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Animals coexist in commensal, pathogenic or mutualistic relationships with complex
communities of diverse organisms, including microorganisms'. Some bacteria
produce bioactive neurotransmitters that have previously been proposed to
modaulate nervous system activity and behaviours of their hosts**. However, the
mechanistic basis of this microbiota-brain signalling and its physiological relevance
are largely unknown. Here we show that in Caenorhabditis elegans, the
neuromodulator tyramine produced by commensal Providenciabacteria, which
colonize the gut, bypasses the requirement for host tyramine biosynthesis and
manipulates a host sensory decision. Bacterially produced tyramine is probably
converted to octopamine by the host tyramine 3-hydroxylase enzyme. Octopamine,
inturn, targets the OCTR-1 octopamine receptor on ASH nociceptive neurons to
modulate an aversive olfactory response. We identify the genes that are required for
tyramine biosynthesis in Providencia, and show that these genes are necessary for the

modulation of host behaviour. We further find that C. elegans colonized by
Providencia preferentially select these bacteriain food choice assays, and that this
selection bias requires bacterially produced tyramine and host octopamine
signalling. Our results demonstrate that a neurotransmitter produced by gut bacteria
mimics the functions of the cognate host molecule to override host control of a
sensory decision, and thereby promotes fitness of both the host and the

microorganism.

The pathways that mediate chemical communication between
gut-colonizing bacteria and host nervous systems are largely unde-
scribed®. The nematode C. elegans has recently emerged as a powerful
experimental systemin which to study host-microorganism chemical
communication*. Diverse populations of pathogenic and nonpatho-
genicbacteria colonize the intestine of C. elegans and serve as the pri-
mary food source of this nematode in the wild®. Exposure to pathogenic
bacteriaalters the olfactory behaviour of C. elegans®, but whether com-
mensal gut bacteria also modulate host behaviour is unknown.

Gut bacteria alter olfactory behaviour

To identify modes of microbial influence on host behaviour, we
screened nonpathogenic bacterial strains that are typically associ-
ated with wild nematodes’ for their ability to influence the olfactory
responses of C. elegans. Inlong-range population chemotaxis assays®,
adult hermaphrodite worms cocultivated on these bacterial strains
exhibited robust attraction to a panel of attractive volatile odorants
similar to the behaviours of worms grown on the standard food source
Escherichia coli strain OP50 (Extended Data Fig. 1a). However, cocul-
tivation with the Providencia alcalifaciens strain JUb39”° resulted in
decreased avoidance of the volatile repellent 1-octanol but not of the
repellents 2-nonanone and 8 M glycerol, as compared to worms grown

on OP50 (Fig. 1a, Extended Data Fig. 1b). Henceforth, we refer to this
decreased avoidance as octanol modulation. Worms grown on PYb0O07,
astrain of Providenciarettgerithatis distantly related toJUb39 and was
isolated from nematodes in compost (Extended Data Fig. 1c), exhibited
similar octanol modulation (Fig.1b). These observationsindicate that,
upon coculture, multiple species of Providencia modulate octanol
aversionin C. elegans.

Under specific conditions, food deprivation reduces octanol avoid-
ance'®. JUb39 has previously been categorized as a ‘beneficial’ bac-
terium that supports robust C. elegans growth and does not induce
stressresponses’, which suggests that worms fed JUb39 are unlikely to
be deprived of nutrition. Consistently, growth on JUb39 did not alter
expression of a tph-1p::gfp fusion gene, whichis a reporter of feeding
state™" (Extended Data Fig. 1d). Moreover, growth of C. elegans on the
poor bacterial food source Bacillus megaterium®™ did not alter octanol
avoidance (Fig. 1a). We infer that octanol modulation by Providenciais
unlikely to be solely due to changes in feeding state.

Although OP50 is typically crushed by the pharyngeal grinder in
young adult C. elegans, a subset of bacterial strains can bypass the
grinder and survive in the worm intestine”¢, Feeding C. elegans with
JUb39 pretreated with the antibiotic gentamicin eliminated octanol
modulation (Fig.1c).Inaddition, the exposure of worms grown on OP50
toodoursderived fromJUb39 or the pre-incubation of worms grown on
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Fig.1| Providencia colonizes theintestine of C. elegans and modulates
octanol avoidance. a, Long-range chemotaxis assays (Extended Data Fig. 1a)
of C.elegans grownontheindicated bacterial strains to aversive odours.
Chemotaxisindex = (wormsat odorant —worms at control)/total worms. Dots,
chemotaxisindex fromsingle assays of approximately 100 worms each.
Horizontal line, median; errors, 1stand 3rd quartiles. Pvalueis derived from the
z-statistic fromabinomial general linearized mixed-effects model (GLMM)
withrandomintercepts for assay plate and date, and with false discovery rate
(FDR) for post hoc comparisons (two-sided test). n=5and 6 independent
experiments for octanol and nonanone assays, respectively, over 3 days.

b, ¢, Modulationindex of wormsinresponse to100% octanol. ‘Dead’ (c)
denotesbacteriathat were pretreated with gentamicin. Modulationindex, the
log-odds ratio of the proportion of worms at octanol versus control of each
condition normalized to worms grown on OP50 perindependent day (grey
dotted line). Positive numbers, reduced octanol avoidance. Errorsares.e.m.
Greythinand thick vertical bars, Bayesian 95% and 66% credible intervals,
respectively. Pvalues, two-sided GLMM with Dunnett-type (b) or Tukey-type (c)
multivariate tadjustment. Numbersin parentheses, independent experiments
over 3-5days withapproximately 100 worms each.d, mCherry-expressing
bacteriainthe posteriorintestines of young adult worms. Arrows, intact cells;
asterisks, diffuse intestinal fluorescence; dashed lines, intestinal boundary.
Anterior is shownto theleft.Scale bar,10 um.e, Intestinal bacterialload in
worms grown on theindicated bacterial strains. Dots, estimation of bacterial
load in colony-forming units (CFU) of 10 worms; n=4 independent samples
(Methods). Dataare mean ts.e.m.f, Proportion of worms that migrated to
100% octanol or controlin chemotaxis assays with indicated distribution of
mCherry-expressingJUb39 cells. Numbersin parentheses, number of worms;
threeindependent assays. Pvalueis derived from an ordinal regression
z-statistic, using number of worms.

OP50 withJUb39-conditioned medium did not alter octanol responses
(Extended Data Fig. 1e, f). These results suggest that C. elegans must
ingest live JUb39 to induce octanol modulation.

To test whether colonization of the worm gut drives octanol modu-
lation, we transformed OP50 and JUb39 with a plasmid that encodes
aconstitutively expressed mCherry fluorescent reporter. The guts of
adult worms fed OP50 displayed only diffuse intestinal fluorescence
(consistent with these bacteria beinglysed), whereas the guts of worms
fedJUb39 typically contained large numbers of intact rod-shaped cells
thatexpressed mCherry (Fig.1d). Large numbers of bacterial colonies
could be isolated after crushing worms fed on JUb39—but not worms
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fed on OP50—after surface bleaching (Fig. 1e), which indicates that
JUb39is probably alive in the nematode intestine. JUb39 cells tended
tobe enriched in the posterior intestine (Fig. 1d), unlike the reported
localization pattern of severely pathogenic bacteria”. Moreover, nema-
todes colonized by JUb39 did not exhibit phenotypes characteristic of
pathogenicinfection (such as anal swelling)'® (Fig. 1d) and had alifespan
similar to that of worms fed OP50 (Extended DataFig. 1g), further con-
firming thatJUb39islargely nonpathogenicto C. elegans. We performed
additional chemotaxis assays with worms fed mCherry-labelled JUb39,
and quantified intestinal bacterial cells in worms that had navigated
towards either octanol or the control (ethanol). We found that worms
navigating towards octanol consistently contained more gut bacteria
(Fig. 1f). We conclude that JUb39 colonizes the worm gut, and that the
extent of colonizationis correlated with decision-makingin response
to octanol.

