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Abstract

Main conclusion The hypometabolic, stress-resistant
dauer larva of Caenorhabditis elegans serves as an ex-
cellent model to study the molecular mechanisms of
desiccation tolerance, such as maintenance of mem-
brane organization, protein folding, xenobiotic and
ROS detoxification in the dry state.

Many organisms from diverse taxa of life have the re-
markable ability to survive extreme desiccation in the na-
ture by entering an ametabolic state known as
anhydrobiosis (life without water). The hallmark of the
anhydrobiotic state is the achievement and maintenance of
an exceedingly low metabolic rate, as well as preservation
of the structural integrity of the cell. Although described
more than three centuries ago, the biochemical and bio-
physical mechanisms underlying this phenomenon are still
not fully comprehended. This is mainly due to the fact that
anhydrobiosis in animals was studied using non-model
organisms, which are very difficult, if not impossible, to
manipulate at the molecular level. Recently, we introduced
the roundworm (nematode) Caenorhabditis elegans as a
model for anhydrobiosis. Taking advantage of powerful
genetic, biochemical and biophysical tools, we investigated
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several aspects of anhydrobiosis in a particular develop-
mental stage (the dauer larva) of this organism. First, our
studies allowed confirming the previously suggested role of
the disaccharide trehalose in the preservation of lipid
membranes. Moreover, in addition to known pathways
such as reactive oxygen species defense, heat-shock and
intrinsically disordered protein expression, evidence for
some novel strategies of anhydrobiosis has been obtained.
These are increased glyoxalase activity, polyamine and
polyunsaturated fatty acid biosynthesis. All these pathways
may constitute a generic toolbox of anhydrobiosis, which is
possibly conserved between animals and plants.
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Abbreviations
Cas CRISPR-associated
CRISPR Clustered, regularly interspaced, short

palindromic repeats

dsRNA  Double-stranded RNA

GFP Green fluorescent protein

HSP Heat-shock protein

IDP Intrinsically disordered protein
LEA Late embryogenesis abundant
PC Phosphatidylcholine

PE Phosphatidylethanolamine
PUFA Polyunsaturated fatty acid

RH Relative humidity

RNAIi RNA interference

ROS Reactive oxygen species
TGF- Transforming growth factor beta

TPS Trehalose 6-phosphate synthase
TRPV Transient receptor potential, vanilloid type
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Caenorhabditis elegans as a model organism

Life depends highly on water. At the same time, drought is
a very common environmental insult affecting terrestrial
organisms. While some organisms developed ways of
preserving their body water efficiently, those that are un-
able to do so dry out upon severe desiccation and perish.
However, a group of organisms from various taxa of life
have evolved an extraordinary ability to survive complete
desiccation by entering a reversible ametabolic state known
as anhydrobiosis (Keilin 1959). These so-called “anhy-
drobiotes” can practically stop their metabolism and pre-
serve their structural integrity despite losing all of their
body water. Although the phenomenon has been discov-
ered centuries ago, its molecular mechanisms have mostly
remained mysterious. This happened because anhydrobio-
sis was studied almost exclusively in non-model organ-
isms, which are hard to manipulate at the molecular level.
Recently, we discovered that a well-known model organ-
ism, C. elegans, is also an anhydrobiote (Erkut et al. 2011).
This opened a broad avenue to study the biochemical and
biophysical mechanisms of anhydrobiosis, most of which
are likely conserved among all anhydrobiotes.

Caenorhabditis elegans, a.k.a. “the worm”, is a non-
parasitic, hermaphroditic nematode, which lives in humus-
rich soil and colonizes especially around decaying organic
material (Fig. 1a). It was first isolated and identified in
1897 (Maupas 1901). So far, several wild isolates have
been collected from Europe, North America, Australia,
Asia and Africa, which implies that the species is widely
distributed (Félix and Braendle 2010). Nevertheless, its
natural habitat remains mostly elusive.

As early as 1963, C. elegans was introduced as a
metazoan model to study the genetic basis of animal de-
velopment (Brenner 1974). Soon after that, the develop-
mental lineage of every single C. elegans somatic cell was
mapped (Sulston and Horvitz 1977). In 1998, it became the
first multicellular organism whose genome sequence was
determined (The C. elegans Sequencing Consortium 1998).
Today, C. elegans is one of the foremost model organisms
used in animal development, neurobiology and aging re-
search. Here, we describe some general properties of this
organism that made it such a successful model.

