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How worms survive desiccation
Trehalose pro water
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W

hile life requires water, many
organisms, known as anhydrobiotes, can survive in the absence of water
for extended periods of time. Although
discovered 300 years ago, we know very
little about the fascinating phenomenon
of anhydrobiosis. In this paper, we summarize our previous findings on the desiccation tolerance of the Caenorhabditis elegans
dauer larva. A special emphasis is given to
the role of trehalose in protecting membranes against desiccation. We also propose
a simple mechanism for this process.

metabolism of the organism either stops
completely or decreases to a level that
cannot be measured and is distinguished
from death by its reversibility.2 Once the
organism reabsorbs water, metabolism
increases and the organism exhibits all
vital signs. The most extreme examples of
this are bacterial spores that can revive
after 25–40 million years4 or plant seeds
that can germinate after 1,300 years.5
Today, we know that anhydrobiotic
species exist among bacteria, yeast, plants,
rotifers, crustaceans, tardigrades and
insects as well as nematodes.6
The first observation of an anhydrobiotic nematode (Anguina tritici) was made
in 1743 and since then, many other
studies have been conducted to assess
behavioral responses and survival capabilities.7 Encouraged by the discovery of
James Clegg8 that dehydrated Artemia
cysts contain high amounts of glycerol,
John Crowe began investigating the metabolic changes in Aphelencus avenae,9,10
including the synthesis of disaccharide
trehalose. In vitro models suggested that
trehalose is involved in protecting phospholipid bilayers against damage inflicted
during desiccation.11 However, whether
this mechanism exists in vivo remained
unclear until recently.
Despite many studies on anhydrobiosis
in nematodes, the molecular mechanisms
underlying this phenomenon are poorly
understood. One of the major breakthroughs came in 2002 when a plant gene
was discovered in a nematode. Browne
et al.12 identified that a gene, which is
upregulated in A. avenae upon desiccation,
is highly homologous to a late embryogenesis abundant (LEA) gene induced by
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Approximately 70% of the Earth’s surface
is covered by water, a substance that has
extraordinary physical properties. It is
therefore not surprising that most of life
on our planet depends on water.1 Clearly,
life without water does not exist. However,
many organisms, known as anhydrobiotes,
can temporarily survive in the absence of
water. Antony van Leeuwenhoek first
discovered anhydrobiotes 300 years ago
when he observed dry material from his
roof gutter. After adding water to it and
examining it under the microscope, he was
surprised that some previously dry “animalcules” (probably tardigrades or rotifers)
started moving following rehydration.
Although his findings did not immediately
interest his contemporaries, they became
a hot topic of debate 20 years after his
death, and discussions about anhydrobiosis have continued, albeit interruptedly, for
another 200 years.2,3
As David Wharton elegantly describes,
anhydrobiosis is “the ability to survive
the cessation of metabolism due to water
loss.”3 It is also a state in which the
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water deprivation in many plants. Following this discovery, homologs of this protein were identified in many other taxa,13
suggesting that anhydrobiotes may use
similar mechanisms for coping up with
desiccation stress.
Anhydrobiosis is highly common
among nematodes, and studying these
organisms teaches us about the behavior
and biochemistry of anhydrobiotic animals. However, such research is limited
because genetic manipulations are almost
impossible in non-model organisms. We
thought that using Caenorhabditis elegans
for the investigation of anhydrobiosis
would bring advancement into the field
because it is one of the best model
organisms. Recently, we discovered that
the dauer larva of C. elegans is an
anhydrobiote.14 This finding allowed us
to use powerful genetic methods, such
as mutagenesis, RNA interference and
transgenomics, on C. elegans to elucidate
the molecular mechanisms underlying
anhydrobiosis.
C. elegans has a short life cycle consisting of four larval stages prior to adulthood.
In unfavorable environmental conditions
such as overconfluency, limited food or
elevated temperature, growth is arrested in
an alternative and distinct developmental
stage known as the dauer. Dauers can
survive several months in the absence of
food and are resistant to various environmental stresses. When the conditions are
favorable again, they resume the reproductive cycle.15 Regardless of the environmental conditions, large, pure dauer
populations can easily be achieved by
growing the temperature sensitive dauerconstitutive mutant strain daf-2(e1370)
in liquid culture. At 15°C, these worms
remain in the reproductive cycle, while
at 25°C, their growth is arrested in the
dauer stage.16
To test the anhydrobiotic ability of
C. elegans, we first developed a desiccation
assay. In this assay, worms were desiccated
in sealed chambers under defined relative
humidity (RH) at constant temperature.
We then rehydrated them with distilled
water and counted the surviving organisms. Using this assay, we tested all
developmental stages of C. elegans and
observed that only dauers could survive
desiccation, provided that they were first

