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ARTICLE INFO ABSTRACT

Keywords: Mechanistic basis governing the extreme longevity and developmental quiescence of dauer juvenile, a “non-
Dauer larva ageing” developmental variant of Caenorhabditis elegans, has remained largely obscure. Using a lipidomic
Phospholipids approach comprising multiple reaction monitoring transitions specific to distinct fatty acyl moieties, we
Pf)lyunsa'turated fatty acids demonstrated that in comparison to other developmental stages, the membrane phospholipids of dauer larva
E;?;an?is contain a unique enrichment of polyunsaturated fatty acids (PUFAs). Esterified PUFAs in phospholipids

exhibited temporal accumulation throughout the course of dauer endurance, followed by sharp reductions
prior to termination of diapause. Reductions in esterified PUFAs were accompanied by concomitant increases in
unbound PUFAs, as well as their corresponding downstream oxidized derivatives (i.e. eicosanoids). Global
phospholipidomics has unveiled that PUFA sequestration in membrane phospholipids denotes an essential aspect
of dauer dormancy, principally via suppression of eicosanoid production; and a failure to upkeep membrane

Caenorhabditis elegans

lipid homeostasis is associated with termination of dauer endurance.

1. Introduction

Survival in nature is characterized by constant episodes of feasts and
famines. As such, a number of organisms has evolved developmental
variants to survive prolonged period of harsh environmental conditions
[1]. The C. elegans dauers represent a developmental variant specifi-
cally adapted to endure adverse environmental conditions (e.g. food
scarcity, overcrowding) for extended duration. Dauers arrest feeding,
possess thickened cuticles, often remain motionless, and ration the use
of its lipid reserves across the entire period of dormancy, which on
average lasts for approximately 30 days for the wild type Bristol N2
strain at 25 °C [2]. The dauer stage is perceived as “non-ageing” [3,4],
as dauer entry allows C. elegans to significantly “outlive” its normal
lifespan (about two weeks) [4]; and that the dauer larva can progress
normally into adult stage with unaltered lifespan when favourable
conditions return.

Dauer response and survival has garnered considerable research
interest, since it is mediated by common pathways that control general
metabolism, aging, as well as development, such as the insulin and TGF-
B pathways, that are conserved in both C. elegans and higher eukaryotes
[3]. Indeed, a spatiotemporal compartmentalization of signaling path-
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ways regulating both dauer arrest and normative aging has been
previously demonstrated in C. elegans [5]. Thus, an in-depth under-
standing into the mechanistic basis of dauer survival may reveal novel
insights to retarding tissue ageing and lifespan extension. Indeed,
previous research has demonstrated that dauer entry is mediated by
small molecule signals of immense structural diversities, comprising
modular assemblies of carbohydrates, amino acids, lipids, as well as
fatty acids collectively termed ascarosides [6]. While it is apparent that
ascaroside biosynthesis per se serves to integrate nutritional inputs
from major metabolic pathways, elucidation of signal perception and
integration leading to dauer formation and survival has remained
largely obscure, primarily owing to the structural complexities of
ascarosides as well as the plethora of associated downstream pheno-
types [6].

The C. elegans dauer larva thus represents an ideal model to
investigate the mechanistic basis of a naturally-occurring mode of
extended longevity. Biological ageing is defined as the gradual accu-
mulation of cellular damage with age, governed by both environmental
and genetic inputs [7]. Intensive research in gerontology has led to the
emergence of a number of theories explaining the biological basis of
ageing that are often mutually non-exclusive of one another; such as the
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century-old wear and tear theory, the Medawar's mutation accumula-
tion theory that perceives ageing a “by-product” of natural selection, as
well as the rate of living theory that links lifespan with the rate of
oxygen consumption [7,8]. While there is no one prevailing theory of
ageing, the oxidative stress theory currently represents one of the most
well-received correlative theories of the ageing process [7]. The
oxidative stress theory principally postulates that ageing is related to
the deleterious effects of free radicals on cellular constituents including
DNA, proteins as well as membrane lipids; and these reactive oxygen
species are generated as byproducts of normal metabolic process
integral to life, such as oxidative phosphorylation in the mitochondria
[8].

Using a lipidomic approach comprising multiple reaction monitor-
ing (MRM) transitions specific to distinct fatty acyl moieties in
individual phospholipids, we demonstrated that in comparison to other
developmental stages, the dauer larva contain a unique enrichment of
polyunsaturated fatty acids (PUFAs) in their membrane phospholipids.
We next sought to elucidate the changes in membrane lipid dynamics
throughout the course of dauer endurance, and discovered that
esterified PUFAs exhibited temporal accumulation during the early
phases of dauer endurance (i.e. diapause), followed by sharp reduction
prior to termination of diapause. Changes in esterified phospholipids
were accompanied by concomitant increases in unbound PUFAs, as well
as their corresponding downstream oxidized derivatives (collectively
known as eicosanoids). Global phospholipidomics has therefore un-
veiled that PUFA sequestration in membrane phospholipids denotes an
essential aspect of dauer dormancy, and a failure to upkeep membrane
lipid homeostasis is associated with termination of dauer endurance.

