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ABSTRACT

Invertebrates living in extreme environments as well as those living under unpredictable habitat conditions must be able to
survive severe environmental stresses bound to their habitats. Tardigrades represent a good animal model to analyze responses
evolved by organisms to overcome extreme environmental stresses or to colonize extreme environments because they respond to
desiccation or freezing in their habitats by entering cryptobiosis. The responses to environmental stresses have been evaluated
almost exclusively in terrestrial tardigrades, while very little is known about the ability of limnic species to tolerate those stresses.
This study evaluates the responses of the limnic boreo-alpine species Borealibius zetlandicus, under lab conditions, to stresses
imposed by desiccation and temperature variation (freezing and heating). Our results indicate that active specimens are able to
freeze, confirming the cryobiotic ability of this species. There is a negative correlation between survival and cooling rates. In
contrast, no specimens of B. zetlandicus are able to survive desiccation. With regard to thermal tolerance, the animals show a high
ability to resist heat-shock (LTsy = 33.0 = 0.5 °C) for a short time. This wide tolerance to different environmental parameters could
be the reason for the wide distribution of the species. Due to the disjunct distribution of the species and to the potential presence of
cryptic tardigrade species that could have different ecological and physiological responses, we decided to characterize the

population studied from a molecular point of view by investigating its COI mtDNA sequences.
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1. INTRODUCTION

Invertebrates living in extreme environments (polar
regions, deserts, high elevations and high latitudes), as
well as those living in unpredictable habitat conditions
even at our temperate latitudes (e.g., mosses and lichens
subject to desiccation or freezing, temporary ponds),
must be able to survive strong environmental stresses
characteristic of their habitats. These stresses can pro-
duce substantial modifications in the structure of bio-
logical communities, even with modifications of the
functional integrity of the ecosystems (Irons et al.
1993). Organisms can respond to environmental stresses
using regulative, acclimation, developmental and evo-
lutionary responses (Willmer et al. 2000).

Tardigrades represent a good animal model to ana-
lyze responses evolved by organisms to overcome
extreme environmental stresses or to colonize extreme
environments. They are micrometazoans found world-
wide and represent a component of meiofaunal commu-
nities of marine, limnic and above all terrestrial ecosys-
tems (Nelson & Marley 2000). More than one thousand
species have been described to date (Guidetti & Berto-
lani 2005; Degma & Guidetti 2007), 75% of which were
found in limnic and/or in terrestrial environments where
their abundance is very high in habitats with unpredict-

able conditions. As a response to desiccation or freezing
of their habitats, tardigrades reduce and suspend their
metabolism, entering anhydrobiosis and cryobiosis,
respectively (Bertolani et al. 2004). These two adaptive
strategies represent different aspects of cryptobiosis
(Keilin 1959), a widespread adaptive phenomenon of
quiescence induced and maintained by environmental
conditions adverse for an active life. Cryptobiosis
promptly terminates when environmental conditions
become again favorable for active life (Hand 1991).
Tardigrades are able to enter cryptobiosis in any stage
of their life cycle, from egg to adult, and desiccated or
frozen tardigrades can stay alive even for several years
(Rebecchi et al. 2007). Moreover, it is known that
anhydrobiotic tardigrades can resist very high tempera-
tures (up to 100 °C), in addition to several physical and
chemical extremes (Rebecchi et al. 2007).

Responses to environmental stresses such as desic-
cation, freezing, and extremely high temperature, have
been evaluated almost exclusively in terrestrial tardi-
grades (Semme 1996; Bertolani ez al. 2004; Li & Wang
2005a, b; Rebecchi et al. 2007), while very little is
known about the ability of limnic species to tolerate
those stresses. Our present study reduces this gap by
evaluating the responses of a limnic tardigrade species
to stresses imposed by desiccation and temperature
variation (freezing and heating). Information on the
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Fig. 1. Borealibius zetlandicus. The gonad of this specimen contains several oocytes (/n vivo, Nomarski). Scale bar: =200 pm.

evolution of regulative responses has great importance
in a global scenario of environmental changes. As an
experimental model the limnic eutardigrade Borealibius
zetlandicus (Murray, 1907) was investigated. This spe-
cies, with a boreo-alpine distribution (Pilato et al.
20006), is thus probably more sensitive to environmental
changes than other tardigrade species. Finally, discovery
of cryptic species in tardigrades, distinguishable only by
molecular sequences (Faurby er al. 2008), has led to
knowledge that different cryptic species can have dif-
ferent ecological niches and adaptive abilities despite
their morphological similarity, thus emphasizing the
need for molecular studies. Therefore we have analyzed
COI mtDNA sequences of two populations of B.
zetlandicus to describe it from a molecular point of
view.

