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An acyl-CoA thioesterase is essential for the
biosynthesis of a key dauer pheromone in C. elegans
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e The acyl-CoA thioesterase ACOT-15 biosynthesizes key
ascaroside pheromones in worms

e ACOT-15 terminates B-oxidation, producing a dauer-
inducing methyl ketone ascaroside

e ACOT-15 also generates a non-dauer-inducing piperidyl
ascaroside

e Bacterial food affects the production of the piperidyl
ascaroside by the worm
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In brief

Bhar et al. identify an acyl-CoA
thioesterase, ACOT-15, that terminates
the B-oxidation pathway in pheromone
biosynthesis in C. elegans and produces
a key methyl ketone ascaroside that
induces dauer, as well as a non-dauer-
inducing piperidyl ascaroside. Bacterial
food impacts the amount of the piperidyl
ascaroside made by the worm.
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SUMMARY

Methyl ketone (MK)-ascarosides represent essential components of several pheromones in Caenorhabditis
elegans, including the dauer pheromone, which triggers the stress-resistant dauer larval stage, and the male-
attracting sex pheromone. Here, we identify an acyl-CoA thioesterase, ACOT-15, that is required for the
biosynthesis of MK-ascarosides. We propose a model in which ACOT-15 hydrolyzes the B-keto acyl-CoA
side chain of an ascaroside intermediate during B-oxidation, leading to decarboxylation and formation of
the MK. Using comparative metabolomics, we identify additional ACOT-15-dependent metabolites, including
an unusual piperidyl-modified ascaroside, reminiscent of the alkaloid pelletierine. The B-keto acid generated
by ACOT-15 likely couples to 1-piperideine to produce the piperidyl ascaroside, which is much less dauer-
inducing than the dauer pheromone, asc-C6-MK (ascr#2, 1). The bacterial food provided influences produc-
tion of the piperidyl ascaroside by the worm. Our work shows how the biosynthesis of MK- and piperidyl as-

carosides intersect and how bacterial food may impact chemical signaling in the worm.

INTRODUCTION

The nematode C. elegans secretes the ascarosides as signaling
molecules to communicate with other nematodes and to modify
its development and behavior in response to changing environ-
mental conditions.'™ The ascarosides are structurally diverse
derivatives of the 3,6-dideoxy-L-sugar ascarylose that have fatty
acid-derived side chains. The activities of the ascarosides are
dictated by nuances in their chemical structures, including the
length of their side chain, the position at which the side chain
is attached to the ascarylose sugar, the presence or absence
of a,B-unsaturation, and the presence or absence of various
modifications on the ascarylose sugar (head groups) or on the
side chain terminus (terminus groups) (Figure 1A). The ascaro-
sides work as mixtures, and their activities are concentration-
dependent.”™ For example, when faced with adverse environ-
mental conditions, including high population density, low food
availability, and high temperatures, C. elegans uses a mixture
of ascarosides known as the dauer pheromone to induce devel-
opment of a stress-resistant larval stage, known as the da-
uer.">>"" Of the dauer pheromones in C. elegans, one of the
most potent is an ascaroside with a side chain that terminates
in a methyl ketone (MK), asc-C6-MK (1) (Figure 1A)." At mid- to
high-nanomolar concentrations, this pheromone induces dauer
and repulses hermaphrodites, but at picomolar/low nanomolar
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concentrations, it attracts males as part of a hermaphrodite-pro-
duced sex pheromone and suppresses foraging.'**° This phero-
mone has been identified in a diversity of other Caenorhabditis
species besides C. elegans and functions as the main dauer
pheromone in Caenorhabditis briggsae.'>'® As the vast majority
of ascarosides that have been identified have a fatty-acid side
chain that terminates in a carboxylic acid or a modified carbox-
ylic acid, asc-C6-MK (1), along with the glycosylated derivative
glc-asc-C6-MK (2), have structurally unusual side chains
(Figure 1A).7#

The ascaroside pheromones are biosynthesized from long-
chain ascarosides that have their side chains shortened through
peroxisomal B-oxidation (Figure 1B)."*2° Each round of B-oxida-
tion, which shortens the side chains by two carbons, involves
four enzymes, an acyl-CoA oxidase (ACOX), an enoyl-CoA hy-
dratase (MAOC-1), a (3R)-hydroxyacyl-CoA dehydrogenase
(DHS-28), and a 3-ketoacyl-CoA thiolase (DAF-22).'41%17 The
five ACOX enzymes that have been shown to participate in as-
caroside biosynthesis have different side-chain length prefer-
ences, and the expression levels of these enzymes have been
shown to influence the side-chain lengths of the ascaroside
pheromones that are produced.'®° Ultimately, the B-oxidation
process must be terminated to yield ascaroside pheromones
with defined side-chain lengths. In yeast, plants, and mammals,
the process of fatty acid p-oxidation can terminated through

1011


mailto:butcher@chem.ufl.edu
https://doi.org/10.1016/j.chembiol.2023.12.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chembiol.2023.12.006&domain=pdf

- ¢ CellPress

asc-C6-MK; ascr#2 (1)
: o

asc-AC7; ascr#7 (n

=2, 8)
asc-AC9; ascr#3 (n=4, 9

Hs

j; L™

glc-asc-C6-MK; ascr#4 (2 asc-AC7-PABA; ascr#8 (12)

R :

co2 L0
asc-oC3; ascr#b (n=1, R=H, 3)

IC-asc-C5; icas#9 (n=0, 10)
asc-oC5; oscr#9 (n=3, R=H, 4) IC-asc-AC9; |cas#3 (n=4, A, 11)
asc-C5; ascr#9 (n=2, R=CH,, 5)
asc-C7; ascr#1 (n=4, R=CH,, 6)
asc-C9; ascr#10 (n=6, R=CH,, 7)

B MAOC-1

“‘{\)J\SCOA 'L('\/U\SCoA

ACOX p-oxidation DHS-28
_ o cycle
OWJ\SCOA
o n o pAF-22 54 0 O
HO %J\sc A SCoA
H © acetyl-CoA 0
cycle cycle
termination? | ~~CoA termination? 0A
(¢] O O
“L-l)J\OH “Hl)J\/U\OH
? [co,

(0]

-LgJ\CH;g

Figure 1. Structures of some ascarosides, the role of B-oxidation in
ascaroside biosynthesis, and candidate mechanisms for B-oxida-
tion termination

(A) The chemical structures of some abundant ascarosides in the C. elegans
exometabolome. These ascarosides include the MK-containing ascarosides,
asc-C6-MK (1) and glc-asc-C6-MK (2). The nomenclature used in this study for
the ascarosides is based on their modular structure: head group-asc-(w)(A)C#-
terminus group, where C# refers to the number of carbons in the side chain.'®
(B) Ascaroside pheromones are synthesized from long-chain ascarosides
which have their side chains shortened through B-oxidation. The mechanisms
used to terminate the B-oxidation process and generate side chains termi-
nating in either carboxylic acids or methyl ketones have not been identified. A
candidate mechanism for MK biosynthesis is shown.

hydrolysis of the fatty acyl-CoAs by a family of acyl-CoA thio-
esterase (ACOT) enzymes that have different substrate prefer-
ences.”’ ACOT-1 in C. elegans was implicated in the biosyn-
thesis of ascarosides with 8-13 carbon side chains, since a
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acot-1 mutant strain produces reduced amounts of these
ascarosides.?

The biosynthetic steps leading to the MK moiety in C. elegans
have not been studied. Methyl ketones are present in many natural
products, most notably volatile plant compounds, such as
2-tridecanone and 2-undecanone, that are produced as deterrents
against herbivorous insects.”>** The biosynthesis of these com-
pounds is best characterized in tomato, where the MK moiety is
derived from intermediates in fatty acid biosynthesis.?® Specif-
ically, B-keto acyl-acyl carrier protein (ACP) intermediates are
diverted from fatty acid biosynthesis, hydrolyzed by methylketone
synthase 2 (MKS2), followed by decarboxylation by MKS1.2527
C. elegans, however, does not contain homologs of either protein.
Conversely, in bacteria and fungi, bioengineering efforts have
manipulated fatty acid B-oxidation pathways to increase the pro-
duction of medium- and long-chain methyl ketones as potential
biofuels. The strategies used have included deletion of a
3-ketoacyl-CoA thiolase in the B-oxidation pathway, leading to
accumulation of B-keto acyl-CoA intermediates, as well as expres-
sion of the promiscuous thioesterase FadM to hydrolyze B-keto
acyl-CoA intermediates for subsequent nonenzymatic decarbox-
ylation to methyl ketones.?®*° Interestingly, C. elegans daf-22
mutant strains accumulate ascarosides with long side chains
that terminate in an MK moiety.®' However, wild-type C. elegans
has only been shown to produce in appreciable amounts MK-con-
taining ascarosides with 6-carbon side chains, suggesting that
some other mechanism beyond downregulation of daf-22 is
needed to produce the MK-containing ascaroside pheromones.
Given that B-oxidation is a central component of the ascaroside
biosynthetic pathway, we hypothesized that an ACOT enzyme
might play arole in the biosynthesis of MK-containing ascarosides,
analogous to that of FadM (Figure 1B).

