
intestinal cells and directs the phase transition of the SARM domain-
containing TIR-1 protein, which in turn activates the p38-MAPK path-
way. This results in an increase inCyTP gene expression, osmotic stress
tolerance, and longevity in flr-4(-) worms. Importantly, this axis also
regulates the foraging behavior of the mutant, directing them toward
the B12-rich diet. Together, our study elucidates a novel neuron-gut
signaling cascade that transmits the information of neuronal Met-C to
modulate gene expression in the distal intestinal cells to regulate
lifespan in response to a diet of varying B12 content.

Results
The neuronal Met-C is essential for CyTP gene expression,
osmotic stress tolerance, and longevity of the flr-4 mutant
In our previous study, we demonstrated that the flr-4(-) worms exhibit
increased health span and lifespan when grown on a B12-rich diet such

as HT115 or OP50 supplemented with B1224. Feeding a B12-rich diet to
the flr-4(-) increases the tissue concentrations of the micronutrient
(Supplementary Fig. S1A) andmethionine (Supplementary Fig. S1B, C).
To evaluate whether the phenotypic benefits of a B12-rich diet in flr-4(-)
require metabolically active bacteria, we utilized a well-established
method to chemically kill and metabolically inactivate the bacterial
diet25. First, to study the effects of the diet on p38-MAPK activation, we
employed the transgenic strain Pcyp35B1::gfp, where the promoter of a
p38-MAPK-regulatedCyTP gene (cyp35B1) drives the expression of gfp.
This strain faithfully reports p38-MAPK activation in the flr-4(-) worms
in response to B1223,24. We found that the increased CyTP gene
expression observed in the flr-4(-) worms on a B12-rich diet was sup-
pressed when HT115 or OP50 were treated with paraformaldehyde
(PFA). The phenotype could not be restored when PFA-treated OP50
bacteria were exogenously supplemented with B12 (Supplementary
Fig. S1D, E). Similar observations were made when the flr-4(-) worms
were subjected to osmotic stress (Supplementary Fig. S1F,G). These
results indicate that the increased CyTP gene expression and osmotic
stress tolerance in flr-4(-) worms is attributed to B12 as well as the
metabolite(s) produced by the metabolically active B12-rich bacteria.

B12 acts as a cofactor for the evolutionarily conserved MS (MTR,
METR-1 in C. elegans) enzyme, facilitating the conversion of homo-
cysteine to methionine (Fig. 1A). Targeted metabolomic analysis of flr-
4(-) worms grown on both B12-rich diets- either OP50 supplemented
with B12 or HT115, displayed a significantly increased levels of
methionine compared to those of wild-type worms (Supplementary
Fig. S1B, C)24. For the worms, the bacteria are the major source of this
essential amino acid; it may be noted that the bacteria also require B12
for theirMet-C to synthesizemethionine. To ascertainwhether theB12-
rich diet also suppliesmethionine and remodels theMet-C inflr-4(-), we
exogenously supplemented OP50 with methionine. We observed that
the diet rich in methionine was sufficient to increase the CyTP gene
expression in flr-4(-) worms, similar to the worms when grown on
OP50 supplemented with B12 (Supplementary Fig. S1H, I). However,
the CyTP gene expression upon B12 or methionine supplementation
required a functional host METR-1, as the flr-4(-);metr-1(-) worms failed
to respond to these metabolites (Supplementary Fig. S3A, B). Toge-
ther, these data suggest that ametabolically active bacterial diet rich in
B12 or producing methionine may increase the flux through the host
Met-C to promote longevity benefits in the flr-4(-)worms. These results
also show that bacteria may supply both B12 as well as the essential
amino acid methionine that influences the host Met-C and systemic
physiology.

The flr-4 expression is primarily confined to neuronal and intest-
inal cells, and knocking the gene down in either of these two tissues
increased lifespan23, CyTP gene expression (Supplementary Fig. S1J, K),
as well as osmotolerance (Supplementary Fig. S1L). So, we asked in
which specific tissue FLR-4 would interact with the Met-C to regulate
downstream processes to ensure longevity. To discern this, we
restored the expression of the metr-1 cDNA selectively in either the
neuronal cells of flr-4(-);metr-1(-), using the pan-neuronal rgef-1

Fig. 1 | Met-C in the neuron modulates CyTP gene expression, osmotic stress
tolerance and lifespan of flr-4(n2259). A A schematic representation of the folate
and methionine cycle (Met-C) in Caenorhabditis elegans. Created in BioRender.
Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb.BThe expression of gfp
in flr-4(n2259);metr-1(ok521);Pcyp35B1::gfp worms was restored whenmetr-1 was
rescued only in the neurons (using the pan-neuronal rgef-1 promoter) [neu metr-
1(+)] but notwhen rescued in the intestine (using the ges-1promoter) [intmetr-1(+)].
One of three biologically independent replicates is shown. C Quantification of (B).
Average of three biological replicates ± SEM. P-value determined using One-way
ANOVA with Tukey’s multiple comparisons test. P ≥0.05 was considered not sig-
nificant, ns.DThe osmotic stress toleranceof flr-4(n2259);metr-1(ok521)wormswere
restoredwhenmetr-1was rescued only in the neurons (using the pan-neuronal rgef-
1 promoter) [neumetr-1(+)] but not when rescued in the intestine (using the ges-1

promoter) [int metr-1(+)]. One of three biologically independent replicates is
shown. P-value was determined using Two-way ANOVA with Tukey’s multiple
comparisons test. P ≥0.05 was considered not significant, ns. E The lifespan of flr-
4(n2259);metr-1(ok521) worms were restored whenmetr-1 was rescued only in the
neurons (using the pan-neuronal rgef-1 promoter) [neu metr-1(+)] but not when
rescued in the intestine (using the ges-1 promoter) [int metr-1(+)]. One of three
biologically independent replicates is shown. P-value was determined using
Mantel–Cox log-rank test. P ≥0.05was considered not significant, ns.FA schematic
illustrating that the Met-C is required in the neurons for flr-4(n2259) phenotypes.
Created in BioRender. Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb.
All experiments were performed at 20 °C. All data and analysis are provided in the
Source Data file.
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promoter [neu metr-1(+)], or intestinal cells, using the ges-1 promoter
[int metr-1(+)]. It may be noted that the increased CyTP gene expres-
sion, stress tolerance and lifespan of flr-4(-) is suppressed whenmetr-1
is knocked down using RNAi24 or knocked out usingmetr-1 null mutant
[flr-4(-);metr-1(-)] (Fig. 1B–E). We found that flr-4(-);metr-1(-);Prgef-
1::metr-1;Pcyp35B1::gfp worms, when grown on HT115, where metr-1 is
rescued in the neuronal cells [neu metr-1(+)], exhibited increased
expression of CyTP genes compared to control worms (Fig. 1B, C).
However, flr-4(-);metr-1(-);Pges-1::metr-1;Pcyp35B1::gfp worms, where
metr-1was rescued in the intestinal cells [intmetr-1(+)], did not display
enhancedGFPexpression (Fig. 1B, C). Similarly, neuronal restorationof
metr-1 enhanced the osmotic stress tolerance (Fig. 1D) as well as the
lifespan (Fig. 1E) of flr-4(-);metr-1(-)mutant worms to the level observed
in flr-4(-). Similar observations were made using a tissue-specific RNAi
system (Supplementary Fig. S2A–C). We could attribute these benefits
to the high B12 levels in HT11524, as supplementing the OP50 with B12
could also restore the CyTP gene expression (Supplementary Fig. S2D,
E) as well as osmotic stress tolerance (Supplementary Fig. S2F–H) only
in the neuronally-expressed metr-1 strain. Similarly, upon methionine
supplementation, the CyTP gene expression was increased whenmetr-
1 was restored in the neurons of the flr-4(-);metr-1(-) worms (Supple-
mentary Fig. S3A, B) Collectively, these observations provide evidence
that theMETR-1, and as a corollaryMet-C, is crucial in the neurons, but
not in the intestine, for the lifespan-extending phenotypic traits
observed in the flr-4(-) worms grown on the B12-rich diet (Fig. 1F). It
may be noted that in all these cases, the WT worms remained pheno-
typically unaffected by B12 or methionine supplementation, showing
that FLR-4 helps to maintain adaptive capacity to a diet of high B12 or
methionine content.

In our previous study, we found that the longevity benefits of flr-
4(-) were dependent on the Kennedy pathway genes24. Dietary choline
is converted to phosphatidylcholine (PC) through this pathway, and
low PC is known to activate the p38-MAPK24,26. So, choline supple-
mentation to the flr-4(-) worms on high B12 diet suppressed the long-
evity benefitsmediatedbyp38-MAPK24. Nowweaskedwhether choline
supplementation would also affect the phenotypes of flr-4(-) depen-
dent on the neuronal Met-C. For this, we supplemented choline to flr-
4(-);metr-1(-);Prgef-1::metr-1 worms grown on HT115 and found that the
CyTP gene expression, osmotic stress tolerance and lifespan are sup-
pressed (Supplementary Fig. S3C–F). This suggests thatdietary choline
can modify flr-4(-) phenotypes dependent on the neuronal Met-C.

p38-MAPK signaling in the intestine activates CyTP gene
expression, and increases osmotic stress tolerance and long-
evity of the flr-4 mutant
The flr-4(-) worms, grown on a B12-rich diet, exhibit an increased life-
span and health span attributed to the activation of the p38-MAPK
pathway23,24. In C. elegans, this pathway acts as a central signaling
mediator required for mounting an innate immune response when
challengedwith pathogens. Thewormp38 ortholog PMK-1 is activated
by its upstreamMAPKKKNSY-1 andMAPKK SEK-1 (Fig. 2A)27. We aimed
to delineate the specific tissue types where the NSY-1-SEK-1-PMK-1 sig-
naling module is crucial for flr-4(-) to manifest the benefits. To
accomplish this, we knocked down pmk-1only in the intestine using flr-
4(n2259);rde-1(ne219);Pnhx-2::rde-1 [intestine (int) only RNAi] and found
that CyTP gene expression, osmotolerance and lifespan were com-
pletely suppressed (Supplementary Fig. S4A–D). However, these phe-
notypes remained unaffected in flr-4(n2259);sid-1(pk3321);Punc-119::sid-
1 [neuron (neu) only RNAi] worms (Supplementary Fig. S4A–D).

