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ABSTRACT

Although tardigrades have been studied for a long time, little is still known about their life-history traits. In the present study, two
populations of the parthenogenetic African tardigrade species Paramacrobiotus kenianus, and the parthenogenetic species Paramacro-
biotus palaui from the pacific islands of Palau were examined and analysed related to their life-history traits under laboratory conditions.
The longevity in days (mean+SD) do not vary between the P. kenianus population (1) (125+35) and (1) (141£54), but P. palaui showed
a significant shorter longevity (97+£31). A recorded maximum age of 212 days was reached by P. kenianus population (II). P. kenianus
population (1) laid 138+71 eggs (mean+=SD) and population (II) 124+78 eggs (mean+SD) during their life, whereas P. palaui laid only
42+54 eggs (mean+SD). While the hatching time was similar in all species, starting after 6 to 9 days, the hatching rate in P. kenianus
population (I) was 33%, compared with 51% of population (II) and 54% of P. palaui.
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INTRODUCTION

The number of known tardigrade species has been
increasing steadily over the last decades. Today we know
more than 1000 different species of tardigrades from all
over the world (Degma et al., 2012). Tardigrades can be
found in a variety of habitats, including marine, brak-
kish, freshwater and terrestrial ecosystems, ranging from
the deep sea to the highest mountains, as well as in many
extreme environments ranging from the coldest to the
hottest and driest places (Marcus, 1929; Ramazzotti and
Maucci, 1983; Schill et al., 2009; Guidetti et al., 2011b;
Wetnicz et al., 2011). Such habitats frequently undergo
seasonal changes that impact animals, but tardigrades
are able to survive these periods of adverse conditions
due to the ability to enter a cryptobiotic state. In adverse
environments, terrestrial tardigrades form the Tonnchen-
form or tun state during desiccation (Baumann, 1922).
Tardigrades show extraordinary tolerance to physical ex-
tremes including high pressure (Seki and Toyoshima,
1998; Horikawa et al., 2009), UV and high energy radi-
ation (Jonsson et al., 2005; Horikawa et al., 2006; Jons-
son et al., 2008; Rebecchi et al., 2009, 2011; Altiero et
al., 2011; Persson ef al., 2011), exposure to high tem-
peratures (Doyére, 1842; Pouchet, 1859; Rahm, 1921a;
Ramlev and Westh, 2001; Hengherr et al., 2009¢) and
exposure to low temperatures (Rahm, 1921b; Ramlev
and Westh, 1992; Hengherr et al., 2009a, b; Guidetti et
al.,2011a). Over the past few years, more and more em-
phasis has been placed on the genome (Schill et al.,
2004; Forster et al., 2009, 2011a, 2011b; Grohme et al.,
2011), proteome (Schokraie et al., 2010, 2011, 2012; Ya-
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maguchi et al., 2012) and metabolome (Kunieda and
Kubo, 2006; Hengherr et al., 2008b; Beisser et al., 2012;
Cesari et al., 2012) of tardigrades for a better under-
standing of the survival mechanisms. However, not
much is known about their life-history traits, because
only few species are in culture and life-cycle observa-
tions in nature are quite rare (Altiero and Rebecchi,
2001; Suzuki, 2003; Horikawa et al., 2008; Altiero et al.,
2010; Lemloh et al., 2011). Therefore, much information
regarding longevity, sexual or parthenogenetic reproduc-
tion, and embryonic development remains missing.
Therefore 1 studied the parthenogenetic tardigrade
species Paramacrobiotus palaui Schill, Forster, Dan-
dekar and Wolf, 2010 and two populations of Paramac-
robiotus kenianus Schill, Forster, Dandekar and Wolf,
2010 to provide information about the life-history traits
for further studies.

METHODS
Culture

Individuals of two populations of the tropical,
parthenogenetic eutardigrade species Paramacrobiotus
kenianus and one population of the species Paramacro-
biotus palaui (both species belong to the order Parachela)
were used to investigate the life-history traits. Population
() of P. kenianus originally came from Nakuru, Kenya
and population (IT) from Naivasha, Kenya. The population
of P. palaui originally came from Koror, Palau. All ani-
mals are offspring from the animals described in (Schill
et al., 2010). Tardigrades were cultured in plastic plates
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on a thin layer of 3% agar (peqGOLD Universal Agarose;
peqLAB, Erlangen, Germany) and a layer of 3 mm
Volvic® water (Danone Waters, Wiesbaden, Germany) ac-
cording to Schill et al. (2004) and Hengherr ef al. (2008a).
For food, rotifers of the species Philodina citrina Ehren-
berg, 1832 were provided twice a week, which were cul-
tured separately in Volvic™ water and fed with cultured
green algae Chlorogonium elongatum Dangeard (Bischoff
and Bold, 1963). All cultures were kept in a climate cham-
ber at 20°C under a photoperiod of 12 h/12 h.

