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ABSTRACT Caenorhabditis elegans survives on ephemeral food sources in the wild, and the species has a variety of adaptive responses
to starvation. These features of its life history make the worm a powerful model for studying developmental, behavioral, and metabolic
starvation responses. Starvation resistance is fundamental to life in the wild, and it is relevant to aging and common diseases such as
cancer and diabetes. Worms respond to acute starvation at different times in the life cycle by arresting development and altering gene
expression and metabolism. They also anticipate starvation during early larval development, engaging an alternative developmental
program resulting in dauer diapause. By arresting development, these responses postpone growth and reproduction until feeding
resumes. A common set of signaling pathways mediates systemic regulation of development in each context but with important
distinctions. Several aspects of behavior, including feeding, foraging, taxis, egg laying, sleep, and associative learning, are also affected
by starvation. A variety of conserved signaling, gene regulatory, and metabolic mechanisms support adaptation to starvation. Early life
starvation can have persistent effects on adults and their descendants. With its short generation time, C. elegans is an ideal model for
studying maternal provisioning, transgenerational epigenetic inheritance, and developmental origins of adult health and disease in
humans. This review provides a comprehensive overview of starvation responses throughout the C. elegans life cycle.
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N the wild, Caenorhabditis elegans are found in association

with decaying plant matter, including rotting fruits, stems,
and leaf litter, where they consume a diet of opportunistic
microbes (Schulenburg and Félix 2017) .With rapid growth
and short generation time, populations can expand rapidly such
that food becomes limiting. The worm’s existence is even more
perilous given pathogens, predators, and abiotic stressors that
likely cooccur with nutrient stress. Deeper understanding of C.
elegans natural history has come in recent years, establishing a
broader context for experimental research (Frezal and Félix
2015). Nutrient availability can be easily manipulated in cul-
ture, and interest in the nutritional dimension of molecular and
phenotypic analyses continues to grow. Research in this area has
also increased with interest in aging, which is sensitive to nutri-
ent availability and is governed by nutrient-sensing pathways.

Scope of this review

A worm’s response to starvation is a complex and dynamic
process. Changes in signaling and behavior can result from
changes in sensory perception of food cues and can therefore
be near instantaneous. Changes in gene expression and me-
tabolism occur within minutes to hours and continue for
days. Starved worms display signs of aging over a period of
several days as mortality commences. This review covers the
C. elegans starvation responses over all of these time scales
and throughout the life cycle. The effects of starvation on
development and behavior, including acute and persistent
effects as well as molecular and cellular mechanisms, will
be covered. These effects are organized by developmental
stage and different aspects of behavior. Molecular and meta-
bolic consequences of starvation are reviewed in relation to
starvation resistance. Persistent effects of starvation covered
include primarily intragenerational and transgenerational
effects, reflecting pathological and potentially adaptive
responses. Transcriptome- and proteome-wide regulation of
the starvation response is also covered.

Effects of Starvation on Development

C. elegans displays robust developmental responses to starva-
tion throughout the life cycle (Figure 1). Dauer diapause is
the best studied of these and arguably most central to the
biology of the organism. However, instantaneous responses
to acute starvation at various developmental stages are also
critical to environmental adaptation and presumably organ-
ismal fitness. Dauer diapause, L1 arrest, late larval arrest, and
adult reproductive diapause (ARD) provide an opportunity
for comparative analysis of how the animal senses and re-
sponds to nutrient availability at different points in its life
cycle. Work in this area reveals considerable overlap in reg-
ulation of developmental arrest at each stage along with no-
table distinctions.

Dauer diapause

In contrast to larvae that develop into reproductive adults in
replete environments, young larvae that experience high
population density, limited nutrient availability, or increased
ambient temperature may undergo an alternative develop-
mental trajectory that results in larval arrest in a state of
diapause known as dauer (Cassada and Russell 1975; Golden
and Riddle 1984b; Riddle and Albert 1997; Hu 2007;
Fielenbach and Antebi 2008) (Figure 1). L1 larvae exposed
to favorable conditions through the first larval molt develop
into L2 larvae and are committed to reproductive develop-
ment. In contrast, L1 larvae that experience sufficient envi-
ronmental stress before the first larval molt develop into a
predauer stage termed 1.2d. 1.2d animals can either molt and
undergo dauer arrest if environmental conditions remain un-
favorable, or develop into nondauer L3 larvae if ambient
conditions improve before the L2d molt (Golden and
Riddle 1984b; Schaedel et al. 2012). Dauer larvae are non-
feeding and morphologically and physiologically distinct
from reproductively developing larvae in that they have a
unique cuticle, a remodeled pharynx, a narrow body, increased
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Figure 1 Developmental responses to starvation throughout the life cy-
cle. The progression of developmental stages in well-fed conditions is
shown by the black arrow. L2d (predauer) development, PDL3 (postdauer
L3) development, and ARD (adult reproductive diapause) are depicted in
orange. Dauer diapause, L1 arrest, and other examples of developmental
arrest are in red, with a stop sign indicating approximately when they
occur relative to stage-specific molts. Specific conditions leading to each
developmental response are indicated in parentheses below the response.
Molts are depicted by open arrow heads. Hatching, dauer recovery, and
onset of reproduction are also indicated with black lines. ARD can occur
in response to L3 (Gerisch et al. 2020) or L4 (Angelo and Van Gilst 2009;
Seidel and Kimble 2011) starvation, depending on conditions. In contrast,
absolute starvation of L3 larvae results in L4 arrest (Schindler et al. 2014).
Analogous to L3 and L4 arrest, an L2 arrest potentially results from starv-
ing previously fed L1 larvae, although this has not been demonstrated.

lipid stores, and altered metabolism. These dauer-specific
adaptations render worms resistant to starvation and other
stressors, enabling survival for several months or more in
harsh conditions (e.g., desiccation or freezing). Dauers also
exhibit a behavior known as nictation that promotes their
dispersal (Yang et al. 2020). When favorable environmental
conditions ensue, dauers enter a postdauer L3 stage, resum-
ing pharyngeal pumping, feeding, growth, and the imple-
mentation of developmental programs characteristic of
nondauer L3 larvae, before molting to become L4 larvae
and proceeding with reproductive development (Figure 1)
(Euling and Ambros 1996a,b; Riddle and Albert 1997; Karp
and Ambros 2012). Dauer diapause (Riddle and Albert 1997;
Hu 2007; Fielenbach and Antebi 2008) and practical meth-
ods for working with dauer larvae (Nika et al. 2016; Karp
2018) have been reviewed in detail elsewhere. For the re-
mainder of this section we will focus on critical background
and recent insights, while putting dauer diapause in the con-
text of the life cycle.

Developmental arrest during dauer diapause reflects an
ability of C. elegans to anticipate starvation before it occurs,
as increased population density is the environmental factor
that most strongly promotes dauer arrest. Because dauer
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development depends on specific environmental cues and
involves provisioning in addition to metabolic adaptation, it
is a true diapause, in contrast to starvation-induced develop-
mental arrest at other larval stages (Kostdl 2006; Baugh
2013). Because L1 and L2 predauer (also known as “L2d”)
development must be completed first, larvae require food for
dauer development, and larvae that hatch with absolutely no
food do not form dauers (Johnson et al. 1984). Larvae cul-
tured at high temperature also enter dauer arrest (Ailion and
Thomas 2000), suggesting that dauer development repre-
sents a relatively general strategy to survive unfavorable
conditions.

The dauer developmental program can be understood as a
progression through three phases: perception and integration
of environmental information, commitment to the dauer de-
velopmental fate, and execution of the dauer program. During
the first larval stage after hatching, external cues that provide
information about environmental conditions and the near-
term availability of nutritional resources are detected
(Swanson and Riddle 1981). This information is conveyed
systemically through the regulation of conserved DAF-7
TGFB-like and DAF-2 insulin-like growth factor receptor
(IGFR) signaling pathways (Riddle and Albert 1997; Hu
2007; Fielenbach and Antebi 2008). Transcriptional outputs
of DAF-7/TGFB and DAF-2/IGFR pathways converge on a
conserved steroid hormone biosynthetic pathway to regulate
the biosynthesis of bile-acid-like hormones known as dafach-
ronic acids (DAs), which function as ligands for the nuclear
receptor and vitamin D receptor (VDR) homolog DAF-12 (Hu
2007; Fielenbach and Antebi 2008). DAF-12/VDR acts as a
switch that controls commitment to either reproductive de-
velopment or dauer arrest; when DAF-12/VDR is engaged by
DA ligands, animals develop reproductively, whereas in the
absence of DA ligands, unliganded DAF-12/VDR commits
animals to the dauer developmental fate (Schaedel et al.
2012). Upon commitment to dauer arrest, execution of the
dauer program culminates in morphological, functional, and
behavioral changes characteristic of the dauer larva.

Perception and integration of environmental information:
The initial step in dauer development is induced by external
cues that convey information about the relative likelihood that
environmental conditions will support development to repro-
ductive adulthood. These cues are perceived by sensory neu-
rons and control the expression of secreted ligands that regulate
conserved TGFB-like and insulin-like signaling pathways
throughout the animal. Early events in the perception and in-
tegration of environmental dauer-regulatory signals are best
understood in the ASI sensory neurons, which promote repro-
ductive development in replete environmental conditions
(Bargmann and Horvitz 1991) through the expression of
DAF-7/TGFB and multiple insulin-like peptide (ILP) ligands
for DAF-2/IGFR (Ren et al. 1996; Pierce et al. 2001; Li et al.
2003; Cornils et al. 2011).

The main environmental cue that promotes dauer arrestis a
mixture of secreted ascarosides (collectively known as dauer


https://identifiers.org/bioentitylink/WB:WBGene00000903?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000898?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000903?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000898?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000908?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000908?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000908?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000908?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000903?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000898?doi=10.1534/genetics.120.303565

pheromone) that functions as an indicator of population
density (Ludewig and Schroeder 2013). Ascarosides act via
specific cell surface receptors expressed in the ASI sensory
neurons (McGrath et al. 2011; Park et al. 2012) to induce
dauer arrest by reducing the expression of the TGF-B-like
peptide DAF-7 (Ren et al. 1996) and the agonist ILPs DAF-
28 (Liet al. 2003) and INS-6 (Cornils et al. 2011) (Figure 2).
These peptides are secreted from sensory neurons to promote
reproductive development in favorable environments (Hu
2007; Fielenbach and Antebi 2008). Additional ILPs, such
as the putative DAF-2/IGFR agonists INS-4 and INS-9 and
the antagonists INS-1 and INS-18, are also expressed in ASI
and may be involved in the initial response to dauer-inducing
environmental cues (Pierce et al. 2001; Kao et al. 2007,
Matsunaga et al. 2012; Fernandes de Abreu et al. 2014;
Hung et al. 2014; Delaney et al. 2017; Liet al. 2019). As dauer
induction by pheromone requires the activity of DAF-3/
SMAD, DAF-5/SnoN, and DAF-16/ Forkhead box O tran-
scription factor (FoxO) (Ailion and Thomas 2000), which
are the major targets of DAF-7/TGFB and DAF-2/IGFR sig-
naling, respectively, inhibition of DAF-7/TGF@ and DAF-2/
IGFR signaling is likely the main mechanism through which
ascarosides promote dauer entry.

The ability of food to mitigate the induction of dauer arrest
by pheromone was recognized some time ago (Golden and
Riddle 1984a). A heat-stable, neutral, hydrophilic “food sig-
nal” inhibits dauer entry and enhances recovery from dauer
arrest (Golden and Riddle 1982, 1984a); reduced levels of
this food signal likely account for enhancement of dauer ar-
rest by food scarcity (Golden and Riddle 1984b). Fraction-
ation of Escherichia coli extracts led to the identification of
NAD* as a component of the food signal that can induce
dauer recovery (Mylenko et al. 2016). The hydrophilic frac-
tion of bacterial extracts has greater food signal activity than
NAD™ alone (Mylenko et al. 2016), and perception of poly-
peptides also stimulates dauer recovery (Kaplan et al. 2018).
In addition, perception of saturated and monounsaturated
fatty acids stimulates dauer recovery (Kaul et al. 2014). Thus,
diverse molecular components of food may modulate the
organismal response to dauer pheromone.

Both starvation and dauer pheromone reduce daf-7/TGFR
and daf-28/ILP expression in sensory neurons (Ren et al.
1996; Li et al. 2003; Neal et al. 2015) (Figure 2). Reduced
nutrient availability may promote dauer arrest at least in part
by increasing the synthesis of dauer-inducing ascarosides; the
dauer-inducing ascaroside icas#9/IC-asc-C5 is detectable in
extracts from starved L1 larvae, but not in extracts from well-
fed adult or mixed-stage animals (Artyukhin et al. 2013b).
However, food scarcity likely also influences dauer arrest in-
dependently of ascarosides, as food deprivation inhibits daf-
28 expression in both the ASI and ASJ sensory neurons,
whereas crude pheromone inhibits daf-28 expression specif-
ically in ASI (Neal et al. 2015).

Temperature also modulates dauer induction by phero-
mone. Elevations in ambient temperature increase the sensi-
tivity of animals to dauer pheromone (Golden and Riddle
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1984b; Ailion and Thomas 2000). This may also occur
through the regulation of DAF-7/TGFB expression, as in-
creased temperature reduces daf-7 expression in ASI
(Schackwitz et al. 1996; Ailion and Thomas 2000) in a man-
ner requiring the heat-inducible transcription factor HSF-1
(Barna et al. 2012) (Figure 2). Additionally, increased envi-
ronmental temperature, which exacerbates organismal de-
fects in the endoplasmic reticulum (ER) unfolded protein
response (UPR) (Richardson et al. 2011), could inhibit ILP
biogenesis and/or secretion indirectly by increasing ER stress
in the ASI sensory neurons (see below) (Kulalert and Kim
2013).

The role of proteostasis in dauer regulation was first hinted
at by the discovery that a neomorphic allele of daf-21, which
encodes the C. elegans Hsp90 ortholog (Birnby et al. 2000),
causes dauer arrest. Detailed analysis of another neomorphic
dauer-constitutive allele, daf-28(sa191), has revealed that
the physiologic state of the ASI sensory neurons can influence
the dauer decision. The DAF-28 R37C mutant protein
encoded by daf-28(sa191) induces the ER UPR in the ASI
sensory neurons and causes dauer arrest largely due to con-
stitutive phosphorylation of elF2a at S49 by the C. elegans
PERK ortholog PEK-1 (Kulalert and Kim 2013). As the dauer
formation-constitutive (Daf-c) phenotype of daf-28(sa191)
animals is partially suppressed by loss-of-function mutations
in daf-16/FoxO and daf-18/phosphatase and tensin (PTEN),
but not daf-3/SMAD or daf-5/SnoN (Malone et al. 1996),
translational inhibition due to eIlF2a S49 phosphorylation
may reduce levels of INS-4, INS-6, INS-9, and/or other
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agonist ILPs below the threshold needed to promote repro-
ductive development. However, the incomplete suppression
of the Daf-c phenotype of daf-28(sa191) by daf-16,/FoxO loss-
of-function mutations suggests that activation of the ER UPR
per se in the ASI sensory neurons may contribute to dauer
arrest. Intriguingly, loss-of-function mutations in daf-41, which
encodes the C. elegans ortholog of the human HSP90
cochaperone p23/PTGES3, are Daf-c, and their epistatic
relationships with dauer formation-defective (Daf-d) mu-
tations overlap partially with those observed for daf-
28(sal91) (Horikawa et al. 2015). As daf-41 is expressed
in sensory neurons (including ASI) and is required for che-
motaxis (Horikawa et al. 2015), DAF-41/p23 may promote
reproductive development in part by contributing to pro-
teostasis in the ASI sensory neurons.

Thus, a picture is emerging of the ASI sensory neurons as an
initial site where external information about the likelihood
that ambient conditions will suffice to sustain reproductive
development is integrated with internal information about
cellular homeostasis. Inputs that convey information about
population density, food availability, and temperature con-
verge to modulate the expression of DAF-7/TGFB and ILPs.
The physiologic state of the ASI sensory neurons may con-
tribute to the dauer decision, both due to, and independent
of, its effect on the biogenesis of ILPs. Ultimately, the amount
and complement of active DAF-7/TGFB and ILPs secreted
from ASI and other cells act on specific cell surface receptors
expressed throughout the animal to regulate the activity of
transcription factors that control the molecular switch deter-
mining commitment to reproductive or dauer developmental
fates (Figure 2).

New signaling components and mechanisms of cross-talk:
DAF-7/TGFpB and ILPs bind to their cognate cell surface re-
ceptors to regulate conserved signaling pathways that control
the dauer decision (Hu 2007; Fielenbach and Antebi 2008)
(Figure 3). Although early screens for Daf-c and Daf-d mu-
tants revealed most of the major components of the DAF-7/
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TGFB and DAF-2/IGFR pathways (Figure 3), more recent
work has identified new modulators of both pathways.
The suppressor of constitutive dauer (scd) genes emerged
from genetic screens for suppressors of the Daf-c pheno-
type of daf-1/TGFBRI, daf-8/SMAD, and daf-14/SMAD mu-
tants (Inoue and Thomas 2000). A detailed analysis of scd-
2, which encodes the C. elegans ortholog of the human
anaplastic lymphoma kinase (ALK) receptor tyrosine ki-
nase, led to the elucidation of a conserved signaling mod-
ule that acts in parallel to the canonical DAF-7/TGFB
pathway to promote DAF-3/SMAD and DAF-5/SnoN activ-
ity. The secreted protein HEN-1 is proposed to function as
an agonist ligand for SCD-2/ALK that activates DAF-3/
SMAD and DAF-5/SnoN through the SOC-1/GAB1 adaptor
protein and the MAP kinase family member SMA-5 (Reiner
et al. 2008) (Figure 3, left panel). MicroRNAs may also
play a modulatory role in DAF-7/TGFp signaling, as mir-
58 family microRNAs can repress daf-1 and daf-4 expres-
sion in vivo through their 3’ untranslated regions (de Lucas
et al. 2015) (Figure 3).

A screen for new modulators of DAF-2/IGFR signaling led
to the discovery of EAK-7, a conserved plasma-membrane-
associated protein that acts in parallel to AKT-1 and AKT-2
to inhibit DAF-16/FoxO activity (Alam et al. 2010) (Figure 3,
right panel). Unlike AKT-1 and AKT-2, which inhibit DAF-16/
FoxO through phosphorylation and subsequent export from
the nucleus to the cytoplasm, EAK-7 inhibits the activity of
nuclear DAF-16/FoxO without altering its subcellular locali-
zation. The mechanism through which EAK-7 regulates DAF-
16/FoxO remains obscure. AKT-1 is negatively regulated by
the conserved protein phosphatase 2A (PP2A) regulatory
subunit PPTR-1, which activates DAF-16/FoxO by promoting
the dephosphorylation of AKT-1 at T350 (Padmanabhan et al.
2009) (Figure 3). T350 on AKT-1 is analogous to T308 on
human Akt/Protein Kinase B, the phosphorylation of which
by 3-phosphoinositide-dependent protein kinase-1 is re-
quired for Akt activation (Alessi et al. 1997; Stokoe et al.
1997).
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Although much of the genetic analysis involving Daf-c
and Daf-d mutants is consistent with depictions of the DAF-
7/TGFR and DAF-2/IGFR pathways as linear pathways
that act in parallel (Riddle and Albert 1997; Hu 2007;
Fielenbach and Antebi 2008) (Figure 3), it is clear that chan-
nels exist through which these pathways communicate with
and reinforce each other in dauer regulation. Dauers that
form due to reduced DAF-7/TGFp signaling require DAF-
16/FoxO activity to execute dauer programs in vulval pre-
cursor cells (VPCs; Karp and Greenwald 2013) and neurons
(Bhattacharya et al. 2019), indicating that DAF-7/TGFR
pathway activity contributes to DAF-16/FoxO inhibition.
Conversely, DAF-2/IGFR signaling promotes DAF-7/TGFf
signaling, as daf-7::GFP expression in the ASI sensory neu-
rons is reduced in daf-2/IGFR loss-of-function mutants
(Barna et al. 2012). This is likely due, at least in part, to
derepression of HSF-1, which is inhibited by DAF-2/IGFR
(Chiang et al. 2012) and confers temperature-dependent re-
pression of daf-7 (Barna et al. 2012). Intriguingly, the gene
encoding the HEN-1 ligand, which promotes dauer arrest
through SCD-2/ALK, DAF-3/SMAD, and DAF-5/SnoN (Reiner
et al. 2008) (Figure 3, left panel) is a DAF-16/FoxO target
gene that is induced ~15-fold in daf-2(e1370) mutants
(Tepper et al. 2013; Chen et al. 2015). Thus, increasing
HEN-1 expression could be a mechanism through which re-
duction in DAF-2/IGFR signaling reinforces dauer-promoting
signals by increasing DAF-3/SMAD and DAF-5/SnoN activity
through the HEN-1/SCD-2/SOC-1/SMA-5 pathway (Figure
3). Other genes exhibit complex interactions with dauer
regulatory pathways and may function as conduits of sig-
naling cross-talk. These include genes that encode the acid
sphingomyelinase homolog ASM-3 (Kim and Sun 2012),

the pyruvate dehydrogenase phosphatase homolog PDP-1
(Narasimhan et al. 2011), and the protein kinase C family
member PKC-1 (Monje et al. 2011; Kulalert et al. 2017).