Providenciabacteria produce tyramine

We next investigated the mechanistic basis for octanol modulation
mediated by Providencia. Octanol avoidance is subject to extensive
modulation directly and indirectly via multiple biogenic amines
including tyramine and octopamine, as well as neuropeptides'®®2,
Tyramine is produced from tyrosine (L-Tyr) via the activity of a tyros-
ine decarboxylase (TDC) (encoded by tdc-1in C. elegans); tyramine is
subsequently converted to octopamine via tyramine [3-hydroxylase
(encoded by tbh-1)** (Fig. 2a). Consequently, all thh-I-mutant pheno-
types that result from lack of octopamine are expected to be shared
by tdc-1-mutant worms?*. We found that although tdc-I-mutant worms
grown onJUb39 exhibited octanol modulation, the modulation exhib-
ited by tbh-I-mutant worms was reduced (Fig. 2b). Mutations in the
tyrosine hydroxylase (encoded by cat-2*) and tryptophan hydroxylase
(encoded by tph-1*°) enzymes that are required for the production
of dopamine and serotonin, respectively, in C. elegans did not affect
octanol modulation (Fig. 2b). These results raise the possibility that
octopamine—but not tyramine—produced by C. elegansis partly neces-
sary for octanol modulation mediated by JUb39.

To account for these observations, we hypothesized that JUb39
may produce tyramine that functionally compensates for the host
tdc-1 mutation. tdc-1I-mutant worms grown on OP50 have previously
beenreported to display more rapid aversive responses to dilute (30%)
octanol, which is suppressed by exogenous tyramine’. Monoamin-
ergic modulation of octanol responses has typically been assessed
via the ‘smell-on-a-stick’ (SOS) short-range acute avoidance assay'®*
performed onindividual worms (Fig. 2c). In the SOS assay, the strength
of avoidance is inversely correlated with reversal latency when
the worm encounters the repellent as it is moving forward. To more
easily enable comparisons with data from previously published work
and to gain insight into the behavioural subprogrammes that are
altered by JUb39, we performed all subsequent octanol behavioural
experiments using SOS assays. As expected, tdc-I-mutant worms grown
on OP50 responded more rapidly to 30% octanol than did wild-type
wormsinSOS assays (Fig. 2d). This enhanced aversion was suppressed
upon growth on JUb39 (Fig. 2d). These results are consistent with
the notion that bacterially produced tyramine functionally com-
plements the loss of host-derived tyramine in driving a sensory
behavioural decision.

We performed metabolomic analyses to test whether growth on
JUb39 compensates for the loss of tyramine and its metabolites in
tdc-I-mutant worms. Using high-performance liquid chromatogra-
phy (HPLC) with high-resolution mass spectrometry® we found that
tdc-I-mutant worms grown on OP50 were deficient in N-succinyl
tyramine (as previously reported®*) as well as in additional metabo-
lites that appeared, on the basis of MS2 analysis, to be derived from
tyramine (Fig. 2e, Extended Data Figs. 2-5). Metabolism of seroto-
nin was largely unperturbed (Extended Data Fig. 6). Production of



a NH, b P (Wald ) ~ 0.04 € s0Sassay d  30% octanol
Loom _ ———P~0.002
HO P<0.001 P-0.001 P~006 P<0.001 P<0.001 Gowwomson  Tg  FP~002
L-Tyr 3 ‘ different bacteria gg 2
%~ ! =
TDC-1l 8¢, 1 . i | EDIED) 25 1
NH. £ o H | L 1 OPS0 Jubse B
28840 [ I \ : = 1|
3 g, : ‘ ‘ | 1 ’ o ‘ . N Odour, g g
HO B8op i I S T g8
SR o I
TBH-1 l o 89) (100 (1) (12(13) (@) (@ (15 (15 Odour © £ 8 2le0)60) (58) (55)
wT tde-1  tbh-1 cat2  tph-1 - « WT tdo-1 WT tdc-1
NH,
2 - .
Food: £ OP50 1 JUb39 Food: &1 OP50 &3 JUb39
HO N
e f_miz2s81060 miz2a0119s @ P (Wald F) ~ 0.005 P (Wald ) <0.001 P (Wald ) <0.001
— (N-succinyl-TA) - (d,-N-succinyl-TA) = —_ —— — — g B —/
6l 100 | % P~0.001 P<0.001 P~043 P~025 P<0.001 P~047 P<0.001
9 S —_— = -—_ —
< g ” H gE 2 ,
g4 3 \ 80
< g ‘ H 521 : I
: L - | |
o 2 N D
3° 2 e g 8g° - l H | ‘
=1 - 0 T
= ND T o A S S W
o g L-Tyr o S 1
Worm = /ety 8 (79)(65) (102) (87) (59) (57) (61)(55) (60)(48) (59)(52) (102)(85)
genotype:WT - tdc-1 50 55 60 65 « WT  tde-1  tbh-1  tde-1; wT tbh-1  tbh-1
Time (min) toh 1' i
Food: M OP50 M JUb39 Food: JUb39 genomic

Fig.2| Tyramine produced by Providencia compensates for the loss of tdc-1
inC.elegans. a, Biosynthesis of tyramine (TA) and octopamine (OA) in
C.elegans*.b,Modulationindex of wormsin response to 100% octanol. Dots,
individual chemotaxis assays with approximately 100 worms each. Numbers in
parentheses, number ofindependent assays over at least threeindependent
days. Theyaxisisonalog-odds (logit) scale, normalized to OP50 for each day
(grey dashed lines). Errorsare s.e.m. Grey thinand thick vertical bars, Bayesian
95%and 66% credible intervals, respectively. Pvalues, GLMM with
Dunnett-type multivariate t adjustment. Pvalue in red, Wald z-statistic for the
magnitude of the JUb39 effect in tbh-I-mutant worms compared to wild type
(WT).c, Cartoon of SOS assay'®?.d, g, Reversal response latency of worms on
nematode growth medium (NGM) without (d) or with (g) 0.5% L-Tyr inresponse
to30% (d) or100% (g) octanol in SOS assays. Dots, response time of single
worms. Theyaxisislog,-scaled, normalized to theindicated control group for
each experimental day. Numbersin parentheses, number of worms tested in

these tyramine-derived metabolites was restored when tdc-I-mutant
worms were grown on JUb39 (Fig. 2e, Extended Data Figs. 3, 4d, 5d).
Metabolomic analysis of tdc-I-mutant worms grown on JUb39 supple-
mented with stable-isotope-labelled d,-L-tyrosine confirmed de novo
biosynthesis of the tyramine moiety (Fig. 2f). We did not detect either
free tyramine or tyramine conjugates in the absence of C. elegans. We
conclude thatJUb39in association with C. elegans produces tyramine
that can compensate for the lack of endogenous tyramine production
in tdc-I-mutant wormes.

