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Abstract  
Extreme habitats give rise to strong stressors that lead organisms to die or to possess specific 

adaptations to those stressors. One of the most widespread adaptations is quiescence, a common 
term for several strategies, including anhydrobiosis, a highly stable state of suspended animation due 
to complete desiccation pending recovery by rehydration. Anhydrobiosis is widespread in nature in a 
wide taxonomic variety among bacteria, protists, metazoans and plants. Using as model organisms, 
mainly tardigrades, micrometazoans able to enter anhydrobiosis in any phase of their life cycle from 
egg to adult, this review presents the response to desiccation from molecules to cells and organisms. 
Particular emphasis has been done with studies devoted to elucidate phenomena such as the long-
term resistance in a desiccated state, the extraordinary resistance to chemical and physical extremes, 
the morphological, physiological, biochemical, and molecular constraints allowing organisms to enter 
and to survive anhydrobiosis, and the evolutionary meaning of life without water. 
 
Key words: anhydrobiosis; desiccation tolerance; anhydrobiotic constraints; molecular response; evolution; 
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Introduction 

 
Extreme habitats give rise to strong stressors 

that very often cause organisms to die or, 
alternately, to allocate specific amounts of energy 
toward survival. These habitats are highly selective 
and require organisms to be tolerant and to possess 
specific adaptations to stressors. One of the most 
widespread adaptations is dormancy. Dormancy 
includes any form of resting stage, regardless of 
cues required for induction or termination (Hand, 
1991). It involves a temporary suspension of active 
life, a reduced or suspended metabolism, and a 
developmental standstill. Dormancy can be 
subdivided into diapause and quiescence. Diapause 
is under endogenous control and is not directly 
induced by environmental stressors. It is temporary 
and may persist even though environmental 
conditions return (Womersley, 1981). The term 
quiescence is applied to a decrease of metabolic 
activity under exogenous control. It is directly 
induced and maintained by a variety of 
environmental stressors: increase or decrease of the 
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temperature, desiccation, high salt concentration, 
lack of oxygen, and so on. It is immediately 
reversed by the removal of external stimuli. Some 
quiescent organisms are capable of reducing their 
metabolic activities to an undetectable level. This 
extreme form of quiescence is called cryptobiosis 
(latent life), a term introduced by Keilin in 1959. 
According to this author cryptobiosis indicates “the 
state of an organism when it shows no visible signs 
of life and when its metabolic activity becomes 
hardly measurable, or comes to a reversible 
standstill”. Cryptobiosis is actually accepted as a 
common term for several strategies including 
cryobiosis, anoxybiosis, osmobiosis, and 
anhydrobiosis, respectively induced by cooling, lack 
of oxygen, extremely high levels of solutes in the 
surrounding environment, and desiccation. 
According to Clegg (2001), cryptobiosis originated 
independently several times in the history of life, 
being present in diverse evolutionary lines within 
groups of unicellular (bacteria and protists) and 
multicellular organisms such as mosses, lichens, 
liverworts, plants, and metazoans (nematodes, 
rotifers, tardigrades, insects and crustaceans).  

The most widespread and best known form of 
cryptobiosis is anhydrobiosis (Giard, 1894). The 
term is derived from Greek and indicates “life 
without water”. Anhydrobiosis is a highly stable state  
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Fig. 1 Female of the eutardigrade R. coronifer (in vivo and Nomarski contrast). The bucco-pharyngeal apparatus 
(arrow), the ovary containing two big oocytes (asterisk) ready to be laid, and black eyes spot are clearly visible. 
The yellow colour is due to pigment present inside the storage cells (arrow head). Bar = 100 μm. 
 
 
 
of suspended animation of an organism due to the 
complete desiccation pending recovery by 
rehydration. This state seems always characterized 
by cessation of measurable metabolism. A 
quantitative definition of complete desiccation is 
probably drying to < 0.1 g H2O g-1 dry mass; this is 
equivalent to air dryness at 50 % of relatively 
humidity at 20 °C (Alpert, 2005). According to Alpert 
(2005), anhydrobiosis could be considered a 
synonymous of “desiccation tolerance”, a term most 
frequently used for plants. Desiccation tolerance 
could be defined as the ability to dry, to equilibrium, 
with air that is moderately to extremely dry and then 
to recover normal function after rehydration.  

This review presents the factors in 
anhydrobiosis analyzing the response to desiccation 
from molecules to cells and organisms. Emphasis 
will be placed on the anhydrobiotic ability in 
metazoans, particularly on the desiccation ability of 
tardigrades. Tardigrades will be considered here as 
the animal model, exhibiting anhydrobiosis in any 
stage of their life cycle, from egg to adult (Bertolani 
et al., 2004).  

Tardigrades (Figs 1-3) are microscopical 
metazoans, often with mature adults averaging 250-
500 µm in length. Due to their small size, 
tardigrades have begun to be known only after the 
introduction of microscopy. The first tardigrade, 
found in inland waters, was described as a “kleiner 
Wasser Bär” (small water bear) in 1773 by JAE 
Goeze. Their current name has been attributed to 
these animals by L Spallanzani (1776), an Italian 

clergyman and professor of Natural History at the 
University of Pavia (Italy), who first analyzed the 
ability of tardigrades to enter anhydrobiosis. He 
hydrated sediment from a rain gutter, in which he 
observed, other than rotifers, what he considered a 
true aquatic specimen, naming it “il Tardigrado” 
(slow-stepper), due to its slow movement. Actually, 
tardigrades are considered a separate phylum. 
Recent molecular studies with 18S rRNA, in 
agreement with previous morphological studies, 
have lead biologists to consider Tardigrada a sister 
group of the Arthropoda, combining with 
Onychophora, the evolutionary line of 
Panarthropoda (Nielsen, 1997; Ruppert et al., 
2004). The systematic position of Panarthrpoda is 
still an open debate. According to some authors 
who use a molecular approach, Panarthropoda 
belongs to Ecdysozoa (moulting animals) (Garey et 
al., 1996; Giribet et al., 1996; Aguinaldo et al., 
1997), together with nematodes (as tardigrades 
characterized by anhydrobiosis) and other 
blastocoelomate phyla. According to others, 
together with Annelida, Panarthropoda belong to 
Articulata (Brusca and Brusca 2003; Ruppert et al., 
2004). Tardigrada comprise two main classes: 
Heterotardigrada and Eutardigrada (Ramazzotti and 
Maucci, 1983; Garey et al., 1999; Jørgensen and 
Kristensen, 2004; Nichols et al., 2006). The existence 
and position of a third class, Mesotardigrada, are 
uncertain. Tardigrades probably originated within 
the sea (Renaud-Mornant, 1982) and then colonized 
both inland waters and terrestrial environments, thus 
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Figs 2-3 Eggs of the eutardigrade R. coronifer. 2) 
Scanning electron micrograph of the egg showing 
the shell ornamented by long and spine-shaped 
processes. Bar = 20 μm. 3) Hatching of a new born 
(phase contrast). Bar = 50 μm.  
 
 
 
acquiring or developing the anhydrobiotic ability. At 
present tardigrades are known from marine, 
freshwater, and terrestrial environments in which 
they are represented by the highest number of 
species, limited to specific terrestrial niches (e.g. 
moss, lichen, leaf litter, and turf) (Ramazzotti and 
Maucci, 1983). The ability to enter cryptobiosis (in 
particular, anhydrobiosis and cryobiosis) also allows 
tardigrades to colonize extreme environments 
exposed to rapid desiccation and/or freezing such 
as deserts, high mountains, and polar regions 
(Bertolani et al., 2004).  
 
