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STORAGE CELLS AND THEIR ROLE IN TARDIGRADE PHYSIOLOGY
Abstract

Tardigrades possess remarkable tolerance to numerous stress conditions (e.g. almost
complete desiccation, exposure to very low sub-zero temperature, heat stress and even
exposure to space in low Earth orbit). Indeed, they are among the most radiation-resistant
multi-cellular organisms. The body cavity of tardigrades is filled with the storage cells (SC).
Their role in anhydrobiosis has been discussed. The main objectives of this work were to
analyse (i) the occurrence of mitosis in SC, (ii) the factors constraining anhydrobiotic survival,
and (iii) the general ultrastructure of SC and their ultrastructure concerning the stress
conditions. Our model species, R. cf. coronifer is one of the most extensively studied
tardigrades concerning anhydrobiosis. Comprehensive histochemical techniques were used
in combination with SEM, TEM, and confocal microscopy. First, mitotic divisions of tardigrade
SC occur with a higher frequency in juveniles than in adults and correlate with animal growth.
Mitosis is more frequent in moulting tardigrades, but the overall mitotic index is low.
Furthermore, tardigrades of R.cf. coronifer can survive the maximum of 6 repeated
desiccation cycles with significantly declining survival rate with repeated desiccations and
significantly lower number of SC and more incorrectly formed tuns (“semi-tuns”) after the fifth
desiccation cycle. Tardigrades of R. cf. coronifer survive 6 months of desiccation. Heat stress,
however, decreases the survival rate of desiccated tardigrades. Only a few ultrastructural
changes were observed concerning to desiccation: (i) change in pigmentation in epidermal
cells, (i) overall cellular shrinkage, (iii) increments of heterochromatin in SC, (iv) change in
density and contents of reserve material in SC, (v) partially loss of nucleoli. The SC of active
specimens contain a large nucleus, distinct nucleolus, ribosomes, mitochondria, RER, GA, large
autophagosomes. Lipids and polysaccharides are the main stored material in SC. Finally, two
cell-types with different ultrastructure were defined in tardigrades of R. cf. coronifer: (i) type |
cells are metabolically active and store nutrients in form of reserve spheres and type Il cells

that might represent undifferentiated stem-cell-like cells.

Key words: storage cells, coelomocytes, mitosis, tardigrades, anhydrobiosis, tun formation,
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PREFACE

The main objectives of studies were to analyze (A) the occurrence of mitosis in storage
cells (section 3.1), (B) the factors constraining anhydrobiotic survival (section 3.2), and
(C) the ultrastructure of storage cells and their ultrastructure in relation to survival of stress
conditions (section 3.3). The aim was to document the internal morphology and ultrastructure
of tissues and cells under desiccation stress. My thesis primarily aimed to address several
aspects of the storage cells (coelomocyte-type cells) of the phylum Tardigrada with regard
to stress tolerance, and hereby provide new insights into the general cell biology and stress
biology of this animal group. This was done by applying different microscopic techniques, such
as scanning and transmission electron microscopy, fluorescent and confocal microscopy,
histochemical and cytochemical techniques which offered qualitative as well as quantitative
data on tardigrade cell biology, and stress related survival analyses. The experiments were
carried out mainly at the Kristianstad University in Kristianstad, Sweden. Part of the work was
performed at the Department of Animal Histology and Embryology, University of Silesia

in Katowice, Poland.

My thesis consists of an introduction to the general biology of tardigrades: their
morphology, ecology and classification, as well as the biology of storage cells and cryptobiosis
with a focus on anhydrobiosis. All studies were performed on the tardigrade model species
Richtersius cf. coronifer (Richters, 1903) described in the Materials and methods-section
in detail. My thesis further provides an extensive study on mitosis occurence in tardigrade
storage cells. It also brings new data on the ultrastructure of tardigrade tun formation and
storage cells. It focuses on potential ultrastructural changes connected with tardigrade stress
tolerance, especially desiccation and heat stress. An overview of the results is presented
thematically based on four manuscripts that form the basis of this thesis. All publications are
published in peer-reviewed journals with myself as the first author. One side stude in form
of poster presentation is included as well. One additional manuscript was published during my

Ph.D. studies, but is not included in the thesis.

This work was supported by Kristianstad University, Mobility Fund of the Charles

University in Prague and Academy of Sciences of the Czech Republic.
Usti nad Labem, the 22" of January 2020

Michaela Czernekova
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1 INTRODUCTION

1.1 Tardigrades (phylum Tardigrada) as model organisms.

Tardigrades, commonly called water bears, are multicellular hydrophilous
micrometazoans (0.1 — 1.2 mm) that belong to protostomes with close affinities
to the euarthropod complex (Giribet et al.,, 1996; Aguinaldo et al., 1997; Halberg et al.,
2009b). They are often described as a lesser-studied group as they have no impact
on the human economy (Nelson, 2002; Guil & Cabrero-Sanudo, 2007). The first description
of tardigrades was reported in notes of J. A. Goeze “Uber den kleinen Wasserbaren” (“About
the small water bear”, named due to their resemblance to a tiny bear), but the current name
Tardigrada was given by the Italian naturalist Spallanzani in 1776 (Lat. tardus - slow, grado -

walker).

Some of the tardigrade species live in oceans, but most of the ~1300 tardigrade
species (Degma et al., 2019) occur in freshwater, terrestrial or semi-terrestrial environments
from continental Antarctica to the icecap of Greenland, some of which are the most extreme
natural habitats on the Earth (Kinchin, 1994; Semme and Meier, 1995). They inhabit mostly
mosses and lichens where they constitute a major component of the microfauna (Halberg et
al., 2009b). Their active life proceeds only in the presence of a moist environment and water
surrounding their bodies with a liquid layer (Ramazzotti and Maucci, 1983; Kinchin, 1994).
However, tardigrades are fascinating organisms for biologists because they can withstand
a variety of extreme stress conditions (see below) by entering an ametabolic state called
cryptobiosis (Crowe and Cooper, 1971; Crowe, 1972; Wright et al., 1992). Once conditions
become favourable, they reactivate metabolism and continue their life. They share this ability
with several species from the phyla Rotifera, Nematoda and Arthropoda. Although
the cryptobiotic ability of tardigrades has been known and investigated for quite a long time
(Broca, 1860; Keilin, 1959; Wright et al., 1992; Wright, 2001), the molecular and cellular

mechanisms of this ability, as well as its limits, are still poorly understood.

Tardigrades can survive almost complete desiccation (Westh and Ramlgv, 1991). They
can remain in a desiccated cryptobiotic state for as much as 20 years (Jgrgensen et al., 2007)
and be retrieved from a moss sample frozen for over 30 years (Tsujimoto et al., 2016).
Furthermore, anhydrobiotic (desiccated) tardigrades have been reported to survive
and tolerate multiple extreme environmental conditions, including fast cooling to sub-zero

temperature (Hengherr et al., 2009b, 2010), -80°C for up to three decades without loss
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of viability (Tsujimoto et al., 2016) and even the temperatures close to absolute zero (Ramlgv
and Westh, 1992; Guidetti et al., 2012). They can also survive temperatures as high as 70°C
for 1h (Ramlgv and Westh, 2001), high external osmotic pressure (Heidemann et al., 2016),
treatments with alcohols of varying polarity (Ramlgv and Westh, 2001) and biocide methyl
bromide gas (Jonsson and Guidetti, 2001). Tardigrades can further resist low and high
hydrostatic pressure (up to 600-1200 MPa; Ono et al., 2008; Horikawa et al., 2009), several
thousand grey (Gy) of gamma irradiation (Jonsson et al., 2005; Horikawa et al., 2006), heavy
ion irradiation in the form of *He (Horikawa et al., 2006), protons (Nilsson et al., 2010), alpha
particles “H (Horikawa et al., 2012), iron ions and helium ions (J6nsson and Wojcik, 2017),
high doses of UV radiation, including UV, (Jonsson et al., 2008), UV; (Altiero et al., 2011),
and UV, (Horikawa et al., 2013), and exposure to space in low Earth orbit (Jonsson et al.,
2008; Persson et al.,, 2011). Although several hypotheses explaining tardigrade tolerance
to environmental stress have been formulated, they have not been united
in a comprehensive theory yet mainly because the underlying molecular and physiological

mechanisms are largely unknown.

In general, cell biology of tardigrades have been a neglected field, even though a few
ultrastructural studies have been conducted (Walz, 1973; Weglarska, 1975; Dewel et al.,
1993; Avdonina et al., 2007; Persson et al., 2012; Hyra et al., 2016b). Tardigrades have
sometimes been characterised as organisms with constant cell numbers in their adult lives
(Gabriel et al., 2007; Guidetti et al., 2012; Wright, 2014), however, occasionally, some cell
divisions were observed (Bertolani, 1970a, b; Gross et al., 2018). Conceivably, this assumption
may have discouraged any attempts to culture tardigrade cells. As detailed above,
tardigrades exhibit an impressive capacity to survive under the most hostile environmental
conditions. Actually, they are among the most radiation-resistant multi-cellular organisms,
not very far from the abilities of bacteria in terms of short-term post-irradiation survival
(Jonsson and Guidetti, 2001; Schill et al., 2004; Jonsson et al., 2005; Horikawa et al., 2006;
Halberg et al., 2009b; Altiero et al., 2011; Nilsson et al., 2013).