Although tyramine biosynthesis in bacteria has previously
been demonstrated in some Gram-positive genera, production
appears to be uncommon in Gram-negative bacteria (which include
Providencia)®?>°. Tyramine production in Gram-positive strains is
induced upon supplementation with L-Tyr*'. We found that growth
on medium supplemented with L-Tyr enhanced octanol modula-
tion by JUb39 in SOS assays (Extended Data Fig. 7a). Mutations in
tbh-1fully suppressed octanol modulation in SOS assays, whereas
tdc-I-mutant worms continued to exhibit robust octanol modulation
(Fig.2g), consistent with our observations in long-range chemotaxis
assays (Fig. 2b). Moreover, the octanol avoidance behaviours of tdc-
1; tbh-1 double-mutant worms were similar to those of worms with
mutations only in tbh-1 (Fig. 2g). These results indicate that the lack
of host-derived octopamine—and not the accumulation of tyramine
owing to loss of TBH-1>**®—accounts for the reduced octanol
modulationin tbh-I-mutant worms. Expression of wild-type genomic
tbh-1sequences rescued octanol modulationin tbh-1I-mutant worms
(Fig. 2g). Consistent with a role for neuronal octopamine release in
octanol modulation, worms with mutations in cat-1, which encodes

Food (+L-Tyr): 88 OP50 &3 JUb39

rescue

assaysover atleast three independent days. Box plot, median and quartiles;
whiskers, datarange (excluding outliers). Grey thin and thick vertical bars,
Bayesian 95% and 66% credible intervals for the difference of means,
respectively. Pvalues, linear-mixed effects model (LMM) regression on
log-transformed data. Pvaluesinred (g), Wald F-statistic (left) or Wald
t-statistic (right) for the effect of the indicated genotypes on the magnitude of
theJUb39 effect. Datafromwild typein g (right) are repeated in Extended Data
Fig.7b. Alleles: tbh-1(0k1196) (g, left) and tbh-1(n3247) (g, right).

e, Quantification of N-succinyl tyramine. Dots, area under the curve (AUC) from
threebiologicallyindependent experiments. Dataare mean +s.e.m.ND, not
detected. f, HPLC with mass spectrometry (HPLC-MS) (positive electrospray
ionizationmode (ESI+)) ion chromatograms for N-succinyl tyramine or
d,-N-succinyl tyramine in worms grown onJUb39 with the indicated amino acid
supplementation. Chromatograms for worms fed d,-L-Tyr are scaled twofold
relative to worms fed L-Tyr. Statistical comparisons are two-sided.

a neuron-specific vesicular monoamine transporter®, were also
deficient in octanol modulation (Extended Data Fig. 7b).

Bacterial decarboxylases generate tyramine

In both eukaryotes and bacteria, biogenic amines are typically
generated from aromatic amino acids and L-glutamate by group-Il
aromatic-acid decarboxylase enzymes (AADCs)*. In Gram-positive
Enterococcus and Lactobacillus bacteria, tyramine production is
mediated by the tyrDCand tyrPgenes (whichencode the AADC TyrDC
and the tyrosine permease, respectively) present in an operon; this
operon is inducible by L-Tyr*** (Fig. 3a, Extended Data Fig. 8a-c,
Supplementary Table 1). Although genes related to the Enterococcus
tyrDCand tyrParelargely absentin Gammaproteobacteria (Extended
Data Fig. 8c), we confirmed the presence of homologous operons
containing tyrDC and tyrPin JUb39 and PYbOO7 in de novo genome
assemblies via whole-genome sequencing (Fig. 3a, Supplementary
Table1). We alsoidentified tyrDChomologuesin the genomes of addi-
tional members of the Morganellaceae family, although the operon
structure was conserved inonly asubset of these genomes (Fig.3a, b,
Supplementary Table1).

The Providencia TyrDC is highly homologous to the enzyme in
Lactobacillus, which has been well-characterized with respect to
substrate specificity®. We performed protein modelling using the
crystalstructure of Lactobacillus TyrDC? as aguide (Methods), which
indicated that JUb39 TyrDC shares most known catalytic sites with
Lactobacillus TyrDC (Extended Data Fig. 8d).JUb39 TyrDC contains
asubstitution at A600 (S586 in Lactobacillus TyrDC) (Extended Data
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Fig. 8d), a variant that has previously been demonstrated to enhance
the specific catalytic activity of Lactobacillus TyrDC for tyrosine®. We
infer thatJUb39 TyrDC probably generates tyramine from tyrosine.

Strainsinthe Morganella genus (Morganellaceae family) have previ-
ously been reported to produce tyramine under some conditions®,
despite having no discernible tyrDC orthologues (Fig. 3b, Extended
Data Fig. 8a-c, Supplementary Table 1). Instead, we identified a gene
in Morganella that encodes an AADC (which we name adcA) with
approximately 29% and 27% sequence identity to Enterococcus TyrDC
and human GADé67, respectively, in an operon upstream of agene that
encodes a putative tyrosine permease of the Tytl family* (Fig. 3a, b).
An adcA homologue is also present in Providencia genomes (includ-
ing in JUb39), but is not adjacent to a tyrosine transporter (Fig. 3a, b,
Extended Data Fig. 8a-c, Supplementary Table 1). We conclude that
Providencia encodes at least two AADCs with the potential to gener-
ate tyramine, and the phylogenetic incongruence suggests that both
tyrDC and adcA genes in the Morganellaceae family may have either
beenlost or acquired via horizontal gene transfer.

To test whether one or both JUb39 AADCs are necessary for octanol
modulation, we engineered deletions in JUb39 tyrDC and adcA
(AtyrDC::cmR and AadcA, respectively) (Fig. 3a). Cultivation on each
ofthebacterial single mutants weakly decreased octanol modulation,
whereas growth of wild-type C. elegans on theJUb39 AtyrDC::cmR dadcA
double-knockout bacteria abolished octanol modulation (Fig. 3c). We
confirmed that A¢yrDC::cmR AadcA JUb39 colonizes the C. elegans gut
(Extended Data Fig. 9a). In contrast to wild-type JUb39, comparative
metabolomics analyses showed that tdc-1-mutant worms grown on the
AtyrDC::.cmR dadcA double-mutantJUb39 did not produce N-succinyl
tyramine or other tyramine-derived metabolites (Fig. 3d, e, Extended
DataFigs. 3, 4d, 5d). Octanol modulation was restored in wild-type
C.elegansgrownonAtyrDC::cmR AadcA JUb39 upon supplementation
with tyramine (Fig. 3f). Moreover, although exogenous tyramine did
not further increase octanol avoidance in wild-type worms grown on
JUb39, tyramine supplementation was sufficient to induce octanol
modulationinworms grown on OP50 (Fig. 3f). Together, these results
indicate that tyramine produced by multiple AADCs in Providencia
is both necessary and sufficient to modulate octanol avoidance by
wild-type C. elegans.