Commitment to the dauer developmental fate: the DA-DAF-
12/VDR switch: The nuclear receptor and VDR homolog
DAF-12 is the transcriptional switch that commits animals
to either reproductive development or dauer arrest. This
switch is controlled by the synthesis of DAs (bile-acid-like
steroid hormones) that act as DAF-12/VDR ligands (Motola
et al. 2006). In favorable environments, hypodermal expres-
sion of the cytochrome P450 DAF-9/P450 (Gerisch et al.
2001; Jia et al. 2002), which catalyzes the final step in DA
biosynthesis (Motola et al. 2006) (Figure 4), promotes DA
biosynthesis and systemic ligand engagement of DAF-12/
VDR, committing animals to reproductive development
(Gerisch and Antebi 2004; Mak and Ruvkun 2004; Motola
et al. 2006; Schaedel et al. 2012). When unfavorable ambient
conditions inhibit DAF-7/TGFB and DAF-2/IGFR signaling
(Figure 2), transcriptional programs dependent upon DAF-
3/SMAD, DAF-5/SnoN, and DAF-16/FoxO are initiated, and
daf-9/P450 expression in the hypodermis is inhibited
(Gerisch and Antebi 2004; Mak and Ruvkun 2004). In the
absence of hypodermal DA biosynthesis, unliganded DAF-12/
VDR promotes dauer arrest (Antebi et al. 2000; Schaedel
et al. 2012) through a physical interaction with the
SHARP corepressor ortholog DIN-1S (Ludewig et al.
2004).

Intriguingly, whereas daf-12 is expressed ubiquitously
throughout the animal (Antebi et al. 2000), daf-9 is expressed
specifically in hypodermis, spermatheca, and the two endo-
crine XXX cells (Jia et al. 2002; Ohkura et al. 2003; Gerisch
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and Antebi 2004). A controlled temporal analysis of the
dauer decision using crude dauer pheromone and synthetic
A7-DA supports a model of developmental fate commitment,
whereby inputs from DAF-7/TGFB and DAF-2/IGFR path-
ways regulate levels of DA synthesis in the XXX cells. DA
produced by the XXX cells that exceeds a threshold triggers
a positive feedback loop that induces hypodermal DA synthe-
sis, thus locking in the reproductive fate by ensuring systemic
engagement of DAF-12/VDR by DA ligands (Schaedel et al.
2012).

Since the initial identification of A%- and A7-DA as DAF-12/
VDR ligands (Motola et al. 2006) and the establishment of
the roles of DAF-9/P450 and the Rieske oxygenase DAF-36 in
DA biosynthesis (Motola et al. 2006; Rottiers et al. 2006), a
number of genetic screens have identified other DA biosyn-
thetic pathway components that act in distinct tissues (Figure
4). With the exception of daf-9/P450, null mutations in
which cause nonconditional dauer arrest (Gerisch et al
2001; Jia et al. 2002) strong loss-of-function mutations in
all DA biosynthesis genes identified to date cause weak Daf-c
or synthetic dauer-constitutive phenotypes, indicating that
they are functionally redundant. In aggregate, the data sup-
port a model whereby distinct enzymes acting in multiple
tissues contribute to DA biosynthesis in the XXX cells and
the hypodermis (Figure 4).

A synthetic dauer-constitutive screen performed in a ncr-1
mutant background led to the identification of hsd-1, which
encodes a putative 3-B-hydroxysteroid dehydrogenase that is
expressed specifically in the XXX cells (Patel et al. 2008).
Although HSD-1 is predicted to catalyze the conversion of
cholesterol to the A4-DA precursor 4-cholesten-3-one, ani-
mals with a hsd-1 null mutation have wild-type levels of
4-cholesten-3-one (Wollam et al. 2012). Intriguingly, the
identities of metabolites detected in hsd-1 null mutants, but
not wild type, suggest that HSD-1 may act downstream of
DAF-9/P450 in the XXX cells to synthesize A7-DA, possibly as
a 3-B-hydroxysteroid dehydrogenase on 33-OH-A”-DA and/
or as a 7-desaturase on a novel DA, A%-DA (Mahanti et al.
2014) (Figure 4). hsd-1 mutations also emerged from a
screen for enhancers of the akt-1 (eak) dauer-constitutive
phenotype (Dumas et al. 2010); the fact that other EAK pro-
teins are expressed specifically in the XXX cells (Ohkura et al.
2003; Hu et al. 2006), and likely act in the same pathway as
HSD-1 (Hu et al. 2006; Alam et al. 2010; Dumas et al. 2010),
suggests that they may also play a role in DA biosynthesis in
the XXX cells (Figure 4). This is supported by a recent report
describing a natural variant in the cis-regulatory region of
eak-3 in a wild C. elegans isolate that reduces eak-3 expres-
sion, sensitizes animals to dauer-inducing cues, and retards
development in favorable environments. The dauer sensiti-
zation and delayed development phenotypes are both res-
cued by exogenous A7-DA, suggesting that reduction of
eak-3 activity impairs DA biosynthesis (Billard et al. 2020).
A daf-36 enhancer screen revealed the identities of two other
DA biosynthetic enzymes; DHS-16 is a 3-B-hydroxysteroid
dehydrogenase that converts lathosterol to the A7-DA
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precursor lathosterone (Motola et al. 2006; Wollam et al.
2012), and EMB-8 is a cytochrome P450 oxidoreductase that
may act as a cofactor for DAF-9/P450 in DA biosynthesis
(Wollam et al. 2012) (Figure 4).

As commitment to the reproductive developmental fate
occurs when DA concentrations exceed a threshold and trigger
feed-forward DA synthesis in the hypodermis (Schaedel et al.
2012), it can be regulated through modulation of either DA
production or the systemic threshold beyond which animals
commit to reproductive development. A feature common to
many of these regulatory mechanisms is the incorporation of
inputs reflecting the internal metabolic state of the develop-
ing organism into the dauer commitment decision. Starvation
directly inhibits DA biosynthesis, as C. elegans cannot synthe-
size the DA precursor cholesterol de novo and must obtain it
through food consumption. Therefore, in addition to its ef-
fects on DAF-7/TGFB and ILP production in ASI and other
cells (Figure 2), starvation enhances dauer arrest by limiting
the availability of cholesterol and other precursors for DA
biosynthesis. Moreover, under conditions of nutrient depriva-
tion (i.e., exogenous cholesterol limitation), endogenous me-
tabolites such as phosphorylated glycosphingolipids and
endocannabinoids influence commitment by promoting mo-
bilization of sterols from internal stores (Boland et al. 2017;
Galles et al. 2018). The levels and activity of DA biosynthetic
enzymes are also subject to regulation. The nuclear receptor
NHR-8 enhances A7-DA biosynthesis by promoting the intes-
tinal expression of daf-36 (Magner et al. 2013). Recently, it
has been reported that organismal NADPH levels are corre-
lated with commitment to reproductive development
(Penkov et al. 2015); this may occur through the regulation
of DAF-9/P450 activity, as NADPH is an obligate cofactor for
DAF-9/P450 (Motola et al. 2006). Enzymes such as the sterol
methyltransferase STRM-1 enhance commitment to dauer
arrest through covalent modification and subsequent shunt-
ing of cholesterol and DA precursors (Hannich et al. 2009;
Mahanti et al. 2014). Finally, ascaroside pheromones, in ad-
dition to reducing expression of DAF-7/TGF@ and ILPs in
sensory neurons (Figure 2), also promote dauer arrest by
raising the threshold of DA needed to commit animals to
the reproductive developmental fate (Schaedel et al. 2012).
The mechanistic basis for this observation is not understood.

Anumber of questions pertaining to DA biosynthesis linger.
Enzymes that catalyze established steps in DA biosynthesis
(e.g., the reductase that catalyzes the conversion of 7-dehy-
drocholesterol to lathosterol; Figure 4) remain to be identified.
In addition, the molecular nature of biosynthetic intermediates
that link cholesterol to the putative A7-DA precursors 33-OH-
A7-DA and A%-DA, and 7-dehydrocholesterol to the novel DAF-
12/VDR ligand A'-7-DA (Mahanti et al. 2014), is not known
(Figure 4). Intriguingly, the lack of anatomic overlap in the
expression of DAF-36/Rieske and DAF-9/P450 (Gerisch et al.
2001; Jia et al. 2002; Rottiers et al. 2006) implies that
7-dehydrocholesterol is transported from tissues and cells
expressing DAF-36/Rieske to the hypodermis. The mecha-
nisms underlying intercellular transport of DAs and their
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precursors are not fully understood, but may involve the Nie-
mann-Pick C1 homologs NCR-1 and NCR-2 (Sym et al. 2000;
Li et al. 2004) (Figure 4) and/or other transmembrane trans-
porters required for the secretion and uptake of Drosophila
steroid hormones (Yamanaka et al. 2015; Okamoto et al.
2018). Finally, pathways beyond current models for DA bio-
synthesis (Figure 4) remain to be discovered. For example,
dhs-16;hsd-1 double null mutants are deficient in lathosterone
but have wild-type levels of A7-DA (Wollam et al. 2012), in-
dicating that lathosterone-independent routes to A7-DA bio-
synthesis exist.

Execution of the dauer developmental program: Although
the existence of dauer-specific morphological features, such as
pharyngeal and cuticular remodeling, has been known for
decades, the mechanistic basis for dauer execution is poorly
understood. Recent work has revealed that traversal of the
dauer developmental fate induces unexpected changes in
gene expression, epigenetic regulation, behavior, morphology,
metabolism, and genetic wiring, many of which require the
activity of at least one of the terminal transcription factors
regulated by DAF-7/TGFR, ILPs, and DAs (Figure 5). Further,
although DAs and DAF-12/VDR act downstream of DAF-3/
SMAD, DAF-5/SnoN, and DAF-16/FoxO as a dauer commit-
ment switch, these transcription factors appear to have addi-
tional, independent functions in the execution phase.

Some dauer execution programs result in changes in neu-
ronal gene expression and/or morphology that underlie
dauer-specific behaviors. For example, DAF-16/FoxO-depen-
dent expression of the innexin inx-6 in the AIB interneurons
of dauers underlies dauer-specific plasticity in locomotory
behavior (Bhattacharya et al. 2019) (Figure 5C). Nictation,
which is a dauer-specific behavior that enhances dispersal
(Yang et al. 2020), may be influenced by the induction of
dendritic arborization of a subset of IL2 sensory neurons dur-
ing dauer traversal (Schroeder et al. 2013). In contrast, dauer
arrest results in DAF-12/VDR-dependent inhibition of den-
dritic arborization of the PVD neuron (Richardson et al
2019) (Figure 5B); the functional consequences of dauer-
induced changes in PVD morphology are not known.

Other dauer-specific changes ensure the fidelity of repro-
ductive development after dauer exit. For example, DAF-16/

\D
vulval precursor cells:
reestablishment of multipotency

Figure 5 Examples of dauer execution programs
(A-D). Molecules depicted in green and red pro-
mote reproductive development and dauer arrest,
respectively. See text for details.

AIB interneurons: induction of inx-6

plasticity of locomotory behavior

FoxO ensures the reestablishment of multipotency in VPCs
during dauer arrest (Karp and Greenwald 2013) (Figure 5D).
Passage through dauer also induces rewiring of genetic net-
works that control developmental timing, as exemplified by
dauer-induced changes in the regulatory machinery respon-
sible for stage-specific repression of the Hunchback-like tran-
scription factor gene hbl-1 (Ilbay and Ambros 2019).

Dauer execution also involves metabolic remodeling. Fat
storage increases in dauers, and this requires autophagy
(Meléndez et al. 2003). The observation that defects in auto-
phagy result in the formation of abnormal dauers rather than
suppression of dauer arrest supports the contention that in-
crease in fat storage is part of a postcommitment dauer exe-
cution program. Intriguingly, studies on the autophagy gene
atg-18 reveal that autophagy in sensory neurons promotes
systemic fat storage nonautonomously. Dauer-specific lipids
may also contribute to aspects of dauer morphogenesis; a
novel class of glycolipids termed maradolipids that are only
detected after the dauer commitment time point may contrib-
ute to dauer-specific specialization of the intestinal lumen
(Penkov et al. 2010).

Intriguingly, traversal through dauer can cause long-term
postdauer phenotypic changes, suggesting that a “memory” of
adverse environmental conditions during larval development
generates phenotypic plasticity in genetically identical adult
animals with distinct life histories (Hall et al. 2010) (see
Effects of dauer diapause in later life). In one specific instance
of dauer-induced “memory,” passage through dauer induces
DAF-3/SMAD- and DAF-5/SnoN-dependent repression of the
TRPV channel gene osm-9 in the ADL chemosensory neurons
of postdauer adults, resulting in abrogation of avoidance be-
havior toward the ascaroside ascr#3 (Sims et al. 2016) (Fig-
ure 5A).

Epigenetic regulation of the dauer decision: As the imple-
mentation of specific transcriptional programs is required for
the dauer decision, factors involved in epigenetic control of
gene expression have also been implicated in dauer regula-
tion. Most of these factors enhance dauer arrest by control-
ling aspects of sensory perception, signal transduction, and
transcription factor activity upstream of the DA-DAF-12/VDR
commitment switch. NURF-1, a conserved component of the
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NURF chromatin remodeling complex, may enhance the ex-
pression of molecules involved in the response to specific
ascarosides, as it is required for the induction of dauer arrest
by ascr#2 and ascr#3, but is dispensable for ascr#5-induced
dauer formation (Large et al. 2016). Components of the RNA
interference (RNAi) machinery act upstream of DAF-7/TGFB
and DAF-2/IGFR in sensory neurons to promote dauer arrest
in response to pheromones (Bharadwaj and Hall 2017), and
may also control the expression of genes encoding compo-
nents of signaling pathways directly activated by ascarosides.
The dosage compensation proteins DPY-21 and SET-4, which
repress X-chromosome gene expression by controlling the
methylation state of histone H4 lysine 20 (Brejc et al. 2017;
Delaney et al. 2017), promote dauer arrest in hermaphrodites
by reinforcing a feedback loop that activates DAF-16/FoxO
through repression of the X-linked genes akt-2 and ins-9
(Delaney et al. 2017). The SWI/SNF chromatin remodeling
complex also potentiates DAF-16/FoxO activity, doing so
through physical interactions with DAF-16/FoxO at target
gene promoters (Riedel et al. 2013). The heterochromatin
protein family member HPL-2, which acts as a general
repressor of gene expression (Couteau et al. 2002), may an-
tagonize DAF-16/FoxO- and DAF-3/DAF-5 SMAD/SnoN-
dependent transcriptional programs, as hpl-2 loss-of-function
mutations enhance dauer arrest in daf-2/IGFR and daf-7/
TGFB mutants (Meister et al. 2011).

Developmental timing regulators and dauer arrest: In
addition to its role as a dauer commitment switch, DAF-12/
VDR also has a general function in developmental timing
(Antebi et al. 1998). Heterochronic genes that interact with
daf-12 can also influence the dauer decision. For example,
lin-42, which encodes the C. elegans ortholog of Period circa-
dian proteins (Jeon et al. 1999), acts at the level of daf-12/
VDR to inhibit dauer arrest (Tennessen et al. 2010). The
heterochronic gene hbl-1, which encodes a Hunchback-like
transcription factor (Abrahante et al. 2003; Lin et al. 2003),
also influences dauer arrest through complex interactions
with DAF-2/IGFR, DAF-7/TGFpB, and DA pathways (Karp
and Ambros 2011). The transcriptional repressor BLMP-1, a
major target of the E3 ubiquitin ligase and heterochronic pro-
tein DRE-1 (Horn et al. 2014), is required for dauer arrest in
daf-2/IGFR, daf-7/TGFB, and daf-9/P450 mutants, and may
act at the level of dauer commitment as well as in the execu-
tion phase to promote dauer-specific epidermal remodeling
(Horn et al. 2014; Hyun et al. 2016).

L1 arrest

In contrast to dauer diapause, larvae that hatch in the com-
plete absence of food arrest development without morpho-
logical modification, in a state known as L1 arrest (also
referred to as L1 diapause) (Baugh 2013) (Figure 1). Larvae
can survive L1 arrest for weeks, and they resume develop-
ment upon feeding. Greenwald and Horvitz first reported
that wild-type larvae arrest development in the L1 stage after
hatching in the absence of bacteria (Greenwald and Horvitz
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1982). Johnson et al. (1984) reported survival and move-
ment of L1 larvae with no growth for up to 12 days of star-
vation, indicating that larvae arrested by absolute starvation
upon hatching do not form dauer larvae. Arrested L1 larvae
could also be recovered by feeding with grossly normal sub-
sequent development. Protocols for preparation of larvae in
L1 arrest became routine for sterilization, synchronization,
and freezing of strains (Lewis and Fleming 1995; Stiernagle
2006). L1 arrest reflects active regulation as opposed to a
passive consequence of limited nutrition (Baugh and
Sternberg 2006; Fukuyama et al. 2006), and it has become
an important model for nutritional control of development.
L1 arrest is reviewed elsewhere (Baugh 2013; Fukuyama
2018). Here, we will focus on critical background and re-
cent progress on signaling and developmental regulation
during L1 arrest.

Assaying L1 developmental progression: L1 development
can be tracked by monitoring a variety of cell types (Sulston
and Horvitz 1977). Q neuroblasts migrate and divide early
during L1 development to form six neurons. Lateral epider-
mal seam cells of the V, H, and T lineages undergo a stereo-
typed progression of asymmetric division, fusion, and elongation,
providing greater developmental resolution than cell division
alone. P neuroblasts migrate ventrally and divide during L1
development, and some of their descendants differentiate
into motor neurons near the L1 molt. There is a single M cell
at hatching, and it undergoes a series of divisions to produce
18 cells by the end of the L1 stage providing facile quantifi-
cation late L1 development. In addition, primordial germ
cells (PGCs) Z2 and Z3 divide during L1 development. A
number of reporter genes that facilitate analysis of these de-
velopmental events are available (Kaplan et al. 2015; Roy
et al. 2018; Zheng et al. 2018b). Size can also be assessed
with image-based analysis (Moore et al. 2013), and cuticular
alae can be examined to determine when the L1 molt has
occurred (Page and Johnstone 2007).