Research on tardigrades, therefore, has profound potential for the development
of novel technologies in the field of radioprotection, cryopreservation, and preservation
of dried biological material. Although possible applications of tardigrade research findings
in the fields of medicine and health protection have been recognized (Keilin, 1959; Clegg,
2001), very few studies investigating the effects of various stressors on living organisms used
tardigrades as model organisms (Hashimoto and Kunieda, 2017; Jonsson, 2019), especially

in biomedical sciences (Guidetti et al., 2012). Nevertheless, several interesting studies have
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emerged recently. Expression of tardigrade-specific proteins, such as RvLEAM (mitochondrial
heat-soluble) and MAHS, in human cells (Hep-2) increased their tolerance to hyperosmotic
stress (Tanaka et al., 2015). Another tardigrade-specific protein, Dsup, associating with DNA
and protecting it from hydroxyl radicals (Hashimoto et al., 2016; Chavez et al., 2019) was able
to reduce X-ray induced DNA damage by 40% when overexpressed in human embryonic

kidney cells (HEK293) and it improved their post-irradiation viability.

Garcia-Arraras and Dolmatov (2010) highlighted a paradox in biomedical science:
“The range and accuracy of scientific techniques and tools available to explore the solutions
to research questions are increasing, but meanwhile there is a smaller number of model
organisms to apply these techniques”. The “classical model systems” were represented
mostly by organisms amenable to genetic manipulations, including Tobacco mosaic virus,
Escherichia coli (Escherich, 1885), yeasts Saccharomyces cerevisiae (Meyen ex E.C. Hansen,
1883), and some invertebrates. Widely used invertebrate model organisms have been the
multicellular nematode Caenorhabditis elegans (Maupas, 1899) and the fruit fly Drosophila
melanogaster (Meigen, 1830) that serve as models for developmental biology, molecular
or population genetics, and neuropharmacological research as well (Manev et al., 2003;

Govind, 2011).

Many animal groups, including tardigrades, were, however, left behind, despite
possessing special properties that may provide important insights into the systematic, organ,
cellular and molecular bases of general physiology and pathophysiology. For instance,
the earthworms have been traditionally used in Chinese medicine for thousands of years,
but the research and development of biochemical technologies and pharmaceutical effects
of earthworms only started just in the past few decades (Dinesh et al., 2013). Tardigrades
have been proposed as model organisms for astrobiological research (J6nsson, 2007,
Horikawa, 2008; Guidetti et al., 2012) and are becoming the model organisms for studies
of invertebrate cryptobiosis (Jonsson et al., 2019). Encouraging report have been emerging
also in other fields, such as food preservation (Colago and Roser, 1994; Saragusty and Loi,
2019), cryopreservation of mammalian cells (Eroglu et al., 2000), preservation
of macromolecules (Piszkiewicz et al., 2019), sperms, blood cells and tissues (Crowe, 1971;
Clegg, 2001). The research potential of invertebrate model organisms was documented
by recent investigations of invertebrates with coelomocyte-type cells regarding cancer.
The studies on earthworms revealed the existence of coelomic fluid humoral proteins
released from various coelomocytes with cytotoxic, antibacterial, agglutinating, proteolytic

and mitogenic activities (Dinesh et al., 2013; M4acsik et al., 2015). It was shown that cytolytic
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factors of coelomic fluid cause apoptosis of tumour target cells and Hela cells in vitro (Macsik
et al., 2015; Augustin et al, 2017). Another example is demonstrated in the study of Homa
(2018) who showed the function of earthworm coelomocytes inthe production
of extracellular traps that are structurally and functionally similar to those produced
by human neutrophils. Coelomocyte-type cells occur also in other phyla, such

as in nematodes, echinoderms, annelids, rotifers, and tardigrades (Tahseen, 2009).

Tardigrade coelomocyte-type cells are called storage cells (or body cavity cells) which
occur inside the body cavity filled with coelomic fluid (Weglarska, 1975; Reuner et al., 2010a).
Much of tardigrade physiology depends on these cells and they are assumed to play a role
in cryptobiosis of tardigrades (Weglarska, 1975). Several studies showed a role of storage
cells in starvation (diminishing reserves or size of storage cells after starvation; Weglarska,
1957) and anhydrobiosis (Jonsson and Rebecchi, 2002). Coelomocytes of other, less
stress-tolerant, invertebrate groups were found to play an important role in cancer research
(Dinesh et al., 2013; Madcsik et al., 2015). Recently, Buis et al. (2019) revealed the role of

nematode coelomocytes in the regulation of starvation-induced fat catabolism.

Still, we know very little about the tardigrade storage cells” ultrastructure and
physiology. Because the properties of tardigrade cells are mostly unknown, and the primary
cell culture has not been established yet, it makes any studies difficult and time-consuming.
Moreover, the conditions of cell division and cell cycle, in general, remain puzzling (Paper I;

Gross et al., 2018; Jonsson et al., 2019).

To introduce tardigrades as a model organism in cell biology research, it is necessary
to know whether and under which conditions these cells do divide. Paper | provides
an extensive evaluation of an occurrence of mitotic division in storage cells and analyses
the possible connections between the occurrence of mitosis and the different phenotypic

characteristics of the animal.

The stress tolerance of tardigrades with a specific focus on the storage cells was also
investigated. To understand factors constraining dehydration tolerance in tardigrades,
(1) their survival patterns under repeated cycles of desiccations/rehydration, (2) the potential
effect of each desiccation cycle on morphometric traits, and (3) the storage cell divisions after

each desiccation/rehydration cycle were researched in Paper II.

In paper lll, the morphological and ultrastructural changes related to desiccation

were studied through ananalysis of the gross morphology and tissue organisation
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of tardigrades during so-called tun formation. The ultrastructure of the body wall, ovary,
midgut and storage cells was analyzed in desiccated samples of R. cf. coronifer, a species
with pronounced anhydrobiotic abilities. This study includes the first analysis of cuticle
organisation in moulting and non-moulting tardigrades in a desiccated state. A 3D

reconstruction of the tun stage is presented.

The aims of paper IV were to (1) compare the ultrastructure of storage cells in active
and desiccated specimens, and (2) evaluate the effect of temperature stress on tardigrade

cells.

My thesis is divided into four chapters. First, | include a brief introduction
to the phylum Tardigrada with general characteristics of the phylum and the storage cells.
Description of model species used in all studies, the study area, data collection and analyses
are included in Material and method section. Results and discussion section is ordered into
three subdivisions: 1) Mitosis in storage cells and eutely in tardigrades (Paper | and Il),
2) Anhydrobiosis in R. cf. coronifer (Paper Il, lll, and V), 3) Ultrastructure of storage cells
(Paper IlIl and IV). The storage cells are the main focus of this thesis and of all presented
manuscripts. The detailed methodology used in my studies can be found directly in my
publications. each study is described in the separate publications, attached to this thesis.

Conclusions and future perspectives section brings then the main conclusions of my work.
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1.2 THE GENERAL BIOLOGY AND MORPHOLOGY OF TARDIGRADES

The bilaterally symmetrical bodies of tardigrades have five segments: a head and four
trunk segments, each with a pair of lobopod legs (Fig. 1A), usually terminating with claws
and/or sucking discs of varying number and shape. The total body length, excluding the 4"

pair of legs, varies between 50 um up to 1200 um (Mgbjerg et al., 2019).

Tardigrades are relatively complex invertebrates with well-developed musculature
and nervous system, as well as a complex alimentary canal and specialized excretory
and reproductive system (Rebecchi and Bertolani, 1994; Nelson et al., 2005; Halberg
and Mgbjerg, 2012). Possibly due to their miniaturisation, they lack respiratory and
circulatory organs (Gross et al.,, 2019). The gas exchange occurs via diffusion across
the epidermis and the thick cuticle (Nelson et al., 2015). The circulation is carried out via
a large body cavity filled with coelomic fluid containing body cavity cells (storage cells)
varying in numbers and size (Fig. 1A, Paper | and IV). Their specific function is discussed
below. The body cavity sometimes contains reserved material (Ramazzotti and Maucci, 1983;
Nelson, 2002). The cells are usually translucent or opaque, but some species exhibit
colouration in cells of the gut, epidermis, cuticle, or in storage cells (Ramazzotti and Maucci,

1983).

The muscular system consists of dorsal, ventral and lateral somatic muscles arranged
dorsoventrally or longitudinally, pharyngeal stylet and visceral muscles, circular muscles are,
however, absent (Nelson et al., 2005; Halberg et al., 2009a, b; Marchioro et al., 2013;
Mgbjerg et al., 2018). The entire muscle consists of a single cell. While eutardigrades have
longitudinal muscle strands in all muscle groups with several additional transverse muscles,
heterotardigrades exhibit lower complexity in somatic muscles with a lower number of fibres
and barely recognizable longitudinal strands (Marchioro et al., 2013). The cuticular and

hydrostatic skeleton works as antagonists to muscle contraction.

Tardigrade digestive system consists of a foregut with buccal-pharyngeal apparatus
and oesophagus lined with cuticle, a large midgut, and a short hindgut with cuticular lining
(Nelson, 2002; Nelson et al., 2015). The hindgut is divided into an anterior part (rectum) and
it is terminating in a cloaca (in eutardigrades) or anus (as in heterotardigrades reproductive
and digestive system are separated) (Nelson et al., 2005). The midgut (consisting of ~40 cells)
is lined with a cuticle and has a digestive function (Nelson et al., 2015; Gross et al., 2019).
However, it is also involved in oogenesis (Hyra et al.,, 2016a). The hindgut is associated

with osmoregulatory functions (Dewel and Dewel, 1979).
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Excretion and osmoregulation are associated with the cuticle and/or Malpighian
organs (three osmoregulatory glands, two lateral and one dorsal, in eutardigrades),
or with ventral organs associated with the cuticle (in some heterotardigrades) (Dewel and
Dewel, 1979; Mgbjerg and Dahl, 1996; Nelson et al., 2015). Excretion occurs through
the buccal glands at moulting by shedding cuticle with accumulated excretory granules
together with the wall of midgut and via active transport over folded plasma membrane
in the initial segment of the Malpighian tubules (in eutardigrades). Malpighian tubules are
considered secretion-reabsorption “kidneys”; however, they can also serve as nutrient

(glycogen or lipid) storage (Mgbjerg and Dahl, 1996; Halberg et al., 2009b).