Tyramine regulates behaviours such as egg-laying in C. elegans™.
We asked whether tyramine produced by AADCs in Providencia is
sufficient to suppress egg-laying defects of tdc-I-mutant worms, in
additionto modulating octanol avoidanceindirectly viaoctopamine.
Consistent with previous reports®*, we found that tdc-1-mutant worms
grownon OP50 contained on average younger eggs in utero than those
of wild-type worms; however, growth on wild-type JUb39—but not
on AtyrDC::cmR dadcA JUb39—suppressed this egg-laying defect of
tdc-1-mutant worms (Extended Data Fig. 10). These results indicate
that tyramine produced by JUb39 in worms complements multiple
tdc-I-dependent phenotypes.

Bacterial tyramine targets sensory neurons

Wenextsoughttoidentifythemoleculartargets of Providencia-mediated
octanol modulation in the host. The bilateral ASH nociceptive
neuronsinthe head amphid organs of C. elegans have previously been
implicated in sensing octanol'®**¥, These neurons express multiple
tyramine and octopamine receptors, a subset of which is required
for octanol modulation by these monoamines'®*’. Among the genes
encoding octopamine receptors expressed in ASH neurons, muta-
tions in octr-1-but not ser-3—abolished the octanol modulation medi-
ated byJUb39, without altering the extent of gut colonization (Fig. 4a,
Extended Data Fig. 9). We also observed an effect on octanol modula-
tion in worms with a mutation in tyra-2 (which encodes a tyramine
receptor), primarily due to decreased octanol avoidance upon growth
on OP50 (4.3 + 0.25 s for tyra-2-mutant worms versus 2.9 + 0.13 s for
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Fig.4|Modulation of octanol avoidance by Providenciarequires the
OCTR-1octopaminereceptorinthe ASHsensory neurons. a, b, Reversal
response latency of worms of the indicated genotypes grown on the indicated
bacteriaonNGM +0.5% L-Tyr (a) and supplemented with the indicated
concentrations of tyramine (b) to 100% octanol using SOS assays. Dots,
response time of single worms. The y axisis log,,-scaled and normalized
totheindicated control group (a) or to the wild-type control (b) for each
experimental day. Numbers in parentheses, number of worms tested in assays
over atleast threeindependent days. Wild-type octr-1sequences were
expressedin ASH and ASIneurons under the srv-11and srg-47 promoters,
respectively. Box plot, median and quartiles; whiskers, data range (excluding
outliers). Grey thin and thick vertical bars, Bayesian 95% and 66% credible
intervals for the difference of means, respectively. Pvalues betweenindicated
conditions are froman LMM with Tukey-type multivariate t adjustment.

wild type) (Extended Data Fig. 9b). Expression of octr-I complemen-
tary DNA in ASH, but not ASI, sensory neurons fully restored octanol
modulation (Fig. 4a). octr-I-mutant worms also lacked octanol modu-
lation when grown on 4tyrDC::cmR AadcA JUb39 supplemented with
tyramine (Fig.4b). OCTR-1has previously been shown toinhibitinnate
immune responses to pathogens in C. elegans, via suppression of an
unfolded-protein-response pathway*’. However, previous observa-
tions that JUb39 does not induce the expression of genes associated
with virulence, stress or unfolded protein response’, our finding that
it only minimally affects C. elegans longevity (Extended Data Fig. 1g)
and the well-established role of ASH neurons in octopamine-modulated
octanol avoidance'®?? together suggest that the observed behav-
ioural responses to octanol are unlikely to arise from changesininnate
immune responses in worms grown on JUb39.

Bacterial tyramine biases feeding choices

We next investigated the biological relevance of the JUb39-directed
decrease in aversive olfactory responses by C. elegans. Although
many Gram-negative enteric bacteria produce long-chain alcohols
(including octanol)*, whether Providencia produces this chemical is
unknown. However, JUb39 and other Providencia strains produce the
branched alcoholisoamyl alcohol, whichis aversive to C. elegans when
concentrated***?, Similar to octanol, avoidance of high concentra-
tions of isoamyl alcohol is also mediated by ASH sensory neurons®.
We hypothesized that reduced avoidance of aversive alcohols or other

Pvaluesinred, Wald t-statistic representing the genotype x food interaction
effectrelative towild type. ¢, Cartoon depicting short-range bacterial choice
assay.d, e, Relative preference index of wild-type or mutant worms grown on
theindicated bacteriafor thetestbacteriaJUb39. Dataare normalized to the
OP50 control condition for each genotype. Dots, single assays of at least

10 worms. Numbersin parentheses, number of assays over at least five
independent days. Theyaxisisonalog-oddsratio (logit) scale. Errorsares.e.m.
Grey thinand thick vertical bars, Bayesian 95% and 66% credible intervals,
respectively. Pvalues represent difference of means relative toworms grown
onJUb39 froma GLMM with Dunnett-type multivariate t adjustment. Pvaluein
red, Wald z-statistic representing the genotype x food interaction effect
relative towild type (e). Allele used: tbh-1(n3247) (e).f, Cartoon of working
model. OA, octopamine; TA, tyramine.

odorants produced by JUb39 may preferentially bias C. elegans grown
onJUb39toselect these bacteriainfood choice assays (Fig.4c).Indeed,
worms grown on JUb39 preferred JUb39, whereas worms grown on
OP50 showed only aslight preference forJUb39 in a short-range food
choice assay (Fig. 4d). The bias towards JUb39 was largely eliminated
in worms grown on AtyrDC::cmR AadcA JUb39 (Fig. 4d), as well as in
octr-1-and tbh-I-mutant worms (Fig. 4e), which suggests that both bacte-
rialtyramine production and host octopamine signalling are necessary
for this food preference. Together, these results imply that tyramine
produced by JUb39 in the wormintestine acts via host octopamine and
the OCTR-1octopamine receptor to reduce ASH-neuron-mediated
avoidance of aversive cues produced by JUb39 (such as concentrated
alcohols) and allow preferential selection of these bacteria (Fig. 4f).

Discussion

Our observations support a model in which the neurotransmitter
tyramine produced by intestinal Providencia bacteria can subvert
host-dependent tyramine production to modulate multiple mono-
aminergic pathways and alter behaviour and physiology in C. elegans.
Bacterially produced tyramine is converted to octopamine by
C. elegans TBH-1; octopamine subsequently acts on the ASH neurons
viathe OCTR-1octopaminereceptor to decrease aversion of bacterially
produced volatiles such as octanol, and alter food choices (Fig. 4f).
We speculate that the preference for Providencia upon colonization
of C. elegans by these bacteria promotes increased consumption that
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leads to astable association>** and bacterial dispersal. As Providencia
isarich food source for C. elegans’, this association may be mutually
beneficial. Other metabolites from commensal bacteria have previ-
ously been shown to have a beneficial effect on feeding decisions as
well as maintenance and dispersal of these bacteria in Drosophila**,
andintestinal bacteria canmodulate satiety responses in mammals via
mechanisms thatare largely uncharacterized*®*. Our results describe a
pathway by which neurotransmitters produced by natural commensal
bacteriadirect host sensory behavioural decisions by supplementing
or compensating for the activity of key host biosynthetic enzymes,
thereby altering the fitness of both host and microorganism.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and investigators were not blinded
to allocation during experiments and outcome assessment.