Anhydrobiosis  
 
History of anhydrobiosis discovering 

The study of anhydrobiosis began in the 
eighteenth century when Dutch microscopist Van 
Leeuwenhoek (1702), using the microscope he 
developed, discovered that when dry, apparently 
lifeless, dust from the roof gutter of a house was re-
hydrated, many small “animalcules” became active 
within an h, swimming, adhering, or crawling in a 
cup. With this simple experiment Van Leeuwenhoek 
observed that “animalcules” (bdelloid rotifers) can 

apparently survive desiccation. Van Leeuwenhoek 
never suggested that his dried “animalcules” were 
completely desiccated. Although he demonstrated 
that these animals can be kept dry for several 
months without showing any visible sign of life, he 
never discussed the phenomenon he discovered in 
terms of concepts of life, latent life, resuscitation, 
and death (Keilin, 1959). In addition, Van 
Leeuwenhoek observed the longevity of the dried 
animals and speculated that the phenomenon was 
wide spread in nature. Other researchers following 
Van Leeuwenhoek were not directly interested if 
rotifers were dry or not, although clearly the idea 
that they might be in a resting stage was pervasive 
at the time (Tunnacliffe and Lapinski, 2003). In 
1743, Needham reported that blighted wheat grains 
contained “white fibres” (nematodes) which took life 
when hydrated. These observations were 
repudiated by Spallanzani (1776) who disputed the 
animal nature of the “white fibres” found by 
Needham. Spallanzani’s view, backed by his great 
scientific reputation, prompted Needham to 
abandon his original idea. In the meantime Roffredi 
(1775a, b) and Fontana (1776) each independently 
unravelled the main stage of the life history of eel-
worms (nematodes) found in blighted wheat (Keilin, 
1959). The work of Fontana and Roffredi 
demonstrated the animal nature of the “white fibres” 
and that these animals could revive within a few min 
when they are brought in contact with water. The 
results obtained by these two researchers must 
have caused Spallanzani (1776) to revisit his idea 
about anhydrobiosis and furthermore to 
demonstrate that rotifers and nematodes and 
another moss-dwelling group of metazoans, 
tardigrades, shared the remarkable ability to 
reversible desiccation, often called as “resuscitation” 
or “resurrection”. He was the first researcher to 
propose that dried rotifers did not retain water in 
their bodies and that they are ametabolic. Moreover, 
Spallanzani observed that these animals can be 
stored dried for long time and that dried rotifers 
could survive exposure to very low or high 
temperature, while hydrated animals treated in the 
same ways were killed. Similar data were obtained 
by Doyère (1842) who demonstrated that the moss-
dwelling eutardigrade Macrobiotus hufelandi, in the 
desiccated state, was able to revive after few min of 
exposure to temperature up to 120 °C  to 125 °C 
and that slow drying was crucial for survival.  

During the last quarter of the eighteenth 
century, debates arose about the status of dry 
organisms. Are they really living? Have they a 
metabolism? Are they dead? Following two decades 
of decline of interest about desiccation resistance 
and meaning, a new interest appeared when the 
French biologists Doyère and Pouchet, working on 
tardigrades and rotifers respectively, reached 
different results. Doyère (1842) asserted that 
desiccated organisms can be revived after complete 
desiccation and cessation of their life processes, 
while Pouchet (1859a, b) asserted that organisms 
cannot survive after desiccation once all life 
processes have been arrested. The main problem 
posed by anhydrobiosis was the apparent cessation 
of metabolism. These different concepts attracted 
the attention of several scientists probably because 
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they were strictly related to the discussion of 
spontaneous generation (Keilin, 1959).  

Originally, “anabiosis” or “return to life” was 
used by Preyer (1872, 1891) to indicate extreme 
resistance to desiccation and the ability of 
resuscitation, or resurrection of completely lifeless 
but viable organisms (Keilin, 1959). This term was 
then extended to the state of viable lifelessness 
itself generating a lot of confusion because from this 
statement emerge two possible states of an 
organism: lifeless and viable (= anabiotic) and 
lifeless and not viable (= death) respectively (Keilin, 
1959). To avoid this confusion Schmidt (1948) 
proposed the term “abiosis” to indicate the state of 
viable lifelessness. Nevertheless, this word was too 
closely linked to abiotic and abiogenesis and 
generated further confusion. In 1959 Keilin 
proposed the term cryptobiosis (divided in 
anhydrobiosis, cryobiosis, anoxybiosis and 
osmobiosis) that is currently used. Cryptobiosis is 
the term indicating a state in which organism does 
not feed, does not grow, does not reproduce, does 
not replicate its DNA, and so on.  

Anhydrobiosis indicates a fundamental concept 
about the nature of living systems. An anhydrobiotic 
organism lacks all dynamic features of living 
organism due to the absence of an ongoing 
metabolism. In that sense it is not alive, but it is not 
dead since rehydration produces a living organism 
(Clegg, 2001). The extreme desiccated 
anhydrobiont is indeed reversibly ametabolic. Clegg 
(2001) affirms that there are three states of 
biological organisation: alive, dead and cryptobiotic. 
In cryptobiotic, and specifically in anhydrobiotic 
organisms, the suspension of metabolism is 
reversible, and a kind of resuscitation routinely 
occurs (Tunnacliffe and Lapinski, 2003).  

The review of Keilin (1959) has rediscovered 
the interest in the anhydrobiosis, as demonstrated 
by several meetings having desiccation tolerance as 
a topic. As example we can cite the symposium 
entitled “Drying Without Dying: Mechanisms and 
Evolution of Desiccation Tolerance in Animals, 
Microbes and Plant” hosted at the annual meeting of 
the Society for Integrative Biology (California, 2005). 
The rediscovery of interest for anhydrobiosis was 
also indicated by the amount of literature published 
in the last decades over the morphological, 
physiological, biological, and molecular aspects of 
anhydrobiosis with the aim to discover the secrets of 
the life without water. 
 
Anhydrobiotic ability among organisms 

Anhydrobiosis is widespread in nature. A wide 
taxonomic variety of bacteria, protists, animals, and 
plants are able to undergo anhydrobiosis 
suggesting that this ability, developed by ancient 
cell types, may have been essential for efficient 
colonization of land mass (Tunnacliffe and Lapinski, 
2003). Certain bacteria such as the radiotolerant 
species, Deinococcus radiodurans, and the 
cyanobacteria, Nostoc commune and 
Chroococcidiopsis spp. are capable of 
anhydrobiosis (Mattimore and Battista, 1996; Potts 
et al., 2005). N. commune shows no significant DNA 
damage after 13 years of being dry and can resume 

growth after 55 years in herbarium (Shirkey et al., 
2003).  

Among plants, desiccation tolerance is common 
in lichens and bryophytes. The form of 
anhydrobiosis present in these primitive plants 
seems to comprise constitutively expressed cell 
protection mechanisms associated with inducible 
repair systems which are activated after rehydration 
(Oliver, 1997). Also among algae, it is possible to 
find species able to tolerate desiccation, either in 
terrestrial or in marine intertidal algae (Trainor and 
Gladych, 1995; Abe et al., 2001). Higher plants do 
not have desiccation ability; nevertheless, the 
vegetative tissues of the so called “resurrection 
plants” (e.g. Craterostigma plantagineum and 
Selaginella lepidophylla) are able to enter 
anhydrobiosis even though they require a slow 
rehydration phase (Oliver et al., 2000; Alpert, 2005). 
In any case, spores, seeds, pollens, and other 
propagules of many angiosperms are known to be 
able to tolerate high levels and long periods of 
desiccation (Clegg, 2001). The most famous 
example of long term survival in a desiccate state is 
represented by the seeds of the ancient sacred 
lotus, Nelumba nucifera. Seeds dated about 1100 
years old successfully germinated (Shen et al., 
1995). Mosses and liverworts have recovered after 
20-25 years at air-dryness, and adult angiosperms 
and pteridophytes after 5 years (Alpert, 2005). 
Among fungi, some yeasts tolerate desiccation. For 
example we can cite the dried granules of the 
baker’s yeast, Saccaromyces cerevisiae, whose 
desiccation tolerance has an important role either 
from a historic and commercial point of view or from 
a genetic and molecular point of view.  