In this study, we identified an acot gene in C. elegans that is spe-
cifically involved in the biosynthesis of ascarosides that terminate
in an MK moiety. Analysis of the ascarosides and ascarosyl-CoA
thioesters in acot-15 mutant and acot-15 overexpression strains
revealed that MK-containing ascarosides are produced during
B-oxidation of the ascaroside side chain. Levels of the MK-contain-
ing ascarosides could be partially restored through the treatment
of the acot-15 endometabolome with base. Thus, ACOT-15 likely
hydrolyzes a B-keto acyl-CoA intermediate during ascaroside
B-oxidation, leading to decarboxylation and MK formation. Unbi-
ased comparative metabolomics of wild-type and acot-15 mutant
strains enabled the discovery of other MK-containing ascarosides,
as well as a structurally unique piperidyl ascaroside. While the MK-
containing ascaroside asc-C6-MK (1) is a key dauer pheromone
and extends lifespan, the piperidyl ascaroside is much less da-
uer-inducing and reduces lifespan. Although the piperidyl ascaro-
side is synthesized inside the worm without the aid of bacterial
metabolism, the type of bacterial food provided to the worm
dramatically affects the production of the piperidyl ascaroside.
Our work provides a mechanism whereby food could potentially in-
fluence life history traits in the worm.

RESULTS
Ascaroside production in an acot-15 mutant

BLAST analysis of the C. elegans genome suggests that it en-
codes four ACOT enzymes from the type | thioesterase family
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Figure 2. Ascaroside production in the acot-15 mutant and overexpression strains

(A) The production of ascarosides by the acot-15(ttTi876) mutant relative to wild type.

(B) Model for the role of ACOT-15 in the biosynthesis of asc-C6-MK (1) and asc-C7 (6).

(C) The production of ascarosides in the acot-15(ttTi876) mutant upon rescue with acot-15p::acot-15. The ratio of the ascaroside in the mutant or rescue strain is
shown relative to wild type. Two lines were generated and gave similar results.

(D) The production of ascarosides in the acot-15p::acot-15 overexpression strain relative to wild type.

(E) The production of ascarosides in the acot-15p::acot-15::SL2::mcherry overexpression strain (generated by injecting the overexpression construct at 20 ng/uL
and at 50 ng/pL) relative to wild type. In (A), (C), (D), and (E), data represent the mean + standard deviation of three biological replicates. In (A) and (D), p values were

calculated using an unpaired t test, and in (C) and (E), p values were calculated using one-way ANOVA with Dunnett’s post hoc test (*p < 0.05, **p < 0.01,

**p < 0.001, **p < 0.0001).

(o/B hydrolase fold), including ACOT-1, C31H5.6, W03D8.8, and
TO5E7.1. We gave TO5E7.1 the name ACOT-15, given that it is
not directly orthologous to any of the human ACOT enzymes.
Sequence alignment indicates that the C. elegans Type | ACOT
enzymes have the catalytic triad (Asp-His-Ser), including the
Gly-X-Ser-X-Gly motif, that is present in all Type | ACOT en-
zymes and other o/f hydrolases (Data S1). All four enzymes
have variants of the peroxisomal targeting sequence (PTS-1)
on their C-terminus, suggesting that they are localized to the
peroxisome.®? Given that the peroxisome is an important site

for ascaroside biosynthesis, we hypothesized that they could
potentially be involved in ascaroside biosynthesis. For the four
Type | ACOT enzymes in C. elegans, a Mos1 transposon inser-
tion mutant strain was available for one of them, acot-
15(ttTi876). Thus, we backcrossed the mutant, grew it in liquid
culture, and analyzed ascaroside production by LC-MS. Surpris-
ingly, the acot-15(ttTi876) mutant produces virtually no asc-C6-
MK (1) or glc-asc-C6-MK (2), and also produces less asc-C7 (6)
(Figure 2A). From these data, we hypothesized that ACOT-15
may hydrolyze the CoA group from ascarosides with -keto-C7
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side chains and, to a lesser degree, C7 side chains (Figure 2B).
Once hydrolyzed, the B-keto-C7 side chains could potentially
undergo decarboxylation to produce asc-C6-MK (1). Addition-
ally, the acot-15 mutant accumulates asc-C5 (5), asc-AC7 (8),
asc-AC9 (9), and asc-C9 (7), which may reflect a redirection of
metabolic flux to those ascarosides whose biosynthesis is not
dependent on ACOT-15.

To confirm further that the defects in the acot-15(ttTi876)
mutant strain were due to loss of acot-15, we generated a rescue
strain by PCR-amplifying a segment of genomic DNA encom-
passing the acot-15 promoter, coding sequence, and 3'-UTR
and injecting the PCR product into the acot-15(ttTi876) mutant.
The production of asc-C6-MK (1) and glc-asc-C6-MK (2) was
completely rescued, and the production of asc-C7 (6) was
partially rescued (Figure 2C). Thus, acot-15 is required in pro-
duction of these ascarosides.

Ascaroside production in an acot-15 overexpression
strain

To provide further support for the role of acot-15 in ascaroside
biosynthesis, an acot-15 overexpression strain was generated
by injecting the acot-15 PCR product into wild-type worms. The
acot-15 overexpression strain produced asc-C7 (6) at higher levels
(Figure 2D). Thus, ACOT-15 may catalyze the hydrolysis of asc-C7-
CoA (13) to produce asc-C7 (6). However, overexpression of acot-
15 did not result in increased production of asc-C6-MK (1) or glc-
asc-C6-MK (2). One possible explanation for this result is that the
acot-15 overexpression strain may hydrolyze most of the asc-C7-
CoA (13) as soon as it is produced, such that there is less of it to be
processed further through B-oxidation to generate the p-keto-C7-
CoA intermediate (i.e., 14) that we postulate is necessary for the
biosynthesis of asc-C6-MK (1) or glc-asc-C6-MK (2) (Figure 2B).
Consistent with this hypothesis, additional ascarosides that lie
downstream of asc-C7-CoA (13) in the B-oxidation pathway,
such as asc-C5 (5), were produced at lower levels (Figure 2D).
Another possibility is that ACOT-15 may be necessary for asc-
C6-MK (1) and glc-asc-C6-MK (2) biosynthesis, but not sufficient
(that is, additional enzymes, such as a decarboxylase, are
required), and thus overexpression of ACOT-15 does not yield
more of these compounds. If this latter hypothesis were correct,
we might expect increased production of asc-bk-C7 (15) in the
acot-15 overexpression strain. However, we have been unable
to detect this compound in the acot-15 overexpression strain,
likely indicating that the compound rapidly decarboxylates. As
an additional means to overexpress acot-15, translational reporter
strains were generated by injecting the acot-15p::acot-
15::SL2::mcherry reporter at either 20 or 50 ng/uL (Figure 2E).
These data show a similar pattern to that seen in Figure 2D; that
is, increasing amounts of asc-C7 (6), but similar amounts of asc-
C6-MK (1) and glc-asc-C6-MK (2), were produced with increasing
amounts of injected reporter.

Unbiased comparative metabolomics of wild-type and
acot-15 endometabolomes

To determine how the acot-15 loss-of-function affects intermedi-
ates in the ascaroside p-oxidation pathway, we analyzed the en-
dometabolome (internal metabolites) of wild-type and acot-15
worms by LC-high resolution (HR)-MS/MS. To enable the anal-
ysis of the CoA-thioesters of various ascarosides, which are diffi-
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cult to detect, we treated the samples with hydroxylamine using
a protocol similar to that developed by Yu et al.?? Specific hy-
droxylamine derivatives were identified based on their high res-
olution mass, fragmentation pattern, relative retention time,
absence in samples that were not treated with hydroxylamine,
and the synthesis of select standards (Figures 3A and 3B, Data
S2). We found that the intermediates that we predicted to be hy-
drolyzed by ACOT-15, asc-C7-CoA (13) and asc-bk-C7-CoA
(14), are strongly downregulated in the acot-15 endometabo-
lome, whereas other ascarosyl-CoAs are largely not affected
(see Figures 2B, 3A, and 3B). This result, which runs counter to
our initial expectation, could indicate that metabolic flux in the
acot-15 mutant strain is directed away from electrophilic inter-
mediates that might otherwise accumulate. Surprisingly, we de-
tected a significant amount of asc-C6-MK-OX (25) in the acot-15
endometabolome treated with hydroxylamine, and we verified
the identity of this compound utilizing a standard (Figure 3C).
However, the presence of asc-C6-MK-OX (25) is not due to hy-
droxylamine-labeling of asc-C6-MK (1), since the latter com-
pound is not present in the control sample that was not treated
with hydroxylamine (Figures 3C and 3D). We hypothesize that
hydroxylamine treatment facilitates non-enzymatically the reac-
tion that is normally catalyzed enzymatically by ACOT-15 (that is,
hydrolysis of the CoA-thioester asc-bk-C7-CoA (14)). To test this
hypothesis, we showed that treatment of the acot-15 endometa-
bolome with basic conditions can rescue some production of
asc-C6-MK (1) (Figure 3E). Hydroxylamine-treated acot-15 sam-
ples did not contain any derivatives of asc-C6-MK-OX (25), such
as glucosylated derivatives (26) or phosphorylated derivatives
(27), which suggests that the biosynthesis of glucosylated and
phosphorylated derivatives of asc-C6-MK (1) (that is, the biosyn-
thesis of 2 and 28) in C. elegans occurs through direct glycosyl-
ation/phosphorylation of asc-C6-MK, rather than modification of
a biosynthetic precursor to asc-C6-MK (Figures 3F and 3G).

