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Abstract

Organisms are often capable of modifying their development to better suit their environment.
Under adverse conditions, the nematode Caenorhabditis elegans develops into a stress resistant
alternative larval stage called dauer. The dauer stage is likely the primary survival stage for C.
elegans in nature. Large-scale tissue remodeling during dauer conveys resistance to harsh
environments in addition to behavioral changes. The environmental and genetic regulation of the
decision to enter dauer has been extensively studied. However, less is known about the
mechanisms regulating tissue remodeling. Changes to the cuticle and suppression of feeding in
dauers lead to an increased resistance to external stressors. Meanwhile reproductive development
arrests during dauer while preserving the ability to reproduce once favorable environmental
conditions return. Dramatic remodeling of neurons, glia, and muscles during dauer likely facilitate
dauer-specific behaviors. Dauer-specific pulsation of the excretory duct likely mediates a response
to osmotic stress. The power of C. elegans genetics has uncovered some of the molecular
pathways regulating dauer tissue remodeling. In addition to genes that regulate single remodeling
events, several mutants result in pleiotropic defects in dauer remodeling. This review details the
individual aspects of morphological changes that occur during dauer formation and discusses
molecular mechanisms regulating these processes. The dauer stage provides us with an excellent
model for understanding phenotypic plasticity and remodeling from the individual cell to an entire
animal.

Graphical abstract

The dauer stage of C. elegans undergoes large-scale remodeling in several tissue types and is a
model of phenotypic plasticity
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INTRODUCTION

All organisms must cope with changing and adverse environmental conditions. Phenotypic
plasticity is the ability of a single genotype to produce alternative phenotypes in response to
the environment and is considered a driving force in evolution.! While usually thought to be
adaptive, inappropriate stress-induced phenotypic plasticity may lead to chronic pathologies.
For example, chronic stress in mammals may cause neuroanatomical changes in brain
regions associated with memory and fear processing.2 Cellular remodeling in response to
stress is widespread.

Polyphenisms are types of plasticity wherein two or more distinct phenotypes may arise
from a single genotype based on environmental inputs.? Polyphenisms can entail extensive
remodeling of various tissues. Among animals, invertebrates display some of the most
remarkable examples of large-scale environmentally induced tissue remodeling. For
example, the desert locust, Schistocerca gregaria, can alternate between distinct solitary and
gregarious phases based on mechanically transmitted population density cues.3 Caste-
formation in the honey bee, Apis mellifera, is due to dietary input during larval development
leading to substantial differences in morphology and behavior between workers and
queens.*>

The cellular remodeling that occurs in these and other large-scale polyphenisms are
extensive and ripe for inquiry. What are the molecular mechanisms controlling individual
remodeling events? Are these mechanisms unique to the polyphenism or recycled from other
non-environmentally induced developmental events? How are remodeling events in
individual tissue types coordinated to produce a unique, but coherent phenotype suited to its
environment?

THE C. ELEGANS DAUER STAGE IS A MODEL POLYPHENISM

The nematode Caenorhabditis elegans is an outstanding model for developmental genetics. It
is easily reared on Escherichia coli and can complete one generation in three days.5 C.
elegans is transparent, and the cell lineage is described.”-® The complete connectome of the
302 neurons in the adult hermaphrodite is described allowing investigations into the
neuroanatomical basis of behaviors at the level of a single cell.? C. elegans is amenable to
several genetic techniques including transformation, RNAi and genome editing.10-12

C. elegans displays a stress-induced developmental stage called dauer wherein several
tissues undergo extensive remodeling to produce a stress-resistant and long-lived alternative
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developmental larva. In the presence of plentiful food and a low nematode population
density, C. elegans develops through four larval stages before entering the adult reproductive
stage. However, under specific adverse environmental conditions, C. elegans enters into a
stress-resistant dauer developmental stage (Figure 1).13 Dauers show several differences
from non-dauers that are immediately apparent under a dissecting microscope. Dauers are
thinner than non-dauer L3s due to a general radial shrinkage of the body. Dauers suppress
the pharyngeal pumping required for ingestion of bacterial food. They also tend to lie
motionless but can be readily stimulated to move. The remodeling of dauers provide a
tractable model for understanding the molecular mechanisms regulating remodeling of
individual tissues events and how signaling between tissue types is coordinated to achieve a
unique developmental stage.