Life-history traits

After oviposition, 374 eggs of P. kenianus population
(1), 244 eggs of P. kenianus population (II), and 250 eggs
of P. palaui were collected using a stereo microscope
(SHZ 10; Olympus, Hamburg, Germany) and kept on
agar with Volvic® water for the experiments (see culture
method above). We determined the hatching time (em-
bryonic developmental time) and hatching percentages
for each population/species. Subsequently, we separated
22 hatched tardigrades of each population/species and
kept them individually in 32 -well plastic plates on agar
with Volvic® water to determine their longevity, the first
oviposition, total number of eggs, and hatching time and
percentages.

A one-way ANalysis Of VAriance (ANOVA) was used
to analyse the longevity and two-way ANOVA was used
to analyse the effect of species/population and longevity
on numbers of eggs laid.

RESULTS
Longevity

The recorded maximum age, attained by two of the 22
animals of Paramacrobiotus kenianus population (I), was
204 days, and in the population (II) one animal survived
212 days. Paramacrobiotus palaui achieved a maximum
age of 187 days (Fig. 1, Tab. 1).

The mean [+standard deviation (SD)] longevity of the
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Fig. 1. Longevity of the tardigrade species Paramacrobiotus ke-

nianus population (I) (circles), Paramacrobiotus kenianus pop-
ulation (IT) (rectangles), and Paramacrobiotus palaui (triangles).

Tab. 1. Available data from tardigrade species about the longevity, number of eggs per animal, hatching success and time.

Species Longevity ~ Max. longevity ~Number of  Hatching Hatching Source

(days) (days) eggs/animal  success (%) time (days)
Diphascon (Adropion) scoticum nd 263 nd nd 5-14 Altiero and Rebecchi, 2001
Halobiotus crispae nd ca. 730 nd nd nd Kristensen, 1982
Hypsibius arcticus nd nd up to 84 nd 5-20 Dougherty, 1964
Hypsibius convergens nd 159 nd nd 5-10 Baumann, 1961
Hypsibius dujardini nd nd nd nd 5 Ammermann, 1962
Hypsibius oberhaeuseri® nd nd nd nd 32 Marcus, 1929
Macrobiotus hufelandii nd 84 nd nd 26-31 Baumann, 1970
Macrobiotus joannae nd 266 nd nd 14-39 Altiero and Rebecchi, 2001
Macrobiotus richtersi® nd nd nd 65-100 28-87 Hohberg, 2006
Macrobiotus richtersi (clone 1) 194.9+£164.4 518 37.8£29.3 83.1+12.7 41.0£9.5 Altiero et al., 2006
Macrobiotus richtersi(clone 1) 137.3+136.4 457 17.8+16.0 51.0+36.0 60.0+£16.7 Altiero et al., 2006
Macrobiotus sapiens 83.0+33.5 145 48 78 11.9+2.7 Lemloh et al., 2011
Milnesium tardigradum 42.7+£11.8 58 41 72.2 5-16 Suzuki, 2003
Milnesium tardigradum nd nd nd nd 4 Baumann 1964
Milnesium tardigradum 82.7+£2.7 107 nd nd nd Hengherr et al., 2008a
Paramacrobiotus kenianus (population I) ~ 125£35 204 138+71 33 7 Present study
Paramacrobiotus kenianus (population 1)  141£54 212 124+78 51 8 Present study
Paramacrobiotus palaui 97+31 187 42454 54 9 Present study
Paramacrobiotus richtersi nd nd 123-190 75-200 30-62 Altiero et al., 2010
Paramacrobiotus tonollii 69.0+45.1 237 99 82.2 16.7+6.7 Lemloh et al., 2011
Ramazzottius oberhaeuseri nd ca. 70 nd nd 8-20 Baumann, 1966
Ramazzottius varieornatus 13-87 87 7.85 82.5 5.7+1.1 Horikawa et al., 2008

nd, no data. “Species renamed.
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population (I) of P. kenianus was 125+35 days, the popu-
lation (IT) showed a mean+SD longevity of 141454 days),
whereas the population of P. palaui showed a mean+SD
longevity of 97431 days (Fig. 2). However, the compari-
son of the longevity of the P. kenianus population (I) and
population (IT) did not reveal any significant difference,
although the mean longevity of population (II) is slightly
higher numerically. Paramacrobiotus palaui has a signif-
icantly shorter longevity (P=0.002).