Strains

C. elegans. All C. elegans strains were maintained on NGM at 20 °C,
and hermaphrodites were used for all experiments. srv-11p.:octr-1
(pMOD110) and srg-47p::octr-1 (pMOD111) plasmids were injected
at10 ng/pl, tbh-1p.:tbh-1a::SL2::mcherry (pMODI115) was injected at
20 ng/ul together with the unc-122p::mcherry co-injection marker at
30 ng/ulto generate transgenic strains. At least two independent lines
were examined for all rescue experiments. Strain genotypes are listed
inSupplementary Table 2.

Bacteria. For all experiments, bacterial strains were streaked from
glycerol stocks before use and grown to saturation in LB medium at
37 °C.For conditioned medium, bacteria were grown to saturationin
NGM medium overnight at 37 °C, then cleared by centrifugation at
14,000g for 3 min. Before use, conditioned medium or NGM was sup-
plemented with 5x concentrated OP50 froma saturated LB culture to
prevent starvation. To expose worms to bacterial odours, worms were
grown on seeded NGM plates with lids that were replaced with NGM
plates containing the test bacteria; these were sealed with parafilm.
For L-Tyr and tyramine supplementation experiments, 0.5% (about 28
mM) L-Tyr (Sigma T3754), or 4 mM or 10 mM tyramine (Sigma T2879),
were added to the NGM medium and agar before pouring plates. To
generate antibiotic-killed bacteria, saturated cultures of OP50 orJUb39
were concentrated 5x by centrifugation followed by resuspension
in LB medium containing 200 pg/ml gentamicin (Sigma G1397) for
4 hat37°C. Four 100-pl spots of these treated bacteria suspensions
were added to 10-cm NGM plates and allowed to dry before adding
L4-stage worms.

Plasmids were transformed into JUb39 and OP50 via electropora-
tion. Deletions in JUb39 were induced using homologous recombi-
nation with the temperature-sensitive pSC101 replicon at 42 °C, and
sacB-sucrose counter-selectionat 30 °C, inthe absence of NaCl as previ-
ously described®, with the exception that bacteria were incubated for
1hatroomtemperature inthe presence of 10 mM arabinose for lambda
Redinduction before selection at 42 °C. Deletions were confirmed by
sucrose resistance and kanamycin sensitivity, followed by PCR and
sequencing of deleted intervals.

Molecular biology

The octr-1cDNA was a gift from R. Komuniecki. The cDNA was ampli-
fied by PCR and cloned using Gibson homology cloning. The1,940-bp
srv-11 promoter and 978-bp srg-47 promoter sequences were cloned
from genomic DNA. tbh-1a complementary (c)DNA was amplified from
amixed-stage cDNA pool by PCR. The 1,357-bp tbh-1 promoter plasmid
was a gift from M. Alkema. Vector maps are available on Github (https://
github.com/SenguptalLab/ProvidenciaChemo.git). Forintroduction of
deletions viahomologous recombinationin JUb39, pKD46-derivative
plasmids containing alambda Red cassette and deletion homology
arms forJUb39 tyrDC and adcA were constructed (denoted pMOD102
and pMOD107, respectively). In brief, the cas9 coding region and
single-guide RNA regions of pDK46-derivative pCAS™ were deleted
and replaced with the sacB sequence from pCM433* via PCR and Gib-
son homology cloning. For pMOD102, 5’ and 3’ homology arms were
approximately 400 bp each flanking a1,233-bp deletion of the tyrDC
coding sequence, which was replaced with a chloramphenicol resist-
ance cassette. For pMOD107, 5 and 3 homology arms were 701 and
422 bp, respectively, flanking a 1,398-bp deletion of the adcA CDS.
For expression of mCherry in OP50 and JUb39, a pUCP20T-mCherry
plasmid* was modified to replace bla(ampR) with aph(kanR).

Microscopy

Allfluorescence and differential interference contrast microscopy was
performed using worms anaesthetized with100 mM levamisole (Sigma
Aldrich). Worms wereimaged on 2% agarose pads using an upright Zeiss
Axio Imager with a 63x oilimmersion objective.

Quantification of intestinal bacterial cell numbers. All rod-shaped
punctae in the intestines of young adult worms of approximately
1-2pumwereincludedin the quantification. Eachwormwasrecordedin
one of three categories containing 0, <10 or >10 cells per worm. Exact
numbersinworms with>10 cells were not recorded, but rarely exceeded
approximately 100 cells.

Fluorescence intensity measurements. Allimages were collected in
z-stacks of 0.5 um through the heads of young adult worms. Quantifica-
tion was performed using ImageJ (NIH). Fluorescence was quantified by
identifying the focal planein which the cell somawas visible, followed
by manually drawing aregion of interest around the soma. Mean pixel
intensity wasrecorded for each neuron pair per wormand the average
of fluorescence in each wormis shown.

Quantification of intestinal colony-forming units

To estimate intestinal cell number, surface sterilization was performed
as previously reported* with modifications. N2 young adult worms cul-
tured for asingle generationon OP50 orJUb39 were washed offa culture
plate with M9 buffer, allowed to settle for 1-2 min followed by aspiration
of supernatant. Worms were rinsed 4 more times with 1 ml M9 buffer,
followed by one rinse with M9 + 25 mM levamisole (Sigma Aldrich) to
block pharyngeal pumping. Worms were thenincubated with1% bleach
inM9 +25mM levamisole for 5 min, followed by 5 more rinses with M9
buffer. One hundred microlitres of the final supernatant was plated
on LB medium as a wash control. Worms were then placed on an NGM
plate, after which 10 young adult worms per condition were picked into
separate tubes containing 100 pl M9 buffer and were crushed using a
pestle (UAS Scientific 1415-5390). The resulting samples were serially
diluted and plated on LB medium. Colony-forming units per 10 worms
were normalized by subtracting the number of colonies observed in
plates from the wash control.

C.elegans assays

Long-range chemotaxis. Long-range chemotaxis assays were per-
formed essentially as previously described®*. Worms were cultured
for one generation with the relevant bacteria before the assay. Assays
were performed using 10-cm square NGM plates. The number of worms
in two horizontal rows adjacent to the odour and ethanol spots was
quantified.

SOS assays. SOS assays in response to 1-octanol or 2-nonanone were
performed as previously described'®”. NGM plates were predried for
1hbefore assays. Age-matched young adult worms were picked from
food to a clean transfer plate and allowed to briefly crawl away from
food for approximately 1 min. Worms were then transferred to an-
other clean NGM plate for 15 min before assaying responses to 100%
octanol (Sigma 04500) and 100% 2-nonanone (Sigma 108731), or
20 min for 30% octanol assays. Thirty per cent octanol was prepared
immediately before the assay by dilution in 200-proof ethanol (Acros
Organics 61509-0010).

Short-range bacterial choice assay. Worms were raised and prepared
identically to those used in long-range chemotaxis assays, with the
exception that the final wash with water was omitted. NGM plates con-
taining two 15-pl spots separated by 2 cm of overnight-grown bacterial
food concentrated to an optical density at 600 nm of 10 were allowed
to dry, thenincubated with a closed lid for 5 h at room temperature.
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Approximately 30 worms were placed between the two spots, and
excess liquid was removed. Worms were allowed to navigate for 15
min, following which 2 pl of sodium azide was applied to each spot to
anaesthetize worms. Minimal lawn-leaving behaviour was observed
during this short time period. Adult worms on the control spot and
test spot were counted.

