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Abstract

Early-life malnutrition increases adult disease risk in humans, but the causal changes in gene regulation, signaling, and metabolism are
unclear. In the roundworm Caenorhabditis elegans, early-life starvation causes well-fed larvae to develop germline tumors and other
gonad abnormalities as adults. Furthermore, reduced insulin/IGF signaling during larval development suppresses these starvation-
induced abnormalities. How early-life starvation and insulin/IGF signaling affect adult pathology is unknown. We show that early-life star-
vation has pervasive effects on adult gene expression which are largely reversed by reduced insulin/IGF signaling following recovery
from starvation. Early-life starvation increases adult fatty-acid synthetase fasn-1 expression in daf-2 insulin/IGF signaling receptor-de-
pendent fashion, and fasn-1/FASN promotes starvation-induced abnormalities. Lipidomic analysis reveals increased levels of phosphat-
idylcholine in adults subjected to early-life starvation, and supplementation with unsaturated phosphatidylcholine during development
suppresses starvation-induced abnormalities. Genetic analysis of fatty-acid desaturases reveals positive and negative effects of desat-
uration on development of starvation-induced abnormalities. In particular, the ©3 fatty-acid desaturase fat-1 and the A5 fatty-acid de-
saturase fat-4 inhibit and promote development of abnormalities, respectively. fat-4 is epistatic to fat-1, suggesting that arachidonic
acid-containing lipids promote development of starvation-induced abnormalities, and supplementation with ARA enhanced develop-
ment of abnormalities. This work shows that early-life starvation and insulin/IGF signaling converge on regulation of adult lipid metab-
olism, affecting stem-cell proliferation and tumor formation.
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and Hu 2020). When C. elegans larvae hatch in the absence of
food, development remains arrested in the first larval stage (L1
arrest or L1 diapause; Baugh 2013). Larvae in L1 arrest continue
foraging, and they initiate post-embryonic development after
feeding. They can survive starvation during L1 arrest for weeks,
but we found that many individuals develop germline tumors
and other gonad abnormalities during early adulthood after
being starved for a week as larvae and then fed ad libitum
(Jordan et al. 2019). These abnormalities are pathological
in that they limit reproductive success (Jordan et al. 2019).
We also reported that reducing insulin/IGF signaling (IIS)
with RNAI against the sole known insulin/IGF receptor (InsR) in
C. elegans, daf-2, during larval development after starvation sup-
presses starvation-induced abnormalities in adults. Reducing
DAF-2/InsR signaling promotes nuclear localization and activa-
tion of the transcription factor DAF-16/FoxO (Kenyon et al.

Introduction

The Dutch Hunger Winter provides a tragic example of the conse-
quences of early-life starvation on adult disease risk. Malnutrition
in utero followed by replete nutrition during development results
in decreased glucose tolerance, altered lipid metabolism, and
higher incidence of cancer (Roseboom et al. 2001; Painter et al.
2006; Hughes et al. 2009). Numerous examples in humans and
other animals demonstrate a similar correlation between early-
life nutrient stress and adult pathology (Wadhwa et al. 2009;
Wang et al. 2016; Hoffman et al. 2017). These observations suggest
a critical period in early development when nutrient availability
can persistently alter gene regulation and metabolism, potentially
resulting in adult disease. However, signaling pathways and
gene-regulatory mechanisms underlying such life-long effects
are largely unknown.

The roundworm Caenorhabditis elegans has robust starvation

responses, and the signaling and gene-regulatory pathways con-
trolling its metabolism are widely conserved, making it a valu-
able animal model for developmental consequences of nutrient
stress (Braeckman et al. 2009; Watts and Ristow 2017; Baugh

1993; Lin et al. 1997; Ogg et al. 1997; Henderson and Johnson
2001), and daf-16 is required for reduced IIS to suppress
starvation-induced abnormalities (Jordan et al. 2019). Our com-
panion manuscript shows that early-life starvation and IIS
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increase Wnt signaling to promote starvation-induced abnor-
malities (Shaul et al. co-submitted). However, other mechanisms
by which early-life starvation promotes and daf-16 inhibits de-
velopment of starvation-induced abnormalities are unknown.

Here we integrate transcriptomic and lipidomic analyses with
genetic and dietary interventions to interrogate the consequences
of early-life starvation and reduced IISin C. elegans. We report that
extended starvation during L1 arrest increases relative mRNA ex-
pression levels of a couple thousand genes in adults, and that
these changes are largely reversed by reduced IIS during larval de-
velopment. We confirmed this pattern of regulation for the
fatty-acid synthetase (FASN) fasn-1/FASN, and we show that
fasn-1 promotes development of starvation-induced abnormal-
ities. Lipidomic analysis revealed that phosphatidylcholine levels
are elevated in adults subjected to early-life starvation and that
IIS regulates phosphatidylcholine metabolism. Dietary supple-
mentation with unsaturated phosphatidylcholine during larval
development suppressed starvation-induced abnormalities, sug-
gesting functional relevance of phosphatidylcholine metabolism.
Furthermore, genetic epistasis analysis and dietary supplementa-
tion suggest that arachidonic acid (ARA), or one of its derivatives,
promotes starvation-induced abnormalities. This work connects
early-life starvation and IIS to lipid metabolism in adults, eluci-
dating developmental origins of adult disease.

Materials and methods
Nematode strains

The following worm strains were used in this study: N2 (Bristol),
GG14 fasn-1(g14) I, 1G348 fasn-1(fr8) I; frls7 [nlp-29p::gfp + col-12p::
DsRed] IV, RB1031 fat-4(0k958) IV, BX24 fat-1(wa9) IV, BX52
fat-4(wald) 1V; fat-1(wa9) 1V, IG763 frEx266 [fasn-1p:gfp], VC788
fat-3(ok1126) IV, BX107 fat-5(tm420) V, BX106 fat-6(tm331) IV, and
BX153 fat-7(wa36) V. Worms were fed Escherichia coli strains OP50
and HT115.

Gonad abnormalities assay

The assay was performed as described (Jordan et al. 2019). In brief,
animals were given 72 h to develop after an egg-lay by well-fed
parents (and well-fed for several generations prior). Eggs were re-
leased with sodium hypochlorite treatment, allowed to hatch and
arrest development in virgin S-basal (no ethanol or cholesterol),
and then recovered ad libitum on E. coli HT115 after 1 (control)
or 8 (starved) days. After 72 h, animals were scored for gonad ab-
normalities as described (Jordan et al. 2019). It is important to note
that HT115 was used for food in all abnormality assays since OP50
does not produce abnormalities at as high of a frequency.