Since SEK-1 is the upstream kinase that phosphorylates PMK-1/
p38-MAPK, we knocked this gene down using the same tissue-specific
RNAi system mentioned above. We found that knocking down sek-1
only in the intestine suppressed CyTP gene expression while neuron-
specific knockdown had no effects (Fig. 2B, C). To further validate the
involvement of intestinal SEK-1, we generated an flr-4(-);sek-1(-);Pges-

1::sek-1 strain that has sek-1 cDNA expressed only in the intestinal cells
[int sek-1(+)] and flr-4(-);sek-1(-);Punc-119::sek-1 strain that expresses sek-
1 only in the neuronal cells [neu sek-1(+)]. We found that only the
intestinal restoration of sek-1 activated PMK-1/p38-MAPK as deter-
mined by western blot analysis (Supplementary Fig. S4E), enhanced
the osmotic stress tolerance (Fig. 2D) as well as the longevity (Fig. 2E)
of flr-4(-);sek-1(-) worms to the levels observed in flr-4(-) worms. Col-
lectively, these observations provide evidence that the p38-MAPK
pathway is required in the intestine for the phenotypic traits observed
in the flr-4(-) worms (Fig. 2F).

The CyTP gene expression, osmotic stress tolerance and long-
evity of theflr-4mutant require serotonergic neurotransmission
Since the Met-C in the neurons and the p38-MAPK pathway in the
intestine govern CyTP gene expression, osmotic stress tolerance, and
longevity phenotypes in the flr-4(-) worms, we investigated how this
inter-tissue communication is established (Fig. 3A). The dense core
vesicles are required for neuropeptide release, while the clear synaptic
vesicles are involved in neurotransmitter release. We used flr-4(-
);Pcyp31B1::gfp worms and knocked down the representative genes
required for neurotransmitter release (unc-13) or neuropeptide release
(unc-31)28,29 using RNAi. Interestingly, we observed that the increased
CyTP gene expression in either scenario was diminished, suggesting
that flr-4(-) engages certain downstream neuropeptides or neuro-
transmitters (Supplementary Fig. S4F, G). To identify the neuro-
transmitters, we systemically knocked down genes involved in
dopamine (cat-2), glutamate (eat-4), octopamine (tbh-1), tyramine (tdc-
1), serotonin (tph-1), acetylcholine (unc-17), or GABA (unc-25) bio-
synthesis in the flr-4(-);Pcyp31B1::gfp using RNAi. We found that the
expression of gfp was suppressed on knocking down tph-1 and cat-2,
highlighting the importance of serotonergic and dopaminergic neu-
rotransmission, respectively, in the flr-4(-) phenotype (Supplementary
Fig. S4H). For further characterization of the flr-4(-) signaling cascade,
in this study, we only report the involvement of the serotonergic arm.

We validated the involvement of serotonergic signaling in flr-4(-)
phenotypes using a genetic deletion of tph-1 gene (codes for trypto-
phan hydroxylase, the enzyme that catalyzes the first step and rate
limiting step of serotonin biosynthesis) as in flr-4(-);tph-1(-);Pcyp-
35B1::gfp; the expression of the CyTP reporter was suppressed
(Fig. 3B, C). We also found that the increased lifespan of flr-4(-) is
completely suppressed by tph-1 deletion (Fig. 3D). A recent study has
established the role of phenylalanine hydroxylase (pah-1) in the bio-
synthesis of non-neuronal 5-HT30. So, to further investigate ser-
otonergic neurotransmission, we first determined whether non-
neuronal 5-HT was also involved. For this, we knocked down pah-1
and found that this did not affect the expression of gfp in flr-4(-
);Pcyp35B1::gfp, pointing to the specific involvement of the neuronally
synthesized 5-HT in flr-4(-) phenotype (Supplementary Fig. S5A, B). To
confirm the role of 5-HT,we supplemented the neurotransmitter to the
flr-4(-);tph-1(-);Pcyp-35B1::gfp worms where the gfp expression is sup-
pressed due to the lack of serotonergic signaling. We found that the
expression of gfp was restored (Fig. 3E, F). However, supplementation
of 5-HT to the Pcyp-35B1::gfp and flr-4(-);Pcyp-35B1::gfp worms did not
affect theCyTPgene expression (Supplementary Fig. S5C).Using a tph-
1::gfp transgenic line, we found that the expression of the tph-1 gene
was transcriptionally upregulated in the serotonergic (ADF) neurons of
the flr-4(-) grown on high-B12 diet (Supplementary Fig. S5D, E). Finally,
using immunofluorescence, we show that the flr-4(-) grown on a high
B12 diet has increased levels of serotonin in the serotonergic neurons
(Fig. 3G, H). Together, these data suggest that in the flr-4(-) grown on
high B12 diet, the engagement of the Met-C leads to an increase in
serotonin biosynthesis through the transcriptional upregulation of the
rate-limiting tph-1 gene.

Serotonin is biosynthesized from the essential amino acid tryp-
tophan (Trp). Beyond its role in protein synthesis and serotonin
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production, most Trp is degraded by the Kynurenine (Kyn) pathway to
produce Kynurenic acid (KynA). Kyn synthesis is initiated by the rate-
limiting enzyme tryptophan 2,3-dioxygenase (tdo-2), which is expres-
sed in the peripheral tissues. Kyn is then transported to neurons by the
transporter AAT-1, where it is acted upon by kynurenine amino-
transferase (nkat-1) to formkynurenic acid (KynA). Alterations in KynA
levels play a distinctive role in cognitive functions, learning and

memory. KynA production acts as a neuroinhibitory metabolite of
serotonin signaling31–33. Animal and clinical studies also show a rela-
tionship between B12 levels and Kyn pathway34–36. Given that flr-4(-)
worms exhibit longevity benefits through serotonergic signaling, we
investigated whether the Kyn pathway is involved in this phenotype.
We knocked down the genes encoding the enzymes tdo-2 and nkat-1
and observed that the CyTP gene expression in both wild-type and
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flr-4(-) worms remained unaffected (Supplementary Fig. S5F, G).
Interestingly, however, exogenous supplementation of flr-4(-) worms
with KynA suppressedCyTP gene expression (Supplementary Fig. S5H,
I) and osmotic stress tolerance (Supplementary Fig. S5J) but did not
affect wild-type worms. These findings suggest that flr-4(-) worms
achieve longevity benefits probably by lowering the KynA levels, which
could in turn enhance serotonin synthesis. This angle will need to be
investigated in more detail in future to understand the extent of the
regulation and determine how metabolic signals from the gut may
affect neuronal functions of the flr-4(-) worms.

5-HT functions by binding to its cognate receptor at the post-
synaptic neurons. To identify the 5-HT receptors that act downstream
of FLR-4, wemadedoublemutants of flr-4(-);Pcyp-35B1::gfpwith eachof
the four receptor mutants, i.e., ser-1(-), ser-4(-), ser-7(-), and mod-1(-)37.
We found thatmod-1mutation significantly suppressed the CyTP gene
expression of the flr-4(-);Pcyp-35B1::gfp worms (Supplementary
Fig. S5K, L) along with their osmotic stress tolerance (Supplementary
Fig. S5M) and longevity (Supplementary Fig. S5N). Importantly, sup-
plementing 5-HT to flr-4(-);mod-1(-);Pcyp35B1::gfp failed to increase gfp
expression (Fig. 3I–K), suggesting that MOD-1 is the cognate receptor
of 5-HT essential for downstream effects of flr-4(-).

Serotonergic neurotransmission connects neuronal Met-C to
the intestinal p38-MAPK pathway
Till now, we have only provided evidence of the requirement of ser-
otonergic neurotransmission downstream of FLR-4. So next, to
determine the hierarchy of the serotonergic neurotransmission in the
Met-C-p38-MAPK cascade downstream of FLR-4, we used supple-
mentation assays. First, we supplemented 5-HT to flr-4(-);metr-1(-);
Pcyp35B1::gfpworms, where gfpfluorescence is low, and found that the
expression was restored (Fig. 4A, B). Similarly, supplementation of
5-HT to flr-4(-);metr-1(-) worms increased the osmotic stress tolerance
to the extent seen in flr-4(-) worms (Supplementary Fig. S6A). These
show that serotonergic signaling works downstream of Met-C.

To ascertain the adequacy of rescuing the Met-C exclusively
within the serotonergic neurons (ser neu) of flr-4(-) worms for the
faithful recapitulation of the observed phenotypes, we transgenically
rescued the metr-1 cDNA using the tph-1 promoter. Interestingly, we
observed that reconstituting the Met-C specifically within the ser-
otonergic neurons, using the tph-1 promoter to drive expression of
metr-1, was sufficient to increase the CyTP gene expression to the
levels similar to worms where the pan-neuronal rgef-1 promoter was
used (Fig. 4C, D) and enhance the osmotic stress tolerance (Supple-
mentary Fig. S6C) and lifespan (Supplementary Fig. S6D) of the flr-4(-);
metr-1(-) worms.

