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Metabolic plasticity sustains the robustness of
Caenorhabditis elegans embryogenesis
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Abstract

Embryogenesis is highly dependent on maternally loaded materials,
particularly those used for energy production. Different environ-
mental conditions and genetic backgrounds shape embryogenesis.
The robustness of embryogenesis in response to extrinsic and
intrinsic changes remains incompletely understood. By analyzing
the levels of two major nutrients, glycogen and neutral lipids, we
discovered stage-dependent usage of these two nutrients along
with mitochondrial morphology changes during Caenorhabditis
elegans embryogenesis. ATGL, the rate-limiting lipase in cellular
lipolysis, is expressed and required in the hypodermis to regulate
mitochondrial function and support embryogenesis. The embryonic
lethality of atgl-1 mutants can be suppressed by reducing sinh-1/
age-1-akt signaling, likely through modulating glucose metabolism
to maintain sustainable glucose consumption. The embryonic
lethality of atgl-1(xd314) is also affected by parental nutrition.
Parental glucose and oleic acid supplements promote glycogen
storage in atgl-1(xd314) embryos to compensate for the impaired
lipolysis. The rescue by parental vitamin B12 supplement is likely
through enhancing mitochondrial function in atgl-1 mutants. These
findings reveal that metabolic plasticity contributes to the robust-
ness of C. elegans embryogenesis.
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Introduction

Robustness and plasticity are universal characteristics of biological
systems when facing extrinsic and intrinsic changes (Kitano, 2004).
Embryogenesis, a complex and energy-consuming process, is
shaped by nutritional conditions and genetic alterations (Zhu
et al, 2009; Paonessa et al, 2021; Rubio & Simon, 2021; Chen
et al, 2022). The supply of nutrients during embryonic development

varies among species. In placental species, the embryo can continu-
ously obtain nutrients from the mother through the placenta after
implantation. In oviparous animals, the embryos wholly depend on
maternally loaded nutrients. Embryonic nutrient reserves are
shaped by maternal supply, which is affected by parental environ-
mental conditions. Therefore, embryonic metabolism can be
reshaped under changes in parental nutritional conditions. Changes
in nutritional conditions may cause fetal maldevelopment and affect
the expression of fetal genomes, thereby permanently altering the
metabolism and physiology of offspring (Gardner et al, 2000; Wu
et al, 2004).

Embryonic nutrient reserves usually consist of maternally loaded
glycogen, lipids and amino acids (Ghosh et al, 2022). The efficient
mobilization of nutrients provides energy as well as building blocks
for cellular processes such as cell proliferation and morphogenesis.
At different stages of embryonic development, embryos have a pref-
erence for utilizing certain nutrients. In humans, the fallopian tubes
have higher pyruvate concentrations and lower glucose levels than
the uterus. Thus, it is possible that the energy substrate preference
of developing embryos is able to adapt to the different nutritional
environments in the female reproductive tract (Scott et al, 2018).
Embryos can also adjust to environmental changes. When cultured
in vitro, the mouse embryo preferentially utilizes pyruvate as an
energy substance in the early cleavage stage. At the morula
stage, the consumption of pyruvate decreases, while the consump-
tion of glucose increases sharply. However, in the absence of glu-
cose in the medium, the consumption of pyruvate by mouse
blastocysts is significantly increased (Gardner & Leese, 1988; Gard-
ner et al, 2000).

Besides nutritional changes, embryogenesis also adapts to
genetic alterations. For example, C. elegans embryos exhibit abnor-
mal cell positioning and delayed cell division upon systematic
knockdown of conserved genes. Interestingly, the timing of gene
expression responds to the delayed cell proliferation, thereby coordi-
nating the overall embryonic development process. The daughter
cells returned to their normal position, and the embryos eventually
hatched successfully (Xiao et al, 2022). Therefore, in the face of
environmental and genetic perturbations, cellular plasticity and a
variety of compensatory strategies help to mitigate or repair defects,
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increasing the robustness of embryonic development. However, the
mechanisms that facilitate this robustness and plasticity to ensure
normal embryonic development upon extrinsic or intrinsic changes
remain incompletely understood.

The abundance and dynamics of neutral lipids in embryos vary
greatly among different species (Dunning et al, 2014). Lipid drop-
lets, the cellular neutral lipid storage organelles, are relatively small
in mouse oocytes and early embryos, and gradually increase in size
from the morula stage to blastocyst stage (Ibayashi et al, 2021; Mau
et al, 2022). The size of lipid droplets reduces during embryonic dia-
pause. Interestingly, there is a positive correlation between the
abundance of neutral lipids in mammalian oocytes and the duration
of diapause, which suggests that neutral lipids are consumed before
implantation (Arena et al, 2021). The contribution of neutral lipid
dynamics to embryonic development is not well understood. Lipase
inhibitor treatment strongly inhibits zebrafish embryonic develop-
ment, suggesting that lipolysis, which breaks down triacylglycerol
(TAG) to glycerol and fatty acids, plays a key role in embryogenesis
(Dutta & Sinha, 2017). Adipose triglyceride lipase (ATGL) is the
rate-limiting enzyme responsible for cellular lipolysis (Zimmermann
et al, 2004). Drosophila ATGL mutants are embryonic lethal (Gronke
et al, 2005). However, the exact function of lipolysis during embryo-
genesis remains unclear. Furthermore, it is not known how embryos
cope with lipolytic alterations.

C. elegans oogenesis occurs in the gonads. The mature oocytes
are fertilized in the spermatheca. Then, the fertilized embryos form
and are encased in the eggshell to begin the process of embryogene-
sis. Because C. elegans is transparent, we are able to observe multi-
ple developing embryos in the uterus. In this study, we explored the
mobilization of nutrients during C. elegans embryogenesis. We
uncovered a differential usage of glycogen and triglycerides during
embryogenesis. Based on the embryonic lethal phenotype caused by
mutation of atgl-1, which encodes the sole ATGL homolog in C.
elegans, we investigated the variability of atgl-1 mutant phenotypes
under different parental nutrient conditions and genetic back-
grounds. Our results highlight the metabolic plasticity that ensures
the robustness of C. elegans embryogenesis.

Results

A stage-dependent usage of glycogen and triglycerides during C.
elegans embryogenesis

To characterize the mobilization of endogenous nutrient reserves
during C. elegans embryogenesis, we analyzed the changes in glyco-
gen and neutral lipid contents in oocytes and embryos. We mea-
sured glycogen content by iodine staining. Glycogen accumulates
during oocyte maturation and reaches the highest level after fertili-
zation. During embryonic development, glycogen content gradually
decreases, indicating that glycogen is mobilized (Fig 1A and B;
Appendix Fig S1A). Notably, glycogen appears to be depleted at the
bean stage (Appendix Fig S1B). Compared to glycogen, neutral
lipids, labeled by Bodipy dye, do not accumulate during oocyte mat-
uration. The level of neutral lipids is increased after fertilization. In
the early stage of embryogenesis, the lipid content is not greatly
decreased (Fig 1C and D; Appendix Fig S1C). Starting from the gas-
trulation stage, lipid content drops sharply in most cells, indicating
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active lipid mobilization. Intriguingly, the neutral lipid signal
remains high in the hypodermal cells, labeled by a hypodermal
marker Py;;4;55::mCherry (Fig 1E and F).

As the ‘powerhouses’ of the cells, mitochondria adapt their activ-
ity to the requirements of cellular metabolism. The accumulation of
the mitochondrial dye MitoTracker Red reflects mitochondrial mem-
brane potential. Wild-type N2 embryos had weak MitoTracker Red
staining at the early stage. As embryonic development proceeded,
the intensity of staining greatly increased, indicating that the mito-
chondrial function gradually matured (Fig 1G). Nevertheless, there
was no significant change in the relative mtDNA level between early
and late embryos (Fig 1H). Notably, the transcription levels of genes
related to mitochondrial fatty acid oxidation, including the acyl-CoA
synthetase gene acs-2 and the acyl-CoA dehydrogenase gene
CO4E6.7, were elevated in late embryos compared with early
embryos (Fig 11I). Together, these results indicate that there is a dif-
ferential usage of glycogen and neutral lipids during embryogenesis.
In the early stages of development, the embryos mainly utilize gly-
cogen; then, when the embryos are composed of dozens of cells,
they start to mobilize neutral lipids. Moreover, the neutral lipids of
hypodermal cells are mobilized later than those of other cell types.