2. Methods
2.1. Synchronization of C. elegans developmental stages

Wild type C. elegans strain Bristol (N2) was provided by the
Caenorhabditis Genetics Center (CGC, University of Minnesota, USA),
which is funded by National Institute of Health Office of Research
Infrastructure Programs. Nematodes were cultured and maintained at
20 °C on nematode growth medium (NGM) agar plates containing
200 pg/mL of streptomycin spotted with Escherichia coli OP50-1 as a
food source, as previously described elsewhere [9]. To obtain synchro-
nized developmental stages of C. elegans, gravid hermaphrodites were
treated with sodium hypochlorite solution for fixed duration at defined
volumetric ratios to obtain embryos. The embryos were then allowed to
hatch on NGM agar plates overnight in the absence of food to obtain
arrested first-stage larva (L1). L1 larva were washed off the plates and
the density was estimated via counting the number of worms in diluted
aliquots. The L1 larva were then deposited onto individual plates
seeded with fixed concentration of OP-50-1 at a density of 10e* larva
per plate. The larva on individual plates were allowed to grow and
develop into adults, and plates denoting each developmental stage was
collected at specified time-points after the initiation of feeding [10].
Bacterial food source which may skew the C. elegans lipid profiles was
removed via sucrose floatation prior to worm collection. Collected
worms were frozen immediately in M9 buffer at —80 °C until lipid
extraction.

2.2. Dauer induction and purification

N2 were grown in 500 mL of S-medium containing fixed concentra-
tion of bacterial food source for 10 days at 25 °C with constant agitation
at 120 rpm. During this period of growth, food source was slowly
depleted over time and overcrowding set in after repeated cycles of
reproduction and multiplication, and dauers became plentiful at the
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end of the 10-day period. Worms were first isolated free of any
remaining bacteria and tissue remnants by sucrose floatation. Next,
dauers were purified by treating the isolated worms with 1% sodium
dodecyl sulfate (SDS) for 15 min, followed by sucrose floatation and
pelleting through 15% Ficoll [11]. These freshly isolated dauer
population denotes Day O of our experimental time-point of dauer
endurance. Purified dauers were plated on NGM plates at a density of
10e* dauers per plate. Dauers were collected on representative time-
points (Day 0, Day 7, Day 14 and Day 21) across the period of dauer
endurance. Dauers were treated with 1% SDS for 15 min followed by
sucrose floatation prior to collection to ensure that the collected
samples were devoid of contaminating carcasses that may confound
the lipid profiles.

2.3. Phospholipid extraction and HPLC-MS/MS analysis

Lipids were extracted from the C. elegans using a modified version of
the Bligh and Dyer's method [12]. Briefly, frozen worm samples were
first thawed on ice for 5 min, followed by the addition of chloroform:-
methanol 1:2 (v/v). Next, fixed amount of ceramic beads pre-cleaned
with methanol to remove contaminating lipids were added, and the
samples were homogenized on a bead ruptor (OMNI, USA) using a pre-
optimized programme (speed =5 m/s, duration =8s, pause =2s, 2
cycles). Samples were then incubated at 4 °C for 1 h at 1500 rpm. At the
end of the incubation, 400 uL of MilliQ water and 300 pL of chloroform
were added. Samples were centrifuged at 12,000 rpm for 5 min at 4 °C,
and the lower organic phase was extracted into a clean tube. The
extraction procedure was repeated twice via addition of chloroform,
and 50 uL. of 1 M HCl was added at the last round of extraction.
Extracted organic phases were pooled together into a single tube and
dried under vacuum in the OH mode using the SpeedVac (Genevac,
UK). Dried lipid extracts were stored at —80 °C until mass spectro-
metric analysis. 10e* worms were collected per sample for analysis of
phospholipidome.

Analytical methods were constructed based on high performance
liquid chromatography coupled with tandem mass spectrometry (HPLC-
MS/MS) as previously described [13]. Lipidomic analyses were con-
ducted on an Exion ultra-performance liquid chromatographic system
(UPLC) coupled with Sciex 6500 Plus Qtrap (Sciex, USA). Qualitative
deuterated lipid standards from LIPID MAPS were pre-corrected using
suitable quantitative lipid standards from the same lipid class based on
molar response prior to their use for quantitation. Separation of
individual phospholipid classes of polar lipids by normal phase HPLC
was carried out using a Phenomenex Luna 3 um silica column (i.d.
150 %X 2.0 mm) with the following conditions: mobile phase A (chlor-
oform:methanol:ammonium hydroxide, 89.5:10:0.5), B (chloroform:-
methanol:ammonium hydroxide:water, 55:39:0.5:5.5). Multiple reac-
tion monitoring (MRM) transitions specific to both head groups and
fatty acid chains were set up for quantitative analysis of various
phospholipids. Individual lipid species will be quantified by referencing
to spiked internal standards, which included PC-14:0/14:0, PC34:1-d3;,
LPC-d4—26:0, PE-14:0/14:0, PE34:1-d3;, LPE-17:1, PS-14:0/14:0, PS-
16:0/18:1-d3;, LPS-17:1, PA34:1-d3;, PA-17:0/17:0, LPA-17:0, PG34:1-
d3q, PG-14:0/14:0, PI34:1-d3;, LPI-17:1 obtained from Avanti Polar
Lipids and LIPIDS MAPS (Alabaster, AL, USA). Dioctanoyl phosphati-
dylinositol (PI, 16:0-PI) used for phosphatidylinositol quantitation was
obtained from Echelon Biosciences, Inc. (Salt Lake City, UT, USA). For
all LCMS analyses, individual peaks were examined and only peaks
above the limit of quantitation and within the linearity range were
included in the quantitation [14,15]. Lipidomic analyses were per-
formed in triplicates for developmental stages and in quadruplicates for
dauer endurance.
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2.4. Eicosanoid extraction and UPLC-MS/MS analysis