RNAi

RNAI food was prepared and used for feeding on plates during re-
covery from starvation as described (Jordan et al. 2019). In brief,
frozen, single-thaw aliquots of HT115 RNAi were seeded onto
NGM plates containing 25 pg/ml carbenicillin and 1 mM isopropyl
B-d-1-thiogalactopyranoside (IPTG) and allowed to grow at room
temperature overnight.

mRNA-seq sample preparation

Wild-type starvation cultures were prepared as described above.
Roughly 1,000 animals were recovered on two large NGM plates
(25 pg/ml carbenicillin and 1 mM IPTG) seeded with empty vector
(EV) or daf-2 RNAI HT115 E. coli. Worms were cultured at 20°C until
egg-laying onset (~52 h for control animals and ~68 h for starved

animals). Worms were quickly washed twice and flash frozen in
liquid nitrogen.

RNA was extracted using 1ml TRIzol Reagent (Invitrogen#
15596026) according to the manufacturer's protocol except
100 pl of acid-washed sand (Sigma# 27439) was added to each
sample at the beginning of the protocol to aid homogenization.
RNA was eluted in nuclease-free water and stored at —80°C until
further use.

In the initial mRNA-seq experiment, libraries were prepared for
sequencing using the NEBNext Ultra RNA Library Prep Kit for
Ilumina (New England Biolabs: E7530) with 500 ng of starting
RNA per library and 12 cycles of polymerase chain reaction
(PCR). Libraries were sequenced using Illumina HiSeq 4000 to ob-
tain 50bp single-end reads. In the subsequent fasn-1(g14)
mRNA-seq experiment, libraries were prepared using the
NEBNext Ultra II RNA Library Prep Kit for [llumina (New England
Biolabs# E7770) starting with 1 pg total RNA per library and eight
cycles of PCR. Libraries were sequenced using [llumina NovaSeq
6000 to obtain 50 bp paired-end reads.

mRNA-seq analysis

In theinitial mMRNA-seq experiment, Bowtie version 1.1.2 was used
to map single-end reads to the WS210 of the worm genome with
some WS220 features mapped to WS210 using the command -
best-chunkmbs 256 -k 1-m 2 -S (Langmead et al. 2009). HTSeq ver-
sion 0.6.0 was used to count the reads (Anders et al. 2015). edgeR
was used on count tables for differential expression analysis
(Robinson et al. 2010). The original count table was filtered to con-
tain those annotated as genes, reducing the number of genes to
22,581. Genes were further filtered by including only genes with
counts per million (CPM) > 1 across three libraries. This resulted
in 12,894 genes. edgeR exact test was used for four pair-wise com-
parisons, and edgeR GLM was used to find genes that changed
across multiple conditions. The trimmed mean of M values
(TMM) method was used to normalize for RNA composition.
Tag-wise dispersions were used to test for differentially expressed
genes.

In the subsequent fasn-1(g14) mRNA-seq experiment, Bowtie2
2.3.3.1 was used to map paired-end reads to the WS273 genome
with the parameter k set to 1. HTSeq 0.12.4 was used to count
reads. edgeR 3.28.1 was used to filter and normalize read counts
and perform differential expression analysis. Detected genes
were considered those with an expression level of at least one
CPM in at least two libraries. Library sizes were recomputed after
filtering out lowly expressed genes. The TMM method was used to
normalize for RNA composition. Tag-wise dispersions were used
to test for differentially expressed genes between wild-type and
the fasn-1 mutant.

Gene ontology term enrichment analysis

Differentially expressed genes were intersected using “gplots” and
“venn”in R. The intersection lists were analyzed for enrichment of
Gene Ontology (GO) terms using Gorilla (Eden et al. 2009). The
12,891 detected genes (criteria detailed above) were used as a
background set in the first mRNA-seq experiment. In the fasn-1
mRNA-seq experiment, a 13,757 gene background set was used.
The most significantly enriched GO component terms are plotted
in Figs. 1f and 2i. See Supplementary Files 2 and 4 for complete
results.

fasn-1p::gfp microscopy and quantification

fasn-1p::gfp worms (Lee et al. 2010), cultured and recovered on
RNAI as described, were mounted on 4% noble agar pads and
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Fig. 1. Early-life starvation and IIS have similar effects on adult gene expression. a) Diagram of the experimental design used throughout. Embryos are
collected from well-fed mothers on the first day of egg laying and cultured without food they hatch and arrest development as L1-stage larvae (L1 arrest).
“Control” animals are starved in L1 arrest for about 12 h, synchronizing the population, and “starved” animals were starved for 8 days. Both were
recovered on EV or daf-2 double-stranded RNA-expressing (RNAI) E. coli HT115. Samples were collected for mRNA-seq, lipidomic, and phenotypic analyses
at egg-laying onset. Because starved worms develop slower than controls, they were allowed an additional 16 h to reach egg-laying onset. b)
Representative differential-interference contrast images of control and starved worms at egg-laying onset recovered with EV or daf-2 RNAi food. Eight
days L1 starvation causes gonad abnormalities when worms are recovered on EV food, but recovery on daf-2 RNAi food suppresses abnormalities. Gonads
are outlined with white dashed lines. ugc = undifferentiated germ cells, ut=uterus, o=oocytes, e =embryos, #=gonad abnormality. See Jordan et al.
(2019) for additional characterization. c) The first two components from principal component analysis of mRNA-seq results are plotted. Adult samples
were collected at egg-laying onset as depicted in (a). d) Log, fold changes for all detected genes are plotted for the effect of starvation with EV and the
effect of daf-2 RNAi in starved worms. **P < 0.001; Pearson test. e) A Venn diagram of differentially expressed genes (FDR <0.1) is plotted, intersecting the
effects of early-life starvation and IIS on adult gene expression. f) GO component terms enriched (FDR < 10~2) among the 921 genes that are up in starved
worms and down with daf-2 RNAi. Complete results including process and function GO terms can be found in Supplementary File 2.