Glycogen and lipid mobilization are required for embryogenesis

To explore the role of glycogen and neutral lipid metabolism in
embryogenesis, we examined the phenotypes of embryos carrying
mutations in the pygl-1, gsy-1, and atgl-1 genes, which encode key
enzymes in glycogen or neutral lipid metabolism. pygl-1 encodes a
C. elegans homolog of mammalian PYGM, the rate-limiting enzyme
in glycogen breakdown. pygl-1(tm5211), a 915 bp deletion allele of
pygl-1, results in increased embryonic glycogen content and an
embryonic lethal phenotype when the parental pygl-1(tm5211)
worms are grown under normal culture conditions (Fig 2A; Appen-
dix Fig S1D). GSY-1 is the C. elegans homolog of the mammalian
glycogen synthase GYS. gsy-1(gk397885), a nonsense mutation
allele of gsy-1, results in a significantly reduced glycogen content
and a severe embryonic lethal phenotype when the parental gsy-I
(gk397885) worms are grown under normal culture conditions
(Fig 2A; Appendix Fig S1D). pygl-1(tm5211) and gsy-1(gk397885)
mutant embryos developed into a few dozen cells and then died
(Fig 2B), which suggests that glycogen metabolism is important for
early embryonic development.

atgl-1 is the C. elegans homolog of mammalian Atgl, encoding
the rate-limiting TAG lipase in the cytosolic lipolysis pathway. Com-
pared to N2, atgl-1(xd314), a loss-of-function mutant, caused an
increased level of neutral lipids in embryos especially in the hypo-
dermis, by Bodipy staining (Fig 2C). In addition, atgl-1(xd314)
mutants display an incomplete, but highly penetrant, embryonic
lethal phenotype (Fig 2A and B). The embryonic lethality of atgl-1
(xd314) can be rescued by fosmid transgenes containing wild-type
atgl-1, which indicates that the phenotype was caused by the atgl-1
mutation (Fig 2A). lid-1 is a C. elegans homolog of mammalian CGI-
58, an activator of ATGL (Lass et al, 2006; Xie & Roy, 2015b). lid-1
(xd288) mutants also exhibit an embryonic lethal phenotype in C.
elegans (Fig 2A).

To further characterize the embryonic lethal phenotype of atgl-1
(xd314), we used 4D imaging to track embryogenesis. atgl-1(xd314)
embryos mainly died near the comma stage, around 390 min after
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Figure 1. Differential usage of glycogen and neutral lipids during C. elegans embryogenesis.

lodine staining of N2 embryos at different stages. Scale bar: 10 pm.

Bodipy staining of N2 embryos at different stages. Scale bar: 8 um.

mm g0 W >

Quantification of the changes of glycogen content in oocytes and embryos of N2. n = 93 embryos.

Quantification of the changes of neutral lipid content in oocytes and embryos of N2. n = 95 embryos.
Colabeling of cells by the hypodermal marker Pys;a15:mCherry and the lipid droplet dye Bodipy in N2 embryos. Scale bar: 8 um.
Quantification of the relative mean fluorescence density at the location of the hypodermal cells compared to the rest of the embryo in (E). Number of experiments

n > 3, with at least 10 embryos analyzed in each experiment. The data were analyzed using two-way ANOVA. Data are presented as mean + SEM. ****p < 0,0001.

(o}

MitoTracker Red staining of N2 embryos at different stages. Scale bar: 8 um.

H The relative mtDNA/nDNA ratios of N2 and atgl-1(xd314) embryos at early and late stages. Three biological replicate samples were analyzed in this experiment. The
data were analyzed using ordinary one-way ANOVA. Data are presented as mean £ SEM. **P < 0.01, ***P < 0.001; ns: not significantly different.

I The mRNA expression level of genes related to mitochondrial fatty acid oxidation including the acyl-CoA synthetase gene acs-2, and the acyl-CoA dehydrogenase
genes acdh-2, acdh-10, and C04E6.7, in early and late stage N2 embryos. Four biological replicate samples were analyzed in this experiment. The data were analyzed

using two-way ANOVA. Data are presented as mean + SEM. ****p < 0.0001.

Source data are available online for this figure.

the first cleavage (Fig 2D). Ventral cleft closure and ventral enclo-
sure are two major morphogenesis events before the comma stage:
the former involves neuroblasts and the latter involves hypodermal
cells. atgl-1(xd314) embryos exhibit aberrant ventral cleft closure
and ventral enclosure (Fig 2D). The ventral clefts were larger and
lasted longer in atgl-1(xd314) mutants than in N2 (Fig 2E and F).
Many atgl-1(xd314) embryos eventually ruptured at the comma
stage, which is a typical phenotype associated with defective ventral
enclosure (Fig 2D). We used the adherens junction marker AJM-1::
GFP to outline the hypodermal cells. This marker confirmed that
ventral enclosure was defective in atgl-1(xd314) embryos (Fig 2G).
Therefore, TAG hydrolysis is required for ventral morphogenesis.

ATGL-mediated lipolysis in hypodermis supports embryogenesis

We then investigated why the embryonic lethality of atgl-1(xd314)
is incompletely penetrant. We quantified the cell proliferation and
morphogenesis phenotypes of atgl-1(xd314) embryos at the single-
cell level. Proliferation, cell cycle, and division asynchrony were
investigated. For morphogenesis, the relative cell position was
quantified during embryogenesis. There were no significant differ-
ences in the developmental phenotypes associated with proliferation
between atgl-1(xd314) mutants and wild-type N2 before the 350-cell
stage (Appendix Fig S2A and B). Before the AB128 stage, the cell
positions in atgl-1(xd314) embryos were not much different from
those of N2. After the AB128 stage, the number of abnormal cell

positions in atgl-1(xd314) embryos increased greatly (Appendix
Fig S2C). The AB128 stage occurs about 190 min after fertilization,
when the ventral cleft appears. Therefore, although atgl-1(xd314)
embryos exhibit aberrant ventral cleft closure and hypodermal
enclosure, embryonic development appears normal at earlier stages.

To identify the spatial requirement for ATGL-1 in embryogenesis,
we performed tissue-specific rescue experiments. The morphogene-
sis events of ventral cleft closure and ventral enclosure involve
neuroblasts and hypodermal cells. Overexpression of ATGL-1 in
either the hypodermis or neurons partially rescued the embryonic
lethality of atgl-1(xd314) (Fig 3A). Notably, the rescue activity in
the hypodermis was higher than in neurons. In contrast, intestinal
expression of ATGL-1 did not rescue atgl-1(xd314) (Fig 3A). In line
with that, ATGL-1 appears to be expressed at a relatively high level
in hypodermal cells after gastrulation based on the observation from
a functional ATGL-1::GFP knockin reporter (Appendix Fig S2D).
This result is supported by the observation that cells with high
ATGL-1::GFP expression are colabeled with the hypodermal marker
Pys7418.5::mCherry (Fig 3B and C).

To determine whether atgl-1 regulates embryonic neutral lipids
autonomously or non-autonomously, we performed atgl-1 tissue-
specific knockout and atgl-1 tissue-specific rescue experiments.
xdki26(loxP-atgl-1-loxP); xdIs182(Prab-3::Cre) is a neuronal-specific
atgl-1 knockout strain we previously generated (Yang et al, 2020).
The neutral lipid levels in hypodermal cells of neuronal-specific
atgl-1 knockout embryos did not increase compared with wild-type

Figure 2. Glycogen and neutral lipid mobilization are required for embryogenesis.

A The hatching rate of N2, gsy-1(gk397885), pygl-1(tm5211), lid-1(xd288), atgl-1(xd314), and atgl-1(xd314); fosmid®9"2. gsy-1(gk397885), pygl-1(tm5211), atgl-1(xd314),
and lid-1(xd288) mutations lead to embryonic lethality in C. elegans. The embryonic lethality of atgl-1(xd314) can be rescued by fosmid transgenes containing wild-
type atgl-1. Each dot represents one worm. n > 6 worms for each genotype. The data were analyzed using ordinary one-way ANOVA. ****p < 0,0001.

B Nomarski differential interference contrast (DIC) images of pygl-1(tm5211), gsy-1(gk397885), and atgl-1(xd314) embryos. pygl-1(tm5211) and gsy-1(gk397885) embryos
developed into a few dozen cells and then died. atgl-1(xd314) embryos ruptured around the bean and comma stages. Scale bar: 8 um.

C Bodipy staining of N2 and atgl-1(xd314) embryos. The results show that levels of neutral lipids are increased in atgl-1(xd314) embryos, especially in the hypodermis.

The red asterisks indicate the hypodermal cells. Scale bar: 25 um.

D DIC images of N2 and atgl-1(xd314) embryos at different developmental stages. Compared with N2, atgl-1(xd314) embryos show an enlarged and persistent ventral

cleft. The white dashed line outlines the ventral pocket. Scale bar: 5 pm.

E Quantification of the cleft size in (D). Number of experiments n > 3, with at least eight embryos per genotype analyzed in each experiment. The data were analyzed

using unpaired t test. Data are presented as mean + SEM. **P < 0.01.

F  Quantification of the cleft duration in (D). Number of experiments n > 3, with at least eight embryos per genotype analyzed in each experiment. The data were

analyzed using unpaired t test. Data are presented as mean + SEM. **P < 0.01.

G The adherens junction marker AJM-1::GFP is used to outline the hypodermal cells. atgl-1(xd314) embryos show defective ventral hypodermal enclosure. The ventral
pocket (marked by the white dashed line) cannot close in atgl-1(xd314) embryos. Scale bar: 10 pm.