2. METHODS
2.1. Species collection for experiment

A submerged moss [Warnstorfia exannulata (Schimp.)
Loeske] was collected in a spring located in Val de la
Mare, Pian Venezia (Italian Alps, Stelvio National Park,
Trentino, NE Italy, 46°N 26' — 010°E 40', at 2270 m
a.s.l.). The spring is characterized by transparent waters,
rich in submerged mosses, with oxygen saturation of
64% and temperature ranging from 3.9 °C to 4.3 °C.
Moss was collected in November 2004, March 2005 and
July 2005. Specimens of B. zetlandicus (Fig. 1) were
extracted from mosses by washing the substrate on a
sieve under running tap water and then individually
picking up specimens under a stereo-microscope.

2.2. Stress experiments

To test the possibility that B. zetlandicus specimens
can withstand desiccation or freezing, undergoing anhydro-
biosis or cryobiosis, in addition to evaluating their ther-
mal tolerance, we exposed tardigrades to stressful
experimental conditions. After extraction, to standardize
all stress experiments specimens of B. zetlandicus were

starved for 24 hours in water at 10 °C before beginning
each experiment.

2.2.1. Experiment 1: Thermal stress

Active adult specimens were used. Groups of tardi-
grades were placed in a covered glass cap (4 cm in
diameter) containing 4 mL of pre-heated mineral water
and then exposed for 1 h to a specific stress tempera-
ture. The tested temperatures were 25 °C, 26 °C, 28 °C,
29 °C, 30 °C, 31 °C, 32 °C, 33 °C, 34 °C, 36 °C and 37
°C. Five replicates were done for each temperature.
Each replicate consisted of 5 tardigrades. As a control,
five replicates were maintained at 10 °C. After heat
stress, the tardigrades were maintained at 10 °C and
observed under a stereo-microscope to verify their
viability. Coordinated movements of the body (locomo-
tion performance) constituted the criterion to confirm
animal viability. Locomotion performance was evalu-
ated immediately after heat stress (t;) and again 24 h
(ty4) later. Survival was determined by the percentage of
live animals at t,4. Data on survival were used to quan-
tify thermal tolerance statistically by calculation of tem-
perature that causes 50% mortality (lethal thermal tem-
perature; LTso; Mora & Maya 2006). The first tempera-
ture causing 100% mortality (lethal thermal maximum,
LT ax) Was also determined. Statistical analyses (Mann-
Whitney test, Pearson's correlation test and Probit
analysis) were performed with SPSS 9.0 software.

2.2.2. Experiment 2: Freezing stress

Active adult specimens were used. Groups of tardi-
grades were frozen directly with 4 ml of water in a cov-
ered cylindrical plastic container (2 cm in diameter and
3 cm in height). Tested cooling rates were -0.37 °C
min™ (freezer -9 °C), -0.69 °C min™ (freezer —20 °C)
and -1.95 °C min™' (freezer —80 °C). Cooling rates were
recorded by a thermocouple (Testo 735, pbi Interna-
tional). For all cooling rates, 4 replicates (with 10 ani-
mals each) were tested. Containers with animals were
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put directly into a freezer at one of the three cooling
rates and the animals were kept frozen six days. Before
the beginning of thawing, containers in the freezers at
-20 °C and —80 °C were transferred to the freezer at —9
°C for 15 h. All containers with animals were then
transferred to 14 °C for thawing, i.e., to the complete
melting of the ice. After thawing, all tardigrades were
examined under a stereo-microscope to verify their
viability (coordinated movements of the body). Loco-
motion performance was evaluated both after 2.5 h and
24 h after complete thawing of the ice in the containers.
After 2.5 h, mobile (live) animals were isolated, counted
and fixed in Carnoy's fluid (methanol: acetic acid, 3:1).
The immobile animals were kept in water at 10 °C for
24 h. After that period these animals were re-examined
under a stereo-microscope; those still immobile were
considered dead. The percentage of the total number of
animals found active both after 2.5 (t,5) and 24 h (t»4)
represented survival.