Unbiased comparative metabolomics of the wild-type
and acot-15 exometabolomes

To screen more broadly for secondary metabolites that are
dependent on acot-15, we grew synchronized wild-type and
acot-15 mutant worms to the adult stage, analyzed the exometa-
bolome (secreted metabolites) of these worms by LC-HR-MS/
MS in both negative and positive mode and performed unbiased,
comparative metabolomics using the commercial software
MetaboScape. This software was used for all data processing
steps, including retention time alignment, feature detection,
and statistical analysis. Features with multiple isotopes and/or
adducts were combined either automatically by the software or
manually. Differential features were identified by generating vol-
cano plots for the ESI*/~ data, in which the log fold-change for
each feature in wild-type versus acot-15 is plotted on the x axis
and the statistical significance is plotted on the y axis (Figure 4).
Initially, we focused on those metabolites that are present in
wild-type and completely absent from the acot-15 mutant strain,
as we hypothesized that these metabolites are more likely to be
directly biosynthesized by ACOT-15. These metabolites include
asc-C6-MK (1) and glc-asc-C6-MK (2), as well as a phosphory-
lated derivative of asc-C6-MK (28) (Figure 4, Data S3). 2'-phos-
phorylated derivatives of other ascarosides have been identified
previously in C. elegans, but their function is unknown.**
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Figure 3. Analysis of the hydroxylamine-treated endometabolome of wild-type versus acot-15 mutant worms
(A) Examples of different CoA-thioesters reacted with hydroxylamine (HA), including HA-modified saturated side chains (HA), HA-modified o, B-unsaturated side
chains (A-HA), HA-modified B-hydroxy side chains (bh-HA), and HA-modified B-keto side chains (bk-HA).
(B) The production of ascarosides and HA-modified ascarosides in the endometabolome of acot-15 mutant worms relative to wild-type worms, with relevant
structures shown below. HA-modified a,B-unsaturated side chains where the HA group has been reduced are referred to as “A-HAR” (e.g., 20, 21). Data
represent the mean + standard deviation of three biological replicates, and p values were calculated using an unpaired t test ("p < 0.05, **p < 0.01, **p < 0.001).
(C) Extracted ion chromatogram of asc-C6-MK-OX (25) in the HA-treated wild-type and acot-15 endometabolomes.
(D) Extracted ion chromatogram of asc-C6-MK (1) in the wild-type and acot-15 endometabolomes.

(E) Relative amounts of asc-C6-MK (1) in the wild-type and acot-15 endometabolomes prepared under neutral or basic conditions. Data represent the
mean + standard deviation of three biological replicates.
(F) Extracted ion chromatogram of glc-asc-C6-MK-OX (26) in the HA-treated wild-type and acot-15 endometabolomes.
(G) Extracted ion chromatogram of ph-asc-C6-MK-OX (27) in the HA-treated wild-type and acot-15 endometabolomes. For (B), (C), (F), and (G), see Data S2.
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Figure 4. Comparative metabolomics of the exometabolome of wild-type versus acot-15 mutant worms

Volcano plots of wild-type versus acot-15(ttTi876) exometabolome analyzed in positive (ESI+) (top) and negative mode (ESI—) (bottom). Fold change is indicated
on the x axis, with mass features that are less abundant in the acot-15 exometabolome toward the left and those that are more abundant toward the right.
Statistical significance (p value) is indicated on the y axis. Highlighted features in the volcano plot are numbered, and these numbers correspond to the numbers
indicated for the ascaroside structures. The chemical structures are proposed based on the fragmentation pattern by LC-HR-MS/MS. Some features could not
be further characterized due to low signal and/or absence of fragmentation by LC-HR-MS/MS. See Data S3. The chemical structure of 29 is elucidated in Figure 5.

Furthermore, we identified an additional ascaroside that was
completely absent in the acot-15 mutant strain (29 in Figure 4)
with a structure that could not be easily deduced from MS data
(see next section for structure elucidation).

Our earlier experiments suggested that the acot-15 loss-of-
function mutant reduces flux through the B-oxidation pathway
of ascarosides with 9-carbon side chains to those with shorter
side chains. The acot-15 exometabolome was depleted in asc-
C7 (6), as well as a derivative of asc-C7 with a phosphorylated
indole glucoside group (30), suggesting that flux to asc-C7-CoA
(13) is reduced and/or that ACOT-15 contributes to the hydro-
lysis of asc-C7-CoA (13) (Figure 4, Data S3). Conversely, the
acot-15 exometabolome showed the accumulation of ascaro-
sides with 9-carbon side chains. These include asc-C9 (7), as
well as asc-C9 derivatives modified with a phosphoryl group
(81), uric acid gluconucleoside group (32), the anthralic acid
glucosyl group (33), or another ascaroside (34) (Figure 4,
Data S83).

Structural characterization of a piperidyl ascaroside

We detected a structurally unique ascaroside in the wild-type exo-
metabolome (29 in Figure 4), which is completely absent in the
acot-15 exometabolome and has a molecular formula of
C17H31NOs. The MS? spectrum of the ascaroside suggested that
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it contains a piperidine group (CsH¢1N) and that this group is likely
attached to the side chain of the ascaroside (Figure 5A). Despite
our extensive efforts to optimize a high-performance liquid chro-
matography (HPLC) method to purify the compound, the com-
pound did not produce a sharp peak. Thus, we adopted a purifica-
tion strategy that did not rely on HPLC and that utilized C18,
followed by silica gel, then sephadex LH-20 chromatography.
Based on the isolated amount of the compound, it is present in
the mid-nanomolar range in the culture medium, which is roughly
similar to the concentration of asc-C6-MK (1). NMR characteriza-
tion indicated that the chemical shifts of this ascaroside are highly
similar to those of asc-C6-MK (1), except for those at the very end
of the side chain. NMR characterization also confirmed the pres-
ence of a piperidine group and its attachment to the terminus of
the side chain (Figure 5B; Table S1, Data S4). Thus, we named
this ascaroside modified with a piperidine (pip) group, asc-C6-
pip (29). The NMR data of the side-chain terminus of asc-C6-pip
(29) are very similar to the NMR data of the alkaloids pelletierine
(35) and anaferine (36).°* Like asc-C6-pip (29), these alkaloids
also display a strong piperidine fragment in their MS? spectra.®®
The complex splitting pattern of the protons at positions C-1,
C-3, and C-1"" suggests that we isolated a mixture of two epimers
at C-1" (Figure 5C; Table S1, Data S4). Indeed, the stereocenter in
pelletierine has been reported to undergo racemization through a
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Figure 5. Structural characterization of an ascaroside with a piperidine ring

(A) MS/MS fragmentation pattern of asc-C6-pip (29) analyzed in positive mode (ESI+).

(B) Key NMR correlations from COSY and HMBC spectra of asc-C6-pip (29). See Data S4 and Table S1.

(C) The structure of asc-C6-pip (29), with the structures of the alkaloids pelletierine (35) and anaferine (36) for comparison.
(

(

D) Dauer formation assay in response to asc-C6-MK (1) and asc-C6-pip (29).

E) Lifespan assay in response to asc-C6-pip (29) in both wild-type and acot-15(ttTi876) worms.
(F and G) Chemotaxis assay with different ascarosides in hermaphrodites (F) and males (G). In (D), (F), and (G), data represent the mean + standard deviation of
three biological replicates. In (F) and (G), p values were calculated using one-way ANOVA with Dunnett’s post hoc test, and in (E), p values were calculated using a

log rank test (*p < 0.05, *p < 0.01, **p < 0.001, **p < 0.0001).

retro aza-Michael reaction.®® Thus, it is possible that asc-C6-pip
(29) is either biosynthesized as a diasteromeric mixture or that it
is biosynthesized as an enantiomerically pure compound that un-
dergoes racemization at C-1" during purification.