Source data are available online for this figure.
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N2 (Appendix Fig S2E and F). In addition, overexpression of ATGL-
1 in hypodermis significantly reduced the high neutral lipid levels in
atgl-1(xd314) hypodermal cells, but not in other cells (Appendix
Fig S2E and F), indicating that ATGL-1 acts autonomously in hypo-
dermal cells to hydrolyze TAG. Together, these results suggest that
ATGL-1-mediated lipolysis in the hypodermis plays an important
role in embryogenesis.

We also examined the mitochondrial morphology in hypoder-
mis using a GFP reporter (Zhou et al, 2019). Based on the GFP pat-
tern, we divided the morphology of mitochondria into three types:
tubular, intermediate, and rod-shaped mitochondria (Fig 3D). The

© 2023 The Authors
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hypodermal mitochondria exhibit a gradual transition from
tubular to short rod-shaped during embryonic development
(Movies EV1 and EV2). During the gastrulation stage, the mito-
chondria were mainly tubular, while in the bean and comma
stages, the mitochondria were mainly rod shaped (Fig 3E and F).
Compared to N2 embryos, atgl-1(xd314) embryos have frag-
mented mitochondria at the gastrulation stage (Fig 3E and F;
Movie EV3). The mitochondria of atgl-1(xd314) embryos were
spherical at the comma stage (Fig 3E and F; Movie EV4). The
spherical mitochondria were not found in N2. In addition, the
MitoTracker Red staining signal of atgl-1(xd314) embryos was

EMBO reports 24:e57440(2023 5 0f 19
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extremely low compared to wild-type N2 (Fig 3G), which suggests
that atgl-1 mutation impairs the function of mitochondria. Nota-
bly, the mtDNA/nDNA ratio was substantially reduced in atgl-1
(xd314) embryos compared to wild type (Fig 1H), which further
indicates that atgl-1 mutation leads to mitochondrial dysfunction.

Siyu Chen et al

It has been reported that mitochondria can alter their morphology
according to their proximity to lipid droplets (Benador
et al, 2018). There was no significant difference in lipid droplet-
mitochondria contacts between atgl-1 RNAi L4 larvae and control
RNAIi L4 larvae (Appendix Fig S2G and H).
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Figure 3. Hypodermal atgl-1 is important for embryogenesis.

A

The hatching rate of atgl-1(xd314), atgl-1(xd314); ExPajm-1:ATGL-1, atgl-1(xd314), ExPrab-3:ATGL-1, and atgl-1(xd314), ExPuha-6:ATGL-1. Overexpression of ATGL-1 in
hypodermis (left) or neurons (middle) rescues the embryonic lethality of atgl-1(xd314), but intestinal overexpression (right) of ATGL-1 does not. Each dot represents
one worm. n > 4 worms for each genotype. The data were analyzed using ordinary one-way ANOVA. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns: not significantly
different.

Colabeling of cells with the hypodermal marker Pys;a1p5:mCherry and the ATGL-1 reporter ATGL-1::GFP in N2 embryos. Scale bar: 8 pm.

Quantification of the mean fluorescence density at the location of the hypodermal cells and in the rest of the embryo in (B). Number of experiments n > 3, with at
least 10 embryos analyzed in each experiment. The data were analyzed using two-way ANOVA. Data are presented as mean £ SEM. ****P < 0.0001.

Images of mitochondria in embryonic hypodermal cells. The insets are enlarged views of the boxed areas. Based on their morphology, mitochondria are divided into
three types: tubular, intermediate, and rod-shaped mitochondria. Scale bar: 8 um.

Images of mitochondria in embryonic hypodermal cells after 3D reconstruction. Mitochondria are colored in green and the rest of the embryo is colored in blue. Scale

EMBO reports

bar: 8 um.

F Quantification of mitochondrial morphology in N2 and atgl-1(xd314). Number of experiments n > 3, with at least 30 embryos per genotype analyzed in each

experiment. Gas, gastrula.
G MitoTracker Red staining of N2 and atgl-1(xd314) embryos. Scale bar: 20 um.

H The ATP levels in N2 and atgl-1(xd314) embryos measured by ATP determination kit. Three biological replicate samples were analyzed in this experiment. The data
were analyzed using Welch’s t test. Data are presented as mean + SEM. **P < 0.01.
I Images of PercevalHR, a genetically encoded ATP biosensor. PercevalHR was excited using 488 and 405 nm lasers corresponding to the ATP-bound and ADP-bound

conformations, respectively. Scale bar: 8 um.

] Quantification of the ATP:ADP ratio in (I). The ATP:ADP ratio in hypodermal cells is significantly reduced in atgl-1(xd314). Number of experiments n > 3, with at least
10 embryos per genotype analyzed in each experiment. The data were analyzed using unpaired t test. ***P < 0.001.

Source data are available online for this figure.

It is possible that ATGL-1-mediated lipolysis might support mor-
phogenesis by providing energy through mitochondrial oxidation.
Compared to wild-type N2, ATP levels were significantly reduced in
atgl-1(xd314) embryos measured by bioluminescence assay
(Fig 3H). To specifically detect energy status in hypodermis, we
tissue-specifically expressed PercevalHR, a genetically encoded ATP
biosensor (Tantama et al, 2013). We found that the ATP:ADP ratio
in hypodermal cells was significantly reduced in atgl-l mutants
compared to wild-type control (Fig 31 and J). Therefore, an energy
deficit may underlie the embryonic lethality of atgl-1(xd314)
mutants and contribute to the incompletely penetrant phenotype.

Reducing sinh-1/age-1-akt signaling rescues the embryonic
lethality of atgl-1 mutants

To uncover intrinsic mechanisms which may modulate the embry-
onic development of atgl-1(xd314) mutants, we performed a sup-
pressor screen of atgl-1(xd314) (Appendix Fig S3A). Because of its
low hatch rate, atgl-1(xd314) worms exhibited a slow food con-
sumption rate. We screened for suppressor strains that consume the
bacterial lawn more rapidly than atgl-1(xd314). xd342, which har-
bors a 3,837 bp deletion at the sinh-1 locus (Appendix Fig S3B), was
discovered as a suppressor of atgl-1(xd314) embryonic lethality
through SNP mapping and whole-genome sequencing. Fosmid
transgenes carrying wild-type sinh-1 were able to blunt the suppres-
sive effect of sinh-1(xd342) (Fig 4A and B). In addition, sinh-1
(pe420), a frameshift mutant of sinh-1, also significantly suppressed
the embryonic lethality of atgl-1(xd314) (Fig 4C). Notably, loss of
function of sinh-1 also rescued the embryonic lethal phenotype of
lid-1(xd288) (Fig 4C). These results demonstrate that loss of func-
tion of sinh-1 rescues embryonic lethality caused by impaired
lipolysis.

sinh-1/Sin1 is a key component of the mTORC2 complex (Fig 4A)
(Yang et al, 2006). We constructed double mutants or performed
RNAi on other mTORC2 components and downstream factors to
examine whether they affect the hatching rate of atgl-1(xd314)
embryos. [st-8/LST8 and rict-1/Rictor are components of the

© 2023 The Authors

mTORC2 complex. Ist-8 RNAI rescued atgl-1(xd314) (Fig 4D). How-
ever, rict-1 RNAi and mutation of rict-1 cannot rescue atgl-1(xd314)
(Fig 4D; Appendix Fig S3C). The downstream factors of mTORC2
include sgk-1, pkc-1/2/3, and akt-1/2. pkc-3 RNAI is lethal, while the
sgk-1(0k538) mutation cannot rescue atgl-1(xd314) (Appendix
Fig S3D and E). There are two Akt genes in C. elegans, akt-1 and
akt-2. akt-1(0k525) and akt-2(0k393), which are both loss-of-
function alleles, failed to rescue atgl-1(xd314) separately (Appendix
Fig S3F). To analyze whether akt-1 and akt-2 function redundantly,
we generated akt-1(0k525); akt-2(0k393); atgl-1(xd314) triple
mutants. However, the triple mutants undergo larval arrest, preclud-
ing the detailed analysis of embryogenesis. Therefore, we turned to
akt-1(mgl44), a gain-of-function allele of akt-1. Notably, akt-I
(mgl144) abolished the suppressive effect of sinh-1 on atgl-1(xd314)
(Fig 4E), which indicates that Akt acts downstream of SINH-1 to
meditate the suppression. Therefore, sinh-1 mutation may rescue
atgl-1(xd314) through the sinh-1-akt pathway.