Insulin/insulin-like growth factor signaling in regulation
of L1 arrest: Insulin/insulin-like growth factor signaling (IIS)
governs L1 development (Figures 6-8). Mutation of the only
known IGFR, daf-2/IGFR, causes L1-stage developmental ar-
rest in fed larvae at high temperature (Gems et al. 1998).
However, arrest is reversible at low temperature, consistent
with physiological regulation as opposed to impaired develop-
ment (Baugh and Sternberg 2006). Disruption of ILP secretion
also causes constitutive L1 arrest, confirming physiological
regulation of development (Kao et al. 2007). daf-2/IGFR mu-
tants are also resistant to L1 starvation (see Energy homeo-
stasis regulators) (Munoz and Riddle 2003; Baugh and
Sternberg 2006). Disruption of the chromatin remodeler
let-418/CHD4 causes an L1 arrest phenotype at high tem-
perature (Erdelyi et al. 2017), and genetic interactions with
daf-2/IGFR suggest a regulatory relationship between IIS and
chromatin modification (Saudenova and Wicky 2018). DAF-2/
IGFR signaling acts via the phosphoinositide 3-kinase (PI3K)
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Figure 6 Regulation of lateral epidermal seam cell, M mesoblast, and P
neuroblast divisions during L1 arrest. Factors required to arrest cell divi-
sions are shown in red. See text for details.

pathway to antagonize activity of the FoxO DAF-16 (Figure 6)
(Linetal. 1997; Oggetal 1997). PI3K signaling results in AKT-
mediated phosphorylation of DAF-16/Fox0O, causing localiza-
tion of DAF-16/FoxO to the cytoplasm. IIS is reduced during
starvation, resulting in nuclear localization of DAF-16/FoxO
(Henderson and Johnson 2001). Nuclear DAF-16,/FoxO activ-
ity promotes stress resistance during starvation (Henderson
et al. 2006). daf-16,/FoxO mutants fail to arrest somatic devel-
opment in starved L1 larvae (Baugh and Sternberg 2006), and
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Figure 7 Regulation of Q neuroblast divisions during L1 arrest. ins-3, ins-
4, and presumably other agonistic ILPs secreted from chemosensory neu-
rons and possibly other tissues in response to food activate IIS, leading to
the activation of PP2A and the RAF-MEK-ERK MAP kinase cascade and Q
neuroblast divisions (Zheng et al. 2018b). Factors required to arrest cell
divisions are shown in red. See text for details.

they are sensitive to starvation and die rapidly (Munoz and
Riddle 2003). daf-16,/FoxO is epistatic to daf-2/IGFR for both
phenotypes.

daf-16/FoxO regulates expression of a variety of genes di-
rectly or indirectly to promote developmental arrest. daf-16/
FoxO inhibits signaling pathways that promote L1 develop-
ment including seam, P, and M cell divisions (Figure 6; see
below) (Kaplan et al. 2015). daf-16/FoxO promotes expres-
sion of the microRNA miR-235 (ortholog of mammalian miR-
92) in starved L1 larvae, and mir-235 is also required for
arrest of P and M cells. Upregulation of the miR-235 target
nhr-91/NR6A1 contributes to the arrest-defective phenotype
of the mir-235 mutant (Kasuga et al. 2013). The cyclin-de-
pendent kinase inhibitor cki-1/p27 is required to arrest seam
cell divisions during L1 starvation (Hong et al. 1998), and cki-
1/p27 is not appropriately expressed in the seam cells of
starved L1 daf-16/FoxO mutants, suggesting a mechanism
of cell cycle regulation (Baugh and Sternberg 2006). daf-
16/FoxO also represses expression of the microRNA [in-4
(Baugh and Sternberg 2006), which promotes L2 identity
and progression of developmental time (Feinbaum and
Ambros 1999; Olsen and Ambros 1999). How DAF-16/FoxO
inhibits other aspects of development, including cell migra-
tion and fusion, is unknown.

In contrast to the epidermal seam cells, P neuroblasts,
and M mesoblasts (Baugh and Sternberg 2006; Kaplan
etal. 2015), the germ cells and Q neuroblasts remain arrested
in starved L1 daf-16/FoxO mutants (Fukuyama et al. 2006;
Fukuyama 2018; Zheng et al. 2018b) (Figures 6-8). These
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observations suggest the existence of an effector of DAF-2/
IGFR signaling distinct from DAF-16/FoxO in the germ cells
and Q neuroblasts. The PTEN ortholog DAF-18, a negative
regulator of DAF-2/IGFR signaling, is required for somatic
arrest during L1 starvation (Fukuyama et al. 2015; Zheng
et al. 2018b), as is the AMP-activated protein kinase (AMPK)
(Baugh and Sternberg 2006; Fukuyama et al. 2012; Zheng
et al. 2018b). Both are also required for L1 starvation survival
(see Energy homeostasis regulators) (Baugh and Sternberg
2006; Fukuyama et al. 2012). Critically, daf-18/PTEN and
AMPK are each required to arrest germ cell and Q neuroblast
divisions during L1 starvation, but daf-16/FoxO is not
(Fukuyama et al. 2006; Fukuyama et al. 2012; Fukuyama
et al. 2015; Zheng et al. 2018b). In germ cells, daf-18/PTEN
and AMPK function in parallel and converge on inhibition
of TOR complex 1 (TORC1) (Fukuyama et al. 2012). AMPK
functions downstream of, or in parallel to, daf-18/PTEN in
regulation of Q cell divisions, and AMPK inhibits PP2A to
maintain Q cell quiescence (Zheng et al. 2018b). Indaf-18/
PTEN and AMPK mutants, PP2A is abnormally activated
during L1 starvation, leading to activation of the MAP ki-
nase MPK-1 via LIN-45/RAF to promote Q cell divisions
(Zheng et al. 2018b). In mammals, FoxO transcription
factors, PTEN, and AMPK function as tumor suppressors
(Paik et al. 2007; Chalhoub and Baker 2009; Zadra et al.
2015), indicating conserved roles in regulation of cell
proliferation.

Cell-autonomous and -nonautonomous function of IIS:
The IIS pathway regulates development cell-autonomously
and -nonautonomously during L1 arrest and recovery (Figures
6-8). Genetic mosaic analysis as well as tissue-specific trans-
genic rescue of insulin/insulin-like growth factor (IGF) path-
way components revealed nonautonomous function in
regulation of aging (Apfeld and Kenyon 1998; Wolkow
et al. 2000; Libina et al. 2003). Tissue-specific transgenic
rescue of daf-16/FoxO null mutants was performed in a daf-
2/IGFR mutant background (Libina et al. 2003). This study
suggested that the constitutive developmental-arrest pheno-
type of daf-2 mutants (L1 and dauer arrest) can result from
daf-16 activity in specific somatic tissues. Similarly, trans-
genic expression of daf-16 exclusively in the intestine, epider-
mis, or nervous system of a daf-16 null mutant is sufficient to
rescue developmental arrest of the M mesoblast, epidermal
seam cells, and VB neurons during L1 starvation (Kaplan et al.
2015). Likewise, tissue-specific expression of daf-18/PTEN, a
positive regulator of daf-16,/FoxO, in the intestine, epidermis
or nervous system is sufficient to rescue arrest of the P neuro-
blasts (Fukuyama et al. 2015). These sites of cell-nonauton-
omous action have also been reported for daf-16 in regulation
of aging (Libina et al. 2003; Zhang et al. 2013). These obser-
vations suggest that DAF-16/FoxO regulates signaling from
multiple tissues to promote developmental arrest. Tissue-spe-
cific transgenic expression of a gain-of-function akt-1 allele
revealed cell-nonautonomous regulation of P neuroblast
and M mesoblast divisions, although in this case the
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epidermis was found to be the salient site of action
(Fukuyama et al. 2015). However, gain-of-function akt-1
can also activate M mesoblast divisions cell-autonomously
(Fukuyama et al. 2015), and daf-18/PTEN regulates Q neuro-
blast divisions cell-autonomously (Zheng et al. 2018b).
These cell-type-specific distinctions presumably reflect in-
tricacies of the IIS pathway in an organismal context, al-
though technical limitations of the transgenic approaches
used may also be a factor.

An insulin/IGF, dbl-1/TGF-$, daf-12/VDR, and hedgehog-
like signaling network: Nonautonomous function of insulin/
IGF pathway components suggests that daf-16/FoxO directly
or indirectly regulates activity of one or more additional sig-
naling pathways in controlling L1 development. Dauer devel-
opment is regulated by the daf-7/TGF-B pathway and daf-12/
VDR steroid hormone signaling in addition to IIS and daf-16/
FoxO (Hu 2007; Fielenbach and Antebi 2008). The dbl-1/
TGF-B pathway is largely distinct from the daf-7/TGF-B path-
way, and it regulates adult body size and male tail develop-
ment (Savage-Dunn 2005). Genetic epistasis and gene expression
analyses suggest that daf-16/FoxO inhibits dbl-1/TGF-f and
daf-12/VDR signaling to promote arrest of M mesoblast and
epidermal seam cell divisions during L1 starvation (Kaplan
et al. 2015) (Figure 6). Furthermore, disruption of dbl-1/
TGF-B or daf-12/VDR signaling reduces the rate of L1 devel-
opment in fed larvae, showing that these pathways support
L1 development (Kaplan et al. 2015). Together, these results
suggest that daf-16/FoxO causes developmental arrest in
starved L1 larvae by inhibiting pathways that otherwise pro-
mote development.

mir-235/miR-92, which is activated by daf-16,/FoxO, cell-
nonautonomously regulates P neuroblast divisions from the
epidermis (Kasuga et al. 2013; Fukuyama et al. 2015) (Figure
6). miR-235 represses expression of the hedgehog-related
genes grl-5 and grl-7 during L1 arrest, and their expression
is upregulated in the epidermis in response to feeding as miR-
235 levels decrease (Kume et al. 2019). Forced expression of
grl-5 or grl-7 in the epidermis of starved larvae activates P
neuroblast divisions, and grl-5 and grl-7 are required for the
arrest-defective phenotype of the mir-235 mutant (Kume
et al. 2019). How miR-235 or its targets nhr-91, grl-5, and
grl-7 regulate P cell divisions cell-nonautonomously is not
understood.

daf-18/PTEN regulates Q neuroblast divisions in cell-
autonomous fashion during L1 arrest (Zheng et al. 2018b)
(Figure 7). Mutations affecting the dbl-1/TGF-B pathway
suppress Q cell divisions in starved daf-18/PTEN mutants.
In contrast to regulation of M mesoblast and epidermal seam
cell divisions (Kaplan et al. 2015), dbl-1 signaling appears to
function upstream of the insulin/IGF pathway to regulate Q
cell divisions (Zheng et al. 2018b). Disruption of dbl-1 signal-
ing reduces expression of the agonist ILP genes ins-3 and ins-
4, reducing DAF-2/IGFR pathway activity. Overexpression of
these peptides is also sufficient to activate Q cell divisions in
starved dbl-1 mutant larvae, consistent with ins-3 and ins-4
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Figure 8 Regulation of Z2/Z3 primordial germ cell divisions during L1
arrest. IIS is activated in response to feeding, presumably by unknown
agonistic ILPs, which is hypothesized to result in activation of TORC1 and
72/73 divisions (Fukuyama et al. 2012). Factors required to arrest cell
divisions are shown in red. See text for details.

functioning downstream of dbl-1 (Zheng et al. 2018b). To-
gether with Kaplan et al. (2015), these results suggest that
dbl-1/TGF-B signaling is potentially involved upstream or
downstream of IIS depending on the cell type in question
(Zheng et al. 2018b).

ILPs governing L1 arrest and development: The C. elegans
genome encodes 40 ILPs that function broadly as either pu-
tative agonists or antagonists of DAF-2/IGFR based on phe-
notypic analysis (Pierce et al. 2001; Fernandes de Abreu et al.
2014). ILP sequences and predicted structure enabled classi-
fication of each as alpha, beta, or gamma (Pierce et al. 2001).
One study found that beta classification is a good predictor of
agonist function (Zheng et al. 2018a). Although hindered by
genetic redundancy, loss-of-function phenotypic analysis is
the most reliable way to determine whether individual ILPs
activate or inhibit IIS in their native context. Such analysis of
nearly all ILPs has been completed for a variety of IIS-regu-
lated phenotypes with the exception of L1 arrest and devel-
opment (Fernandes de Abreu et al. 2014).

Identification of IIS as a critical regulator of L1 arrest
begged the question of which ILPs are affected by nutrient
availability to govern L1 development. Expression analysis
revealed complex expression patterns in time and space,
with a large proportion of insulin-like genes expressed in

chemosensory neurons and the intestine (Pierce et al. 2001;
Baugh et al. 2011; Ritter et al. 2013). Time-series analysis of
messenger RNA (mRNA) expression for all 40 peptides in fed
and starved L1 larvae identified 13 candidate agonists and
8 candidate antagonists based on whether they are positively
or negatively regulated by food, respectively (Chen and
Baugh 2014). Ethanol and/or amino acids are sufficient to
induce expression of several of these putative agonists in
otherwise starved L1 larvae (Fukuyama et al. 2015), and
perception of food is sufficient to induce expression of daf-28
and ins-6 (Kaul et al. 2014; Kaplan et al. 2018). Expression-
based classification agreed remarkably well with published
genetic analyses of a variety of phenotypes, and it successfully
identified ins-4, ins-6, and daf-28 as functional agonists in L1
larvae (Chen and Baugh 2014). As a complementary approach
to classify ILPs as putative agonists or antagonists, peptides
were overexpressed pan-neuronally and L1 starvation sur-
vival, Q cell divisions, dauer formation, and fat accumulation
were measured (Zheng et al. 2018a). L1 starvation survival
and Q cell divisions are the only L1 arrest-specific phenotypes.
This analysis identified 16 putative agonists, 8 antagonists,
and 11 with function contingent on the observed phenotype.
Caveats apply to both of these classification approaches (i.e.,
expression does not necessarily correlate with function, and
function may be context-dependent), and although there is
substantial overlap in the resulting classifications, there are
also discrepancies.

Genetic analysis suggests that at least three putative ago-
nist ILPs, daf-28, ins-4, and ins-6, function redundantly in L1
larvae. Disruption of any one of these three alone has no
detectable phenotypic consequence, but simultaneous dis-
ruption of daf-28 and ins-4 increases starvation resistance,
phenocopying reduction of daf-2/IGFR function (Chen and
Baugh 2014). These putative agonists are expressed in
starved L1 larvae, albeit at relatively low levels compared
to fed larvae, suggesting basal levels of IIS reduce starvation
resistance. Overexpression of daf-28, ins-4, or ins-6 with their
own promoters is sufficient to promote M cell division in
starved L1 larvae (Chen and Baugh 2014), and pan-neuronal
overexpression of daf-28, ins-4, or ins-6, as well as 10 other
ILPs, is sufficient to promote Q cell divisions (Zheng et al.
2018a). Simultaneous disruption of five candidate agonists
(daf-28, ins-4, ins-5, ins-6, and ins-7) had no detectable effect
of the rate of M or seam cell divisions in fed larvae, although
disruption of daf-2/IGFR clearly did (Chen and Baugh 2014),
consistent with extensive functional redundancy among ILPs
(Pierce et al. 2001). Together, these results suggest that ins-4,
ins-6, daf-28 and possibly other agonists redundantly pro-
mote L1 development in response to feeding.

Putative antagonists presumably counteract function of
agonists, promoting developmental arrest and starvation re-
sistance. Function of putative antagonists during L1 arrest has
not been investigated by loss-of-function analysis, but pan-
neuronal overexpression of eight different ILPs increased L1
starvation survival in a wild-type background (Zheng et al.
2018a). In addition, overexpression of the same eight genes
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suppressed Q cell divisions in a starved L1 arrest-defective
daf-18/PTEN mutant (Zheng et al. 2018a).

A common set of ILPs appears to regulate L1 arrest and
dauer diapause. In addition to regulating L1 arrest, daf-28,
ins-4, and ins-6 function as agonists in regulation of dauer
development, promoting dauer bypass or recovery (Li et al.
2003; Kao et al. 2007; Cornils et al. 2011; Fernandes de
Abreu et al. 2014; Hung et al. 2014; Zheng et al. 2018a).
Reporter gene analysis of daf-28, ins-4, and ins-6 in L1
larvae revealed expression in chemosensory neurons and
intestine (Chen and Baugh 2014). This expression pattern
is consistent with other developmental stages, including
dauer entry and exit (Li et al. 2003; Cornils et al. 2011;
Ritter et al. 2013; Hung et al. 2014). Common signals and
signaling centers suggest that regulation of L1 arrest and
dauer formation is distinguished in part by the degree of
IIS, with L1 arrest resulting from very low signaling activ-
ity and dauer arrest resulting from relatively low to mod-
erate activity, although the timing of signaling could also
be a factor. The penetrance of constitutive arrest as L1 or
dauer larvae is correlated across allelic series of daf-2/IGFR
mutants, with the penetrance of L1 arrest consistently
lower (Gems et al. 1998), although biochemical or other
evidence that signaling activity correlates with phenotype
would strengthen the model. Nonetheless, additional sig-
naling pathways contribute to distinct developmental out-
comes as well.

Nutrient sensing and feedback regulation of IIS: Feedback
regulation of IIS is widespread and likely contributes to
homeostasis. daf-16/FoxO represses transcription of the pu-
tative DAF-2/IGFR agonist ins-7, producing positive feedback
and FoxO-to-FoxO signaling (Murphy et al. 2003; Murphy
et al. 2007). Likewise, daf-16/FoxO activates transcription
of the putative antagonist ins-18, again producing positive
feedback (Murphy et al. 2003; Matsunaga et al. 2012). Dis-
ruption of insulin gene function and measurement of insulin
gene expression revealed several instances of insulin-to-in-
sulin signaling, as predicted for feedback regulation
(Fernandes de Abreu et al. 2014). Expression analysis of in-
sulin-like mRNAs over time during recovery from L1 arrest in
daf-2/IGFR and daf-16,/FoxO mutants revealed extensive pos-
itive and negative feedback, with the majority of insulin pep-
tides contributing (Kaplan et al. 2019). Feedback regulation
presumably couples signaling activity across tissues in sup-
port of organismal homeostasis. Indeed, regulation of dauer
development involves insulin-mediated signaling between
the intestine and nervous system (Hung et al. 2014). Chemo-
sensory neurons likely respond to external conditions, and
the intestine likely responds to internal conditions, with feed-
back integrating these inputs by propagating signaling
throughout the animal to achieve a coherent physiological
state and coordination of postembryonic development
(Kaplan and Baugh 2016). Consistent with this model, sen-
sory perception of food, or even just polypeptide, without
feeding is sufficient to activate daf-28-mediated IIS in starved
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L1 larvae, affecting gene expression and lipid metabolism
(Kaplan et al. 2018). However, specific contributions of feed-
back regulation to developmental dynamics and homeostasis
have not been determined.

Lipid-TORC]1 signaling and neuronal differentiation: So-
matic cells in C. elegans generally do not divide, migrate, or
fuse during stringent L1 arrest (suspended in buffer), based
on observation of lateral epidermal seam cells, P neuroblasts,
Q neuroblasts, and the M mesoblast (Baugh and Sternberg
2006; Fukuyama et al. 2015; Zheng et al. 2018b). The germ
cells Z2 and Z3 also do not divide (Fukuyama et al. 2006).
These events represent most but not all of the developmental
events that occur during the L1 stage (Sulston and Horvitz
1977). The AWC sensory neurons sense volatile components
of food and direct chemotaxis (Bargmann et al. 1993), and
they complete their differentiation during postembryonic de-
velopment (Troemel et al. 1999). Unlike other L1 develop-
mental events, AWC differentiation does not depend on
feeding (Kniazeva et al. 2015). Rather, AWC neurons differ-
entiate in L1 larvae whether fed or starved, although differ-
entiation is slower in starved larvae (Kniazeva et al. 2015).
Monomethyl branched-chain fatty acids, which are synthe-
sized by the worm, are essential to postembryonic growth
and development (Kniazeva et al. 2008). The TORC1 ki-
nase mediates regulation of growth and development by a
critical monomethyl branched-chain fatty acid-derived
sphingolipid (Zhu et al. 2013). This lipid-TORC1 pathway
functions in the intestine of fed and starved L1 larvae to
cell-nonautonomously promote maturation of AWC sen-
sory neurons, supporting foraging behavior (Kniazeva
et al. 2015). Such function of TORC1 is surprising in that
it is usually inactive during starvation (TOR signaling is
reviewed elsewhere; Blackwell et al. 2019). Foraging dur-
ing starvation is clearly important to the animal, illustrat-
ing an effect of cellular energy homeostasis pathways on
animal behavior.