Statistical analyses were carried out with Mann-
Whitney test and Pearson's correlation test using SPSS
9.0 software.

2.2.3. Experiment 3: Desiccation stress

Desiccation of animals was done according to a
slightly modified protocol by Jonsson & Rebecchi
(2002). Active adult specimens were used. Each group
of tardigrades was immersed in 120 pL of water in a
covered plastic tube (Mini Dyalizer tube 3550 MCW,
Celbio; 10 mm in diameter and 20 mm in height) with a
net in the bottom. Tests were run with 4 replicates (with
10 animals each). Animals were forced into anhydrobio-
sis by placing them in a climate controlled chamber at
16 °C and 85% of air relative humidity (RH). Animals
were kept dry for 6 days. After the dry period, tardi-
grades were slowly re-hydrated by adding water drops
within each plastic tube and observing them with a ste-
reo-microscope to verify their viability (locomotion per-
formance). Locomotion performance was evaluated
both after 1 h and 24 h after re-hydration. During re-
hydration, tardigrades were maintained at 10 °C.

2.3. Molecular characterization

Molecular analysis was performed on two specimens
from the population of B. zetlandicus collected in Pian
Venezia. Moreover, for comparison, two specimens
were extracted from the sediment of nearby Nambino
Lake (Italian Alps, Madonna di Campiglio, Trentino NE
Italy; N46° 14' - E010° 36'; 1800 m a.s.1.), and subjected
to molecular analysis. Before analysis, an accurate
taxonomic inspection of all specimens was carried out,
as tardigrades were observed in vivo in a drop of water
under a coverglass, using differential interference
contrast. In addition, for both populations, some animals
were used as a voucher specimens were mounted in
Faure-Berlese's fluid.
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Total genomic DNA was extracted from single
specimens using a salt and ethanol precipitation (Sun-
nucks & Hales 1996). A fragment of the COI mitochon-
drial gene region was amplified using the Genespin kit
with recombinant Taq DNA polymerase and using
primers LCO1490 (5'-GGT CAA CAA ATC ATA AAG
ATA TTG G-3") and HCO2198 (5'-TAA ACT TCA
GGG TGA CCA AAA AAT CA-3') derived from Fol-
mer et al. (1994). PCR reactions were carried out on a
Hybaid PCR Sprint thermocycler executing a step-up
procedure with the following protocol: the initial 5
cycles were performed with 1 min at 94 °C, 1.5 min at
42 °C and 1.5 min at 72 °C, and they were followed by
35 cycles with 1 min at 94 °C, 1.5 min at 50 °C and 1
min at 72 °C. The amplified products were gel purified
using the Wizard Gel and PCR cleaning (Promega) kit,
and both strands were sequenced using a CEQS8000
Beckman Coulter sequencer. Sequences were aligned
with the Clustal algorithm implemented in MEGA ver-
sion 4 (Tamura et al. 2007) and checked by visual
inspection. Absolute numbers of nucleotide substitu-
tions between haplotypes were determined using
PAUP* 4.01b10 (Swofford 2003). Obtained sequences
were submitted to NCBI Blast and resulted to be per-
taining to tardigrades (max score: 569-529; max iden-
tity: 78-81%). The data are reported in GenBank and in
the Barcode of Life Data Systems (BOLD,
http://www.barcodinglife.org/views/login.php) (acces-
sion numbers: FJ184601-4)

3. RESULTS
3.1. Thermal tolerance

Survival of B. zetlandicus was inversely related to
stress temperature (Fig. 2), showing a progressively
significant decrease of viability with an increase in tem-
perature (P <0.001 Pearson's correlation test). Survival
was 100% at 25 °C, 26 °C and 28 °C, while the lethal
thermal maximum (LT,.,) was 37 °C. The lethal tem-
perature (LTs) was 33.0 = 0.5 °C. For control speci-
mens maintained at 10 °C, survival was 100%. Percent-
age of animal viability significantly increased from t, to
ty4 for temperatures from 26 °C to 33 °C (Fig. 2; Mann
Whitney test). Calculations of differences between the
percentage of animal viability recorded at tp4 and t, were
found to have a positive relationship with temperature
(P =0.007; Pearson's test).

