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Trehalose in Three Species of Desiccation Tolerant Tardigrades
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Abstract: We report a study on the presence of the disaccharide trehalose in three desiccation tolerant tardigrades. This
sugar has long been suggested to play a protective role in desiccation tolerant animals. Trehalose was found in all species,
with increased levels in dehydrated specimens of Macrobiotus islandicus, and possibly also in Macrobiotus krynauwi,
both belonging to the family Macrobiotidae. In the third species, Milnesium tardigradum, very low amounts of trehalose
were found, with no increase in the dehydrated state. This species has previously been reported to lack trehalose.
Induction of trehalose has been reported only for species in the family Macrobiotidae, where also the highest levels have
been found. Although the role of trehalose in the desiccation tolerance of tardigrades remains unclear, the diverging
patterns in response to desiccation are interesting. Further studies of higher tardigrade taxa are needed in order to
understand the evolutionary history of trehalose in these invertebrates.
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INTRODUCTION

Revealing the biochemical mechanisms that allow cells
to experience complete desiccation without permanent
damage has been a major line of research in modern studies
of organisms that are able to survive extreme desiccation, so-
called anhydrobiotic organisms [1, 2]. A particular focus has
been on the non-reducing disaccharide trehalose, which has
been found in a number of different anhydrobiotic
invertebrates, e.g., nematodes [3, 4], tardigrades [5, 6],
Artemia cysts [7], and larvae of the chironomid Polypedilum
vanderplanki [8]. According to the “Water Replacement
hypothesis”, originally proposed by Webb [9], disaccharides
or other polyhydroxy compounds play a protective role in
desiccated cells by replacing removed water molecules
connected to membranes and macromolecules. Among
sugars, trehalose has a well documented advantage by a
relatively high glass transition temperature (Ty) and a low
melting temperature (Tm). The high Ty may maintain a stable
glassy state in the dry cell even at relatively high relative
humidities, while the low T, avoids phase transition at
rehydration of the cell [10-12]. Trehalose may not alone
provide a sufficient protection against dehydration damage,
however it has properties that makes it a better desiccation
protectant than most other sugars, especially at sub-optimal
conditions for dry storage [11].

Although trehalose is found in many anhydrobiotic
organisms, it is not present in all species, and in fact seems
to be completely absent in one of the three main taxa of
anhydrobiotic organisms, bdelloid rotifers. Thus, in three
species of anhydrobiotic bdelloid rotifers recently
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investigated, no signs of trehalose were found [13-15]. These
observations are important, since they indicate that
desiccation tolerance by involvement of trehalose is only one
possible evolutionary pathway towards desiccation tolerance.
Other organisms have obviously solved the same problem
without the involvement of trehalose.

Tardigrades represent one of the three main groups where
anhydrobiotic species are common, and two previous studies
on disaccharides in anhydrobiotic tardigrades have been
reported. Westh & Ramlgv [5] found a clear induction of
trehalose by desiccation in the eutardigrade Richtersius
coronifer, from 0.1 % dry weight in the active state to 2.3 %
in the desiccated state. Hengherr et al. [6] reported that seven
out of eight investigated tardigrade species contained
trehalose, but only in species belonging to the Macrobiotidae
family an increase of trehalose was observed in connection
with desiccation. In this paper we extend the knowledge on
trehalose in desiccation-tolerant tardigrades, by reporting
analyses of trehalose in three species of tardigrades.

MATERIALS AND METHODOLOGY
Collection and Animal Extraction

Specimens of Milnesium tardigradum were extracted
from moss (Orthotrichum cupulatum) and lichens (Xantoria
parietina) collected at carbonite rock fences on the Baltic
island Oland (see Jénsson et al. [16] for more details of the
area of sampling). M. tardigradum was also collected from
another site in southern Sweden, near the town Karlshamn
(sun-exposed moss growing on concrete). The samples were
kept dry at room temperature until extraction 1-2 months
after collection. Moss samples containing Macrobiotus
islandicus were collected near the Arctic Station at Disko
Island, Greenland (69°15'N, 53°34'W), in August 2000, and
samples of gravel and sand containing Macrobiotus
krynauwi were collected near the Swedish Antarctic base
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WASA (73°2'S, 13°25'W) in December 2001/January 2002.
Samples of both M. islandicus and M. krynauwi were stored
dry at -20°C until extraction, a condition which ensured high
long-term survival of the tardigrades.