Larval starvation and vulval induction

Larval starvation influences vulval development in mutants
that exhibit defects in vulval induction. A specialized somatic
gonad cell, the anchor cell, secretes LIN-3/EGF during the L3
stage to activate RAS-MAPK signaling in the adjacent VPC,
thereby specifying the 1° vulval cell fate. EGF-RAS-MAPK
activation causes lateral inhibition of the 1° fate and induc-
tion of the 2° fate in the neighboring VPCs via activation of
the Delta-Notch pathway (Sternberg 2005). It was originally
reported that dauer formation or larval starvation without
dauer formation suppressed the incompletely penetrant vul-
valess (Vul) phenotype of several mutants (lin-2, lin-3, lin-7,
lin-24, lin-33, and let-23) affecting the EGF-RAS-MAPK path-
way, suggesting that starvation increases inductive signaling
(Ferguson and Horvitz 1985). Braendle and Félix systemati-
cally characterized vulval development in six different eco-
logically relevant conditions, including 48-hr L2 starvation
period and dauer-forming conditions (before being returned
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to standard culture conditions with food, allowed to develop,
and assayed) (Braendle and Félix 2008). They found that the
vulval phenotype of 26 out of 41 mutants examined was
modified by environmental conditions, with starvation and
dauer formation producing the most frequent and consistent
effects. Consistent with Ferguson et al., they found that L2
starvation or dauer formation suppressed the Vul phenotype
of loss-of-function lin-3/EGF and let-23/EGFR mutants. How-
ever, another study subjecting L2 larvae to a 36-hr starvation
period reported suppression of the multivulva phenotype
caused by a let-60/RAS gain-of-function mutant, suggesting
that starvation actually inhibits inductive signaling (Battu
et al. 2003). To resolve this paradox, it has been proposed
that L2 starvation elicits antagonistic effects on vulval induc-
tion, with a positive effect of starvation emanating from in-
ternal nutrient status and a smaller negative effect from
external conditions (Grimbert et al. 2018). Notably, L2 star-
vation has no appreciable effect on wild-type vulval develop-
ment despite modifying mutant phenotypes (Braendle and
Félix 2008). It is intriguing to speculate that the effects of
starvation or dauer formation revealed by mutants reflect
compensatory mechanisms that confer developmental ro-
bustness to environmental variation.

Late larval arrest

L1 larvae are not unique in their ability to arrest development
as an acute starvation response (Figure 1). In the initial char-
acterization of L1 arrest, it was noted that there is no growth
in L2 or L4 larvae subjected to starvation (for 24 and 48 hr
after isolation of eggs, respectively), but that they continued
moving (Johnson et al. 1984). Thirty years later, it was re-
ported that worms that are starved as L2 or L3 larvae com-
plete a molt and arrest development at the beginning of the
next larval stage, revealing a developmental checkpoint just
before initiation of the molting cycle in L3 and L4 larvae
(Schindler et al. 2014). Arrested L3 and L4 larvae have no
morphological modification, similar to L1 arrest, and larvae
in L3 arrest do not display dauer-specific features (Schindler
et al. 2014). Survival of late larval starvation is also more
similar to L1 than dauer arrest, lasting for weeks rather than
months, although L3 larvae survive starvation longer than
newly hatched (unfed) L1 larvae (Hibshman et al. 2018).
There are three VPCs that undergo three rounds of cell di-
vision during L3 development to generate the 22 cells that
comprise the mature vulva (Sulston and Horvitz 1977).
Given the discrete nature of the L3 and L4 developmental
checkpoints, larvae starved near the beginning of the L3 stage
arrest with either three VPCs or 22 vulva cells (Schindler et al.
2014). The fact that intermediate points of developmental
progression were not observed indicates that if an individual
larva bypasses a given checkpoint it completes the larval
stage despite being starved and arrests at the next check-
point. Notably, TORC1 activity is necessary for developmen-
tal progression through each larval stage, suggesting TORC1
signaling licenses development in fed larvae (Duong et al.
2020).

IIS regulates late larval arrest: Consistent with L1 and dauer
arrest, IIS regulates late larval arrest (Schindler et al. 2014)
(Figure 6). daf-16/FoxO null mutants are arrest-defective,
and many of the larvae starved during the L2 or L3 stage
bypass the L3 or L4 checkpoint, respectively. Shifting temper-
ature-sensitive daf-2(e1370) mutants from the permissive to
the restrictive temperature at the mid-L2 stage (which is be-
yond the dauer decision time point) resulted in transient de-
velopmental delay at the L3 and L4 checkpoints in fed larvae
(Schindler et al. 2014). As is the case for the daf-2/IGFR
constitutive L1 arrest phenotype, these transient delays are
daf-16/FoxO-dependent. Likewise, daf-16/FoxO functions
cell-nonautonomously to promote L3 and L4 arrest
(Schindler et al. 2014). Epidermal expression of a daf-16/
FoxO transgene with a tissue-specific promoter had the stron-
gest effect of the tissues examined, but this effect was weak
compared to expression of DAF-16/FoxO with its own pro-
moter (Schindler et al. 2014), suggesting it may function in
other tissues as well, as in L1 arrest (see Cell-autonomous and
-nonautonomous function of IIS) (Kaplan et al. 2015).

daf-9/P450 promotes late larval development: 1IS likely
regulates steroid hormone signaling during late larval devel-
opment. The cytochrome P450-encoding gene daf-9/P450
operates in a steroid hormone pathway including daf-12/
VDR that regulates dauer development (Gerisch and Antebi
2004; Mak and Ruvkun 2004). Disruption of daf-9/P450
function suppressed the late larval arrest-defective pheno-
type of a daf-16,/FoxO mutant (Schindler et al. 2014), reveal-
ing an additional similarity to regulation of L1 arrest and
dauer formation. In addition, overexpression of daf-9/P450
caused bypass of both L3 and L4 developmental checkpoints
during starvation (Schindler et al. 2014). Overexpression of
daf-9/P450 also suppressed developmental arrest caused by
loss of TORC1 activity (Duong et al. 2020). Curiously, daf-12/
VDR does not appear to regulate progression through L3 and
L4 checkpoints. Daf-d mutants with the daf-12(rh61rh411)
null allele did not bypass the L3 checkpoint during starvation,
and this mutant did not suppress the arrest-defective pheno-
type of a daf-16,/FoxO null mutant or daf-9/P450 overexpres-
sion (Schindler et al. 2014). These results suggest that
daf-16/Fox0O inhibits daf-9/P450 activity to promote L3 and
L4 arrest during starvation, like L1 and dauer arrest, but that
daf-9/P450 acts through an effector other than daf-12/VDR,
unlike L1 and dauer arrest. daf-9/P450 functions in the bio-
synthetic pathway for DA, a DAF-12/VDR ligand involved in
regulation of dauer development (Motola et al. 2006). How-
ever, the genome encodes 284 nuclear hormone receptors
(NHRs), mostly uncharacterized (Antebi 2006, 2015). It is
intriguing to speculate that daf-9/P450 participates in an un-
identified steroid hormone pathway to regulate nutrient-de-
pendent progression through late larval development.

ARD

Starved L3 and L4 larvae can continue development and arrest
as reproductive adults in the ARD (Figure 1) (Angelo and Van
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Gilst 2009). ARD was recently reviewed elsewhere
(Carranza-Garcia and Navarro 2020), but a systematic char-
acterization of the physiology and genetic requirements of
ARD was subsequently published (Gerisch et al. 2020). The
germline is dramatically reduced to a small number of quies-
cent stem cells during ARD (Angelo and Van Gilst 2009;
Seidel and Kimble 2011), and the soma is also morphologi-
cally modified, resulting in “mini-adults” (Gerisch et al.
2020). Worms in ARD are behaviorally quiescent, appearing
flaccid and not moving unless provoked. Remarkably, a sub-
stantial portion of the population can recover from ARD
within a day of feeding, with resumption of germline pro-
liferation, reproduction, and movement (Angelo and Van
Gilst 2009; Seidel and Kimble 2011; Gerisch et al. 2020).
Sperm lose viability during ARD, as self-fertility upon recov-
ery decreases with longer periods of starvation, while mating
preserves fertility (Angelo and Van Gilst 2009). Nonetheless,
ARD enables mature worms to adapt to starvation by post-
poning reproduction.

Understanding ARD has been hampered by conflicting
reports on its induction and properties. It was reported that
embryogenesis is arrested in utero during ARD (Angelo and
Van Gilst 2009), but this conclusion was challenged (Seidel
and Kimble 2011). Population density was originally report-
ed to affect induction (Angelo and Van Gilst 2009), but sub-
sequent work suggests this is not the case (Seidel and Kimble
2011; Gerisch et al. 2020). ARD can involve exceptional lon-
gevity (nearly threefold at 20° and over fivefold at 15°)
(Gerisch et al. 2020), but this depends on culture conditions.
Exceptional longevity apparently requires initiation of star-
vation specifically in mid-L3 larvae with subsequent culture
on nematode growth medium (NGM) plates (Gerisch et al.
2020). However, absolute starvation (salt buffer or plates
without peptone) of L4 larvae can also cause developmental
arrest as adults, although without such exceptional longevity
(Seidel and Kimble 2011; Schindler et al. 2014). It is possible
that nutrition provided from the peptone in NGM medium is
necessary for exceptional longevity (Kaplan et al. 2018) and
possibly other reported ARD properties (see Commentary on
starvation conditions). In any case, ARD survival requires that
animals avoid “bagging” (internal hatching of embryos; see
Egg laying) (Angelo and Van Gilst 2009; Seidel and Kimble
2011).

Regulation of ARD is not as well understood as other
developmental responses to starvation. It is clear that the
genetic requirements for ARD are distinct from dauer dia-
pause (Gerisch et al. 2020). Factors required for survival of L.1
starvation and dauer arrest such as daf-16,/FoxO and AMPK
are required to survive ARD, but other pathways critical to
dauer formation are dispensable for ARD. Moreover, hlh-30/
TFEB is a master regulator of ARD (Gerisch et al. 2020). The
NHR nhr-49 is not required for ARD (Gerisch et al. 2020),
although it was originally reported to be (Angelo and Van
Gilst 2009). Gonad shrinkage was reportedly due to apopto-
sis (Angelo and Van Gilst 2009), but it has been reported that
shrinkage occurs independent of apoptosis, suggesting that
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shrinkage is due to ongoing ovulation (Seidel and Kimble
2011, Carranza-Garcia and Navarro 2019). Phosphorylation
of the MAP kinase MPK-1 promotes meiotic progression and
oocyte maturation (Lee et al. 2007). In fed worms, DAF-2/
IGFR stimulates and DAF-18/PTEN inhibits phosphorylation
of MPK-1 in daf-16/FoxO-independent fashion, and phos-
phorylation is lost within hours of starvation, causing oogen-
esis to stall (Lopez et al. 2013). GLP-1/Notch signaling is
required for germline stem cell maintenance in fed worms,
but it is dispensable during starvation-induced cell cycle qui-
escence (Seidel and Kimble 2015). The rate of germ cell pro-
liferation during recovery from adult starvation is
comparable to the rate in fed L3 larvae, but the number of
proliferative germ cell nuclei plateaus with ~30% fewer than
in adults that were continuously fed (Roy et al. 2016).
Delayed reproduction in response to starvation depends, in
part, on mgl-1/GRM3 and neuropeptide signaling in ATY neu-
rons, consistent with neuroendocrine regulation (Jeong and
Paik 2017). “Heritable stress” in prg-1/Piwi mutants, which
results in a transgenerational mortal-germline phenotype,
promotes an ARD-like state, suggesting that stressors other
than starvation can cause reproductive quiescence (Heestand
et al. 2018).

Germline development

C. elegans larvae hatch with two PGCs, Z2 and Z3. The PGCs
begin proliferation during the L1 larval stage and continue
dividing throughout larval development. Meiosis begins dur-
ing the 14 larval stage, and approximately 150 sperm are
produced by each of the two hermaphrodite gonad arms in
well-fed animals. Worms irreversibly switch from spermato-
genesis to oogenesis around the L4 molt, and germline pro-
liferation continues throughout adulthood. Germline
development is reviewed in depth elsewhere (Hubbard and
Greenstein 2005; Albert Hubbard and Schedl 2019). All
stages of germline development are sensitive to nutrient
availability [reviewed in Fukuyama (2018)], and the number
of germ cells in the mature germline is determined by the
relative rates of proliferation and apoptosis.

Germline proliferation: Starvation presumably causes germ
cell proliferation to stop at any larval stage, since starvation
causes developmental arrest (Johnson et al. 1984; Schindler
et al. 2014). Regulation of germ cell proliferation during ar-
rest has only been investigated in L1 larvae, dauers and
adults. Dietary restriction and amino acid deprivation during
larval development reduce adult germ cell number by affect-
ing proliferation via cell-autonomous alterations to insulin/
IGF and TOR signaling (Michaelson et al. 2010; Korta et al.
2012; Hibshman et al. 2016). Starvation causes germ cell
proliferation to halt in adults, and proliferation resumes with
feeding (see ARD).

Starvation of newly hatched L1 larvae arrests development
by inducing cell cycle arrest in somatic and germline precursor
cells (see L1 arrest). Unlike somatic cells, which arrest in the
GO0/G1 phase of the cell cycle during L1 arrest (Hong et al.
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1998), Z2 and Z3 have condensed chromosomes and dupli-
cated centrosomes in L1 arrest, and they are capable of di-
viding in the presence of the DNA synthesis inhibitor
hydroxyurea (Fukuyama et al. 2006). Thus, Z2 and Z3 are
likely arrested in G2. Z2 and Z3 quiescence requires daf-18/
PTEN and AMPK (Fukuyama et al. 2006; Fukuyama et al.
2012) (Figure 8). Proliferation of Z2 and Z3 in daf-18/PTEN
mutants requires age-1/PI3K and akt-1, indicating that DAF-
18/PTEN maintains G2 arrest in Z2 and Z3 by restraining
AGE-1/PI3K and AKT-1. However, Z2 and Z3 remain quies-
cent in starved daf-16/FoxO mutant L1 larvae, indicating that
AGE-1/PI3K and AKT-1 promote Z2 and Z3 cell division by
regulating an AKT-1 substrate distinct from DAF-16/FoxO
(Fukuyama et al. 2006). daf-18/PTEN and AMPK function
in parallel and converge on inhibition of TORC1 to maintain
72/73 quiescence (Fukuyama et al. 2012).

Germ cells also require daf-18/PTEN and AMPK for quies-
cence during dauer arrest (Narbonne and Roy 2006). As in L1
arrest (Fukuyama et al. 2006), quiescence does not depend
on daf-16/FoxO (Tenen and Greenwald 2019). AMPK func-
tions cell-nonautonomously in somatic cells to maintain germ
cell quiescence and integrity, likely by regulating an endoge-
nous small RNA pathway (Kadekar and Roy 2019). Although
daf-18/PTEN regulates nongonadal somatic cell divisions
cell-nonautonomously in L1 and dauer arrest (Fukuyama
et al. 2015; Tenen and Greenwald 2019), daf-18/PTEN func-
tions in the somatic gonad to govern somatic gonadal blast
cell and germ cell divisions in dauer larvae (Tenen and
Greenwald 2019). Sophisticated genetic analysis addressing
necessity and sufficiency of function in different sites sug-
gests that DAF-18/PTEN activity leads to the production of
an unidentified “pro-quiescence” signal from multiple sites
within the somatic gonad, with the effect of this signal some-
how being restricted to the gonad (Tenen and Greenwald
2019). Given similarities to L1 arrest, this work raises the
question of whether daf-18/PTEN functions in Z1 and Z4
(L1 somatic gonad precursors) to promote quiescence of both
somatic and germline precursors via a similar signaling
mechanism.

Germline apoptosis: During normal development, hundreds
of cells in the hermaphrodite germline undergo programmed
cell death in a process known as physiological germline
apoptosis (PGA) (Gumienny et al. 1999; reviewed in
Gartner et al. (2008)]. PGA occurs in the syncytial region of
the germline and is thought to enable provisioning of ade-
quate cytoplasmic contents to maturing oocytes (Gumienny
etal. 1999). The regulation of PGA and somatic cell apoptosis
differs, as PGA occurs independently of the BH3 family pro-
teins EGL-1 and CED-9, which control somatic cell apoptosis
(Gumienny et al. 1999). Starvation of animals for 6 hr in-
creases germline apoptosis by greater than twofold (Salinas
et al. 2006). Similar to PGA, stress-induced germline apopto-
sis is EGL-1- and CED-9-independent. It also occurs indepen-
dently of the p53 homolog CEP-1 and components of the DNA
damage response that are required for germline apoptosis

induced by genotoxic insults [reviewed in Gartner et al.
(2008)]. The upstream pathways that govern induction of
germ cell death by starvation differ from those that regulate
apoptosis induced by other stresses; unlike apoptosis induced
by oxidative, hyperosmolar, or heat stress, starvation-induced
apoptosis requires neither the MAPKK family members MEK-
1 and SEK-1 nor the nonreceptor tyrosine kinase ABL-1.
Apoptosis induction by all four stresses requires the RNA
binding protein TIAR-1 (Silva-Garcia and Estela Navarro
2013).

Effects of Starvation on Behavior

Starvation influences a variety of behaviors in C. elegans, in-
cluding feeding and foraging, as well as sleep (Table 1).
Worms are also capable of learning to associate starvation
with specific features of the environment, affecting their
preferences for environmental conditions. However, the
effect of starvation on behavior has generally received less
attention than developmental or molecular consequences
of starvation.

Locomotion

Aworm’s locomotory response to food depends on its feeding
state. Well-fed animals move more slowly on a lawn of E. coli
than they do in its absence, illustrating a “basal slowing re-
sponse” to food (Sawin et al. 2000). Removal from food pro-
vokes local search behavior comprised of reversals and
omega-shaped turns (Gray et al. 2005). Reversals and ome-
gas are subsequently suppressed as behavior shifts toward
dispersal over the following 30 min. AAK-2/AMPK acts in
ALY and AIB interneurons to promote the transition from
local to distal exploration during starvation (Ahmadi and
Roy 2016). In addition, animals that have been deprived of
food for 30 min decrease their rate of locomotion even more
than well-fed animals when they encounter a lawn, illustrat-
ing an “enhanced slowing response” (Sawin et al. 2000).
Bacteria are sensed mechanically, and the basal and en-
hanced slowing responses rely on dopaminergic and seroto-
nergic neural signaling, respectively. Neuronal AMPK
inhibition mediates the effect of serotonin signaling on loco-
motion (Cunningham et al. 2014). These behavioral re-
sponses to food and feeding history presumably reflect
adaptive responses by increasing the amount of time an in-
dividual spends in the presence of food during foraging.

Alarm pheromone: Starved L1 larvae produce an alarm
pheromone. Larvae in L1 arrest secrete relatively large
amounts of the octopamine succinyl ascaroside osas#9.
Worms of all developmental stages avoid this synthetic pher-
omone, or buffer conditioned with larvae in L1 arrest, unless
food is present (Artyukhin et al. 2013b). This work shows that
in addition to functioning as a neurotransmitter and neuro-
hormone during starvation, octopamine decorates a phero-
mone, reflecting a central role in the starvation response
(Figure 9).
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Table 1 Effects of starvation on behavior

Behavior Effect of starvation References
Locomotion Dispersal, enhanced slowing when fed (Sawin et al. 2000; Gray et al. 2005; Artyukhin et al. 2013b)
Pharyngeal pumping Initial decrease followed by recovery, greater increase  (Avery and Horvitz 1990; Dwyer and Aamodt 2013)
when fed

Egg laying Inhibited, “bagging” (Chen and Caswell-Chen 2004; Schafer 2005)
Sleep Induced (Skora et al. 2018; Wu et al. 2018b)
Carbon dioxide Attraction rather than repulsion (Bretscher et al. 2008; Rengarajan et al. 2019)

avoidance

Associative learning  Modifies learning in multiple paradigms

(Saeki et al. 2001; Tomioka et al. 2006; Lin et al. 2010; Russell et al.
2014)

Starvation has complex, time-dependent effects on a variety of behaviors.