paralyzed with 50 mM levamisole. Images of posterior intestines 95%:5% v/v MeCN:water with 10 mM ammonium acetate, while
were captured using an Axiolmager compound (Zeiss) microscope mobile phase B was 50%:50% v/v MeCN:water with 10 mM ammo-
at 400x with a fixed exposure time. fasn-1p::gfp was quantified by nium acetate. The separation used a 2.1 mm x 100 mm BEH HILIC
outlining and assessing the average pixel intensity of the region of Amide column (Waters), with a flow rate of 0.6 ml/min and a col-

interest in ImageJ. umn temperature of 45°C. Lipids were separated in the HILIC
mode using a gradient from 0.1% to 20% mobile phase B in
Lipidomics sample preparation 2min, a ramp to 80% B at 5min, followed by 3min re-
Animals were cultured and collected as described for mRNA-seq. equilibration at 0.1% B. Electrospray ionization in the positive
Samples were normalized to ~200 pl aqueous volume. About  mode (3.5 kV) or negative mode (2.0 kV) was used for sample intro-
200 11l of MeOH-containing stable-isotope-labeled internal stan- duction, and molecule-specific precursor and product ion MRM
dards were added to the samples; samples were sonicated, then transitions were used to quantify lipids.
667 pl methyl tert-butyl ether (MTBE) was added to each sample Skyline v4.2 was used to measure peak area for each MRM chro-
for lipid extraction. Samples were shaken for 1 h at 50°C to extract matogram, and to ratio each native analyte to an appropriate in-
lipids, followed by a 5-min centrifugation at 10,000 RCF to separ- ternal standard. The SPLASH Lipidomix mass spectrometry
ate phases. Four hundred microliters of the MTBE phase were re- standard kit (Avanti: 330707) supplemented with deuterated free
moved and then taken within a few microliters of dryness in a fatty-acid internal standards (d8-ARA, d5-DHA, d2-palmitic acid,
glass autosampler under a stream of nitrogen. Lipids were then re- and d14-palmitoleic acid) was used for peak area normalization.
suspended in 100 pl 95%/5% v/v MeCN/water. The sum of all lipids in the class (LPC, PC, TAG, SM, and PG)
was calculated, and the ratio of the maximum sum of all samples
Targeted lipidomics analysis and each individual sample was calculated as a normalization

factor. Each lipid was multiplied by this normalization factor to

Aliquots of each sample pool (2 pl) were injected several times
scale each individual lipid measurement to “total” lipid quantity

using a Hydrophilic Interaction Liquid Chromatography-Tandem
Mass Spectrometry (HILIC-MS/MS) “screening” method (Waters prior to Log, normalization and statistical analysis in R.

Acquity UPLC-Xevo TQS) which targets over 500 lipid species in- L. .
cluding the following classes: cholesterol (ChoE), DAG, TAG, SM, PhOSphOllpld Supplemented plate preparation

PC, LPC, PE, PG, PIL For those lipids which showed consistent sig- Stock solutions of egg phosphatidylcholine (Sigma: P3556), lyso-
nals after three injections, a single positive ion and a single nega- phosphatidylcholine (Sigma: L4129), phosphatidylethanolamine
tive ion injection targeting those signals was performed. The (Sigma: P7943), and crude phosphatidylinositol from soybeans
study pool QC was analyzed four times and each sample analyzed (Sigma: P6636) were made with 100% EtOH, further diluted in
once with 2 pl by HILIC-MS/MS in each mode. Mobile phase A was S-basal, applied to NGM plates, allowed to dry for ~2 h, and then
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Fig. 2. fasn-1/FASN mediates effects of early-life starvation and IIS on starvation-induced abnormalities and adult gene expression. a) fasn-1 mRNA-seq
read CPM in control and starved worms recovered on EV or daf-2 RNAi food. *FDR <0.05 and **FDR < 0.001. b) Representative images of the posterior
region of adult worms (72 h recovery from L1 arrest) expressing fasn-1p::gfp. Control and starved worms recovered on either EV or daf-2 RNAi food are
shown. Worms are outlined with white-dotted lines. Expression is prominent in the intestine. ¢) Open dots represent the average intensity of fasn-1p::gfp
in posterior intestine from two control replicates and three starved replicates. Closed dots indicate the mean. *Pinteraction < 0.05; two-way ANOVA. d)
Representative images of control and starved fasn-1(g14) mutant worms. Gonads are outlined with white-dotted lines. ugc = undifferentiated germ cells,
ut=uterus, e=embryos, and o = oocytes (compare with Fig. 1b). e) Suppression of starvation-induced gonad abnormalities with disruption of fasn-1. Open
dots indicate the frequency per replicate of starved animals with gonad abnormalities after 8 days L1 arrest (starvation and recovery at 20°C) where at
least 40 individual animals were scored. Closed dots indicate means. *P<0.05, **P < 0.001; unpaired t-test. f) Log, fold changes for all detected genes are
plotted for the effect of starvation on EV and the effect of fasn-1 mutation in starved worms. g) Log, fold changes for all detected genes are plotted for the
effect of daf-2 RNAI in starved worms and the effect of fasn-1 mutation in starved worms. f and g) **P <0.001; Pearson test. h) A Venn diagram of
differentially expressed genes (FDR <0.1) is plotted, intersecting the effects of fasn-1, early-life starvation, and IIS on adult gene expression. i) GO
component terms enriched (FDR < 107!) among the 2,724 differentially expressed genes in fasn-1(g14) compared with wild type (compare with Fig. 1f).
Complete results including process and function GO terms can be found in Supplementary File 4.

seeded with HT115 E. coli. Specific PC species 20:0 (Avanti:
850368P), 20:4n-6 (Avanti: 850397C), 18:1n-7 (Avanti: 790626C),
and 18:1n-9 (Avanti: 850375P) were applied similarly.

Diacylglycerol and choline supplementation

DAG 18:1 (Avanti: 8008110) was diluted in 100% EtOH, further
diluted in S-basal, and applied to plates at a final concentration
of 120 uM. Choline (Sigma: P7527) was diluted in water and
added to NGM plates to make the final concentration 30 mM.
Plates were allowed to dry for ~2h and then seeded with
HT115 E. coli.

Free fatty-acid supplementation

Stock solutions (10 mM) of dihomo-gamma-linoleic acid (DGLA;
Cayman: 90230), eicosatetraenoic acid (ETA; Matreya: 1042),
ARA (Cayman: 90010), and eicosapentaenoic acid (EPA; Cayman:
90110) were prepared in DMSO after evaporation of proprietor’s
solvent. Stock solutions were diluted in EV HT115 E. coli to a final
concentration of 600 uM and then seeded onto carbenicillin and

IPTG plates. Plates were protected from light and bacterial lawns
were allowed to grow overnight prior to being plated with wild-
type animals starved in L1 arrest for 6 days.