“preconditioned.” During preconditioning, dauers were kept in 98% RH for
4 days. Remarkably, even under this
condition, an outside osmotic pressure of
27 atm was exerted on the worms, which
extracted more than 80% of their body
water. When desiccated at lower RH,
worms survived a loss of up to 98% of
body water. Even in 0% RH, a condition
under which they lost almost all of body
water content, 10% of worms survived.
Upon rehydration, all surviving worms
became active, and within a few days,
developed into fertile adults (Vid. S1).
It is intriguing that only the dauers
survive desiccation. We can explain this
from a metabolic and an evolutionary
perspective. As they do not feed, dauers
depend on glycogen and fat as energy
sources. Energy is produced slowly via
anaerobic pathways, such as glycolysis and
malate dismutation.17 It could be that the
ametabolic state is easy to achieve when
the metabolism is already depressed. In
addition to that, dauers are probably more
frequently exposed to desiccation stress
than other stages in the nature. Adults die
soon after the reproductive cycle is completed, whereas dauers can survive for
many months. It is possible that during
that time, dauers experience desiccation
several times. From an evolutionary point
of view, it is more likely that populations
of C. elegans grow again from surviving
dauers following environmental stress.
This could be the natural selection
mechanism that favored gaining desiccation tolerance to the C. elegans dauer.
Knowing that the C. elegans dauer is an
anhydrobiote, we next sought to elucidate
the role of trehalose in anhydrobiosis. First,
we observed that the level of trehalose
rapidly increases in dauers upon preconditioning and decreases to basal levels after
rehydration. This suggests that these
organisms have a mechanism that senses
the decrease in environmental humidity
and that responds by inducing trehalose
synthesis.
Next, we wanted to determine how
trehalose-deficient worms respond to desiccation. Worms synthesize trehalose from
glucose 6-phosphate and UDP-glucose in
two steps. The first step is catalyzed by
trehalose 6-phosphate synthase (TPS) and
yields trehalose 6-phosphate, which is

then dephosphorylated into trehalose.18
C. elegans has two genes coding for TPS:
tps-1 (ZK54.2) and tps-2 (F19H8.1).
Recently, we generated a mutant strain
lacking both genes (daf-2;DDtps) and
showed that it was unable to synthesize
trehalose or trehalose-derived lipids
(maradolipids).19 Even after preconditioning, daf-2;DDtps dauers were unable to
survive harsh desiccation. Strikingly, in
the dead worms, giant fat droplets
accumulated in the vicinity of the gut,
which was probably caused by the
merging of smaller droplets. This was
seen only after rehydration, which implies
that the effect of desiccation is manifested
upon water influx. In such worms, we
also observed significant damage in cell
membranes and membranous organelles.
Altogether, these findings clearly indicate
that desiccation changes the physical
state of the membrane, making it more
susceptible to merging with neighboring
membranes or being ruptured upon
rehydration. Trehalose plays an essential
role in this process by protecting the
membranes against those changes, since
even minor damage to the cell membrane
can result in cell and organism death.
Next, we asked how trehalose keeps
membranes intact. To address this question, we used attenuated total reflectance
Fourier-transform infrared difference
spectroscopy with hydration modulation20
on whole animals. This method provides
extensive information about the physical
state of membranes by assessing the
vibrations of functional groups in phospholipids.21 To compare the differences
between trehalose-producing (daf-2) and
trehalose-deficient (daf-2;DDtps) worms,
infrared spectra of preconditioned dauers
were measured during desiccation to 45%
RH followed by rehydration to 97% RH.
All spectral differences were then analyzed.
In trehalose-producing dauers, all spectral
changes occurring in the lipidic region
of the spectrum during desiccation were
reversed during rehydration. Therefore,
desiccation and rehydration in these
worms are reversible processes for lipids.
However, we observed two striking
irreversible changes in the desiccation
spectra of trehalose-deficient dauers:
broadening of antisymmetric methylene
bands and an upshift of the symmetric
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methylene stretching frequency. The
broadening of antisymmetric methylene
bands indicates heterogeneous packing
of acyl chains of lipids. In other words,
lipids in some regions of the membrane
are packed differently than in others.
The upshift of the symmetric methylene
stretching frequency indicates an increase
in the volume of acyl chains, which
means that the membranes expand during
desiccation without trehalose. As these
changes are not reversed during rehydration, it is possible that the membrane
structure is not the same as it was prior
to desiccation. We hypothesize that