Eicosanoids were extracted from freshly collected C. elegans samples
on the day of the collection, and 10e® dauers were used for each
replicate due to the endogenously low level of eicosanoids in worms.
Briefly, 1 mL of phosphate-buffered saline (PBS) containing 2% formic
acid (v/v), 50 puL of 0.1% (w/v) butylated hydroxytoluene (BHT) in
methanol and 10 pL of 0.2 ng/pL internal standard cocktail were added
to each sample and vortexed to mix thoroughly. A fixed amount of
ceramic beads pre-cleaned with methanol was then added and the
samples were incubated at 1500 rpm for 12 h at 4 °C to ensure efficient
extraction of eicosanoids from the tissue matrix. The samples were
centrifuged at 4 °C for 10 min at 12,000 rpm, and the supernatant was
extracted for eicosanoids using Oasis MAX SPE columns (Waters, USA).
The internal standard cocktail contained dhk-PGD,-d;, 6K-PGF;o-d4,
PGD2-d,4, PGE,-d4, PGF,,-d,4, TXB,-d4, 9-HODE-d,4,13-HODE-d,, 9,10-
diHOME-d,, 12,13-diHOME-d,, FFA20:4-dg and FFA20:5-ds in metha-
nol (Cayman chemicals, USA). Eicosanoid extract was transferred to
tubes containing 20 pL of ethanol:glycerol 1:1 (v/v) to prevent com-
plete desiccation, and dried under flowing stream of nitrogen gas. The
dried extract was re-constituted immediately in 50 pL of water:acetoni-
trile:formic acid 63:37:0.02 (v/v/v) for mass spectrometric analysis.
Eicosanoid analyses were conducted on an Exion UPLC coupled with
Sciex 6500 Plus Qtrap (Sciex, USA). Eicosanoid analyses were con-
ducted based on previously published protocols with modifications
[16,17]. The mobile phase comprises (A) water:acetonitrile:formic acid
63:37:0.02 (v/v/v) and (B) acetonitrile:isopropanol 1:1 (v/v), and
separation was carried out on a Phenomenex Kinetex 1.7 um C18
column (i.d. 100x 2.1 mm). Eicosanoid analyses were performed in
triplicates.

2.5. RNA extraction and quantitative reverse transcriptase-polymerase
chain reaction (qQRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen). RNA
(2 pg) was reversely transcribed using M-MLV Reverse Transcriptase
(Invitrogen), according to the manufacturer's instructions, and subject
to gPCR analysis using TransStrart” Green qPCR Supermix (Transgen)
and Agilent Stratagene Mx3000p (Agilent). Act-1 was used as house-
keeping gene for relative quantitation of mRNAs of interest. Sequences
of PCR primers were compiled in Table 1. Experiments were performed
in triplicates.

2.6. Statistical analysis

Lipid levels were expressed in terms of molar fractions normalized
to total polar lipids detected in each sample for statistical analyses.
Kruskal-Wallis non-parametric analysis of variance (ANOVA) were used
to compare the changes in lipids and mRNA levels across the various
time-points of dauer endurance. Hierarchical clustering was performed
to stratify lipids that displayed similar patterns of changes across time,
using the pdist() function provided in Matlab (R2012b, the MathWorks.
Natick, MA, USA) with Euclidean distance metric. Details of the
algorithm have been previously described elsewhere [18].

Table 1
Primer pairs used for qPCR analyses.
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3. Results

3.1. Enrichment of PUFA-containing phospholipids specifically in the dauer
stage of development

Since the C. elegans dauer larva represents a developmental variant
ideated to survive prolonged periods of adverse conditions, it is likely
that dauers may possess unique membrane lipid properties among other
developing larval stages that render such specialised adaptations. The
phospholipidome of C. elegans dauers was comprehensively profiled
alongside with that of larva from the first to fourth stages of develop-
ment (ie. L1, L2, L3, L4), and the resultant lipidomic profiles were
compared using Euclidean clustering. Remarkably, a distinct phospho-
lipid cluster highly enriched in the dauer larva was uncovered, which
exclusively comprised phospholipids that possessed a high degree of
unsaturation in their fatty acyl chains (Fig. 1A). These highly unsatu-
rated phospholipids exhibited close to ten-fold increases in dauers
compared to larva of other developmental stages (p < 0.05) (Fig. 1B).
In addition, PUFA enrichment in dauers was not limited to any
particular classes of phospholipids; and was observed consistently
across all classes of phospholipids examined, including phosphatidyl-
cholines (PCs), phosphatidylethanolamines (PEs,), phosphatidylinosi-
tols (PIs) and phoshatidylserines (PSs) (Fig. 1).