Morphology and ultrastructure of Malpighian organs reveal dissimilarities within
tardigrades. The Malpighian tubules can be divided into three groups: (i) long monomorphous
tubules in xerophilic species, e.g. Milnesium tardigradum, (ii) short monomorphous tubules
in freshwater and semi-terrestrial species, e.g. Isohypsibius granulifer (Thulin, 1928) and
(iii) dimorphous tubules, e.g. Halobiotus crispae (Kristensen, 1982; Mgbjerg and Dahl, 1996).
The tubules empty into the digestive tract in the transition zone of the midgut and rectum
(with osmoregulatory function; Halberg et al., 2009b) and can be divided into an initial
segment (3 cells or 6 cells in M. tardigradum), and a proximal and a distal part that is
composed of the canal system. The tubules completely lack ciliary structures typical

for proto- and meta-nephridia (Mgbjerg and Dahl, 1996).

The central nervous system (containing 440 — 650 cells in total) consists of a dorsal
tripartite brain (consisting of 200-370 neurons) and ventral nerve chain with four bilobed
segmented ganglia (each containing 60 — 70 cells) linked by somata-free connectives (Mayer
et al.,, 2013; Nelson et al., 2015; Gross et al.,, 2019). Many eutardigrades have a pair
of eyespots (cup-shaped photoreceptors with pigment granules on the surface of the brain)
composed of 3-5 cells per eye (ciliary and rhabdomeric receptor cells; Greven, 2007).
Heterotardigrades have various external cephalic sensory organs, while eutardigrades have
receptors under the cephalic cuticle. The gonads in females and hermaphrodites have one
gonoduct, and two gonoducts in males. Gonoducts terminate internally in a cloaca

in eutardigrades or externally in a gonopore in heterotardigrades (Nelson et al., 2015).
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Figure 1. General morphology of the tardigrade Richtersius cf. coronifer.

(A) An adult specimen of R. cf. coronifer, light microscopy: the head (h) with mouth (m) and
eye spots (es) and four trunk regions with four paired legs (l) ended with claws (c). Under
the cuticle are the pedal glands (pg). The stylet of buccopharyngeal apparatus (ba) is not
present due to moulting. The transparent cuticle allows observation of free storage cells (sc),
filling the free space among the inner organs, such as ovaries (ov) with two large oocytes (oc)
and midgut (mg), in the body cavity. Bar =20 um; (B) Tun formation of R. cf. coronifer,
the longitudinal plane, histochemical staining (bromophenylblue), light microscopy:

ov = ovary, ct = folded cuticle. Bar = 50 um

Figure 2. Tun formation of R. cf. coronifer. (A) A light microscopy of a tun, when the animal
was desiccated on filter paper. The brownish midgut (mg) is visible through the cuticle. (B)

Scanning electron microphotograph of a tun, with a dorsal view showing the cuticular folding.
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1.3 TARDIGRADE PHYLOGENY AND EVOLUTION

Although tardigrades have been known to science since the 18" century, their
phylogenetic status has been difficult to resolve (Giribet and Edgecombe, 2017; Jgrgensen
etal, 2018). Previously, tardigrades were considered a part of a group known
as Aschelminthes (Crowe et al., 1970), however, their relation to arthropods was also
recognised (Garey et al., 1996). Currently, tardigrades constitute a separate phylum
Tardigrada, which belong to Protostomia, specifically, to one of its subgroups,
to the monophyletic clade Ecdysozoa (Aguinaldo et al.,, 1997). All ecdysozoans have
the moulting of their exoskeleton (the cuticle) in common. The clade Ecdysozoa (Fig. 3)
includes Cycloneuralia with a ring-like brain (the phyla Nematomorpha, Nematoda,
Priapulida, Khinorhyncha, Loricifera) and Panarthropoda with a ganglionic brain (the phyla
Euarthropoda, Onychophora and Tardigrada; Mallatt and Giribet, 2006; Telford et al., 2008;
Edgecombe, 2010; Smith et al., 2017). Based on 185 mRNA, tardigrades are a sister group
of Euarthropoda. According to Dunn et al. (2008) and Yoshida et al. (2017), tardigrades are

closely related to nematodes.

Molecular and morphological studies influenced the current taxonomy identifying
the three classes: (i) Heterotardigrada (orders Arthrotardigrada and Echiniscoidea),
(ii) Eutardigrada (orders Parachela and Apochela) shown in Fig. 3 and 4. and (iii)
Mesotardigrada. This sorting is based on taxonomy of claws, cuticle, cephalic appendages,
buccal apparatus and reproductive structures (Ramazzotti et Maucci, 1983; Nelson, 2002;
Sands et al., 2008; Jgrgensen et al.,, 2018). The class Heterotardigrada has both marine
and limnoterrestrial representatives (order Arthrotardigrada and family Echiniscoidea), while
the class Eutardigrada with few exceptions is represented by limnoterrestrial or freshwater
species. The class Mesotardigrada is considered dubious, represented by only one species,
Thermozodium esakii (Rahm, 1937) that was reportedly found in a Japanese thermal spring

and which has never been found again despite recent efforts (Grothman et al., 2017).

The tardigrades” taxonomy relies upon the analysis of morphological characteristics,
bucco-pharyngeal apparatus, cuticular ornamentation, claws, and egg morphology (Bertolani,

2001; Nichols et al., 2006). The actual checklist is made available by Degma et al. (2019).
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Figure 3. Phylogenetic position of Tardigrada. Reprinted from Jgrgensen et al. (2018).
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Figure 4. Tardigrade phylogeny. Major clades and position of model species, including R. cf.

coronifer (adapted from Mgbjerg et al., 2011).

1.4 GENOME AND GENETICS

Although the first data about tardigrade chromosomes derived from histological
sections by Henneke (1911) and von Wenck (1914), the first precise karyotype of a tardigrade
species was obtained by Ammermann (1967), who reported a diploid number of ten
chromosomes in Hypsibius exemplaris (previously H. dujardini Doyére, 1840; Gasiorek et al.,
2018). Karyological studies were later performed mainly on oocytes, which have larger
chromosomes compared to those observed during mitosis in gametogonia or somatic cells.
Studies on Feulgen-DNA content and genome size confirmed the presence of diploid and
polyploid populations and the presence of nuclei with varying amounts of DNA arising from
endoreplication (Rebecchi and Bertolani et al., 1994; Jénsson et al., 2019). In diploid strains,
the haploid chromosome number is 5 or 6. Polyploid (often triploid but also tetraploid)
populations were also observed in some species, mostly in eutardigrades. Triploidy (17-18
chromosomes in total) was detected in females of parthenogenetic species of genera

Paramacrobiotus, Macrobiotus, Xerobiotus, Pseudobiotus, Eremobiotus, and Ramazzottius
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(Bertolani and Rebecchi, 2018). The chromosomes described so far have been acrocentric.
Crossing-over was described only in female oocytes and not in spermatocytes (Altiero and
Rebecchi, 2003). Diploid populations of tardigrades have meiotic (apomictic) parthenogenesis

with the pairing of homologous chromosomes.

The genome size of tardigrades is relatively small and ranges from 55 Megabases
(Mb) upto 800 Mb (Mgbjerg et al.,, 2011; Yoshida et al.,, 2017). Feulgen-DNA content
of spermatozoa ranges from 0.08 pg tp 0.73 pg (Bertolani and Rebecchi, 2018) that is among
the lowest in invertebrates (Bracken-Grissom et al., 2014). Estimated genome size for model
organisms Caenorhabditis elegans or Drosophila melanogaster is 100.4 Mb (Fierst et al.,

2015) and 175 Mb (Hjelmen et al., 2019).

Several omics studies contributed to our understanding of genetics, and thus
physiology, phylogeny and evolution of tardigrades (Mali et al.,, 2010; Levin et al., 2016,
Hashimoto et al., 2016; Boothby et al. 2017; Yoshida er al., 2017). Precise genome analysis
revealed investments in stress-specific adaptations, such as protein, DNA and redox-
protection, maintenance and protein recycling (Forster et al., 2009). An excellent tardigrade
proteome map was published by Schokraie etal. (2010). Tenlen et al. (2013) performed
pioneering experiments suggesting the applicability of RNA interference (RNAi) in species H.
exemplaris using microinjection of several dsRNA into its intestines or gonads. Although
the reduction of intracellular levels of target mRNA and encoded proteins were not verified,
the phenotypic analysis indicated that using RNAI in tardigrades is viable. The same method
was later used to study the role of tardigrade-specific internally disordered proteins

in desiccation tolerance of H. exemplaris (Boothby et al., 2017).