The mTORC2 pathway intersects with the insulin pathway. In
response to insulin stimulation, PI3K produces PIP3, which triggers
the phosphorylation of Akt at Thr308 by PDK1. Akt then phosphory-
lates SIN1. Phosphorylated SIN1 promotes mTORC2 activity, which
in turn promotes Akt activity via Ser473 phosphorylation (Liu
et al, 2013; Yang et al, 2015; Yuan & Guan, 2015). AGE-1/PI3K is a
central component of the insulin signaling pathway in C. elegans
(Morris et al, 1996). Similar to sinh-1 mutants, age-1(hx546), a
reduction-of-function allele of age-1, greatly suppressed the embry-
onic lethal phenotype of atgl-1(xd314) (Fig 4F). Conversely, a loss-
of-function mutation in daf-18/PTEN, which antagonizes age-1/
PI3K by dephosphorylating PIP3 to PIP2 (Ogg & Ruvkun, 1998),
aggravated the embryonic lethal phenotype of atgl-1(xd314)
(Fig 4G). Moreover, gain of function of akt-1 abolished the suppres-
sive effect of age-1(hx546) on atgl-1(xd314) (Fig 4F). daf-2/IGFR is
an ortholog of human insulin/IGF-1 receptor in C. elegans, lying
upstream of age-1/PI3K (Kimura et al, 1997). Mutation of daf
2/IGFR cannot rescue the embryonic lethal phenotype of atgl-I
(xd314) (Fig 4H). Therefore, the suppressive effect of age-1(hx546)
on atgl-1(xd314) may rely on some other descending input into
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Figure 4. Reducing sinh-1/age-1-akt signaling rescues the embryonic lethality of atg/-7 mutants.

A
B

The sinh-1/age-1-akt signaling pathway in C. elegans.

The hatching rate of atgl-1(xd314), atgl-1(xd314); xd342 and atgl-1(xd314); xd342; ExPsinh-1::SINH-1. Fosmid transgenes containing wild-type sinh-1 blunt the
suppressive effect on atgl-1(xd314); sinh-1(xd342), indicating that sinh-1 is a suppressor of atgl-1(xd314). Each dot represents one worm. n > 6 worms for each
genotype. The data were analyzed using ordinary one-way ANOVA. *P < 0.05, ****P < 0.0001; ns: not significantly different.

The hatching rate of N2, sinh-1(pe420), atgl-1(xd314); sinh-1(pe420), lid-1(xd288) and lid-1(xd288); sinh-1(pe420). Loss of function of sinh-1 strongly rescues the
embryonic lethality of atgl-1(xd314) and lid-1(xd288). Each dot represents one worm. n > 6 worms for each genotype. The data were analyzed using ordinary
one-way ANOVA. ****P < 0.0001.

The hatching rate of atgl-1(xd314) and N2 when mTORC2 component genes are knocked down. Ist-8 RNAi alleviates the embryonic death of atgl-1(xd314). Each dot
represents one worm. n > 6 worms for each RNAI. Since E. coli HT115 is an RNAi feeding strain, atgl-1(xd314) displayed a higher hatching rate in all RNAi control
groups than when fed on the standard food E. coli OP50. The data were analyzed using ordinary one-way ANOVA. **P < 0.01, ***P < 0.001; ns: not significantly
different.

The hatching rate of N2, atgl-1(xd314), atgl-1(xd314); sinh-1(pe420) and atgl-1(xd314); sinh-1(pe420); akt-1(mg144). Gain of function of akt-1 abolishes the suppressive
effect of sinh-1 mutation on atgl-1(xd314). Each dot represents one worm. n > 6 worms for each genotype. The data were analyzed using ordinary one-way ANOVA.
***p < 0,001, ****P < 0.0001.

The hatching rate of N2, age-1(hx546), atgl-1(xd314), atgl-1(xd314); age-1(hx546) and atgl-1(xd314); age-1(hx546); akt-1(mg144). Gain of function of akt-1 abolishes
the suppressive effect of age-1 mutation on atgl-1(xd314). Each dot represents one worm. n > 6 worms for each genotype. The data were analyzed using ordinary
one-way ANOVA. ****P < 0.0001.

The hatching rate of N2, atgl-1(xd314), daf-18(e1375) and atgl-1(xd314); daf-18(e1375). The daf-18 mutation aggravates the embryonic lethal phenotype of atgl-1
(xd314). Each dot represents one worm. n > 6 worms for each genotype. The data were analyzed using ordinary one-way ANOVA. ****p < 0.0001.

The hatching rate of N2, atgl-1(xd314), daf-2(e1370) and atgl-1(xd314); daf-2(e1370). The daf-2 mutation cannot rescue the embryonic lethal phenotype of atgl-1
(xd314). Each dot represents one worm. n > 7 worms for each genotype. The data were analyzed using ordinary one-way ANOVA. ns: not significantly different.

The hatching rate of N2, daf-16(mu86), atgl-1(xd314) and atgl-1(xd314); daf-16(mu86). The daf-16 mutation aggravates the embryonic lethal phenotype of atgl-1
(xd314). Each dot represents one worm. n > 8 worms for each genotype. The data were analyzed using ordinary one-way ANOVA. ****P < 0.0001.

Images of AKT-1::GFP in L4 worms of N2 and atgl-1(xd314). AKT-1 is mainly expressed in the cytoplasm. Compared to control, the overall fluorescence of AKT-1::GFP is
weak in atgl-1(xd314) mutants. Scale bar: 50 pm.

The total amount of AKT-1::GFP, detected by western blot, is decreased in atgl-1(xd314) mutants. Three biological replicate samples were analyzed in this experiment.
Quantification of the western blot results of AKT-1::GFP in N2 and atgl-1(xd314). Three biological replicate samples were analyzed in this experiment. The data were
analyzed using Welch'’s t test. Data are presented as mean & SEM. **P < 0.01.

M The level of phosphorylated AKT-1, detected by western blot, is decreased in atgl-1(xd314) mutants.

Source data are available online for this figure.

PI3K signaling. The forkhead type transcription factor DAF-16/
FOXO governs major functions of insulin signaling in C. elegans
(Lin et al, 1997; 0gg et al, 1997). Activation of the insulin pathway
inhibits DAF-16 activity through reducing its nuclear localization
(Gottlieb & Ruvkun, 1994). Loss of function of daf-16 aggravated
the atgl-1(xd314) embryonic lethal phenotype (Fig 4I). This indi-
cates that upregulating the activity of the insulin signaling pathway
will exacerbate the embryonic lethality of atgl-1(xd314).

We also examined the localization of DAF-16::GFP during embry-
onic development. DAF-16::GFP was expressed from the bean stage
and was mainly localized in the nucleus at the comma stage and the
1.5-fold stage. In embryos after the 1.5-fold stage, DAF-16::GFP
showed obvious cytosolic localization (Appendix Fig S3G). The
localization of DAF-16::GFP was not changed in atgl-1(xd314)
mutants. Notably, sinh-1(pe420) and age-1(hx546) mutations led to
nuclear localization of DAF-16::GFP even after the 1.5-fold stage
(Appendix Fig S3G), consistent with the fact that sinh-1 and age-1
mutations reduce the insulin pathway activity in C. elegans. More-
over, the localization of DAF-16::GFP in atgl-1(xd314); sinh-1
(pe420) and atgl-1(xd314); age-1(hx546) double mutants is the
same as sinh-1(pe420) and age-1(hx546) single mutants,
respectively.

To further decipher the link between sinh-1/age-1-akt signaling
and atgl-1, we examined the activity of the sinh-1/age-1-akt path-
way. The genetic suppression raises the possibility that sinh-1/age-
I-akt signaling is increased in atgl-1(xd314) mutants. We used a
functional AKT-1::GFP knockin reporter to examine the levels of
AKT and phosphorylated AKT. Interestingly, the overall level of
AKT-1::GFP, determined by both fluorescence intensity and western

© 2023 The Authors

blot assay, was reduced in atgl-1(xd314) (Fig 4J-L). Moreover, the
ratio of phosphorylated/total AKT-1 was decreased in atgl-1(xd314)
(Fig 4M). This suggests that the activity of the sinh-1/age-1-akt path-
way was already reduced in atgl-1(xd314) mutants, probably due to
a compensatory effect. We also explored the transcriptional regula-
tion of akt-1 with a Pakt-1::GFP reporter. The GFP fluorescent signal
was not reduced in atgl-1(xd314) (Appendix Fig S3H). Put together,
these results indicate that reduction of the sinh-1/age-1-akt signal
represents an intrinsic metabolic plasticity in atgl-1(xd314).

The suppressive effect of sinh-1/age-1-akt signaling reduction on
atgl-1 mutants depends on glucose metabolism

We next investigated the underlying mechanism of the suppressive
effect of sinh-1/age-1-akt signaling reduction. We investigated
whether age-1 and sinh-1 mutations rescue the mitochondrial
defects of atgl-1(xd314). The mitochondrial fragmentation pheno-
type of atgl-1(xd314) embryos persisted in atgl-1(xd314); age-1
(hx546) and atgl-1(xd314); sinh-1(pe420) double mutants (Appen-
dix Fig S4A and B). Therefore, the suppressive effect of age-1 and
sinh-1 mutations on atgl-1(xd314) is probably not mediated through
improving mitochondrial function.