3.2. Freezing tolerance

The survival of B. zetlandicus was directly related to
the cooling rate: the higher the cooling rate, the lower
the survival (P <0.001; Pearson). The highest survival
was recorded at a cooling rate of —0.37 °C min™ (72.5%,
sd = 20.5); the lowest at —1.95°C min" (12.3%, sd =
3.5%) (Fig. 3). Significant statistical differences in sur-
vival among cooling rates were found between —0.37 °C
min"' and —1.95 °C min™ (P <0.05) and between -0.69
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Fig. 2. Viability of Borealibius zetlandicus specimens under thermal stress. Each bar gives the mean percentage and its standard
deviation. ty = viability immediately after the end of heat stress; tp4 = viability 24 hours after the end of stress (survival). Asterisks =
significant increase of animal viability recorded between ty and ty, * 0.05 <P> 0.007; ** P <0.007.
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Fig. 3. Viability of Borealibius zetlandicus specimens frozen at three different cooling rates. Each bar gives the mean percentage and
its standard deviation. White column = viability at t, 5; gray column = survival at ty,.

°C min™" and —1.95 °C min™" (P = 0.017). A negative
correlation was found between survival and cooling
rates (P <0.001; Pearson). The percentage of animal
viability did not statistically increase from t, 5 to t4.

3.3. Desiccation tolerance

No specimens of B. zetlandicus survived desicca-
tion.

3.4. Molecular characterization

Partial COI sequences of 4 specimens, representative
of two populations of B. zetlandicus, were obtained and
deposited in GenBank and BOLD. Unambiguous
alignment of these sequences contained no gaps and was
630 bp long. A single haplotype was identified.

4. DISCUSSION

Several studies on the cryobiotic ability of tardi-
grades have dealt with species from the Arctic and Ant-
arctic regions, where substrates are frozen for the most

part of the year (Dougherty er al. 1960; Aoki & Konno
1961; Kristensen & Hallas 1980; Kristensen 1982;
Mclnnes & Ellis-Evans 1987, 1990; Grengaard et al.
1990; Sugawara et al. 1990; Suren 1990; Grengaard
1995; Solhenius et al. 1995; Semme & Meier 1995;
Dastych et al. 2003). Nonetheless only a few studies
have examined the tardigrade's ability to withstand
extended periods at low temperatures (Sugawara et al.
1990; Semme & Meier 1995; Newsham et al. 2006). No
data are available on the cryobiotic ability of tardigrades
collected either in temperate areas or in alpine zones.
The ability of the active animals of B. zetlandicus to
freeze and survive after thawing confirms the cryobiotic
ability of this species. Our results show a negative cor-
relation between survival and cooling rates. The higher
the cooling rates, the lower the survival. Other studies
have shown the negative effect of increasing cooling
rate on tardigrade survival (Rahm 1923; Ramlev &
Westh 1992; Sugawara ef al. 1990). A negative relation-
ship between survival and cooling rate has also been
found in nematodes (Wharton et al. 2002, 2003).
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Borealibius zetlandicus has been found only in
boreo-alpine areas, usually in an aquatic freshwater
environment (sediment, submerged moss and spha-
gnum), but also in the Barents Sea, and sometimes in
terrestrial substrates that rarely dry out completely (e.g.,
moss on soil, soil, Cyanobacteria colonies; see Pilato et
al. 2006). Therefore, the ability to withstand freezing
but not drying can be explained in adaptive terms.
Selective pressure related to the hydrophilic envi-
ronments and cold climate in which this species (or its
stem group) has evolved may have led either to reduc-
ing its anhydrobiotic ability, or to preventing the evolu-
tion of this form of quiescence. It is also worthy to note
that also Dactylobiotus parthenogeneticus, a true limnic
species, does not carry out anhydrobiosis (Bertolani et
al.2004).