1.5 CRYPTOBIOSIS

Organisms living in extreme habitats have developed specific adaptations
to environmental stressors. The most widespread adaptation is dormancy, i.e. any form
of aresting stage (temporary decrease of activity, temporary cessation of growth
and reproduction, reduced or suspended metabolism, developmental standstill). Dormancy
includes two forms: diapause and quiescence. Both types of dormancy are associated
with the low but still measurable metabolic activity (hypo-metabolism), albeit with temporary
cessation of growth, development and animal activity (Lees, 1955; Neumann, 2006; Rebecchi

et al.,, 2019). Diapause is endogenously and centrally mediated temporary interruption
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of activity, which may persist even after environmental conditions return to favourable range
and is related to seasonal alterations between favourable and unfavourable conditions (e.g.
photoperiod) (Womersley, 1981; Watanabe, 2006; Rebecchi et al., 2007; Record et al., 2018).
Quiescence is a decrease of metabolic activity under exogenous control, induced directly
by environmental stressors, which is immediately reversed by removal of external stressors
(Rebecchi et al., 2007). Dormancy is well documented in the invertebrates, plants and
microbes of extreme environments (tolerance to freezing or drying; Lees, 1955; Guidetti et
al., 2011; Kostal, 2011). However, some organisms can enter an extreme form of quiescence
called cryptobiosis reducing their metabolism to undetectable levels (Rebecchi et al., 2007).
The concept of cryptobiosis (or “hidden life”) was introduced by David Keilin in 1959. Keilin
(1959) defined cryptobiosis as “...the state of an organism when it shows no visible signs
of life and when its metabolic activity becomes hardly measurable or comes reversibly
standstill” (pp. 166). Consequently, during this latent state metabolism, growth,
reproduction, repair and senescence are reduced or temporarily ceased, and therefore
the larval, pupal, and adult stages are arrested. As metabolism is a defining characteristic
of life, cryptobiosis is sometimes considered a third state between life and death (Clegg,

2001) or even “temporary death” or “potentially reversible death” (Neuman, 2006).

Cryptobiosis can be induced by several environmental factors, e.g. by lack of water
(anhydrobiosis), low temperature (cryobiosis), high temperature (thermobiosis), lack
of oxygen (anoxybiosis), high osmolarity (osmobiosis), starvation or a combination of above
factors (Crowe, 1971; Walz, 1979; Clegg, 2001; Gutiérrez et al.,, 2001; Watanabe, 2006;
Rebecchi et al., 2007). Desiccation induced anhydrobiosis and freeze-induced cryobiosis are
the most extensively studied states. The anhydrobiosis and cryobiosis are, however, not
equivalent states and likely involve different mechanisms for protecting the cells and tissues

(Crowe et al., 1992).

Anhydrobiosis in tardigrades is connected to a special morphological adaptation that
includes the formation of a barrel-shaped structure (“tun”). The animal transition to a tun
by actively contracting its body anterior-posteriorly and by withdrawing its legs and head
(Rebecchi et al., 2019). Successful maintenance of morphological tun state (Figs. 1B, 2A, B,
5A) in anhydrobiosis does not require interactions between the cells (Halberg et al., 2013). It
produces a new spatial organization of some internal organs (Paper lll). Therefore,

mechanical injuries are tolerated in the state of cryptobiosis.
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Only tissues and organisms in the cryptobiotic stage can tolerate very low and very
high temperatures (over 100°C), or sojourn in liquid helium (Hinton, 1960; Neves et al., 2020).
It is known that cryptobiosis evolved several times during evolution, because it is present
in unicellular organisms (bacteria, protists; Potts, 2005), among mosses, lichens, liverworts,
plants (Cannone et al.,, 2017) and their seeds (Alpert, 2000, 2005), but also in metazoans
(nematodes, rotifers, tardigrades, insects, crustaceans; Alpert, 2005; Rebecchi et al., 2019).
Still, only some species among invertebrates, and no vertebrates, have evolved this capability
(Wright et al., 1992). Biochemistry and physiology of cryptobiosis allowing survival in a state
of complete metabolic shut-down remain poorly understood (Watanabe et al., 2002; Schill et
al., 2004) and our current knowledge is based on the research of few model systems, mainly
Artemia cysts, corn embryos, and nematodes (Wright, 2001). Although some attention has
been paid to anhydrobiosis in tardigrades (Wright et al., 1992; Rebecchi et al., 2007; Mgbjerg
et al., 2011), there is still not much known about the induction and reactivation phases
of cryptobiosis (Westh et al., 1991; Westh and Kristensen, 1992; Halberg et al., 20093;
Hengherr et al., 2010).

Mechanisms underlying the ability to enter cryptobiosis have attracted considerable
scientific interest for decades (Fry, 1966; Crowe, 1971). In addition, more extreme weather
conditions around the globe including rising temperatures, severe droughts and generally
higher weather variability put desiccation-tolerant organisms in a position of increased
interest. Drought is currently among the main threats to the world’s food security. It may
reduce maize yield by approximately 15%, soybean yield by approximately 40% (Clement et
al., 2008). Singh et al. (2015) pointed out how an understanding of the principles
of anhydrobiosis and programmed cell death may possibly help the development of drought-
resistant crop plants that could solve the global food security problem. Recently, many
countries and international organizations launched projects on exploring the drought
tolerance and water-saving mechanisms of plants to identify key genes that could improve
drought tolerance (Lawlor, 2013). Tardigrade cryptobiosis, therefore, might bring new

insights and possible solutions to the above problems.

In general, cryptobiosis can be divided into three phases: (i) the induction phase
detecting and reaching upon stress stimuli, (ii) the inactive dormant phase and (iii) the
reactivation phase (Wright, 2001; Carlsson et al., 2008). For a successful survival, the whole
process must involve production of bioprotectants that either prevent the cellular damage
during the action of stress stimulus/stimuli or can repair the accumulated damage after a

return to normal conditions and reactivation of metabolism (Crowe, 2002; Jonsson and Schill,
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2007; Carlsson et al., 2008; Neumann et al., 2009; Neves et al., 2020). Of note, both pathways

could act in parallel and are not mutually exclusive (Forster et al., 2009).

Organisms with cryptobiotic activities can be divided into two groups. The first group
contains those that possess cryptobiotic ability only during their early stages of development.
This group includes bacterial and fungal spores, pollen, seeds of vascular/seed plants, certain
insect larvae, thick-shelled “winter eggs” of shrimp (Artemia) and species from the taxa
Arthropoda, Crustacea, Brachiopoda and Insecta. The second category includes those
organisms that may enter cryptobiosis over entire life cycle (also repeatedly during their life
histories, Paper IlI) and includes a number of species from Bacteria, Protozoa, and three
groups of invertebrates (the members of phyla Rotifera, Nematoda, and Tardigrada), various
species of mosses, lichens and algae, as well as vascular/seed plants (Crowe, 1971; Crowe and

Cooper, 1971; Wright et a., 1992; J6énsson and Jaremo, 2003; Watanabe, 2006).

b

Desiccation

Pl

Anhydrobiosis
Rehydration M
B

Figure 5. Anhydrobiosis of R. cf. coronifer. Reversible morphological changes between (A)

hydrated and fully extended tardigrade and (B) anhydrobiotic, so called tun, formed

in response to desiccation. Light microscopy, bar = 100 um.
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1.6 THE STORAGE CELLS

The body cavity of tardigrades is filled with body cavity lymph containing free body
cavity cells, which are coelomocyte-type cells, also called the storage cells or bodies,
coelomocytes, and Speicher cells (Weglarska, 1975; Dewel et al, 1993; Reuner, 2010a).
In active animals, the cells move passively in the lymph and fill the empty spaces between
organs such as gonad, gut and nerve chord, although they seem to temporarily adhere

to the basement membrane of other tissues (Weglarska, 1975; Dewel et al., 1993).

The coelomocytes (Gr. koilos, hollow; kytos, container) are omnipresent in most
of the coelomates. They play a key role in defence response in many invertebrates (Tahseen,
2009). Generally, they are classified based on differential staining, ultrastructure, behaviour
and granule composition, but the classifications are inconsistent (Kauschke et al., 2001;
Adamowicz, 2005). For instance, the older literature distinguishes mucocytes, vacuolocytes
and lymphocytes as well as large and small granulocytes in earthworms (Kale and
Krishnamoorthy, 1979). However, hyaline- and granular amoebocytes, both with phagocytic
activity, and eleocytes (free-floating chloragocytes) without phagocytic activity, but
producing bioactive molecules, were identified (Cooper et al.,, 1995). The latter types
correspond to the three groups of coelomocytes observed using the flow cytometry (Macsik
et al., 2015). Other authors reported basophils with eccentrically located nuclei, acidophils
with red-orange granules, neutrophils with large centrally located nuclei and modified
peritoneal cells around intestines called chloragocytes and granulocytes (Joris, 2000; Kaushke

et al., 2001; Calisi et al., 2009).

Coelomocyte-type cells, called hemocytes, produce humoral proteins and recognize
the foreign particles. They are mediators of cell-mediated (innate) immunity in insects. Their
basic functions are adhesion to foreign particles (nodulation and encapsulation),
transportation of cuticular particles, and mainly phagocytosis of bacteria, yeast and apoptotic
bodies. Also, they contain phenoloxidase precursors (Lavine and Strand, 2002). They are
usually classified into prohemocytes, granulocytes, plasmocytes, spherule cells

and oenocytes. However, this classification is not united as well (Lavine and Strand, 2002).

Nematodes, that are phylogenetically close to tardigrades, have highly specialized
coelomocytes. They occur in fixed positions, adjacent to the gonads or the other internal
organs in the body cavity. They vary in size, form (ovoid or with many branches) and number
(Tahseen, 2009). The nematode coelomocytes should have a similar function as tardigrade

storage cells. The nematode coelomocytes provide the turgor-hydrostatic pressure
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for the animal, lubricate space among the tissues and are involved in intercellular signalling
and nutrient transport. They also may store a vitamin B12, synthesize proteins and secrets
(Basyoni and Rizk, 2016). Early workers identified two to six cells located in the anterior third
of the nematode pseudocoelom (Bolla et al., 1972). In parasitic nematodes, coelomocytes
become giant cells during the parasitic phase of life, whereas in free living species, these cells
remain relatively small (Bolla et al., 1972). The cells were termed as coelomocytes, stellate
cells, pseudocoelocytes (Bolla et al., 1972) and amoebocytes, elaeocytes, athrocytes and
phagocytes (Tahseen, 2009). Due to their small number and size, these cells were largely
ignored in nematodes (Tahseen, 2009). In tardigrades, the only known coelomocyte-type cells

are storage cells.