The sinh-1/age-1-akt pathway regulates both glucose and lipid
homeostasis (Lamming & Sabatini, 2013; Kim & Guan, 2019; Liu &
Sabatini, 2020). We explored whether downregulation of the sinh-
1/age-1-akt signaling pathway alleviates the embryonic lethality of
atgl-1(xd314) through promoting the utilization of neutral lipids or
by affecting glucose metabolism. Compared with N2, the neutral
lipid content was greatly increased in atgl-1(xd314) embryos.
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However, age-1 mutation did not significantly reduce the high
embryonic lipid levels caused by atgl-1 mutation (Fig 5A). We also
examined neutral lipid levels in adults. Consistent with previous
reports (Narbonne & Roy, 2009; Lee et al, 2014; Xie & Roy, 2015a,
2015b), Oil Red O staining revealed that the atgl-I mutation signifi-
cantly increased the lipid content under fed conditions. In addition,
the lipid content of N2 decreased gradually with prolonged
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starvation, while atgl-1(xd314) mutants exhibited lipid mobilizing
defects and the lipid content did not decrease with starvation
(Appendix Fig S4C and D). Neither the age-1 mutation nor the sinh-
1 mutation reduced the lipid content of atgl-1(xd314) mutants under
fed or starved conditions (Appendix Fig S4C and D). Furthermore, it
was reported that loss-of-function age-1 or sinh-1 leads to increased
body fat in larvae or adult worms (0gg & Ruvkun, 1998; Hansen
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Figure 5. The suppressive effect of sinh-1/age-1-akt signaling reduction on atg/-1 mutants depends on glucose metabolism.

A Quantification of Bodipy staining results of oocytes and embryos of N2, atgl-1(xd314), atgl-1(xd314); age-1(hx546) and age-1(hx546). age-1 mutation does not signifi-
cantly reduce the high embryonic lipid levels in atgl-1(xd314) embryos. n > 67 embryos for each group. The data were analyzed using two-way ANOVA. **P < 0.01,

****p < 0.0001; ns: not significantly different.

B Quantification of iodine staining results of oocytes and embryos of N2, atgl-1(xd314), atgl-1(xd314); age-1(hx546) and age-1(hx546). age-1 mutation further reduces
the glycogen content in atgl-1(xd314) embryos. The data were analyzed using two-way ANOVA. **P < 0.01, ****P < 0.0001.

C Glycogen levels in N2, atgl-1(xd314), age-1(hx546) and atgl-1(xd314); age-1(hx546) embryos, measured by a glycogen colorimetric assay kit. age-1 mutation further
reduces the glycogen content in atgl-1(xd314) embryos. The total amount of glycogen was normalized to the total protein in the sample. Three biological replicate
samples were analyzed in this experiment. The data were analyzed using ordinary one-way ANOVA. Data are presented as mean £ SEM. *P < 0.05, **P < 0.01.

D Glucose levels in N2, atgl-1(xd314), age-1(hx546) and atgl-1(xd314); age-1(hx546) embryos measured by an Invitrogen™ Amplex™ Red glucose assay kit. The glucose
content is elevated in atgl-1(xd314) embryos. The total amount of glucose was normalized to the total protein in the sample. Three biological replicate samples were
analyzed in this experiment. The data were analyzed using ordinary one-way ANOVA. Data are presented as mean + SEM.

E The glucose oxidase activity in N2, atgl-1(xd314), age-1(hx546) and atgl-1(xd314); age-1(hx546) embryos measured by an Invitrogen™ Amplex™ Red glucose oxidase
assay kit. The glucose oxidase activity is elevated in atgl-1(xd314) embryos. Three biological replicate samples were analyzed in this experiment. The data were

analyzed using ordinary one-way ANOVA. Data are presented as mean + SEM.

F The mRNA expression level of glycolytic enzymes in N2, atgl-1(xd314), age-1(hx546), and atgl-1(xd314); age-1(hx546) early-stage and late-stage embryos. The
transcription levels of genes encoding key enzymes in the glycolysis pathway are generally upregulated in atgl-1(xd314) embryos. Three biological replicate
samples were analyzed in this experiment. The data were analyzed using two-way ANOVA. Data are presented as mean £ SEM. *P < 0.05, ***P < 0.001.

Source data are available online for this figure.

et al, 2005; Sakai et al, 2017). Therefore, it is unlikely that age-1 and
sinh-1 mutants alleviate the embryonic lethal phenotype of atgl-1
(xd314) through increasing lipid mobilization.

Next, we investigated whether the sinh-1/age-1-akt pathway
affects atgl-1(xd314) embryonic development through glucose
metabolism. In atgl-1(xd314) embryos, the glycogen content is sig-
nificantly reduced compared to wild type (Fig 5B). On the other
hand, glucose content was increased in atgl-1(xd314) embryos
(Fig 5B-D). In addition, glucose oxidase activity was elevated in
atgl-1(xd314) embryos and the transcription levels of key enzymes
in the glycolysis pathway were also generally upregulated (Fig SE
and F; Appendix Fig S4E). These observations suggest that excess
glycogen is mobilized and glucose utilization is significantly
increased to compensate for the loss of lipolysis in atgl-1(xd314)
embryos. The insulin—~AKT signal promotes glucose metabolism
through increasing the activity of glycogen synthesis and glycolysis
pathways (Titchenell et al, 2017). In line with this, the glycogen
content was reduced in age-1(hx546) mutants (Fig 5B and C). age-1
mutation further reduced the glycogen content in atgl-1(xd314)
embryos, while maintaining high embryonic glucose levels (Fig 5B—
D). Compared with atgl-1(xd314) embryos, the glucose oxidase
activity in atgl-1(xd314); age-1(hx546) embryos tended to decrease
(Fig 5E). Indeed, the transcription levels of glycolytic enzymes are
significantly higher in early embryos than in late embryos (Fig 5F).
Furthermore, the transcription levels of key glycolytic enzymes were
generally downregulated in atgl-1(xd314); age-1(hx546) compared
with atgl-1(xd314) embryos (Fig 5F). Additionally, the transcription
levels of pygl-1 had an upregulated trend in age-1(hx546) and atgl-1
(xd314); age-1(hx546) (Appendix Fig S4F). These results suggest
that age-1 mutation may help to maintain the sustainable consump-
tion of glucose to cope with the energy deficit of atgl-1 mutants.

Parental glucose and oleic acid supplements promote glycogen
storage in atgl-1(xd314) embryos to overcome impaired lipolysis

The above genetic suppressions prompted us to explore whether the
embryonic phenotype of atgl-1 mutants is also affected by extrinsic
nutritional changes. Parental worms were cultured on plates
containing extra glucose or oleic acid, and the progeny were

© 2023 The Authors

analyzed. Parental glucose and oleic acid supplements alleviated the
embryonic lethal phenotype of atgl-1(xd314) (Fig 6A and B). Inter-
estingly, both treatments increased the glycogen storage in both N2
and atgl-1(xd314) embryos (Fig 6C and D), while the lipid content
in the embryos was not significantly changed (Appendix Fig S5A).
Moreover, parental glucose supplementation slightly alleviated
mitochondrial fragmentation in atgl-1(xd314) embryos (Fig 6E). In
contrast, parental oleic acid supplementation did not change the
mitochondrial fragmentation phenotype of atgl-1(xd314) (Fig 6F).
Notably, the rescuing effect of oleic acid supplement is better than
glucose supplement, despite similarly increased levels of glycogen.
Therefore, the suppression of embryonic lethality through parental
glucose and oleic acid supplementation is probably not mediated
through rescue of the mitochondrial defects or through increasing
lipid mobilization.

To investigate whether the suppressive effect of parental glucose
and oleic acid supplements depend on glucose metabolism, we
knocked down gsy-1 and pygl-1 under the conditions of glucose and
oleic acid supplement. We found that knockdown of gsy-1 and pygl-
1 eliminated the suppressive effect of parental glucose and oleic acid
supplements, which suggests that the suppressive effect of these
parental supplements depends on glucose metabolism (Fig 6G
and H).

Parental vitamin B12 supplement rescues the mitochondrial
defects and embryonic lethality of atgl-1(xd314)

The embryonic lethal phenotype of atgl-1(xd314) was observed
under standard culture conditions: the parental animals were well
fed with E. coli OP50. We accidentally discovered that the incom-
pletely penetrant embryonic lethality phenotype is dramatically
affected by the culture condition. The lethality of atgl-1(xd314)
embryos was significantly alleviated when the parental animals
were cultured with HT115, an E. coli strain usually used for RNAi
(Fig 7A).

E. coli HT115 contains more vitamin B12 than OP50 (Revtovich
et al, 2019). Vitamin B12 supplementation increases mitochondrial
biogenesis and connectivity in C. elegans (Wei & Ruvkun, 2020). In
line with this, HT115 feeding rescued the fragmented mitochondrial
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Figure 6. Parental glucose and oleic acid supplements promote glycogen storage in atgl-1(xd314) embryos to overcome impaired lipolysis.
A The hatching rate of atgl-1(xd314) and N2 when the parental worms were fed on E. coli OP50 on regular medium (NGM) or OP50 on NGM + 2% glucose. Glucose

feeding alleviates the lethal phenotype of atgl-1(xd314) embryos. Each dot represents one worm. n > 6 worms for each genotype. The data were analyzed using two-
way ANOVA. ****p < 0.0001.