Among metazoans, anhydrobiosis is known 
only in invertebrates. It is very frequent in three 
phyla of small animals: rotifers, nematodes, and 
tardigrades, in which anhydrobiosis occurs at any 
stage of their life cycle (from the egg to the adult) 
(Wright et al., 1992; Ricci, 2001; Bertolani et al., 
2004; Ricci and Caprioli, 2005). The life cycle of 
these animals consists of active periods for growth 
and reproduction, interrupted by periods of 
metabolic inactivity induced by desiccation of their 
environment. According to Jönsson (2005), these 
animals may be called holo-anhydrobiotic in order to 
distinguish them from animals where anhydrobiosis 
is restricted to a specific phase of their life cycle. 
Belonging to this latter group are larvae of African 
chironomid, Polypedilum vanderplanki (Diptera; 
Hinton, 1951, 1960a) and the cysts (embryonic 
eggs) of the brine shrimp Artemia spp. (Crustacea; 
Clegg, 2001, 2005). The larvae of P. vanderplanki 
(from 6 to 7 mm in length) represent the largest 
multicellular organism with cryptobiotic ability 
(Watanabe et al., 2004). The well documented 
survival record for dried animals is in the order of 
decades. Egg cysts of brine shrimp can survive 15 
years after desiccation (Clegg, 1967), while survival 
record for the larvae of P. vanderplanki is 17 years 
(Adams, 1985). The longest verified period of 
survival for rotifers (Mniobia spp.) after desiccation 
appears to be 9 years (Guidetti and Jönsson, 2002). 
Most reports on long-term desiccated survival of 
nematodes have been on species of commercial 
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importance such as parasitic plant nematodes. They 
can survive dry 20-40 years (see Guidetti and 
Jönsson, 2002).  
 
Anhydrobiosis in tardigrades  

 
After Spallanzani (1776), in the nineteenth and 

twentieth centuries, other than at the beginning of 
this century, several other scientists have continued 
to dedicate their research to anhydrobiotic ability of 
tardigrades with the aim to discover the secret of 
anhydrobiosis. A huge amount of interesting data 
has been published covering a wide range of 
different topics. Among them, we can remember 
studies devoted to elucidate phenomena such as a) 
long-term resistance in a desiccated state; b) 
extraordinary resistance to chemical and physical 
extremes; c) morphological, physiological, 
biochemical, and molecular constraints allowing 
survival during anhydrobiosis; and d) ecological and 
evolutionary meanings of this survival strategy that 
allow tardigrades to live even long periods without 
water. 

 
Long-term anhydrobiotic ability  

Regarding long-term survival of desiccated 
tardigrades, the most famous tale is that they can 
survive more than a century in a desiccated state. 
This idea originated from an observation made by 
Franceschi (1948), who noted a single extending 
movement followed by retraction of the front leg in 
only one tardigrade soon after rehydration of a 120 
years old moss stored in a museum herbarium. This 
gave the impression of a well documented 
phenomenon and the story that tardigrades can 
survive a century in an anhydrobiotic state has been 
very popular not only in popular science articles 
(Crowe and Cooper, 1971; Copley, 1999), but also 
in well-reputed books of invertebrate zoology 
(Brusca and Brusca, 2003). The story about century 
long anhydrobiotic survival in tardigrades provides 
either an example of how some biological 
phenomena easily give rise to sensational 
journalism in popular science or of how incorrect 
data may persist for several years inside the 
scientific community (Jönsson and Bertolani, 2001). 
Current evidence suggests that the limit of 
anhydrobiotic survival in tardigrades is shorter than 
a century and that it is within a decade. In fact, 
Baumann (1927) obtained living specimens of 
eutardigrades belonging to the genus Macrobiotus 
after 7 years of desiccation. Sømme and Meyer (1995) 
reported a high survival rate for three species 
(Macrobiotus furgicer, Diphascon chilenense and 
Echiniscus jenningsi) kept in an anhydrobiotic state for 
8 years (but these species were stored at -22 °C). In 
order to obtain data about the ability to recover after a 
long-term desiccated period, Guidetti and Jönsson 
(2002) evaluate the presence of survivors of 
tardigrades (as well as nematodes and rotifers) in 63 
samples of lichens or mosses from public and private 
herbariums kept dry for 9-138 years. No live juvenile or 
adult tardigrades and nematodes were found; 
nevertheless, 4 eggs of the eutardigrade, 
Ramazzottius oberhaeuseri extracted from 9-year-
old lichen hatched after rehydration. With the same 
aim, Crowe (1975) periodically re-hydrated 

specimens of the eutardigrade Macrobiotus 
areolatus. He found that since the experiment was 
started in 1968, the proportion that survived has 
gradually declined from initial values of 95 % to the 
value of about 50 % in 1974 (i.e. after 4 years and 8 
months in a desiccated state) when he stopped his 
experiment. A further and complete experiment to 
understand the long-term ability of tardigrades to 
recover from long-term desiccation under 
atmospheric oxygen and temperature conditions 
was recently performed by Rebecchi et al. (2006) on 
lichen-dwelling tardigrades (R. oberhaeuseri, 
Echiniscus testudo, and Echiniscus trisetosus). 
Significant inter-specific differences were found, 
other than the survival decrease with time spent in 
anhydrobiosis. The first significant decrease in 
recovery of R. oberhaeuseri was observed after 86 
days from the beginning of the experiment, while 
recovery of adult and juvenile specimens was zero 
after 1604 days (i.e. about 4 years, Fig. 4). At this 
time 4 eggs of R. oberhaeuseri (Figs 6-7) and 8 
eggs of Milnesium tardigradum hatched after lichen 
hydration. The anhydrobiotic survival of Echiniscus 
spp. was lower than the previous species; the first 
significant decrease in recovery was after 41 days 
from the beginning of the experiment and its survival 
was zero after 917 days (i.e. 2 years and 6 months, 
Fig. 5). 

  

 
 

Figs 4-5 Long-term anhydrobiotic survival of the 
lichen-dwelling tardigrades 4) R. oberhaeuseri and 
5) Echiniscus spp. (Modified from Rebecchi et al., 
2006).  
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Figs 6-7 Scanning electron micrographs of the egg 
of oberhaeuseri. 6) In toto egg. Bar = 20 μm. 7) 
Detail of the egg shell showing the species-specific 
ovoidal processes. Bar = 10 μm. (6: From Bertolani 
and Rebecchi, 1999). (Reprinted with permission). 
 

 
 
 

In general, we can affirm that a recovery after 
about 10 years of anhydrobiosis has to be 
considered a very good long-term survival although 
the ecological and evolutionary importance of such 
a phenomenon remains unclear.  
 