Pharyngeal pumping

Starvation has complex effects on pharyngeal pumping
[reviewed in Avery and You (2012)]. Well-fed worms exhibit
a low pumping rate when initially deprived of food and in-
creased pumping in the presence of bacteria (Avery and
Horvitz 1990; Dwyer and Aamodt 2013). Exogenous seroto-
nin stimulates pumping (Horvitz et al. 1982), suggesting se-
rotonin signaling mediates the effect of food. Longer than
4 hr without food results in a heightened increase in pumping
induced by bacteria (Avery and Horvitz 1990). Within 24 hr
of starvation, the rate of pumping increases to a rate compa-
rable to that in fed worms (Dwyer and Aamodt 2013). Sus-
tained pumping during starvation requires autophagy (Kang
et al. 2007). Genetic and pharmacologic approaches impli-
cate a signal transduction pathway in the pharynx that is
activated by starvation and required for starvation-induced
changes in pumping. Starvation acts through the muscarinic
acetylcholine receptor GAR-3, the G, alpha subunit EGL-30,
and the protein kinase C family member TPA-1 to activate the
MAP kinase MPK-1 (You et al. 2006). The critical MPK-1
substrates that control starvation-induced changes in pharyn-
geal pumping are not known. Octopamine likely contributes
to the effects of starvation on pumping (Figure 9).

Egg laying

Starvation inhibits egg laying [reviewed in Schafer (2005)].
Serotonin promotes and octopamine inhibits egg laying
(Horvitz et al. 1982). Because starved worms hold their eggs,
the eggs hatch inside the mother to produce a “bag of
worms,” ultimately causing her to die from bagging. Larvae
that hatch inside their mother are nourished by eating her,
and they are more likely to arrest in dauer diapause (Chen
and Caswell-Chen 2004). Such matricide by internal hatch-
ing is therefore likely to be an adaptive starvation response.

Sleep

Starvation induces sleep in C. elegans. Sleep is reviewed in
depth elsewhere (Flavell et al. in press). An hour of food
deprivation increased behavioral responsiveness to abrupt
decreases in ambient O, concentrations, while 16 hr of food
deprivation attenuated responsiveness to decreased O- levels
(Skora et al. 2018). In particular, worms starved for 16 hr
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displayed sustained slowing of locomotory activity and tran-
sient bouts of behavioral quiescence in response to decreased
0, levels. In ambient conditions, starvation for 16 hr or more
in L1 larvae, dauers, and adults increased the frequency of
bouts of behavioral quiescence and depolarization of RIS
neurons, interpreted as sleep (Skora et al. 2018; Wu et al.
2018b). Surprisingly, global neural activity was not de-
creased in worms starved for 16 hr while awake (Skora
et al. 2018), despite reduced fat reserves and presumably
energy availability (Witham et al. 2016). However, global
neural activity did decrease during sleep, suggesting that
the increased frequency of sleep episodes during long-term
starvation helps maintain energy homeostasis (Skora et al.
2018). Indeed, sleep during L1 starvation promotes survival,
as demonstrated by ablation of RIS neurons (Wu et al.
2018b).

Energy homeostasis regulators govern starvation-induced
sleep. DAF-16/FoxO, DAF-18/PTEN, and AMPK promote
starvation resistance (see Energy homeostasis regulators).
daf-2/IGFR mutants display excess sleep when well-fed,
and daf-16/FoxO, daf-18/PTEN, AMPK, and sir-2.1/SIRT1
mutants are starvation-induced sleep-defective, with daf-
16/Fox0O and AMPK functioning in parallel to promote sleep
during long-term starvation (24 hr) (Wu et al. 2018b). Par-
adoxically, daf-2/IGFR acts through daf-16,/FoxO to promote
behavioral responsiveness to reduced O, levels in worms
starved for 1 hr (Skora et al. 2018).

UV radiation and heat shock also induce sleep in a phe-
nomenon known as stress-induced sleep (Hill et al. 2014).
However, 24 hr of starvation in young adults suppresses
stress-induced sleep (Goetting et al. 2018). Conditions used
to evoke stress-induced sleep were optimized for ALA neu-
ron-dependent effects (Goetting et al. 2018), whereas star-
vation-induced sleep relies on RIS and RMG neurons (Skora
et al. 2018; Wu et al. 2018b). Stress-induced sleep was also
not affected by mutation of daf-2/IGFR (Goetting et al. 2018),
revealing an additional distinction from starvation-induced
sleep (Skora et al. 2018; Wu et al. 2018b). Thus, distinct
signaling pathways and neural circuits appear to underlie
stress-induced and starvation-induced sleep, consistent with
different effects of nutrient availability on these types of
sleep.
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Figure 9 Functions of octopamine during starvation. Octopamine func-
tions as a neurotransmitter to mediate several of the effects of starvation
on behavior, functions as a neurohormone to alter lipid metabolism in
support of starvation survival, and is used to decorate an ascaroside-
based pheromone in starved larvae to produce an alarm pheromone.
References: 1 (Horvitz et al. 1982), 2 (Bayer and Hobert 2018),
3 (Rengarajan et al. 2019), 4 (Artyukhin et al. 2013b), and 5 (Tao et al.
2016).

Carbon dioxide attraction

The response to CO, depends on feeding state. CO, is an
ambiguous signal to C. elegans in that it can be associated
with a variety of sources, both favorable and unfavorable.
Well-fed worms raised at ambient CO, levels are repelled
by it, and well-fed worms raised at high CO, levels are
attracted to it (Guillermin et al. 2017). Furthermore, starved
animals that were raised at ambient CO, levels are attracted
to it (Bretscher et al. 2008; Rengarajan et al. 2019). The re-
versal from repulsion to attraction happens within hours of
starvation, with dopamine promoting repulsion in well-fed
animals and octopamine promoting attraction during starva-
tion (Figure 9).

Associative learning paradigms

Starvation has been used to establish simple paradigms of
behavioral plasticity that have permitted the elucidation of the
mechanistic basis for associative learning. Well-fed animals
respond to defined environmental stimuli in a characteristic
manner but alter these responses if they are conditioned to
these stimuli in the context of food deprivation.

Salt chemotaxis learning: Worms are normally attracted to
sodium chloride (NaCl). However, if they are starved in the
presence of NaCl, their chemotaxis toward NaCl and other
water-soluble attractants decreases substantially (Saeki et al.
2001). This behavior has been referred to as “salt chemotaxis
learning” (Tomioka et al. 2006).

The DAF-2 IIS pathway is required for salt chemotaxis
learning. Loss-of-function mutations in daf-2/IGFR, age-1/
PI3K, pdk-1, and akt-1 all reduce or abolish salt chemotaxis
learning (Tomioka et al. 2006; Vellai et al. 2006), indicating
that IIS promotes associative learning. Intriguingly, the

impairment in associative learning caused by reduction of
I1S requires daf-18/PTEN but is independent of daf-16/FoxO
(Tomioka et al. 2006; Vellai et al. 2006), suggesting that
undiscovered molecular targets of AKT-1 govern salt chemo-
taxis learning. This is reminiscent of the daf-2/IGFR-depen-
dent, daf-16/FoxO-independent, L1 starvation-induced
arrest of primordial germ and Q cells (see L1 arrest). Cell-
specific rescue experiments support a model in which the
release of the ILP INS-1 from the AIA interneuron promotes
learning by activating the DAF-2/IGFR pathway in the ASER
sensory neuron (Tomioka et al. 2006). Starvation may also
modulate the response to NaCl by inhibiting an EGL-30/Gq—
diacylglycerol-TTX-4/nPKC pathway in the ASER neuron
(Adachi et al. 2010).

Benzaldehyde-starvation associative plasticity: Animals
that are normally attracted to the odorant benzaldehyde in
replete conditions develop aversion to benzaldehyde if pre-
conditioned for 1 hr with benzaldehyde in the absence of food
(Lin et al. 2010). Similar to salt chemotaxis learning, ins-1,
daf-2/IGFR, and age-1/PI3K mutants are defective in benzal-
dehyde-aversion learning. However, the DAF-2/IGFR path-
way acts in distinct cells to promote salt chemotaxis and
benzaldehyde-aversion learning. The benzaldehyde learning
defect in ins-1 mutants is partially rescued by expression of
ins-1 in AIA (as is the case in salt chemotaxis learning;
Tomioka et al. 2006) or ASI and fully rescued by expression
in both cells. In contrast, whereas the salt chemotaxis pheno-
type of age-1,/PI3K mutants is rescued by expression of age-1/
PI3K in the ASER sensory neuron (Tomioka et al. 2006), the
benzaldehyde phenotype in age-1/PI3K mutants is rescued
by expression of age-1/PI3K in the AWC neuron, but not the
ASER neuron (Lin et al. 2010). As is the case in salt chemo-
taxis learning, INS-1 acts as a DAF-2/IGFR agonist to pro-
mote benzaldehyde-aversion learning. These data support a
model of associative learning whereby starvation indirectly
alters the response of specific sensory neurons to defined
environmental stimuli by inducing INS-1 biosynthesis in
and/or release from AIA interneurons (and possibly other
neurons). INS-1 then alters the response of sensory neurons
to specific stimuli by activating DAF-2/IGFR signaling in dis-
tinct neurons, the identity of which is dependent upon the
nature of the environmental stimulus. How different stimuli
act in conjunction with starvation to control the anatomical
specificity of DAF-2/IGFR pathway activation in response to
INS-1 secretion is not known. Moreover, the molecular basis
for the context-dependence of INS-1 action on DAF-2/IGFR
signaling (i.e., functioning as an agonist ligand in associative
learning and as a DAF-2/IGFR antagonist in dauer regula-
tion; Pierce et al. 2001; Hung et al. 2014) remains obscure.

Humidity preference (hygrosensation): Under replete con-
ditions, animals do not exhibit preference for specific ambient
humidity levels. However, if they are exposed to low- or high-
humidity environments in the context of food deprivation,
they exhibit an aversion for the ambient humidity level at
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Table 2 Persistent effects of starvation

Starvation regimen

Phenotypic consequence

References

Brief L1, L3, or dauer arrest in wild type
Extended L1 arrest in wild type

Altered sex-specific axon pruning and adult behavior
Persistent protein aggregates despite

(Bayer and Hobert 2018)
(Roux et al. 2016)

rejuvenation during recovery

Extended L1 arrest in wild type
Extended L1 or dauer arrest in wild type

Brief L1 starvation in daf-18/PTEN or AMPK
mutants
Extended L1 or dauer arrest in wild type

Brief L1 starvation in AMPK mutants
fertility

Decreased growth rate and increased variation
Gonadal abnormalities and reduced fertility

Gonadal abnormalities and reduced fertility

Transgenerational epigenetic inheritance of increased
starvation survival and life span
Transgenerational epigenetic inheritance of reduced

(Lee et al. 2012; Jobson et al. 2015)

(Kim and Paik 2008; Lee et al.
2012; Wolf et al. 2014; Ow et al.
2018; Webster et al. 2018;
Jordan et al. 2019)

(Wolf et al. 2014; Demoinet et al.
2017)

(Rechavi et al. 2014; Jobson et al.
2015; Webster et al. 2018)

(Demoinet et al. 2017)

The starvation regimen, including genotype, stage, and approximate duration, is included along with the phenotypic consequences and reference. Extended L1 starvation is a
week or more, extended dauer arrest is several weeks, and brief L1 starvation is ~1 day, although experimental details vary by study.

which they experienced starvation (Russell et al. 2014). This
recognition and aversion of ambient humidity levels associ-
ated with starvation, known as hygrosensation, requires com-
ponents of both mechanosensory and thermosensory
neuronal pathways. mec-6, mec-10, and asic-1, which encode
components of a putative ion channel complex required for
mechanosensation (Goodman 2006), act in FLP neurons, and
the TAX-4 cGMP-dependent cation channel acts in the ther-
mosensory AFD neurons to promote hygrosensation.
Whether the DAF-2/IGFR pathway plays a role in hygrosen-
sation associated with food deprivation is not known.

Persistent Effects of Starvation

In addition to reversible developmental responses, starvation
can have persistent effects on phenotype throughout the life
cycle and across generations (Table 2). For example, larval
starvation can subsequently affect neuronal and reproductive
development, enabling use of C. elegans as a model to study
developmental origins of adult health and disease. In addi-
tion, cellular rejuvenation mechanisms are activated during
recovery from starvation, mitigating pathological consequences.
Larval starvation can also have lasting effects on fertility; includ-
ing heritable effects (see also Transgenerational epigenetic inher-
itance of starvation resistance).

Neuronal development

Larval starvation has lasting effects on the connectivity and
function of the nervous system in male worms. Sex-specific
patterns of synaptic connectivity develop in the L4 stage
through synaptic pruning of “sex-hybrid” juvenile connectiv-
ity (Jarrell et al. 2012; Oren-Suissa et al. 2016). Passage
through dauer arrest or 24 hr of starvation during the L1 or
L3 stage inhibits sex-specific synaptic pruning in males but
not hermaphrodites (Bayer and Hobert 2018), revealing that
sexually dimorphic wiring is sensitive to early life starvation.
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Changes in wiring have functional consequences, as poststar-
vation males retain juvenile sensory acuity that is lost with
pruning in well-fed males, but they are less efficient at mating
(Bayer and Hobert 2018). Extrasynaptic serotonin signaling
promotes pruning in well-fed L4 males, and L1 starvation
causes an octopamine-dependent decrease in serotonin sig-
naling that persists to the L4 stage (Bayer and Hobert 2018)
(Figure 9). The molecular mechanism for the long-term effect
on serotonin synthesis is unknown. Notably, octopamine ac-
tivates the cAMP-response element binding protein CRH-1/
CREB in SIA neurons, affecting CREB-dependent gene ex-
pression (Suo et al. 2006). This mechanism may be involved
in acute behavioral responses to starvation mediated by
octopamine (Horvitz et al. 1982). In addition, crh-1/CREB
is implicated in long-term associative memory (Kauffman
et al. 2010), suggesting a possible mechanism for persistent
effects of starvation on serotonin signaling. Early life stress
has lasting effects on the adult nervous system and behavior
in vertebrates, which also involves changes in serotonin sig-
naling (Lajud and Torner 2015; Houwing et al. 2017), sug-
gesting that work in C. elegans will contribute to elucidation
of molecular mechanisms by which early life experience af-
fects adult behavior.

Effects of dauer diapause in later life

The conditions that drive dauer formation influence the phe-
notypes displayed later in life after recovery (see also Larval
starvation reduces reproductive success). Dauer formation can
be driven primarily by nutrient limitation or population den-
sity (Hu 2007; Fielenbach and Antebi 2008). With popula-
tion density as the driver, postdauer worms have increased
brood size and life span as well as altered olfactory behavior
(Hall et al. 2010; Hall et al. 2013; Sims et al. 2016). With
nutrient limitation as the driver, they have decreased brood
size (Ow et al. 2018). These dauer-forming conditions also
have reciprocal effects on gene expression, with a large
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number of genes up- or downregulated in postdauer adults
depending on dauer-forming conditions (Ow et al. 2018).
Genetic and genomic analyses suggest that histone modifica-
tion and endogenous RNAi pathways mediate these effects of
early life experience on adult gene expression and life history
traits (Hall et al. 2010; Hall et al. 2013; Sims et al. 2016; Ow
et al. 2018). That different dauer-forming conditions elicit
different effects in postdauer worms suggests that these ef-
fects reflect potentially adaptive plastic responses to environ-
mental conditions, although it is also possible that different
conditions impose different developmental constraints.

Rejuvenation during recovery from starvation

Seminal studies on dauer arrest, L1 arrest, and starved adults
each found that time spent in these developmentally quiescent
states does not affect adult life span upon feeding (Klass and
Hirsh 1976; Johnson et al. 1984; Angelo and Van Gilst 2009).
Each of these studies concluded that aging was somehow
suspended during developmental arrest. However, recent
work suggests that aging does occur during developmental
arrest, and that feeding triggers a rejuvenation process. Var-
ious hallmarks of aging increase over time during L1 arrest,
including mitochondrial fission, production of reactive oxy-
gen species (ROS), protein aggregation, sensitivity to proteo-
toxic stress, decreased mobility, and increased mortality
(Roux et al. 2016). Remarkably, all of these signs of aging,
with the exception of protein aggregates, are reversed within
hours of feeding (Roux et al. 2016). These results suggest
that normal adult life span following prolonged developmen-
tal arrest is not due to suspension of aging during arrest but
instead physiological reversal of aging during recovery from
arrest. Not all surviving larvae resume development when
fed, and age-related phenotypes are better predictors than
fat content of the ability of individual worms to recover from
arrest (Roux et al. 2016). These observations suggest that
starved larvae die at least in part due to aging rather than
simply depletion of nutrient stores. Furthermore, the ER UPR
sensor IRE-1/ERN-1 is required for reversal of age-related
phenotypes during recovery (Roux et al. 2016). Mutation of
ire-1/ERN-1 does not affect the duration of L1 starvation sur-
vival (scored by movement), but it greatly reduces the ability
of arrested larvae to develop upon feeding. The transcrip-
tional effector of IRE-1/ERN-1 signaling, XBP-1, is only par-
tially required for recovery potential, suggesting an
additional effector mechanism. The MAP kinase kgb-1/
MAPK10 is also required for complete recovery potential,
and KGB-1/MAPK10 phosphorylation is reduced in an ire-
1/ERN-1 mutant, suggesting that IRE-1/ERN-1 maintains
KGB-1/MAPK10 phosphorylation during L1 arrest to pro-
mote recovery potential (Roux et al. 2016). It is intriguing
to imagine that deeper insights into the molecular basis of
reversal of aging-related phenotypes during recovery from
larval starvation could lead to the development of interven-
tions that reverse aging in humans.

Characterization of developmental dynamics during re-
covery from L1 arrest reveals an initial lag phase followed

by a developmental rate that is comparable to continuously
fed larvae (Olmedo et al. 2019). The length of this lag phase
increases in daf-16/FoxO mutants and as a function of the
duration of L1 starvation (Olmedo et al. 2019). These obser-
vations are consistent with increased aging requiring more
time for reversal before development commences.

Recovery from adult starvation also appears to involve
physiological rejuvenation. Starved adults display gross signs
of tissue and cellular aging, including atrophy of the intestine
and somatic gonad, as well as shrinkage of the germline
(Angelo and Van Gilst 2009) (see ARD). Remarkably, recov-
ery from starvation is marked by drastic reversal of these
phenotypes and normal adult life span (Angelo and Van
Gilst 2009). Somatic rejuvenation does not require germline
signaling or replication of nuclear or mitochondrial DNA
(Burnaevskiy et al. 2018). Rejuvenation is accompanied by
expansion of nucleolar size, and it requires expansion of the
somatic RNA pool and processing of ribosomal RNA (rRNA)
(Burnaevskiy et al. 2018). Likewise, ribosomal profiling
revealed that translation of ribosomal proteins is dramati-
cally upregulated immediately upon feeding arrested L1 lar-
vae (Stadler and Fire 2013), and translation is required to
initiate postembryonic growth and development (see
Translation and the proteome) (Cenik et al. 2019). These
observations suggest that translational capacity is reduced
during starvation, and that it must be restored to reverse
age-related phenotypes that occur over time during
starvation.

Reproductive development and fertility

Although developmental arrest enables larvae to postpone
reproduction and endure starvation, there are nonetheless
reproductive costs associated with larval starvation.