The hatching rate of atgl-1(xd314) and N2 when the parental worms were fed on E. coli OP50 on regular NGM plates or OP50 on NGM + 2 mM oleic acid. The addi-
tion of oleic acid to the medium increases the hatching rate of atgl-1(xd314) mutant embryos. Oleic acid was dissolved in ethanol. Each dot represents one worm.

n = 8 worms for each genotype. The data were analyzed using two-way ANOVA. ****P < 0,0001.

Quantification of iodine staining results of oocytes and embryos of N2 and atgl-1(xd314). The glycogen content in atgl-1(xd314) embryos is significantly reduced.
Parental glucose feeding promotes the accumulation of glycogen in embryos of N2 and atgl-1(xd314). n > 78 embryos for each group. The data were analyzed using
two-way ANOVA. ****p < 0,0001.

Quantification of iodine staining results of oocytes and embryos of N2 and atgl-1(xd314) when the parental worms were fed on plates with exogenous fatty acid.
Fatty acid feeding promotes glycogen accumulation in atgl-1(xd314) embryos. n > 126 embryos for each group. The data were analyzed using two-way ANOVA.

**p < 0.01, ****P < 0.0001; ns: not significantly different.

Quantification of mitochondrial morphology in N2 and atgl-1(xd314) embryos when the parental worms were fed on plates with exogenous glucose. Glucose feeding
slightly alleviates the mitochondrial fragmentation in atgl-1(xd314) embryos. Number of experiments n > 3, with at least 30 embryos per genotype analyzed in each
experiment. Gas, gastrula.

Quantification of mitochondrial morphology in N2 and atgl-1(xd314) embryos when the parental worms were fed with exogenous oleic acid. The addition of oleic acid
did not alleviate the mitochondrial fragmentation phenotype of atgl-1(xd314) mutants. Number of experiments n > 3, with at least 30 embryos per genotype analyzed
in each experiment. Gas, gastrula.

The hatching rate of atgl-1(xd314) and N2 with knockdown of gsy-1 and pygl-1 upon glucose feeding. gsy-1 and pygl-1 RNAi eliminate the suppressive effect of paren-
tal glucose supplement. Each dot represents one worm. n > 7 worms for each genotype. The data were analyzed using two-way ANOVA. **P < 0.01, ****P < 0.0001.
The hatching rate of atgl-1(xd314) and N2 with knockdown of gsy-1 and pygl-1 upon oleic acid feeding. gsy-1 and pygl-1 RNAi remove the suppressive effect of paren-
tal oleic acid supplement. Each dot represents one worm. n > 7 worms for each genotype. The data were analyzed using two-way ANOVA. ****p < 0.0001.

Source data are available online for this figure.

phenotype of atgl-1(xd314) (Fig 7B and C). We then investigated
whether the vitamin B12 difference between OP50 and HTI115
explains the beneficial effect of HT115 on atgl-1(xd314). We added
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vitamin B12 to the OP50 medium. Parental vitamin B12 supplement
increased mitochondrial fusion at various embryonic stages in both
N2 and atgl-1(xd314) (Fig 7B and C). Importantly, parental vitamin
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B12 supplement partially restored the mitochondrial membrane of vitamin B12 supplementation on the neutral lipid content of
potential of atgl-1(xd314) and reduced the embryonic lethality of embryos. The high neutral lipid content in atgl-1(xd314) embryos
atgl-1(xd314) (Fig 7D and E). Furthermore, we examined the effect slightly decreased when vitamin B12 was added (Appendix
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Parental vitamin B12 supplement rescues the mitochondrial defects and embryonic lethality of atgl-1(xd314)

The hatching rate of atgl-1(xd314) and N2 embryos when the parental worms were fed on E. coli OP50 or HT115. HT115 feeding alleviates embryonic death caused by
atgl-1 mutation. Each dot represents one worm. n > 19 worms for each genotype. The data were analyzed using two-way ANOVA. ****p < 0,0001.

Images of mitochondria in embryonic hypodermal cells when the worms were fed on the indicated bacteria without or with B12 supplement. The insets are enlarged
views of the boxed areas. E. coli HT115 (unsupplemented) and OP50 supplemented with vitamin B12 increase mitochondrial fusion at various embryonic stages in
both N2 and atgl-1(xd314). Scale bar: 8 pum.

Quantification of mitochondrial morphology in (B). Gas, gastrula.

MitoTracker Red staining and mitochondrial marker yqls157 (green) in N2 and atgl-1(xd314) embryos. The insets are enlarged views of the boxed areas. Parental
vitamin B12 supplement increases mitochondrial fusion and partially restores the mitochondrial membrane potential of atgl-1(xd314) embryos. Scale bar: 8 um.

The hatching rate of N2 and atgl-1(xd314) when the parental worms were supplemented with exogenous vitamin B12. Vitamin B12 alleviates embryonic death caused
by atgl-1 mutation. n > 8 worms for each genotype. The data were analyzed using ordinary one-way ANOVA. ****P < 0.0001.

Model showing how multiple metabolic plasticity strategies contribute to the robustness of C. elegans embryogenesis. At the top of the model is a diagram showing
the developmental timeline of oogenesis and embryogenesis in an adult hermaphrodite. Left, oocytes at different stages of development (blue shading) in the gonad;
middle, sperm (orange dots) in the spermatheca; right: embryos at different stages of development (yellow shading) in the uterus. Glycogen continuously accumulates
during oocyte maturation, whereas neutral lipid accumulation is not initiated until after fertilization. In the early stage of embryonic development, the embryo first
uses glycogen as an energy source. When the embryo comprises dozens of cells, it begins to mobilize lipids to provide energy for further development. The atgl-1
mutation leads to increased neutral lipid content and reduced glycogen content in embryos. Hypodermal mitochondria undergo a transition from filamentous to
short rod-shaped morphology during C. elegans embryogenesis. When atgl-1 is mutated, mitochondria become more fragmented, and morphological transitions are
advanced. Endogenous regulation of sinh-1/age-1-akt signaling may rescue the phenotype of atgl-1(xd314) embryos by promoting the sustainable consumption of glu-
cose. The atgl-1(xd314) phenotype can also be rescued by promoting glycogen accumulation through addition of exogenous nutrients, such as glucose and fatty acids,
to the food of the parental worms. In addition, parental vitamin B12 supplement alleviates the mitochondrial defects and embryonic lethality of atgl-1(xd314).

Source data are available online for this figure.

Fig SS5A). This decrease may be due to elevated lipid mobilization
since the addition of vitamin B12 partially restored the mitochon-
drial function of atgl-1(xd314).

Besides regulating mitochondrial morphology, vitamin B12, as a
coenzyme, is also involved in cellular propionic acid degradation,
the one-carbon cycle pathway and phosphatidylcholine (PC) synthe-
sis (Zhu et al, 2022, 2023). To determine whether vitamin B12 sup-
plementation affects the embryonic development of atgl-1(xd314)
through these pathways, we knocked down genes encoding key
enzymes for propionic acid degradation (mmcm-1), one-carbon
cycle (metr-1/mtrr-1, sams-3/4/5) and PC synthesis (cept-2) under
the condition of vitamin B12 supplementation to examine whether
the hatching rate of atgl-1(xd314) was affected. We found that
mmcm-1 and metr-1/mtrr-1 RNAi did not affect the hatching rate of
atgl-1(xd314) (Appendix Fig S5B). cept-2 RNAI significantly reduced
the hatching rate of atgl-1(xd314) (Appendix Fig S5B). However,
cept-2 RNAI also caused embryonic death in the wild-type N2 back-
ground (Appendix Fig S5B). Collectively, these results suggest that
vitamin B12 supplementation rescues the embryonic lethality of
atgl-1(xd314) mainly by affecting the mitochondrial morphology of
atgl-1(xd314) embryos.

Together, these results show that the embryonic lethality of atgl-
1(xd314) can be suppressed by extrinsically supplying glucose, oleic
acid, or vitamin B12 to the parental worms. The rescuing effects of
various parental nutrient supplements suggest that embryogenesis
displays metabolic plasticity in response to changes in the culture
conditions of the parental worms. In summary, the metabolic
robustness and plasticity of C. elegans embryogenesis are supported
by metabolic changes during embryogenesis and the variability of
atgl-1(xd314) mutant phenotypes under different parental nutrient
conditions and genetic backgrounds.