The term dauer translates as ‘enduring” from German. Indeed, C. e/egans dauers are non-
feeding and yet can survive for months whereas non-dauers live for about two weeks.14 One
of the most common techniques for separating non-dauers from dauers is exposure to 1%
sodium dodecyl sulfate (SDS) for 30 minutes.1®> Non-dauers are killed within minutes
whereas dauers appear completely unaffected. Preliminary data from our lab suggests that
wild-type dauers are capable of surviving exposure to 10% SDS (K.F. unpublished). Several
anatomical and behavioral changes occur during entry into dauer that allows animals to
survive adverse conditions. For example, the survival to SDS is likely due to a combination
of the cessation of feeding and ultrastructural changes in the cuticle.1®

In addition to the absence of feeding, dauers display behaviors unique from non-dauers. On
a Petri dish, non-dauers typically move continuously searching for food or mates. In
contrast, dauers are frequently immobile. However, dauers are sensitive to touch and readily
move following physical stimulation. Most noticeable among dauer-specific behaviors is
“nictation” wherein a dauer will climb elevated objects, raise its body into the air and stand
on its tail (Figure 2).1516 |n addition to individual nictating dauers, they will occasionally
form undulating swarms containing numerous dauers (Box 1). Nictation is thought to serve
as a dispersal strategy; by elevating its body above the ground, C. e/egans can reduce surface
tension and increase the possibility it will be picked up by a passing arthropod. Both
experimental data and the association of C. elegans dauers with arthropods in nature support
this dispersal hypothesis. 16:17

The dauer stage is an ecologically relevant component of many nematode species. Recent
years have seen an increased interest in the natural history of C. elegans. Although widely
distributed across multiple continents, undisturbed soils rarely contain C. efegans.t” C.
elegans is most commonly found in the dauer stage in rotting vegetable matter or associated
with arthropods.18 While Cassada and Russell contrasted dauers with “normal” (i.e. non-
dauer) larva, 1° we believe the evidence from recent ecological studies demonstrates that
there is nothing abnormal regarding the dauer state. In fact, it is likely that the dauer stage
serves as a primary survival mechanism during the bust phase of the C. elegans boom-bust
life history strategy.” Several parasitic nematodes form dauers that serve as the infective
stage during infection. The dauer stage of C. elegans is considered homologous to the
infective stage of many parasitic nematodes and is used a comparator to understand the
developmental biology of several devastating pathogens (See Box 2).1°
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THE DAUER FORMATION DECISION

Several excellent reviews discuss the primary environmental components and genetic
pathways regulating the decision to enter dauer. 20-22 We will give only a brief overview of
the mechanisms involved in the decision to enter dauer (Figure 3). Dauer formation is
regulated by three environmental components: food, a pheromone indicating population
density, and temperature.13:23.24 | ow levels of food promote dauer formation whereas
plentiful food inhibits dauer formation. Conversely, high levels of pheromone promote dauer
formation while low levels of pheromone prevent dauer formation. In addition to food and
pheromone, temperature serves a modulatory role such that higher temperatures, within the
normal physiological range (15-25°C), promote dauer formation.13 Temperatures above this
range can result in constitutive dauer formation in genetic backgrounds not typically
associated with a dauer constitutive phenotype.25

Both forward and reverse genetics approaches combined with detailed epistasis analysis
have elucidated the genetic pathways required for the decision to enter or bypass dauer.
Mutagenesis screens have uncovered several genes that when perturbed, result in altered
dauer formation. Mutants from these screens are grouped into gdafc (gauer formation
abnormal constitutive) mutants that form dauers in favorable environmental conditions and
aaf-d (dauer formation abnormal defective) mutants that cannot form dauers even under
dauer-inducing conditions.

Chemosensory neurons in the head of C. efegans sense the presence of the pheromone.2® In
plentiful food and low-population density, sensory neurons release insulins and TGF-p and
thereby activate two parallel pathways (Figure 3).27:28.29 The insulin signalling pathway is
characterized by the insulin receptor ortholog DAF-2, which inhibits the downstream
Forkhead transcription factor DAF-16. 30:31.32 DAF-7/TGF- is recognized by the cognate
receptors DAF-1 and DAF-4, which then inhibit the DAF-5 and DAF-3 transcription
factors.2733 Interestingly, these pathways appear conserved in the development of infective
stages of some parasitic nematodes (See Box 2). The insulin and TGF-§ parallel pathways
converge onto the cytochrome P450 enzyme, DAF-9.34:35.36.37 |n favorable environmental
conditions, DAF-9 acts to produce lipid-based hormones called dafachronic acids.38 The
dafachronic acids bind to the DAF-12 nuclear hormone receptor to promote non-dauer
development. While gaf-12null mutants are dafd, unbound DAF-12 is required for dauer
formation. The result is that specific mutations in the ligand-binding domain encoding
region of daf-12result in constitutive dauer formation. 3°

WHAT IS A DAUER?

Based on our knowledge regarding dauer formation, this question seems deceptively simple.
Cassada and Russell defined the C. elegans dauer as both “a morphologically recognizable,
nongrowing stage” and “a juvenile stage specialized for survival under harsh conditions”.1°
The first definition focuses on morphology and development while the second relies
primarily on function. Since that time, extensive analysis of gene expression changes during
dauer has contributed to our understanding of dauer-specific characteristics.4041 As
discussed previously, the most common test for “dauerness” relies on survival to SDS.
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However, a single functional determination of dauer may overlook important tissue
remodeling events that contribute to aspects of the dauer stage. A recent alternative non-
destructive assay uses the ingestion of fluorescent beads to distinguish the non-feeding
dauers from non-dauers.#2 However, these tests do not depict all of the structural changes
that occur during dauer.