Ovipositions

Sexual maturity was determined based on the first laid
eggs in each parthenogenetic population/species (n=22
tardigrades for each population), and a median of 10 days
in all population/species was determined (data not
shown). The mean (+SD) number of laid eggs counted
during their longevity were 138+71 for P. kenianus pop-
ulation (I), 124478 eggs for P. kenianus population (II),
and 42454 eggs for P. palaui (Fig. 3). The result of the
two-way ANOVA analysis showed that there was no sig-
nificant difference between populations and species.

Hatching time and percentages

Embryos of the two species did not vary significantly
in their developmental time (Fig. 4). The first juveniles of
P. kenianus population (I) hatched after six days, of P. ke-
nianus population (II) after seven days, and of P. palaui
after eight days at room temperature. Both P. kenianus
populations showed a higher hatching rate after nine days,
subsequently a decreased hatching rate, and an increasing
hatching rate again after 13 days.

Hatching rate was estimated as 33% in P. kenianus
population (I) (n=374 eggs), 51% in P. kenianus popula-
tion (I1) (n=224 eggs), and 54% in P. palaui (n=250 eggs).
For the remaining eggs, no hatching was observed within
30 days after oviposition.

DISCUSSION

At the moment, less than 20 publications are available
with information about the mean and maximal longevity,
number of eggs per animal, hatching success, or hatching
time in tardigrades (Tab. 1). However, from several stud-
ies only the hatching time or the number of eggs are avail-
able, like from the species Hypsibius arcticus (Murray,
1907) (Dougherty, 1964) and Hypsibius dujardini
(Doyé¢re, 1840) (Ammermann, 1962). Apart from the
species in the present study, a mean longevity in days
(+SD) is only published for the species Macrobiotus sapi-
ens Binda and Pilato, 1984 (83.0+33.5; Lemloh ef al.,
2011), Milnesium tardigradum Doyére, 1840 (42.7+11.8;
Suzuki, 2003) and (82.7+2.7; Hengherr et al., 2008a),
Paramacrobiotus richtersi (Murray, 1911) clonal lineage
I (194.9+164.4) and clonal lineage II (137.3+£136.4; Al-
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Fig. 2. Longevity in days (mean+SD) of the tardigrade species
Paramacrobiotus kenianus population (1) (dark grey), Paramac-
robiotus kenianus population (II) (grey) and Paramacrobiotus
palaui (white). Whiskers represent the standard deviation.
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Fig. 3. Number of eggs (mean+SD) of the tardigrade species
Paramacrobiotus kenianus population (1) (dark grey), Paramac-
robiotus kenianus population (II) (grey) and Paramacrobiotus
palaui (white) during their lifespan. Whiskers represent the stan-
dard deviation.
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Fig. 4. Hatching success (%) of the tardigrade species Paramac-
robiotus kenianus population (1) (dark grey), Paramacrobiotus
kenianus population (II) (grey) and Paramacrobiotus palaui
(white) within 30 days of observation.
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tiero et al., 2006) and Paramacrobiotus tonollii (Ramaz-
zotti, 1956) (69.0+£45.1; Lemloh et al., 2011). The maxi-
mum longevity is known for the species Diphascon
(Adropion) scoticum Murray, 1905 (263 days; Altiero and
Rebecchi, 2001), Halobiotus crispae Kristensen, 1982
(ca. 2 years; Kristensen, 1982), Hypsibius convergens
(Urbanowicz, 1925) (157 and 210 days; Baumann, 1961;
Dougherty, 1964), Macrobiotus hufelandi C.A.S.
Schultze, 1834 (84 days; Baumann, 1970), Macrobiotus
joannae Pilato and Binda, 1983 (266 days; Altiero and
Rebecchi, 2001), Ramazzottius varieornatus Bertolani
and Kinchin, 1993 (87 days; Horikawa ef al., 2008) and
Ramazzottius oberhaeuseri (Doyére, 1840) (ca. 70 days;
Baumann, 1966). However, for ecological studies the
mean longevity (Tab. 1) seems to be much more mean-
ingful than the maximum longevity. Furthermore, thus far
only the species M. tardigradum, P. richtersi, P. kenianus,
P. palaui, P. tonollii and M. sapiens have been maintained
in long term cultures under controlled conditions.