The worm has a simple body anatomy (Fig. 1b). The
digestive track, which starts with the pharynx and continues
with the intestine, spans almost the entire length of the
animal. It constitutes a major part of the inner region, which
also harbors the gonad and uterus in adults. In the outer ring
(the region beneath the cuticle), there are muscles, hypo-
dermis, neurons and other supporting tissues. The body is
entirely covered by a robust, proteinaceous cuticle. Average
length of an adult worm is around 1-1.5 mm.
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Fig. 1 Caenorhabditis elegans, its anatomy and life cycle. a A
mixed-stage population of C. elegans growing on Escherichia coli
lawn on an agar plate. Scale bar 500 pm. b The basic anatomy and
life cycle of a hermaphrodite C. elegans at 25 °C. Reproductive
stages are labeled in blue, arrested stages are labeled in green, time
between molts are indicated in orange, and environmental conditions
are depicted in red. Adapted from WormAtlas (Altun and Hall 2009)

Caenorhabditis elegans undergoes 4 larval stages before
becoming an adult (Fig. 1b). Under optimal conditions, a
mother can self-fertilize and lay more than 300 eggs (Be-
gasse et al. 2015). Each egg develops ex utero before it
hatches into the first larval stage (L1). This is the first
developmental checkpoint of the worm. In case the L1
larva hatches into an environment with no food source, it
does not develop further but it stays as an arrested larva
(Baugh 2013). Otherwise, it develops subsequently into L2,
L3 and L4 stages before it finally becomes an adult. Each
larval stage is separated by a molt, during which a new
cuticle is synthesized beneath the older one, and the old
cuticle is shed. The duration of egg-to-adult development
depends on the ambient temperature. For the most com-
monly used wild-type Bristol isolate, the life cycle is
completed within 3 days at 25 °C (Byerly et al. 1976).
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The popularity of C. elegans as a genetic model is
mainly due to the availability of powerful genetic and
biochemical tools compatible with this organism. First of
all, it is fairly easy to create mutants of C. elegans (Jor-
gensen and Mango 2002) and map these mutations (Doit-
sidou et al. 2010). During the last four decades, different
laboratories and consortia all around the world created
thousands of mutants. These mutant lines are stored as
frozen stocks and made available for the community upon
request.

To study gene function in C. elegans without using
mutant lines, one can take advantage of targeted gene si-
lencing via RNA interference (RNAi). This is achieved by
microinjecting double-stranded RNA (dsRNA) into the
germ line of a worm (Fire et al. 1998), feeding the worm
with bacteria expressing the dsSRNA (Timmons and Fire
1998) or soaking the worm in a solution of dsRNA (Tabara
et al. 1998). RNAI is especially important when the mutant
line cannot be maintained (e.g., due to embryonic lethality)
or when a systematic, targeted screen is aimed. Thousands
of dsRNA-expressing bacterial clones are commercially
available.

There are also established methods for transgenesis in C.
elegans (Sarov et al. 2006). Transgenic animals are very
useful for visualizing the intracellular localization of pro-
teins under physiological expression levels in vivo. They
can also be used to overexpress a protein to investigate its
function at elevated levels. More than 16,000 GFP-tagged
genes inserted in expression vectors are available for the
community (Sarov et al. 2012).

Recently, a targeted genome-editing method was de-
veloped based on a certain type of (archae)bacterial
adaptive immune response called clustered, regularly in-
terspaced, short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) system (Wiedenheft et al. 2012).
Because it relies only on customized RNA sequences,
CRISPR/Cas method has profound superiority over pre-
existing genome-editing tools such as zinc finger or tran-
scription activator-like effector nucleases. Furthermore, it
allows targeted mutagenesis without introducing back-
ground mutations, which is a disadvantage of classical
methods. CRISPR/Cas system has already been applied
successfully to many organisms, including C. elegans
(Friedland et al. 2013). Current research focuses on in-
creasing the specificity and efficiency of this method.