We, therefore, review the individual remodeling events that occur during dauer and, where
available, provide molecular mechanisms regulating changes to particular tissues. In addition
to genes that control single dauer remodeling phenotypes, there are several pathways that,
when disrupted, lead to pleiotropic defects in dauer morphology. We discuss these “partial
dauer” pathways in the subsequent section.

Changes to the cuticle and underlying epidermis

Nematodes are wrapped in a multilayered collagen-based cuticle.*3 Dauers show large
differences in cuticular structure compared with non-dauers. In cross-section, the outer layer
of the dauer cuticle is thicker than in non-dauers. Dauers also contain an additional striated
layer that is not found in non-dauers.15 Furthermore, biochemical differences distinguish
dauer from non-dauer cuticles.*446 These differences likely mediate resistance to
environmental stressors. For example, disruption of the epithelial-expressed sugar
transporter SRF-3 leads to altered cuticular antigenicity and sensitivity to SDS during
dauer.4748

The most visible structural change to the cuticle during dauer is the formation of
longitudinal ridges of raised cuticle called “‘alae’ running along the length of the lateral sides
(Figure 4A). The function of the lateral alae is unknown although they are speculated to aid
in nematode movement.4%50 The production of the alae appears directly related to the radial
shrinkage that occurs during dauer formation. The lateral alae are produced by a series of
underlying epithelial stem-cell like ‘seam’ cells that shrink during dauer (Figure 4B).51
Ablation of individual seam cells leads to gaps in alae formation and corresponding areas
lacking radial shrinkage.>® Shrinkage of the seam cells during dauer is regulated through
autophagy (see Partial Dauer section).52 In addition to collagen, nematode cuticles contain a
collagenase insoluble fragment termed “cuticulins’.53 Proper dauer alae formation requires
the zona pellucida domain-containing cuticulins CUT-1, CUT-5, and CUT-6,54:55

Several “heterochronic genes’ are also needed for proper alae formation. Heterochronic
mutants have defects in the timing of developmental events including dauer formation.56:57
For example, disruption of the LIN-14 transcription factor results in precocious dauers that
form following the molt into L2.57 These /in-14 foss of function precocious dauers form
typical dauer lateral alae. In contrast, a heterozygous gain of function /in-14 mutant may
form SDS-resistant dauer following the molt into L3 and stronger gain of function alleles
block dauer formation altogether. Among the various heterochronic genes, some mutants
form incomplete dauers at the appropriate developmental stage.5” For example, /in-28
mutants form mosaic dauers with patches of both dauer-specific alae and non-dauer cuticle.
Interestingly, passage through the dauer stage can suppress other mutant non-dauer
phenotypes found in some heterochronic mutant animals.58-63 Contrary to the traditional
view that passage through the dauer stage does not impact post-dauer fitness in wild-type
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animals,14 more recent work demonstrated that post-dauer adults have distinct gene
expression profiles and increased longevity and fecundity compared with adults that
bypassed the dauer stage.54

Another striking anatomical change during dauer is the formation of a cuticle-based buccal
plug which seals the mouth (Figure 6A).%% The cellular source of the buccal plug is
unknown. Some partial dauer mutants (see below) have defects in buccal plug formation. In
addition to the lateral seam cells, much of the epithelium comprises a set of hypodermal
cells and syncytia. Increased lipid storage occurs within the hypodermis during dauer
formation.®¢ Several of the partial dauer pathways regulate the increased lipid storage found
in dauers.

Changes to muscle

Neuromuscular junctions in C. elegans form between muscle arms, which extend from the
contractile portion of the muscle, and motor neurons.®’ Dauers have more muscle arms
compared to non-dauers.%8 Unlike many other dauer-specific changes to morphology, these
additional muscle arms persist in post-dauer adults.®8 Interestingly the daf-2insulin
signaling mutant (Figure 3) shows an increased number of muscle arms during non-dauer
stages.8” While the number of muscle arms increases during dauer, it is not known if the
density of neuromuscular junctions also changes during dauer. Dauer muscles also display
changes in mitochondrial ultrastructure.®> One possible function for muscle remodeling is
the promotion of dauer-specific behaviors such as nictation. During movement on a flat,
two-dimensional surface, C. elegans moves through a coordinated contraction and relaxation
of body wall muscles to produce a sinusoidal movement. The standing behavior seen during
dauer nictation (Figure 2) may require coordination of muscles to allow for simultaneous
contraction.