Tardigrade storage cells are responsible for important physiological functions and are
highly metabolically active (Ramazzotti and Maucci, 1983; Weglarska, 1957; Poprawa, 2006;
Hyra et al., 20164, b). Although their shape and content may vary, whether they may or may
not be classified into specific groups has not been resolved yet. Our knowledge about these
cells comes only from studies performed on individual specimens and therefore very little is

known to classify these cells.

The main known function of storage cells is to synthesize, accumulate and transport
nutrients and store reserve material (Weglarska, 1957, 1975; Rosati, 1968; Ramazzotti and
Maucci, 1983; Szymarnska, 1994; Poprawa, 2006; Reuner et al.,, 2010a; Hyra et al., 201643;
Jonsson et al., 2019). In some species, the cells are involved in specific functions and are
considered to be a kind of a separate adipose tissue. They facilitate lipid and protein
transport to developing oocytes and synthesize yolk precursors (e.g. in Paramacrobiotus
richtersi Murray, 1911 and Dactylobiotus dispar Murray, 1907; Szymanska, 1994; Poprawa,
2006; Rost-Roszkowska et al., 2011; Hyra et al., 2016a) and vitellogenins (in Macrobiotus
polonicus Pilato, Kaczmarek, Michalczyk and Lisi, 2003, Isohypsibius granulifer granulifer
Thulin, 1928 and Xerobiotus pseudohufelandi lharos, 1966). Similarly to fat bodies in insects,
the storage cells store nutrients, which are used (in some species) during periods
of starvation (Reuner et al., 2010a) and transport them to the ovary where the nutrients are
endocytosed (micropinocytosis; Poprawa, 2005; Hyra et al., 2016a, b). The storage cells are
also active in phagocytosis (Kinchin, 1994) and have tyrosinase activity in the cytoplasm,
perhaps related to immunological defense functions correlating to hemocytes in insects
(Volkman and Greven, 1993; Greven, 1993). In species of R. cf. coronifer (Richters, 1903) and
Milnesium tardigradum (Doyére, 1840), the cells serve as a source of energy for entering to

and returning from cryptobiosis, especially anhydrobiosis (in species of M. tardigradum, in R.
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cf. coronifer it is discussed below in section 3.2.1; Weglarska, 1975; Jonsson and Rebecchi,
2002; Reuner et al., 2010a). However, results presented in Paper Il did not confirm this
for storage cells of R. cf. coronifer. Nutrients can be released from storage cells during periods
of tardigrade starvation and/or used as the precursors of vitellogenins in some species (e.g.

H. exemplaris; Hyra et al., 2006b).

The storage cells have usually an amoeboid shape, but they differ in terms
of morphology, shape, size and number across species (Szymanska, 1994, 1995; Poprawa,
2006; Hyra et al., 2016a, b). Nutrients availability, environmental conditions and especially
synthesis, storage and transport of nutrients and yolk precursors to ovaries during oogenetic
stages, mainly during time when animals do not intake food, have an impact on storage cell
ultrastructure and/or numbers (Szymanska, 1994, 1995; Poprawa, 2006; Reuner et al., 2010a;
Hyra et al., 20164, b). In general, the size of storage cells is 10 to 15 pum (with a minimum of 5
and a maximum of 26 um). During vitellogenesis, the cells are the largest and after the egg
being laid, they are usually the smallest (Szymanska, 1994, 1995; Poprawa, 2006; Reuner et
al.,, 2010a; Hyra et al., 2016a). Small tardigrade species have a higher number of smaller
storage cells, whereas, the larger species have a lower number of storage cells that are
bigger. The number of storage cells is discussed in the Results and discussion section (chapter
3.1, p34). The size of storage cells in some species, e.g R. cf. coronifer, affects the tardigrade
survival after return from anhydrobiosis (Jonsson and Rebecchi, 2002), whereas in other

species it seems to be storage cells independent (Reuner et al., 2010a).

1.6.1 General ultrastructure of storage cells

Storage cells have large irregular polyploid nuclei with the nucleolus, well developed
rough endoplasmic reticulum (RER), Golgi complex, numerous mitochondria, ribosomes,
lysosomes and spheres with reserve material. The main structure in storage cells is the large

autolysosome (Weglarska, 1975) and spheres of various electron densities (Poprawa, 2006).

Histochemical analyses revealed that the main nutrients stored in storage cells could
be lipid droplets (e.g. in R. cf. coronifer; Paper lll and IV), polysaccharides and glycerol (. g.
granulifer; Hyra et al., 2016b), while in some other species (M. richtersi, D. dispar) the major
nutrients are proteins and also granular glycogen occurring in the whole-cell cytoplasm
or possibly in cytosomes (Szymanska, 1995; Poprawa, 2006; Hyra et al.,, 2016b). Animals

utilize the reserve material (the polysaccharides being utilized first, followed by lipids) from
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storage cells during encystment. The resorption of whole cells was observed (Weglarska,
1975). A particular combination of stored substances is species-dependent, and this
variability is likely caused by tardigrade habitat (freshwater versus limno-terrestrial) and/or
cryptobiotic ability of the species. For example, lipids are the main component of storage
cells in H. exemplaris (freshwater and moss dwelling species, feeding on algae), M. polonicus
(moss dwelling tardigrade, feeding on algae and/or rotifers) and X. pseudohufelandi (dry
terrestrial, moss dwelling tardigrade, food not known), while they play only the minor role
of the storage cells in I. granulifer granulifer (freshwater species, food not known) (Hyra et
al., 2016b). The specimens of X. pseudohufelandi contain large amounts of proteins in storage
cells in addition to lipids. Large amounts of lipids in storage cells are connected to species
living in dry habitats and to the ability of cryptobiosis (Weglarska, 1975). For instance, I. g.

granulifer has no lipids in storage cells and no cryptobiotic ability (Hyra et al., 2016b).
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2 MATERIALS AND METHODS

2.1 Model species: Richtersius cf. coronifer

The model species of all studies R. cf. coronifer (Eutardigrada, Macrobiotidae) is
a limno-terrestrial herbivorous tardigrade, with documented high ability to tolerate extensive
desiccation (Jonsson and Rebecchi, 2002; Jénsson et al., 2005, 2008). It is one of the most
extensively studied tardigrades with respect to anhydrobiosis (Westh and Ramlgv, 1991;
Jonsson and Guidetti, 2001; Jonsson et al., 2001, 2005; Ramlgv and Westh, 2001; Ivarsson
and Jonsson, 2004). Likewise, it has been subject to studies on tolerance to other
environmental stress agents, including high temperatures (surviving up to +70°C for 1 h
in the anhydrobiotic state; Ramlgv and Westh, 2001), and low temperatures (survival

of -196°C in the hydrated state; Ramlgv and Westh, 1992).

Dehydrated specimens have a remarkable ability to tolerate low linear energy
transfer (LET) radiation (gamma rays; Jonsson et al., 2005), high-LET irradiation with 2.55
MeV protons at doses up to 10 000 Gy (Nilsson et al., 2010), ultra-violet (UV) irradiation (280-
400nm) and exposure to space vacuum and solar/galactic radiation (Jonsson et al., 2008).
Moreover, its desiccated eggs can tolerate even the most extreme desiccation, at residual
water levels well below one mass per cent (Jonsson et al., 2008). Specimens of R. cf. coronifer

also withstand exposures to different external salinities (Halberg et al., 2009b).

Tardigrades generally contain relatively low amounts of trehalose when
in an anhydrobiotic state (2.3% of the dry body mass; Westh and Ramlgv, 1991) compared
to other anhydrobiotic animals (e.g. cysts of desiccated brine shrimps Artemia salina = 13-
20% of the dry body mass; Clegg, 1965; Watanabe et al., 2002; and larvae of P. vanderplanki =
20% of the dry body mass; Sakurai et al., 2008). Among the tardigrade species, specimens
of our model species contain one of the highest amounts of trehalose in anhydrobiotic state
(the highest trehalose levels were found in Macrobiotus islandicus = 2.9%; Jonsson and
Persson, 2010). Besides the remarkable stress tolerance, tardigrades of this species also

belong to the largest measuring sometimes up to 1000 um.

2.2 Study population

The species of R. cf. coronifer mainly inhabit mosses of the Arctic and Alpine regions

(found at altitudes of more than 500 to 1000 meters; Ramazzotti and Maucci, 1983; Westh
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and Kristensen, 1992; Maucci, 1996). They are known in many localities, such as northern
Norway (Tregmso), Greenland (Disco) Island, Turkey, Svalbard Islands, Spitzbergen, Sweden
(Oland island), the Himalayas, and in South America (Ramazzotti, 1956; Ramazzotti and

Maucci, 1983; Westh & Ramlgv, 1988).