Osmotic avoidance assay. Worms off the bacterial food on the cultiva-
tion plate were picked using a10% methyl cellulose polymer solution
and placed in the centre of an NGM plate with a ring of 8 M glycerol
containing bromophenol blue (Sigma B0126). The number of worms
inside and outside of the ring was counted after 10 min.

Quantification of eggs in utero. N2 or tdc-I-mutant worms were grown
fromeggtothe L4 stage on NGM plates containing either OP50,JUb39
or AtyrDC::cmR AadcAJUb39. Age-matched L4 larvae were transferred
to new plates 18 h before the assay. The number of eggs younger or
older than the four-cell stage was recorded over three independent
days of assays.

Lifespan assays. N2 worms were grown on 6-cm NGM plates contain-
ing100 pl OP50,JUb39 or PA14. Twenty L4 worms were placed on each
plate at the beginning of the experiment. Four replicate plates were
analysed for each condition per day over three independent days of
experiments. Worms were transferred to new plates at least once every
two days until they ceased to lay eggs. Worms were censored if they
crawled off of the plate, exhibited in utero larval hatching (‘bagging’)
orifthey wereinjured during transfers. Worms were scored as dead if
they did not respond to being prodded in the head.

Tyrosine supplement for metabolomics assay. tdc-I-mutant worms
were grown on plates containing 0.5% L-Tyr (w/v) or at the same con-
centration containing al:1 mixture of L-Tyr and 3,3-d,-L-Tyr, purchased
from Cambridge Isotope Laboratories (DLM-2317-.5).

Bacteriagenome sequencing

Sequencing was performed by the Broad Technology Labs at the Broad
Institute. Resulting PacBio reads forJUb39 and PYbOO7 were assembled
using Canu v.1.8 (https://github.com/marbl/canu.git)>. Assemblies
were trimmed, oriented and circularized using Circlator v.1.5.5 (https://
sanger-pathogens.github.io/circlator/)".

Phylogenetic analysis of genes encoding group-II
pyridoxal-dependent decarboxylases

JUb39 TyrDC and AdcA were initially identified as the only significant
(E-value 4 x10™°and 3 x 1072, respectively) hits viaa tblastn search of
the draft JUb39 genome assembly using Enterococcus faecalis TyrDC
asaquerysequence. Aninitial BLASTP screen of the nr sequence data-
base restricted to bacteria was performed using the P. alcalifaciens)
Ub39 TyrDC and AdcA putative coding regions. Searches were
performed hierarchically; limited initially to Enterobacteriaceae,
followed by Enterobacterales, Gammaproteobacteria, Proteobacteria
and finally all Eubacteria. With the exception of members of Morganel-
laceae (Providencia, Proteus, Morganella, Xenorhabdus, Photorhabdus,
Arsenophonus and Moellerella), only two protein sequences per genus
were retained for subsequent phylogenetic analysis. Representative
group-ll decarboxylase enzymes with known substrate specificity from
Eukaryotaand Archaea, as well as glutamate decarboxylase (encoded
by gadA and gadB) and histidine decarboxylase sequences, were also
included.

Multiple sequence alignments were produced using the Phylomizer
workflow (https://github.com/Gabaldonlab/phylomizer), which used
the MUSCLE v.3.8.31 (http://www.drive5.com/muscle)*®, MAFFT v.7.407
(https://mafft.cbrc.jp/alignment/software)* and Kalign v.2.04 (http://
msa.sbc.su.se/cgi-bin/msa.cgi)® multiple sequence aligners; these were

trimmed to produce a consensus alignment using trimAL v.1.4rev15
(https://github.com/scapella/trimal)®’. Aninitial phylogenetic tree was
produced using PhyMLv.3.3.20180621 (http://www.atgc-montpellier.
fr/phyml/)®? using the NNI algorithm with an LG substitution model.
This tree showed three major, well-supported clusters containing:
(1) Enterococcus and Providencia TyrDC (denoted ‘Enterococcus-type
TDC’); (2) eukaryotic and bacterial AADCs (denoted ‘Eukaryotic-type
AADC’); and (3) Morganella AdcA and Providencia AdcA.

On the basis of this initial tree, a second tblastn search was used to
determine the presence or absence of homologous genes among com-
plete Gammaproteobacteria genomes. Enterococcus faecalis TyrDC
and C. elegans TDC-1 were used as tblastn search query sequences. A
hierarchical search was performed as described, limited to an e-value
cutoff of 107, Amaximum of two highly similar sequences were retained
per genus for phylogenetic analysis, as listed in Supplementary Table 1.

A final phylogenetic tree was constructed using the amino acid
sequences derived from these tblastn queries. These sequences were
assembled into a consensus alignment using the Phylomizer workflow
asdescribed. ProtTest (https://github.com/ddarriba/prottest3)®* was
used to identify the optimal model for likelihood estimation, using
Aikakeinformation criterion values for selection. The model selected
and subject to PhyML analysis was an LG model with discrete gamma dis-
tribution, an estimated proportion ofinvariant sites (+I), empirical fre-
quencies of amino acids (+F), estimated gammashape parameter (+G)
for rate variation among sites with the default four substitution-rate
categories, and the subtree pruning and regrafting (SPR) algorithm. One
hundred bootstrap pseudoreplicates were analysed. Representatives
fromtheresulting phylogeny were used to categorize and compile the
cladograminFig.3b. Adjacent genomic sequences, up tothree CDS 5’ or
3, were examined for genes thatencode amino acid permeases or trans-
portersinanapparent operonas defined by close proximity and same
orientation with respect to each tblastn hit (Supplementary Table 1).

Molecular modelling

The putative amino acid sequence for the JUb39 TyrDC was used to
model active site residues using the Lactobacillus TyrDC crystal struc-
ture in complex with pyridoxyl phosphate (Protein Data Bank code
5HSJ.1%) as atemplate guide using SWISS-MODEL (https://swissmodel.
expasy.org)®*. This resulted in a Qmean z-score of 0.33, indicative of
good agreement between structures. This process was also attempted
with AdcA, and modelling was performed with the top six available
structures on the basis of sequence homology. The maximum QMean
of AdcA was found with Lactobacillus TyrDC, but with a value -5.71,
indicative of low quality. Resulting models were visualized using Chi-
merav.1.13.1 (https://www.cgl.ucsf.edu/chimera/)®. For Extended Data
Fig.8d, L-Tyr was manually docked accordingto the reported docking
position®® for illustrative purposes only.