Changes to the nervous system

Widespread and dramatic morphological changes occur throughout the nervous system
during dauer that may mediate behavioral changes. Some changes to the nervous system are
reversible upon exit from dauer while others are retained following dauer recovery. The
amphids are the primary sensory organs in C. elegans comprising 12 pairs of ciliated sensory
neurons and two pairs of glial cells that wrap around the ending of amphid neurons.%® A
subset of amphid neurons and glia remodel as the animal enters dauer.”®

The AFD amphid neurons are temperature sensing neurons containing finger-like microvilli
at the distal tip.5%71 Dauers contain approximately twice as many AFD microvilli as non-
dauers.”0 Interestingly, a mixture of starved non-dauers and dauers showed an opposite
response to thermal gradients as well-fed non-dauers.”2 However, it is not known if
ultrastructural changes to AFD mediate changes in thermotaxis behavior. Many AFD
microvilli are lost upon recovery from dauer.”?

The AWC amphid neurons sense volatile odorants and extend ciliated sheets (wings)
dorsally and ventrally at the distal end of the dendrite. In non-dauers, the wing structure of
the left and right AWC extend out in a slight arc of approximately 100° around the
circumference of the nose. During dauer, the wings increase in overall size resulting in a
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greater degree arc (240°) and overlapping dorsal and ventral wings from each AWC
neuron.”%73 The function of AWC remodeling during dauer is not known. It will be
interesting to explore the cytoskeletal changes that occur during dauer remodeling of the
morphologically distinct AWC cilia.

The endings of the two amphid sheath glia cells also expand. The amphid sheath glia wrap
around the end of the amphid neuron bundle and envelop the wing component of AWC in
non-dauers.59 During dauer the sheath glia endings expand along with AWC; the left and
right sheath endings of the sheath glia fuse in approximately half of dauers.”%73 Ablation of
the sheath glia cell during L1 results in a complete absence of the AWC wing structure and
loss of AWC chemosensory function in non-dauers as well as a failure to expand AWC
wings during dauer, suggesting that the glia are required for proper neuron remodeling.”*
Conversely, ablation of the AWC neuron does not affect sheath remodeling.” These results
suggest that AWC remodeling is dependent on sheath remodeling, but not vice versa. The
cell fusion gene aff-1is required for sheath glia fusion during dauer. Similarly, the
homeodomain transcription factor TTX-1 and glial-specific transciption factor ZTF-16
regulate the receptor tyrosine kinase VER-1 to promote sheath glia fusion during dauer.’3:7>
Unlike other neuronal remodeling events during dauer, the changes to AWC and the sheath
cells persist following dauer recovery.70.73

ASG and ASI are amphid neurons with single cilia projecting into the amphid pore.® Both
ASG and ASI regulate dauer formation.2%:76 During dauer, the cilia of these neurons are
posteriorly displaced by 2-3 pm compared to non-dauers.”® In ASI, this displacement
translates to incompletely penetrant defects in staining by a lipophilic fluorescent dye.”” It
would be interesting to determine whether the partial defect in ASI dye-filling correlates
with the physiological age of dauers or variability in dauer-specific behaviors. Remodeling
of ASG and ASlI is reversible upon recovery from dauer.”®

Separate from the amphids, the six inner-labial sensilla each contain two ciliated neurons
(IL1 and IL2). During dauer, the 1L2s undergo extensive structural remodeling. Electron
micrographs demonstrate that the IL2 cilia are approximately two-thirds shorter during
dauer than non-dauer and no longer extend through the opening of the inner-labial pore.”®
Similar to ASI, the structural changes in IL2 cilia may account for the lack of IL2 dye-filling
during dauer.”® In addition to the shortening of the cilia, the four dorsal and ventral 1L2s
(quadrant IL2s) undergo extensive dendrite arborization during dauer formation leading to a
three-fold increase in total dendritic length (Figure 5).”° The two lateral IL2 neurons branch
only once at the distal end of the dendrite during dauer. The remodeling of the IL2 neurons
is reversible. Following recovery from dauer, the IL2 arbor resorbs through unknown
mechanisms leaving only occasional remnant branches.”® L2 arborization is regulated by
the proprotein convertase KPC-1 and the POU homeodomain transcription factor UNC-86.7°
Interestingly, arborization of the PVD and FLP neurons also require kpc-1 and unc-86.79:80
However, PVD and FLP do not arborize during dauer (unpublished observation) suggesting
distinct mechanisms regulate stress-induced (IL2) neuron branching. The IL2s are required
for dauer-specific nictation behavior.16 While 1L2-specific rescue of kpc-2 mutants rescued
nictation defects, how the IL2 arbor regulates nictation remains to be determined.’®
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The paired ciliated sensory deirid neurons (ADE) are located dorsolaterally approximately
80pm posterior of the nose.89 In non-dauers, the ciliated tips of ADE are embedded in the
cuticle and function in mechanosensation.89:81.82 |n dauers, the cilia are reoriented and held
in place by a dauer-specific substructure.”® The substructure is visible with light microscopy
and produced by the deirid socket glia cell.83 Neither the genetic mechanisms regulating
ADE remodeling nor their function during dauer is known.