Results

Early-life starvation has pervasive effects on adult
gene expression

We characterized the effects of early-life starvation and reduced
IIS during larval development on adult gene expression using
mRNA-seq of whole worms. In our two-factor design (Fig. 1a),
“starved” worms were cultured without food (E. coli) as L1-stage
larvae (L1 arrest) for 8 days, and “control” worms were starved
overnight for synchronization. Both populations were fed ad libi-
tum with EV (negative control) or daf-2/InsR RNAi food (reduced
I1S). RNAi was used rather than a daf-2 mutant so that the results
would not be confounded by daf-2 function during starvation, in-
stead disrupting daf-2 later in fed, developing larvae. Upon reach-
ing adulthood, animals were collected for transcript profiling and
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scored for the presence of germ-cell tumors, differentiated uterine
masses, and other gonad abnormalities (Fig. 1b; Jordan et al. 2019).

The results demonstrate similar effects of early-life starvation
and IIS on adult gene expression. Principal component analysis re-
vealed a major effect of L1 starvation in the first component and a
secondary effect of IIS in the second component (Fig. 1c). Notably,
the effect of early-life starvation on adult gene expression ap-
peared smaller with daf-2 RNAi, consistent with suppression of
starvation-induced abnormalities (Fig. 1b; Jordan et al. 2019).
There was a significant negative correlation between the effects
of starvation with EV and effects of daf-2 RNAi in starved worms
(Fig. 1d), showing that reduced IIS during larval development sup-
presses starvation-induced gene expression changes. Notably,
relative increases in expression caused by early-life starvation
were more prominent than decreases. Expression of 2,018 (68%)
of the 2,961 genes affected by starvation was increased [false-
discovery rate (FDR)<0.1; Supplementary File 1], and strikingly,
it was reduced for 921 (46%) of those 2,018 genes when starved
worms were recovered on daf-2 RNAi (P=2.17e"%"% Fig. 1e;
Supplementary File 1). These results show that for most genes af-
fected by extended L1 starvation, their relative expression is in-
creased in adults, and that these increases are largely suppressed
by reduced IIS during development. GO term analysis of genes dis-
playing this pattern (up in previously starved worms and down
with daf-2 RNAI) identified a variety of “functions” and “processes”
apparently affected by early-life starvation (Supplementary File 2).
However, enrichment of “component” terms was more coherent,
with the most significant terms relating to plasma membranes
(Fig. 1f). These results reveal that early-life starvation and IIS con-
verge on the regulation of many genes in adult worms, and they
suggest that membrane biology is affected, potentially contributing
to the pathological effects of early-life starvation.

Early-life starvation up-regulates fasn-1/FASN
which promotes starvation-induced
abnormalities

Given strong enrichment of genes associated with plasma mem-
branes among those affected by early-life starvation and IIS
(Fig. 1f, Supplementary File 5), we sought to identify candidate li-
pid or membrane-related genes that may contribute to
starvation-induced abnormalities. FASN controls rate-limiting
conversion of carbohydrates into free fatty acids, which are either
subjected to beta-oxidation to generate energy or incorporated
into phospholipid bilayers. By affecting phospholipid bilayers,
FASN can affect membrane structure, membrane permeability,
immune response, and gene expression (Kimura et al. 2020). In
addition, FASN is up-regulated in a variety of cancers and is a po-
tential chemotherapeutic target (Flavin et al. 2010; Papaevangelou
etal. 2018; Che et al. 2019). Notably, fasn-1/FASN, the sole C. elegans
FASN homolog, displays increased expression in adult worms
starved as L1 larvae (Fig. 2a). Furthermore, increased fasn-1 ex-
pression is dependent on daf-2/InsR during recovery, making it
an ideal candidate. We attempted to confirm this pattern of regu-
lation using a fasn-1p::gfp transcriptional reporter. This multicopy,
extrachromosomal array-based reporter is expressed throughout
the intestine in early adulthood, and its expression is significantly
elevated by prior L1 starvation, except when larvae are recovered
from starvation on daf-2 RNAi food (Fig. 2b, c). Reporter analysis
suggested that fasn-1 expression is elevated by daf-2 RNAi in con-
trol conditions, which we did not see with mRNA-seq, but there
are a number of caveats in quantitative reporter gene analysis
that could account for this discrepancy. For example, the reporter
may lack critical regulatory elements and mRNA stability could be

affected by the non-native 3’ UTR. We believe that the salient fea-
tures of these data are the increase in reporter expression follow-
ing starvation without RNAi and absence of that increase with
daf-2 RNAI. Together with the mRNA-seq data, these results sug-
gest that fasn-1 transcription is persistently activated in worms
subjected to early-life starvation in IIS-dependent fashion.

We sought to disrupt fasn-1/FASN function to test the hypothesis
that it promotes starvation-induced abnormalities. Disrupting
gene function with RNAI is better than mutants in this context
since RNAi uncouples effects of function during starvation and de-
velopment. However, fasn-1 RNAI resulted in larval growth arrest,
and gonad abnormalities could not be assayed, so we instead tested
viable fasn-1 hypomorphs. fasn-1 mutant alleles g14 and fr8 both re-
duced starvation-induced abnormalities (Fig. 2d, e). These results
suggest that up-regulation of fasn-1 promotes starvation-induced
abnormalities, supporting the hypothesis that early-life starvation
alters adult lipid metabolism to cause pathology.

Given the large number of genes whose adult expression was
affected by early-life starvation and IIS, we wondered if fasn-1 is
one among many possible effectors or if it has a relatively sub-
stantial role in promoting starvation-induced abnormalities. To
address this, we performed mRNA-seq of wild-type and a fasn-1
mutant at egg-laying onset in worms that had been starved for 8
days as L1 larvae. A total of 2,724 genes were differentially ex-
pressed (FDR<0.1; Supplementary File 3), demonstrating wide-
spread effects of fatty-acid synthesis on gene expression.
Furthermore, there was a significant negative correlation between
the effects of early-life starvation and mutation of fasn-1 on adult
gene expression (Fig. 2f). In addition, there was a significant positive
correlation between the effects of reduced IIS and mutation of
fasn-1 on expression (Fig. 2g). Consistent with these correlations,
377 genes were significantly affected by starvation, IIS, and fasn-1
(P=2.08e7%*; Fig. 2h). Finally, GO component term enrichments
for genes affected by fasn-1 are very similar to those for the genes
that are up-regulated following starvation and down-regulated by
daf-2/InsR RNAIi, again highlighting membrane biology (compare
Fig. 2i to 1f, Supplementary File 4). Together these results suggest
that alteration of fasn-1 expression (and therefore activity) contri-
butes substantially to the effects of early-life starvation and IIS
on adult gene expression, consistent with it having a critical role
in development of starvation-induced abnormalities.