3.2. Lyso-phospholipids and saturated phospholipids displayed marked
increases at stage IV of dauer endurance

To elucidate the mechanistic roles of membrane-esterified PUFAs in
dauer metabolism, the phospholipidome of worms at four representa-
tive stages (I-IV) of dauer survival (i.e. endurance), which corresponded
approximately to Day 0, Day 7, Day 14, and Day 21 of dauer formation,
was examined. Dauer formation was induced by progressive over-
crowding and food scarcity in liquid culture, which was examined daily
for the presence of dauer larva. When significant enrichment of dauers
was observed in liquid culture, purification of dauers were carried out
using 1% SDS followed by sucrose floatation to obtain isolated
populations of dauers (see Methods). The time-point of first collection
corresponded to stage I of dauer endurance in our experiment, which
represented worm populations that had just entered the dauer stage.
The dauer population was monitored weekly until Day 21, or stage IV of
dauer endurance, at which substantial deaths (> 50%) had occurred
that represented dauers at an advanced stage of endurance.

Temporal analysis of phospholipid profile changes during dauer
endurance revealed that saturated phospholipids, including PC36:0,
PE36:0, PS36:0 and PI36:0, which were maintained at relatively low
levels across stages I-III of dauer endurance, exhibited sharp increases
at stage IV (Fig. 2, cluster 1). Similarly, numerous lyso-phospholipids
across different classes comprising lyso-PC (LPC), lyso-PE (LPE) and
lyso-PI (LPI) exhibited were appreciably elevated at stage IV of dauer
endurance, which may be indicative of enhanced phospholipase
activities toward the advanced stage of dauer survival (Fig. 2, cluster
1). Notably, lyso-PS (LPS) containing C20-PUFAs i.e. LPS 20:3, LPS 20:4
and LPS 20:5, unlike their counterparts from other phospholipid
classes, were appreciably reduced at stage IV (Fig. 2, asterisked).

Gene name Gene ID Forward primer (5 —3) Reverse primer (5'—3)

act-1 179535 TCCAAGAGAGGTATCCTTAC CGGTTAGCCTTTGGATTGAG
gst-4 177886 GCCAATCCGTATCATGTTTGC CAAATGGAGTCGTTGGCTTCAG
rme-2 177329 ATGAAGACAATAAGTGTCGGAG CGCTTGGAGCATTAGTTTGG
CYP-29A3 189649 TGATTCTGCCCTGTTTATTG ACCGGGGAGCAAATCATC
CYP-33E2 185653 ATGAATCACAACGTCTTGCC TCAGGGAAGATTTCTGGATT
C45B2.6 180874 TTGGTACCGGTTATGCTGAGAG AAATCGAGCGGCAACATGAAC
CO7E3.9 182374 TCACAATCACAAAGTGCCGC TCTCATGAGCCTGTCGATGG

969
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Fig. 1. Unique accumulation of PUFAs in membrane phospholipids of dauers. Euclidean clustering based on the z-scores of 331 individual phospholipids across the larval developmental
stages of C. elegans revealed a unique cluster comprising highly unsaturated phospholipids specific to the dauer larva (A). An illustration of the fold-changes in major unsaturated
phospholipids across different larval stages. Size and colour of circles indicate magnitude of fold-changes displayed as numerical values. Fold-changes are calculated relative to the mean
of L1, L2, L3 and L4 for each lipid species (B). L1: first-stage larva; L2: second-stage larva; L3: third-stage larva; L4: fourth-stage larva; experiments were performed in triplicates.

3.3. PUFA-containing phospholipids exhibited drastic reductions at stage IV
of dauer endurance

PUFA-containing PCs and PEs demonstrated significant accumula-
tion from stage I through stage III of dauer endurance, followed by
steep reductions at stage IV (Fig. 2, cluster 2). In contrast, PS and some
PI comprising PUFAs were maintained at steadily high levels through-
out stages I-III of dauer endurance, but were similarly reduced at stage
IV (Fig. 2, cluster 2). In order to decipher a greater resolution of fatty
acyl-dependent changes throughout the course of dauer endurance,
MRM transitions specific to individual fatty acyls within phospholipids
were constructed, and the results were presented in Fig. 3. Using fatty

acyl-based MRMs with a greater resolution in terms of fatty acid
identities, PUFA-PCs and PUFA-PEs of relatively high abundances, such
asPC34:3(16:0/18:3), PC36:3(18:0/18:3), PC36:4(18:1/18:3),
PC38:6(18:1/20:5), PC38:6(18:2/20:4), PC38:7(18:2/20:5),
PE38:5(18:0/20:5) and PE38:6(18:1/20:5), were markedly increased
from stage I through stage III of dauer endurance (Fig. 3, cluster 6,
asterisked). Thus, a preferential accumulation of PUFAs including
FFA18:2 (linoleic acid, LA), FFA18:3 (a or y-linolenic acid, ALA or
GLA), FFA20:4 (arachidonic acid, AA) and FFA20:5 (eicosapentaenoic
acid, EPA) was observed in major membrane lipid classes of PCs and
PEs during dauer endurance. On another note, major PS and PI species
containing AA and EPA, including PS38:4(18:0/20:4), PS38:5(18:0/



S.M. Lam et al.