Interestingly, unlike asc-C6-MK (1), asc-C6-pip (29), does not
have strong dauer-inducing activity (Figure 5D). Thus, regula-
tion of the biosynthesis of the piperidine group might serve
as a means to control dauer activity in the worm. In contrast
to asc-C6-MK (1), which was previously reported to extend life-
span in wild-type worms, asc-C6-pip (29) shortens lifespan in
both wild-type worms and acot-15 mutant worms (Figure 5E).%”
The acot-15 mutant worms themselves, which do not produce
either asc-C6-MK (1) or asc-C6-pip (29), live slightly longer
than wild-type worms (Figure 5E). In chemotaxis assays, asc-
C6-pip (29) is slightly repellent to hermaphrodites, but only at

lower concentrations, and is attractive to males (Figures 5F
and 5G).

Biosynthetic model for the piperidyl ascaroside

We have proposed a biosynthetic pathway for asc-C6-pip (29)
that is based on the biosynthetic pathway of pelletierine (35) (Fig-
ure 6). Pelletierine is a well-known alkaloid from Punica granatum
(pomegranate) and is also a key building block for the Lycopo-
dium alkaloids, a large family of psychoactive alkaloids pro-
duced by club mosses.*®*° The biosynthesis of pelletierine
begins with the production by a polyketide synthase of 3-oxoglu-
taryl-CoA.*° Although the mechanism is not well understood, the
polyketide synthase is thought to catalyze a decarboxylative
condensation between the 3-oxoglutaryl group bound to the
enzyme and 1-piperideine (Figure 6A). Hydrolysis of the thioester
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Figure 6. Biosynthesis of pelletierine and asc-C6-pip
(A) Biosynthetic pathway to pelletierine (35).
(B) Proposed biosynthetic pathway to asc-C6-pip (29).

(C) Biosynthetic pathway to 1-piperideine in club mosses (top) and bacteria (bottom).

(D) Relative ascaroside production in mixed stage wild-type worms fed bacteria supplemented with different amino acids.

(E) Unlabeled and labeled asc-C6-pip (29) production in wild-type worms fed bacterial powder supplemented with unlabeled and labeled lysine.

(F) Extracted ion chromatograms for unlabeled and labeled asc-C6-pip (29) produced by arrested L1 worms treated with unlabeled and labeled lysine in the

absence of bacterial food.

(G) Production of asc-C6-pip (29) and other ascarosides in wild-type worms fed either OP50, HB101, or various bacterial strains isolated from the C. elegans
microbiome. Data represent the mean + standard deviation of two biological replicates (E and G) or three biological replicates (D). In (D) and (G), p values were
calculated using one-way ANOVA with Dunnett’s post hoc test (*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001). In (G), p values are only shown for asc-C6-pip

(29) for the different bacterial strains relative to the control bacteria (OP50).

to generate 4-(2-piperidyl)acetoacetic acid (4PAA), followed by
decarboxylation, then generates pelletierine (35). In a similar
fashion, our model proposes that a B-keto ascaroside, asc-bk-
C7 (15), generated by ACOT-15 undergoes a decarboxylative
condensation with 1-piperideine to generate asc-C6-pip (29),
through either an enzymatic or nonenzymatic process
(Figure 6B).

The biosynthesis of 1-piperideine has not been studied in the
worm, but has been studied in plants and bacteria. In club
mosses, lysine decarboxylase (LDC) converts lysine to cadav-
erine, which is converted by copper amine oxidase (CAQO) to
5-aminopentanal that spontaneously cyclizes to form
1-piperideine (Figure 6C). In E. coli, the lysine decarboxylases
LdcC and CadA convert lysine to cadaverine, and the putrescine
transaminase PatA serves as a cadaverine transaminase (Fig-
ure 6C).*>*! The 1-piperideine in the asc-C6-pip (29) biosynthetic
pathway is likely derived from lysine, since feeding C. elegans
cultures with lysine, but not other amino acids, led to increased
production of asc-C6-pip (29) (Figure 6D). To determine whether
C. elegans biosynthesizes 1-piperideine itself or obtains
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1-piperideine fromits E. coli diet, we fed C. elegans E. coli powder,
which had been processed through sonication and lyophilization,
plus either unlabeled or labeled lysine. C. elegans was able to
incorporate the labeling into asc-C6-pip (29), indicating that asc-
C6-pip biosynthesis utilizes lysine, occurs within the worm, and
does not require bacterial metabolism (Figure 6E). Growth of
C. elegans on E. coli mutants defective in 1-piperideine biosyn-
thesis did not affect production asc-C6-pip (29), confirming that
asc-C6-pip biosynthesis does not utilize 1-piperideine made by
bacteria (Figure S1A). In further support of the hypothesis that
C. elegans synthesizes 1-piperideine de novo for biosynthesis of
asc-C6-pip (29), we were able to observe this ascaroside in the
exometabolome of arrested first stage (L1) larvae (Figure S1B).
These arrested L1 larvae were obtained by hatching washed
C. elegans eggs in the absence of bacterial food, and thus, any
metabolites observed in the L1 exometabolome are likely made
by the worm. When labeled lysine was added to arrested L1 larvae
in the absence of bacterial food, the worms were able to bio-
synthesize labeled asc-C6-pip (29) (Figure 6F), further confirming
that the metabolite is made within the worm, without help from
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bacteria. Attempts to identify the genes in C. elegans that are
required for 1-piperideine production, however, were unsuccess-
ful (Figure S1C).

Despite the fact that asc-C6-pip (29) is made within the worm
without help from bacteria, the bacterial food provided to the
worm influences the amount of the pheromone produced by the
worm. To characterize this phenomenon, we fed wild-type worms
a panel of different bacterial foods, including the standard labora-
tory strains OP50 and HB101, as well as several bacterial strains
previously isolated from the C. elegans microbiome.*? Arrested L1
larvae, which were generated from wild-type hermaphrodites
grown on OP50, were cultured with the different bacterial strains
until the worms reached the adult stage, and ascaroside produc-
tion was then analyzed (Figure 6G). Interestingly, the amount of
asc-C6-pip (29) that the worms produced varied dramatically de-
pending on which bacterial strain the worms were fed. This result
suggests that bacterial food may indirectly affect the biosynthetic
pathway in C. elegans that produces asc-C6-pip (29).

DISCUSSION

Here, we have identified an acyl-CoA thioesterase, ACOT-15, that
is required for the biosynthesis of a key component of the
C. elegans dauer pheromone, asc-C6-MK (1), as well as several
other MK-containing ascarosides and a piperidyl-modified as-
caroside, asc-C6-pip (29). This discovery represents the first
example of a naturally occurring biosynthetic pathway to methyl
ketones that involves B-oxidation. Plants synthesize MK natural
products utilizing a pathway that is based on fatty acid biosyn-
thesis, not B-oxidation; specifically, in tomato, MKS2 hydrolyzes
a PB-keto fatty acyl-ACP, followed by decarboxylation by
MKS1.%%2” Previous use of B-oxidation pathways to produce
MK-containing pathways were engineered, not naturally occurring
pathways.?¢°

Multiple lines of evidence suggest that MK-containing ascaro-
sides in C. elegans are produced by termination of B-oxidation
through hydrolysis of a B-keto ascarosyl-CoA (specifically asc-
bk-C7-CoA, 14) by ACOT-15. In our earlier work, we showed
that asc-C6-MK (1) biosynthesis likely occurs during the round
of B-oxidation that shortens a 7-carbon ascarosyl-CoA (asc-
C7-CoA, 13) to a 5-carbon ascarosyl-CoA (asc-C5-CoA, 16).
This round of B-oxidation specifically utilizes the acyl-CoA oxi-
dases ACOX-1.1 and ACOX-1.3 (see Figure 2B) to install o,f—
unsaturation.'®'® Relative to wild type, acox-1.7 and acox-1.3
mutant worms show increased production of asc-C7 (6) relative
to asc-AC7 (8), as well as reduced production other downstream
ascarosides, including asc-C6-MK (1). Furthermore, conditions
that downregulated the expression of acox-1.3, specifically
addition of bacterial food, resulted in reduced production of
downstream ascarosides, including asc-C6-MK (1).®

Our comparative metabolomics data indicate that acot-15 is
required for the biosynthesis of asc-C6-MK (1) and contributes
to the production of asc-C7 (6). Specifically, deletion of acot-
15 eliminates production of asc-C6-MK (1), glc-asc-C6-MK (2),
additional MK-containing ascarosides, and asc-C6-pip (29),
and reduces production of asc-C7 (6). On the other hand, over-
expression only leads to increased production of asc-C7 (6), not
asc-C6-MK (1). This result is likely due to any asc-C7-CoA (13)
produced being hydrolyzed to asc-C7 and thus diverted away
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from further B-oxidation and subsequent production of asc-C6-
MK (1) and other downstream ascarosides. As established
through hydroxylamine treatment of the endometabolome of
the acot-15 mutant, there is reduced production of the precur-
sors to asc-C6-MK (1) and asc-C7 (6) (that is, asc-bk-C7-CoA,
14, and asc-C7-CoA, 13, respectively), possibly through some
feedback mechanism. This shift in flux through the B-oxidation
pathway contributes to the additional changes in ascaroside
production seen in the mutant. Indeed, the acot-75 exometabo-
lome shows moderate decreases in various asc-C7 (6) deriva-
tives and moderate increases in various asc-C9 (7) derivatives.
ACOT-15 likely functions by hydrolyzing the thioester of asc-
bk-C7-CoA (14), as well as possibly by hydrolyzing the thioester
of asc-C7-CoA (13). Despite extensive efforts, we have been un-
able to express ACOT-15 in E. coli to enable purification and
enzymatic assay. Thus, we are so far unable to directly confirm
the activity of ACOT-15. However, the rescue of the production
of asc-C6-MK (1) in the acot-15 endometabolome through treat-
ment with base supports our model for ACOT-15 in the hydroly-
sis of asc-bk-C7-CoA (14).