the altered lipidic order destabilizes
membranes during dehydration and causes
membrane damage upon water influx
(Fig. 1).
How do our in vivo data connect to the
data obtained from the in vitro experiments on the role of trehalose in membrane protection? Three hypotheses have
previously been proposed for this effect:
water replacement, water entrapment
and vitrification.22 The water replacement
hypothesis, first speculated by James
Clegg23 in 1967 and since then extended
significantly, suggests that the hydroxyl
groups of sugars can substitute for the

hydrogen bonding of water to polar
residues. In this way, the hydration effect
of water can be imitated by sugars during
the dry state. The water entrapment
hypothesis suggests that sugars entrap
water molecules near the surfaces of
macromolecules, therefore maintains their
hydration in low water environments.24
Although this model was first proposed
to explain protein stabilization, it can be
generalized to membranes as well. Finally,
the vitrification hypothesis suggests that
sugars can form biological glasses upon
dehydration, hence stabilizing subcellular
structures by dramatically reducing the
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Figure 1. A simple model of trehalose-mediated membrane protection during desiccation. In the hydrated state, phospholipid head groups interact
with water. This interaction keeps the membrane in the liquid crystalline phase. During desiccation in the presence of trehalose, the hydration effect
of water is compensated by the presence of sugar, thus preserving the lipid order; therefore, the membrane stays intact upon rehydration.
However, without trehalose, desiccation leads to phospholipid packing heterogeneity and reduced acyl chain density, thereby destabilizing
the membrane and resulting in damage to the membrane upon influx of water. Schematic representation only; items not drawn to scale.
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diffusion rate.25 Despite these different
arguments, it appears to be that these three
mechanisms are not mutually exclusive.
One of the most surprising results
we obtained from desiccation studies of
dauers deprived of trehalose was the
appearance of vibrational frequency
changes that are typically associated with
a gain in the free volume of acyl chains.
Membranes undergo phase transitions
upon drying.22 Normally, the head groups
of phospholipids are hydrated and hydrogen bonding to water keeps phospholipids
at a certain distance from one another.
When water is removed, phospholipids
are packed more tightly, resulting in an
increase in van der Waals’ forces between
acyl chains. Consequently, the fluidity of
the membrane decreases and the membrane changes from liquid crystalline
state to a gel state. During this transition,
membranes tend to merge with each other.
The converse behavior of C. elegans lipids
suggests that at least a fraction of the
C. elegans membranes responds to desiccation differently than model membranes or
purified membrane vesicles. Integral and
peripheral membrane proteins, as well as
other solutes, may be the cause of this
surprising phenomenon. However, we did
observe merging of small fat droplets. If

this is due to the fusion of membrane layers
surrounding fats, it suggests that despite
their differential response, trehalose-free
membranes are still prone to fusion during
desiccation.
Crowe22 proposed that the main mechanism for the maintenance of lipids in a
liquid crystalline state during desiccation
involves lipid rafts, which are specialized
membrane microdomains rich in cholesterol, sphingolipids and certain proteins.26
According to this model, trehalose keeps
certain microdomains of the membrane in
the liquid crystalline state, while other
regions remain in the gel phase, creating a
phase separation. We obtained evidence for a
heterogeneous response of lipid packing to dessication of trehalose-deficient
dauers. The deviation from the normal
response to drying suggests that non-planar
or even non-lamellar lipidic phases may form
in trehalose-deficient strains upon desiccation. Whether these differently packed
regions are the microdomains that are
preserved by trehalose requires further
investigation. A thorough analysis of the
lyotropic phase transitions of C. elegansspecific lipids may reveal the physical role of
trehalose in membrane integrity and its
relation to anhydrobiosis. Preliminary studies in this direction indicate that in addition
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