PC36:0
PS36:0
PE36:0
PS36:1
PI36:0
PC36:1
LPE16:1
LPE18:0
LPE20:0
LPE18:1
LPE20:2
LPE18:2
LPE20:1
LPE20:5
LPS18:1
LPE16:0
PE36:1
LPI8:1
LPS18:0
LPC16:1
LPCie:1
LPC16:0
LPC18:0
LPCIT:0
LPC18:2
LPC18:3
LPC20:5
LPC20:3
LPC20:4
LPC20:2
LPC17:1
PI36:1
LPE20:3
LPE20:4
LPI20:4
LPIB:0
LPI205
PC34:1
LPI8:2
PC34:5
PC34:4
PS36:2
PS36:3
PS38:1
PS38:5
PS38:2
PS38:6
PS38:3
PS38:4
PS37:0
PI36:2
PI38:6
PI38:2
PI36:3
PI3E:5
PI3E:S
PC34:3
PC34:2
PE36:3
LPS18:2
PE36:2
PE38:5
PC36:4
PC36:3
PE38:2
PC36:6
PC38:8
PC387
PE38:6
PE36:5
PC36:2
PE36:4
PC36:5
PC38:6
PC40:10
PI3G:4
PI38:3
PI3g:4
PS36:4
PC35:6
PC355
PC35:4
PC37:4
PC37:5
PC35:2
PC37:3
PC39:8
PC37:6
PC35:3
PC39:5
PC39:4
PC35:1
PC35:0
PC39:7
PC39:6
PC40:8
PC40:9
PC407
PC40:6
PS37:1
PS37:2
PC38:4
PC38:5
PC37:2
PC40:5
PC40:4
LPS204
LPS205
PE38:4
PC37:1
PC38:3
PC38:2
PC38:1
PE38:3
* LPS20:3
PS38:0
LPE14:0
PE36:6
PE38:1
PC36:7
PC34:0

* %

STAGE Il

STAGE Il

STAGE IV

¥0AVa L

-ZAva T

v-LAva L

L-vLAVA T
Z¥iAva

L-l2AVa T,
zlzAva
€-1ZAva

-lzava L

CLUSTER 1

CLUSTER 2

1.5

0.5

-0.5

-1.5
-2

1.5

0.5

-0.5

-1.5
-2

Redox Biology 12 (2017) 967-977

Cluster 1

D 4 DAY-21

Cluster 2

DAY-7 DAY-1 -21

Cluster 3

Fig. 2. Temporal changes in phospholipidome throughout dauer endurance based on head group-specific transitions. Euclidean clustering based on the z-scores of 121 major
phospholipids in dauers revealed three individual clusters with distinct patterns of changes over the course of diapause. Experiments were performed in quadruplicates.

20:5) and PI38:4(18:0/20:4), which were maintained at relatively high
levels from stages I to III, were segregated into a distinct cluster (Fig. 3,
cluster 5, asterisked). Nonetheless, notable reductions in PUFA-contain-

ing species across all individual classes of phospholipids examined were
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unanimously observed at stage IV of dauer endurance (Fig. 3, clusters 5
and 6), indicating that a loss of membrane esterified PUFAs may be
associated with termination of dauer endurance.
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Fig. 3. Temporal changes in phospholipidome throughout dauer endurance based on fatty acyl-specific transitions. Euclidean clustering based on the z-scores of 148 major phospholipids
comprising PUFAs in dauers revealed three individual clusters with distinct patterns of changes over the course of diapause. Experiments were performed in quadruplicates.

3.4. Phospholipids containing odd-chain/branched-chain fatty acids were was observed that PCs comprising odd or branched-chain fatty acids

sharply decreased from stage II of dauer endurance (BCFAs) were distinctly segregated into a cluster that exhibited sharp
reductions from stage I to stage II, and was subsequently maintained at
Apart from membrane esterified PUFAs, another interesting cluster low level throughout the course of dauer endurance (Fig. 2, cluster 3).

emerged from our extensive investigation of the phospholipidome. It Results from fatty acyl-based MRM analysis vindicated this observation,
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and a distinct cluster constituting predominantly of PCs with BCFAs
(C15, C17, and C19) once again emerged (Fig. 3, cluster 4). Interest-
ingly, PC species with an even total number of carbons, but comprising
odd-chain fatty acids at both sn-1 and sn-2 positions, such as
PC36:4(17:0/19:4), PC36:3(17:1/19:2) and PC36:4(17:0/19:4) were
also found in this cluster (Fig. 3, cluster 4, asterisked). These shown
that the levels of membrane-esterified BCFAs were indeed preferentially
reduced at the early stages of dauer endurance.

3.5. Free PUFAs and downstream oxidized derivatives (eicosanoids) were
elevated at stage IV of dauer endurance

In view of the drastic reductions in membrane esterified PUFAs at
stage IV of dauer endurance, we next investigated whether the down-
stream oxidized derivatives of PUFAs (i.e. eicosanoids) were signifi-
cantly altered. Accordingly, oxidized EPA-derivatives, including var-
ious isomers of hydroxy-eicosapentaenoic acids (HEPE), epoxy-eicosa-
tetraenoic acids (EEQ) and dihydroxy-eicosatetraenoic acids (diHETE);
as well as derivatives of LA, such as hydroxyl-octadecadienoic acid
(HODE) and dihydroxy-octadecenoic acid (diHOME), were markedly
elevated at stage IV of dauer endurance (Fig. 4A). Furthermore, the
levels of various prostaglandin (PG) species derived from FFA20:3 (di-y-
linolenic acid, DGLA), AA and EPA were also significantly raised at the
advanced stage of dauer endurance (Fig. 4A). In line with these
observations, the unbound PUFA precursors were appreciably elevated
at stage IV as well (Fig. 4B). Most of the detected eicosanoids were
derivatives of EPA, which represented the predominant unesterified
PUFA in C. elegans dauers (Fig. 4C), consistent with previous observa-
tions in adult worms [19].