With limited data it is difficult to compare the longevity
of tardigrade species. Nevertheless, if one compares the two
populations of P. kenianus, they are quite similar to the two
P, richtersi clonal lineages studied by Altiero et al. (2006).
Maybe this is due to the close relationship between the
species. The two populations of P. kenianus were described
earlier by molecular (18S rRNA and COI gene) and mor-
phological studies as cryptic species within the Paramac-
robiotus richtersi group (Guidetti ef al., 2009). However,
the minimum-evolution, maximum-parsimony (MP) and
maximum-likelihood (ML) analyses gave insufficient jus-
tification to erect new species, and more supporting bio-
chemical and biophysical data were unavailable at the time.
Later it was possible to distinguish the cryptic species
within the Paramacrobiotus richtersi group via an analysis
of internal transcribed spacer 2 (ITS2) secondary structures
(Schill et al., 2010). However, P. palaui showed a shorter
mean longevity which is most comparable to that of M.
sapiens (Lemloh et al., 2011), M. tardigradum (Hengherr
et al., 2008a) and P. fonollii (Lemloh et al., 2011). Within
the species P. palaui, there is also a large difference be-
tween the longevity of 97+31 days.

Population (I) of P. kenianus laid 138+71 eggs during
their life, with a hatching rate of 33%. In contrast, the pop-
ulation (IT) of the same species laid fewer eggs, but the
hatching rate was much higher, 51%. Differences within
two clonal lineages have been observed in P. richtersi (Al-
tiero et al., 2006). One clone laid 37.8+29.3) with a hatch-
ing rate of 83.1£12.7%, and the other clone only
17.8+16.0%, with a hatching rate of 51.0£36.0%. Com-
parison of the hatching time showed no significant differ-
ence between the two populations of P. kenianus. In
contrast, while the first juveniles of P. kenianus hatched
after 6 to 7 days, P, richtersi hatched after 41-60 days and
showed highly significant differences between each clone

(Altiero et al., 2006). Another study (Altiero et al., 2010)
studied P. richtersi collected in nature and reared in the
lab. However, they observed significant differences be-
tween one field sample and three field and lab samples,
but no differences in hatching percentage were found.
This means that the number of eggs and hatching success,
as well as hatching time can strongly vary within a
species, population and clonal lineage. Sometimes the rea-
sons for this also lie in abiotic factors like temperature,
which can significantly influence egg development, sur-
vival rate, body growth and generation time (Hohberg,
2006). Baumann (1961) reported that sufficient food
within the first 24 h was crucial for the survival of tardi-
grades in the species H. convergens. Therefore, the avail-
ability of food is also important for comparisons of
life-history results, also under laboratory conditions.

CONCLUSIONS

Only from a few tardigrade species are long-term cul-
tures available for use in meaningful life-history studies.
However, the available data from lab rearing cultures and
field samples showed that even populations and clonal lin-
eages of the same species sometime have different life-
history patterns, e.g. in the number of eggs per animal, the
hatching success or the hatching time. Therefore there is
an urgent need to study more tardigrade species at the
same environmental conditions for a better understanding
of the life-history.

ACKNOWLEDGMENTS

I would like to thank Sina Hoos for managing the
tardigrade cultures and the life-history experiments. I also
would like to thank Ana Lyons for manuscript pre-review,
and the anonymous reviewers for their useful comments.

REFERENCES

Altiero T, Bertolani R, Rebecchi L, 2010. Hatching phenology
and resting eggs in tardigrades. J. Zool. 280:290-296.

Altiero T, Guidetti R, Caselli V, Cesari M, Rebecchi L, 2011.
Ultraviolet radiation tolerance in hydrated and desiccated
eutardigrades. J. Zool. Syst. Evol. Res. 49(Suppl. 1):104-
110.

Altiero T, Rebecchi L, 2001. Rearing tardigrades: results and
problems. Zool. Anz. 240:217-221.

Altiero T, Rebecchi L, Bertolani R, 2006. Phenotypic variations
in the life history of two clones of Macrobiotus richtersi
(Eutardigrada, Macrobiotidae). Hydrobiologia 558:33-40.