Next, we identified the particular serotonergic neurons involved
in modulating the Met-C. C. elegans has three pairs of serotonergic
neurons; the chemosensory ADF neurons that perceive external
environmental signals38–40, the pharyngeal secretory NSMneurons that
respond to food stimuli41 and the egg-laying HSN motor neurons
responsible for vulval contraction42. We rescued metr-1 cDNA within
the ADF neurons (using the srh-142 promoter), the NSM neuron (using

the tph-1 short promoter), andwithin the HSN neurons (using the egl-6
promoter)41,43. Met-C restoration specifically in the ADF neurons was
sufficient to increase the CyTP gene expression (Fig. 4C, D, Supple-
mentary Fig. S6B), osmotic stress tolerance (Supplementary Fig. S6C)
and lifespan (Supplementary Fig. S6D) of the flr-4(-);metr-1(-) worms.
Interestingly, supplementing methionine or B12 to OP50 could rescue
the CyTP gene expression only when metr-1 was made functional
specifically in the serotonergic ADF neurons (Supplementary Fig. S3A,
B). Collectively, these observations strongly indicate that Met-C, sup-
ported by B12 and methionine from the bacterial diet, exerts its
influence within the ADF serotonergic neurons, leading to increased
serotonergic neurotransmission.

Next, we asked whether FLR-4 exerts its influence on the Met-C in
the ADF neurons cell autonomously. For this, when we rescued flr-4
only in the ADF serotonergic neurons of flr-4(-) worms, it suppressed
CyTP expression (Supplementary Fig. S6E, F) and osmotolerance
(Supplementary Fig. S6G) to the levels observed when flr-4 was res-
cued either pan-neuronally or in all serotonergic neurons, suggesting
that the function of FLR-4 in the neurons is cell autonomous to mod-
ulate the Met-C.

While serotonergic signaling works downstream of theMet-C, it is
also technically possible that this signaling may work downstream of
the p38-MAPK. In that case, 5-HT supplementation should be inde-
pendent of a functional p38-MAPK pathway. We tested this by sup-
plementing 5-HT to the flr-4(-);metr-1(-);Pcyp-35B1::gfpworms grown on
control or sek-1 RNAi. We found that while the expression of gfp was
restored on control RNAi, on sek-1 RNAi, the expression failed to
increase (Fig. 4E–G). Additionally, the increased osmotic stress toler-
ance observed in flr-4(-);metr-1(-) when supplemented with 5-HT, was
not noticed in the flr-4(-);sek-1(-) worms (Supplementary Fig. S6H),
proving that the p38-MAPK signaling works downstream of the ser-
otonergic signaling.

Our data till now suggests that FLR-4 in the neurons prevent the
Met-C-mediated activation of the serotonergic signaling. On the other
hand, FLR-4 in the intestinemay prevent ectopic activation of the p38-
MAPK. If this is the case, theWTFLR-4 in the intestine shouldbe able to
prevent increased serotonergic signaling in the flr-4(-) worms from
activating p38-MAPK in the intestine and provide osmotic stress tol-
erance. To test this scenario, we restoredWTFLR-4 functiononly in the
intestine of the flr-4(-)using the strain flr-4(-);Pges-1::flr-4 andgrew them
on B12-rich HT115. We found that the CyTP gene expression (Supple-
mentary Fig. S6E, F) and osmotic stress tolerance (Supplementary
Fig. S6G) is suppressed. This experiment provides further evidence
that FLR-4 functions to negatively regulate serotonergic signaling in
the neurons as well as p38-MAPK activation in the intestine tomaintain
systemic homeostasis when the worms are fed bacteria of high B12
content (Fig. 4H).

FLR-2-FSHR-1 signaling functions downstream of the ser-
otonergic signaling
While the serotonergic signaling connects the neuronal Met-C to
intestinal p38-MAPK activation in the flr-4(-) worms, the 5-HT receptor

Fig. 2 | p38-MAPK pathway in the intestine modulates CyTP gene expression,
osmotic stress tolerance and lifespan of flr-4(n2259). A A schematic repre-
sentation of the p38-MAPK pathway in C. elegans. Created in BioRender. Mukho-
padhyay, A. (2025) https://BioRender.com/83r2ngb. B The expression of gfp was
suppressed when sek-1 was knocked down in flr-4(n2259);rde-1(ne219);Pnhx-2::rde-
1;Pcyp35B1::gfp [intestine only RNAi (int RNAi)] but not in flr-4(n2259);sid-
1(pk3321);Punc-119::sid-1;Pcyp35B1::gfp [neuron only RNAi (neu RNAi)] worms. One
of three biologically independent replicates is shown. C Quantification of (B).
Average of three biological replicates ± SEM. P-value determined using Two-way
ANOVA with Tukey’s Multiple Comparison Test. P ≥0.05 was considered not sig-
nificant, ns. D The osmotic stress tolerance was restored when sek-1 was rescued
only in the intestine of the flr-4(n2259);sek-1(km4)worms (using the ges-1 promoter)

[int sek-1(+)] but not when rescued in the neurons (using the pan-neuronal unc-119
promoter) [neu sek-1(+)]. One of three biologically independent replicates is shown.
P-value was determined using Two-way ANOVAwith Tukey’s multiple comparisons
test. P ≥0.05 was considered not significant, ns. E The lifespan was restored when
sek-1 was rescued only in the intestine of the flr-4(n2259);sek-1(km4) worms (using
the ges-1 promoter) [int sek-1(+)] but not when rescued in the neurons (using the
pan-neuronal unc-119 promoter) [neu sek-1(+)]. One of three biologically indepen-
dent replicates shown. P-value was determined using Mantel–Cox log-rank test.
P ≥0.05 was considered not significant, ns. F A schematic illustrating that the p38-
MAPK pathway is required in the gut. Created in BioRender. Mukhopadhyay, A.
(2025) https://BioRender.com/83r2ngb. All experiments were performed at 20 °C.
All data and analysis are provided in the Source Data file.
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MOD-1 that we identified is expressed in the interneurons and not in
the intestine39,44,45. In a screen aimed at identifying fluoride resistance
(flr) genes, the flr-4was originally identified as one of the class 1 genes
(flr-1, flr-3 and flr-4). These mutants exhibited a strong temperature-
sensitive defecation defect. The screen also identified the presence of
the flr-2, which belongs to the class 2 flr genes (flr-2, flr-5, flr-6 and flr-7),
whose mutations suppress certain phenotypes associated with the

class 1 genes46–48. FLR-2 is expressed in neurons and encodes a secreted
protein that shares significant similarity with the human glycoprotein
hormone subunit α2 of thyrostimulin48,49. So, we asked whether the
neuropeptide FLR-2 could connect the signals from the MOD-1-
expressing interneurons to the intestine.

In this direction, we had previously shown that knocking down
unc-31, a gene which is involved in neuropeptide release from dense-
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core vesicles, suppresses the expression of gfp in flr-4(-);Pcyp35B1::gfp
(Supplementary Fig. S4F,G). This prompted us to check the involve-
ment of FLR-2 neuropeptide in modulating the flr-4(-) phenotype,
connecting the MOD-1-containing interneuron to the intestine
(Fig. 5A). We found that the flr-2 mutation suppressed the gfp
expression of flr-4(-);Pcyp35B1::gfpworms (Fig. 5B, C). Additionally, the
osmotic stress tolerance (Fig. 5E) and the lifespan (Fig. 5G) of flr-4(-)
worms were suppressed when flr-2 was mutated. FLR-2 appears to
function downstream of the 5-HT signaling, as 5-HT supplementation
could not restore the expression of gfp in flr-4(-);flr-2(-);Pcyp35B1::gfp
worms or the osmotic stress tolerance of the flr-4(-);flr-2(-) worms
(Fig. 5B, D, F).

Having established that FLR-2 functions downstream of the ser-
otonergic signaling, we then asked whether the neurons expressing
MOD-1 are indeed the ones responsible for the release of FLR-2,
thereby transducing signals from the serotonergic neurons to the
intestine. Interestingly, upon transgenically expressing flr-2 cDNA
under the control of the mod-1 promoter, we observed enhanced tol-
erance to osmotic stress (Fig. 5H), increased expression of the CyTP
gene (Fig. 5I, J) and lifespan (Supplementary Fig. S7A). Thus, MOD-1-
expressing neurons serve as the recipient for serotonergic signals and,
in turn, release the neuropeptide FLR-2 for downstream activation of
the p38-MAPK pathway in the intestine.

Next, we wanted to identify the cognate receptor for FLR-2
that transmits signals to the intestine. The intestinally-expressed
FSHR-1 is a known receptor for FLR-2, facilitating signal trans-
duction in response to cold-induced stress50 and also to devel-
opmental cues51. To determine whether FSHR-1 also works
downstream of the FLR-4 cascade, we visualized the expression of
gfp in the flr-4(-);fshr-1(-);Pcyp35B1::gfp worms. We observed that
the expression of gfp was reduced, showing that FSHR-1 functions
in this pathway (Fig. 5B, C). Evidently, the osmotic stress toler-
ance (Fig. 5E) and the lifespan (Fig. 5G) of flr-4(-) worms were
suppressed when fshr-1 was mutated. Importantly, like FLR-2,
FSHR-1 also acts downstream of the 5-HT signaling as 5-HT sup-
plementation could not restore the expression of gfp (Fig. 5B, D)
in flr-4(-);fshr-1(-);Pcyp35B1::gfp worms or the osmotic stress tol-
erance (Fig. 5F) of the flr-4(-);fshr-1(-) worms.