Early-life starvation and insulin/IGF signaling
affect adult phosphatidylcholine levels

We used targeted lipidomic analysis in whole worms to address
our hypothesis that early-life starvation and IIS affect lipid metab-
olism in adults. We used the same experimental design as for
mRNA-seq (Fig. 1a), except we also included double RNAi of
daf-2/InsR and daf-16/Fox0O. We previously showed the reliability
of this particular perturbation in this context (Jordan et al. 2019),
which is not confounded by disruption of gene function during star-
vation as would occur with mutations. We measured abundance of
nine lipid classes including diacylglycerols, free fatty acids, lysopho-
sphatidylcholines, phosphatidylcholines, phosphatidylethanola-
mines, phosphoglycerides, phosphatidylinositols, sphingomyelins,
and triacylglycerols. Because there are many molecular species
per class (with different hydrocarbon chain lengths and degrees of
saturation), we initially pooled all species for each class for
class-level analysis (Fig. 3a). Phosphatidylcholine, free fatty acid, ly-
sophosphatidylcholine, phosphoglyceride, and triacylglyceride each
displayed significant variance across all conditions in our data set,
with diacylglycerol and sphingomyelin marginally significant.
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Fig. 3. Early-life starvation and IIS have similar effects on the adult lipid profile including extensive effects on abundance of phosphatidylcholine species.
a) Pooled lipid abundance for each class of targeted lipids is plotted for the six conditions assayed. Open dots indicate sum of all species within each class
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P <0.001; lines connecting two conditions indicate significance in an unpaired t-test. Five pair-wise tests were considered here: control vs starved in
each RNAI condition, EV vs daf-2 in starved worms, and daf-2 vs daf-16; daf-2 in starved worms. See Supplementary File 6 for complete statistical analysis.
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These results reveal pervasive effects of early-life starvation and IIS
on adult lipid metabolism.

Continuing with class-level analysis, we dissected the
effects of early-life starvation, daf-2/InsR, and daf-16/FoxO.
Phosphatidylcholine showed the most significant effects
between pairs of individual conditions (Fig. 3a). For example,
phosphatidylcholine was significantly elevated in adults that had
been starved as L1 larvae, and this increase was suppressed with
daf-2 RNAI, mirroring the effect of reduced IIS on starvation-induced
abnormalities and starvation-induced changes in gene expression
(Fig. 1). In addition, daf-16 RNAi suppressed the effects of daf-2
RNAI, significantly increasing phosphatidylcholine abundance.
This result suggests that reduced IIS acts through DAF-16/FoxO.
Qualitatively similar patterns were observed among the other lipid
classes (though in some cases, the signs are reversed), with lysopho-
sphatidylcholine and free fatty acids displaying the most signifi-
cance (Fig. 3a). These results suggest that early-life starvation and
IIS converge on metabolism of phosphatidylcholine as well as lyso-
phosphatidylcholine and free fatty acids in adults.

Individual species of each lipid class generally showed similar
patterns of abundance as seen at the class level (Figs. 3b,
Supplementary Figs. 1 and 2). Fourteen out of 17 individual phos-
phatidylcholine species were significantly increased by L1 starva-
tion (Fig. 3b, Supplementary File 6). Remarkably, this effect of
starvation was absent for all 14 with daf-2/InsR RNAL
Furthermore, the effects of daf-2 RNAI required daf-16 function,
with 14 phosphatidylcholine species displaying increased levels
with daf-16 RNAI. These results show that the patterns observed
for the entire family of phosphatidylcholine species (Fig. 3a) are
evident for most individual species, reflecting coherent behavior
of the family. Also consistent with the results of class-level ana-
lysis, individual species of diacylglycerol and free fatty acids ap-
peared to increase in abundance in adults starved as larvae, and
species of lysophosphatidylcholine appeared to decrease
(Supplementary Fig. 1). These effects were also apparently sup-
pressed by daf-2 RNAi in daf-16/FoxO-dependent fashion.
Notably, not all these individual effects were statistically signifi-
cant, but many were (Supplementary File 6), and they display
strong concordance within class, supporting the significance of
these effects. These results affirm our conclusion from class-level
analysis that early-life starvation and IIS converge on metabolic
regulation of phosphatidylcholine, lysophosphatidylcholine, and
free fatty acids.

Closer examination of individual phosphatidylcholine species
suggested that unsaturated species are particularly affected by
early-life starvation. All 8 phosphatidylcholine species with atleast
40 carbons in their 2 fatty-acid tails were significantly increased in
worms starved as larvae (Fig. 3b, Supplementary File 6). Notably,
none of these species are fully saturated, though the identity of
the two tails cannot be determined from these data, so individual
tails may be saturated. Furthermore, six of these eight, and none
of the other phosphatidylcholine species, showed a significant
interaction between starvation and daf-2 RNAi in a stringent two-
factor test (Supplementary File 6). Together these results suggest
thatearly-life starvation and IIS affect metabolic regulation of long-
chained, unsaturated phosphatidylcholine.

Unsaturated phosphatidylcholine
supplementation suppresses starvation-induced
abnormalities

Lipidomic analysis suggested that unsaturated phosphatidylcho-
line is involved in the development of starvation-induced abnor-
malities. Dietary supplementation of previously starved worms

during development with phosphatidylcholine extracted from
chicken egg suppressed starvation-induced abnormalities in dose-
dependent fashion (Fig. 4a). A similar effect was not seen with
chicken-egg phosphatidylethanolamine or lysophosphatidylcho-
line, nor with soybean phosphatidylinositol (Fig. 4b), demonstrat-
ing specificity of phosphatidylcholine. Phosphatidylcholine can be
synthesized from diacylglycerol and choline in the cytidine-
diphosphate choline pathway (Lands 1958; Moessinger et al. 2014).
Supplementation with diacylglycerol and choline had no effect
on starvation-induced abnormalities (Fig. 4c) suggesting deficit in
these precursors is not a cause of abnormalities. Phospholipids ex-
tracted from chicken eggs comprise a complex mixture, including
saturated and unsaturated species. We therefore used individual,
synthetic phosphatidylcholine species that varied in degrees of sat-
uration for supplementation. Three different unsaturated phos-
phatidylcholine species suppressed  starvation-induced
abnormalities, but a saturated form did not (Fig. 4d). Notably, the
saturated species had 20 carbons as did one of the unsaturated spe-
cies (ARA), suggesting that desaturation, rather than the number of
carbon atoms, is critical for suppression of starvation-induced ab-
normalities. However, differences in solubility or bioavailability
with supplementation may also be factors. Since phosphatidylcho-
line levels were elevated in whole worms with starvation-induced
abnormalities (Fig. 3a, b), it was surprising that phosphatidylcho-
line suppressed rather than enhanced starvation-induced abnor-
malities (see Discussion). Nonetheless, these results suggest a
specific, functional role of unsaturated phosphatidylcholine in de-
velopment of starvation-induced abnormalities.