Regulation of ACOT-15 expression likely plays an important
role in controlling the production of dauer pheromone in
C. elegans. Expression profiling experiments have shown that
acot-15 is highly expressed in well-fed larval stage worms, espe-
cially the L2 and L3 stages, and downregulated in predauers and
dauers, possibly indicating that the worm reduces dauer phero-
mone production once it has committed to dauer.*® Consistent
with these data, acot-15 has been shown to be strongly downre-
gulated in TGF-B mutants as they enter dauer, relative to wild-
type worms that were not undergoing the dauer transition.**
Also consistent with these data, acot-75 has been shown to be
downregulated in daf-9 mutants after commitment to dauer.*®
Our previous data show that the production of asc-C6-MK (1)
correlates with the expression levels of acot-15. This pheromone
is produced in similar amounts in early larval stage worms
regardless of whether they are grown under dauer-inducing or
non-dauer-inducing conditions.’® However, once the dauer-
inducing conditions lead to the formation of pre-dauers, produc-
tion of asc-C6-MK (1), as well as many other ascarosides, is sup-
pressed in dauer-inducing conditions while it continues to rise in
non-dauer-inducing conditions.'® However, acot-15 is upregu-
lated in daf-7 mutant adults, suggesting that regulation of acot-
15 may be different in adults.*® Interestingly, exposure of her-
maphrodites to males has been shown to upregulate acot-15
in the hermaphrodites, but the functional consequences of this
upregulation are unclear.*’

Intriguingly, we have discovered an ascaroside derivative con-
taining a piperidine ring (asc-C6-pip, 29) that is biosynthesized
via an ACOT-15-dependent mechanism. In plants, biosynthesis
of pelletierine requires a polyketide synthase that is proposed to
react an enzyme-bound 3-oxoglutaryl moiety with 1-piperideine
to produce 4PAA, which then undergoes decarboxylation (Fig-
ure 6A).%° In the biosynthesis of asc-C6-pip (29), we propose a
model in which ACOT-15 utilizes its active-site serine to hydro-
lyze the thioester of asc-bk-C7-CoA (14) to generate a B-keto
acid. This B-keto acid then reacts with 1-piperideine through
either an enzymatic or nonenzymatic process, although we favor
the former since the nonenzymatic reaction of acetoacetic acid
with 1-piperideine proceeds slowly at neutral pH.*° Alternatively,
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it is conceivable that asc-bk-C7-CoA (14) reacts with
1-piperideine, and then ACOT-15 catalyzes the hydrolysis of
the CoA-thioester, enabling decarboxylation and generating
asc-C6-pip (29). Interestingly, we did not detect any asc-C6-
pip (29) in the endometabolome. This result may suggest that
asc-C6-pip (29) is produced in small amounts, that it is rapidly
exported outside the worm, or that its biosynthesis is completed
outside the worm.

While asc-C6-MK (1) is a key component of the dauer phero-
mone, asc-C6-pip (29) does not promote dauer formation.
Thus, the piperidyl derivative may be produced under conditions
where it would be less beneficial to enter dauer. The two phero-
mones also contrast in terms of their effects on lifespan with asc-
C6-MK (1) extending lifespan and asc-C6-pip (29) reducing it.*’
Interestingly, we have established that asc-C6-pip (29) is bio-
synthesized by the worm without the help of bacterial meta-
bolism and that the worm uses lysine to build the piperidine
ring of asc-C6-pip (29). Despite the ability of the worm to make
asc-C6-pip (29) on its own, the type of bacterial food that the
worm consumes appears to impact the production of this pher-
omone by the worm. While the mechanism is unclear, bacterial
food may affect the availability of lysine for biosynthesis of
asc-C6-pip (29) or may affect indirectly the enzymatic machinery
inside the worm that constructs the pheromone. Thus, we may
have uncovered a potential mechanism whereby food impacts
chemical signaling in the worm.

Limitations of the study

Since we have been unable to heterologously express and purify
ACOT-15 for enzymatic assays, we have not been able to
directly study its role in the biosynthesis of asc-C6-MK (1) and
asc-C6-pip (29). Additionally, we hypothesize that asc-C6-pip
(29) may be biosynthesized through the reaction of a B-keto
acid generated by ACOT-15 with piperideine, but we have yet
to confirm this mechanism beyond showing that asc-C6-pip
biosynthesis utilizes lysine. Future studies will need to further
explore the biological role of asc-C6-pip (29), as well as how
the bacterial food source influences the biosynthesis of this as-
caroside inside the worm.

SIGNIFICANCE

Nematodes communicate with a family of pheromones
known as the ascarosides that help the worm to coordinate
diverse aspects of its development and behavior. During
pheromone biosynthesis, the side chains of the ascarosides
are shortened through B-oxidation, but the mechanism by
which this process is terminated is poorly understood. MK-
containing ascarosides represent essential components of
several pheromones in C. elegans. Here, we identify an
acyl-CoA thioesterase, ACOT-15, that is required for the
biosynthesis of MK-containing ascarosides, including the
important dauer pheromone asc-C6-MK (1). We propose a
model in which ACOT-15 hydrolyzes the B-keto acyl-CoA
side chain of an ascaroside intermediate during -oxidation,
leading to decarboxylation and formation of the MK moiety.
The biosynthesis of MK-containing metabolites has only
been characterized in one other system, plants, where inter-
mediates in fatty acid biosynthesis, specifically 3-keto fatty

1020 Cell Chemical Biology 37, 1011-1022, May 16, 2024

Cell Chemical Biology

acyl groups linked to acyl carrier proteins, are diverted to
make the MK metabolites. Thus, ACOT-15 represents the
firstenzyme that generates an MKiin the context of a B-oxida-
tion pathway. Using unbiased comparative metabolomics of
wild type versus the acot-15 mutant, we identify additional
ACOT-15-dependent pheromones, including a piperidyl-
modified ascaroside, asc-C6-pip (29), which is reminiscent
of pelletierine, a key building block to the Lycopodium alka-
loids. The B-keto acid generated by ACOT-15 likely couples
to 1-piperideine to produce the piperidyl ascaroside. Unlike
asc-C6-MK (1), which promotes dauer and extends lifespan,
asc-C6-pip (29) is not significantly dauer-inducing and
shortens lifespan. We demonstrate that worms bio-
synthesize the piperidine ring in asc-C6-pip (29) from lysine,
without the help of bacterial metabolism. Surprisingly, how-
ever, the type of bacterial food provided to the worm dramat-
ically affects the production in the worm of asc-C6-pip (29)
and may thereby affect chemical signaling in the worm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli: OP50 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00041969

E. coli: HB101 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00041075

E. coli: BW25113 National BioResource Project N/A

E. coli: JW0181 AldcC::kan National BioResource Project N/A

E. coli: JW4092 AcadA::kan National BioResource Project N/A

E. coli: JW5510 ApatA::kan National BioResource Project N/A

Sphingobacterium sp.: BIGb0170 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00047213

Chryseobacterium sp.: Jub44 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00047335

Acinetobacter guillouiae: MYb10 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00047356

Pseudomonas lurida: MYb11 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00047357

Pantoea sp.: BIGb0393 Caenorhabditis Genetics Center (CGC) RRID: WB-STRAIN:
WBStrain00047215