Ammermann D, 1962. [Parthenogenese bei dem Tardigraden
Hypsibius dujardini (Doy)]. [Article in German]. Naturwis-
senschaften 49:115-116.

Baumann H, 1922. [Die Anabiose der Tardigraden]. [Article in
German]. Zool. Jahrb. Abt. Allg. Zool. Physiol. 45:501-556.

Baumann H, 1961. [Der Lebensablauf von Hypsibius (H.) con-
vergens Urbanowicz (Tardigrada)]. [Article in German].
Zool. Anz. 167:363-381.



164 R.O. Schill

Baumann H, 1966. [Lebenslauf und Lebensweise von Hypsibius
(H.) oberhaeuseri Doyéere (Tardigrada)]. [Article in Ger-
man]. Veroff. Ubersee-Mus. Bremen 3:245-258.

Baumann H, 1970. [Lebenslauf und Lebensweise von Macro-
biotus hufelandi Schultze (Tardigrada)]. [Article in Ger-
man]. Ver6ff. Ubersee-Mus. Bremen 4:29-43.

Beisser D, Grohme M, Kopka J, Frohme M, Schill RO, Heng-
herr S, Dandekar T, Klau GW, Dittrich M, Miiller T, 2012.
Integrated pathway modules using time-course metabolic
profiles and EST data from Milnesium tardigradum. BMC
Syt. Biol. 6:72.

Bischoff HW, Bold HC, 1963. Phycological studies. IV. Some
soil algae from enchanted rock and related algal species.
University of Texas Publ.: 95 pp.

Cesari M, Altiero T, Rebecchi L, 2012. First characterization of
the #ps gene and its implication in the desiccation tolerance
in tardigrades. It. J. Zool. 79:530-540.

Degma P, Bertolani R, Guidetti R, 2012. Actual checklist of Tar-
digrada species (ver. 21, 30-06-2012). Available from:
http://www.tardigrada.modena.unimo.it/miscellanea/Actual
checklist of Tardigrada.pdf 37

Dougherty E, 1964. Cultivation and nutrition of micrometazoa.
II. An Antarctic strain of the tardigrade Hypsibius arcticus
(Murray, 1907) Marcus, 1928. Trans. Am. Microsc. Soc.
83:7-11.

Doyere PLN, 1842. [Mémoires sur les Tardigrades. Sur le faci-
lité que possedent les Tardigrades, les rotiferes, les anguil-
lules des toits et quelques autres animalcules, de revenir a
la vie apres été completement desséchées]. [Article in
French]. Ann. Sci. Nat. Zool. Biol. Anim. 2:5-35.

Forster F, Beisser D, Frohme M, Schill RO, Dandekar T, 2011a.
Tardigrade bioinformatics: molecular adaptations, DNA j-
family and dynamical modeling. J. Zool. Syst. Evol. Res.
49(Suppl. 1):120-126.

Forster F, Beisser D, Grohme M, Liang C, Mali B, Siegl AM,
Engelmann JC, Shkumatov AV, Schokraie E, Miiller T,
Schnélzer M, Schill RO, Frohme M, Dandekar T, 2011b.
Transcriptome analysis in tardigrade species reveals specific
molecular pathways for stress adaptations. Bioinf. Biol. Ins.
6:69-96.

Forster F, Liang C, Shkumatov A, Beisser D, Engelmann JC,
Schnolzer M, Frohme M, Miiller T, Schill RO, Dandekar T,
2009. Tardigrade workbench: comparing stress-related pro-
teins, sequence-similar and functional protein clusters as
well as RNA elements in tardigrades. BMC Genomics
10:469-479.

Grohme M, Mali B, Schill RO, Frohme M, 2011. cDNA repre-
sentational difference analysis for the identification of tran-
scripts regulated under anhydrobiosis in the tardigrade
Milnesium tardigradum (Doyére 1840). J. Zool. Syst. Evol.
Res. 49(Suppl. 1):127-132.

Guidetti R, Altiero T, Bertolani R, Grazioso P, Rebecchi L, 2011a.
Survival of freezing by hydrated tardigrades inhabiting terre-
strial and freshwater habitats. Zoology 114:123-128.

Guidetti R, Altiero T, Rebecchi L, 2011b. On dormancy strate-
gies in tardigrades. J. Insect Physiol. 57:567-576.