Statistical analyses

All statistical analyses were performed in R (https://www.R-project.
org/)*® and RStudio (http://www.rstudio.com)®’. Sample sizes were
chosen according to conventional estimates of power for all assays.
No randomization or blinding was performed. For modulation index
and relative latency figures, data were normalized to the relevant
control-group mean value for each experimental day on the log scale
viasubtraction. Outliersinbox plots were defined as greater than1.5x
interquartile range, but were included for analysis. All statistical analy-
ses were performed on raw, non-normalized data. To avoid inflated
Pvalues and to account for nonindependence of observations, we used
mixed-effects regression analysis in lieu of simple analysis of variance
(ANOVA) and t-tests. For behavioural assays, frequentist statistical
comparisons were performed using abinomial GLMM with alogit link
function for chemotaxis, food choice and egg-in-utero assays, and an
LMM on log;,-transformed data was used to analyse SOS assays using
the ‘lme4’ package v.1.1-21%. In all cases, a random intercept term for
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assay plate was used to account for non-independence of worms on
each assay plate and arandom intercept for date was used to account
for day-to-day variability. Inthe presence of interactions (for example,
the effects of bacterial strains across different odorants in Fig. 1a and
Extended Data Fig. 1a), arandom slope term per date was also used
whenappropriate. Estimated Pvalues for pairwise comparison of fixed
effects were determined using Kenward-Roger approximated degrees
of freedom asimplemented in the emmeans v.1.4.5% and pbkrtest v.0.4-
867° packages. In nearly all cases, inclusion of random effects model
terms resulted in conservative P value estimates compared to a sim-
ple ANOVA. Post hoc corrections for multiple comparisons and type-I
error were implemented using the emmeans package. In the event of
singular model fit, any random slope term followed by random date
effect terms were removed to allow convergence. For Wald statistics
of modelterms, the package ImerTest v.3.1-1" or car v.3.0-6"*was used.

Additionally, for each dataset, amaximal Bayesian model was fit using
therstanarmv.2.19.37 package. Data presented are posterior credible
intervals for fixed effect levels derived from posterior fitted values of
the Markov chainMonte Carlo chains asimplemented by the emmeans,
codav.0.19-3",bayesplot v.1.7.1” and tidybayes v.2.0.17 packages. For
comparison of intestinal bacterial cell numbers, an ordinal logistic
regression was performed using the MASS v.7.3-51.4”” package and polr
function. Categories of cellnumbers were considered ordered factors
of none, some or many cells.

For survival analysis, data were fit to a Gompertz-Makeham func-
tion using the nls function in R using the following equation: S(¢) =
e*(-(G/y) x (e*(yt) - 1)). Bootstrap confidence intervals were derived
from 1,000 bootstrap samples with replacement, followed by nls fit.
To calculate bootstrap median survival, using each nls fit and solving
for tatS=0.5yielded the equation: £ = (1/y) x In(1 - (y/G) x In(0.5)).

Sample preparation for HPLC-MS

Approximately 10,000 mixed-staged wormsin 1.5-ml microfuge tubes
were lyophilized for18-24 husing a VirTis BenchTop 4K Freeze Dryer.
After the addition of 2 stainless steel grinding balls and 1 ml of 80%
methanol, samples were sonicated for 5 min (2 s on/off pulse cycle at
90 A) usingaQsonica Q700 Ultrasonic Processor with awater bath cup
horn adaptor (model 431C2). Following sonication, microfuge tubes
were centrifuged at10,000 RCF for 5mininan Eppendorf5417R centri-
fuge. Eight hundred microlitres of the resulting supernatant was trans-
ferred toaclean4-mlglass vial,and 800 pl of fresh methanol added to
thesample. The sample pellet was again sonicated and centrifuged, and
the two supernatants were combined and concentrated to drynessinan
SC250EXP Speedvac Concentrator coupled to an RVT5105 Refrigerated
Vapour Trap (Thermo Scientific). The resulting powder was suspended
in120 pl of 100% methanol, followed by vigorous vortex and brief soni-
cation. This solution was transferred to a clean microfuge tube and
subjected to centrifugation at 20,000 RCF for 10 minin an Eppendorf
5417R centrifuge to remove precipitate. The resulting supernatant was
transferred to an HPLC vial and analysed by HPLC-MS.

HPLC-MS analyses

Reversed-phase chromatography was performed using a Vanquish LC
system controlled by Chromeleon Software (Thermo Fisher Scientific)
and coupled to an Orbitrap Q-Exactive High Field mass spectrometer
controlled by Xcalibur software (Thermo Fisher Scientific). Methanolic
extracts prepared as described in ‘Sample preparation for HPLC-MS’
were separated onan Agilent Zorbax Eclipse XDB-C18 column (150 mm
x 2.1 mm, particle size 1.8 pm) maintained at 40 °C with a flow rate of
0.5 ml/min. Solvent A: 0.1% formic acid in water; solvent B: 0.1% formic
acidinacetonitrile. A-B gradient started at 5% B for 3 min afterinjection
and increased linearly to 98% B at 20 min, followed by 5 min at 98% B,
thenbackto 5% B over 0.1 min and finally held at 5% B for an additional
2.9 min to re-equilibrate the column. Mass spectrometer parameters
were: spray voltage, —2.9 kV/+3.5 kV; capillary temperature 380 °C;

probe heater temperature 400 °C; sheath, auxiliary and sweep gas, 60,
20and 2 AU, respectively; S-Lens RF level, 50, resolution 240,000 at m/z
200; AGC target, 3 x10° Each sample was analysed in negative (ESI-) and
positive (ESI+) electrospray ionization modes with m/zrange 150-800.
Parameters for tandem mass spectrometry (MS/MS) (dd-MS2): MS1
resolution, 60,000; AGC target, 1 x 10°. MS2 resolution, 30,000; AGC
target, 2 x 10%; maximum injection time, 50 msec; isolation window,
1.0 m/z; stepped normalized collision energy (NCE), 10, 30; dynamic
exclusion, 5s;top 10 masses selected for MS/MS per scan. LC-MS data
were analysed using Metaboseek software (as described in ‘Metabolic
network analysis’) and quantification performed via integration in
Excalibur Quan Browser (Thermo Fisher Scientific).

Metabolic network analysis

We performed MS2 networking using Metaboseek MS analysis soft-
ware (https://doi.org/10.5281/zenod0.3360087)%. Documentation
and source code are available inthe Metaboseek R package on GitHub:
https://github.com/mjhelf/Metaboseek. Additional information, instal-
lationinstructions and a user guide are available at https://metaboseek.
com. The xcms package” within Metaboseek was used with ‘Metabo-
seek_default’settings, suitable for high-resolution mass spectrometry
instruments, followed by MS2 matching using the following param-
eters: ppm window, 3; RT window, 5's; ‘unique assignments’ on. From
roughly 200,000 features detected in ESI+ HPLC-MS, approximately
10,000 features were matched to MS2 spectra, which was further culled
to4,563 features using the ‘Peak Shapes’ functionality to calculate peak
quality scores, applying athreshold of 0.97. Networking was performed
using the Compare MS2 function in Metaboseek with the following
parameters: m/z tolerance, 0.002; ppm tolerance, 3; min. number of
peaks in common, 4; noise level, 2%; with ‘parent masses’ turned on
and ‘ignore small fragments’ (m/z<100) turned on. The network was
modified by removing edges below similarity score (cosine)=0.7,and
further simplified by restricting the maximum number of edges per
node to the top 5 ranked by similarity score.

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

Data availability

Alldatanecessary toreproduce these analyses are available as Source
Dataand/or at https://github.com/SenguptalLab/ProvidenciaChemo.
git. Raw data from HPLC-MS experiments are available upon request
(owing to the large file sizes).