Chemicals, peptides, and recombinant proteins

lysine-d,-HCI C/D/N Isotopes Cat# D-2554

Deposited data

Metabolomics data

This paper

MassIVE: MSV000092618 MassIVE:
MSV000092620

Experimental models: Organisms/strains

C. elegans: N2, Bristol

C. elegans: RAB90 acot-15(ttTi876)

C. elegans: RAB115 acot-15(ttTi876);
rebEx29(acot-15p::acot-15, 50ng/ulL;
coel::dsRed)

C. elegans: RAB119 rebEx29(acot-15p::acot-15,
50ng/uL; coel::dsRed)

C. elegans: RAB117 rebEx31(acot-15p::acot-
15::s12::mcherry, 20ng/ulL; rol-6(su1006))

C. elegans: RAB118 rebEx32(acot-15p::acot-
15::s12::mcherry, 50ng/ulL; rol-6(su1006))

C. elegans: VC40475, million mutation strain,

Caenorhabditis Genetics Center (CGC)
NemaGENETAG Consortium, then
backcrossed 6 times in this paper
This paper

This paper

This paper

This paper

Caenorhabditis Genetics Center (CGC)

RRID: WB-STRAIN:
WBStrain00000001
N/A

N/A

N/A

N/A

N/A

RRID: WB-STRAIN:

contains many mutations including odc-1(gk655931) WBStrain00039456
C. elegans: F53F10.2(tm5730) National BioResource Project N/A

C. elegans: oatr-1(tm4545) National BioResource Project N/A
Oligonucleotides

Primer for amplifying acot-15 from genomic This paper N/A

DNA: acot-15_PCR_for: TGGGTTAGTACAA

TATAATCTATATAACAGG

Primer for amplifying acot-15 from genomic This paper N/A

DNA: acot-15_PCR_rev: TCATCTCTTCTTG
ATCTTCGCGATT

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer for amplifying acot-15 from genomic This paper N/A

DNA and inserting into pBS77-SL2-mCherry2:

acot-15_reporter_for: CGCGGATCCGGGTTA

GTACAATATAATCTAT

Primer for amplifying acot-15 from genomic This paper N/A

DNA and inserting into pBS77-SL2-mCherry2:
acot-15_reporter_rev: CATGGCTAGCCCGCC

GCTCCATTTTCTTTGTTC

Recombinant DNA

coel::RFP Miyabayashi et al.*® Addgene plasmid #8938

pRF4::rol-6(su1006) Mello et al.*® RRID: WB-ID:
WBCnstr00004720

pBS77-SL2-mCherry2 1liff et al.>® N/A

pBS77-acot-15p::acot15-SL2-mCherry2 This paper N/A

Software and algorithms

Metaboscape, version 5.0 Bruker N/A

GraphPad Prism, version 9.0 GraphPad Software N/A

Other

Sephadex LH-20 Sigma Cat# LH20100
Sep-Pak tC18 3 cc Vac Cartridge, 200 mg Waters Cat# 186004618
Sorbent per Cartridge, 37-55 um

Luna 5 um C18 2 100 A (100 x 4.6 mm) column Phenomenex Cat# 00D-4252E0
Hypersil GOLD aQ Polar Endcapped C18 3 um ThermoFisher Cat# 25303-152130

175A (2.1 x 150 mm) column

RESOURCE AVAILABILITY

Lead contact
Further information and requests for materials are directed to the lead contact, Rebecca A. Butcher (butcher@chem.ufl.edu).

Materials availability

There are restrictions to the availability of asc-C6-pip (29) due to the low quantity of the material remaining after completion of this
work. However, a detailed procedure for isolating asc-C6-pip (29) is included in the “purification and structure elucidation of asc-C6-
pip (29)” section in the STAR Methods. All other unique materials newly generated in this study are available upon request from the
lead contact.

Data and code availability
® The mass spectrometry datasets generated during this study have been deposited at MassIVE mass spectrometry data repos-
itory and are publicly available. The accession numbers are listed in the key resources table.
@ This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans strains

Strains used in this study include wild type (N2, Bristol), RAB90 acot-15(ttTi876), RAB115 acot-15(ttTi876); rebEx29(acot-15p::acot-15,
50ng/uL; coel::dsRed), RAB119 rebEx29(acot-15p::acot-15, 50ng/uL; coel::dsRed); RAB117 rebEx31(acot-15p::acot-15::SL2::mcherry,
20ng/uL; rol-6(su1006)), and RAB118 rebEx32(acot-15p::acot-15::SL2::mcherry, 50ng/uL; rol-6(su1006)). The RAB90 strain was back-
crossed six times, and the VC40475 odc-1(gk655931), F53F10.2(tm5730), and oatr-1(tm4545) strains were used without backcrossing.

Bacterial strains

The BW25113 (wild-type), JW0181 (IdcC), JW4092 (cadA), and JW5510 (patA) bacterial strains were obtained from the National
BioResource Project of Japan. The BIGb0170, Jub44, MYb10, MYb11, and BIGb0393 bacterial strains were obtained from the Cae-
norhabditis Genetics Center.
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METHOD DETAILS

acot-15 rescue strain

To generate the acot-15 rescue strain RAB115, 5.3 kb of genomic DNA, including the acot-15 gene and 2 kb upstream and 323 bp
downstream, was amplified by PCR using primers acot-15_PCR_for and acot-15_PCR_rev. The PCR product (at 50 ng/uL), along
with coel::dsRed marker DNA (at 50 ng/ulL), was injected into the RAB90 acot-15(ttTi876) strain to generate RAB115 acot-
15(ttTi876); rebEx29(acot-15p::acot-15; coel::dsRed). Two independent lines of the rescue strain were generated.

acot-15 overexpression strains

To generate the acot-15 overexpression strain RAB119, 5.3 kb of genomic DNA, including the acot-15 gene and 2 kb upstream and
323 bp downstream, was amplified by PCR using primers acot-15_PCR_for and acot-15_PCR_rev. The PCR product (at 50 ng/uL),
along with coel::dsRed marker DNA (at 50 ng/uL), was injected into wild-type worms to generate RAB119 rebEx29(acot-15p::acot-
15, 50ng/uL; coel::dsRed). To generate the RAB117 and RAB118 strains, the genomic region containing promoter, gene sequence
and 3’-UTR for acot-15 (5.1 kb) was amplified from C. elegans genomic DNA using primers acot-15_reporter_for and acot-15_repor-
ter_rev and inserted into pBS77-SL2-mCherry plasmid® at the BamH|/Nhel sites. The resulting translational reporter plasmid was
injected into wild-type worms at different concentrations (20 or 50 ng/uL). The pRF4::rol-6(su1006) plasmid*® (20 ng/uL) was used
as an co-injection marker and an empty plasmid (pUC18) was used to adjust the total DNA concentration of the injection mix to
100 ng/pL.

Unsynchronized worm cultures

For Figure 2A, large-scale (150 mL) nonsynchronized worm cultures were fed E. coli (OP50) and grown for 9 d, and extracts were gener-
ated from the culture medium, as described.'® For small scale (5 mL) nonsynchronized worm cultures in Figures 2C—-2E, worms were
grown on a NGM agar plate (6 cm) at 20°C until the bacterial food on the plate was almost gone. Then, the plate was washed with 5 mL
of S medium and transferred to 50 mL culture tube (day 1). The worms were grown at 22.5°C for 6 d and were fed with 500 pL of 25X
OP50every2d(days 1, 3,and 5)in Figures 2C and 2D or every day in Figure 2E. For sample collection in these experiments, the culture
was incubated in anice-bath for 30 min to 1 h to settle the worms, and the supernatant was centrifuged (2,675 g for 10 min). 1 mL of this
supernatant was lyophilized and resuspended in 100 pL of 50% (v/v) methanol in water, and the ascarosides were analyzed by LC-MS.

LC-MS analysis

LC-MS analysis of ascarosides was performed on a Phenomenex Luna 5 um C4g (2) 100 A (100 x 4.6 mm) column attached to an
Agilent 1260 infinity binary pump and Agilent 6130 single quad mass spectrometer with API-ES source, operating in dual nega-
tive/positive single-ion monitoring mode. A water (with 0.1% formic acid) and acetonitrile (with 0.1% formic acid) solvent gradient
was used, holding at 5% acetonitrile for 5 min, ramping to 60% acetonitrile over 20 min, ramping to 100% acetonitrile, and then hold-
ing at 100% acetonitrile for 4 min. In general, all ascarosides were detected by LC-MS using the [M-H] ™ ion, except for asc-C6-MK (1)
and glc-asc-C6-MK (2), which were detected using their [M+Na]* ion.