Since no culturing method has been developed for R. cf. coronifer, specimens used
in all presented studies were collected and extracted from a natural moss-living population
in Alvar habitat of the Baltic Sea island Oland (South-Eastern Sweden). The specimens live
in mosses (mainly Orthotrichum cupulatum) growing on limestone rock fences, directly
exposed to winds and insolation, which leads to rapid temperature and humidity changes.
The relative humidity (RH) may change dramatically over summer, from over 90% RH during
the night, down to an average of 60% in the mid-day. However, the relative humidity can
occasionally drop to 20% RH in the summer months (Jénsson et al., 2001). The species thus
inhabits very exposed and rapidly desiccating substrates. It belongs to the xerophilic
tardigrade species and can enter anhydrobiosis successfully in conditions with relatively low
humidity (Jonsson et al., 2001). This Swedish population as well as the population from
northern Italy are parthenogenetic and consist almost exclusively of females (Rebecchi et al.,
2003). Development of unfertilized eggs seems to be the dominant mode of reproduction
in this population. However, other populations from Greenland, Mongolia and central Italy
include females and several males with spermatozoa within the gonad and are considered
as gonochoristic-amphimictic (Guidetti et al., 2016). The genus Richtersius contains more
than one evolutionary lineage and Guidetti et al. (2016) suggested distinguishing two
evolutionary lineages. The first lineage consists of R. cf. coronifer from the neotype locality
and the second consists of gonochoric-apomictic populations. Based on those data, our

chosen Swedish population belongs to the first lineage.

2. 3 Data collection and analyses

The animals were extracted from a natural environment (desiccated moss). After the
moss cushions were soaked in distilled water for about one hour, the sieve technique was

used (Paper I, 11, 111, IV).

For observation of mitosis (Paper | and Il), the specimens underwent the initial
observations and species analysis, and then were fixed and stained in toto with acetic-lactic

orcein, which is a standard staining method (Tonzetich, 2004). In animals containing mitotic
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storage cells, the total number of storage cells was counted, and the mitotic index was
calculated (Paper | and Il). Furthermore, the predictive phenotypic traits of mitosis in storage
cells were analyzed in relation to hydrated specimens (Paper 1) as well as in connection
to repeated anhydrobiotic cycles (Paper Il). The collected data contained measurements
of total body length, buccal tube length, gut content, egg developmental stage, the
occurrence of moulting, and number, shape and size of oocytes (Paper | and Il). The egg
developmental stage was classified similarly as in Rebecchi and Bertolani (1994) based on a
five-grade classification, containing a new category: “Stage O”. Likewise, the storage cells
size and shape (regular-spherical or irregular-crescent with not straight borders) were

examined to predict their connection to mitosis occurrence (Paper I and Il).

Anhydrobiotic induction of individuals was used in Paper Il, lll and IV to: (A) analyze
survival after repeated cycles of desiccation/rehydration (Paper Il), (B) analyze tun formation
and tissue and cell organisation in desiccated specimens (Paper Ill and IV). In Paper I,
specimens were desiccated for 24 hours followed by 5-hour rehydration. The survival
estimate was based on body movement (slowly moving, fully moving or fully active, and
moulting) that occurred within 5 hours. Animals were classified as dead if they did not exhibit
any body movement within 24 hours. Before each desiccation/rehydration cycle, the number
of animals in a proper tun stage (full body contraction), semi-tun stage (body not fully
contracted), and the extended stage were determined under a stereomicroscope.

The presence or absence of gut content was recorded.

Tuns (anhydrobiotic stage; Paper Ill and IV) as well as rehydrated and heat stress
treated specimens (Paper IV) were analysed using the light microscopy, scanning and
transmission electron microscopy (based on semi- and ultra-thin sections of animal bodies).
Polysaccharide, protein and lipid reserves in storage cells were detected using histochemical
staining techniques (PAS and Bonhag’s method, Sudan black B staining and BODIPY 494/503;
Litwin, 1985). Three-dimensional reconstruction of tuns was based on series of semi-thin
sections (500 nm thick). The sections were stained, photographed and aligned into correct
order and position (in detail described in Paper Ill). Paper IV consists of a descriptive and
experimental part. The descriptive part is focused on the comparison of storage cells
in desiccated and hydrated specimens. The experimental part focused on the effects
of the combination of long-term desiccation and heating (50°C, 24h) on storage cells and
specimen survival. In paper IV, confocal microscopy was used to visualize proliferating and

dying cells using an anti-phosphohistone H3 antibody, and a TUNEL assay, respectively.
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3 RESULTS AND DISCUSSION

3.1 Mitosis in storage cells and eutely in tardigrades and (Paper |, Il)

The study presented in Paper | (Czernekova and Jonsson, 2016a) investigates
the proliferation of tardigrade storage cells. The total number of storage cells was counted
in those animals containing mitotic storage cells (Paper I, Il; Czernekova and Jonsson, 2016b)
and the mitotic index was calculated. Predictive phenotypic traits of storage cells mitosis
were analyzed to find the correlation between the occurrence of mitotic storage cells
and morphometric characteristics. We measured total body length, buccal tube length, gut
content, egg developmental stage, the occurrence of moulting, and number, shape and size
of oocytes (Paper | and Il). In addition, the storage cells size was measured and correlation

of their shape and occurrence of mitosis was analyzed (Paper II).

The number of storage cells varied among the individuals but also between the adults
and juveniles. The juveniles had a higher frequency of mitosis in storage cells compared
to adults. Moreover, the numerical growth of storage cells from juvenile to adult stage was
documented. In both studies (Paper | and Il), only about 20% of studied animals had mitotic
storage cells. Those studies showed that tardigrade storage cells have a low mitotic index,
1.27% in Paper | and1.60% in Paper I, respectively. Mitotic cells occur also in other tissues,
such as ganglia, pedal glands, and oesophagus, but those cells were not quantified since
the storage cells were the main focus of our studies (Paper | and Il). R. cf. coronifer specimens
had on average 600+209 storage cells in adults, and 425+23 in juveniles (Paper 1), but
the total number of storage cells can vary from 300 to 1100 in adults and from 60 to 800
in juveniles (Paper I and Il). Numbers of storage cells varies among tardigrade species and its
high inter-species variability is observed in other species as well. The total number of storage
cells was estimated to 3951136 in Milnesium tardigradum, and 1069+324 in Paramacrobiotus

tonollii (Reuner et al., 2010a).

Since the mitotic index is low and is connected to moulting that usually corresponds
to the late egg development stage, in adults, storage cells division seems to be closely related
to animal growth. This is supported by our finding that mitosis in storage cells was more
frequent in juveniles than in adults (Paper 1), indicating build-up of the storage cells
in juveniles. Mitotic cells also occur in other tissues (ganglia, pedal glands, oesophagus)
(Paper I, 1), which is in agreement with observations of mitotic cells in some other tardigrade

species (Bertolani, 1970a, b; Poprawa et al., 2015).
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Whilst in some tardigrade’s organs (nervous tissue, epidermis) the number of cells
does not increase with animal growth, claw glands, storage cells and ventral ganglia have
variable cell numbers (Bertolani, 1970a, b). However, a recent study (Gross et al., 2018) did
not confirm mitosis in any other cells than midgut cells in the species of Hypsibius exemplaris.
The mitotic cells were reported as midgut epithelium progenitors “crescent-shaped cells”
(at the anterior) and “ring-shaped region” (at the posterior). Lack of cell divisions in other
tissues may indicate that mitosis is triggered by specific physiological and/or environmental

conditions (Bertolani, 1970a, b; Gross et al., 2018).

In juveniles, none of the phenotypic characters were significant predictors triggering
the occurrence of mitosis, whereas, in adults, mitosis was significantly associated
with the late egg developmental stage (late vitellogenesis and choriogenesis), that is
connected to moulting process and empty gut content. (Paper I). Gut content was, however,
a significant predictive trait for mitosis occurrence in storage cells only in the multivariate
model I. including the egg developmental stage variable, but not in multivariate model I,
including a moulting variable. This may indicate a stronger association of occurrence
of mitosis to moulting process that is connected to late choriogenesis. During this stage,
animals do not eat, and their large ovaries oppress the midgut lumen, therefore the gut
content is excreted. This explanation is supported also by results presented in Paper Il, that

did not confirm any significant correlation between mitosis in storage cells and gut content.

Storage cells cytoplasm is filled by a number of vacuoles or vesicles with reserve
material (Paper Il and IV). While reserve material of storage cells increased in early
vitellogenesis stage, no change was observed during late egg developmental stages when
mitosis is more likely to take place. Decrements of reserve material after oviposition were
observed (Paper V), but since both studies (Paper I and Il) did not find correlation between
occurrence of mitosis and storage cells volume, the explanation that mitotic division
in storage cells towards the end of egg developmental stage may function as restoration of
cell number after their resorption has little support. By compiling data from Paper I, II, lll, IV
together it is possible to conclude, that physiological processes related to moulting might

represent the strongest predictor for the occurrence of mitosis in storage cells.

Mitosis in storage cells does not seem to be triggered by energetic stress
of desiccation cycles, since the occurrence of mitotic storage cells, as well as the storage cells
number, tended to decline with a number of repeated desiccation cycles (Paper Il). Because

the storage cells are the major repository of energy resources (Weglarska, 1957; Rosati, 1968;
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Weglarska, 1975; Szymanska, 1994), the loss of cells might indicate (A) energetic stress (and
reabsorption of the cells), (B) cellular damage (and possible cell death), or (C) both

mechanisms.