These genetic tools become even more powerful when
they are used in a systems approach. Modern transcrip-
tomics (high-density microarray designs and RNA deep
sequencing), as well as mass spectrometry-based pro-
teomics and metabolomics techniques can provide sub-
stantial amount of information in relatively short time.
Combining forward and reverse genetics with these meth-
ods eliminates most of the technical limitations that have

so far prevented us from understanding the C. elegans bi-
ology more deeply.

Finally, all information available on C. elegans, in-
cluding genome and proteome annotations, literature, re-
sults of transcriptomics, knockout and knockdown studies,
and many more can be accessed online at WormBase
(Yook et al. 2012). This database is indispensable to all the
researchers in the field.

The dauer larva, a stress-resistant hypometabolic
stage

In nature, the worm regularly encounters various environ-
mental stresses such as heat, cold, high salinity or the lack
of a food source. In the long run, such insults are either
lethal for the worm or they reduce fecundity. However, C.
elegans has evolved a remarkable mechanism to solve this
problem. When an L1 larva senses unfavorable environ-
mental conditions, such as scarce food, elevated tem-
perature and high population density, it develops into an
alternative L2 stage (L2d), which molts and arrests as the
dauer larva until the conditions become favorable again
(Cassada and Russell 1975) (Fig. 1b). The name dauer
originates from the German word, which means “endur-
ing” or “permanent”. As the name implies, the dauer larva
can endure harsh environmental conditions and its lifespan
is extended several folds (up to 4 months). It has a spe-
cialized, sealed, mostly impermeable cuticle (Riddle et al.
1981; Cox et al. 1981). The dauer larva does not feed;
therefore, it relies entirely on internal energy sources, such
as fats. Moreover, the time a worm spends in the dauer
stage does not affect its adult life span, which makes the
dauer a non-aging stage (Klass and Hirsh 1976).

The genetics of dauer formation has been intensively
studied. There are four main signaling cascades that are
involved in the decision to form dauer larvae or pursue
reproductive development: the guanylyl cyclase, TGF-p,
insulin and steroid hormone (dafachronic acid) pathways
(Fielenbach and Antebi 2008). These cascades are inter-
mingled and they converge on transcription factors, which
control many dauer-specific genes.

Metabolic suppression in the dauer stage

The dauer larva is hypometabolic due to its distinct
metabolic properties, such as reduced oxygen consumption
and heat dissipation as compared to reproductive larvae
(O’Riordan and Burnell 1989, 1990; Vanfleteren and
DeVreese 1996; Houthoofd et al. 2002; Holt and Riddle
2003; Burnell et al. 2005). Hypometabolism is a metabolic
state, in which overall metabolic rate is strongly reduced
(Clegg et al. 1996; Patil et al. 2013). It is often manifested
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by shutting down non-essential metabolic activities, such
as growth and reproduction, to redirect the limited re-
sources to the most essential functions, such as preserving
vitality and structural integrity in the long run (Lant and
Storey 2010).

Regardless of how starkly metabolic activities are slo-
wed down and rearranged in the dauer stage, hy-
pometabolism is not an extreme metabolic state. Many
organisms can almost entirely shut down all of their
metabolic activities when they face an environmental insult
that is harsher than tolerable. This phenomenon is known
as cryptobiosis, and it comes in various forms such as
anhydrobiosis (in drought), cryobiosis (in cold) or anoxy-
biosis (in anoxia) (Keilin 1959). Cryptobiotic organisms
can achieve an ametabolic state, in which they practically
do not differ from dead matter. However, unlike death,
ametabolism is reversible. Remarkably, the hypometabolic
dauer larva of C. elegans can be induced to withstand al-
most complete desiccation, which implies that it may enter
ametabolism upon desiccation stress (Erkut et al. 2011).