Tardigrades from mosses were extracted during a 12-15 h
period in plastic funnels filled with distilled water, where
moss materials were placed in the top part on a metal net. By
their natural body movements the tardigrades fall down
through the water-filled funnel, ending up in an Eppendorf
tube at the lower part of the funnel. Tardigrades from
sand/gravel samples from Antarctica were extracted by
sieves. Tardigrades used for hydrated samples were kept
hydrated for 15 hours before preparation.

Desiccation Procedure

Samples of tardigrades (with a range of 162-200
specimens/sample for M. islandicus, 65-130 for M.
tardigradum, and 100-200 for M. krynauwi) were desiccated
in aggregations in Eppendorf tubes at 20° C and 85 % (most
samples) or 94.6 % RH (four M. tardigradum samples),
created by potassium chloride or potassium nitrate salt
solution, respectively, in airtight desiccators. The different
RH conditions used did not affect revival rate after
desiccation, and survival control samples (one for each RH
condition) with 10 individuals of each species revealed a
near 100 % survival.

Preparation for Gas Chromatography

To an Eppendorf tube with desiccated animals was added
200 pl 40 % aqueous ethanol. The tube was heated in 100 °C
water for one minute and the contents were then transferred
to a tissue grinder (Kontes Glass Co., size 21) and
disintegrated for one minute. The resulting mixture was
transferred back to the Eppendorf tube and combined with
two portions of 50 pl 40 % ethanol that were used to rinse
the tissue grinder. After centrifugation for three minutes at
145 x 1000 rpm in a Minispin Plus (Eppendorf), the
supernatant was transferred to a new Eppendorf tube. To the
remaining precipitate was added 200 pl 95 % aqueous
ethanol. The tube was placed in an ultrasonic bath (Branson
2210) for one minute and the contents were then transferred
to the tissue grinder. After disintegrating for one minute the
contents were transferred back to the Eppendorf tube and
centrifuged. The supernatant was collected and the
precipitate was treated as described above with 200 ul 20 %
aqueous ethanol.

The three supernatants were combined in an Eppendorf
tube and dried in an oven at 80 °C over night. The contents
were then sequentially dissolved with two portions of 50 pl
20 % and one portion of 95 % ethanol and transferred to a
glass vial together with 10 pg of D-sorbitol (Sigma-Aldrich)
dissolved in 20 % aqueous ethanol. The samples were dried
in an oven over night at 110 °C and then silylated with 100
ul Sigma-Sil-A (Sigma-Aldrich). The reaction mixtures were
left at room temperature for at least 20 minutes before the
GC-MS analyses.

Gas Chromatography Analyses

The silylated compounds were analysed using GC-MS
(Finnigan-Trace, ThermoQuest). The column used was a
BPX-5, 30 m x 0.25 mm, SGE. D-sorbitol and D-trehalose
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(Sigma-Aldrich) were silylated with Sigma-Sil-A and used
as references. The chromatograms were analysed using the
software Xcalibur™ (Home Page version 1.2). The
quantitative analyses were based on the use of 10 pg of D-
sorbitol as an internal standard and the response factor for D-
trehalose/D-sorbitol was determined to be 1.07.

Dry Weight Estimate

Dry weight for M. tardigradum and M. islandicus were
obtained by weighing samples of 60-100 specimens/sample
(M. tardigradum, 4 replicates), or 194-199 (M. islandicus, 3
replicates) dry individuals on a Mettler Toledo MT5 micro
balance. The animals were dehydrated in an Eppendorf tube
in the laboratory (40-50% RH) and the dry sample of
animals was then carefully removed from the tube and
transferred to a piece of glass, and measured on the micro
balance. For M. krynauwi, calculation of dry weight was
instead based on an estimate of average body volume in this
species (assuming a tube shaped body) multiplied by the
average specific weight of the related species M. cf.
hufelandi (obtained from the same moss as M. tardigradum
at Oland). Average specific weight of M. cf. hufelandi was
obtained by measuring body volume and dry weight (using
the protocol described above) in this species. From these
estimates we obtained the following average dry weights:
1.06 (+0.16) pg in M. tardigradum, 1.20 (£0.077) pg in M.
islandicus, and 0.23 pg in M. krynauwi.