Our studies on mitosis are of interest for understanding tardigrade extraordinary
tolerance to environmental and laboratory stress conditions. This tolerance is related to tun
formation and metabolic arrest, however, several studies observed that tardigrade tolerance
to irradiation is independent on whether the animals are desiccated or hydrated (Jonsson et
al., 2005; Horikawa et al., 2006; Nilsson et al., 2010). Anhydrobiosis and irradiation are both
processes causing DNA damage and cell divisions are not desirable when there are more
genomic lesions (Hengherr et al., 2008a, b; Neumann et al., 2009; Beltran-Pardé et al.,
2013b). These lesions cause loss of genomic integrity and might be lethal for the animal
(Bolus, 2001; Stobbe et al., 2002; Watanabe et al., 2006; Franca et al., 2007; Neumann et al.,
2009; Beltran-Pardd et al., 2013a, b). Based on a higher sensitivity to gamma-irradiation
in early embryogenesis, one of the suggested explanations for radio-tolerance in tardigrades
was their eutely and lack of mitotically active cells (Beltran-Pardd et al., 2013a, b, 2015;
Jonsson et al., 2013), particularly higher frequency of mitosis in early developmental stage

(Jonsson, 2019).

Since results presented in Paper | and Il did not confirm eutely in tardigrades of R. cf.
coronifer and reported mitotic storage cells in juveniles (37.9%) as well as in adults (18.3%),
this occurrence of mitosis in tardigrade cells could be seen as consistent with the hypothesis
of an efficient DNA repair system underlying the radiation tolerance of tardigrades (Jonsson
et al., 2005; Beltran-Pardé et al., 2015). It is also supported by a recent study (Kuzmic et al.,
2018) that reported increased accumulation of protein carbonylation (a common marker
of oxidative stress) caused by higher doses of UVC irradiation in both the desiccated and
the hydrated state of tardigrades. The recovery, therefore, requires an efficient DNA repair
system. However, although the storage cells divide, the animals with observed mitotic cells
have a very low mitotic index (the percentage of mitotic storage cells of all storage cells; 2.9
mitotic storage cells per juvenile and 8.8 mitotic storage cells per adult), and thus low cell
turnover. Thus, most of the storage cells carry out their specialized function and do
not divide. Such cells are considered to be in the G, phase. They are not dormant and can be
very actively engaged in protein synthesis and secretion (Watanabe et al., 2006; Franga et al.,
2007). Paper IV provides a distinction among storage cells by a description of two types
of storage cells with different ultrastructure. The first type of storage cells is metabolically

active, and its main function is energy storage and distribution. These cells probably
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represent the cells with the cessation of cell division. The second cell type might represent
young, undifferentiated, possibly stem-cell-like cells that divide after physiological and/or
environmental triggers (Paper | and IV). The cell division cessation provides extra time
for DNA repair (Watanabe et al., 2006; Franca et al., 2007). Since similar delays as seen after
gamma irradiation were observed in the recovery of tardigrades of R. cf. coronifer after stress
response (Paper Il), it may indicate presence of cell damage, cell cycle arrest and activity
of repair process (Beltran-Pardd et al., 2013a, b; Jonsson et al., 2016). The observed low
mitotic index implies that the cell division is suppressed until specific mitotic trigger factors

occur (O’Farrel, 2001). Such trigger factors for tardigrade storage cells remain to be studied.

Eutely, a term introduced in 1909 by Eric Martini, was traditionally attributed
to miniaturized animals such as the nematode C. elegans (Cunha et al., 1999; Azevedo and
Leroi, 2001), rotifers (Gross et al., 2018), and in earlier studies also to tardigrades. Such
organisms were described as having tissues without regenerative capacity and zero rate of
cell turnover in adults (Immelmann, 1959; Beltran-Pardé et al., 2015; Nelson et al., 2015; Milo
and Philips, 2016). According to this theory, individuals of eutelic organisms have the same
number of cell lineages and the same total numbers of cells (Rusin and Malakhov, 1998;

Azevedo and Leroi, 2001).

Our data, therefore, indicate that tardigrades cannot be characterized as eutelic
organisms. Up to now, the published literature data on mitosis occurrence in tardigrades is
scarce. There is no evaluation of the mitotic index of different cell types and current data are
not consistent. Some authors (Bertolani, 1970a, b; Dewel and Clark, 1973; Greven, 1976;
Zabczyk, 2000; Gross et al.,, 2019) did observe mitotic regenerative cells in midgut cells,
whereas others (Rost-Roszkowska and Poprawa, 2008; Mgbjerg et al., 2011; Rost-Roszkowska
et al., 2011, 2013) did not confirm mitosis occurrence at all. The most recent research verified
the existence of regenerating cells in the midgut (~40 cells) of adult tardigrade, but these cells
exhibited very low cell turnover - 6 to 10 cell divisions per day (Gross et al., 2018; Gross et al.,
2019). The precise cell numbers in tardigrade tissues are not known, but no cell number
constancy was found among the muscle cells (from 40 up to 140; Ramazzotti and Maucci,
1983), pedal glands, either in nervous tissue, where each ganglion ranges between 20 to 75
neurons (Bullock and Horridge, 1965; Bertolani, 1970a, b; Weglarska, 1975; Zantke et al.,
2008, Gross et al., 2019).

Marcus (1929) suggested partial cell constancy since he found a constant cell number

in pharynx (comprising from 51 cells). The studies on tardigrade relatives, nematodes, also
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suggest the existence of quasi-eutely, i.e. “almost constant number of cells”, instead of full
“eutely” (Rusin and Malakhov, 1998). Cunha et al. (1999) support this hypothesis
with the observation that most of the free-living terrestrial nematode species are not eutelic
at least in some tissues and show variations in cell numbers. Results presented in Paper | and
Il support the view that tardigrades are quasi-eutelic. The state of quasi-eutely was also
supported by the observation of regenerative capacity in midgut progenitor cells (Gross et al.,

2018).

The term “eutely” itself should be used with caution, because of the criticism based
on the cell number variability (CNV) in various tissues and organs of different, traditionally
eutelic and non-eutelic taxa (Azevedo and Leroi, 2001). Organs, which were usually
considered as eutelic, such as the epidermis of Caenorhabditis elegans (CNV=2%), yolk and
gastric glands ofthe rotifer Hydatina senta (CNV=4.5%) and the segmental ganglia
of the leech Hirudo medicinalis (CNV=1%) exhibited CNV ~ 5%. The recent estimations
in the epidermis of 20 nematode species showed that nine of them had CNV in 5 - 15% range,
which is higher than in traditionally accepted eutelic organism. Based on results from Paper |
and Il, CNV in tardigrade storage cells was 49% (n=8) in juveniles, and 34% (n=39) in adults,

which is too high to be considered as eutely.

3.2 Anhydrobiosis in R. cf. coronifer (Paper Ii, 1, V)

Since the state of anhydrobiosis is ametabolic and is not connected with energy
consumption, tardigrades may stay in this state for several years. The anhydrobiosis can be
entered recurrently and at any stage of the life cycle of R. cf. coronifer. But entrance into and
exit from anhydrobiosis relies on physiological processes that may be energetically costly

but are poorly understood.

Therefore, the aim of the following work (Paper Il) was to improve the understanding
of these processes by determination how many consecutive periods of anhydrobiosis
tardigrades can survive. The objective of this study was to analyze the factors constraining
anhydrobiotic survival and patterns of survival under repeated cycles of desiccation: size,
shape and number of storage cells, morphometric characteristic (such as gut content, body
size) and frequency of mitosis (discussed above, section 3.1). Two other studies (Paper Ill and
IV) aimed to understand the internal morphology of desiccated organisms. We analysed

the body re-arrangement by 3D reconstruction of body organisation and ultrastructure
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of tissues and cells in the desiccation state (Paper |Ill). Further, we focused
on the ultrastructure of tun and body wall, ovary, midgut and especially of the storage cells

in long term desiccated and rehydrated specimens (Paper Ill and IV).

3.2.1 Experimentally-induced repeated anhydrobiosis

Very few previous studies have evaluated how many consecutive periods
of anhydrobiosis tardigrades can survive. Survival of 8 — 14 desiccations was reported, but
only on three eutardigrade specimens, and survival of 9 desiccations cycles, with 50% survival
after fifth desiccation cycle (Lance, 1896; Baumann, 1922). Hengherr et al. (2008a) observed
recovery rates of 88 -100% over 9 consecutive desiccations, however, the animals could feed
and replenish their energy. We investigated patterns of survival in our model species under
repeated cycles of desiccation/rehydration (24 h of desiccation and 5 hours of rehydration)
when the animals were not fed (Paper Il). Tardigrades of R. cf. coronifer can survive
the maximum of 6 repeated desiccation cycles (non-cultured conditions) with the clear

significant decline of survival rate after repeated desiccations (Paper Il).

The fifth desiccation cycle seemed to be critical because there was a steeper survival
decline. The animals had also significantly lowered the number of storage cells after the fifth
desiccation. As mentioned above, it is assumed that storage cells serve as an energy store
(Weglarska, 1975) and the re-absorption of storage cells with starvation and anhydrobiosis
in some tardigrade species has been reported (Reuner et al., 2010a). Therefore, it seemed
that animals reached an energetic constraint and did not have energy available to exit the
fifth and enter the next cycle. On the other hand, in contrast to a previous study (Jonsson and
Rebecchi, 2002), no reduction in cell size after several desiccation cycles, and also
no depletion of gut content by repeated desiccation was observed (Paper Il). In addition,
the starvation of R. cf. coronifer specimens in continuously hydrated conditions did not result
in a significant decline in the number of storage cells (Jonsson et al., 2005; Jonsson et al.,
2008). Therefore, it seems that R. cf. coronifer have an energy budget different from other
tardigrade species and/or the energy budget used for starvation stress and anhydrobiosis can
also differ. This is consistent with studies performed by Reuner et al. (2010a) and Hyra et al.,

(20164, b) on other eutardigrade species.