Fatty-acid desaturation modifies
starvation-induced abnormalities

Lipidomic analysis and phospholipid supplementation suggest
that unsaturated fatty-acid tails on phosphatidylcholine may be
involved in the development of starvation-induced abnormalities.
There are seven fatty-acid desaturases in C. elegans that catalyze
largely distinct biochemical reactions (Fig. 5a; Watts and Ristow
2017), and we performed genetic analysis of them to test this hy-
pothesis. There is an early branch in the pathway, where palmitic
acid (C16:0; PA) is either elongated or desaturated by the A9 desa-
turase FAT-5. We found that fat-5 RNA1 by feeding during larval
development after L1 starvation did not have a significant effect
on starvation-induced abnormalities (Fig. 5b). However, mutation
of fat-5 suppressed abnormalities (Fig. 5c), potentially reflecting
greater disruption of gene function than RNAi. This result sug-
gests a role of the FAT-5 product palmitoleic acid (C16:1n-7;
POA), its derivatives, or phospholipids containing either, in devel-
opment of starvation-induced abnormalities. RNAi of either fat-6
or fat-7, both of which also encode a A9 desaturase but with
different substrate specificity than FAT-5, also suppressed
starvation-induced abnormalities (Fig. 5b), though mutation of
fat-6 or fat-7 did not (Fig. 5¢). Genetic redundancy could account
for the lack of mutant phenotype, with RNAi potentially affecting
both genes given extensive similarity in their sequences. Together
these results suggest that both branches of the pathway from PA
affect development of starvation-induced abnormalities. In add-
ition, given the relatively early place in the metabolic pathway
of FAT-5, FAT-6, and FAT-7 (Fig. 5a), these results are consistent
with the fasn-1/FASN phenotype (Fig. 2d, e) and reduced flux
through the pathway reducing penetrance of starvation-induced
abnormalities.

Downstream of FAT-6 and FAT-7, the A6 desaturase FAT-3 cat-
alyzes a couple of different reactions (Fig. 5a). RNAi and mutation
of fat-3 suggest that disruption of its function suppresses
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starvation-induced abnormalities, but the results are not statis-
tically significant (Fig. 5b, ). Further downstream, the sole known
C. elegans A5 desaturase FAT-4 also catalyzes a couple of different
reactions (Watts et al. 2002), and RNAi and mutation of fat-4 both
suppressed starvation-induced abnormalities. This result sug-
gests that the terminal, most unsaturated products of the path-
way, ARA (C20:4n-6) and EPA (C20:5n-3), which cannot be
synthesized in the fat-4 mutant (Watts et al. 2002), promote
starvation-induced abnormalities. However, it is unclear whether
one, the other, or both are involved. In addition, it could be that
DGLA (C:20:3n-6) or eicosatetraenoic acid (C20:4n-3) actually sup-
presses starvation-induced abnormalities.

The o3 desaturase FAT-1 catalyzes a variety of reactions in the
pathway, including the conversion of ARA into EPA (Watts et al
2002). A fat-1 RNAI clone was not available in either commercially
available RNAI library, but mutation of fat-1 significantly increased
penetrance of starvation-induced abnormalities (Fig. 5c).
Furthermore, the abnormality phenotype was more severe, with
the frequency of proliferative, non-differentiated proximal germ-cell
tumors increased in particular (Fig. 5d, €), as opposed to gonad abnor-
malities in general (Fig. 1b; Jordan et al. 2019). Further, daf-2 RNAi sup-
pressed this enhanced germ-cell tumor phenotype (Fig. 5f). fat-1
mutants cannot convert DGLA into ETA or ARA into EPA, and fat-1
mutants have elevated ARA levels (Watts et al. 2002). Together with
the fat-4 phenotype, the fat-1 phenotype narrows the possible inter-
pretations of these results, suggesting that ARA promotes and/or
ETA suppresses starvation-induced abnormalities.

Given opposite phenotypes, we used epistasis analysis to refine
our interpretations of how fat-4 and fat-1 affect development of
starvation-induced abnormalities. fat-4 is clearly epistatic to
fat-1, with suppression of starvation-induced abnormalities in a
double mutant comparable to a fat-4 single mutant (Fig. 5g, h).
This result supports the conclusion that the A5 fatty-acid desatur-
ase FAT-4 promotes starvation-induced abnormalities, and it sug-
gests that the FAT-4 product ARA is responsible, possibly in the
context of phosphatidylcholine metabolism. Dietary supplemen-
tation with ARA, but not DGLA or ETA, significantly enhanced
starvation-induced abnormalities in wild-type animals starved
for 6 days (Fig. 51; duration of starvation was reduced to facilitate
detection of enhancement). Supplementation with EPA had vari-
able effects that are not statistically significant. Together with
epistasis analysis, these results suggest that ARA promotes devel-
opment of starvation-induced abnormalities.

Discussion

We show that early-life starvation has widespread effects
on adult gene expression and lipid metabolism resulting in
developmental pathology in C. elegans. The key lipogenic
enzyme-encoding gene fasn-1/FASN is one of many genes whose
adult expression is increased by early-life starvation and IIS.
We show that fasn-1 contributes substantially to the effects of
early-life starvation and IIS on adult gene expression and that it
promotes development of starvation-induced gonad abnormal-
ities. We also report extensive effects of early-life starvation
and IIS on adult lipid levels, with prominent effects on unsatur-
ated phosphatidylcholine. Dietary supplementation with unsat-
urated phosphatidylcholine suppresses starvation-induced
abnormalities, suggesting functional relevance of its altered
abundance. We also show that disruption of fatty-acid desatur-
ation generally suppresses abnormalities, except that mutation
of the w3 desaturase-encoding gene fat-1 enhances abnormality
formation. Finally, epistasis analysis suggests that ARA, one of
the products of the A5 desaturase-encoding gene fat-4, promotes
formation of starvation-induced abnormalities, and supplemen-
tation with ARA enhances frequency of abnormalities. We
speculate that this function occurs in the context of phosphat-
idylcholine metabolism, potentially via the Lands cycle and eico-
sanoid signaling (see below; Fig. 5j). This work is significant for
connecting early-life starvation and IIS with lipid metabolism
and adult pathology, which together with our companion manu-
script (Shaul et al. co-submitted) elucidates developmental ori-
gins of adult pathology.