Discussion

The mechanisms that facilitate robust embryogenesis in response to
genetic and environmental metabolic perturbations remain obscure.
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Starting from the observation of an embryogenic stage-dependent
usage of glycogen and neutral lipids, we identified the important
function of hypodermal lipolysis in embryogenesis. The embryonic
lethality of atgl-1(xd314) mutants can be rescued by intrinsic down-
regulation of the sinh-1/age-1-akt signaling pathway or parental sup-
plementation with extrinsic nutrients (Fig 7F). These results
demonstrate metabolic plasticity, which ensures the robustness of
C. elegans embryogenesis.

Mitochondrial function and morphology are impaired and neutral
lipids are not efficiently mobilized in atgl-1(xd314) embryos. The
relatively high hypodermal expression of ATGL-1 is correlated with
the late mobilization of neutral lipids in hypodermis (Figs 1E and
3B). Considering the changes in ATP levels of atgl-1(xd314) mutants
and the efficient rescue of atgl-1(xd314) embryonic lethality by
hypodermal expression of ATGL-1 (Fig 3A and H), it is possible that
during ventral closure the energy demand is high in hypodermis to
support the extensive cellular movement. The developmental
changes of the mitochondrial network in the embryonic hypodermis
may be an active response to the increased energy demands or a
passive adaptation in response to the availability of glycogen and
neutral lipids. Mitochondrial fragmentation promotes fatty acid oxi-
dation (Ngo et al, 2023). The hypodermal mitochondria exhibit a
gradual transition from tubular to short rod shaped during embry-
onic development. The tubular mitochondria may fit with glycolytic
metabolism and the short rod-shaped mitochondria may favor lipo-
lytic metabolism. The embryonic lethality of atgl-1(xd314) could
also be mildly rescued by expression of ATGL-1 in neurons, which
may be related to the involvement of neuroblasts in ventral cleft
closure.

The rescue of atgl-1(xd314) mutants by different manipulations
indicates that there are several ways to overcome the potential
energy deficit. Parental vitamin B12 supplement rescues atgl-I
(xd314) accompanied by the presence of more wild-type-looking
tubular and rod-shaped mitochondria. This suggests that improving
mitochondrial function is an efficient approach to mitigate embryo-
genesis failure caused by defective lipolysis. On the other hand, the
alleviation of the embryonic lethality of atgl-1(xd314) by glucose or
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fatty acid supplements to parental worms is likely through provision
of sufficient energy substrate. The mitochondrial fragmentation of
atgl-1(xd314) is not rescued by glucose or fatty acid supplements.
Instead, parental glucose and oleic acid supplements promote glyco-
gen storage in embryos to circumvent impaired lipid mobilization.

Embryogenesis failure associated with defective lipolysis can also
be rescued by loss of function of sinh-1 or age-1. The mitochondrial
defects of atgl-1(xd314) mutants are not rescued upon loss of func-
tion of sink-1 or age-1, indicating that the rescue is not through
mitochondrial improvement. In line with this, instead of increasing
mitochondrial activity, decreased insulin—Akt signaling activity
causes mitochondria to enter a quiescent state via the remodeling of
the mitochondrial electron transport chain during Drosophila oogen-
esis (Sieber et al, 2016). The sinh-1/age-1-akt signaling pathway is
the core of the insulin and mTOR2 pathways, which play essential
roles in glucose metabolism and are conserved across species.
Although the detailed mechanism remains unclear, the suppression
of embryonic lethality of atgl-1(xd314) by reducing the sinh-1/age-1-
akt pathway is likely mediated through glucose metabolism. The
glycogen content in atgl-1(xd314) embryos is significantly reduced,
while the glucose level is maintained at a relatively high level. It is
possible that reduced activity of the sinh-1/age-1-akt pathway may
help to maintain the sustainable consumption of glucose, allowing
the atgl-1(xd314) embryos to safely pass ventral morphogenesis.
However, not all genes encoding the mTORC2 subunits have similar
effects on atgl-1(xd314). rict-1/Rictor RNAi cannot rescue the
embryonic lethality of atgl-1(xd314). sinh-1 and rict-1 may regulate
C. elegans development through different downstream targets of
mTORC2. rict-1/Rictor regulates C. elegans lipid storage and growth
through sgk-1/SGK-1, a downstream target of mTORC2, but not by
AKT kinases (Jones et al, 2009).

Our findings are in accordance with the central role of the
insulin—Akt pathway in adaptation to metabolic alterations, proba-
bly by coordinating glucose usage. Reduced insulin signaling has
been linked to adaptations to harsh environments. Nematodes enter
the dauer phase to slow their metabolism and help them adapt to
harsh environments, such as starvation and heat. Reduced insulin
signaling promotes dauer formation in C. elegans (Riddle
et al, 1981). Interestingly, diminished insulin signaling also helps
cavefish adapt to prolonged periods of nutrient starvation (Riddle
et al, 2018). A recent report showed that reducing the insulin—AKT
signaling pathway promotes reproduction and longevity of Harpeg-
nathos ants when they undergo caste transition (Yan et al, 2022).

Although defective mitochondria are found in both C. elegans
and mouse ATGL mutants (Haemmerle et al, 2011), the importance
of neutral lipids and lipolysis during embryonic development may
vary in different species. It has been postulated that the lipid level
in embryos is positively correlated with the time to implant in the
uterus (Sturmey et al, 2009). Embryos of ruminants, pigs and dogs
have a high-fat content, which may support the slow implantation
of the embryo into the uterus. Mouse and human embryos implant
in the uterus relatively quickly and may not require high levels of
lipids as endogenous energy reserves (Sturmey et al, 2009). In pla-
cental species, the embryo can continuously obtain energy from the
mother through the placenta after implantation. At this time, the
acquisition of energy substances by embryos no longer depends
solely on their own material reserves. Therefore, lipolysis-defective
mutants are not embryonic lethal in placental species. In oviparous
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animals, such as Drosophila, zebrafish, and nematodes, the embryos
wholly depend on maternally loaded nutrients, and therefore
impaired lipolysis may cause severe embryonic lethality (Gronke
et al, 2005; Dutta & Sinha, 2017).

Further in-depth understanding of metabolic plasticity during
embryogenesis will help us to learn how embryos cope with extrin-
sic and intrinsic metabolic alterations to sustain normal embryogen-
esis. The finding that metabolic plasticity ensures the robustness of
embryogenesis offers new strategies to overcome potential develop-
mental failure.

Materials and Methods
Strains

Worms were maintained at 22°C on nematode growth medium
(NGM) plates seeded with E. coli OP50 (Brenner, 1974), unless oth-
erwise specified. The C. elegans strains used in this study are listed
in Appendix Table S1.

Ethyl methanesulfonate (EMS) mutagenesis and SNP mapping

Ten plates of atgl-1(xd314) nematodes were synchronized to the L4
stage for EMS mutagenesis. The EMS-treated nematodes were
placed on NGM plates and incubated at 22°C for 4 h. A total of 200
nematodes (P0) at the late L4 stage were picked from the NGM plate
and cultured three per plate for 3 days. Then, 200 nematodes (F1)
were taken from the PO plate and plated three per plate. After
7 days, the plates were examined for food consumption. Two nema-
todes were taken from the plate where the food had almost been
consumed and cultivated individually. The plates with fast food con-
sumption were retained. The procedure was repeated several times
to obtain a stable fast food consumption strain. The hatching rate
was measured for the strains with fast food consumption. If the
hatching rate was significantly higher than that of atgl-1(xd314), it
was considered as a suppressor strain of atgl-1(xd314). To map the
chromosomal location of the suppressor mutation, we used the sin-
gle nucleotide polymorphism mapping (SNP) method as previously
described (Davis et al, 2005). Whole-genome sequencing was
performed to further identify candidate genes combined with the
results of genetic mapping.

Molecular biology

For xdKi24(atgl-1::gfp knock-in), the GFP is inserted at the C-
terminal end. For xdKi87(gfp::akt-1 knock-in), the GFP is inserted at
the N-terminal end. For xdEx3335(Pakt-1::GFP), a 3,251-bp akt-1
promoter fragment was amplified from N2 genomic DNA and
inserted into plasmid pPD95.75. The promoters of ajm-1, rab-3, vha-
6, Y37A1B.S, atgl-1, and sinh-1 were amplified from N2 genomic
DNA. The coding regions of atgl-1 and sinh-1 were amplified from
cDNA. The promotor and corresponding cDNA were cloned into
ApSM vectors using standard protocols and were verified by
sequencing.

Total RNA was isolated using TRIzol reagent (Invitrogen). cDNA
synthesis was performed using M-MLV reverse transcriptase (Invi-
trogen SuperScript III) with 1~3 mg of RNA. Real-time quantitative
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PCR (qRT-PCR) was carried out on a 7500 Real-Time PCR machine
from Applied Biosystems using SYBR Green Supermix (Transgen
Biotech, Beijing, China). Results were calculated using Ct values
and normalized to act-1 mRNA level. The primer sequences for
gRT-PCR are listed in Appendix Table S2.