With regard to thermal tolerance, the studied popu-
lation of B. zetlandicus shows a high capacity to resist
heat-shock (LTsy = 33.0 = 0.5 °C) for short periods of
time (even though it lives in mosses flooded by glacial
waters and then subjected to a low temperature of about
4 °C). This ability to resist heat shock in active speci-
mens unable to carry out anhydrobiosis leads us to think
there is no direct relationship between anhydrobiosis
and thermal tolerance. The ability of organisms to
acquire tolerance to temperature increases represents an
important adaptive strategy. Several authors have stated
that this ability is bound to the habitat, to the geographic
distribution, and to the daily and seasonal temperature
variations, but also to the hydration state of the organ-
ism (Pough 1974; Claussen 1977; Floyd 1985;
Pashkova 1985; Spotila et al. 1989; Portner 2002;
Serensen et al. 2005). Nevertheless, daily or seasonal
temperature variation acting on the population we stud-
ied is too low to explain its thermal tolerance. Exposure
of specimens of another eutardigrade species, Macro-
biotus harmsworthi Murray, 1907, to an artificial ther-
mal gradient resulted in a LT,,,x of 38 °C (Li & Wang
2005a). Macrobiotus harmsworthi is an eurytopic spe-
cies with a wide distribution, it is found in several envi-
ronments and substrates (among them leaf litter and
mosses on rocks subject to drying), and it is considered
a eurythermal species (Li & Wang 2005a) with
anhydrobiotic and cryobiotic abilities (Sugawara et al.
1990; personal observations). Therefore, it is surprising
to find that M. harmsworthi has a very similar LT, to
B. zetlandicus (37 °C), which is a hygrophilous and, as
predicted by its distribution, a stenothermal species
(Pilato et al. 2006).

Even though the specimens of B. zetlandicus are
able to withstand temperatures between 25 °C - 33 °C,
some kinds of "damage" does occur during the heating.
This is indicated by the increased number of animals
that needed more time to recover active life after heat
stress. This increase is in direct relationship to tem-
peratures. The higher the heat stress, the higher is the
number of animals affected by this "damage", whose
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nature remains unknown. According to the oxygen
limitation hypothesis in complex metazoans, critical
temperatures (low or high temperatures) affecting fit-
ness are generally not set by cellular level responses
(such as loss or modifications in lipid saturation, kinetic
properties of metabolic enzymes, contractile proteins
and transmembrane transporters), but are rather set by
an oxygen deficiency and a transition to unsustainable
anaerobic metabolism (Portner 2002). The ability of B.
zetlandicus to survive relatively high temperatures can
be explained by its high physiological flexibility or by
its ability to withstand anoxic conditions. In agreement
with the latter hypothesis, low oxygen tension values
have been recorded in spring water at the sampling site.
Anoxybiosis induced by reduced oxygen tension is a
well-known dormancy state in tardigrades, but to date
no specific studies have been carried out on this phe-
nomenon.

In spite of its absent or reduced anhydrobiotic per-
formance with respect to other terrestrial tardigrade spe-
cies, B. zetlandicus is able to live in freshwater and wet
terrestrial habitats (also marine), and it has a wide dis-
tribution in the boreal hemisphere related to cold cli-
mates. It lives at low temperatures, but it is also able to
withstand temperatures above 30 °C, although only for a
short time. Therefore, its wide distribution could be
related to a wide tolerance to different environmental
parameters, such as osmotic and temperature variations.

Very recently cryptic species have been discovered
within two eutardigrade morphospecies (Rebecchi et al.
2003; Faurby et al. 2008). Borealibius zetlandicus is
widespread at high latitudes and high altitudes including
the boreal hemisphere and has a disjointed distribution.
Therefore, we thought it important to characterize the
population used in the experiments from a molecular
point of view, considering the possibility that cryptic
species may exist. We have investigated a tract of
mtDNA belonging to the COI gene, which forms the
primary barcode sequence for members of the animal
kingdom (Hebert ef al. 2003a, b; Savolainen et al.
2005). For comparison, another Italian population of B.
zetlandicus (collected not far from the first one) has
been characterized in the same way, with identical
results (the same haplotype has been identified). The
importance of this characterization is that, in general,
different cryptic species can have different ecological
niche and these species can easily give a different
experimental response. We underline the importance of
barcoding material used in the experiments as much as
possible, especially when the specimens are collected in
nature and are not reared in the laboratory.
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