Next, we validated whether FSHR-1 is required in the intestine to
support flr-4(-) phenotypes. For this, we specifically knocked down
fshr-1 in the intestine of the flr-4(-);Pcyp35B1::gfp or flr-4(-), using an
intestine-specific RNAi strain, which suppressed gfp expression (Sup-
plementary Fig. S7B, C) and osmotic stress tolerance (Supplementary
Fig. S7D), respectively. Importantly, systemic and intestinal knock-
down, but not the neuronal knockdown, of fshr-1 suppressed the long
lifespan of flr-4(-) worms (Supplementary Fig. S7E). This shows that
FLR-4-Met-C-serotonin-FLR-2 acts upstream of the intestinal FSHR-1 to
activate the p38-MAPK signaling (Fig. 5K).

The Met-C-serotonin-FLR-2-FSHR-1 axis induces the TIR-1/
SARM1 phase transition to activate the p38-MAPK pathway
Thus far, we have shown that the Met-C functions in the serotonergic
neurons while the p38-MAPK works in the intestine of the flr-4(-)
worms, connected by the serotonin-FLR-2/FSHR-1 axis. Next, we asked
how the binding of FLR-2 to the intestinal FSHR-1 receptor activates
the p38-MAPK pathway.

The TIR domain adapter protein TIR-1, an ortholog of human
SARM1, acts upstream of the p38-MAPK pathway to modulate the
expression of genes associated with immune responses52,53. The
initiation of TIR-1 activation is prompted by a stress-induced phase
transition, which facilitates protein oligomerization, augmenting NAD
+glycohydrolase activity, and thereby activating theNSY-1/SEK-1/PMK-
1 pathway54. So, we asked whether TIR-1/SARM1 phase transition is
induced in the flr-4(-) worms to activate the p38-MAPK pathway. For
this, we generated the flr-4(-);tir-1::wrmScarletworms that reports TIR-1
expression54 and observed a significant increase in the formation of
visiblepuncta of themultimerizedTIR-1::wrmScarlet proteinwithin the
intestinal epithelial cells of flr-4(-) worms, compared to the wild-type
worms (Fig. 6A, B). Next, to investigate whether the Met-C-serotonin-
FLR-2-FSHR-1 axis downstream of flr-4 drives the phase transition of
TIR-1/SARM1, we generated flr-4(-);metr-1(-);tir-1::wrmScarlet, flr-4(-);
tph-1(-);tir-1::wrmScarlet, flr-4(-);flr-2(-);tir-1::wrmScarlet and flr-4(-);
fshr-1(-);tir-1::wrmScarlet. As expected, abrogation of any of the com-
ponents of the axis in theflr-4(-)worms significantly dampened theTIR-
1 phase transition (Fig. 6B, Supplementary Fig. S8A). Thus, flr-4(-)
worms induceTIR-1 oligomerization through theMet-C-serotonin-FLR-
2-FSHR-1 axis, triggering the activation of the p38-MAPK pathway to
ensure longevity (Fig. 6C).

Neuronal Met-C modulates foraging behavior through the ser-
otonin-FLR-2-FSHR-1-p38-MAPK axis
Animals display foodpreferences or aversions basedonenvironmental
cues and nutritional requirements55–57. Previous studies have revealed
that the worms can make dietary choices based on the nutritional
quality of the food as well as their consequent effects on the survival
trajectories58–60. Since the flr-4(-) worms benefit from the high B12
HT115 diet in terms of enhanced longevity, we asked whether these
worms would be naturally inclined to choose HT115 over OP50. To
determine this, wild-type and flr-4(-)wormswere conditioned on either
OP50or HT115 (grown from L1 to L4 stage) and then allowed to choose
between these twodiets, kept on the opposite poles of a 100mmplate
(Fig. 7A). We observed that while the wild-type worms exhibited no
preference towards HT115 diet, interestingly, the flr-4(-) worms
conditioned on any diet consistently displayed a preference to these
bacteria (Fig. 7B). Next, worms either conditioned on OP50 or
OP50 supplemented with B12, were used for the food choice
experiment. The flr-4(-) worms exhibited a preference towards

Fig. 3 | The activation of CyTP gene expression and longevity of flr-4(n2259)
worms requires serotonergic signaling. A A schematic illustrating the
potential inter-tissue crosstalk through a neuron-gut axis. Created in BioRender.
Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb. B The expression of gfp
was suppressed in case of flr-4(n2259);tph-1(mg280);Pcyp35B1::gfp worms compared
to flr-4(n2259);Pcyp35B1::gfp worms. One of three biologically independent repli-
cates is shown. CQuantification of (B). Average of three biological replicates ± SEM.
P-value was determined using One-way ANOVA with Tukey’s multiple comparisons
test. P ≥0.05 was considered not significant, ns. D The increased lifespan of flr-
4(n2259) worms was suppressed when tph-1 was mutated as in flr-4(n2259);tph-
1(mg280). One of three biologically independent replicates is shown. P-value was
determined using Mantel–Cox log-rank test. P ≥0.05 was considered not
significant, ns. E The expression of gfp was restored when flr-4(n2259);tph-
1(mg280);Pcyp35B1::gfp worms were supplemented with 5mM 5-HT. One of three
biologically independent replicates is shown. F Quantification of (E). Average of
three biological replicates ± SEM. P-value determined using One-way ANOVA with

Tukey’s multiple comparisons test. P ≥0.05 was considered not significant, ns.
G The flr-4(n2259);Ptph-1::gfp worms, when grown on HT115 and on OP50 supple-
mented with 64nM B12, showed increased serotonin immunoreactivity on immu-
nofluorescence with anti-serotonin antibody. H Quantification of (G). Each data
point represents fluorescence intensity of 5-HT immunoreactivity for one worm
(n = 10). P-value determined using Two-way ANOVA with Tukey’s multiple com-
parisons test. P ≥0.05 was considered not significant, ns. I The expression of gfp in
flr-4(n2259);Pcyp35B1::gfp worms was suppressed when mod-1 was mutated as in
flr-4(n2259);mod-1(ok103);Pcyp35B1::gfp. The supplementation of 5mM 5-HT failed
to restore gfp expression in flr-4(n2259);mod-1(ok103);Pcyp35B1::gfp but not in
flr-4(n2259);tph-1(mg280);Pcyp35B1::gfp worms. One of three biologically indepen-
dent replicates is shown. J, K Quantification of (I). Average of three biological
replicates ± SEM. P-value determined using One-way ANOVA with Tukey’s multiple
comparisons test (J) and Two-way ANOVA with Tukey’s multiple comparisons test
(K). P ≥0.05 was considered not significant, ns. All experiments were performed at
20 °C. All data and analysis are provided in the Source Data file.
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B12-supplemented OP50 diet, independent of preconditioning, sug-
gesting that these worms were responding specifically to the high B12
levels of HT115 (Supplementary Fig. S9A).

Subsequently, we asked whether the foraging behavior towards
the high B12 diet is also mediated by the reprogramming of the neu-
ronal Met-C that activates the serotonin-FLR-2-FSHR-1-p38-MAPK axis.
We observed that the preference of flr-4(-) worms towards HT115 is

reversed when any of the components within the aforementioned
cascade was mutated (Fig. 7C) while the preference of the wild-type
worms remained unaffected (Supplementary Fig. S9B). Interestingly,
rescuing the Met-C specifically within the ADF serotonergic neurons
(but not in the HSN or NSM neurons) or the p38-MAPK pathway in the
intestine (but not in the neurons) was sufficient for the preference of
the flr-4(-) worms towards the HT115 diet (Fig. 7C). These experiments
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suggest that the foraging behavioral of the flr-4(-) worms require the
same neuron-gut signaling regulated by Met-C in the neurons to
maximize longevity benefits associated with a diet rich in B12 levels.

Discussion
In this study, we elucidate an elegant neuron-gut axis that maintains
normal life history traits in response to a diet having differential B12
content. B12 is required both by the bacterial as well as the host
methionine synthase to drive their respective Met-C. The bacterial
Met-C would also produce the essential amino acid methionine
required for the wormMet-C. Our data suggest that in the kinase-dead
flr-4(-) worms, the high B12 (and methionine) diet increases serotonin
levels through the engagement of the Met-C in the ADF neurons. The
WT FLR-4 kinase appears to prevent this process cell autonomously in
the ADF neurons. The serotonin signaling in the flr-4(-)worms, through
the MOD-1 receptor, leads to the release of FLR-2 neuropeptide from
an interneuron that engages its cognate receptor in the intestine,
FSHR-1. This signaling in the mutant leads to the activation of p38-
MAPK through the oligomerization of TIR-1 in the intestine. Such
activation is possible because, in the intestinal cells, the kinase-dead
FLR-4 may fail to prevent TIR-1 oligomerization. Together, the FLR-4
kinasemaintains adaptive capacity to the diet of high B12 content, thus
helping in maintaining normal life history traits (Fig. 8).

Although the WT worms show accelerated development and
increased fecundity on a high B12 diet, most other phenotypes that we
and other groups have studied remain unaltered. For example, B12 or
methionine supplementation does not affect lifespan inWTworms61,62.
B12 also did not affect the acetylcholine release, reversal behavior,
paralysis, speed, head bending, and body bends63. In all these cases,
the effects of B12 supplementation were observed exclusively in the
mutants, with no impact onWT worms61–63. In our study, the “adaptive
capacity”21,22 to different levels of dietary B12 is maintained by the C.
elegans FLR-4 that prevents ectopic activation of the Met-C-mediated
serotonergic signaling in the ADF neurons and inhibits the TIR-1 oli-
gomerization in the intestine required for p38-MAPK activation; the
dual regulatory roles of the kinase maintain normal life span on dif-
ferent bacterial diets.How the kinase achieves these regulationswill be
revealed once the phosphorylation targets are identified.