Some organisms have cryptobiotic/anhydrobiotic po-
tential throughout their entire life cycle, whereas some
others exhibit it only at a certain developmental stage. In
the case of C. elegans, only the dauer larva is desiccation
tolerant. What can be the reason for the stage specificity of
this ability? Reaching ametabolism from a fully active
metabolic state may be demanding due to the necessity of
turning off all metabolic activity in a coordinated way.
However, the dauer larva has already turned down those
parts of its metabolism that are not essential for stress re-
sistance and long-term survival. Therefore, turning off the
rest of the metabolism may be more sustainable when the
starting point is hypometabolism. In other words,
metabolic depression (hypometabolism) and anhydrobiosis
(ametabolism) are inseparable (Fig. 2). Thus, the dauer
larva is an excellent paradigm to study transitions between
full metabolism, hypometabolism and ametabolism.

Anhydrobiotic strategies of the dauer larva

The transition of the dauer larva from hypometabolism to
ametabolism does not happen immediately. This is because
C. elegans is a slow-desiccation strategist. Unlike fast-
desiccation strategists, such as tardigrades, slow-desicca-
tion strategists cannot be dried out immediately. Instead,
they require an adaptation period to achieve desiccation
tolerance (Womersley 1987). This period is commonly
known as preconditioning. We found that, under laboratory
conditions, the optimal preconditioning of the dauer larva
occurred at 98 % relative humidity (RH) within 3—4 days
(Erkut et al. 2011). At this humidity level, worms are ex-
posed to 27 atm of osmotic pressure, which is enough to
remove more than 80 % of their body water. However, the
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kinetics of water loss is very slow (unpublished data),
which enables worms to activate all necessary anhydro-
biosis-related genes and proteins until cellular hydration
levels become too low for biochemical reactions to pro-
ceed. Worms can survive preconditioning almost perfectly,
even in prolonged exposures up to a month (unpublished
data).

When preconditioned worms are transferred to a harsher
desiccative environment (20-90 % RH), they lose even
more water, yet their viability is only slightly affected. In
contrast, non-preconditioned worms die very fast below
90 % RH (Erkut et al. 2011). This demonstrates the im-
portance of the anhydrobiotic adaptation in C. elegans.

What happens during preconditioning at the molecular
level? We first approached this question from a bio-
chemical point of view. One hallmark of preconditioning in
C. elegans appears to be the several fold accumulation of
trehalose, a non-reducing disaccharide (a dimer of glucose)
commonly found in many anhydrobiotes (Watanabe 2006).
Based on in vitro studies, this sugar was suggested to
protect membranes against desiccation by forming a hy-
drogen bond network with phospholipids, thus imitating
the hydration effect of water (water replacement hy-
pothesis), or by forming an intracellular glass to immobi-
lize macromolecules (vitrification theory) (Crowe 2002).

We asked whether the accumulation of trehalose in C.
elegans has implications for desiccation tolerance. Worms
synthesize trehalose from glucose 6-phosphate and UDP-
glucose in a two-step reaction (Behm 1997). C. elegans
genome encodes two genes (fps-1 and #ps-2) for the en-
zyme trehalose 6-phosphate synthase (TPS), which cat-
alyzes the first step of this reaction. Mutants lacking both
of these genes can synthesize neither trehalose nor tre-
halose-based glycolipids (Penkov et al. 2010). Further-
more, these mutants cannot survive desiccation below
60 % RH even after preconditioning (Erkut et al. 2011).
Thus, our data clearly show that trehalose is an essential
molecule for C. elegans during anhydrobiosis. Recently,
trehalose was demonstrated to be an important factor for
desiccation tolerance in the mosquito Anopheles gambiae
and the budding yeast Saccharomyces cerevisiae, as well
(Liu et al. 2013; Tapia and Koshland 2014).

How does trehalose exert its function? Desiccated tre-
halose-deficient mutants exhibit substantial membrane
damage upon rehydration (Erkut et al. 2011), which agrees
with the proposed roles of trehalose in protecting phos-
pholipids against desiccation-induced physical changes
(Crowe 2002). However, as mentioned above, this function
of trehalose has been studied only in vitro, using model
lipids with predetermined compositions. It was unclear
how the native phospholipids of an anhydrobiotic organism
would respond to trehalose upon desiccation. We addressed
this problem using infrared spectroscopy on preconditioned
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Fig. 2 The three metabolic domains of Caenorhabditis elegans.
Normometabolic larvae feed, grow, reproduce and age normally. The
dauer larva, on the other hand, is hypometabolic and does not display
these properties. Furthermore, it is very tolerant against various stress

dauer larvae, taking advantage of the TPS knockout strain.
Our data suggest that desiccation disturbs the lipidic order
of C. elegans membranes in two major ways: it reduces
lipid-packing density (i.e., gain of volume by acyl chains)
and causes lipid chain packing heterogeneity (i.e., lipids
are packed differently along the membrane) (Erkut et al.
2011, 2012). Although these perturbations occur already in
the desiccated state, no membrane damage is manifested
until fast influx of water (rehydration). Therefore, we also
studied the effects of rehydration on C. elegans lipids
in vitro.