Morphological and physiological traits of 
anhydrobiotic ability 

Despite the presence of anhydrobiosis in 
species belonging to several distant evolutionary 
lines and its adaptive potentiality, in metazoans 
anhydrobiosis can be found only in a restricted 
number of taxa whose animal sizes do not exceed 5-
7 mm, and often it is much smaller. These apparent 
morphological and ecological limits could be linked to 
physiological limits in order to tolerate physical and 
physiological constraints (Alpert, 2005). Several 
authors evidenced that anhydrobiotes cannot either 
have a very rapid desiccation rate or have any pain 
at their death (Crowe, 1972; Crowe and Madin, 1975; 
Wright, 1989a, b; Ricci et al., 2003; Ivarsson and 
Jönsson, 2004). All tardigradologists know that if they 
put an animal on a glass slide within a water drop 
and wait until it desiccates, certainly the tardigrade 

dies because it desiccates too quickly. In order to 
prepare desiccated viable tardigrades a group of 
active animals suspended in about 10 μl of water 
was placed on a piece of filter paper (0.25 cm2 in 
size; thickness of 0.4 mm) in a plastic Petri dish and 
desiccated for one day in a climatic chamber with 80 
% of relative humidity (RH) of the air and 18 °C. Then 
the Petri dish was stored at 50 % RH and at 20 °C 
(Rebecchi, personal communication). To avoid risk of 
rapid dehydration, anhydrobiotes carry out 
morphological modifications, other than production of 
bioprotectans. When the natural desert pools dry up, 
larvae of the anhydrobiotic chironomid P. 
vanderplanki gradually dry out and fold in the middle 
(Watanabe et al., 2004). In nematodes there is a 
coiling of the body (see Crowe, 1971). In addition, 
certain nematodes are reported to congregate into 
masses of “nematode wool”, with better survival of 
specimens in the center of the mass (Hellemby, 
1968). Aggregation effect has also been 
experimentally evidenced in tardigrades (Ivarsson 
and Jönsson, 2004), but not yet verified in nature. 
Entering anhydrobiosis, tardigrades and rotifers show 
anterior-posterior body contraction (also withdraw 
their limbs) to form a so-called “tun” (Baumann, 
1922). In particular, bdelloid rotifers contract their 
body into a compact shape by withdrawing its 
cephalic and caudal extremities into the trunk (Ricci 
and Melone, 1984; Ricci, 2001). In addition, the 
proper contraction of the rotifer body into a tun shape 
and probably the correct packaging of internal 
structures are necessary for survival desiccation 
(Ricci et al., 2003).  

Tun formation represents a structural 
adaptation to desiccation, which acts on the 
permeability of their body surface. Tun formation 
reduces the evaporation surface and in particular 
removes high permeability areas of the cuticle from 
direct contact with the air. Tun formation has been 
well studied in eutardigrades that seem to be able to 
reduce their surface area more than 
heterotardigrades (Wright, 1989b), which have thick 
cuticular plates (Figs 10-11). According to Crowe 
(1972, 1975), tun formation is an active 
phenomenon. In fact, his experiments carried out on 
M. areolatus evidenced that tuns are formed only by 
active animals when desiccated at opportune 
conditions of relative humidity, whereas at the same 
conditions anesthetized (anoxic) animals simply 
flatten or crumple. Forming tuns, tardigrades 
contract their intersegmental areas forming 
transverse cuticular folds and reducing the body 
surface (Figs 8-9). The thin cuticle areas are drawn 
into the body wall and removed from contact with 
the air. Crowe et al. (1971) reported that cuticular 
folds of M. areolatus are about 1/20 the thickness of 
the rest of the cuticle, suggesting that they may be 
more highly permeable than the rest of the cuticle. A 
clearly different permeability has been confirmed by 
the use of dyes and, at ultrastructural level, using a 
solution of PbNO3 (Crowe, 1972). 

Wright (1988) stated that when tardigrades 
enter anhydrobiosis, a rapid dehydration is followed 
soon after tun formation by a “permeability slump”, 
which is a non-metabolic process induced by 
dehydration of the cuticle although delayed by 
increasing rates of dehydration (Wright, 1988, 1989a). 
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Figs 8-9 Scanning electron micrographs of 
eutardigrades. 8) Specimen of richtersi in a fully 
extended position, as in active state. Anterior region 
of the animal (head) and legs with claws (arrow 
heads) are identifiable. Bar = 50 μm. 9) Specimens 
of M. richtersi in tun state. Limbs and intersegmental 
cuticle plates are inflexed. The cuticular depressions 
are area of muscle insertion (arrows). Bar = 50 μm.  
 
 
Permeability slump permits animals to retain 
considerable amounts of internal water when 
desiccation has begun and to produce 
bioprotectants (Wright, 1988). Comparing four 
different species, three eutardigrades and one 
heterotardigrade, Wright (1989a) noted that 
dynamics of permeability decline are similar, but the 
point at which it is initiated differs significantly 
between species, in particular the species most 
tolerant to desiccation. Among eutardigrades, R. 
oberhaeuseri shows the earliest permeability slump 
and the greatest infolding, the less tolerant, 
Hypsibius dujardini, the latest permeability slump 
and the least infolding, while the intermediate 
tolerant species M. hufelandi exhibits an 
intermediate situation. The heterotardigrade E. 
testudo has a different situation because its very 
thick cuticle is difficult to fold. Wright (1988, 1989a) 
underlines that lipids, particularly rich in the 
intracuticle and comparable with those of the 
insects, seem to compose the main transpiration 
barrier. He also notes that in the three eutardigrades 
considered, thickness of the intracuticle is directly 
related with the ability to tolerate desiccation. The 
intracuticle of E. testudo is thicker ventrally than 
dorsally but in any case it is even thicker than the 
intracuticle of R. oberhaeuseri, the most tolerant 
species to desiccation. May (1946) reported 
intracellular modifications in the anhydrobiotic 
eutardigrade M. hufelandi. Walz (1979), directly 
fixing desiccated specimens and conventionally 
fixing hydrated specimens of the same species and 
comparing them at ultrastructural level, concluded 
that the basic morphology of the cells and their 

organelles is not changed in the anhydrobiotic 
specimens with respect to hydrated ones. 

The necessity to lose water slowly has also 
been verified in tardigrades by desiccation 
experiments with different values of relative humidity 
(RH) of air. In his experiences on M. areolatus, 
Crowe (1972) verified that the highest number of 
survivals was obtained when the animals were dried 
at RH greater than 70 %. He explained this result 
with the fact that at high RH values tardigrades 
retain significant proportions of their body water for 
extended periods of time (up to 100 h). At lower RH 
they can still form tuns, but they lose water at a 
much greater rate. Animals dried at low RH or when 
anesthetized become irregularly crumpled or simply 
flattened and do not form tuns. According to Wright 
(1989b), a lower lethal value of humidity of the air 
for initial desiccation ranges from 78 % to 53 %. 
Species most tolerant of rapid initial drying also 
show the most rapid acquisition of tolerance to low 
values of humidity (25-31 %) following drying in high 
humidity. If specimens of M. areolatus are 
transferred from 95 % RH to dry air at various 
phases of the dehydration, their water content 
rapidly falls to 2 % or less of the water present in a 
hydrated specimen (Crowe, 1972). The number of 
animals that survives following the exposure to dry 
air varies directly with the length of the time they 
have been kept at 95 % RH (Crowe, 1975). After 12 
h in moist air, none survive to exposure to dry air, 
after 72 h in moist air, nearly all survive.  
 
Anhydrobiotic ability and extreme resistance 

Anhydrobiotic organisms show extraordinary 
resistance to physical and chemical extremes that 
far exceed tolerance ranges of active organisms. 
This ability allows anhydrobiotic organisms to 
persist in environments excluded to most other 
organisms and to resist against unnatural abiotic 
extremes. According to Clegg (2005), even tough 
the word extremophile is usually applied to certain 
bacteria showing extraordinary resistance to 
extreme conditions, there is no reason why this term 
cannot also be used for plant or animal taxa 
characterized by the same extraordinary 
resistance. Among metazoans, examples of 
extremophiles can be represented by the cysts of 
the brine shrimp Artemia spp., by the larvae of the 
chironomid P.  vanderplanki, by the eggs of 
monogonont rotifers and by eggs, juveniles, and 
adults of bdelloid rotifers and most tardigrades. 
Extremophile invertebrates, when in a desiccated 
state, are able to resist stressors such as 
temperatures near absolute zero or above 100 °C, 
immersion in various organic solvents, high and low 
extremes of hydrostatic pressure as well as very 
high levels of ionizing radiation. Resistance to those 
extremes can be attributed to the inert state of a 
dehydrated organism and to the absence of a 
sensitive aqueous phase, only through which 
sensitive biochemical reactions can proceed 
(Wright, 2001).  