Early-life starvation and insulin/IGF signaling
have similar effects on adult gene expression

Remarkably, early-life starvation affects expression of thousands
of genes in adults. Reduction of IIS with daf-2/InsR RNAi largely re-
versed these gene expression changes, consistent with daf-2 RNAi
suppressing starvation-induced abnormalities (Jordan et al. 2019).
Genes related to membranes were particularly enriched among
those affected, but the data suggest a variety of consequences of
early-life starvation. Lipid metabolism directly impinges on mem-
brane structure and function, and the sole C. elegans FASN fasn-1/
FASN was among the genes up-regulated by early-life starvation
and down-regulated by daf-2/InsR RNAI Notably, Fasn expression
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Fig. 5. Fatty-acid desaturation modifies starvation-induced abnormalities, implicating arachidonic acid in their development. a) A metabolic model of
fatty-acid synthesis and desaturation is presented. Lipid names are abbreviated, and the number of carbon atoms and the state of saturation are given in
parentheses. Enzymes responsible for each biochemical reaction are given alongside arrows. ALOA, alpha-linolenic acid; ARA, arachidonic acid; DGLA,
dihomo-gamma-linolenic acid; EPA, eicosapentaenoic acid; ETA, eicosatetraenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; OA, oleic acid; PA,
palmitic acid; POA, palmitoleic acid; SA, stearic acid; STA, stearidonic acid. b) Frequency of gonad abnormalities in starved worms recovered on RNAi food
targeting the indicated gene. c) Frequency of gonad abnormalities in starved worms of the given mutant genotypes. d) Representative images of germ-cell
tumors in starved wild-type animals and fat-1 desaturase mutants. e) Frequency of proximal germ-cell tumors in starved wild-type and fat-1(wa9)
mutant worms. f) Frequency of proximal germ-cell tumors in starved fat-1(wa9) mutant worms recovered on daf-2 RNAi. g) Representative images of
starved worms of the indicated genotype. Note that fat-4 desaturase mutation suppresses starvation-induced abnormalities, and that fat-4 is epistatic to
fat-1. h) Frequency of gonad abnormalities in starved worms of the given mutant genotypes. i) Frequency of gonad abnormalities in wild-type worms
starved for 6 days (rather than 8 days as elsewhere) and recovered on lawns supplemented with the given free fatty acids (600 pM). j) Working model
describing how early-life starvation and IIS influence lipid metabolism to affect starvation-induced abnormalities. Arrowheads indicate enzymatic
products and functional consequences, bars indicate suppression, and circles indicate complex interactions. Dotted lines indicate gaps in knowledge,
while solid lines indicate well-known relationships and findings from this study. b, ¢, e, f, h, and i) Open dots indicate a biological replicate where atleast
40 individual animals were scored. Closed dots indicate the mean. *P <0.05, **P<0.01, **P <0.001; unpaired t-test vs EV, wild type or vehicle. d and g)
Gonads are outlined with white-dotted lines. gct = germ-cell tumor; #=gonad abnormality; ugc=undifferentiated germ cells; ut=uterus; o=oocytes;
e=embryos; v=vulva.

is also increased in livers of mice subjected to fasting and refeed- induced abnormalities (Jordan et al. 2019). We did not test this

ing with a high-carbohydrate diet (Cabrae et al. 2020), suggesting
what we see in worms is conserved in mammals. We found that
FASN-1 promotes development of starvation-induced abnormal-
ities, and mRNA-seq analysis suggests that changes in its activity
account for much of the effect of early-life starvation and IIS on
adult gene expression. These results suggest that an increase in li-
pid synthesis in well-fed animals following early-life starvation
drives developmental pathology.

We did not identify transcriptional regulatory mechanisms af-
fecting fasn-1 or other genes affected by early-life starvation and
IIS. We suspect that DAF-16/FoxO, the major transcriptional ef-
fector of IIS, represses fasn-1 transcription, given that daf-16 is re-
quired for disruption of daf-2/InsR to suppress starvation-

hypothesis by mRNA-seq, but we did include daf-16 RNAi in our
lipidomics experiment, revealing that the effects of daf-2 on abun-
dance of various lipid classesisin fact daf-16 dependent. However,
DAF-16 is thought to act primarily as an activator of its direct tar-
gets (Schuster et al. 2010), and its antagonism of the transcription
factor PQM-1 has been proposed to be responsible for indirect re-
pression of so-called DAF-16 class 1I targets (Tepper et al. 2013).
Other mechanisms are also likely to underlie such extensive ef-
fects on adult gene expression. Notably, our companion manu-
script suggests that Wnt signaling is up-regulated by early-life
starvation and IIS, affecting expression of numerous Wnt target
genes (Shaul et al. co-submitted). In addition, post-translational
histone modifications could contribute to epigenetic regulation.
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There could also be some sort of persistent molecular or cellular
damage following starvation that affects gene regulation into
adulthood.

Early-life starvation and insulin/IGF signaling
have similar effects on adult lipid profiles,
suggesting a role of phosphatidylcholine

In addition to affecting adult gene expression, early-life starvation
and IIS also have similar effects on abundance of several lipid
classes in adults. Our lipidomic analysis provides direct evidence
that lipid metabolism is affected by early-life starvation and IIS,
corroborating our interpretation of mRNA-seq analysis (Fig. 1f).
Phosphatidylcholine levels were particularly affected, revealing
that IIS, and DAF-16/FoxO in particular, regulates phosphatidyl-
choline metabolism. Our data suggest that early-life starvation
and IIS have additive effects on phosphatidylcholine levels, as if
they act through independent regulatory mechanisms.

Dietary supplementation with unsaturated phosphatidylcho-
line suppressed starvation-induced abnormalities, suggesting a
functional role of phosphatidylcholine in pathological conse-
quences of early-life starvation. It could be that exogenous unsat-
urated phosphatidylcholine acts as a sink for reactive oxygen
species (Kim et al. 2019), buffering pathological effects of early-life
starvation. However, supplementation with chicken-egg phos-
phatidylethanolamine, which is also rich in unsaturated
fatty-acid species and has free-radical-scavenging capacity (Sun
et al. 2019), did not suppress abnormalities.