Preconditioning induces phospholipid remodeling by
specifically depleting phosphatidylcholine (PC) without
affecting the levels of phosphatidylethanolamine (PE) or
other minor phospholipids (Abusharkh et al. 2014). This
modification increases the trehalose affinity of phospho-
lipids. It also allows trehalose to cover a larger area and
intercalate deeper into the sub-headgroup region of the
membrane, all favoring water replacement hypothesis.
Thus, phospholipid remodeling and trehalose biosynthesis
act synergistically during preconditioning (Abusharkh et al.
2014).

As mentioned above, desiccation induces acyl chain
disorder in membranes. If the native lipid packing of
membranes is not regained quickly during rehydration,
membranes are damaged. Our data indicate uniquely that
preconditioned phospholipids, in cooperation with tre-
halose, can be reordered much more quickly during fast
rehydration (Abusharkh et al. 2014). The reordering is so
fast that it happens even before water replaces trehalose in
higher hydration levels. This appears to be the core
membrane-protective mechanism of this sugar in C. ele-
gans anhydrobiosis.

e increased stress resistance
— HSP and IDP expression
— ROS and xenobiotic defense

o other strategies
— phospholipid remodeling
— PUFA biosynthesis
— polyamine metabolism

factors. When the dauer larva senses a desiccative environment, it
starts to enter ametabolism and meanwhile it activates anhydrobiosis-
related genes and proteins. Ametabolic and hypometabolic states of
the dauer larva are reversible

Trehalose accumulation and membrane remodeling are
clearly not the only mechanisms involved in desiccation
tolerance. To have a more complete understanding of the
anhydrobiotic strategies of the dauer larva, we surveyed the
changes in its transcriptome and proteome during precon-
ditioning (Erkut et al. 2013). Due to the high genetic re-
dundancy of C. elegans, we found it more efficient to focus
on biochemical pathways rather than individual genes and
proteins involved in them.

Our data show that several pathways might be involved
in desiccation tolerance. To validate some of these path-
ways functionally, we measured the desiccation tolerance
levels of selected mutants from each pathway. We unam-
biguously show that heat-shock and intrinsically disordered
protein (IDP) expression, reactive oxygen species (ROS)
and xenobiotic detoxification mechanisms are involved in
anhydrobiosis. All these agree with previously described
findings. Furthermore, we found evidence for novel anhy-
drobiotic pathways such as increased glyoxalase activity as
well as polyamine and polyunsaturated fatty acid (PUFA)
biosynthesis (Erkut et al. 2013).

Desiccation affects protein structure, which is an ob-
stacle that anhydrobiotic organisms have to overcome
(Prestrelski et al. 1993). Although trehalose can protect
proteins against desiccation-induced protein aggregation
(Tapia and Koshland 2014), more prominent factors are
thought to be HSPs and IDPs (Tompa and Kovacs 2010;
Hand et al. 2011). The most commonly known IDPs are
late embryogenesis abundant (LEA) proteins. These pro-
teins were first identified in plants, and then found in the
anhydrobiotic nematode Aphelenchus avenae (Browne
et al. 2002). Some domains of LEA proteins can transform
from coiled coils into o helices as the surrounding water is
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removed (i.e., they are dried). This peculiar characteristic
of LEA proteins makes them perfectly suited molecular
chaperones in the desiccated state, where HSPs are also
affected by reduced water content (Hand et al. 2011).
Previously, it was shown that desiccation stress induced
lea-1 transcription in the C. elegans dauer larva (Gal et al.
2004). In the same study, it was also suggested that si-
lencing lea-1 gene could cause sensitivity to mild desic-
cation stress. Our results elaborate these findings by
showing that lea-1 gene is upregulated both at the mRNA
and protein levels during desiccation. However, silencing
lea-1 gene sensitizes the worm against harsh desiccation
only. Thus, LEA-1 activity in C. elegans is required only in
case of extensive water loss. In a similar study, it was
shown that LEA1 RNAIi dramatically reduced the desic-
cation and freezing tolerance of the anhydrobiotic cysts of
the brine shrimp Artemia franciscana (Toxopeus et al.
2014). Furthermore, some anhydrobiotic organisms (e.g.,
bdelloid rotifers), which cannot synthesize trehalose, rely
solely on LEA proteins for desiccation tolerance (Tunna-
cliffe et al. 2005).