3.6. Temporal changes in the expression of genes implicated in PUFA
metabolism throughout dauer endurance

The expression of selected genes encoding enzymes implicated in
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the release and transport of membrane esterified PUFAs, as well as
downstream eicosanoid biosynthesis, was investigated using qRT-PCR.
Based on our lipidomic observations, we speculate an enhanced PUFA
release from membrane lipids precedes the termination of dauer
endurance. In corroboration with this, the mRNA levels of two genes
orthologous to human phospholipases A2 (PLA2) [20], namely CO7E3.9
and C45B2.6, which were progressively reduced throughout the course
of dauer endurance (p < 0.05), shown marked elevations at stage IV
compared to stage III (p < 0.05) (Fig. 5A-B). The expression of rme-2,
which encodes a low-density lipoprotein (LDL) receptor implicated in
the endocytosis of PUFAs transported from the intestines into the
oocytes of adult worms [21], was markedly elevated at stage II,
followed by progressive reductions throughout the investigated period
of dauer endurance (p < 0.05) (Fig. 5C). The expression of gst-4, which
encodes glutathione S-transferase enzymes related to PG synthases
[22]; as well as that of CYP-29A3, one of C. elegans’ NADPH-cytochrome
P450 (CYP) reductases contributing to eicosanoid biosynthesis [23],
were progressively reduced from stages I-III, followed by significant
elevation at stage IV (p < 0.05) (Fig. 5D-E). On the other hand, CYP-
33E2, another CYP-reductase implicated in eicosanoid biosynthesis in
worms, were markedly elevated at both stages II and IV (p < 0.05)
(Fig. 5F). Nonetheless, in contrast to gst-4 and CYP-29A3 that exhibited
dauer-enriched expression [24], the expression of CYP-33E2 was not
specific to dauers across development stages.

4. Discussion

Despite being perceived as a “non-ageing” developmental variant of
the C.elegans, mechanistic basis governing the extreme longevity and
developmental quiescence of dauer juvenile has remained largely
obscure. Stark changes in membrane lipid composition of dauers
compared to other larval stages had prompted us to comprehensively
investigate global alterations in the phospholipidome of dauer larva
throughout the course of their survival, which we termed dauer
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endurance. In contrast to a myriad of preceding works on dauer larva
that adopted a principally genome-oriented approach [25,26], an
investigation based upon lipidomics could reveal potentially important
lipid pathways possibly controlled by enzymes with functional para-
logs, or that implicating metabolites are not directly encoded by DNA
[27-29].

4.1. Sequestration of BCFAs in PCs may mediate the early phase of dauer-
diapause

Our analyses revealed that a distinct accumulation of BCFA-contain-
ing PCs was observed at the early phase of dauer endurance. The
discovery of BCFAs in C. elegans lipidome is not new, as numerous
reports had previously demonstrated the critical roles that BCFAs elicit

in C. elegans development [30-32]. In particular, BCFAs were shown to
regulate the expression of several genes that control post-embryonic
development in C. elegans, and suppression of BCFA biosynthesis led to
growth arrest at the L1 stage [30,32]. Furthermore, it was demon-
strated that BCFAs exert their effect in promoting post-embryonic
growth and development via serving as precursors for the formation
of glucosylceramides comprising branched-chain sphingoid bases [31].
The C. elegans L1 larval stage represents a state of suspended animation
that is, to a certain extent, akin to the dauer diapause. L1s, with
attenuated levels of global gene expression, can be maintained for
several days in the absence of food [33]. It is therefore plausible that
dauers deploy a similar mechanism to initiate diapause via sequestra-
tion of BCFAs in phospholipids, thereby halting downstream formation
of branched-chain glucosylceramides and subsequent activation of
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genes mediating normal growth and development. Since BCFAs are
present in substantial quantities in various genera of bacteria [34], such
a mechanism governing diapause entry could represent an effective
means to sense/monitor food availability for C. elegans to adopt the
optimal developmental decision that uplifts their chances of survival in
nature. Nonetheless, the precise fate of these PC-esterified BCFAs and
their potential role(s) throughout the course of dauer endurance remain
to be determined.