B12 is an important micronutrient; deficiency as well as excess
has adverse effects on life history traits17,26,64,65. While deficiency
lowers fertility, delays development, lowers pathogen resistance, and
shortens lifespan, excess B12 in the diet can accelerate the growth
rate, unnecessarily increase fecundity, and shorten lifespan17,65; all
these changes may jeopardizes species’ survival. This justifies the
evolution of proteins like FLR-4 in nematodes to prevent abrupt
changes in life history traits when the worms forage on a diet of
differential nutritional content in their ecological niche. This gene
also provides us with a unique paradigm to decipher how B12 influ-
ences a conserved metabolic pathway in the neurons to control the
physiology of the entire body and regulate behavior and longevity.
Since the bacteria are both the food as well as the microbiota of the
worms, this simple paradigm also provides us with a genetically

trackable model to study interspecies interactions that may be con-
served in higher organisms.

The contribution of neurons in the regulation of longevity was
recognized over two decades ago66–68. Neurons are responsible for
detecting environmental cues as well as internal changes in energy
balance to coordinate metabolic homeostasis20. The chemosensory
neurons have earlier been shown to play an important role in mod-
ulating longevity66. Mutants that have impaired sensory cilia formation
and, as a consequence, defective sensory perception, are often long-
lived68. Even the increased lifespan by dietary restriction is mediated
by the transcription factor SKN-1 acting only in the two ASI sensory
neurons69. The thermosensory AFD neurons extend lifespan at warm
temperatures by enhancing the DAF-9 sterol hormone signaling70.
Interestingly, the chemosensory serotonergic ADF neurons are known
to be activated by environmental cues and modulate food-dependent
behaviors71,72. These pair of neurons are responsible for exhibiting
learned aversive behaviors upon exposure to pathogenic bacteria by
modulating immune responses39,73. Food-associated odors perceived
by ADF neurons are responsible for regulating DR-dependent
longevity74. However, the role of ADF neurons in modulating B12-
driven behavioral and physiological responses has not been previously
described. In our study, we have shown that exposure tometabolically
active bacteria that supply both B12 and methionine at a higher level
modulates the Met-C in the ADF neurons to alter gene expression,
stress tolerance, longevity, and behavior.

Neuroendocrine signaling often directs the function of regulatory
molecules in distal tissues such as the gut, to influence longevity. The
cool-sensitive neurons IL1 extend lifespan through regulation of
FOXO/DAF-16 function in the intestine at a lower temperature75. Neu-
ronal FOXO/DAF-16 cancommunicatewith the intestinal FOXO/DAF-16
to ensure longevity76. The AFD thermosensory neurons respond to
warm temperatures by activating the HSF-1 transcription factor in the
intestine using serotonin signaling77. Neuronal mitochondrial or ER
proteotoxic stress signal is communicated to the intestine tomount an
Unfolded Protein Response (UPR) that modulates longevity78,79. Con-
sistent with the important role of neuron-gut signaling to modulate
longevity, our findings exemplify how neurons process information
related to the B12 content of food by modulating Met-C in the ADF
neurons, transmitting them to downstream interneurons to modulate
the p38-MAPK in the distal tissue, i.e., the intestine.

The gutmicrobiota employsmultiple channels of communication
to influence behavior and life-history traits of the host80. Bacterially-
derivedmetabolites transmit signals to the nervous system, conveying
information about the pathogenicity or commensalism81. The neuro-
modulator tyramine, produced by the Providencia, a commensal bac-
terium colonizing the gut, is converted to octopamine by the C.
elegans, influencing the host’s aversive sensory response82. The enteric
serotonergic NSMneuron detects food ingestion via ion channels DEL-
3 andDEL-7, which are localized to the sensory terminals of the enteric
neuron in the gut and are required for the feeding-associated neuronal
activation, which leads to slowing of the locomotion while the animal
feeds41. Recently, B12-producing bacteria that colonize the gut have

Fig. 4 | Serotonergic neurotransmission connects the neuronal Met-C to the
p38-MAPK pathway in the intestine. A The expression of gfp in flr-4(n2259);metr-
1(ok521);Pcyp35B1::gfp worms was restored when these worms were supplemented
with 5mM 5-HT. One of three biologically independent replicates is shown.
B Quantification of (A). Average of three biological replicates ± SEM. P-value
determined using One-way ANOVA with Tukey’s multiple comparisons test.
P ≥0.05 was considered not significant, ns. C The expression of gfp in flr-
4(n2259);metr-1(ok521);Pcyp35B1::gfp worms was restored when metr-1 was rescued
pan-neuronally [ser neumetr-1(+)], only in the serotonergic neurons (using the tph-1
promoter) [ser neumetr-1(+)] or in the ADF serotonergic neurons (using the srh-142
promoter) [ADF neumetr-1(+)]. One of three biologically independent replicates is
shown. D Quantification of (C) and (Supplementary Fig. S6B). Average of three

biological replicates ± SEM. P-value determined using One-way ANOVA with
Tukey’s multiple comparisons test. P ≥0.05 was considered not significant, ns.
E The expression of gfp in flr-4(n2259);metr-1(ok521);Pcyp35B1::gfp worms failed to
increase on supplementation with 5mM 5-HT when sek-1 was knocked down by
RNAi. Oneof three biologically independent replicates is shown. F,GQuantification
of (E). Average of three biological replicates ± SEM. P-value determined using Two-
way ANOVA with Tukey’s multiple comparisons test (F) and One-way ANOVA with
Tukey’s multiple comparisons test (G). P ≥0.05 was considered not significant, ns.
H A schematic illustrating the modulation of neuron-gut crosstalk through ser-
otonergic signaling. Created in BioRender. Mukhopadhyay, A. (2025) https://
BioRender.com/83r2ngb. All experiments were performed at 20 °C. All data and
analysis are provided in the Source Data file.
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been shown tomodulate neuronal excitatory cholinergic signaling and
influence behavior63. Our study contributes to the growing under-
standing of host-microbiota interactions using C. elegans where the
B12-rich gut microbiota can influence the nervous system to augment
5-HT biosynthesis. The Kyn pathway, which is fed by tryptophan from
the bacterial diet, may influence this 5-HT signaling, further high-
lighting the role of the inter-species interaction. The serotonergic

signaling, in turn, triggers downstream neuropeptide signaling, ulti-
mately culminating in the activation of the p38-MAPK immune path-
way within the intestinal milieu. The ensuing activation of the immune
signaling pathway in the gut intricately modulates gene expression,
stress tolerance, behavioral patterns, and, ultimately, longevity.

Distinct gut microbiota profiles are observed in depressed indi-
viduals compared to healthy controls83. Alterations in the composition
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of the human gut microbiota have been linked to mood disorders and
neuropsychiatric conditions, with associated disruptions in neuro-
transmitter balance84. Discernible changes in the metabolic, immune,
and endocrine systems also connect the pathophysiology of depres-
sion to the gut microbiota85. Individuals afflicted with psychotic ill-
nesses frequently exhibit deficiencies in folate andB12, contributing to
diminished levels of S-adenosylmethionine in the cerebrospinal fluid
(CSF)86. To overcome this, patients are often co-administered with
antidepressant drugs (like Selective Serotonin Reuptake Inhibitors;
SSRIs) and B12 supplements87,88, although the mechanistic under-
pinnings remain elusive. Like humans, worms are entirely dependent
on diet or microbiota for B12 supply1. Although the neuronal network
and general physiology of worms represent only a fraction of the
complexity seen in mammals, our investigation provides a useful
paradigmwhere one can study someof themechanistic underpinnings
of B12-mediated effects on serotonin signaling that affects behavior,
which have to be validated later in higher systems. Complex interac-
tions between B12 and cell signaling proteins like PP2a, p38 MAPK,
MAPK/AKT, and SirT1-dependent ER stress response have been docu-
mented in mammalian brain and intestine3,89,90. In the future, it will be
interesting to test whether these pathways play a role in the adaptive
capacity to dietary differences in C. elegans.

Limitations of the study
While our study provides critical insights by which Met-C in a pair of
serotonergic neurons regulates B12-dependent longevity through a
neuron-gut signaling axis, some questions remain.

Conservation of the B12-driven neuron-gut signaling pathway in
mammals. Whilemany of the components of the neuron-gut signaling
axis presented in this study are highly conserved, such as the Met-C,
serotonin and the p38-MAPK pathway, others, like FLR-4, FLR-2 and
FSHR-1, have weaker orthologs in mammals. So, in the future, it will be
essential to reveal the functional conservation of this axis in mammals
and identify core components. Using a genetically amenable model
system, our studywill prime the search for similarmechanisms usedby
higher mammals to adapt to changes in diet for maintaining a normal
life span.

Identity of substrates of FLR-4. Our past23,24, and present studies
together suggest that flr-4 has dual regulatory roles, one by regulating
Met-C in the serotonergic neurons and the other by preventing ectopic
activation of the p38-MAPK in the intestine. We have shown that both

these tissue-intrinsic functions of the kinase are vital for transmitting
the information of B12 differentials in diet to regulate life span and
behavior. To fully understand how the kinase regulates the metabolic
pathway in the neurons and the signal transduction pathway in the
intestine, efforts need to be made to identify the substrates of FLR-4
phosphorylation in these two tissues.