RESULTS

All tardigrade species contained trehalose (Table 1). In
M. islandicus, dehydrated tardigrades had marginally
significantly higher levels of trehalose (mean=2.9 %, 2.7-3.1
%, SD=0.21, N=3) than hydrated tardigrades (mean=0.41 %,
0.33-0.48 %, SD=0.07, N=3; Mann-Whitney U-test: U=9.0,
df=1, P=0.05). Dehydrated M. krynauwi contained on
average 2.3 % trehalose (0.44-4.4 %, SD=1.8, N=4). Too
few specimens of M. krynauwi prevented analysis of
hydrated animals. Dehydrated samples of M. tardigradum
contained on average 0.077 % (0.040-0.14 %, SD=0.046,
N=7) trehalose, with no difference between the two
collection sites (Oland: 0.070 %, SD=0.040, N=5;
Karlshamn: 0.095 %, SD=0.064, N=2; Mann-Whitney U-
test: U=2.5, df=1, P=0.31). Hydrated samples of M.
tardigradum contained 0.19 % (0.060-0.32 %, SD=0.18,
N=2) trehalose, and were not statistically different from the
dry samples (U=3.0, df=1, P=0.23).

DISCUSSION

The result from M. islandicus confirms the results from
previous studies (see Table 1) that species of the tardigrade
family Macrobiotidae not only contain trehalose, but also
tend to increase their levels of this sugar in connection with
desiccation. Also the observed trehalose level in desiccated
M. krynauwi supports this conclusion. Although trehalose
levels in hydrated M. krynauwi were not investigated, no
tardigrade species analyzed so far has contained levels as
high as over 2% in the hydrated state, suggesting that this
level was induced by desiccation. The increase in trehalose
within Macrobiotidae ranges from 157-fold in the
Macrobiotus “richtersi group” 2 [6] to 7-fold in M. tonollii
[6] and M. islandicus (this study). In contrast, in neither M.
tardigradum nor in species of the heterotardigrade family
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Table1. Summary of Studies on Trehalose Levels in Active (Hydrated) and Anhydrobiotic Tardigrades
Family Species Trehalose in active Trehalose in anhydrobiotic Ratio Trehalose References
tardigrades (% dw) tardigrades (% dw) Anhydrobiotic/ Active
Macrobiotidae Macrobiotus areolatus Present, but no Present, but no quantification - [27]
quantification
Macrobiotidae Richtersius' coronifer 0.1 23 23? [5]
Macrobiotidae Macrobiotus islandicus 0.41 29 7.4M8 This study
Macrobiotidae Macrobiotus krynauwi - 23 - This study
Macrobiotidae Macrobiotus tonollii 0.022 0.153 7.0%** [6]
Macrobiotidae Macrobiotus richtersi 0.003 0.172 57.3%** [6]
Macrobiotidae Macrobiotus sapiens 0.011 0.087 7.9%** [6]
Macrobiotidae Macrobiotus “richtersi group” 1 0.002 0.262 131.0%** [6]
Macrobiotidae Macrobiotus “richtersi group” 2 0.003 0.472 157.3%** [6]
Echiniscidae Echiniscus granulatus 0.023 0.003 0.13" [6]
Echiniscidae Echiniscus testudo 0.006 0.021 35N [6]
Milnesidae Milnesium tardigradum 0 0 - [6]
Milnesidae Milnesium tardigradum 0.19 0.077 0.41" This study

"This species was referred to as Adorybiotus coronifer in Westh & Ramlgv [5]. ? No statistical evaluation was made of differences between dehydrated and hydrated tardigrades.
Statistical significances for comparisons between hydrated and dehydrated samples; NS: non-significant, MS (marginally significant): 0.10>P>0.05, *: P<0.05, **: P<0.01, ***:

P<0.01.

Eciniscoidae [6] the trehalose level seems to be affected by
desiccation. Still, all these tardigrade species are very
tolerant to desiccation. Thus, as concluded by Hengherr et al.
[6], there seems to be an evolutionary divergence in the
function of trehalose in tardigrades with respect to
desiccation. The induction of trehalose observed exclusively
in species of the Macrobiotidae family indicates a possible
specific function connected with desiccation, but the nature
of such a function is currently unknown. The possible role of
trehalose in desiccation-tolerant animals has been much
discussed (e.g., [12]), but without a final conclusion. Most
popular has been the suggestions that trehalose may provide
a structural substitute for water in membranes of the
desiccated animal (“Water replacement hypothesis” [17]),
and that trehalose may establish a structurally stable glassy
state in the dry organism [18]. However, it is clear that
trehalose is not a necessary component to obtain desiccation
tolerance, since there are desiccation tolerant organisms that
lack this sugar completely [13]. In addition, while a number
of studies have documented a beneficial effect of trehalose in
vitro (e.g., [19]), the role of trehalose in vivo in
anhydrobiotic organisms is still unclear, and the correlation
between desiccation tolerance and trehalose level in, e.g.,
yeast is not consistent [20]. Recent studies on desiccation
tolerance have also emphasized the potential role of stress
proteins and their possible complementary or synergistic role
together with other compounds such as sugars [12, 21, 22].
Few studies on heat-shock or stress proteins have been
reported for tardigrades, but Schill et al. [23] showed that M.
tardigradum synthesizes the widespread stress protein hsp70
in response to desiccation. Hsp70 is also synthesized in
Richtersius coronifer, in response to desiccation, ionizing