Guidetti R, Schill RO, Bertolani R, Dandekar T, Wolf M, 2009.
New molecular data for tardigrade phylogeny, with the erec-
tion of Paramacrobiotus gen. nov. J. Zool. Syst. Evol. Res.
47:315-321.

Hengherr S, Brimmer F, Schill RO, 2008a. Anhydrobiosis in
tardigrades and its effects on longevity traits. J. Zool.
275:216-220.

Hengherr S, Heyer AG, Kohler H-R, Schill RO, 2008b. Treha-
lose and anhydrobiosis in tardigrades - evidence for diver-
gence in responses to dehydration. FEBS J. 275:281-288.

Hengherr S, Reuner A, Briitmmer F, Schill RO, 2009a. Ice cry-
stallization and freeze tolerance in embryonic stages of tar-
digrade Milnesium tardigradum. Comp. Biochem. Physiol.
A 156:151-155.

Hengherr S, Reuner A, Worland R, Briimmer F, Schill RO,
2009b. Freeze tolerance, super cooling points and ice for-
mation: comparative studies on the subzero temperature sur-
vival of limno-terrestrial tardigrades. J. Exp. Biol.
212:802-807.

Hengherr S, Worland MR, Reuner A, Briimmer F, Schill RO,
2009c. High-temperature tolerance in anhydrobiotic tardi-
grades is limited by glass transition. Physiol. Biochem. Zool.
82:749-755.

Hohberg K, 2006. Tardigrade species composition in young soils
and some aspects on life history of Macrobiotus richtersi J.
Murray, 1911. Pedobiologia 50:267-274.

Horikawa DD, Iwata K-I, Kawai K, Koseki S, Okuda T, Yama-
moto K, 2009. High hydrostatic pressure tolerance of four
different anhydrobiotic animal species. Zool. Sci. 26:238-
242.

Horikawa DD, Kunieda T, Abe W, Watanabe M, Nakahara Y,
Yukuhiro F, Sakashita T, Hamada N, Wada S, Funayama T,
Katagiri C, Kobayashi Y, Higashi S, Okuda T, 2008. Esta-
blishment of a rearing system of the extremotolerant tardi-
grade Ramazzottius varieornatus: a new model animal for
astrobiology. Astrobiology 8:549-556.

Horikawa DD, Sakashita T, Katagiri C, Watanabe M, Kikawada
T, Nakahara Y, Hamada N, Wada S, Funayama T, Higashi
S, Kobayashi Y, Okuda T, Kuwabara M, 2006. Radiation to-
lerance in the tardigrade Milnesium tardigradum. Int. J. Ra-
diat. Biol. 82:843-848.

Jonsson KI, Harms-Ringdahl M, Torudd J, 2005. Radiation to-
lerance in the eutardigrade Richtersius coronifer. Int. J. Ra-
diat. Biol. 81:649-656.

Jonsson KI, Rabbow E, Schill RO, Harms-Ringdahl M, Rettberg
P, 2008. Tardigrades survive exposure to space in low Earth
orbit. Curr. Biol. 18:R729-R731.

Kristensen RM, 1982. The first record of cyclomorphosis in tar-
digrada based on a new genus and species from Arctic mei-
obenthos. J. Zool. Syst. Evol. Res. 20:249-270.

Kunieda T, Kubo T, 2006. Analysis of trehalose metabolism
genes during anhydrobiosis in tardigrades, Milnesium tardi-
gradum. Zool. Sci. 23:1197.

Lemloh M-L, Briimmer F, Schill RO, 2011. Life history traits of
bisexual tardigrades: Paramacrobiotus tonollii and Macro-
biotus sapiens. J. Zool. Syst. Evol. Res. 49(Suppl. 1):58-61.

Marcus E, 1929. [Tardigrada], p. 1-608. In: H.G. Bronn’s (ed.),
[Klassen und Ordnungen des Tierreichs, IV, 3]. [Book in
German]. Akademische Verlagsgesellschaft ed.

Persson D, Halberg KA, Jorgensen A, Ricci C, Mebjerg N, Kri-
stensen RM, 2011. Extreme stress tolerance in tardigrades:
surviving space conditions in low earth orbit. J. Zool. Syst.
Evol. Res. 49(Suppl. 1):90-97.

Pouchet F, 1859. [Nouvelles expériences sur les animaux



Life-history traits in the tardigrade species Paramacrobiotus kenianus and Paramacrobiotus palaui 165

pseudo-ressuscitants]. [Article in French]. Compt. Rend.
Acad. Sci. 49:886-888.