Bacterial metabolites that influence the life span and behavior of
the worms. Our findings suggest that FLR-4 kinase maintains home-
ostasis in the WT worms by preventing the ectopic activation of the
p38-MAPK signaling pathway in the intestine, even when worms are
exogenously supplied with B12 or methionine. While methionine has
emerged as a key bacterial metabolite implicated in our study, apart
from B12, it is likely that other microbiota-derived metabolites might
also contribute to FLR-4-dependent neuron-gut signaling and long-
evity regulation. Identifying these metabolites and deciphering their
functional interactions with the worm will be essential to gain a more
comprehensive understanding of the gut-microbiota interaction.

Our study examines the interaction between the host and its
microbiota using C. elegans, demonstrating that B12-rich gut micro-
biota can influence the nervous system to enhance 5-HT biosynthesis.
TheKynpathway, fed by tryptophan from the bacterial diet,may affect
5-HT signaling, further emphasizing the importance of inter-species
interactions. We observed that exogenous supplementation of flr-4(-)
worms with KynA suppressed CyTP gene expression and osmotic
stress tolerance but did not impact wild-type worms. These observa-
tions suggest that flr-4(-) worms may achieve longevity benefits by
reducing KynA levels, potentially boosting serotonin synthesis and
activating the downstream intestinal p38-MAPK pathway through the
neuron-gut signaling. Further investigation is needed to determine the
extent of this regulation and how metabolic signals from the gut may
influence neuronal functions in flr-4(-) worms.

The difference between flr-4(n2259) and flr-4 RNAi phenotypes.
While the flr-4(n2259) is obligately dependent on a high B12 diet for
increased CyTP expression, osmotolerance and life span, the flr-4RNAi
increased life span even in the low-B12 OP50 diet23,24. The n2259 codes
for a kinase-deadFLR-4 protein91, while the RNAi leads to a reduction in
the flr-4mRNA and possibly the levels of the kinase-proficient enzyme.
Notably, the diet-dependent phenotypic differences are only asso-
ciatedwith the kinase activity, as rescuing the kinase-deadmutantwith
a kinase-proficient FLR-4 rescues the life span on high B12 diet23.
Although both interventions increase life span, the flr-4 RNAi shows

Fig. 5 | Involvement of the FLR-2-FSHR-1 axis in CyTP gene expression, osmotic
stress tolerance, and lifespanofflr-4(n2259).AA schematic showing thepotential
neuropeptide signaling axis downstream of the Met-C and serotonin. Created in
BioRender. Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb. B The
expression of gfp in flr-4(n2259);Pcyp35B1::gfp was suppressed when neuropeptide
flr-2or its receptor fshr-1wasmutated, as inflr-4(n2259);flr-2(ut5);Pcyp35B1::gfp orflr-
4(n2259);fshr-1(ok778);Pcyp35B1::gfp, respectively. Additionally, supplementation
with 5mM 5-HT failed to restore the gfp expression in either strain, but could do so
in the flr-4(n2259);tph-1(mg280);Pcyp35B1::gfp worms. One of three biologically
independent replicates is shown. C, D Quantification of (B). Average of three bio-
logical replicates ± SEM. P-value determined using One-way ANOVA with Tukey’s
multiple comparisons test (C) and Two-way ANOVA with Tukey’s multiple com-
parisons test (D). P-value determined using Two-way ANOVA with Tukey’s multiple
comparisons test. P ≥0.05 was considered not significant, ns. E Osmotic stress
tolerance of flr-4(n2259) was suppressed when flr-2 or fshr-1 was mutated, as in flr-
4(n2259);flr-2(ut5) orflr-4(n2259);fshr-1(ok778), respectively. One of three biologically
independent replicates is shown. P-value was determined using Two-way ANOVA
with Tukey’s multiple comparisons test. F Supplementation of 5mM 5-HT to flr-
4(n2259);flr-2(ut5) or flr-4(n2259);fshr-1(ok778) failed to restore osmotic stress tol-
erance. One of three biologically independent replicates is shown. P-value was
determinedusing Two-wayANOVAwithTukey’smultiple comparisons test. P-value

determined using Two-way ANOVA with Tukey’s multiple comparisons test.
P ≥0.05 was considered not significant, ns. G The lifespan of flr-4(n2259) was sup-
pressed when flr-2 or fshr-1 was mutated. One of two biologically independent
replicates is shown. P-value was determined using Mantel–Cox log-rank test. P-
value determined using Two-way ANOVA with Tukey’s multiple comparisons test.
P ≥0.05 was considered not significant, ns. H Osmotic stress tolerance of flr-
4(n2259);flr-2(ut5) worms was restored when flr-2 cDNA was driven by the mod-1
promoter as in flr-4(n2259);flr-2(ut5);mod-1p::flr-2. One of three biologically inde-
pendent replicates is shown. P-value was determined using Two-way ANOVA with
Tukey’smultiple comparisons test. P ≥0.05was considerednot significant, ns. IThe
expression of gfp in flr-4(n2259);flr-2(ut5);Pcyp35B1::gfp was restored when flr-2
cDNA was driven by the mod-1 promoter as in flr-4(n2259);flr-2(ut5);mod-1p::flr-
2;Pcyp35B1::gfp. One of three biologically independent replicates is shown.
J Quantification of (I). Average of three biological replicates ± SEM. P-value deter-
mined using One-way ANOVAwith Tukey’s multiple comparisons test. P ≥0.05 was
considered not significant, ns. K Model showing FLR-2 as the neuropeptide secre-
ted by MOD-1 expressing interneuron and FSHR-1 as its intestinal receptor, down-
stream of the serotonergic signaling pathway in the flr-4(-) worms. Created in
BioRender. Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb. All experi-
ments were performed at 20 °C. All data and analysis are provided in the Source
Data file.
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Fig. 6 | flr-4(n2259) worms induce SARM1/TIR-1 phase transition. A The flr-
4(n2259)worms displayed increased TIR-1 puncta formation in comparison to wild-
typeworms. The red fluorescence channel images captured both TIR-1::wrmScarlet
fluorescence and autofluorescence signals, while the green channel images exclu-
sively revealed signals originating from the autofluorescent gut granules (Scale bar
10μm). TIR-1::wrmScarlet puncta are denoted by arrowheads in the magnified
images (Scale bar 2μm).BQuantification of (A) and (Supplementary Fig. S8A). Each

data point is the number of TIR-1::wrmScarlet punctaperworm. P-value determined
using One-way ANOVA with Tukey’s multiple comparisons test. C Model showing
TIR-1 oligomerization leading to activation of the p38-MAPK pathway mediated by
B12-rich diet in the flr-4(n2259) worms. Created in BioRender. Mukhopadhyay, A.
(2025) https://BioRender.com/83r2ngb. All experiments were performed at 20 °C.
All data and analysis are provided in the Source Data file. Created with
BioRender.com.

Article https://doi.org/10.1038/s41467-025-60475-0

Nature Communications |         (2025) 16:5118 13

https://BioRender.com/83r2ngb
www.nature.com/naturecommunications


additional phenotypes like small body size and slow growth that are
absent in the n2259worms (Supplementary Fig. S10G).We hypothesize
that, among other possibilities, knocking down flr-4 using RNAi may
engage only the intestinal p38-MAPK, independent of the neuronal
Met-C. In support of this, we found that both flr-4OP50 RNAi as well as
flr-4 HT115 RNAi increased CyTP and osmotolerance even in the metr-
1(-) worms, whereas flr-4(-);metr-1(-) did not in either diet (Supple-
mentary Fig. S10A–F). Also, while the transcriptome of flr-4(n2259) is
enriched for genes of the Met-C, these genes were conspicuously
missing in the transcriptome of the flr-4 RNAi worms. However, CyTP
gene expression was enriched in both interventions23, suggesting that
p38-MAPK signaling is engaged in both and may be the reason for the

longevity benefits. We believe that the RNAi and the n2259 engage
distinct (Met-C-dependent or independent), yet some common sig-
naling mechanisms. In further support of this inference, both flr-4
OP50RNAi andHT115 RNAi not only reduced the size of the flr-4(n2259)
worms and slowed growth, but they also increased the CyTP gene
expression and enhanced osmotic stress tolerance in a diet-
independent manner (Supplementary Fig. S10G–I). Such differences
in RNAi and mutant phenotypes have also been previously docu-
mented in the case of SGK-192,93, CLK-194,95 and CEP-196. The different
response/mechanism of the flr-4 RNAi and flr-4(n2259) also suggests
that domains other than the kinase domain of FLR-4 may have
important biological functions that need to be deciphered in the
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future. Nonetheless, the flr-4(n2259) paradigm provided us with an
opportunity to study B12-driven neuron-gut signaling that regulates
longevity. The proposed model is based on the data generated using
flr-4(n2259).

Methods
Ethical statement
C. elegans is not subject to animal welfare regulations. The research
conducted in this study complies with all ethical guidelines under the
Institutional Bio-Safety Committee (IBSC) Approval # 384/20, issued
by the National Institute of Immunology.

C. elegans growth and maintenance
All C. elegans strains were maintained at 20 °C on the Nematode
Growth Medium (NGM) agar plates seeded with Escherichia coli OP50
bacteria as a food source for general maintenance. Depending upon
the experiments, worms were either transferred to E. coli OP50 or E.
coli HT115 seeded plates, post-L1 synchronization by bleaching.
Transgenic animals were constructed by microinjection. The strains
that were used and generated in this study are provided in Supple-
mentary Data 1.