With regard to low temperature stress, Rahm 
(1923, 1924, 1926) found that desiccated tardigrades 
of several species, other than nematodes and 
rotifers, survived immersion in liquid air (-190 °C and 
-200 °C) for 21 months, in liquid nitrogen  (-253 °C) 
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Figs 10-11 Scanning electron micrographs of 
heterotardigrades. 10) Dorsal view of a specimen of 
trisetosus in tun state. Note the armadillo-shaped 
tun due to hollow of thin intersegmental cuticular 
plates under the thick cuticular plates. Bar = 20 μm. 
11) Ventral view of a specimen of E. trisetosus in 
tun state. Claws (arrow heads) and the retracted 
head (arrow) are clearly identifiable. Bar = 20 μm. 
 
 
 
for 26 h and in liquid helium (-272 °C) for 8 h. The 
association between anhydrobiosis and 
temperatures near absolute zero was also 
evidenced by Becquerel (1950), who was able to 
revive animals after adiabatic cooling at -272.8 °C. 
Recently, Sømme and Meyer (1995) observed a 
high degree of survival in three desiccated species 
of Antarctic tardigrades after 8 years at -22 °C, while 
Newsham et al. (2006) evidenced that some soil 
Antarctic tardigrade species (Diphascon sp. and 
Hypsibius cf. dujardini) survive at -80 °C for 6 years 
and two months. In any case, the ability to persist 
for long time at -80 °C is not an exclusive 
characteristic of Antarctic tardigrades. In our lab we 
usually conserve desiccated terrestrial tardigrades 
(lichen-, moss- and leaf-litter-dwelling) collected in 
our temperate region for a long time at –80 °C. For 
example, the survival rate at -80 °C of the moss-
dwelling Richtersius coronifer and of the lichen-
dwelling R. oberhaeuseri was very high (about 95 
%) after 6 and 3 years. In contrast, the ability of 
hydrated tardigrades to survive at low temperatures 
(-9 °C, -22 °C, -80 °C) is limited to short periods and 
decreases with the duration time of exposure to low 
temperature (Sømme and Meier, 1995; Guidetti, 
personal communication). Ramløv and Westh 
(1992) observed that hydrated specimens of R. 

coronifer survive cooling to -196 °C for 15 min, but 
their viability decreases with faster cooling rates. 
Recall that the freeze-resistance of anhydrobiotic 
tardigrades should be distinguished from cryobiosis, 
which is related to the ability of the hydrated animal 
to freeze and survive after thawing (Wright, 2001).  

With regard to hot temperature stressors, as 
said above, the eutardigrade M. hufelandi was able 
to revive after few min of exposure to temperature 
up to 120-125 °C (Doyère, 1842). Rahm (1923, 
1924, 1926) found that desiccated tardigrades 
survived exposure to 151 °C for 15 min. Recent 
experiments indicate that the eutardigrade R. 
coronifer, heat stressed in a dry state and inside 
moss cushions (its habitat), survived temperatures 
up to about 70 °C for 1 h without any decrease in 
survival. Nevertheless, its survival decreased 
quickly when animals were exposed to a 
temperature above 70 °C and no animals survived 
exposure of 100 °C (Ramløv and Westh, 2001). 
Among other extremophile metazoans able to resist 
temperature stress, we can cite the cryptobiotic 
larvae of P. vanderplanki. They show an extremely 
high thermal tolerance from -270 °C to 103 °C and 
can revive after immersion in pure ethanol or 
glycerol (Hinton, 1960b; Watanabe et al., 2002). 

According to Baumann (1922), desiccated 
tardigrades are able to resist exposure to CO2 and 
H2S. Recently, Ramløv and Westh (2001) 
demonstrated that experimentally desiccated 
specimens of R. coronifer survived exposure to 
ethanol for less than 10 min. In addition, their 
survival decreased slowly to about 42 % in 7 days 
when exposed to 1-butanol, while the exposure to 1-
hexanol did not show any decline in survival over a 
period of 7 days. In addition, desiccated tardigrade 
specimens of R. coronifer are able to escape the 
treatments with the biocide methyl bromide gas (50 
g/m3 for 70 h; Jönsson and Guidetti, 2001). Similar 
resistance to exposure of CO2 or N2 has been found 
in desiccated bdelloid rotifer Macrotrachela 
quadricornifera (Ricci et al., 2005).  

As mentioned above, desiccated tardigrades 
are able to resist high hydrostatic pressure. In a dry 
state, specimens of eutardigrade Macrobiotus 
occidentalis and of heterotardigrade Echiniscus 
japonicus are able to survive hydrostatic pressure 
up to 600 MPa (rate survival of 95 % and 80 % 
respectively), while specimens of the same species 
in active state in water have a high survival (about 90 
%) only up to 100 MPa (Seki and Toyoshima, 1998).  

Regarding resistance to irradiation, in general 
eukaryotic organisms (both uni- and multicellular 
organisms) have lower tolerance to irradiation than 
prokaryotes. In any case, the ability of the bacteria 
D. radiodurans and Chroococcidiopsis spp. to 
survive high doses of ionizing radiation is positively 
related to the tolerance of desiccation (Mattimore 
and Battista, 1996; Battista et al., 1999; Billi et al., 
2000). It was speculated that their extraordinary 
radio-tolerance is a consequence of their capability 
to repair DNA damages that are caused by 
desiccation (Battista, 1997; Billi et al., 2000). In fact, 
in D. radiodurans the inactivation of a gene 
encoding a DNA repair protein reduces its survival 
to desiccation and ionizing radiation (Kumaraswamy 
et al., 1994; Mattinore and Battista, 1996). On the 
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contrary, according to Shirkey et al. (2003) whether 
the capacity for desiccation tolerance is a 
consequence of the evolution of a capacity for DNA 
repair following desiccation is questionable. Among 
multicellular organisms too, ability to tolerate 
radiation exposures seems related to anhydrobiotic 
ability, as indicated by studies of the brine shrimp 
Artemia sp. (Iwasaki, 1964; Clegg, 2001, 2005), the 
larvae of chironomid P. vanderplanki (Watanabe et 
al., 2006), some nematodes (Chinnasri et al., 1997), 
bdelloid rotifers (Ricci et al., 2005) and, of course, 
tardigrades (May et al., 1964; Jönsson et al., 2005; 
Horikawa et al., 2006).  

The reputation that desiccated tardigrades are 
able to better resist irradiation than hydrated ones 
came from the pioneering experiments of May et al. 
(1964) who exposed hydrated or desiccated 
specimens of the eutardigrade M. areolatus to X-
rays. With a median lethal dose (LD50) of about 
5000 Gy X-rays, tolerance was slightly higher in 
desiccated specimens than in hydrated ones (May 
et al., 1964). New data come from very recent 
experiments made up on two different eutardigrade 
species, M. tardigradum and R. coronifer (Jönsson 
et al., 2005; Horikawa et al., 2006). Desiccated 
specimens of R. coronifer were exposed to γ-rays 
at doses between 1000-9000 Gy, while hydrated to 
doses between 500-5000 Gy (Jönsson et al., 
2005). Both desiccated and hydrated specimens of 
R. coronifer exposed to 500 or 1000 Gy did not 
deviate in survival from their controls and hydrated 
tardigrades were found to be about as resistant to 
γ-rays as hydrated tardigrades (Jönsson et al., 
2005). Specimens of M. tardigradum survive high 
doses of γ-rays (doses from 1000 to 7000 Gy) in 
both hydrated and desiccated states, but 
irradiation with doses higher than 1000 Gy makes 
them sterile. In addition, specimens of M. 
tardigradum are more tolerant to heavy ions 
(doses from 1000 to 8000 Gy) than that to γ-rays in 
both sates (Horikawa et al., 2006). Up to date, only 
one study analyzed the effect of UV radiation on 
tardigrade survival (May et al., 1964). The survival 
of desiccated specimens of M. areolatus irradiated 
with UV rays for a time ranging between 2 and 6 h 
was high. Hydrated specimens showed an 
opposite trend. In fact, the rate of survival was of 
58.6 % after 1 h of exposure and only of 8.6 % 
after 2 h (May et al., 1964). A similar trend was 
obtained when desiccated or hydrated specimens 
of the bdelloid rotifer M. quadricornifera were 
exposed to UV rays (180 nm) (Ricci et al., 2005). 
Even though data about resistance of tardigrades to 
UV radiation are very scarce, and further studies are 
certainly necessary, we can hypothesize that 
hydrated tardigrades are more vulnerable to UV 
rays than to γ-rays.  