Extraction of the endometabolome and hydroxylamine labeling

Hydroxylamine labelling experiments were performed similar to the method of Yu et al.?? with the following changes. 200,000 syn-
chronized starved L1 worms were inoculated into 25 mL S medium in a 250 mL Erlenmeyer flask supplemented with 2% (w/v) 25X
HB101. The worms were grown in a shaker at 22.5°C at 220 rpm, and 5 mL of 25X HB101 (100 mg/mL) was added every 24 h. After 60
h, the cultures were each transferred to 50 mL tubes and centrifuged. Each worm pellet was washed once with 40 mL of autoclaved
water and then washed twice with 40 mL of 0.1 X PBS solution (pH 7). After discarding the supernatant, the recovered 5 mL of wet
volume of worm pellet from each tube was divided equally between two 15 mL tubes, for control and hydroxylamine treatment. 10 mL
of 0.1 X PBS (pH 7) was added to the control set, and 10 mL of 100 mM NH,OH in 0.1X PBS (pH 7) was added to the treatment set.
Immediately upon the addition (within 10 s) the solution was mixed with the worm pellet by inverting two times followed by worm lysis.
A microfluidizer was used to lyse the worms at 18,000 psi for 5 cycles. Following worm lysis, the samples were frozen at -80°C over-
night and then lyophilized to dryness. The dried samples were extracted with 15 mL of methanol, evaporated using a rotary evapo-
rator, and resuspended in 500 pL of methanol for analysis by LC-HR-MS/MS.

Synthesis of ascarosides

(R)-5-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydo-2H-pyran-2-yl)oxy)octan-2-one, asc-C6-MK (1), and (R,E)-8-(((2R,3R,5R,6S)-
3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)non-2-enoic acid, asc-AC9 (9), were synthesized exactly as described by Hollister
etal,, utilizing dibenzoyl ascarylose synthesized using the method of Jeong et al.’">" "H NMR for asc-C6-MK (1) (400 MHz, MeOD) 5 4.63
(s,1H),3.79(ddd, J=8.0,6.3,4.7 Hz, 1H), 3.70 (td, J = 3.1, 1.5 Hz, 1H), 3.59-3.47 (m, 2H), 2.62 (t, = 7.4 Hz, 2H), 2.15 (s, 3H), 1.95 (dt, J=
13.1,3.3Hz, 1H), 1.81-1.66 (m, 3H), 1.21 (d, J = 5.6 Hz, 3H), 1.13(d, J= 6.1 Hz, 3H). '"HNMR for asc-AC9 (9) (400 MHz, MeOD) 56.93 (dt, J =
14.1,6.9Hz, 1H),5.80(d, J=15.7 Hz, 1H), 4.63 (s, 1H), 3.78 (m, 1H), 3.70 (s, 1H), 3.61 (dg, J=9.4, 6.3 Hz, 1H), 3.50 (ddd, J=11.2,9.4, 4.5,
Hz,1H),2.23(q, J = 6.6 Hz, 2H), 1.94 (dt, J = 12.9, 4.0 Hz, 1H), 1.75 (m, 1H), 1.60-1.38 (m, 6H), 1.20 (d, J = 6.3 Hz, 3H), 1.11 (d, J=6.1 Hz,
3H). These "H-NMR data matched those of the previously synthesized compounds.
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Synthesis of standards for hydroxylamine-labeled compounds

10 pL of asc-C6-MK (1, 10 pg dissolved in ethanol) or asc-AC9 (9, 10 ng dissolved in ethanol) was added to 1 mL of 0.1 M NH,OH-HCI
in 0.1X PBS (pH = 7). The reactions were shaken at 200 rpm at 22 °C for 48 h. The mixtures were evaporated and lyophilized, and then
extracted with 1 mL of methanol. The extracts were clarified via centrifugation and analyzed by LC-HR-MS/MS. The retention times of
asc-C6-MK-0OX (25) and asc-AC9-HAR (21) matched those of the corresponding peaks in the NH,OH-HCI-treated natural samples.
asc-C6-MK-OX (25), HR-ESIMS (m/z): [M+H]* calcd. for C12H24NOs 262.1649; found 262.1655; asc-AC9-HAR (21) (m/z): [M+H]*
calcd. for C45H30NOg 320.2068; found 320.2050.

Synchronized worm cultures for comparative metabolomics of the exometabolome

For making synchronized adult cultures, 40 L4 worms were placed onto a 10 cm NGM agar plate seeded with 25X HB101 bacteria. After
96-100 h at 22.5 °C, the worms were washed from the plate using 0.1 M NaCl and transferred to a 50 mL tube. The worms were washed
three times with 0.1 M NaCl, bleached using 2.5 mL H,0, 2.5 mL 10 M NaOH, and 2.5 mL sodium hypochlorite (Sigma 425044). The eggs
were allowed to hatch in 5 mL M9 buffer for 24 h. The next day, about 6000 L1 worms/plate were placed onto three 10 cm NGM agar
plates, each seeded with 25X HB101. After about 2.5 d at 22.5 °C, the worms from all the plates were combined by washing, and the
eggs were obtained by bleaching. After 24 h, the liquid culture was started by inoculating about 200,000 synchronized starved L1 worms
into 25 mL of S medium in a 250 mL Erlenmeyer flask supplemented with 2% (w/v) 25X HB101. The worms were grown in a shaker at 22.5
°Cat220rpm, and food was added every 24 h. After 60 h, 20 mL of growth medium was collected, freeze-dried, and stored at -20 °C until
further use. To extract, 20 mL of methanol was added to the dried medium and extracted overnight in a rotating shaker at 150 rpm. The
extracts were filtered through a small plug of cotton in a pasteur pipette and dried in arotary evaporator. Dried concentrated extracts were
resuspended in 120 pL of 50% methanol in water for LC-HR-MS/MS. All the experiments were performed in biological triplicate.

LC-HR-MS/MS analysis

All LC-HR-MS/MS was performed on a Bruker Impact || QTOF mass spectrometer coupled with an UltiMate 3000 RSLC nano System
using a previously described method with the following chromatographic changes.®” Samples were separated on a Hypersil GOLD
aQ Polar Endcapped C18 3 um 175A (2.1 x 150 mm) column using 10 MM ammonium formate with 0.1% formic acid as mobile phase
A and acetonitrile with 0.1% formic acid as mobile phase B. The LC-MS gradient was started with 5% B for 5 min and then linearly
increased up to 99% at 25 min and then held constant for 7 min. All the samples were analyzed in positive and negative ESI mode. For
MS/MS analysis, we acquired all the data in data dependent acquisition mode where the mass spectrometer selected the top 3 most
intense precursor ions at the first stage for further fragmentation. An active exclusion window of 3 precursor ions for 1 min was
selected which prevented repeated fragmentation of the same precursor ions and allowed less abundant ions to fragment. A min-
imum intensity target of 10,000 counts was selected for MS/MS data acquisition. The mass spectrometry parameters were set as
following: end plate offset 500 V, capillary voltage 2.5 kV, collision RF 2500 Vpp, transfer time 50.0 ps, prepulse storage 5 ps, collision
energy 25.0 eV. A mass range of m/z 50-1300 was used.

Processing of comparative metabolomics data
For all data processing steps and feature detection, Metaboscape (version 5.0) software platform (Bruker) was used. To extract dif-
ferential features from the datasets, the raw data files of biological triplicate samples from control and mutant groups were uploaded
onto Metaboscape, and peaks were selected with a signal intensity greater than 1 x 10% counts and with a mass range of m/z 150-
1500. A t-test was performed to generate a volcano plot with differential features. If not combined automatically, significant features
with multiple adduct ions were manually combined.

Purification and structure elucidation of asc-C6-pip (29)

Atotal of 18 L of mixed-stage wild-type worm culture was grown. 600,000 to 800,000 worms were added per liter of S mediumin2.8 L
baffled flasks and shaken for 10 d at 215 rpm at 22 °C. 20 mL of 25X HB101 bacteria in S medium was added every day to each 1 L of
worm culture. After 10 d, the culture was centrifuged at 2,675 g for 10 min, and the medium was collected and stored frozen at -20 °C.
The frozen medium was lyophilized and then extracted with 190-proof ethanol using a volume equal to the original medium (shaking
at 200 rpm for 12 h). The ethanol was evaporated using a rotary evaporator, and the extract was dissolved in about 30 mL of 10%
methanol, subjected to C18 column chromatography (46 mm x 300 mm), and eluted with a stepwise gradient of 10%, 20%, 30%,
40%, 60%, 80%, and 100% (v/v) methanol in water (500 mL for each fraction) to obtain 7 fractions. The third fraction contained the
majority of asc-C6-pip (29) by LC-MS and was subjected to silica gel chromatography (25 mm x 500 mm) and eluted with
CH,Cl,:methanol (30:1 to 0:1) to obtain 16 fractions. The seventh and eighth fractions were combined and subjected to Sephadex
LH-20 chromatography (30 mm x 1050 mm) using methanol as a solvent to obtain approximately 2.5 mg of semi-pure asc-C6-pip
(29) as a white oil; NMR data are in Table S1; HR-ESIMS (m/z): [M+H]* calcd. for 330.2275, found, 330.2276.