DNA constructs and generation of transgenics
For rescue constructs, the plasmid pNBRGWY32 (Prgef-1::mbl-1)97 was
used. This plasmid was subjected to linearization through PCR, stra-
tegically designed to exclude the mbl-1(cDNA). Required promoters
were amplified from genomic DNA by PCR and cloned into it using the
In-Fusion cloning methodology (In-Fusion® Snap Assembly Master
Mix, #638947, Takara Bio). The PCR-amplified cDNA sequences:metr-
1(cDNA),flr-2 (cDNA) orflr-4(cDNA)were then fusedwith the linearized
plasmid carrying their respective promoters, the pan-neuronal Prgef-1,
intestinal Pges-1, serotonergic neuron-specific Ptph-1, ADF neuron-
specific Psrh-142, HSN neuron-specific Pegl-6, NSM neuron specific
Ptph-1(short) or the Pmod-1promoter asper the In-Fusionprotocol. The
construct (10–30ng/μl) along with the co-injection marker Pmyo-
2::mCherry (2 ng/μl) and L4440 empty vector (60–80ng/μl) were
injected into flr-4(-);metr-1(-), flr-4(-);metr-1(-);Pcyp-35B1::gfp, flr-4(-);flr-
2(-) and flr-4(-);flr-2(-);Pcyp-35B1::gfp, flr-4(-) or flr-4(-);Pcyp-35B1::gfp
worms. A list of all constructs generated for this study and primers
used for the amplification can be found in Supplementary Data 2.

Bacterial growth
Bacteria stored in glycerol stockswere streakedonto Luria-Bertani (LB)
plates and then allowed to incubate at 37 °C for 16 huntil distinct single
colonies became visible. A single colony was then used to inoculate LB
broth and grown overnight at 37 °C for the primary culture. The sec-
ondary cultures were initiated with a 1/100th volume of the primary
culture and left to incubate at 37 °C until the optical density (OD600) of
0.6was attained. The bacterial pellets were then resuspended in 1/10th
volume of 1XM9 buffer. Approximately 300 µl of bacterial suspension
was spread on NGM plates and left to dry for 1 day. The following

bacterial strainswereutilized: E. coliOP50and E. coliHT115. The strains
that were used in this study are provided in Supplementary Data 1.

RNA interference (RNAi) assay
The Ahringer or ORFeome C. elegans RNAi-feeding library was utilized for
obtaining RNAi-feeding bacteria. The RNAi plasmids were verified for
the correct target sequence. NGM RNAi plates were prepared by
supplementing with 100 µg/ml ampicillin and 4mM β-D-
isothiogalactopyranoside (IPTG). RNAi bacteria were cultured overnight
at 37 °C in LBmedia supplemented with 100 µg/ml ampicillin and 12.5 µg/
ml tetracycline for the primary culture. The secondary cultures were
initiatedwith a 1/100th volume of the primary culture supplementedwith
100 µg/ml ampicillin and left to incubate at 37 °C until the OD600 of 0.6
was attained. The bacterial pellets were then resuspended in 1/10th
volumeof 1XM9buffer, consistingof 100 µg/ml ampicillin and 1mM IPTG.
Approximately 300 µl of bacterial suspension was spread on NGM RNAi
plates and left to dry for one day. Worms were exposed to RNAi plates
from L1 onwards. Late L4 stage worms were transferred to freshly seeded
RNAi plates to knock down genes expressed in the neurons.

Synchronization of worms
Gravid worms, cultivated on E coliOP50, were bleached, and the resulting
eggs were exposed to L1 stage starvation for 16h in 1XM9 buffer at 20 °C.
Subsequently, the L1 larvaewere subjected to centrifugation at 700×g for
one minute, followed by aspiration of the buffer. The L1 larvae were then
transferred to the designated experimental plates.

Metabolite supplementation assay
A 3mM stock solution of Vitamin B12 (#V6629; Sigma-Aldrich, USA) was
prepared in double-distilled water. Subsequently, a working stock of
1mM was prepared by diluting the 3mM stock with 1XM9 buffer and
then filtered. The 1mMsolutionwas then diluted to 64nMwith a 10-fold
concentrated secondary bacterial culture and seeded on NGM plates.

A 300mM stock of L-Methionine (#M9625; Sigma-Aldrich, USA)
was dissolved in double-distilled water and filtered. The stock solution
was then diluted to 10mM with a 10-fold concentrated secondary
bacterial culture and then seeded on NGM plates.

Choline chloride (#RC3917; G-Biosciences; USA) was freshly dis-
solved in double-distilled water at a concentration of 2M and then
filtered. The choline solution was added to autoclaved NGM at a final
concentration of 40mM choline-supplemented media plates, which
were later seeded with bacterial feed.

A 100mM stock of Serotonin hydrochloride (#H9523; Sigma-
Aldrich, USA) was prepared in a 1XM9 buffer which was added to NGM
plates seeded with bacteria to make a final plate concentration of
5mM. Plates were allowed to dry for approximately 2 h.

A 50mMstock solutionof Kynurenic acid (#K3375; Sigma-Aldrich,
USA) was dissolved in double-distilled which were added to NGM
plates seeded with bacteria to make a final plate concentration of
0.625mM, 1.25mM or 2.5mM. Plates were allowed to dry for
approximately 2 h.

Fig. 7 | The flr-4(n2259) worms prefer the B12-rich HT115 diet. A A schematic
representation of the food preference assay workflow. Created in BioRender.
Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb. B The flr-4(n2259)
worms, upon conditioning with either OP50 or HT115 diet, displayed a preference
towards HT115, in contrast to wild-type worms, which showed no significant
preference towards either diet. Each dot represents one plate with over 100
worms. All groups were tested on at least three independent trials, in three
separate biological replicates. P-value determined using Kruskal–Wallis Test with
Dunn’s multiple comparisons test. P ≥0.05 was considered not significant, ns.
C The food preference of flr-4(n2259) worms towards HT115 diet was reversed
whenmetr-1, tph-1, mod-1, flr-2, fshr-1 or sek-1 was mutated, as in flr-4(n2259);metr-
1(ok521), flr-4(n2259);tph-1(mg280), flr-4(n2259);mod-1(ok103), flr-4(n2259);flr-2(ut5),
flr-4(n2259);fshr-1(ok778) or flr-4(n2259);sek-1(km4), respectively. Moreover, the

rescue of metr-1 in all neurons [neu metr-1(+)], serotonergic neurons [ser neu
metr-1(+)] or ADF neurons [ADF neu (metr-1(+)], but not in HSN or NSM neurons of
flr-4(n2259);metr-1(ok521) and intestinal rescue of sek-1 [int sek-1(+)], but not the
neuronal rescue, in flr-4(n2259);sek-1(km4) worms was sufficient to restore the
altered food preference to that of flr-4(n2259) worms. Further, driving the
expression of flr-2 in the MOD-1 containing neurons rescued the food preference
of flr-4(n2259);flr-2(ut5) worms. Each dot represents one plate with over 100
worms. All groups were tested on at least three independent trials, in three
separate biological replicates. P-value determined using Kruskal–Wallis Test with
Dunn’s multiple comparisons test, in comparison with flr-4(n2259). P ≥0.05 was
considered not significant, ns. All experiments were performed at 20 °C. All data
and analysis are provided in the Source Data file.
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Osmotic stress assay
The worms were raised on NGM plates containing 50mM Sodium
chloride (NaCl), seeded with the respective bacterial feeds (either
supplemented or with RNAi). At the L4 stage, worms were then placed
on unseeded NGM plates, which contained 350mM NaCl, for 9min.
After this 9th minute, the worms were gently transferred onto unsee-
dedNGMplateswith 50mMNaCl. The proportionofworms exhibiting
movement was assessed over a 15-min timeframe to determine the
percentage of recovery (N = 3, n ≥ 50). For conducting statistical ana-
lyses on the recovery curve, P-values were determined by Two-way
ANOVA using the GraphPad Prism 10 software.

Lifespan assay
L1 synchronized worms were grown on NGM plates seeded with
the respective bacterial strains. Upon reaching the late L4
stage, the worms were transferred to plates overlaid with
5-fluorodeoxyuridine (FUDR; final concentration of 100 µg/ml).
Lifespan assessment was started on the 7th day of adulthood and
was continued every alternate day. Worms were scored as alive or
dead by gently tapping with the platinum wire. P-values between
survival curves were determined using the Log-rank (Mantel–Cox)

test through OASIS 2 (Online application for survival analysis)
software98.

Food preference assay
Overnight-grown bacterial primary cultures were freshly inoculated in
LB broth and were grown until an OD600 of 0.6 was attained at 37 °C.
The bacterial pellets were then resuspended in 1/10th volume of 1XM9
buffer. Binary choice plates were made by seeding 10 µl of distinct
bacterial suspensions at twoopposite points on the 90mmNGMassay
plates, followed by an incubation period of 16 h at 20 °C. On the next
day, L4-stage worms conditioned on specific bacterial diets or sup-
plements were collected in 1XM9 buffer and washed thrice to remove
bacteria. Approximately 100 worms were then placed into the center
of the choice plate. After 6 h, the plates were examined and scored to
observe the spatial distribution of the worms. The preference index (I)
was calculated as I = (NB12 −NO)/(Total number of worms), where NB12

is the number of worms in the B12-rich diet, i.e. either HT115 or
OP50 supplementedwith 64 nMB12, andNO is the number ofworms in
the OP50 diet. A non-Gaussian distribution of residuals was assumed,
so thenon-parametric Kruskal–Wallis test, followedbyDunn’smultiple
comparisons test, was used to determine the p-value.