4.2. Release of membrane-bound PUFAs and enhanced eicosanoid
production precedes termination of dauer endurance

Our analyses revealed a notable and progressive accumulation of
PUFAs in phospholipids throughout the course of dauer endurance.
The accretion of PUFA-phospholipids in dauers was lost at stage IV
prior to the termination of the endurance period, which coincided
with marked elevations in saturated phospholipids as well as increases
in various lyso-phospholipids (Figs. 2-3). The augmented levels of
gene expression for phospholipases (C07E3.9 and C45B2.6) at stage IV
(Fig. 5A-B) therefore indicated an increased phospholipase activity
that promoted the release of free PUFAs prior to the end of diapause.
In addition, the mRNA levels of genes responsible for eicosanoid
biosynthesis from unbound PUFA precursors, including gst-4, CYP-
29A3 and CYP-33E2, which were generally maintained at low levels
throughout stages I-III, exhibited significant increases at stage IV
(Fig. 5D-F). In line with this, the levels of free fatty acids and various
eicosanoids including PG, HEPE, EEQ, diHETE, HODE and diHOME
principally derived from the oxidation of LA, AA and EPA, were
markedly elevated at stage IV (Fig. 4). The lipidomic and mRNA data
therefore cumulatively point to an enhanced phospholipase-mediated
release of free PUFAs and their subsequent oxidation to eicosanoids
prior to the termination of dauer endurance. As 1% SDS treatment was
carried out prior to worm collection at all time-points investigated in
this study, this implied that the observed biochemical changes
preceded the loss of specialized cuticle and initiation of pharyngeal
pumping that confer SDS resistance, which also represent hallmark
features of dauer diapause [1].

Orthologs of cyclooxygenases (COX) and lipooxygenases (LOX) that
are respectively responsible for the production of PG and hydroxylated
PUFAs in mammals, were lost in C. elegans during the course of
evolution [35]. Nonetheless, the genome of C. elegans contains 75 full
length CYP genes, some of which were demonstrated to possess
NADPH-CYP reductase activities, with CYP-29A3 and CYP-33E2 being
identified as the major isoforms responsible for EPA metabolism in C.
elegans [23]. Previous works in C. elegans have shown that a hetero-
geneous mixture of F-series PGs function redundantly in fertilization to
guide the unidirectional movement of sperms towards mature oocyte
[36]. Furthermore, it was demonstrated in adult C. elegans that under
environmental conditions that are suboptimal, an attenuated secretion
of DAF-7 ligand by pheromone-sensitive neurons inhibits COX-inde-
pendent PG biosynthesis in the ovary, leading to a failure in sperm
guidance and a decline in reproductive output [37]. Thus, eicosanoids
serve as mediators in relaying environmental cues, possibly perceived
in the form of pheromones via pheromone-responsive sensory neurons,
to fine-tune reproductive output in the ovary [36,37]. An intriguing
possibility emerged from this study as to whether ascarosides, which
are pheromone signals known to regulate dauer entry, also act to
suppress eicosanoid production to promote long-term diapause. Also,
the cyp-31A2 and cyp-31A3 mutants exhibited defects in embryo
development characterized by osmotic sensitivity and perturbed polar-
ity establishment, further suggesting that eicosanoids may be crucial in
reproductive development [38].

Thus, the suppression of eicosanoid biosynthesis through stages I-I1I
of dauer endurance via [1] sequestration of PUFA precursors in
membrane phospholipids, and [2] downregulation of genes for eicosa-
noid biosynthesis may serve to repress germline development and
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divert the limiting resources towards somatic survival. In this light, it
has been shown in adult C. elegans that PUFA supplementation
preferentially diverts fats to somatic tissues over the adult germline,
leading to increased somatic resilience and improved stress response
beneficial for survival [39]. While the authors have proposed that
downstream eicosanoid production may promote somatic survival over
germline proliferation, no direct measurement of endogenous eicosa-
noid levels nor fatty-acyl specific changes in phospholipids following
PUFA supplementation were conducted [39]. Since the ultimate fate of
supplemented PUFAs was not determined in the study aforementioned,
it could also be plausible that enhanced esterification of PUFAs into
phospholipids may mediate somatic survival instead. Previous analyses
have shown that the ovarian tissues represent a principal site of
eicosanoid production in adult worms, utilizing PUFAs transported
from the intestines obtained through endocytosis of vitellogenins [21].
In particular, the loss of RME-2 receptor resulted in suppressed
eicosanoid production and a loss of directional motility in sperms
[21]. The mRNA level of rme-2 was, however, not particularly increased
at stage IV of dauer endurance (Fig. 5C), indicating that alternative site
(s) of eicosanoid biosynthesis may exist in dauers.

Apart from their roles in mediating reproductive development and
fertilization, CYP-derived eicosanoids were also reported to serve as
secondary messengers in regulating pharyngeal pumping and food
uptake in C. elegans. Cessation in pharyngeal pumping represents a
hallmark feature of dauers, which are non-feeding with a covered
buccal opening [40]. In this aspect, 17, 18-EEQ had been reported to
promote pharyngeal pumping in both wild type and mutant worms
[19]. The stark increases in 17, 18-EEQ, and possibly other EPA-derived
eicosanoids, observed at stage IV of dauer endurance (Fig. 4A) may thus
signal the initiation of pharyngeal pumping and termination of dauer
endurance. Besides, CYP-generated eicosanoid signaling was also im-
plicated in the behavioral response to oxygen availability following
hypoxia in C. elegans, which is characterized by sharp increase in the
speed of locomotion [41]. Thus, suppression of eicosanoid biosynthesis
during dauer endurance may also explain the generally low level of
motility observed in dauers.