The data about tardigrade radio-tolerance seem 
to indicate that anhydrobiosis is not always effective 
for protection against radiation in terms of tardigrade 
lethality and lead to consider desiccation tolerance 
in a new perspective. It is difficult to explain why 
hydrated tardigrades are radiation tolerant because, 
up to now, tolerance to extreme environmental 
stress conditions, including radiation, has been 
related with the desiccated state. According to 
Horikawa et al. (2006), this answer is related to the 

fact that desiccated tardigrades, having extremely 
low water contents with respect to hydrated ones, 
are expected to be damaged less by the indirect 
action of radiation compared to hydrated animals. In 
addition, dry animals have high levels of 
biochemical molecules such as the disaccharide 
trehalose that prevent cellular damages. On the 
contrary, according to Jönsson et al. (2005), 
radiation tolerance might be the result of a high 
ability to repair biological damage, in particular DNA 
damages, rather than biochemical prevention of 
damage itself. Repair mechanisms are well 
documented in radio- and desiccation-tolerant 
bacteria (Battista et al., 1999; Billi et al., 2000), but 
little considered and studied in multicellular 
organisms. In any case, further studies are needed 
to verify if radiation induces biological damages, 
especially on DNA, in hydrated or desiccated 
tardigrades, other than to understand the eventual 
repair mechanisms. The study of mechanisms 
underlying anhydrobiosis and radio-tolerance is 
relevant not only in the frame of a better 
understanding of an intriguing natural phenomenon, 
but also for the development of novel technologies 
in the field of radioprotection and for the 
preservation in the dry state of cells otherwise 
susceptible to desiccation.  

The extraordinary ability of desiccated 
tardigrades to resist extreme stressors, especially 
their radiation tolerance, has lead to defined the 
tardigrade as the “toughest animal on the Earth” 
(Copley, 1999). In addition, these extreme abilities 
have led to affirm that tardigrades “semble les 
désigner comme matériel de choix dans l’étude 
des conditions extrêmes que peut supporter le 
protoplasme dans le espaces interplanétaires” 
(May et al., 1964). More recently, tardigrades have 
been proposed as suitable model organisms in 
space research (Bertolani et al., 2001). Natural 
exposure to space environment provides a more 
realistic evaluation than simulated tests on the 
Earth of mechanisms that allow anhydrobiotic 
organisms to survive space stressors (Bertolani et 
al., 2001). As a consequence, we are involved in a 
space project (TARSE: Tardigrades Resistance to 
Space Effects) using tardigrades as a model 
organism scheduled for launch in September 
2007.  
 
Molecules involved in anhydrobiosis 

The removal of intracellular water causes 
drastic changes in inter- and intra-molecular 
interactions. Upon drying, intracellular proteins and 
membranes compensate the loss of hydrogen 
bonding with water by hydrogen bonding with other 
molecules. This produces intermolecular 
interactions between molecules that normally would 
not interact whit each other in presence of bulk 
water (Wolkers et al., 2002). Drying of cells 
generally leads to massive damages to the cellular 
membranes and proteins, which eventually result in 
cell death and, consequently, in the death of the 
organism. In desiccation-tolerant cells, molecular 
interactions during drying are controlled in such a 
way that loss of water is compensated by reversible 
interactions with other molecules. In this way, bio-
molecules and cellular structures are protected and 
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retain their native configuration again after 
rehydration (Wolkers et al., 2002).  

One of the survival strategies against 
desiccation is the accumulation of high 
concentrations of small non-reducing disaccharides 
such as trehalose (e.g. in bacteria, fungi, lower 
plants and animals) and sucrose (e.g. in higher 
plants) (Clegg, 2001). The role of these sugars in 
desiccation tolerant organisms is two-fold. First, 
sugars play a role in the protection of cells and bio-
molecules by replacing water that is normally 
bonded to hydrogen. Secondly, sugars are involved 
in the formation of a glassy matrix in the cytoplasm 
(Wolkers et al., 2002). In addition, it was reported 
that in vitro trehalose stabilized dried DNA (Shirkey 
et al., 2003). Trehalose was first associated with 
anhydrobiosis in the cyst of the brine shrimp 
Artemia spp. In its dry cysts this sugar is present at 
concentration of about 15 % of the total dry weight 
(Clegg, 2001). The biosynthesis of trehalose also 
correlates with the acquisition of desiccation 
tolerance in nematodes (Madin and Crowe, 1975; 
Womersley, 1981; Higa and Womersley, 1993) in 
which the content of trehalose is species-specific 
(e.g. in Aphelenchus avenae is 12-13 % of dry 
weight; Madin and Crowe, 1975) and in the larvae of 
the chironomid P. vanderplanki (Watanabe et al., 
2004). During desiccation processes larvae of P. 
vanderplanki accumulate trehalose to around 20 % 
of dry weight (Watanabe et al., 2004). The 
knowledge of the role of trehalose in relationship to 
anhydrobiotic ability of tardigrades is based on 
studies performed on two eutardigrade species, 
namely M. areolatus and R. coronifer (Crowe, 1975; 
Westh and Ramløv, 1991). The pioneering 
experiment on M. areolatus suggested a synthesis 
of trehalose and glycerol during desiccation (Crowe, 
1975). Nevertheless, the first quantitative study is 
that of Westh and Ramløv (1991) who analyzed 
accumulation of trehalose in R. coronifer during 
exposure to decreasing water potential. This 
species accumulated trehalose from 0.1 % to 2.3 % 
of the dry weight within 5-7 h reaching a 23-fold 
increase with respect to hydrated specimens. The 
accumulated trehalose was subsequently 
metabolized during the restoration of active life. 
Although substantial, the accumulation of trehalose 
in tardigrades is modest compared to levels 
detected in other anhydrobiotic invertebrates. In 
addition, in R. coronifer trehalose may have some 
protective effect at low cooling rates during cooling 
at -196 °C (Ramløv and Westh, 1992).  

Even though considerable emphasis has been 
placed on the role of non-reducing disaccharides in 
both unicellular and multicellular organisms, 
molecular mechanisms governing anhydrobiosis is 
not fully understood. Recently it has become 
increasingly apparent that trehalose is insufficient to 
induce anhydrobiosis by itself. In fact, some 
anhydrobiotic organisms seem do not use trehalose 
and that other adaptations are required (Clegg 
2001; Kshamata et al., 2003; Tunnacliffe and 
Lapinski, 2003). The bdelloid rotifers exhibit 
excellent desiccation tolerance, but trehalose or 
other disaccharides are absent from sugars 
extracted from dry specimens (Lapinski and 
Tunnacliffe, 2003; Caprioli et al., 2004). 