Changes to the pharynx and gut

During dauer the pharynx shrinks (Figure 6B) and pharyngeal pumping, which allows for
ingestion of bacteria, is suppressed. Despite the change in morphology, the dauer pharynx is
capable of pumping 84; however the buccal plug (See Changes to cuticle) prevents entry of
any food (Figure 6A). Several ‘partial dauer’ genes regulate remodeling of the pharynx (See
below). Posterior of the pharynx, the intestinal lumen is shrunken with small and indistinct
microvilli. The dauer intestine contains electron dense ‘cytosomes’.6% While the remodeling
of the intestine correlates with a lack of ingestion, it is not clear whether the shrinking of the
microvilli is due to a lack of feeding or is a more specific response of dauer remodeling. It
has also been suggested that the dauer anus is occluded; 8586 however, recent data from our
lab (unpublished) and scanning electron micrographs indicate that the anus is not blocked
during the dauer stage.8”

Changes to the gonad

While the gonad does not show apparent remodeling during dauer, the proliferation of the
germline and somatic gonad halts. During dauer the gonad arrests at a stage consisting of
twelve somatic cells and approximately 40 germ cell nuclei.88:8% Germline arrest
successfully preserves the viability of the germ cells. In fact, development through dauer
results in slightly increased lifespan and brood size in post-dauer adults compared with
animals that bypass the dauer stage.64

Changes to the excretory system

The excretory system of C. elegans consists of four cell types (excretory, duct, pore and
gland) and, unlike the occlusion of the buccal cavity, remains open to the environment
during dauer. The excretory system regulates osmotic pressure. Ablation of the excretory,
duct or pore cells causes animals to fill with fluid and die within a day.®? During dauer, the
gland cell lacks the secretory granules typically found in non-dauers.?? However, ablation of
the gland cells has no apparent effect on dauer formation or recovery.®? During dauer, the
duct cell visibly pulsates. Although highly variable, the pulsation negatively correlates with
the osmotic pressure of the surrounding medium. Exposing dauers to distilled water
increases the pulsation compared to dauers in M9 buffer.0 The pulsation may be due to an
increased requirement for osmotic regulation during dauer arising from the obstruction of
the buccal cavity or changes to the cuticle.9% There are no observable neuromuscular inputs
to the duct cell and the molecular basis of duct cell pulsation during dauer is unknown.%?
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PARTIAL DAUERS, DAUER-LIKE LARVAE, AND DAUER MOSAICS:
MUTANTS WITH PLEIOTROPIC DEFECTS IN DAUER REMODELING

Dauer formation is considered a binary developmental decision.%2 However, many mutants
produce dauers with defects in several morphological characteristics. While the literature
gives different names for this class of phenotype, we will use the term partial dauer. There is
no single partial dauer phenotype; we define partial dauers as those that arrest after L2d but
are missing or are incomplete for more than one dauer morphological feature. While we
discuss those pathways with known pleiotropic effects in dauer remodeling, it is possible
that mutants previously described to have only single phenotypic effects during dauer
remodeling produce subtle changes to various dauer tissues.

Examination of partial dauers may elucidate our understanding of dauer remodeling.
However, two confounding factors make a comprehensive post hoc analysis of partial dauers
challenging. First, quantitative data of partial dauer morphology is usually lacking. For
example, radial and pharyngeal shrinkage are often classified either as dauer-like, non-dauer
or as intermediate. Second, with few exceptions, it is unclear whether a partial dauer
represents incomplete remodeling during dauer formation or a stalled recovery transition.
Despite these challenges, the phenotypic variability among partial dauers provides a
potentially rich data source for understanding phenotypic plasticity. Below, we describe
several well-known molecular pathways that result in partial dauers when disrupted. While
listed separately, many of these pathways interact. For example, daf-16is upstream of the
daf-9lipid hormone signaling pathway. 36:37.93

daf-9, daf-12, and lipid hormone signaling

The term “dauer-like larvae” was coined by Don Riddle and Patrice Albert regarding the
phenotypes of daf-9and daf-1593 As mentioned earlier, daf-9is required for synthesis of
dafachronic acid. Production of dafachronic acid is associated with plentiful environmental
conditions and results in bypassing of the dauer stage. As expected, daf-9 mutants are dauer
constitutive. However, unlike other gafc mutants located earlier in the dauer formation
pathway (Figure 3), daf-9 null mutants form only partial dauers with variable defects in
dauer remodeling.92 While daf-9 partial dauers have alae, the radial shrinkage is
intermediate between a true dauer and an L3.9 Similarly, while the buccal cavity is
occluded in daf-9 mutants, there are ultrastructural differences in the lining of the cavity
between the daf-9 partial dauer and wild-type dauers. gaf-9 mutants display sporadic
pharyngeal pumping and are intermediate in their survival to SDS.93