radiation, and heating ([24], see also Ramlgv & Westh [25]
who reported a protein possibly belonging to the hsp70
family in this species).

The level of induced trehalose in Macrobiotidae is much
lower than documented in some other desiccation tolerant
animals (cysts of Artemia salina, the nematode Aphelenchus
avenae, and larvae of the chironomid Polypedilum
vanderplanki), where induction of levels up to 15-20 % have
been found [3, 7, 8]. It is currently unclear how much
trehalose is needed to provide protection against desiccation,
and any such estimation will also depend on assumptions of
how the sugar acts to provide protection. One such
assumption is that trehalose acts by substituting for the
removed structural water. Minimum cell concentrations of
trehalose for cell survival have been estimated at 0.1-0.2 M,
or approx. 10'° molecules per cell [19]. Unfortunately, there
is currently no published information on the total cell
number in tardigrades that would allow an estimate of
required trehalose content.

In contrast to our study, Hengherr et al. [6] found no
evidence of trehalose in M. tardigradum, and suggested that
this species may have lost the ability to synthesize this sugar.
In contrast, our analyses show that this species has in fact
low amounts of trehalose. Presence of trehalose (<0.2 % dw)
in M. tardigradum was also reported from a Japanese
population [26], and we find it unlikely that a single
population of this species would lack trehalose completely.
Given the low amounts of trehalose documented in the
Japanese and Swedish populations, it seems more likely that
the analyses by Hengherr et al. [6] may have underestimated
the levels of trehalose. This possibility may also be indicated
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by the low trehalose levels reported for the Macrobiotidae
species in Hengherr et al. [6], ranging between 0.1 and 0.5 %
dw compared to 2.9 and 2.3 % in M. islandicus and M.
krynauwi, respectively (this study) and 2.3% in R. coronifer
(also a Macrobiotidae species) [5]. The reason for these
deviating estimates in trehalose levels deserves further
investigation.

The finding in this study, and in Hengherr et al. [6], that
some tardigrades with anhydrobiotic capacity do not increase
production of trehalose when dehydrated (although it is
present in the cells in small amounts), while other
tardigrades do so, supports the view that a variety of
biochemical solutions to the problem of desiccation
tolerance have evolved. It also emphasizes the importance of
investigating several populations and species in order to
obtain a general picture of the mechanisms behind
desiccation tolerance. Desiccation-tolerant tardigrades are
found in the two classes of tardigrades, heterotardigrades and
eutardigrades, and in all species analyzed so far trehalose has
been found. Thus, the ability to synthesize trehalose must
represent an ancient trait in tardigrades. The role of this
sugar, however, seems to have diverged in the course of
evolution, since the connection between trehalose level and
induction of desiccation clearly differs among different
tardigrades. An important scientific task in the future will
therefore be to analyze the presence and dynamics of
trehalose in other higher taxa of tardigrades, in order to
reveal the taxonomic levels at which specific mechanisms
are fixed.

CONCLUSIONS

Our study confirms previous reports showing an
induction of trehalose in tardigrades of the family
Macrobiotidae. It also shows that one species previously
reported as lacking trehalose, M. tardigradum, indeed has
trehalose in low amounts, but does not increase the level of
this sugar in connection with desiccation. Our current
knowledge documents trehalose in both classes of
tardigrades (Heterotardigrada, Eutardigrada), and in three out
of four orders (Echiniscoidea, Paracaela, Apochaela). Of
considerable interest will be to investigate if also tardigrades
of the order Arthrotardigrada have trehalose. Arthrotar-
digrades consist of only marine species, none of which are
known to be desiccation tolerant. Also of interest will be to
look closer at the families within the order Parachaela, in
order to reveal if species within other families than
Macrobiotidae show increased levels of trehalose when
desiccated.
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