Larval starvation reduces reproductive success: Extended
L1 starvation delays growth and reduces fertility upon re-
covery (Lee et al. 2012; Jobson et al. 2015). Morphological
abnormalities in the gonad, including but not limited to germ
cell tumors and uterine masses, are visible in early adulthood
of wild-type worms and are associated with dramatically re-
duced fertility (Lee et al. 2012; Wolf et al. 2014; Jordan et al.
2019). Likewise, extended dauer arrest subsequently delays
development and reduces fecundity, with developmental ab-
normalities evident in the gonad (Kim and Paik 2008). Re-
duced fecundity following dauer arrest has been reported in
two additional studies using different dauer-inducing condi-
tions (Ow et al. 2018; Webster et al. 2018). However, brood
size actually increases following relatively short-term dauer
arrest induced by high population density rather than nutri-
ent limitation, suggesting that limited nutrient availability
during arrest, rather than dauer development itself, leads
to decreased fertility (Hall et al. 2010; Ow et al. 2018) (see
Effects of dauer diapause in later life).

Genes required to survive L1 starvation also protect larvae
from developing gonadal abnormalities. daf-16/FoxO, daf-
18/PTEN, and AMPK mutants are each starvation-sensitive
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and die rapidly during L1 arrest (Munoz and Riddle 2003;
Baugh and Sternberg 2006; Fukuyama et al. 2012; Demoinet
et al. 2017) (see Energy homeostasis regulators). Each of these
genes is also required to arrest cell division during L1 starva-
tion (Baugh and Sternberg 2006; Fukuyama et al. 2006;
Fukuyama et al. 2015) (see L1 arrest). In addition, daf-18/
PTEN and AMPK mutants enhance L1 starvation-induced go-
nad abnormalities and loss of fertility (Fukuyama et al. 2012;
Wolf et al. 2014; Demoinet et al. 2017). Notably, these ab-
normalities are not observed at appreciable frequencies when
the mutants are not starved. Development of gonadal abnor-
malities is not simply due to failure to arrest PGC divisions
during L1 starvation (Demoinet et al. 2017), although PGC
hyperplasia during L1 starvation may contribute. There is
pharmacological evidence that unchecked mitochondrial ac-
tivity leads to gonadal abnormalities in daf-18/PTEN mutants
(Wolf et al. 2014), and that aberrant histone modification
and transcriptional elongation lead to abnormalities in AMPK
mutants (Demoinet et al. 2017). Rapid activation of tran-
scription in PGCs during recovery from L1 arrest is mutagenic
(Butudi et al. 2015), suggesting that incomplete DNA repair
could potentially contribute to developmental abnormalities.
Reducing IIS with RNAi during development following ex-
tended L1 starvation in wild-type worms reduces penetrance
of gonadal abnormalities in daf-16/FoxO and skn-1/Nrf-de-
pendent fashion, suggesting that molecular and cellular dam-
age incurred during starvation is at least partially reversible
(Jordan et al. 2019). These results demonstrate that the sig-
naling pathways that preserve viability during starvation also
impinge on developmental fidelity and reproductive success
following starvation.

Heritable effects of starvation on reproductive success:
Apparent fitness costs of extended L1 arrest persist in the next
generation. F; progeny of worms subjected to extended L1
starvation are themselves relatively small, grow slower, in-
clude an increased frequency of males, and can have reduced
fertility (Jobson et al. 2015). AMPK is not only required to
preserve reproductive fitness in worms subjected to L1 star-
vation, but progeny of AMPK mutants starved as L1 larvae
have a marked decrease in fertility (Demoinet et al. 2017).
AMPK regulates the COMPASS complex, which methylates
histone 3 lysine 4 (H3K4) during L1 arrest (see AMPK and
histone modification). Remarkably, increased levels of H3K4
trimethylation that occur during L1 starvation in AMPK mu-
tants are transmitted through the germline to descendants.
These and other observations suggest that AMPK prevents
trimethylation of H3K4 during L1 arrest, and that aberrant
accumulation of this epigenetic mark contributes to epige-
netic inheritance of decreased fertility (Demoinet et al.
2017). Molecular mechanisms responsible for heritable ef-
fects of starvation in AMPK mutants may also contribute to
heritable effects in wild-type worms, with AMPK mutants
sensitized such that these effects are evident with shorter
periods of starvation. The heritable sterility of AMPK mutants
following L1 starvation is reminiscent of the mortal germline
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(transgenerational sterility) phenotype seen in mutants af-
fecting telomerase, some histone modification enzymes, nu-
clear RNAi genes, and prg-1/Piwi (Smelick and Ahmed 2005;
Katz et al. 2009; Buckley et al. 2012; Simon et al. 2014).
These observations suggest that extended starvation of larvae
can result in a heritable form of aberrant germline gene
regulation.

Starvation Resistance

As a trait, starvation resistance is likely critical to fitness of C.
elegans in the wild, and it is relevant to metabolic disease risk
and aging in humans. Remarkably, adult worms survive
longer on plates without food than with food (given preven-
tion of reproduction and therefore death due to bagging)
(Kaeberlein et al. 2006; Lee et al. 2006; Gerisch et al.
2020). Furthermore, time spent in starvation does not sub-
sequently affect life span after feeding, leading to an increase
in total life span. Klass and Hirsh originally showed that lar-
vae can be arrested as dauers for as much as 60 days with no
effect on postdauer life span (Klass and Hirsh 1976). Johnson
et al. subsequently showed that L1 arrest also has no effect on
adult life span (Johnson et al. 1984), and starvation during
adulthood does not affect life span after feeding (Angelo and
Van Gilst 2009). If aging results from accumulation of mo-
lecular or cellular damage, then prolonged arrest should lead
to increased accumulation of damage and decreased life
span. Instead, it was suggested that developmental arrest is
an “ageless” or “nonaging” state (Klass and Hirsh 1976;
Johnson et al. 1984) (see Rejuvenation during recovery from
starvation for an alternative perspective), revealing an inti-
mate relationship between development and aging. Under-
standing how worms adapt to starvation and endure
developmental arrest is therefore fundamental to under-
standing aging.

Energy homeostasis regulators

IIS and AMPK, both critical regulators of energy homeostasis,
mediate metabolic adaptation to starvation with profound
effects on starvation resistance (Figure 10 and Table 3). Mu-
tation of daf-2/IGFR or age-1/PI3K increases L1 starvation
survival in a daf-16/FoxO-dependent fashion, and daf-16/
FoxO single mutants survive starvation approximately half
as long as wild type (Munoz and Riddle 2003; Baugh and
Sternberg 2006). Furthermore, mutation of unc-31/CAPS, a
calcium-activated regulator of neural dense-core vesicle re-
lease, also increases L1 starvation survival in a daf-16-depen-
dent fashion (Lee and Ashrafi 2008), consistent with
physiological control of starvation resistance through regulation
of ILP secretion. Although daf-18/PTEN inhibits IIS mediated
through the PI3K pathway, daf-18/PTEN null mutants are even
more sensitive to L1 starvation than daf-16/FoxO null mutants
(Fukuyama et al. 2012; Cui et al. 2013). This result indicates that
daf-18/PTEN promotes starvation resistance by doing more than
just activating daf-16,FoxO, consistent with genetic analyses of
L1 starvation-induced germline and Q cell quiescence (Fukuyama


https://identifiers.org/bioentitylink/WB:WBGene00000913?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000913?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000912?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00004804?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00004178?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000898?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000090?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000912?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000912?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00006767?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000912?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000913?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000913?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000912?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000913?doi=10.1534/genetics.120.303565
https://identifiers.org/bioentitylink/WB:WBGene00000912?doi=10.1534/genetics.120.303565

et al. 2006; Zheng et al. 2018b), and salt chemotaxis learning
(Tomioka et al. 2006; Vellai et al. 2006). Disruption of AMPK
reduces L1 starvation survival (Baugh and Sternberg 2006; Lee
etal. 2012) and dauer survival (Narbonne and Roy 2009). AMPK
inhibition in ASI sensory neurons mediates effects of serotonin
signaling on neuroendocrine secretion (e.g., DAF-7/TGF-B and
DAF-28/1LP) and peripheral fat metabolism (Cunningham et al.
2014), suggesting neuronal AMPK promotes starvation resis-
tance. Simultaneous disruption of aak-1 and aak-2, two
a-catalytic subunits of AMPK, has a dramatic effect on starvation
survival, comparable to loss of daf-18/PTEN (Fukuyama et al.
2012). Not only does this double mutant reveal redundant func-
tion of aak-1 and aak-2, but it also shows that AMPK, like daf-18/
PTEN, is more important to starvation survival than daf-16,/FoxO.
In addition, an aak-1; aak-2; daf-18/PTEN triple mutant is appar-
ently more starvation-sensitive than the AMPK double mutant or
daf-18/PTEN alone, suggesting that AMPK and daf-18/PTEN act
in parallel to promote starvation resistance (Fukuyama et al.
2012).

Despite the importance of daf-16,/FoxO, daf-18/PTEN, and
AMPK in promoting starvation resistance, relatively few ef-
fector mechanisms have been identified. Mutations affecting
dbl-1/TGF-B or daf-12/VDR steroid hormone signaling sup-
press the L1 arrest-defective phenotype of daf-16,/FoxO mu-
tants, but not the starvation-sensitive phenotype (Kaplan
et al. 2015) (see L1 arrest). This observation reveals that
daf-16/FoxO mutants do not die rapidly during starvation
due to inappropriate development. Likewise, the mir-235/
miR-92 mutant also has an L1 arrest-defective phenotype,
but is not starvation sensitive (Kasuga et al. 2013). Thus,
DAF-16/FoxO promotes developmental arrest and starvation
resistance through regulation of different target genes. DAF-
16/FoxO promotes starvation resistance in part by orches-
trating a metabolic shift toward gluconeogenesis and treha-
lose synthesis (see Central carbon metabolism). In addition,
DAF-16/FoxO and AMPK promote sleep during starvation,
which supports survival (see Sleep). Nonetheless, additional
effector mechanisms remain to be discovered.

Nemamides A and B and IIS

Nematodes are exceptional as metazoans for having polyke-
tide synthase (PKS) and nonribosomal peptide synthetase
(NRPS) genes. pks-1 and nrps-1 are required for synthesis
of the hybrid polyketide-nonribosomal peptides Nemamide
A and Nemamide B (Shou et al. 2016). Nemamide A and B
levels are elevated during L1 starvation, and pks-1 and nrps-1
mutants are sensitive to L1 starvation, with reduced survival
and developmental rate upon recovery. pks-1 and nrps-1 mu-
tants do not have an L1 arrest defective-phenotype, but the
putative daf-2/IGFR agonists daf-28, ins-4 and ins-5 are upre-
gulated during L1 arrest in the mutants (Shou et al. 2016).
daf-28 and ins-4 promote L1 development and limit starva-
tion survival (Chen and Baugh 2014) (see ILPs governing L1
arrest and development), suggesting that Nemamides A and B
reduce IIS activity to promote L1 starvation resistance (Shou
etal. 2016). Investigation into nutrient-dependent regulation
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Figure 10 Factors affecting starvation resistance. Genes, molecules, and
aspects of life history that impinge on starvation resistance are depicted
on the outside, and processes that mediate effects on resistance are on
the inside. Regulatory interactions between processes are also indicated
with arrows. All known factors are not included. See also Tables 3 and 4.

of Nemamide A and B synthesis, as well as their mechanism of
action, will shed new light on the starvation response and
regulation of IIS.

Autophagy

Autophagy promotes starvation resistance [reviewed in
Meléndez and Levine (2009)]. Genetic or pharmacological
disruption of autophagy reduces L1 starvation survival (Kang
et al. 2007; Hibshman et al. 2018). Autophagy maintains
pharyngeal pumping during starvation (Kang et al. 2007),
and it functions in other tissues as well (Chapin et al.
2015). Mitochondrial content and function decline during
larval starvation, as measured from whole animals, and ge-
netic analysis suggests that nonselective autophagy contrib-
utes to degradation of mitochondria during starvation
(Hibshman et al. 2018). Expression of the lipase lipl-4 is in-
duced within hours of starvation in young adults, and over-
expression of lipl-4 increases levels of w-6 polyunsaturated
fatty acids, which activate autophagy, promoting starvation
survival (O’'Rourke et al. 2013). It is presumed that auto-
phagy supports starvation resistance by recycling cellular ma-
terial and liberating energy, but this has not been directly
demonstrated in C. elegans.

Stress-response pathways

A variety of stress-response pathways promote starvation
resistance. Disruption of the heat shock factor hsf-1 reduces
L1 starvation survival (Baugh and Sternberg 2006).
Proteasome function and the ER UPR also support starvation
survival and recovery (Jo et al. 2009; Roux et al. 2016;
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Table 3 Genes that affect starvation resistance

Effect on
starvation
Gene resistance Function References
ocr-2/TRPV Decreases Chemosensation (Lee and Ashrafi 2008)
osm-1/IFT172 Decreases Chemosensation (Lee and Ashrafi 2008)
osm-3/KIF17 Decreases Chemosensation (Lee and Ashrafi 2008)
osm-6/IFT52 Decreases Chemosensation (Lee and Ashrafi 2008)
che-11/IFT140 Decreases Chemosensation (Lee and Ashrafi 2008)
unc-31/CAPS Decreases ILP secretion (Lee and Ashrafi 2008; Cui et al.
2013; Cui et al. 2017)
ins-1,2,3,4,6,7,8,9,10, 11, 13, 16, Decreases ILPs (Chen and Baugh 2014; Zheng
18, 19, 20, 25, 29, 30, et al. 2018a)
31, 32, and daf-28
ins-12, 14, 17, 22, 28, 34, Increases ILPs (Zheng et al. 2018a)
37, and 39
daf-2/IGFR Decreases Insulin/IGF signaling (Munoz and Riddle 2003; Baugh
and Sternberg 2006)
age-1/PI3K Decreases Insulin/IGF signaling (Munoz and Riddle 2003; Cui et al.
2013; Cui et al. 2017)
daf-18/PTEN Increases Insulin/IGF signaling (Fukuyama et al. 2012; Cui et al.
2013)
daf-16/FoxO Increases Insulin/IGF signaling and (Munoz and Riddle 2003; Baugh
transcriptional and Sternberg 2006; Cui et al.
regulation 2013; Cui et al. 2017)
mir-71 Increases Targets insulin/IGF (Zhang et al. 2011)
signaling
ain-1 Increases miRISC component (Zhang et al. 2011)
aak-2/AMPK Increases Energy homeostasis (Baugh and Sternberg 2006;
Fukuyama et al. 2012; Lee et al.
2012; Webster et al. 2017)
pha-4/FoxA Increases Transcriptional (Zhong et al. 2010; Wu et al.
regulation 2018a)
skn-1/Nrf Ambiguous Transcriptional (Paek et al. 2012)
regulation
lin-35/Rb Increases Transcriptional (Cui et al. 2013; Cui et al. 2017)
regulation
daf-12/VDR Increases Transcriptional (Tao et al. 2017)
regulation
din-1/SPEN Increases Transcriptional (Tao et al. 2017)
regulation
nhr-49/NHR Increases Transcriptional (Goh et al. 2018)
regulation of lipid
metabolism
hlh-30/TFEB Increases Transcriptional (O'Rourke and Ruvkun 2013;
regulation of lipid Settembre et al. 2013)
metabolism
lipl-4 Increases Lipase (O'Rourke et al. 2013)
lipl-5 Decreases Lipase (Buis et al. 2019)
sptl-2/SPTLC2 Increases Ceramide biosynthesis (Cui et al. 2017)
hyl-1/CERS5 Increases Ceramide biosynthesis (Cui et al. 2017)
hyl-2/CERS5 Increases Ceramide biosynthesis (Cui et al. 2017)
sphk-1/SPHK2 Increases Ceramide biosynthesis (Cui et al. 2017)
acs-20/SLC27A1 Increases Ceramide biosynthesis (Cui et al. 2017)
tbc-2/TBC1D2 Increases Yolk provisioning (Chotard et al. 2010)
rme-1/EHD1 Increases Yolk provisioning (Chotard et al. 2010)
rme-6/GAPVD1 Increases Yolk provisioning (Chotard et al. 2010)
rme-2/LDL receptor Increases Yolk provisioning (Perez et al. 2017; Jordan et al.
2019; Olmedo et al. 2019)
ceh-60/PBX1 Increases Yolk provisioning (Van Rompay et al. 2015)
vrp-1 Increases Yolk provisioning (Van Rompay et al. 2015)
vit-1/yolk protein Increases Yolk provisioning (Jordan et al. 2019)
vit-5/yolk protein Increases Yolk provisioning (Perez et al. 2017; Jordan et al.

2019)
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Table 3, continued

Effect on
starvation
Gene resistance Function References
pks-1 Increases Polyketide synthase (Shou et al. 2016)
nrps-1 Increases Nonribosomal peptide (Shou et al. 2016)
synthetase
gpb-2/GB5 Increases Autophagy (Kang et al. 2007)
bec-1/atg-6/beclin1 Increases Autophagy (Kang et al. 2007)
atg-18/WIPI1 Increases Autophagy (Hibshman et al. 2018)
unc-51/atg-1/ULK1 Increases Autophagy (Hibshman et al. 2018)
pink-1/PINK1 Decreases Autophagy (Hibshman et al. 2018)
cep-1/p53 Increases DNA repair (Derry et al. 2001)
pcm-1/PCMTT Increases Damaged protein repair (Gomez et al. 2007)
icl-1 Increases Glyoxylate cycle (Hibshman et al. 2017)
pck-1/PCK1 Increases Gluconeogenesis (Hibshman et al. 2017)
tos-1 Increases Trehalose synthesis (Hibshman et al. 2017)
alh-6 Increases Proline catabolism (Pang et al. 2014)
eat-2 Increases Pharyngeal pumping (Lee and Ashrafi 2008)
isp-1/ISP Increases Mitochondrial (Lee and Ashrafi 2008)
respiration
clk-1/COQ7/CAT5 Increases Mitochondrial (Lee and Ashrafi 2008)
respiration
tbh-1/DBH Increases Octopamine biosynthesis (Tao et al. 2016)
hsf-1/HSF Increases Transcriptional (Baugh and Sternberg 2006)
regulation of heat
shock response
ron-6 Increases Proteostasis (Webster et al. 2017)
hsp-4/HSP70 Increases ER unfolded protein (Jo et al. 2009)
response
ire-1/ERN-1 Increases ER unfolded protein (Jo et al. 2009; Roux et al. 2016)
response
Xxbp-1/XBP1 Increases ER unfolded protein (Roux et al. 2016)
response
kgb-1/MAPK10 Increases ER unfolded protein (Roux et al. 2016)
response
ife-2/elF4E Decreases Translation initiation (Lee et al. 2012)
ifg-1/elF4G Decreases Translation initiation (Pan et al. 2007)
rsks-1/RPS6KBT Decreases Translational activator (Pan et al. 2007; Wu et al. 2018a)
efk-1l/eEF2K Increases Translational repressor (Leprivier et al. 2013)
rrp-8/RRP8 Decreases Ribosomal RNA (Wu et al. 2018a)
processing
kars-1 Decreases Aminoacyl tRNA (Webster et al. 2017)
synthetase
wars-1 Decreases Aminoacyl tRNA (Webster et al. 2017)
synthetase
vars-2 Decreases Aminoacyl tRNA (Webster et al. 2017)
synthetase

The effect of the gene’s function on starvation resistance is indicated along with the general function of the gene product and the citation. The effect on starvation resistance
was mostly inferred from loss of function, but in relatively rare cases gain-of-function or overexpression alleles were analyzed. L1 starvation survival was most often assayed,
but in many cases starvation survival at other stages (typically L4/young adult) was assayed, or other aspects of starvation resistance were assayed (e.g., growth rate during

recovery).

Webster et al. 2017). Protein homeostasis is reviewed in
depth elsewhere (Hoppe and Cohen 2020). Furthermore,
levels of the disaccharide trehalose increase during starvation
and a nonhydrolyzable form of trehalose increases starvation
survival (Hibshman et al. 2017). Trehalose is known to pre-
serve integrity of macromolecules (Erkut et al. 2011), sug-
gesting it contributes to proteostasis and membrane integrity
during starvation. In addition, DNA and protein repair path-
ways support starvation survival (Derry et al. 2001; Gomez
et al. 2007), and recovery from L1 arrest is mutagenic to the

germline (Butuci et al. 2015). These observations suggest
that a variety of molecular insults are actively resisted in
support of starvation survival.