The DAF-12 nuclear hormone receptor for dafachronic acids is essential for dauer
formation. gaf-12null alleles are completely dauer defective and epistatic to all dafc
mutations, confirming its role at the end of the dauer decision pathway. However, there is
substantial diversity in the phenotype among daf-12 mutant alleles.3%9 The DAF-12 nuclear
hormone receptor contains both DNA and ligand-binding domains.?* Contrary to the null
alleles, mutations in the ligand-binding domain lead to a dafc phenotype.®* Similar to the
aaf-9 mutants, disruption of the gaf-12ligand-binding domain leads to a partial dauer
phenotype.3°
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Several additional genes that act in the dafachronic acid pathway lead to partial dauer
formation. The tyrosine phosphatase SDF-9 (Synthetic Dauer Formation) assists in the
function of DAF-9. Similar to the gaf-9 mutations, sadf-9 mutants form partial dauers that
exhibit non-dauer pharyngeal morphology.®® Similarly, the Niemann-Pick disease protein
homologs NCR-1 and NCR-2 act upstream of DAF-9 for dafachronic acid production and
ner-1; ner-2 double mutants mimic the partial dauer phenotype of gaf-9 mutants.%

Dafachronic acid is synthesized from a cholesterol precursor, but C. elegans is not capable of
manufacturing its own cholesterol.%7 In the laboratory, cholesterol is added to C. efegans
culture media.® Interestingly, weak alleles of daf-9, as well as saf-9and ncr-1;ncr-2 mutants
show an increased penetrance of partial dauer formation when grown in low-cholesterol
conditions.36:37.95.96 Growth of wild-type C. elegans on media completely deficient in
cholesterol will also result in partial dauers that mimic the daf-9 mutant phenotype.36
Interestingly, replacement of cholesterol with lophenol, a methylated cholesterol derivative,
induces complete dauer formation in wild-type C. efegans under non-dauer inducing
conditions.8

daf-16

Mutations in the Forkhead Box O (FOXO) transcription factor-encoding gene, daf-16are
daf-d and suppress the constitutive dauer formation in daf-2 mutants suggesting that daf-16
is epistatic to gaf-2. In addition to its role in dauer formation, the DAF-2/DAF-16 insulin
signaling pathway has gained significant attention as a primary regulator of lifespan. While
daf-16 mutants are short-lived, daf-2 mutants are very long-lived.% Growth of non-null
aaf-16single mutants on high levels of dauer pheromone and low levels of food can induce a
transient dauer state with SDS resistance, but without a remodeled pharynx.100 The
penetrance of this transient dauer state is the result of an interaction effect between the
mutant allele and the environment; daf-16(mZ26) mutants form a higher percentage of
transient dauers in liquid culture while daf-16(mZ27) dauers form a higher percentage on agar
media.190:101 The mechanism behind this allele-environment interaction is unknown.

While gaf-16 mutations completely suppress the constitutive dauer formation of gaf-2
mutants, gaf-16; daf-7 double mutants form almost 100% partial dauers at 25°C.31:100,101
aaf-16; daf-7 partial dauers show dauer-specific alae although they frequently appear less
distinct than in complete dauers. While the darkness of the daf-16; daf-7 intestine is
intermediate between dauers and non-dauers 101, there was no reduction in fat accumulation
compared to true dauers.190 The pharynx of daf-16, however, appears closer in morphology
to non-dauers and will frequently pump.191 gaf-16is downstream of gaf-2in a separate
pathway from DAF-7 TGF-B signaling. Interestingly, double mutants such as daf-2, daf-3
that also combine dafc and dafd mutants from the insulin signaling and TGF-f pathways
(Figure 3) do not result in a partial dauer phenotype.191 One interpretation of these data is
that DAF-16 functions during both the dauer formation decision and dauer morphogenesis.
This possibility is supported by the fact that growth of daf-16 mutants on lophenol results in
partial dauers whereas wild-type animals form complete dauers when grown on lophenol.98
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MTOR and autophagy