Fig. 8 | A model of the B12-dependent neuron-gut signaling axis regulated by
FLR-4. A model delineating the possible mechanism by which C. elegans FLR-4
modulates longevity through a neuron-gut crosstalk, preventing aberrant activa-
tion of the Met-C and the p38-MAPK pathway on diet containing different B12
levels. In the flr-4 mutant, grown on a high B12 diet, the flux through the Met-C
localized in the ADF serotonergic neurons directs the release of serotonin, which
binds to MOD-1, its cognate receptor in the interneurons. These interneurons, in

turn, release the neuropeptide FLR-2, which then binds to its cognate receptor
FSHR-1 in the intestine. This cascade induces the oligomerization of TIR-1, acti-
vating the downstreamp38-MAPK pathway. Consequently, this leads to an increase
in CyTP gene expression, enhancement of osmotic stress tolerance and an exten-
sion of the lifespan of the flr-4 mutant grown on a high B12 diet. Created in BioR-
ender. Mukhopadhyay, A. (2025) https://BioRender.com/83r2ngb.
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CyTP reporter imaging and analysis
For Pcyp-35B1::gfp expression visualization, all Pcyp-35B1::gfp expres-
sing Day 1 adult worms, grown on either different diet, supplementa-
tion or RNAi, weremounted on 2% agarose-coated slides using 20mM
Sodium azide (N = 3, n ≥ 40). The GFP fluorescence emitted by the
worms was captured using an AxioImager M2 microscope (Carl Zeiss,
Germany) at a magnification of 10X. Consistent exposure times,
brightness, and contrast settings were maintained throughout the
experiment. Individual images were stitched using Adobe Photoshop
or Image J. GFP fluorescence was quantified by Fiji/ImageJ software99

and subsequent statistical analyses were performed by using Graph-
Pad Prism 10 software.

TIR-1::wrmScarlet puncta imaging and analysis
To visualize the expression of TIR-1::wrmScarlet, worms expressing
TIR-1::wrmScarlet were subjected to glo-3 RNAi from the L1 stage
onwards, to deplete the autofluorescent gut granules54. For imaging,
L4 stage worms were mounted on 2% agarose-coated slides using
20mM Sodium azide. At 63 X, using the Zeiss LSM 980 Confocal
Microscopy System, the posterior intestinal region was identified
under the DIC channel. Images were then captured under the red
channel to visualize the specific TIR-1::wrmScarlet puncta and the
green channel to observe the autofluorescent gut granules. All images
were acquired in Z-stacks, whichwere subsequently compressed into a
single image. Quantification of TIR-1::wrmScarlet puncta was executed
using the Fiji/ImageJ software99, and subsequent statistical analyses
were performed by using GraphPad Prism 10 software. The region of
interest (ROI) was selected using the free-hand tool under the DIC
channel. Subsequently, puncta in the red channel were identified using
the Find Maxima tool, within the selected ROI. This information was
then superimposed onto the green channel to identify the presence of
autofluorescent puncta at the same spatial location. TIR-1::wrmScarlet
puncta were considered as those exhibiting expression solely in the
red channel and not in the green channel.

Immunofluorescence staining and analysis
Anti-serotonin staining was standardized following a previously
published protocol100. Day 1 adult worms were fixed overnight at 4 °C
in 4% paraformaldehyde prepared in PBS. The worms were washed
with PBS containing 0.5% Triton X-100 (TrPBS) and then incubated
for 14 h at 37 °C with shaking in 5% β-mercaptoethanol, 1% Triton X-
100, and 100mM Tris (pH 7.4). Worms were then washed in TrPBS
and incubated for 45–90min in a solution containing Collagenase
type IV (C5138, Sigma-Aldrich) in 1mM CaCl₂, 1% Triton X-100, and
100mM Tris (pH 7.4). After another wash in TrPBS, samples were
blocked for 1 h in 1% BSA in TrPBS. Worms were then incubated for
14–16 h at room temperature with the primary antibodies diluted in
1% BSA/TrPBS: anti-serotonin rabbit IgG (S5545, Sigma-Aldrich) and
anti-GFP mouse IgG (Sc-9996, Santa Cruz Biotechnology). The next
day, worms were rinsed 3 times throughout 1 h in 0.1% BSA/TrPBS
and incubated with secondary antibodies diluted 1:100 in 1% BSA/
TrPBS, including Alexa Fluor 488-conjugated goat anti-mouse IgG
(115-545-003, Jackson ImmunoResearch) and Alexa Fluor 594-
conjugated donkey anti-rabbit IgG (711-585-152, Jackson ImmunoR-
esearch) for 4 h at 37 °C. Finally, the wormswere rinsed once in TrPBS
followed by 3–4 rinses in 0.1% BSA/TrPBS over 1 h before imaging.
Imaging was performed at amagnification of 63X using the Zeiss LSM
980 Confocal Microscopy System. The localization patterns of ser-
otonin were evaluated and quantified using the expression of Ptph-
1::gfp to identify serotonergic neuronal cell bodies. All images were
captured as Z-stacks and subsequently compressed into a single
image. Consistent exposure times, brightness, and contrast settings
were maintained throughout the experiment. The fluorescence
intensity of serotonin immunoreactivity was quantified using the Fiji/
ImageJ software. To eliminate the background staining, the area

below the cell body in the same image was quantified and subtracted
from the value obtained for the neuronal region.

Western blot assay
For each sample, 100 worms were picked in 1X M9 buffer, washed
thrice and collected in 1X SDS Laemmli sample buffer. It was then
boiled for 10min and resolved by 10% SDS-PAGE. After complete
electrophoretic separation, proteins were transferred to a nitrocellu-
lose membrane. Following the transfer, the membrane was blocked
with 5% BSA prepared in 0.1% TBST. The blots were then incubated
overnight at 4 °C with either a phospho p38/PMK-1 antibody (1:1000,
#9211, Cell Signaling Technology, USA) or an actin antibody (1:5000,
#A5441, Sigma-Aldrich, USA) prepared in the blocking buffer. The next
day, the blots were incubated for 1 h at room temperature with a sec-
ondary antibody (Abcam, #ab6721 and #AB6789) at a dilution of
1:10000 in 0.1% TBST. The blots were developed using an enhanced
chemiluminescent substrate (Millipore, USA) and visualized in a Che-
miDoc Imaging System (Azure Biosystems). Uncropped blots are
provided in the Source Data.

Measuring intracellular vitamin B12 concentrations ofC. elegans
Intracellular vitamin B12 levels were measured using a kit-based
electrochemiluminescence immunoassay (ECLIA) on the COBAS
e411 Analyzer. Briefly, young adult worm pellets from each
experimental condition were collected into microcentrifuge
tubes, washed three times with water, and gently pelleted. A
freeze-dried pellet weighing 2.5 mg was resuspended in 75 µl of 1×
PBS and homogenized with a handheld homogenizer. The
homogenate was then centrifuged at 15,000 × g for 10min at
room temperature, after which the supernatant was collected for
vitamin B12 quantification.

Metabolomics
Young Adult worms from each condition were collected in micro-
centrifuge tubes, washed three times with water, and gently pelleted.
A 5mg dry weight worm pellet was used for metabolite extraction.
Intracellular metabolites for MS-based targeted metabolomics were
extracted using pre-chilled Acetonitrile-methanol-water. For meta-
bolite extraction, glass beads (#G8772, Sigma-Aldrich) were added.
This was followed by quenching with chilled Acetonitrile-methanol-
water (3:5:2) and vortexing for 30 s. The suspension was then cen-
trifuged at 15,000 × g at 4 °C for 15min. Supernatant was transferred
to a fresh tube, vacuum dried and reconstituted in 25μl of water with
0.1% formic acid. The reconstituted mixture was centrifuged at
15,000 x g for 10min, and 5 μl was injected for LC–MS/MS analysis.
The data were acquired using a UHPLC system coupled with a triple
quadrupole mass spectrometer (TSQ Altis; Thermo) in a positive
mode. Samples were loaded onto an Acquity UPLC BEH HILIC
(1.7 μm, 2.1 × 100mm) column, with a flow rate of 0.3ml/min. The
mobile phases comprised of water with 0.1% formic acid (buffer A)
and acetonitrile with 0.1 % formic acid (buffer B). The linear mobile
phase was applied from 95% to 20% of buffer A. The gradient pro-
gram was used as follows: 95% buffer B for 1.5min, 80%–50% buffer B
in next 0.5min, followed by 50% buffer B for next 2min, and then
decreased to 20% buffer B in next 50 s, 20% buffer B for next 2min,
and finally again 95% buffer B for next 4min. Optimized ion source
parameters were used, including ion spray voltage at 3500 V, sheath
gas at 45 Arbitrary unit (AU), auxiliary gas at 10 AU, ion transfer tube
temperature at 290 °C and vaporizer temperature was set to 300 °C.
Multiple Reaction Monitoring (MRM) transitions used for quantifi-
cation are added in Supplementary Data 3. The method cycle time
was kept at 1 s. Data were acquired using five biological replicates.
Relative quantification was performed using Skyline software. Data
was exported in a CSV file, and fold change analysis was performed in
MS Excel.
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WormLab® image capture
Worm images were acquired using WormLab® software (MBF
Bioscience) on60mmplates seededwith the respective bacterial feed.
Photomicrographs were captured under standardized imaging condi-
tions to ensure consistency across experimental replicates.

Quantification and statistical analysis
All statistical methods used in the manuscript are described in the
figure legends, and additional details are provided in the method
details. Statistics were computed using GraphPad Prism 10. Statistical
tests used for each experiment are mentioned in the corresponding
figure legend. All data and analysis are provided in the SourceData file.
All illustrations were created using BioRender.com.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the main data supporting the findings of this
study are available within the article and its supplementary files. The
metabolomics data generated during this study have been deposited
in theMetaboLights101 database with identifierMTBLS12457, which can
be directly accessed using the URL https://www.ebi.ac.uk/
metabolights/reviewer5acc6c83-8af7-4a20-b770-6bc05a65c9d6. and
also available upon request from the corresponding author. Source
data are provided with this paper.
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