Staining and image analysis

To measure glycogen content in vivo, day 1 adult worms were stained
with iodine vapor as previously described (Frazier 3rd & Roth, 2009).
The worms were transferred to a fresh plate, which was then inverted
and placed on top of a 100 g bottle of iodine (Aladdin) for 2 min.
Images were captured using Nikon Eclipse 90i. For neutral lipid
staining, embryos were collected and rinsed in M9. The eggshells
were digested with 2 mg/ml chitinase (Sigma) for 10 min. Then,
embryos were stained for 1 h with 2 pug/ml Bodipy (Invitrogen) and
shaken gently in the dark for 1 h. For adults, day 1 adult worms were
incubated in 500 pL M9 with 10 pg/ml Bodipy (Invitrogen) and
shaken gently in the dark for 5 h. Then, worms were recovered after
15 min. Images were captured by confocal microscopy. Oil Red O
staining was performed as previously described (O’Rourke
et al, 2009). Images were captured using a Nikon Eclipse 90i. The
staining intensities in the anterior intestinal region were quantified.

For ATP analysis, Perceval HR was excited using 488 and
405 nm lasers, corresponding to the ATP-bound and ADP-bound
conformation, respectively. Emission was collected through a 405-
to 550-nm band-pass filter. Images were captured by confocal
microscopy. The hypodermal marker Pys;a;5s::mCherry was used
for colabeling with lipid droplets (stained with Bodipy) and ATGL-
1::GFP in embryos. The mean fluorescence density was calculated
at the location of the hypodermal cells and in the rest of the embryo.
The pictures for fluorescence quantitative analysis are all comma-
stage embryos. Colocalization analysis was performed on confocal
z-sections using ImageJ software.

For MitoTracker Red staining, day 1 adult worms were incubated
in 500 ul M9 with 500 nmol/l MitoTracker Red CMXRos (Invi-
trogen) and shaken gently in the dark for 12 h. The eggs were then
dissected out of the worms and imaged with a confocal microscope.
For mitochondrial morphology analysis, according to the morphol-
ogy of mitochondria, we divided mitochondria into four types: tubu-
lar, intermediate, rod-shaped, and spherical mitochondria. We
counted the number of embryos of different genotypes with different
mitochondrial morphologies under different treatment conditions
using a fluorescence microscope.

We used AJM-1::GFP to label the cell membrane of hypodermal
cells and performed 4D imaging using a spinning-disk confocal
microscope as previously described (Ma et al, 2021). For tracking
the embryonic development process, young adult worms were dis-
sected and early embryos were released in M9. Embryos were trans-
ferred to a 2% agar pad, then the slides were blocked with dissolved
wax and injected with egg salt. The Z-stack imaging range and spac-
ing, as well as the time span and interval, were set, and imaging
was performed overnight at 22°C using a fluorescence microscope.

For 3D reconstruction, we used yqls157(Pys3;a;p.s::mito-GFP),
which labels mitochondria in hypodermal cells, to observe the mor-
phology of mitochondria in gastrulation-stage and comma-stage
embryos. Images were captured using a confocal microscope. To
reconstruct the mitochondria in embryos, the images were analyzed
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using IMARIS 9 software. After aligning the Z-stacks, the mitochon-
dria were traced and 3D-reconstructed in embryos. We set the color
of the mitochondria as green and the rest of the embryo as blue.

To visualize organelle interactions, hypodermal lipid droplets and
mitochondria were labeled by PLIN-1::mCherry and mito::GFP,
respectively. Animals expressing the organelle-specific reporters were
cultured on the indicated RNAi or control diets from birth to middle
L4 stage. Then, the hypodermal segments localized in the anterior
third of the body were imaged by spinning-disk confocal microscopy
(Zeiss) at a 0.27-um z-axis interval. The signals of the reporters were
deconvoluted to gain clear borders of the organelles. To quantify the
changes in the organelles and their interaction, the hypodermal lipid
droplets and mitochondria were firstly reconstituted according to
preprocessed signals using the surface function of Imaris 9.6.0 soft-
ware. Then, the contact areas between the reconstituted organelles
were computed by an Imaris plugin named Surface-Surface Contact
Area. Lastly, the 3D views of the deconvoluted signals and reconsti-
tuted structures were output for display. The statistics of the reconsti-
tuted structures were calculated in Imaris and analyzed in GraphPad
Prism 8.0 (GraphPad Software, Inc.).

Biochemical analysis

The glycogen colorimetric assay kit II (K648-100, BioVision) was
used to assess glycogen content in embryos as previously described
(Gusarov et al, 2017). We collected 20-pul embryos and lysed them
by sonication with 200 pl of lysis buffer. The samples were then
centrifuged at 13,680 g at 4°C for 10 min to collect the supernatant.
Next, we boiled the samples for 10 min, centrifuged them at 13,680 g
for 10 min at 4°C, and collected the supernatant, then took 25 pl to
measure the glycogen concentration. The total amount of glycogen
was normalized to the total protein in the sample.

Invitrogen™ Amplex™ Red Glucose and a glucose oxidase assay
kit (A22189) were used to assess glucose content and glucose oxi-
dase activity in embryos, respectively. ATP determination Kits
(A22066) were used to measure ATP in embryos. The sample prepa-
ration method is the same as described for the glycogen colorimetric
assay kit II above. The results were normalized to the total protein
in the sample.

Collection of early-stage and late-stage embryos

Firstly, the worms were synchronized by bleach. When the worms
reached the young adult stage, the early-stage embryos were col-
lected by bleach treatment. The late-stage embryos were collected
from day 2 adults after 2 h of egg laying. Then, the embryos were
snap-frozen in liquid nitrogen and stored at —80°C.

mtDNA measurement

Mitochondrial DNA (nduo-1) copy number, normalized to nuclear
DNA (ges-1), was assessed by qPCR using 50-ng total genomic DNA.
Genomic DNA was extracted by a TTANamp Genomic DNA Kit.

Hatching rate assay and starvation analysis

Eight L4-stage hermaphrodites were cultured one per plate on NGM
plates. After incubating for about 2 days, the single worm was
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removed. After 24 h, the number of unhatched eggs and the number
of hatched eggs (i.e., the number of hatched worms) in the plate
were counted. Hatching rate = number of hatched eggs / (number
of hatched eggs + number of unhatched eggs). For starvation analy-
sis, L4-stage nematodes were picked into bacteria-free NGM plates
for the corresponding starvation time, and then Oil Red O staining
was carried out.

Dietary supplementation

For glucose feeding, glucose was mixed in the NGM plates to a final
concentration of 2% as previously reported (Gusarov et al, 2017).
Synchronized L1-stage worms were maintained on the NGM plates
with or without 2% glucose for hatching rate experiments, mitochon-
drial morphology assays, and glycogen assays. For fatty acid feeding,
oleic acid (Sigma-Aldrich) was mixed in the NGM plates to a final con-
centration of 2 mmol. Synchronized L1-stage worms were maintained
on the NGM plates with or without oleic acid for all assays.

RNAi treatments

RNAI bacterial culture and RNAI plate preparation were carried out
as previously described (Liu et al, 2014). Empty 14440 vector was
used as a negative control. Eight L4-stage hermaphrodites were
placed on the corresponding RNAi plate, one worm per plate. The
single worm was taken out after incubation for about 2 days, and
the hatching rate was calculated after 24 h.

Antibodies and western blotting

Antibodies against GFP (1:1,000, ab290) and a-tubulin (1:1,000,
ab18251) were purchased from Abcam. Antibody against
Phospho-Threonine/Tyrosine (1:500, 9381) was purchased from
Cell Signaling Technology. GFP-Trap resin to pull down AKT-1::GFP
was purchased from Chromotek.

For protein sample preparation, synchronized L1 animals were
cultured on NGM plates at 22°C for 3 days. Worms were harvested
and washed with M9 3 times, then lysed in lysis buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM PMSF, and
1% NP-40) with protease inhibitor cocktail (Roche) and phospha-
tase inhibitor cocktail (Roche). The lysate supernatant was collected
after centrifugation at 12,000 g at 4°C for 10 min. For western blot-
ting, the protein samples were run on SDS-PAGE gels and trans-
ferred to nitrocellulose membranes (1215458, GVS), then blocked
with 5% nonfat milk. The signals were visualized with a High-sig
ECL Western Blotting Substrate kit (Tanon). Western blot results
were quantified by ImageJ software.

Statistical analysis

All experiments in our study were repeated at least three times with
similar results. For phenotype analysis, the worms were randomly
selected from the plates to study. Additionally, we invited others in
our laboratory to double-check the phenotypes without informing
them of the genotypes or treatment conditions of the samples. Statisti-
cal analysis was performed by Prism v8 (GraphPad software). Data
are presented as the mean + standard error of mean (SEM). Compari-
sons of two groups were performed using the unpaired two-tailed
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Student’s t-test. Comparisons between two or more groups were
performed using one-way or two-way analysis of variance (ANOVA)
with Tukey’s correction for multiple comparisons. P-values are used to
report whether there is a significant difference and are indicated with
an asterisk (*). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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