Similar to daf-9 mutants, daf-15mutants were described as dauer-like larvae that either
never exit dauer or exit only to become sterile adults.93 daf-15encodes a homolog to
RAPTOR the (Regulatory-associated Protein of mTOR). Unlike daf-9 mutants, disruption of
daf-15leads to an arrested stage with very few recognizable dauer characteristics.93 While
aaf-15mutants arrest at the second molt, they do not show any alae, radial constriction,
pharyngeal remodeling, or buccal plug formation and lack resistance to SDS.93 However,
aaf-15mutants do show a dark intestine typical of dauers and neuroanatomy that is
intermediate between dauers and non-dauers.93 Mutants in the mTOR homolog /et-363
produce a similar partial dauer phenotype as daf-15.102

mTOR is a major regulator of autophagy, a conserved cellular response to starvation and
other stressors. In a gaf-2 dafc mutant background, RNAI of conserved autophagy genes
leads to the formation of partial dauers with partial radial shrinkage, incomplete pharyngeal
remodeling and a lack of SDS resistance.>2 Expression of the canonical marker of
autophagy, LGG-1, is upregulated in dauer. Ultrastructural examination of bec-1 RNAI
treated daf-2 mutant animals demonstrated that autophagy was necessary for the shrinkage
of seam cells during dauer formation.>2

AMPK

The 5" adenosine monophosphate-activated protein kinase (AMPK) subunits AAK-1 and
AAK-2 play multiple roles in dauer remodeling. Disruption of the AMPK subunits leads to a
loss of germline quiescence during dauer.89 While aak-2 mutants are resistant to SDS, they
display incomplete remodeling of the pharynx and radial shrinkage of the body.88 AAK-2
was also implicated in maintenance of lipid stores during dauer 103; however, recent work
has suggested that the effect of aak-2on lipid stores is not dauer-specific.104

CONCLUSIONS

C. elegans dauers exhibit large-scale remodeling of most tissues. However, compared with
the adult hermaphrodite, there is a dearth of ultrastructural data on dauer. It is likely that
additional remodeling events during dauer will be uncovered. For example, are the
downstream circuits of the IL2s similar to those found in non-dauers? Does the increased
number of muscle arms correspond to changes in the number or distribution of
neuromuscular junctions? A more detailed examination of anatomy during dauer may lead
to the discovery of new remodeling phenotypes. Because the dauer stage is ultimately a
response to the environment, it may be interesting to examine the variability in dauer
remodeling under slightly varying environmental conditions. It seems unlikely that all dauers
are equal. For example, we observe more variability among dauers in the branching pattern
of the IL2s than seen among non-dauers in the highly branched PVD neurons (unpublished).
Golden and Riddle noted that older dauers were more liable to recover than young dauers
under equivalent environmental conditions.13

While the pathways regulating the dauer entry decision are well studied, less attention has
been given to molecular mechanisms regulating how individual tissues remodel. Both dauer-
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specific and shared (i.e. between dauer and non-dauer development) gene expression
regulate remodeling. Given the prevalence of dauers from isolations in nature 17, it is logical
that part of the genome is devoted to dauer-specific remodeling. For example, the cuticulin
gene cut-1is expressed exclusively in dauers and required for proper dauer alae formation.>*
Genetic screens will likely identify new remodeling genes that may provide insight into
stress-induced remodeling during normal mammalian development and mechanisms of
stress-associated pathologies.

A careful analysis of partial dauers presents an opportunity to dissect the mechanisms
coordinating remodeling. For example, several of the partial dauer mutants have both
incomplete radial shrinkage of the body and the pharynx. Does the mechanical shrinkage of
the body induce a similar contraction in the pharynx? A quantitative analysis of this and
other aspects of dauer remodeling in several partial dauer mutants, followed by multivariate
statistical analysis may elucidate whether different tissues coordinate during dauer. However,
it will be important to differentiate between partial remodeling during dauer formation and a
stalled stage of recovery. Differentiating between these possibilities should be possible by
producing a detailed timeline of all remodeling events during dauer formation and then
using highly synchronized populations for assays. Extending the question of partial dauer
formation vs. stalled recovery; is proper remodeling required for maintaining the dauer
state? If so, it is likely we may miss certain genes regulating dauer remodeling.

Is it possible that partial dauers exist in nature? Ailion and Thomas speculated that partial
dauers may form in a wild-type background under certain environmental conditions that
would favor specific remodeling events.19° Indeed, wild-type animals that are deprived of
cholesterol will form partial dauers that phenocopy the daf-9 mutants.36 As C. elegans is
found in diverse climates and environments 17, it seems likely that environmental conditions
may occasionally favor partial remodeling. West-Eberhard proposed that changes due to
phenotypic plasticity may become fixed during evolution and thereafter lead to
speciation.2106 There is substantial variation in the dauer formation decision among diverse
C. elegans isolates.197 It may be informative to examine the diversity of wild Caenorhabditis
isolates for variation in dauer morphology and behavior.
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Box 1
Was swarming by dauers the first recorded N2 phenotype?