Central carbon metabolism

Glyoxylate cycle, gluconeogenesis, and trehalose synthesis:
Carbohydrate metabolism is modified in response to starva-
tion [reviewed in Braeckman et al. (2009)]. During embryo-
genesis and early larval development, metabolism is shifted
away from the tricarboxylic acid (TCA) cycle toward the
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carbon-conserving glyoxylate cycle. The glyoxylate cycle con-
verts two acetyl-CoA molecules into succinate and malate,
and in C. elegans it depends on the bifunctional isocitrate
lyase/malate synthase enzyme ICL-1 (Liu et al. 1995). ICL-
1 activity and expression peak at hatching in fed larvae and
decrease during larval development, but they are upregu-
lated in response to starvation as L1 larvae or in later stages
(Khan and McFadden 1982; Liu et al. 1997). Genome-wide
expression analyses of starved L1 and dauer larvae suggest
that increased reliance on the glyoxylate cycle during starva-
tion is accompanied by upregulation of gluconeogenesis and
trehalose (a disaccharide of glucose) synthesis as well as
downregulation of the TCA cycle and oxidative phosphoryla-
tion (Wang and Kim 2003; McElwee et al. 2006; Hibshman
et al. 2017). Genetic and pharmacological analyses suggest
that the shift from glycolysis toward gluconeogenesis and
trehalose synthesis supports starvation survival (Hibshman
et al. 2017). Trehalose contributes to starvation resistance
both by protecting macromolecules and functioning as a
transportable metabolic energy source (Erkut et al. 2011;
Hibshman et al. 2017), although the trafficking of trehalose
in nematodes is not understood.

ATP synthesis: Levels of the TCA cycle intermediate
a-ketoglutarate are increased in starved worms (Chin et al.
2014), as in bacteria, yeast, and vertebrate liver (Kaminsky
et al. 1982; Brauer et al. 2006). a-ketoglutarate inhibits ATP
synthase, causing reduced ATP content and oxygen consump-
tion, increased autophagy, and increased life span (Chin et al.
2014). An effect on starvation survival has not been investi-
gated, but these observations suggest that a-ketoglutarate
may promote starvation resistance.

Fat metabolism

Fat metabolism in C. elegans is thoroughly reviewed else-
where (Ashrafi 2007; Watts and Ristow 2017); here, we fo-
cus on regulation of fat metabolism in response to starvation.
Fatty acid oxidation increases during starvation (Elle et al.
2012). However, starvation effects fat metabolism and the
lipid profile in complex ways (Van Gilst et al. 2005b;
Macedo et al. 2020).

nhr-49/NHR: In mammals, NHRs of the Peroxisome Prolif-
erator-Activated Receptor (PPAR) family are critical regula-
tors of lipid metabolism and energy homeostasis (Chawla
et al. 2001; Evans et al. 2004). Despite the large number of
NHR genes in C. elegans, none display significant sequence
homology to the PPAR family (Sluder and Maina 2001,
Gissendanner et al. 2004). Disruption of the NHR nhr-49 (a
homolog of HNF4«) causes a high-fat, short-lived phenotype
(Van Gilst et al. 2005a), and nhr-49 mutants have reduced L1
starvation survival (Goh et al. 2018). nhr-49 and its coacti-
vator, the mediator subunit mdt-15, are responsible for many
of the changes in fat metabolism during starvation, contrib-
uting to fat utilization (Van Gilst et al. 2005a; Taubert et al.
2006). Despite homology to HNF4a, nhr-49 function is
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therefore more similar to mammalian PPAR« and its coacti-
vator PGC-1 (Ashrafi 2007).

hlh-30/TFEB and lipid mobilization: Loss of hlh-30/TFEB
function renders worms extremely sensitive to L1 starvation
(O’Rourke and Ruvkun 2013; Settembre et al. 2013). hlh-30/
TFEB activates expression of multiple lipase genes within
hours of starvation, promoting lipid mobilization and starva-
tion survival (O’Rourke and Ruvkun 2013; Settembre et al.
2013). In fed worms, mTOR represses hlh-30/TFEB and mxl-
3/MAX represses lipase expression, providing conditional
control of lipase activity (O’Rourke and Ruvkun 2013). hlh-
30/TFEB is also required to activate autophagy during star-
vation (O’Rourke et al. 2013; O’Rourke and Ruvkun 2013).
Regulation of autophagy by hlh-30/TFEB may be due to tran-
scriptional regulation of autophagy genes, coordinating lipid
metabolism and autophagy (O’Rourke and Ruvkun 2013).
However, accumulation of w-6 polyunsaturated fatty acids
due to hlh-30/TFEB activation of the lipase lipl-4 activates
autophagy on its own, indicating that changes in lipid metab-
olism influence autophagy (O’Rourke et al. 2013). Effects of
vitellogenin lipoproteins on aging and starvation resistance
suggest that hlh-30/TFEB-mediated lipid mobilization affects
physiology systemically through lipid transport (Seah et al.
2016; Harvald et al. 2017).

In addition to displaying increased mortality during L1
starvation, hlh-30/TFEB mutants are defective at recovery
from L1 starvation (Murphy et al. 2019). Lysosomal acidifi-
cation is deficient in hlh-30/TFEB mutants, and TOR activa-
tion is impaired in response to feeding E. coli OP50. The hlh-
30/TFEB target lipl-2 has a similar recovery-defective pheno-
type, implicating lipid metabolism in recovery from starva-
tion. However, recovering starved hlh-30/TFEB mutants with
a completely defined medium (CeMM), or specifically glu-
cose and linoleic acid, restores lysosomal acidification as well
as TOR activation and recovery upon subsequent feeding
with OP50 (Murphy et al. 2019). This work reveals a critical
role of hlh-30/TFEB regulation of lysosomal function during
recovery from starvation, and it shows that supplementation
with glucose and linoleic acid can bypass this requirement.

The lipase lipl-5 is also induced by starvation in adults,
promoting increased fat catabolism (Buis et al. 2019). In con-
trast to lipl-4 in starved L1 larvae (O’'Rourke et al. 2013), lipl-
5 function decreases starvation resistance in adults (Buis
et al. 2019). lipl-5 appears to function in coelomocytes
(Buis et al. 2019), systemically affecting mitochondrial mem-
brane composition and function (Macedo et al. 2020).

Translation: As a major anabolic process, translation is en-
ergetically costly. Disruption of the translation initiation fac-
tors ifg-1/elF4G or ife-2/elF4E or ribosomal S6 kinase rsks-1/
RPS6KBI, all positive regulators of translation, limits growth
rate and fecundity while increasing life span, starvation sur-
vival, and resistance to other forms of stress (Pan et al. 2007;
Lee et al. 2012; Wu et al. 2018a). Conversely, mutation of
translation elongation factor 2 kinase efk-1/eEF2K, a
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negative regulator of translation, causes mild reduction in life
span but relatively severe reduction in L1 starvation survival
(Leprivier et al. 2013). ifg-1/eIF4G mRNA expression is
downregulated in dauer larvae and upregulated during re-
covery from L1 starvation (Pan et al. 2007; Baugh et al.
2009), and efk-1/eEF2K mRNA is upregulated during L1 ar-
rest (Baugh et al. 2009; Leprivier et al. 2013), suggesting
nutrient-dependent transcriptional regulation of transla-
tional capacity. In addition, AMPK activates and mTORC1
inhibits eEF2K, and mTORC1 activates ribosomal S6 kinase,
all in response to nutrient availability in mammalian cells
(Proud 2007), suggesting additional, post-translational
mechanisms of nutrient-dependent regulation.

Translation and proteostasis are linked to lipid metabolism.
Disruption of ribosomal DNA transcription or rRNA processing
causes nucleolar stress, causing lipid accumulation and in-
creased starvation resistance (Wu et al. 2018a). PHA-4/FoxA
expression is upregulated by nucleolar stress, and PHA-4/
FoxA promotes expression of lipogenic enzymes (Wu et al.
2018a). AMPK activity is also regulated by translational ca-
pacity, suggesting feedback regulation. Total RNA (tRNA)
synthetase deficiency activates AMPK to promote starvation
resistance in a proteasome-dependent fashion (Webster et al.
2017). Consequently, reducing translation by disruption of
aminoacyl tRNA synthetase function increases fat mass and
starvation resistance, while disruption of proteasomal func-
tion does the opposite (Webster et al. 2017). Whether pha-4/
FoxA is required for disruption of tRNA charging to increase
lipid accumulation and starvation resistance is unknown. To-
gether, these observations suggest that PHA-4/FoxA and
AMPK contributes to homeostasis during fluctuations in nu-
trient availability by coordinating translational capacity and
lipid metabolism.

ER UPR: Surprisingly, the ER UPR affects lipid metabolism. ER
UPR genes ire-1/ERN-1 and hsp-4/BiP are required for upreg-
ulation of lipases and hydrolysis of fat stores within hours of
starvation, and ire-1 and hsp-4 mutants have reduced starva-
tion survival (Jo et al. 2009). These results implicate
ER-resident proteins in nutrient sensing and lipid metabo-
lism. Notably, mutations affecting the nhr-49/NHR coactiva-
tor mdt-15, which regulates expression of fatty acid
desaturases (Van Gilst et al. 2005a; Van Gilst et al. 2005b;
Taubert et al. 2006), cause constitutive ER UPR activation in
the absence of protein aggregation (Hou et al. 2014). Instead,
activation of the ER UPR is due to changes in ER membrane
composition and fluidity (Hou et al. 2014). Together, these
results suggest that membrane disequilibrium, in addition to
proteostasis, is monitored to maintain ER homeostasis.

skn-1/Nrf: skn-1/Nrf links proline catabolism with lipid me-
tabolism during starvation. skn-1/Nrf overexpression is re-
ported to promote starvation resistance, but skn-1/Nrf gain-
of-function mutants gave inconsistent results, and data are
limiting (Paek et al. 2012). Mutation of alh-6/ALDH4A1, a
mitochondrial enzyme involved in proline catabolism,

accelerates lipid mobilization within hours of starvation, sug-
gesting a connection between amino acid and lipid metabo-
lism (Pang et al. 2014). Expression of fasting-induced lipase
fil-1, as well as several fatty acid oxidation genes, is upregu-
lated by mutation of alh-6 during starvation, and L4 starva-
tion survival is reduced. In addition, skn-1/Nrf is activated in
alh-6 mutants, and skn-1/Nrf is required for upregulation of
most fatty acid oxidation genes as well as accelerated lipid
mobilization in alh-6 mutants (Pang et al. 2014). SKN-1/Nrf
physically interacts with the mediator subunit MDT-15 (Goh
et al. 2014), an nhr-49/NHR coactivator (Taubert et al.
2006), and mdt-15 is required for skn-1/Nrf regulation of
fatty acid oxidation genes (Pang et al. 2014). SKN-1/Nrf also
physically interacts with MXL-3/MAX (Paek et al. 2012),
which represses lipase expression in fed worms (O’Rourke
and Ruvkun 2013). Together these observations suggest
SKN-1/Nrf is at a nexus of regulatory pathways coordinating
lipid metabolism with fluctuations in nutrient availability and
other forms of stress.

Octopamine: The effects of exogenous octopamine on adult
behavior are similar to the effects of starvation (see Effects of
Starvation on Behavior) (Horvitz et al. 1982), reflecting a role
of octopamine in the starvation response (Figure 9). In addi-
tion to functioning as a neurotransmitter, octopamine func-
tions as a neurohormone to mediate indirect, systemic effects
of DAF-12/VDR on lipid metabolism. DAF-12/VDR activates
expression of the tyramine beta-hydroxylase gene tbh-1/
DBH, which is critical to biosynthesis of octopamine, in the
RIC neurons within hours of starvation, leading to an in-
crease in systemic octopamine levels (Tao et al. 2016). tbh-
1 mutant adults are starvation sensitive, and resistance is
rescued with exogenous octopamine (Tao et al. 2016). Sys-
temic octopamine induces expression of the lipase lips-6 in
the intestine via its receptor SER-3, resulting in lipid mobili-
zation (Tao et al. 2016). Whether octopamine induction of
lips-6 expression involves HLH-30/TFEB is unknown.

Ceramides: Synthesis of ceramides, waxy lipids containing
sphingosine and fatty acid moieties, supports starvation sur-
vival. Although understudied in the context of starvation,
ceramides play signaling roles in a number of cell biological
contexts (Hannun and Obeid 2008). There are three ceram-
ide synthase genes in C. elegans: hyl-1, hyl-2, and lagr-1. hyl-1
is required for synthesis of ceramides and sphingolipids with
particularly long acyl chains (=C24), and hyl-2 is required for
synthesis with shorter acyl chains (=C22) (Menuz et al.
2009). Genetic disruption of ceramide biosynthesis dramati-
cally reduces L1 starvation survival (Cui et al. 2017). Muta-
tion of hyl-1 has a stronger effect than hyl-2, suggesting that
ceramides with particularly long acyl chains are more impor-
tant to survival, similar to what has been observed for life
span (Mosbech et al. 2013). Gene expression analysis sug-
gests that ceramides promote starvation resistance at least in
part by affecting nutrient-responsive gene expression, possi-
bly interacting with IIS and LIN-35/Rb (Cui et al. 2017) (see
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Transcriptional regulators), but specific mechanisms by which
ceramides influence starvation resistance remain to be
determined.

ROS

ROS can limit starvation survival. ROS increase during L1
starvation (Roux et al. 2016), and DAF-16/FoxO activates the
superoxide dismutase gene sod-3 to protect starved larvae
from oxidative stress (Henderson et al. 2006). Mammalian
FoxO3a activates expression of manganese superoxide dis-
mutase to protect glucose-starved, quiescent cells from oxi-
dative stress, suggesting conserved function (Kops et al.
2002). daf-16/FoxO promotes starvation resistance (Munoz
and Riddle 2003; Baugh and Sternberg 2006), and these
observations suggest upregulation of antioxidant enzymes
as an effector mechanism. Ligand-free DAF-12/VDR together
with its coactivator DIN-1/SPEN also activates expression of
antioxidant enzyme genes (gst-4 and gst-10) during starva-
tion in young adults (Tao et al. 2017). daf-12/VDR and din-1/
SPEN null mutants display systemic necrosis during adult
starvation and do not survive as long as wild-type worms
(Tao et al. 2017). Notably, survival of daf-12/VDR and din-
1/SPEN null mutants as well as a daf-12/VDR gain-of-func-
tion (Daf-c) mutant is indistinguishable from wild-type ani-
mals during L1 arrest (Lee and Ashrafi 2008; Kaplan et al.
2015). Tao et al. starved adult worms, as opposed to L1-stage
larvae, but they also starved them on NGM plates as opposed
to a simple buffer as used by Kaplan et al. and Lee et al. (Tao
et al. 2017; Kaplan et al. 2015; Lee and Ashrafi 2008). The
discrepant results for daf-12/VDR and starvation survival
could therefore be due to developmental stage or starvation
conditions (see Commentary on starvation conditions).

Environmental factors affecting starvation resistance

Avariety of environmental factors affect starvation resistance
(Table 4). Availability of a carbon source to otherwise starved
L1 larvae increases survival. As little as 1 mM ethanol in-
creases L1 starvation survival (Castro et al. 2012). Supple-
mentation with n-propanol or n-butanol also extends
survival, but methanol and isopropanol do not, suggesting
that ethanol is converted to acetate and used as a carbon
source (Castro et al. 2012). Consistent with this hypothesis,
supplementation with sodium acetate also increases survival
(L.R.B., unpublished results), and the hydrogen atoms from
ethanol are incorporated into fatty acids and amino acids
(Castro et al. 2012). Ethanol also affects behavior of starved
worms (Artyukhin et al. 2015). Notably, when cholesterol is
added to S-basal, the ethanol solvent results in a final ethanol
concentration of 20 mM (0.1%), which is sufficient to double
L1 starvation survival (Castro et al. 2012). In contrast, M9
does not contain ethanol. It is important that researchers are
cognizant of whether the buffer they are using contains eth-
anol. For example, the L1 arrest-defective phenotype of daf-
16/FoxO mutants, is only displayed in the presence of ethanol
(or other appropriate carbon source) (Baugh and Sternberg
2006). Supplementation with glucose, trehalose, or other
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sugars can also approximately double starvation survival
(Hibshman et al. 2017). Strictly speaking, worms supple-
mented with a carbon source are not completely starved,
but none of these carbon sources is sufficient to promote L1
development beyond limited divisions of the epidermal seam
cells in wild-type worms (Baugh and Sternberg 2006; Castro
et al. 2012; Fukuyama et al. 2015; Hibshman et al. 2017).

Avariety of additional environmental factors are known to
influence L1 starvation survival, illustrating the need for
carefully considering and controlling experimental condi-
tions. For example, larvae survive L1 starvation longer at
15° and shorter at 25° compared to 20° (Lee et al. 2012).
Larvae survive L1 starvation longer at higher population
density, and this effect does not require daf-22/Scp2
(Artyukhin et al. 2013a). daf-22 is required for ascaroside
biosynthesis (Ludewig and Schroeder 2013), suggesting
that the molecule(s) responsible for population-density-
dependent L1 starvation survival is either a novel pheromone
or some other excreted metabolite that is synthesized in a
DAF-22/Scp2-independent fashion. The disaccharide treha-
lose, which is produced during starvation (Hibshman et al.
2017) (see Central carbon metabolism), is detectable at low
micromolar concentrations in the buffer of starved L1s, and
such concentrations are sufficient to mimic the effect of high
density in low-density cultures (A. Mata-Cabana and M.
Olmedo, personal communication). The type of test tube or
closure used can affect L1 starvation survival (L. Avery and
A. B. Artyukhin, personal communication; see WormBreeder’s
Gagette article “Artifacts in L1 Starvation Assay”, http://
wbg.wormbook.org/2012/06/25/artifacts-in-11-starvation-
assay/), highlighting potential effects of seemingly trivial
experimental factors. It is also likely that ambient light re-
duces starvation survival, since it has dramatic effects on
adult life span (De Magalhaes Filho et al. 2018). The percep-
tion of food through the chemical senses during starvation
has the curious effect of rendering L1 arrest irreversible
(Kaplan et al. 2018). The perception of food does not affect
survival per se, as mortality is not affected, but it does affect
starvation resistance in that they are incapable of growth and
reproduction thereafter.

Nongenetic inheritance of starvation resistance

Potentially adaptive responses to nutrient stress appear to
extend across generations. Although it is clear that C. elegans
encounters starvation frequently in the wild, the dynamics
of fluctuations in food availability are unclear. Nonetheless,
it is conceivable that anticipation of starvation based on
parental or ancestral conditions could be beneficial in cer-
tain circumstances. Evidence now exists for maternal (in-
tergenerational) and transgenerational epigenetic effects
on starvation resistance (Figure 11).

Maternal provisioning and intergenerational adaptation
to nutrient stress: Maternal age and diet affect oocyte pro-
visioning and starvation resistance in L1 larvae. The C. elegans
genome contains six vitellogenin genes, which encode the
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Table 4 Environmental factors that affect starvation resistance

Environmental factor References

Temperature (Lee et al. 2012)
Ethanol, n-propanol, and  (Castro et al. 2012)
n-butanol

Sodium acetate
Trehalose, glucose, or
maltose

Actinomycin D (Wu et al. 2018a)

Population density (Artyukhin et al. 2013a)

Perception of food (Kaplan et al. 2018)

Test tube closures L. Avery and A. B. Artyukhin, personal
communication?

L.R.B., unpublished results
(Hibshman et al. 2017)

Results are based on analysis of L1 starvation survival or recovery from L1 starvation.

Drugs and toxins are not included as environmental factors.