Furthermore, trehalose synthase genes (tps) have 
not been found in rotifer genomes (Lapinski and 
Tunnacliffe, 2003). In contrast, trehalose was 
detected in the anhydrobiotic resting egg of 
monogonont rotifer (Caprioli et al., 2004) 

Attention has been turned to the definition of 
other molecular adaptations required for 
anhydrobiosis. Several stress protein families seem 
to be further keys to understand the anhydrobiotic 
mechanisms. In fact, upon drying, the stress 
response entails rapid synthesis of a suite of stress 
proteins. Proteins commonly indicated as “Heat 
shock proteins” (Hsps), being up-regulated by heat 
stress, also seem to be implicated in desiccation 
tolerance (Goyal et al., 2005). Genes encoding 
Hsps are highly conserved and occur in every 
species in which they have been sought (Feder and 
Hofmann, 1999). As in any biochemical system, 
these proteins function as molecular chaperones, 
even in unstressed cells, and play primary roles in 
protein biosynthesis, folding, assembly, intracellular 
localization, secretion, and degradation of other 
proteins (Feder and Hofmann, 1999). Intracellular 
proteins can compensate the loss of hydrogen to 
water by hydrogen’s bonding to other molecules. It 
is likely that proteins and sugars interact through 
hydrogen bonding in the dry state in the cytoplasm 
of anhydrobiotes. Thus, both stress proteins and 
sugars could play an important role in the molecular 
organization of the dry cell when they are present in 
the same cellular compartment (Wolkers et al., 
2002). 

Small heat shock proteins are expressed in the 
vegetative tissue of the resurrection plant during 
water stress (Alamillo et al., 1995) and in the cysts 
of the brine shrimp Artemia franciscana under 
anoxia (α-crystallin protein p26) or desiccation 
stresses (Clegg et al., 1999; Clegg, 2005). Genes 
coding Hsps are up-regulated in response to 
desiccation in the cyanobacterium Anabaena sp. 
7120 (Katoh et al., 2004). In response to both 
desiccation and ionizing radiation, the bacterium D. 
radiodurans over-expresses a gene encoding a 
Hsp20 (Tanaka et al., 2004). In tardigrades, the 
evaluation of stress protein expression under 
desiccation stress is very recent and leads to 
contradictory data. De novo synthesis of a protein 
with a molecular weight of about 71 kDa, maybe 
belonging to the Hsp70 family, has been found 
during the entrance into anhydrobiosis in R. 
coronifer (Ramløv and Westh, 2001). Instead, 
Jönsson and Schill (2007), using the same model 
eutardigrade species, evidenced that desiccated 
specimens of R. coronifer have lower levels of 
Hsp70 than hydrated ones, while re-hydrated 
tardigrades after a period of desiccation show a 
higher level of Hsp70 than untreated controls. In 
addition, high levels of Hsp70 were detected in R. 
coronifer exposed to ionizing radiation and high 
temperature (Jönsson and Schill, 2007). Using the 
eutardigrade Amphibolus volubilis, Boschini et al. 
(2006) found a level of Hsp70 higher in dried 
specimens with respect to hydrated ones. In another 
eutardigrade, M. tardigradum, three heat-shock 
protein (Hsp70 family) genes and their different 
expression are evidenced during the transition from 
an active to a desiccated state and back to an active 
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state again (Schill et al., 2004). In particular, one 
isoform shows an up-regulation during the induction 
of the desiccated state, while the other two isoforms 
seem not directly involved in anhydrobiosis since 
desiccated animals had significantly lower levels of 
mRNA expression than tardigrades in the hydrated 
state (Schill et al., 2004). Certainly Hsp70 are 
involved in tardigrade desiccation, but further 
studies are necessary to understand how these 
proteins work to protect anhydrobiotic organisms.  

An important role in anhydrobiotes is also 
played by “Late Embryogenesis Abundant” proteins 
(LEA), that are a complex of proteins accumulated 
during the seed maturation and which were first 
reported in the “resurrection plants” (Hoekstra et al., 
2001). Recently, LEA proteins have been found in 
non-plant organisms. Gene encoding LEA-like 
proteins have been identified in the genome of the 
bacterium D. radiodurans, and the inactivation of a 
gene coding for a group-3 LEA protein reduces its 
desiccation resistance (Battista et al., 2001). LEA-
like proteins and a novel protein called anhydrin are 
induced by dehydration in the nematode A. avenae 
(Browne et al., 2002, 2004; Goyal et al., 2005). 
Anhydrin has not yet been described in other 
species. In addition, LEA-like protein’s expression is 
induced by dehydration in the entomopathogenic 
nematode (Gal et al., 2003). On desiccation, the 
bdelloid rotifer Philodina roseola up-regulated a 
hydrophilic protein related to the LEA proteins 
associated with desiccation tolerance in plants 
(Tunnacliffe et al., 2005). A similar protein was 
recently also evidenced in the chironomid P. 
vanderplanki (Kikawada et al., 2006). These data 
suggest LEA-like proteins could be widespread in 
invertebrates, and also that bacteria, plants, and 
animals use these proteins in similar ways to 
combat desiccation stress. 
 
Evolutionary and ecological traits of anhydrobiosis 

Anhydrobiosis is considered an ancestral 
condition in plants, while in metazoans its origin is 
still unclear. However, the apparent homology of 
some genes (e.g. LEA genes) associated with 
anhydrobiosis in some animal groups (e.g. 
nematodes and rotifers) and even across, plants, 
and bacteria, could lead biologists to presume a 
common origin of this phenomenon (Alpert, 2005). 
For plants, anhydrobiosis is lost when organisms 
are no longer subject to desiccation, and 
associated genes can still be still present but not 
expressed or used (Alpert, 2006). Retention of 
unexpressed genes for desiccation tolerance leads 
to suppose that tolerance may have been selected 
against, rather than just no longer selected for 
(Alpert, 2006). On the contrary, the fact that 
anhydrobiosis has been found in different metazoan 
taxa that are not strictly phylogenetically correlated 
could be explained by convergent adaptive 
evolution (Hinton, 1968). 

Water availability is one of the most important 
ecological factors acting on high selective pressure 
of terrestrial life. Selective advantages of 
anhydrobiosis are related to: a) the opportunity of 
continuous persistence in habitats under 
desiccation; b) the opportunity of dispersion in time 
from unfavorable conditions; c) the increased ability 

of dispersal in space thanks to increased resistance 
of the desiccated state; d) low interspecific 
competition because anhydrobiotic species can 
permanently live in habitats not suitable for other 
non-anhydrobiotic species. 

Evolution of anhydrobiosis (and of cryobiosis) is 
the result of trade-offs between selective 
advantages, anhydrobiosis energetic costs, and 
physical and physiological constraints related to the 
process. In the anhydrobiotic process, needed 
energy is related to up-regulation of gene 
expression leading to synthesis and accumulation of 
bioprotectans (e.g. proteins, sugars, antioxidant) 
during the initial phase, while energetic costs are 
probably null during anhydrobiotic state because 
metabolism either is absent or is almost absent. 

The recovery time of active life after a period of 
cryptobiosis (anhydrobiosis or cryobiosis) is directly 
related both to the harshness condition during the 
cryptobiotic initial phase (e.g. low humidity rate 
during desiccation in anhydrobiosis or high cooling 
rate in cryobiosis; higher stressors lead to longer 
recovery time; Wright, 1989a, b; Westh and 
Ramløv, 1991; Guidetti personal communication) 
and to time spent in cryptobiosis (Baumann, 1922; 
Crowe and Higgins, 1967; Guidetti, personal 
communication). The recovery time is probably a 
function of metabolic activities linked to repair of 
damages caused by desiccation (e.g. DNA 
damages recorded in bacteria, see Mattimore and 
Battista, 1996) and/or to restoration of metabolic 
pathways. The need of repair damages 
accumulated while desiccation occurs and the need 
to metabolize bioprotectans lead to a post-
anhydrobiotic metabolic cost. There is very little 
information on anhydrobiosis costs in terms of 
energy. Jönsson and Rebecchi (2002) quantified 
energetic costs of a single anhydrobiotic period in 
the eutardigrade R. coronifer by measuring the size 
of storage cells (free moving cells in the body cavity 
that accumulate lipids and sugars; Fig. 1). Storage 
cell area decreases after a desiccation period, 
suggesting a substantial energetic cost of 
anhydrobiosis. On the other hand, energy 
consumption in connection with desiccation has also 
been shown in some nematodes (Madin and Crowe, 
1975; Demeure et al., 1978; Womersley, 1981). 