4.3. Changes in membrane lipid compositions may underlie the basis of
dauer-specific phenotypes

While eicosanoids are traditionally perceived as potent signaling
molecules mediating downstream cellular events [42], the biological
significance of enhanced PUFA-esterification in membrane lipids
throughout the course of dauer endurance should not be overlooked
as well. Indeed, the incorporation of AA into membrane phospholipids
has been demonstrated to enhance neuronal mechanics governing the
sensation of touch in C. elegans [37]. The authors proposed that PUFA-
enriched membrane domains may function to dilute cholesterol-rich
microdomains, inducing membrane thinning and subsequent activation
of mechanoelectrical transduction (MeT) channels that relay the
sensation of touch [43]. In this light, despite often lying motionless to
conserve energy expenditure for locomotion, dauers display rapid
response to external stimuli [1]. We speculate that enhanced PUFA-
esterification in membrane lipids may also serve to “sensitize” MeT
channels in dauers to boost their response to external vibration (e.g.
passing danger, medium for dispersal), increasing their chances of
survival in nature.

Steric incompatibility between highly chaotic PUFA-enriched mem-
brane domains and the relatively compact and rigid regions of
cholesterol-enriched domains (i.e. lipid rafts) has been previously
proposed to serve as competing platforms that differentially regulate
protein functions in vivo [44]. It is noteworthy that the CYP enzymes,
principally responsible for eicosanoid biosynthesis in C. elegans [23],
are membrane-bound hemoproteins [45]. Thus, enhanced PUFA-ester-
ification in membrane lipids may serve dual roles in sequestering PUFA
precursors and regulating CYP enzymatic activity to attenuate eicosa-
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noid biosynthesis throughout the course of dauer endurance. The
differential membrane dynamics in dauer larva may constitute the
basis of altered metabolism associated with the dauer-specific “non-
ageing” phenotype. In this aspect, we have also previously observed
temporal decline in PUFA-esterification and elevated levels of raft-
associated lipids, including long-chain sphingomyelins and cholester-
ols, in the neuronal membranes of Rhesus macaques during normative
ageing [13], implying that changing membrane dynamics may consti-
tute essential mechanisms governing tissue ageing that are conserved
from metazoans to mammals.

The preceding observations indicated that the dauer larva under-
went a period of acute oxidative stress, characterized by sharp increases
in endogenous PUFAs and the consequent biosynthesis of eicosanoids,
prior to the termination of diapause. In this sense, the esterification of
PUFAs in membrane phospholipids throughout dauer endurance may,
at least partly, serve as an effective means to minimize oxidative stress
induced by the excessive accumulation of endogenous PUFAs in dauers
in order to achieve extended longevity. The stark accumulation of
PUFAs in membrane lipids, nonetheless, may also represent an integral
aspect of dauer dormancy that serves other physiological functions (e.g.
via altering membrane dynamics and downstream signaling pathways)
as aforementioned. Our lipidomic observations in the “non-ageing”
dauer larva are therefore aligned with the oxidative stress theory of
ageing, which primarily proposes ageing to be the result of a failure in
maintaining oxidative defenses [7]. While eicosanoid production may
underlie the basis of diapause termination in dauers, the precise
mechanism leading to cellular senescence and death at the end of
dauer endurance remains to be elucidated.

Notably, 4-hdyroxy-2-nonenal (4-HNE) denotes a predominant
product of lipid peroxidation that is generated by the oxidative
degradation of omega-6 PUFAs including AA and LA [46], which is
relatively stable and can diffuse from its site of origin to elicit systemic
effects [46]. It was shown that endogenous 4-HNE may determine cell
fate in a bi-modular manner that is concentration dependent [47-49].
In human osteosarcoma cells, for example, increasing concentrations of
4-HNE was found to inhibit cellular proliferation and differentiation
[48], and progressive accumulation of 4-HNE was observed in vitro
during the ageing of human facial skin fibroblasts [49]. While low but
supraphysiological levels are associated with cellular proliferation and
tumorigenesis [47], exceedingly high levels of 4-HNE had been shown
cytotoxic to HeLa cells [50]. It remains an intriguing possibility if
overproduction of 4-HNE represents a key determinant driving cellular
death at the end of dauer diapause. In Saccharomyces cerevisiae,
excessive PUFA production was shown to result in elevated levels of
4-HNE. The PUFA-producing yeast strain displayed higher initial
sensitivity to oxidative stress relative to wild type, but became more
resistant (i.e. adapted) to oxidative stress over extended cultivation, for
which the authors attributed to an elevated peroxisomal catalase
activity [51]. Similarly, treating yeast cells with 4-HNE led to cell
cycle arrest that was uplifted only when cellular glutathione content
exceeded that of control cells by twofold [52]. Therefore, detoxification
of 4-HNE may denote a key factor governing cellular fate in the event of
4-HNE overproduction following endogenous PUFA accumulation. It
may thus be interesting to investigate if the controlled release and
subsequent detoxification of 4-HNE may essentially underlie the
mechanistic differences between diapause termination and death as
compared to dauer exit and progression into normal development; since
both events would presumably lead to high endogenous PUFA produc-
tion stemming from phospholipase-mediated release of membrane-
esterified PUFAs. Finally, perturbed levels of oxidized lipid derivatives
have been reported in the human placenta of small-for-gestational age
newborns compared to controls [53], raising the possibility that
oxidative stress may alter human reproductive investment, for which
the C elegans may represent an ideal model for elucidation of the
implicated mechanisms.
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