? See the WormBreeder’s Gazette article " Artifacts in L1 Starvation Assay.”, http:/
whbg.wormbook.org/2012/06/25/artifacts-in-11-starvation-assay/ Ambient light may
also affect starvation survival since it affects life span (De Magalhaes Filho et al.
2018).

protein subunits of the low-density lipoprotein particle com-
monly referred to as yolk (Sharrock 1983; Blumenthal et al.
1984). Vitellogenin is synthesized in the intestine, secreted
into the body cavity, and taken up by developing oocytes in
the gonad via receptor-mediated endocytosis (Greenstein
2005). Vitellogenin expression is regulated by a variety of
pathways such that it is tissue- and stage-specific, sexually
dimorphic, and subject to physiological regulation (DePina
et al. 2011; Balklava et al. 2016; Goszczynski et al. 2016).
Mutations disrupting synthesis, endocytosis, or embry-
onic storage of vitellogenin reduce L1 starvation survival
(Chotard et al. 2010; Van Rompay et al. 2015). Dietary re-
striction causes worms to produce fewer but larger eggs, and
such progeny retain greater reproductive success after ex-
tended L1 starvation (see Larval starvation reduces reproduc-
tive success) (Harvey and Orbidans 2011; Hibshman et al.
2016). Maternal reduction of IIS also increases progeny
size and L1 starvation resistance, as measured by growth
and fecundity following extended L1 starvation (Hibshman
et al. 2016). In addition, maternal age affects progeny size
and L1 starvation resistance due to differences in vitellogenin
provisioning to oocytes (Perez et al. 2017). Likewise, mater-
nal dietary restriction and reduced IIS increase vitellogenin
provisioning to oocytes, which reduces IIS in progeny, pro-
tecting them from pathological consequences of extended L1
starvation (Jordan et al. 2019). These observations suggest
that IIS mediates adaptation to nutrient stress across gener-
ations. Together these results show differential oocyte
provisioning of vitellogenin, and possibly other materials,
underlies phenotypic variation and intergenerational phe-
notypic plasticity.

Transgenerational epigenetic inheritance of starvation
resistance: Because altered gamete provisioning or other
aspects of the maternal environment can potentially affect
offspring for up to two generations, demonstration of germ-
line epigenetic inheritance generally requires transgenera-
tional effects in F3 descendants (Figure 11). In one study,

extended L1 arrest increased L1 starvation resistance and
heat resistance in F5 progeny (Jobson et al. 2015). In another
study, it increased F5 life span and was reported to affect
small RNA expression, but a role of small RNAs in regulation
of gene expression or life span was not addressed (Rechavi
et al. 2014). Long-term dauer arrest also increases L1 starva-
tion resistance and life span in F; progeny, with changes in
mRNA expression of very small magnitude affecting a very
large number of nutrient-responsive genes (Webster et al.
2018). Notably, long-term dauer arrest reduces L1 size and
starvation resistance in F; progeny, suggesting epigenetic ef-
fects are initially obscured by pathological maternal effects
(Webster et al. 2018). A similar pattern in F; and F3 progeny
was seen with extended L1 arrest (Jobson et al. 2015). This
dauer study corroborated prior reports that extended L1 ar-
rest caused increased starvation resistance and life span three
generations later (Rechavi et al. 2014; Jobson et al. 2015).
Despite the relatively small effect size (~10% increase in L1
starvation survival), starvation resistance as a heritable con-
sequence of extended starvation is consistent with epigenetic
memory contributing to transgenerational environmental ad-
aptation (Webster et al. 2018). In addition, 24 hr starvation
of L4 larvae is reported to increase life span and oxidative
stress resistance in F; progeny, and these effects could be
transmitted through males, suggesting germline epigenetic
inheritance (Kishimoto et al. 2017). Germline transmission
mechanisms and specificity of transgenerational responses
to starvation are unclear. Nuclear RNAi and histone modifi-
cations are implicated in epigenetic inheritance of gene reg-
ulation, but whether these mechanisms mediate adaptive
organismal responses to starvation or other environmental
conditions has not been sufficiently addressed (Perez and
Lehner 2019). In addition, it is unclear if starvation or other
stressors provoke epigenetic inheritance of a general stress
response or if epigenetic memories are specific to their
stimuli.

Global Regulation of Gene Expression During Starvation

Nutrient availability is of paramount significance in gene reg-
ulation (Figure 12). Effects of starvation on expression of nu-
merous individual genes has been reported in C. elegans. In this
section we will review genome-wide analyses of gene expres-
sion that broadly characterize the starvation response and de-
fine regulatory mechanisms that contribute to it.

Transcription

Time-series analyses of mRNA expression reveal a profound
effect of starvation on gene expression (Baugh et al. 2009;
Harvald et al. 2017). In contrast, ~5% of known microRNA
genes are differentially expressed in fed and starved L4 larvae
(Garcia-Segura et al. 2015). The starvation response occurs
rapidly within hours of hatching in the absence of food, and
expression changes relatively slowly after that (Baugh et al.
2009). Nutrient availability also affects mRNA isoform ex-
pression in L1 larvae, affecting genes involved in mRNA

Starvation Responses in C. elegans 865


http://wbg.wormbook.org/2012/06/25/artifacts-in-l1-starvation-assay/
http://wbg.wormbook.org/2012/06/25/artifacts-in-l1-starvation-assay/

worm exposed Ve

to nutrient stress -

first generation Vs intergenerational
progeny (F1) === pheritance
second generation . J

progeny (F2) g

third generation J transgenerational
progeny (F3) /“W epigenetic

and beyond inheritance

Figure 11 Nongenetic inheritance of starvation responses. Multigenera-
tional effects of environmental conditions are classified by the number of
generations they are inherited. Phenotypic effects that persist for only one
or two generations (F; or F, progeny) are “intergenerational.” In contrast,
effects that persist for three or more generations (F3 and beyond) indicate
“transgenerational epigenetic inheritance.” This distinction is made since
direct effects on germ cells can theoretically persist for two generations,
whereas epigenetic inheritance requires germline mechanisms that ac-
tively maintain a regulatory state. Worm images were borrowed with
permission from WormAtlas (Altun and Hall 2009).

splicing, translation, and signaling, revealing post-transcriptional
effects on gene expression (Maxwell et al. 2012).

Transcriptional regulators: Given such pervasive effects of
nutrient availability on transcription, there must be a variety
of transcription regulators that contribute to the starvation
response. Mutation of the tumor suppressor lin-35/Rb causes
sensitivity to L1 starvation (Cui et al. 2013). Microarray anal-
ysis of these mutants in fed and starved L1 larvae revealed
relatively little overlap in genes affected in each condition,
suggesting conditional specificity of LIN-35/Rb function (Cui
et al. 2013). By comparing the effects of lin-35/Rb in starved
L1 larvae to the effects of being fed or starved (Baugh et al.
2009), it was determined that lin-35/Rb contributes to as-
pects of the starvation response, accounting for starvation
sensitivity of the mutant (Cui et al. 2013). daf-16,/FoxO mu-
tants are also starvation sensitive (Munoz and Riddle 2003;
Baugh and Sternberg 2006), but daf-16,/FoxO function is not
required for the bulk of the early L1 starvation response
(Hibshman et al. 2017). daf-16,/FoxO affects more genes later
in L1 starvation (~12 hr compared to 2-4 hr) (Kaplan et al.
2015), suggesting indirect effects or possibly late targets. hsf-
1/HSF is required for L1 starvation survival (Baugh and
Sternberg 2006), suggesting transcriptional regulation of
proteostasis. Overexpression of skn-1/Nrf or pha-4/FoxA in-
creases L1 starvation survival (Zhong et al. 2010; Paek et al.
2012). Chromatin immunoprecipitation reveals thousands of
binding sites for PHA-4/FoxA during L1 arrest, and binding
correlates with gene expression, suggesting that pha-4/FoxA
also contributes to the starvation response (Zhong et al.

866 L. R. Baugh and P. J. Hu

nutrient
availability

C
— & .
W7 translation of
alternative translational
splicing of machinery

splicing factors

H3K4
methylation

histones

RNA Polymerase Il
mRNA splicing factor
ribosome

transcription initiation
& elongation of
housekeeping genes

Figure 12 Global regulation of gene expression in response to nutrient
availability. AMPK restrains H3K4 methylation activity of the COMPASS
complex during starvation, limiting transcription (Demoinet et al. 2017).
RNA Polymerase Il is recruited to promoters of housekeeping genes dur-
ing starvation, but initiation and elongation are inhibited without feeding
(Maxwell et al. 2014). Alternative mRNA isoforms are expressed in fed
and starved larvae, in particular those encoding splicing factors them-
selves (Maxwell et al. 2012). Translation is repressed during starvation
but dramatically upregulated in response to feeding, with ribosomal pro-
teins being synthesized immediately (Stadler and Fire 2013).

2010). Although daf-16/FoxO, lin-35/Rb, hsf-1/HSF, skn-1/
Nrf, and pha-4/FoxA, as well as nhr-49/NHR, mdt-15, and
hlh-30/TFEB, all contribute to the starvation response, other
transcriptional regulators are likely to also be involved.

Postrecruitment regulation of RNA Polymerase II: Genes
associated with growth are poised for transcriptional activa-
tion during L1 arrest. The transcriptional response to feeding
occurs rapidly during recovery from L1 arrest, with many
genes upregulated in 1 hr or less (Maxwell et al. 2012), sug-
gesting a mechanism for global activation of the feeding re-
sponse in starved larvae. RNA Polymerase II (Pol IT) accumulates
at the 5’ end of many genes during L1 arrest, suggesting post-
recruitment regulation of transcription (Baugh et al. 2009).
Analysis of Pol II elongation in conjunction with binding and
mRNA expression revealed that Pol II is paused during early
elongation at actively transcribed stress-response genes dur-
ing L1 arrest (Kruesi et al. 2013; Maxwell et al. 2014). How-
ever, during L1 arrest Pol II also accumulates immediately
upstream of genes associated with housekeeping and growth,
but in these locations Pol II has not initiated and begun elon-
gation (Maxwell et al. 2014). This observation suggests post-
recruitment regulation of transcription initiation, as if to
poise growth genes for rapid activation upon feeding. Indeed,
5’ accumulation of uninitiated Pol II (“docked” Pol II) de-
creases and mRNA abundance increases rapidly in response
to feeding, consistent with poising of Pol II at growth genes
during starvation (Maxwell et al. 2014). This work suggests
that gene expression is coordinated with nutrient avail-
ability through postrecruitment regulation of growth and
stress genes during starvation at initiation and elonga-
tion, respectively.

AMPK and histone modification: AMPK contributes to re-
pression of transcriptional elongation during L1 starvation.
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H3K4me3 is associated with active transcriptional elongation,
and H3K4me3 levels are abnormally high in the PGCs of AMPK
mutants during L1 arrest. Remarkably, high levels of
H3K4me3 persist in L4 larvae following L1 arrest and in the
PGCs of fed L1 larvae for several generations following star-
vation (Demoinet et al. 2017). H3K4 trimethylation is cata-
lyzed by the COMPASS complex, and all but one of the
COMPASS complex subunits is a predicted phosphorylation
target of AMPK (Demoinet et al. 2017). Multiple lines of
evidence support a model in which AMPK inhibits COMPASS
activity during L1 arrest, maintaining a chromatin state that
is not permissive to transcriptional elongation. Transgenera-
tional effects of extended starvation in wild-type worms has
been reported (see Transgenerational epigenetic inheritance of
starvation resistance) (Rechavi et al. 2014; Jobson et al. 2015;
Webster et al. 2018), and it remains to be determined if
H3K4me3 contributes to germline transmission of those traits
as well.

Translation and the proteome

Nutrient availability has a profound effect on translation.
Analysis of mRNA expression together with ribosome profiling
during L1 arrest and 3 hr after feeding allowed nutrient-
dependent differences in steady-state mRNA levels and trans-
lation efficiency to be deconvolved (Stadler and Fire 2013).
This analysis confirmed pervasive effects on transcription
(Baugh et al. 2009; Maxwell et al. 2012), revealed that effects
on translation efficiency are comparable in magnitude, and
showed that effects on transcription and translation are gen-
erally concordant. Comparative analysis in C. briggsae, C.
remanei, and C. brenneri shows that regulation of translation
is more conserved than transcription (Stadler and Fire 2013).
Critically, this work discovered that mRNAs for ribosomal
proteins are translationally repressed during starvation, and
that they are among the most translationally upregulated
transcripts upon feeding (Stadler and Fire 2013). Transcrip-
tion and mRNA splicing of ribosomal proteins are also regu-
lated during transition from arrest to growth in L1 larvae
(Maxwell et al. 2012), highlighting the importance of regu-
lating translational capacity. Likewise, normal recovery from
adult starvation requires expansion of the somatic RNA pool
and processing of rRNA (see Rejuvenation during recovery
from starvation) (Burnaevskiy et al. 2018). In addition, ribo-
somal protein mRNAs are translationally repressed in yeast
during glucose starvation (Arribere et al. 2011), suggesting a
conserved gene regulatory mechanism controlling quies-
cence and growth.

There is no growth during embryogenesis in C. elegans, and
maternal ribosomes are sufficient to complete embryogenesis
(Cenik et al. 2019). Larvae lacking ability to synthesize new
ribosomes arrest as L1 larvae upon hatching with food. No-
tably, developmental arrest in this context is independent
of daf-16/FoxO and daf-18/PTEN (Cenik et al. 2019),
components of the insulin/IGF pathway that are required
for starvation-induced L1 arrest (see L1 arrest). Nonethe-
less, ribosome insufficiency-induced arrest reflects active

regulation as opposed to a passive consequence of insufficient
translational capacity. Arrested larvae are capable of trans-
lation with maternally provided ribosomes. Furthermore, ge-
netic mosaic larvae arrest when only about half of their cells
are incapable of synthesizing ribosomes (Cenik et al. 2019).
These observations reveal the action of a novel, systemic
mechanism by which worms sense and respond to their trans-
lational capacity.

Nutrient-dependent regulation of translation in adult ma-
les may differ from larval stages or adult hermaphrodites. That
is, young adult males utilize fat to actually increase translation
as an initial (1-2 days) response to starvation (Tan et al.
2011). A speculative interpretation of this seemingly para-
doxical observation is that it is in the evolutionary interest of
adult males to mate, and so they invest resources in trans-
lation and spermatogenesis at the cost of long-term survival.
Transient (2-day) starvation in young adult males actually
increases meiosis and sperm number (Chou et al. 2019), con-
sistent with this model. It should be emphasized that this is a
speculative model and further investigation is warranted.

Proteomic analyses of the starvation response reveal wide-
spread effects on the proteome and metabolic enzymes in
particular. Analysis of L4/young adult worms found that
changes to the proteome plateaued within ~8-16 hr of star-
vation, with prominent effects on lipid metabolic enzymes
and histone variants (Larance et al. 2015). The latter suggests
global alteration of chromatin state during starvation. A
16-hr starvation time series analyzing the transcriptome
and proteome in parallel in mid-14 larvae revealed a relative-
ly strong positive correlation between mRNA and protein
levels, and it confirmed the importance of hlh-30/TFEB on
regulation of lipid metabolism (Harvald et al. 2017) (see Fat
metabolism).

Perspective

Commentary on starvation resistance

In an evolutionary or ecological sense, starvation resistance is
defined by the effect of starvation on fitness, but fitness is
difficult to measure. Whether a worm dies from starvation
relates to fitness but is incomplete. Starvation survival can be
measured “directly,” by scoring each worm in a starved pop-
ulation as live or dead based on movement or necrosis, or it
can be measured “indirectly,” by feeding a starved population
and scoring worms as live or dead based on their ability to
recover from starvation after some period of time (typically
2 days). Some mutants and starvation conditions do not re-
sult in mortality but render larvae incapable of development
thereafter, reflecting reduced starvation resistance (Roux
et al. 2016; Kaplan et al. 2018). In addition, in certain con-
ditions survival is not detectably affected whether scored di-
rectly or indirectly, but growth rate and fecundity upon
recovery are affected (Hibshman et al. 2016). In summary,
the trait starvation resistance is best thought of as an integral
of effects on mortality, growth rate and reproduction.
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Experimental evaluation of starvation resistance poses
practical challenges. Direct and indirect scoring of survival
are both subjective. For direct scoring, there is typically not a
discrete transition between life and death, since movement of
starving worms gradually becomes more and more sporadic,
and since necrosis can develop in parts of the body (often the
posterior) while other parts remain capable of movement
(often the head or pharynx). For indirect scoring, the longer
larvae are starved the slower they grow and develop upon
recovery, and with greater variation (Lee et al. 2012; Jobson
et al. 2015; Webster et al. 2018). In some cases, the investi-
gator may simply require that the worm be still alive after
some recovery period, or they may require that they develop
to a particular stage after the recovery period. An alternative
is to measure size after a defined recovery period, producing
a quantitative rather than binary result. Like growth rate,
reproductive success is also decreased following starvation,
and brood size can be measured following recovery from
starvation. Scoring eggs laid after a defined recovery period
(rather than total brood size) integrates effects of starvation
on developmental rate and fertility, arguably providing the
best proxy for fitness since population size increases faster
with a shorter effective generation time (Hodgkin and Barnes
1991).

Commentary on starvation conditions

Experimental starvation conditions vary across studies, po-
tentially confounding results. Worms are sometimes starved
on NGM plates, or they are starved in buffer (typically M9 or
S-basal). NGM contains peptone, an enzymatic digest of pro-
tein, but buffers do not. Feeding worms an enzymatic digest of
protein dramatically increases L1 starvation survival without
promoting development (Kaplan et al. 2018). In addition,
starvation on NGM plates without food may actually result
in extremely slow development, although typically described
as developmental arrest. In addition, cholesterol is typically
added to S-basal but not M9 buffer, resulting in 0.1% ethanol
final concentration (cholesterol is dissolved in ethanol). Eth-
anol provides a carbon source that can double L1 starvation
survival without appreciably promoting development in wild-
type worms (see Environmental factors affecting starvation
resistance) (Castro et al. 2012; Fukuyama et al. 2015). The
use of antibiotics and other drugs could also affect results in
unintended ways.

Differences in starvation conditions can potentially ac-
count for discrepant results reported in the literature. For
example, starvation of L3 larvae in buffer results in L4 arrest
while starvation on NGM plates induces ARD (see Late larval
arrest and ARD). In addition, daf-12/VDR promotes starva-
tion resistance in adult worms starved on plates (Tao et al.
2017), but it does not affect L1 starvation survival in buffer
(with or without ethanol) (Lee and Ashrafi 2008; Kaplan
et al. 2015) (see ROS).

Investigation of starvation responses in C. elegans would
benefit from more nuanced starvation conditions. In studying
starvation, the worm field generally compares conditions
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with and without a bacterial food source. In other systems,
distinct responses to starvation of specific elements (e.g., C,
N, or P) or macronutrients (e.g., protein, carbohydrates, or
fats) have been characterized, but experimental systems to
address such forms of starvation are not available for C.
elegans. The effects of starvation may also be confounded
with abrupt transition to feeding in rich conditions. For ex-
ample, developmental abnormalities resulting from ex-
tended L1 starvation do not occur when starved larvae are
recovered in dauer-forming or diet-restriction conditions
(Jordan et al. 2019) (see Reproductive development and fer-
tility). This observation suggests that pathology can result
from severe mismatch of conditions in addition to starvation
itself.

Conclusions and future directions

Much has been learned about C. elegans starvation responses
in recent years, but much remains unknown. For example, a
number of genes that are critical to starvation resistance and
developmental arrest are not essential in standard laboratory
conditions. Unbiased genetic approaches are needed to iden-
tify the complete set of genes that are essential for during
starvation. In addition, the signaling pathways underlying
various starvation responses comprise an organismal signal-
ing network of staggering complexity. Sophisticated ways to
perturb gene function in time and space as well as approaches
that allow real-time imaging of molecular events while ma-
nipulating nutrient availability are necessary to dissect this
network. Furthermore, male starvation responses are largely
uncharacterized, and few sex-specific differences have been
identified (see Neuronal development and Translation) al-
though more are likely present. Nonetheless, C. elegans has
proven to be a powerful integrative organismal system to
investigate how animals adapt to starvation. Discoveries
made in C. elegans will continue providing insights in other
animals, elucidating environmental adaptation and the mo-
lecular basis of disease.
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