Anhydrobiotic process need energy that is 
withdrawn from other possible uses such as growth 
and reproduction. This should have strong effects 
on the evolution of life histories. Even though there 
is not direct evidence for a trade-off between 
anhydrobiosis and fitness, the few ecological 
studies on this topic are consistent with the 
hypothesis that in a suitable habitat for non-
anhydrobiotic species, the anhydrobiotic species 
have lower fitness (Alpert, 2006). Moreover, 
theoretical considerations (Jönsson, 2005) and 
empirical comparisons (Ricci and Caprioli, 2005) 
seem to suggest that low fecundity is associated 
with desiccation tolerance. Different life histories 
probably linked to anhydrobiotic ability are 
evidenced in a long-term study of a tardigrade 
community living in beech leaf litter. Macrobiotus 
richtersi (with good anhydrobiotic ability) shows 
different population dynamics and different 
reproductive strategies from Hypsibius convergens 
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(with lower anhydrobiotic performance) (Guidetti et 
al., 2007). Generally, tardigrade species living in 
beech leaf litter and sharing low anhydrobiotic 
performances show similar population dynamics 
(Guidetti, personal communication). 

Effects of desiccation on age-specific survival 
have been studied in rotifers and tardigrades. A 
tendency towards higher survival of older animals 
has been reported in rotifers (Ricci et al., 1987; 
Ricci, 2001). In tardigrades, both positive and 
negative relationships between body size (age) and 
desiccation survival have been obtained at the intra-
specific and inter-specific level. In the eutardigrade 
R. coronifer, desiccation survival generally tends to 
increase with body size, although survival declined 
dramatically in very large tardigrades, perhaps due 
to senescence (Jönsson and Rebecchi, 2002), 
whereas in R. oberhaeuseri, survival tends to 
decline with body size (Jönsson et al., 2001). 

Evolutionary studies on anhydrobiosis remain 
scarce, so there is little information related to the 
nature of selection on this phenomenon. Current 
opinion suggests that tardigrades originated within 
the sea (Renaud-Mornant, 1982), therefore the 
acquisition of anhydrobiosis was a crucial step in 
their colonization of terrestrial habitats. The first step 
towards anhydrobiotic evolution could have 
occurred in littoral zones, where temporally 
desiccating conditions are created by fluctuations in 
water level (May, 1953; Jönsson, 2001). Some 
marine heterotardigrades living in littoral zone (e.i. 
Echiniscoides hoepneri, E. sigismundi 
groenlandicus and Archechiniscus marci) support 
this hypothesis showing some degrees of 
anhydrobiotic abilities (Marcus, 1929; Kristensen 
and Hallas, 1980). Many heterotardigrades are 
bound to marine habitats, others colonize terrestrial 
(rarely freshwater) habitats, whereas, eutardigrades 
are limnic and/or terrestrial, rarely marine (no 
primarily marine eutardigrades are known). If both 
classes have originated within the sea starting from 
non anhydrobiotic tardigrades, anhydrobiosis has 
originated at least twice, and it may be the result of 
adaptive convergence. Alternatively, anhydrobiosis 
has been lost in several species, supporting the 
idea of “selection against, rather than just no longer 
selected for” desiccation tolerance. The action of 
natural selection in the evolution of anhydrobiotic 
ability can be evidenced by comparative studies on 
species living in different habitats. Species not 
strictly phylogenetically related and dwelling 
different environments show different degrees of 
anhydrobiosis (and cryobiosis) performances, with 
lower anhydrobiotic and cryobiotic abilities in 
species living in moister habitats (Wright 1991; 
Bertolani et al., 2004). This finding leads to suppose 
that also in tardigrades lost or reduction of 
anhydrobiosis ability is due to a lack of positive 
selection to maintain it or to a negative selection 
against it. Similar results can be found in other types 
of organisms, for example in plants, in which 
although several plants can tolerate desiccation, the 
rate of tolerance is negatively associated with 
occurrence in moist habitats (see Alpert, 2005). 

If natural selection acts on the anhydrobiotic 
performances, quantitative differences among 
individuals should have a genetic component. 

Studies on comparative differences in anhydrobiotic 
tardigrade performances show differences in 
specimens belonging to the same population and 
subject to the same experimental conditions. 
According to Jönsson and Rebecchi (2002), these 
differences could be bound to genetic differences 
and/or contingent factors, such as nutritional state, 
level of molecular protectans and some traits of the 
life history, including age, reproductive stage, and 
phenotypic plasticity. Differences in anhydrobiotic 
survival among geographically isolated populations 
of the eutardigrade M. tardigradum have been found 
by Horikawa and Higashi (2004), while Jönsson et 
al. (2001) did not find differences in isolated 
populations of R. coronifer and R. oberhaeuseri. 
Contrasting results also come from similar studies 
on nematodes (Menti et al., 1997; Solomon et al., 
1999). 

A last consideration regards the tardigrade rate 
of evolution. Thank to anhydrobiosis, selection by 
environment is enormously reduced (Pilato, 1979). In 
fact these animals are active solely under adequate 
level of free water. Therefore, anhydrobiotic periods 
also have an obvious impact on the generation time, 
which in turn influences the potential rate of 
evolution. This could be the cause of the surprising 
diversity of marine tardigrades with respect to 
terrestrial anhydrobiotic forms that appear more 
uniform at species, genera, and family level. The 
fossil Milnesium swolenskyi (terrestrial eutardigrade) 
found in Turonian amber 92 million years old 
(Bertolani and Grimaldi, 2000) is differentiated from 
some current co-generic species only by 
morphometric characters, indicating high levels of 
conservativeness. 
 
Concluding remarks 

 
From bacteria to different multicellular 

organisms, even though they are widespread in 
nature and belong to very diverse taxa, the 
complete removal of water from cells, storage in 
the dried state, and the rewetting impose 
physiological constraints that few organisms can 
tolerate. Anhydrobiotes can be able to avoid and/or 
to repair damages and alterations to proteins, 
lipids, nucleic acids, and alterations of the 
permeability features of the phospholipid bilayers 
which lead to death in the majority of organisms. 
Hence, the ability to withstand desiccation is a 
complex phenomenon that takes place at every 
level of the cellular organization, through 
mechanisms not yet completely understood. In 
addition, numerous observations suggest that 
some of the mechanisms underlying anhydrobiosis 
might contribute to the resistance of anhydrobiotes 
to other stresses. Further studies are necessary to 
better understand the mechanisms by which 
anhydrobiotes are able to tolerate the total 
suspension of metabolism due to the complete 
desiccation. These most recent studies are 
addressed to understand repair mechanisms of 
damages to biological structures induced by 
desiccation, especially of DNA damages, and to 
characterize genes and their proteins which allow 
dehydration without death in anhydrobiotic 
organisms.  
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Finally, using what we have learned from 
nature, can we engineer desiccation tolerance in 
species or cells that are not naturally anhydrobiotic? 
The stabilization of cells or tissues in a dry state of 
non anhydrobiotic organisms could be of 
considerable practical importance. The engineer of 
properties of trehalose represents a good response 
and a stimulus to continue the basic research to 
discover the secret of life without water. In fact, from 
the first report that biomolecules, membranes, and 
organisms can be stabilized in a dry state -thanks to 
the presence of high levels of trehalose - an 
astonishing array of implications for trehalose have 
been reported. These implications range from the 
stabilization of vaccines, lysosomes, and platelets to 
the hypothermic storage of humans organs (for 
review see Crowe et al., 2005). It is important to 
stress that all these discoveries have their roots in 
basic research on anhydrobiotic organisms, work 
that initially did not appear to have any practical 
applications in biotechnology (Crowe and Crowe, 
2000).  
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