We were surprised that phosphatidylcholine supplementation
suppressed abnormalities, since endogenous phosphatidylcholine
levels were increased following early-life starvation. Nonetheless,
we believe this result demonstrates functional specificity of unsatur-
ated phosphatidylcholine in developmental pathology, since satu-
rated phosphatidylcholine and multiple other lipid species did not
have the same effect. However, it should be noted that the solubility
of unsaturated phosphatidylcholine may limit its effectiveness as a
dietary supplement in C. elegans. The phosphatidylcholine concen-
tration used for supplementation could also be high compared
with endogenous levels, though we used concentrations typical
for lipid supplementations in this system (Deline et al. 2013). It
is unclear where in the animal the high levels of endogenous
phosphatidylcholine detected after early-life starvation are
synthesized or accumulated. One possibility is that endogenous
phosphatidylcholine levels are high following starvation because
there is not enough of it where it is needed to support develop-
mental fidelity. For example, high phosphatidylcholine levels
could reflect accumulation in lipid droplets in the body cavity
or elsewhere rather than membrane incorporation. It is also un-
clear how exogenous phosphatidylcholine is transported through
the animal or how it affects lipid metabolism. It is possible that
phosphatidylcholine supplementation provokes a homeostatic
response that reduces phosphatidylcholine synthesis at sites
where its production promotes pathology. In conclusion, it is dif-
ficult to reconcile our results from lipidomic analysis and phos-
phatidylcholine supplementation, so they should be interpreted
cautiously. Nonetheless, we believe that each of these results is
robust, valuable observations.

Might arachidonic acid-derived oxylipin signaling
promote starvation-induced abnormalities?

Phosphatidylcholine is an abundant phospholipid and major con-
stituent of cellular membranes. Phosphatidylcholine is synthesized
from choline and diacylglycerol in the cytidine-diphosphate choline
pathway, and the fatty-acid tails can be modified in the Lands cycle

(Lands 1958; Moessinger et al. 2014). Fatty-acid tails are removed from
phosphatidylcholine by phospholipase A, in the Lands cycle, and if
they are unsaturated they are prone to oxidation, producing signaling
molecules known as oxylipins (Lands 1958; Balsinde et al. 2002;
Shindou and Shimizu 2009; Wang and Tontonoz 2019). If the oxyli-
pins are derived from polyunsaturated, 20 carbon fatty acids such
as ARA, then they are known as eicosanoids (Dennis and Norris
2015). Oxylipins regulate a variety of processes including cellular pro-
liferation and differentiation, inflammation, and signaling, and they
are implicated in cancer (Dennis and Norris 2015; Gabbs et al. 2015).

We cautiously speculate that participation of unsaturated phos-
phatidylcholine in the Lands cycle leads to the production of eico-
sanoid signaling molecules which contribute to developmental
pathology following early-life starvation. Multiple observations
support this tentative hypothesis. We show that phosphatidylcho-
line levels, especially for species with long unsaturated fatty-acid
tails, are increased by early-life starvation and decreased by re-
duced IIS. Abundance of the other lipids that participate in the
Lands cycle (diacylglycerol, lysophosphatidylcholine, and free fatty
acids) is also affected by early-life starvation and IIS. We also show
that supplementation with unsaturated phosphatidylcholine, but
not saturated phosphatidylcholine or other abundant phospholi-
pids, suppresses starvation-induced abnormalities. We show that
mutation of the fatty-acid desaturase fat-4, which is required to
produce ARA (Watts et al. 2002), a source of potent eicosanoids, sup-
presses starvation-induced abnormalities. In contrast, fat-1 mu-
tants, which accumulate ARA (Watts et al. 2002), have enhanced
penetrance and severity of starvation-induced abnormalities.
Finally, we show feeding worms exogenous ARA enhances
starvation-induced abnormalities.

Lipid metabolism is complex, and lipids other than ARA that are
affected by mutation of fat-4 or fat-1 could be involved. For ex-
ample, o3 fatty acids modulate inflammation and have a contro-
versial role in suppressing cancer (Hanson et al. 2020). Levels of the
o-3 fatty-acid ETA are increased in fat-4 mutants and decreased in
fat-1 mutants (Watts et al. 2002), which suppress and enhance
starvation-induced abnormalities, respectively. However, the
fat-4; fat-1 double mutant should have reduced levels of ETA like
the fat-1 mutant, but starvation-induced abnormalities are sup-
pressed in the double mutant like the fat-4 mutant, suggesting
ETA is not responsible for inhibition of starvation-induced abnor-
malities. We also did not detect an effect of ETA when animals
were supplemented with it. In addition, the o—6 fatty-acid DGLA
promotes germ-cell death in C. elegans (Perez et al. 2020), suggesting
it could inhibit starvation-induced abnormalities. Furthermore, the
DGLA-derived oxylipin 15S-HETYE inhibits cell proliferation in
mammals (Pham et al. 2004), and its abundance is presumably in-
creased in fat-4 mutants. However, mutation of fat-1 increases
DGLA levels (Watts et al. 2002), and fat-1 mutation enhances
starvation-induced abnormalities, arguing against DGLA or
15S-HETIE inhibiting starvation-induced abnormalities. We also
did not detect an effect of DGLA when animals were supplemented
with it. Notably, EPA supplementation had variable, statistically
insignificant effects on the penetrance of starvation-induced ab-
normalities, as if it may promote them. However, fat-1, which sup-
presses starvation-induced abnormalities, is required for EPA
synthesis. These observations suggest that EPA is not required for
starvation-induced abnormalities though it could possibly contrib-
ute to them.

As detailed above, we cautiously suggest that unsaturated tails
of phosphatidylcholine are removed in the Lands cycle and oxi-
dized to produce eicosanoid signaling molecules, affecting gene ex-
pression and germ-cell proliferation to promote developmental
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pathology following early-life starvation (Fig. 5j). It should be empha-
sized that this is speculation and that we do not have direct evidence
in support of the eicosanoid hypothesis. However, we believe it is the
best interpretation of our observations and is worthy of consider-
ation. If true, then it raises a variety of important questions. For ex-
ample, which enzymes are responsible for the production of
eicosanoids (or are they produced by non-enzymatic oxidation),
which eicosanoids are responsible, in which tissue(s) does eicosanoid
signaling occur, what are the receptors for the signals, and how do
they affect cellular physiology to drive organismal pathology?
Future work is required to address the possibility that eicosanoid sig-
naling promotes starvation-induced abnormalities in C. elegans, and
we suggest that the role of phosphatidylcholine and ARA metabolism
in other models of early-life nutrient stress should be investigated.

Data availability

Both mRNA-seq data sets discussed in this publication have been
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through GEO Series accession number GSE178172. Raw and nor-
malized lipidomic data are available in Supplementary File 5.
Supplemental material available at GENETICS online.
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