Often, oxidative stress accompanies dehydration (Franca
et al. 2007). Anhydrobiotic organisms have various
mechanisms to detoxify ROS. Our results indicate that C.
elegans uses cytoplasmic superoxide dismutases to elim-
inate superoxide, and glutathione peroxidases as well as
catalases to convert peroxide into water (Erkut et al. 2013).

Caenorhabditis elegans also elevates glyoxalases during
preconditioning. These enzymes convert toxic 2-oxoalde-
hydes glyoxal and methylglyoxal, which arise as by-prod-
ucts of lipid oxidation and glycolysis, into harmless
carboxylic acids glycolate and lactate, respectively (Lee
et al. 2012; Sousa Silva et al. 2013). We showed that the
end-products of glyoxalases are required for the mainte-
nance of the mitochondrial membrane potential in worms
after desiccation and rehydration (Toyoda et al. 2014).
Recently, it was also shown that in Panagrolaimus super-
bus, another anhydrobiotic nematode, glyoxalase serves as
a scavenger for the ROS hydrogen peroxide that form
during desiccation (Culleton et al. 2015). These results
altogether suggest that glyoxalases may serve multiple
purposes during desiccation.

Is trehalose the only small metabolite involved in an-
hydrobiosis? Probably it is not. Polyamines such as pu-
trescine and spermidine may also be essential for
desiccation tolerance, because mutations in polyamine
biosynthetic pathway result in strong desiccation sensi-
tivity (Erkut et al. 2013). However, the molecular function
of polyamines in anhydrobiosis remains unknown.

Caenorhabditis elegans can synthesize many species of
PUFAs de novo (Watts 2009). These PUFAs can become
part of phospholipids, and thereby fine-tune the physico-
chemical properties of membranes. Our results indicated an
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overall induction of the PUFA biosynthetic pathway,
probably for the production of arachidonic acid. Mutants
unable to synthesize this particular PUFA are extremely
sensitive to desiccation stress (Erkut et al. 2013).

Another function of PUFAs is to act as signaling
molecules on vanilloid-type transient receptor potential
(TRPV) channels, which are known to be responsible for
osmosensation in C. elegans (Kahn-Kirby and Bargmann
2006). Therefore, PUFAs may additionally be involved
in sensing the desiccative environment (hygrosensation).
Although C. elegans hygrosensation remains mostly
elusive, we have indications that it may be coordinated
by head neurons located on a sensory region called
amphid, and bear similarities to osmosensation (Erkut
et al. 2013).

Concluding remarks

The metabolically depressed stress-resistant dauer larva of
the nematode C. elegans can withstand complete desicca-
tion possibly by entering an ametabolic state. It serves as
an excellent model to study the molecular mechanisms of
this adaptation, thanks to many powerful genetic and bio-
chemical tools available for this organism. Moreover,
studying ametabolism in a hypometabolic state (the dauer
larva) brings its own advantages and therefore C. elegans
may answer several essential questions: How are macro-
molecules such as lipids, nucleic acids and proteins, pre-
served in the dry state? Is the metabolism entirely turned
off during desiccation or is there still some energy re-
quirement to survive in the long term? What is the se-
quence of events that take place during entry and exit from
ametabolism? And more importantly, what maintains the
boundary between life and death in an ametabolic state?
Finding answers to these questions will not only extend our
understanding of life, but also lay the foundation for ad-
vanced technologies in the future.

Author contribution statement Both authors wrote the
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