Rahm PG, 1921a. [Biologische und physiologische Beitrige zur
Kenntnis der Moosfauna]. [Article in German]. Zall. Phy-
siol. 20:1-35.

Rahm PG, 1921b. Effect of very low temperatures on the fauna
of moss. Proc. K. Ned. Akad. Wet. Ser. C Biol. Med. Sci.
23:235-248.

Ramazzotti G, Maucci W, 1983. [Il phylum Tardigrada. Terza
edizione riveduta e aggiornata]. [Article in Italian]. Mem.
Istit. Ital. Idrobiol. 41:1-1012.

Ramlev H, Westh P, 1992. Survival of the cryptobiotic eutardig-
rade Adorybiotus coronifer during cooling to -196°C: effect
of cooling rate, trehalose level, and short-term acclimation.
Cryobiology 29:125-130.

Ramlev H, Westh P, 2001. Cryptobiosis in the eutardigrade Ado-
rybiotus (Richtersius) coronifer: tolerance to alcohols, tem-
perature and de novo protein synthesis. Zool. Anz.
240:517-523.

Rebecchi L, Altiero T, Cesari M, Bertolani R, Rizzo AM, Cor-
setto PA, Guidetti R, 2011. Resistance of the anhydrobiotic
eutardigrade Paramacrobiotus richtersi to space flight
(LIFE-TARSE mission on FOTON-M3). J. Zool. Syst.
Evol. Res. 49(Suppl. 1):98-103.

Rebecchi L, Altiero T, Guidetti R, Cesari M, Bertolani R, Ne-
groni M, Rizzo AM, 2009. Tardigrade resistance to space ef-
fects: first results of experiments on the LIFE-TARSE
mission on FOTON-M3 (September 2007). Astrobiology
9:581-591.

Schill RO, Forster F, Dandekar T, Wolf M, 2010. Using com-
pensatory base change analysis of internal transcribed spacer
2 secondary structures to identify three new species in Pa-
ramacrobiotus (Tardigrada). Org. Div. Evol. 10:287-296.

Schill RO, Mali B, Dandekar T, Schnolzer M, Reuter D, Frohme

M, 2009. Molecular mechanisms of tolerance in tardigrades:
new perspectives for preservation and stabilization of bio-
logical material. Biotechnol. Adv. 27:348-352.

Schill RO, Steinbriick GHB, Kohler H-R, 2004. Stress gene
(hsp70) sequences and quantitative expression in Milnesium
tardigradum (Tardigrada) during active and cryptobiotic sta-
ges. J. Exp. Biol. 207:1607-1613.

Schokraie E, Hotz-Wagenblatt A, Warnken U, Frohme M, Dan-
dekar T, Schill RO, Schnélzer M, 2011. Investigating heat
shock proteins of anhydrobiotic tardigrades using shotgun
proteomics approaches. J. Zool. Syst. Evol. Res. 49(Suppl.
1):111-119.

Schokraie E, Hotz-Wagenblatt A, Warnken U, Mali B, Frohme
M, Forster F, Dandekar T, Hengherr S, Schill RO, Schnélzer
M, 2010. Proteomic analysis of tardigrades: towards a better
understanding of molecular mechanisms by anhydrobiotic
organisms. PLoS ONE 5:¢9502.1.

Schokraie E, Warnken U, Hotz-Wagenblatt A, Grohme M,
Hengherr S, Forster F, Schill RO, Frohme M, Dandekar T,
Schndlzer M, 2012. Comparative proteome analysis of Mil-
nesium tardigradum in early embryonic state versus adults
in active and anhydrobiotic state. PLoS ONE 7:e45682.

Seki K, Toyoshima M, 1998. Preserving tardigrades under pres-
sure. Nature 395:853-854.

Suzuki AC, 2003. Life history of Milnesium tardigradum
Doyeére (Tardigrada) under a rearing environment. Zool. Sci.
20:49-57.

Wetnicz W, Grohme MA, Kaczmarek 1., Schill RO, Frohme M,
2011. Anhydrobiosis in tardigrades. The last decade. J. In-
sect Physiol. 57:577-583.

Yamaguchi A, Tanaka S, Yamaguchi S, Kuwahara H, Takamura
C, 2012. Two novel heat-soluble protein families abundantly
expressed in an anhydrobiotic tardigrade. PLoS ONE
7:€44209.