Code availability

Allstatistical analysis code necessary to reproduce these analyses are
available at https://github.com/Senguptalab/ProvidenciaChemo.git.
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Extended DataFig.1|Octanol modulationby Providenciarequires
ingestion of bacteria and is not mediated by nutritive cues. a, Cartoon and
datafromlong-range chemotaxis assays of C. elegans grown on the indicated
bacterial strains to the indicated attractive odours. Dots, chemotaxis index
fromsingle assays of approximately 100 worms. Horizontal line, median;
errors,1stand 3rd quartiles. Numbers in parentheses, number of assays
performed over atleast three days. b, Cartoon and data from osmoticring
avoidance assay. Dots, single assays of 10 worms. Numbersin parentheses,
number of assays over at least three independent days. Y axis is the proportion
of wormsleaving an osmoticringbarrier of 8 M glycerol after 10 min. Pvalue
represents difference of meansrelative toworms grownonJUb39 froma
GLMM. Errorsares.e.m. Grey thinand thick vertical bars, Bayesian 95% and 66%
credibleintervals, respectively. c, Isolation of nematode-associated bacteria.
Nematodes wereisolated from residential compostin Massachusetts (USA).
Worms were allowed to crawl onto NGM plates from which they were picked to
clean plates. Resulting bacterial colonies were isolated, grown on LB medium
and characterized vial6SrRNA sequencing.d, Expression of a tph-Ip::gfp
fluorescentreporterinindicated head neurons of young adult worms grown
oneither OP50 orJUb39. Dots, mean fluorescence of the soma of single
neurons. Horizontal baris mean; errorsares.e.m. Grey thinand thick vertical

bars, Bayesian 95% and 66% credible intervals, respectively. Pvalues are from
two-way ANOVA. e, f, Modulationindex of worms grown on the indicated
bacterial strains to100% octanol, under the shown conditions. Worms were
exposedtotheindicated bacteriaonthe platelid (e) for one generation, or to
NGM control or bacteria-conditioned NGM (f) for 2 hbefore the assay. Numbers
in parentheses, independent experiments over 2 d with approximately

100 worms each. Values are shown onalog-odds (logit) scaleand are
normalized to the values of wild-type worms grown on OP50 for each day,
indicated with agrey dashed line. Positive numbersindicate reduced
avoidance of octanol. Errorsares.e.m. Grey thinand thick vertical bars,
Bayesian 95% and 66% credible intervals, respectively. Pvalues between the
indicated conditions are post hoc comparisons from a GLMM, with Tukey-type
multivariate t adjustment for f. g, Survival analysis of worms grown on the
indicated strains. Dots, average proportion of surviving worms from12 plates
of20 worms eachontheindicated days. Error bars are s.e.m. Shaded blue and
grey curvesindicate 95% confidenceintervals derived from1,000 bootstrap
Gompertzfunction nonlinearleast squares (nls) fits of the indicated data. Top
blue and grey distributions show bootstrapped median survival of the
indicated strains.
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Extended DataFig.2|Detection of N-succinyl tyramine. a, b, Major fragmentation reactions and resulting fragmentions areindicated in mass spectra of
N-succinyl tyramine obtained in ESI- (a) and ESI+ (b) HPLC-MS2. Representative data are shown from at least three biologically independent experiments.



Extended DataFig. 3 | Complementation of tyramine-containing
metabolitesin tdc-I-mutant worms via Providencia AADCs. a, Overview of
MS2 network obtained in positiveionmode. Each node representsaunique
feature, and edges between nodesindicate similarity between MS2 spectra.
Red circle highlights the subnetwork containing the majority (16 out of

24 features, representing 10 out of 15 differential compounds) of differential
tyramine-containing metabolites. This subnetwork contains glycosylated

08737

09799

tyramine derivatives; N-succinyl tyramineisrepresented by anodeina
different sub-network (red arrow). b, Magnified view of subnetwork
highlighted ina. The tyramine-containing features restored upon growth of
tdc-I-mutant worms on wild-type JUb39, and abolished whengrown on
AtyrDC::cmR AadcAJUb39, are highlighted inlight red. MS2 spectra for two
example compounds at m/z499.1474 and m/z 604.1689 (circled in magenta) are
shownin Extended DataFigs.4 and 5, respectively.
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Extended DataFig. 4 |MS2 analysis and quantification of the
tyramine-containing metabolite m/z499.1474. a, Major fragmentation
reactions of m/z499.1474 and resulting fragmentions. The putative structure
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Extended DataFig. 8| Phylogenetic analysis of group-1l decarboxylase
genesin Gammaproteobacteria. a, Neighbour-joining unrooted tree based
onsequencesidentified viaa BLAST search using E. faecalis TyrDC and
C.elegans TDC-1. Theinitial treeindicates three major groups. Representative
enzymes and operonstructures for eachgroup areindicated by coloured
boxes. b, Bootstrapped maximum likelihood phylogeny using PhyML and
Phylomizer pipeline. Maximum of two highly similar sequences per genus were
included aftereach BLAST search. Generaareindicated to the right. Numbers
onbranch-points matching this tree out of 100 bootstrap replicates are
indicated at values >60. Group representatives fromaareindicatedin
corresponding colours. Providencia and C. elegans sequences discussed in this
Articleareindicated inbold. Accession numbers and BLAST metrics are listed

inSupplementary Table1.c, Presence of tyrDCand adcA among complete
genomesin Gammaproteobacteria. Linked boxes indicate organizationinan
operon. Hatched shadingindicates variable presence among genera. Coloured
trianglesindicate taxa of interest.d, Homology-based model of the TyrDC
catalytic domainin Providenciabased on the Lactobacillus TyrDC crystal
structure®® using SWISS-MODEL (https://swissmodel.expasy.org). Residuesin
magenta, green and yellow are from Lactobacillus TyrDC,JUb39 TyrDC and
JUb39 AdcA, respectively. Pyridoxyl phosphate (PLP) is depicted inred and
L-Tyr (manually docked forillustration) isindicated in light blue. Position of
A600and S586°¢inJUb39 TyrDC and Lactobacillus TyrDC, respectively, are
indicated.
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L-Tyrto100% octanol using SOS assays. Dots, response time of single worms.
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Field mass spectrometer controlled by Xcalibur software v4.1.31.9 (ThermoFisher Scientific).
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Data exclusions  No data were excluded.

Replication Data from principle findings in the manuscript were reproduced repeatedly in the manuscript. All behavioral experiments were generally
repeated over a minimum of 3 experimental days.

Randomization  Randomization is not relevant to this study. Covariates, pseudoreplication and non-independence of observations were accounted for
statistically using mixed-effects regression and mixed-effects Bayesian analysis.

Blinding All chemotaxis experiments were scored blind to the condition and genotype of the animals. Blinding was not practical for other experiments
in the manuscript.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Animals and other organisms
[ ] Human research participants

[] clinical data
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C. elegans adult hermaphrodites used for all behavioral experiments.

Wild animals Wild nematodes were captured from compost and were lysed to isolate bacteria (Fig. 1b and Extended Data Fig. 1c). These
animals were not subsequently used in the study.

Field-collected samples Samples collected from compost were kept at room temperature prior to isolation.

Ethics oversight No ethical oversight organization was necessary for use of C. elegans.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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