Dauer formation

The ascarosides (1 uM in ethanol) were added to NGM agar (without peptone and cholesterol) in a 3.5 cm plate. Subsequently, heat-
inactivated OP50 (8 mg/mL) was added to the plate. A few young adults were placed on the plate for 2 h at room temperature to lay
60-100 eggs. The young adults were removed, and the plate was incubated for 2 d at 25 °C before scoring for dauers. All experiments
were carried out in triplicate, and two independent experiments were performed with similar results.
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Lifespan assay

Synchronized L1s were transferred to 6 cm NGM agar (without peptone) plates containing 25 uM 2’-deoxy-5'-fluorouridine (FUdR)
and seeded with 200 pL of 25X OP50 containing 25 pM FUdR, and the L1s were allowed to grow to the adult stage. Meanwhile, assay
plates were made by adding vehicle (ethanol) or 125 nM asc-C6-pip (29) to warm NGM agar (without peptone) containing 25 uM
FUdR before adding the NGM-agar to 6 cm plates to solidify. The assay plates were seeded with 200 uL of 25X bacterial OP50 con-
taining 25 pM FUdR. Once the worms reached adulthood, 30 worms were transferred to the assay plates. The survival of the worms
was monitored daily. The worms were considered dead if they did not respond to a gentle tap from a platinum pick and did not have
pharyngeal pumping. Any worms that died by crawling up the side of the plates were censored. All experiments were carried out in
triplicate, and two independent experiments were performed with similar results.

Chemotaxis assay

The chemotaxis assay was adapted from a previously published protocol.”” The vehicle (ethanol) and test sample were placed 4 cm
apart on a 6 cm NGM agar (without peptone) plate, followed by addition of 1 uL of 1M sodium azide. Once the samples were dried,
wild-type young adult hermaphrodites or males were placed equidistant between the vehicle (dimethyl sulfoxide) and test sample.
The young adult hermaphrodites were produced from synchronized L1s placed on 10 cm NGM agar plates seeded with 750 pL of 25X
OP50 at 25 °C for 2 d, and then the young adults were washed twice with M9 buffer prior to the assay. The young adult male worms
were generated through mating, picked to a new NGM agar plate without bacteria, and washed twice with M9 buffer prior to the
assay. After 2 h, any worms within a 0.5 cm radius of either test spot were counted. The chemotaxis index was calculated using
the chemotaxis index equation: (number of worms at test sample — number of worms at control) divided by (total number of worms
on the agar plate). A positive chemotaxis index indicates attraction, while negative chemotaxis index indicates avoidance. The exper-
iment was performed in triplicate, and three independent experiments were performed with similar results.

|.53

Ascaroside analysis for worm cultures supplemented with different amino acids

Wild-type worms were grown on a 10 cm NGM agar plate, spotted with 800 pL 25X HB101, at room temperature until the bacteria
were almost consumed. The plate was washed with 10 mL of S medium, which was added to 140 mL of S medium in a 500 mL flask.
The worms were grown at 22.5 °C for 5 d and fed with 3 mL of 25X HB101 every day. Around 8000 mix-stage wild-type worms were
transferred to 5 mL of S medium in a 50 mL centrifuge tube (day 1). The worms were grown at 22.5C for 7 d and fed with 300 pL of the
following food stocks: 4.5 mL of 25X HB101 mixed with 0.5 mL of water (control) or 100 mM Gin, Glu, Asp, Pro, or Lys. For sample
collection, the culture was incubated in an ice-bath for 30 min to 1 h to settle the worms, and the supernatant was centrifuged (800 g
for 5 min). 4 mL of supernatant was loaded onto a 200 mg C18 Sep-Pak column (Waters), which was washed with water (3 mL) and
eluted with methanol (3 mL). The methanol elution was dried by SpeedVac and resuspended in 100 uL of 50% (v/v) ethanol in water,
and the ascarosides were analyzed by LC-MS.

Preparation of bacterial powder

An OP50 colony was used to inoculate a 5 mL culture in Luria-Bertani (LB) medium and incubated with shaking at 37 °C for 6-8 h. This
5 mL culture was used to inoculate a 1 L LB culture, shaking at 37 °C overnight. The OP50 was collected in autoclaved centrifuge
bottles by centrifuging at 2,675 g for 10 min and discarding the supernatant. The OP50 pellet was resuspended in 40 mL of auto-
claved water. This 25X bacterial stock was then disrupted using a Sonic Dismembrator Model 500. Disruption was performed
with 5 cycles at 70% amplitude, each cycle consists of 7 pulses for 10 s with a 60 s delay between each pulse. Disrupted cells
were frozen at —80 °C and lyophilized until completely dry. The bacterial powder was dissolved in sterile water to achieve a
60 mg/mL concentration and plated to ensure that no colonies grew.

Ascaroside analysis for worm cultures supplemented with labeled lysine

Approximately 15,000 arrested wild-type L1 larvae obtained from alkaline bleach treatment were added to a 50 mL tube containing
5 mL of S medium with 2 mM lysine-HCI or lysine-d,-HCI (C/D/N Isotopes, D-2554). Worms were fed with 15 mg of bacterial powder.
Worms were incubated at 22.5°C with shaking at 200 rpm for 72 h, at which time the population was a mixture of young and gravid
adults, as determined by microscopic inspection. Cultures were centrifuged at 800 x g for 5 min, and the resulting supernatant was
frozen at -80°C for 1d. Frozen medium was lyophilized and extracted with 5 mL of methanol. Extracts were dried by SpeedVac, re-
suspended in 50% (v/v) ethanol in water, and analyzed by LC-MS. For culturing arrested L1 larvae in the absence of any food, approx-
imately 20,000 wild-type eggs obtained from alkaline bleach treatment were added to a 50 mL tube containing 5 mL of M9 medium
with 2mM lysine-HCI or lysine-d,-HCI (C/D/N Isotopes, D-2554). Eggs were allowed to hatch and develop into arrested L1 larvae by
incubating at 22.5°C with shaking at 200 rpm for 48 h. Cultures were centrifuged at 800 x g for 5 min, and the resulting supernatant
was frozen at -80 °C for 1d. Frozen medium was lyophilized and extracted with 5 mL of methanol. Extracts were dried by SpeedVac,
resuspended in 50% (v/v) ethanol in water, and analyzed by LC-MS.

Ascaroside analysis for worms grown on bacterial mutant strains

Wild-type worms or mutant worms for candidate genes in the 1-piperideine pathway were grown on 6 cm NGM agar plates at room
temperature until the bacteria (25X, 200 pL) on the plate were almost consumed. The plate was washed with 5 mL of S medium
and transferred to a 50 mL tube (day 1). The worms were grown at 22.5 °C for 5 d and were fed with 500 pL of 25X OP50,
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BW25113 (wild-type), JW0181 (IdcC), JW4092 (cadA), or JW5510 (patA) every day. For sample collection in these experiments, the
culture was chilled in an ice-bath for 30 min to 1 h to settle the worms, and the supernatant was centrifuged (800 g for 5 min). 4 mL of
supernatant was loaded onto a 200 mg C18 Sep-Pak (Waters) column, which was washed with water (3 mL) and then eluted with
methanol (3 mL). The methanol fraction was dried by SpeedVac and resuspended in 100 pL of 50% (v/v) ethanol in water, and the
ascarosides were analyzed by LC-MS.

Ascaroside analysis for worms grown on C. elegans microbiome strains

The worms were synchronized by alkaline bleach treatment followed by allowing the L1 worms to arrest in M9 buffer for 24 h. The
arrested L1 worms were seeded onto 10 cm plates containing 750 uL 25X OP50 for 52 h. After 52 h, the eggs were harvested
from the gravid adults by alkaline bleach treatment. Approximately 25,000 arrested L1 worms were added to 5 mL of S medium
and fed with 1 mL of 25X of either OP50, HB101, or selected microbiome strains (BIGb0170, Jub44, MYb10, MYb11, and
BIGb0393) at 0 h, 24 h, and 48 h. The culture medium was harvested when worms reached the gravid young adult stage. The majority
of worms fed on different bacterial strains reached the young adult stage in 55-60 h, but worms grown on BIGb0170 required 75 h to
reach the young adult stage. The cultures were centrifuged at 2,675 g to remove worms and bacteria, and the culture mediums were
frozen at -80°C, lyophilized, and extracted using 5 mL of methanol for 16 h. The extracts were dried by SpeedVac and resuspended
with 120 pL of 50% (v/v) methanol for LC-MS analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS
All error bars represent the mean + standard deviation, and p values were calculated using either an unpaired t test or one-way
ANOVA using GraphPad Prism. The lifespan assays were analyzed using Kaplan-Meier survival curves that were compared using

alog-rank test in GraphPad Prism. Dauer formation, lifespan, and chemotaxis assays were performed in triplicate and were repeated
at least once in a biologically independent experiment to confirm results.
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