The most commonly used C. elegans laboratory strain is the Bristol N2 strain. N2 was
given to Sydney Brenner in 1964 by Ellsworth Dougherty who received it from Warwick
Nicholas.1%8 Nicholas received N2 from Lancelot Staniland, a nematologist with the
National Agricultural Advisory Service in Bristol, U.K., who originally isolated N2 from
mushroom compost.1%9 In addition to several books on art technique, Staniland’s
research focused primarily on foliar plant-parasitic nematodes.119-113 |n 1957 Staniland
described a swarming behavior of Rhabditid dauer “eelworms” in mushroom houses.114
Staniland could disrupt dauer swarming behavior by touch and could induce swarming
behavior by exposure to light. Interestingly, C. efegans is photoresponsive despite the
absence of eyes or ocelli.?® Finally, Staniland noted a general lack of males, a trait found
in C. elegans and a subset of other Caenorhabditis species.11® While it is tempting to
speculate that N2 was among the nematodes described in this report, Staniland did not
identify the nematodes in this population to the species level. Furthermore, the nematodes
in his report were isolated from near Dorset, approximately 100 km south of Bristol.
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Box 2

The dauer stage is homologous to the infective stage of many parasitic
nematodes

Nematodes are among the most devastating parasites of plants and animals. Many
researchers have commented on the similarity between the dauer stage of C. elegans and
the infective stage of parasitic nematodes leading to a hypothesis that dauers in free-
living (non-parasitic) nematodes are an evolutionary stepping stone to parasitism.1°
Similar to dauers, the infective stage of many parasitic nematodes are non-feeding and
morphologically distinct from other developmental stages. Frequently, the infective stage
of parasitic nematodes also displays stage-specific behaviors, including nictation, that
facilitate infection of the host.117 Several groups have used the similarity between dauers
and infective-stage parasites to explore mechanisms of development in parasitic species.
For example, Gerry Schad and colleagues combined transmission electron microscopy
(TEM) and laser ablation to demonstrate that neurons homologous to those controlling C.
elegans dauer entry, regulate entry into the infective stage in the parasite Strongyloides
stercoralis. 18 Similarly, ablation of the ASJ sensory neuron, which regulates dauer
recovery in C. elegans, also regulates recovery from the infective stage in both S.
stercoralis and Heterorhabditis bacteriophora.”™ 118119 Molecular pathways regulating
dauer formation and infective stage developmental dynamics appear conserved between
C. elegans and many parasitic species,19:120.121
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Figure 1. Thelifecycle of C. elegans
In an environment of plentiful food and low dauer pheromone, C. elegans molts through four

larval stages followed by the reproductive adult. Under conditions of low levels of food and
high levels of pheromone (signaling population density) during L1 they will enter into a
developmentally arrested dauer stage. Following a return to favorable environmental
conditions, they will recover from dauer and resume development into a reproductive adult.
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A

115x

Figure 2. Nictation and swar ming ar e dauer-specific behaviors
Micrographs (left) and cartoon schematics (right) of an individual nictating dauer (A) and a

swarm of elevated dauers (B) on top of a PDMS pedestal. Individual dauers are capable of
standing on their tail while remaining in a rigid posture for several seconds. Swarms consist
of tens of dauers undulating in the air together, essentially using the neighboring animal as a
structure to climb. The base of the swarm is indicated with a red arrow while the top is
indicated with a yellow arrow.
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Figure 3. The dauer formation decision pathway
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The decision to enter dauer begins with environmental components and proceeds through
two parallel pathways before converging onto a lipid hormone signalling pathway. Mutating
the encoding genes of this pathway may lead to either constitutive dauer formation (dafc,

dauer formation constitutive) or an inability to form dauers (da#d, dauer formation
defective). Lines ending with arrows indicate increased activity of the downstream
component. Lines ending with bars indicate suppression or downregulation of the
downstream component.
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Figure 4. Seam cell shrinkage and cuticle remodeling occur during dauer formation
DIC (A) and fluorescent (B) images of non-dauer L3 (top) and dauer (bottom) ajm-1::gfp

larvae. During dauer the lateral cuticle contains raised ridges called alae (red arrows).
Production of alae is correlated with shrinkage of the underlying epithelial seam cells as
seen with the ajm-1..gfp transgene. Scale bars,10 um.
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Figure5. IL2 dendrites arborize during dauer
Confocal micrographs of an L3 (A) and dauer (B) animal expressing k/p-6p::gfp in the six

IL2 neurons. During non-dauer stages the IL2s are unbranched with a single dendrite
projecting anteriorly (left) and a single axon projecting posteriorly (right) from the cell body.
During dauer the IL2s arborize extensively, increasing their total dendritic length three-fold,
with the bulk of their arbors originating from just four of the six cells. Scale bars, 10 um.
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Figure 6. The non-feeding dauer stageischaracterized by buccal cavity occlusion and
pharyngeal bulb shrinkage

DIC micrographs of L3 (top) and dauer (bottom) animals demonstrating changes to the
buccal cavity (A, red arrow) and the pharynx (B). Shrinkage of the pharynx is most obvious
in the terminal bulb (red arrow). Scale bars, 10 um
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