Midgut digestive cells have been lately shown to serve as another energy budget

in tardigrades in the species I. g. granulifer (Hyra et al., 2016a). Storage cells of this species
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contain mainly polysaccharides (Hyra et al., 2016b), whilst the reserve material in storage
cells of R. cf. coronifer is composed mainly of lipids and polysaccharides (Paper Ill, 1V),
similarly to the storage cells of H. exemplaris and M. polonicus (Hyra et al., 2016a, b). No
decrements of lipid or polysaccharide content in storage cells were observed in connection
to anhydrobiosis (Paper I, IV). Instead, the protein spheres were diminished in desiccated
tardigrades (Paper IV) which indicates protein degradation and/or utilisation during stress
conditions. In eukaryotic cells two main pathways of protein degradation were described,
ubiquitin-proteasome pathway and lysosomal proteolysis, an uptake of proteins by lysosomes

(Cooper and Hausman, 2018).

Lysosomes were not observed in storage cells of R. cf. coronifer. Instead, high
amounts of autophagosomes (double-membrane vesicles with heterogeneous cellular
contents targeted to degradation) were present after 3-5 hours of rehydration
from anhydrobiosis (Paper IV). Autophagy was also observed in the midgut digestive cells of /.
g. granulifer (non-anhydrobiotic species with different reserve material in storage cells), but
not in the midgut of species H. exemplaris and M. polonicus containing similar reserve
material in storage cells to R. cf. coronifer. Autophagy is a physiological process involved
in routine organelle turn-over (e.g. in metamorphosing insects), but it is likewise used for
recycling of material during starvation. It is involved in starvation tolerance in any cell and
in the maintenance of minimum metabolic rate (Gutiérrez et al., 2001; Lockshin and Zakeri,
2004). Autophagy contributes to mobilization of intracellular lipid stores and may be crucial
for lipid metabolism (Kaushik et al., 2010). Furthermore, its protective mechanism in starved
cells was confirmed (Lockshin and Zakeri, 2004). It is also the first step of cell degradation,
which is followed by apoptosis (Regiorri and Klionski, 2005). In this context, autophagy may
play a crucial role in the physiology of storage cells in R. cf. coronifer and anhydrobiosis
of tardigrades in general. This is supported by the study on ciliates, where autophagy plays

a crucial role in cyst formation during decrements of cellular volume (Duszenko et al., 2011).

After the fifth desiccation cycle, significantly more tardigrades were not able
to contract properly during tun formation. They formed “semi-tuns” instead of “proper tun”
formations. Thus, contraction started to be uncontrolled and incomplete. This result is
compatible with the observation of Bauman (1922). In that study, tardigrades undergoing
repeated desiccation were unable to produce a cuticular secretion, which resulted
in uncontrolled contraction of the body. Such changes in the ultrastructure of epidermal cells

in connection to anhydrobiosis are discussed in the next section (3.2.2).
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Based on collected data, it seems that the declining survival after multiple
anhydrobiotic cycles in R. cf. coronifer is not only caused by depletion of energy in storage
cells but rather it is caused by the accumulation of cellular damage. This explanation is also
supported by the current study of carbonylation accumulation during the anhydrobiotic state
(Kuzmic et al., 2018). Autophagy also seems to be an important mechanism in tardigrade
anhydrobiosis and survival. The precise role of intense autophagy and recycling mechanisms

during nutritional deprivation and anhydrobiosis remain to be studied.

3.2.2 Tun formation in R. cf. coronifer

The main morphological changes after desiccation include extreme water loss
connected with cuticle folding, and inner organs packing and relocation. The morphological
transition into tun formation seems to be necessary for anhydrobiotic survival of limno-
terrestrial tardigrades (Crowe, 1971; Sgmme, 1996). Tun formations (Fig. 5a) were observed
also among the Arthrotardigrades (e.g. Styraconyx haploceros; Jgrgensen and Mgbjerg,
2014), but also in Echiniscoides sigismundi, both of which are marine heterotardigrade
species. The latter species survive short term desiccation, but the survival is less dependent
on tun formation (Hygum et al., 2016). Therefore, our understanding of tun formation can
bring important insight into the understanding of anhydrobiosis. Studies on R. cf. coronifer
confirmed the necessity of tun formation mediated by musculature for survival in this species
(Halberg et al., 2013a; Paper Il). Results of these studies are in line with our observation
of decreased survival connected with an inability to form proper tuns (Paper Il) and
with the observations on tun ultrastructure as well (Paper lll). Paper lll furthermore proved

that moulting does not restrict tun formation.

During anhydrobiosis, the organisms lose most of their water by evaporation, which
causes high structural stress (Halberg et al., 2013a). Reduction of body water
in R. cf. coronifer was estimated to be up to 87 + 5% in the course of transfer from the active
to dehydrated tun stage. In bdelloid rotifers (Bdelloidea) a corresponding loss of water
of 60% has been reported (Ricci et al.,, 2008). Tun formation was analyzed by 3D
reconstruction of the tun with a focus on the inner organ packing (Paper lll, Fig. 1). The inner
organ relocation is dependent on the rigid buccal tube and the ovary size is limited by rigid
eggshells (Paper lll, Fig. 2). The storage cells enclose all the inner organs and fill up almost all
the inner space between organs, but it is difficult to say, whether the storage cells play any

role in the protection of those organs (Paper Ill and IV).
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One part of tun formation is represented by cuticular folding and formation
of creases made by this folding. The thick parts of the cuticle are in contact with air, whilst
the thinner parts, which are more permeable to water, are out of contact with the air. Thus,
the thick, less permeable parts of the cuticle could block aerial exposure, protect cells against
reactive oxygen species (ROS; Almeida et al., 2005), and serve as mechanical protection of
the tun. Based on the results presented in Paper Ill, although the cells were shrunk as a result
of desiccation, morphological damage on the ultrastructural level of cells and tissues was
not found. But changes of pigmentation in epidermal cells in desiccated animals were
observed. The pigment granules may play a role in desiccation tolerance because they can
either be utilized or denatured during entry or exit from anhydrobiosis (Paper Ill). Epidermal
cells also contain lipid vacuoles, which were previously observed in other tardigrade species
to discharge their content to the cuticular layers, which provide a barrier to water exchange
(Baccetti and Rosati, 1971; Walz, 1982; Dewel et al., 1993). Therefore, it is possible, that

cuticular lipids play an important role in anhydrobiosis (Paper lll).

In conclusion, there seems to be no obvious damage to the overall ultrastructure
from desiccation. Rather, the incorrectly formed tuns after fifth desiccation cycle (Paper Il) in
combination with the ultrastructure of storage cells (Paper IV) indicate cell damage at a

molecular level.

3.2.3 The effect of long-term desiccation in combination with temperature stress

R. cf. coronifer can survive long periods of time in anhydrobiosis and results
presented in Paper IV confirmed 100% survival (n=14) after 6 months in desiccated state and
survival up to 6 repeated desiccation cycles (Paper Il). Furthermore, it is known
for extraordinary irradiation capacity and survival up to 19 days of starvation (unpublished
data). In tardigrade storage cells, an increase in DNA fragmentation with time spent in the dry
state (up to 10 months) was reported (Neumann et al., 2009). However, some species have
been reported to survive inthe dry state for 9 to 20 years (Guidetti and Jonsson, 2002;
Jgrgensen et al., 2007). Therefore, Paper lll and IV focused on possible morphological and
cellular changes linked to desiccation and heat stress. The studies compared
the ultrastructure of active and desiccated animals after long-term anhydrobiotic state
(Paper Ill) and ultrastructure of storage cells in desiccated, hydrated and dead animals (Paper
IV). In tardigrades, desiccation leads to overall cellular shrinkage, change in cellular shape

(in case of storage cells the shape changed from the circular to amoeboid). Due to high
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electron density of cyto- and nucleoplasm in desiccated cells, organelles such as RER and
Golgi complexes are barely visible. The average desiccated storage cells size is 11.8um (Paper
lll and IV) and their whole inner space is filled with membrane-coated spheres of different
electron density (Paper IV). In general, water evaporation causes drastic changes in inter- and
intra-molecular interactions, such as hydrogen bonding between proteins and membranes
that normally would not interact in bulk of water (Rebecchi et al., 2007; Wolkers et al., 2002).
In normal cells, drying damages the cellular membranes and proteins leading to cell death,
and consequently the death ofthe whole organism (Rebecchi et al.,, 2007). Based
on the ultrastructural analyses from Paper Ill and IV, no cellular damage on ultrastructural

level was observed.

The ultrastructure of normally highly metabolically active cells such as epithelial cells
of ovary wall or storage cells does not indicate any secretory activity under desiccated
conditions. Coated vesicles resulting from endocytosis in enterocytes were also not observed
in a desiccated state (Paper Illl). These observations support the hypothesis of at least low
(maybe arrested) metabolic activity in anhydrobiotic stage and are in line with other studies
(e.g. Pigon and Weglarska, 1955; Wright, 2001). Electron-microscopic comparison
of desiccated and rehydrated cells did not reveal structural and morphological damage
of membranes and organelles in dried cells of R. cf. coronifer. This observation is in line
with the study on M. hufelandi (Walz, 1979). Generally, we can conclude that the reversible
evaporative water loss accompanying 6 months long desiccation does not change

the integrity on the cellular level of organisation in R. cf. coronifer.

Also, the combined effect of long-term desiccation and temperature stress on those
animals was included in Paper IV. Hydrated as well as desiccated (6 months long) specimens
of R. cf. coronifer were exposed to temperature stress of +50°C for 24 hours. While non-
heated desiccated tardigrades were fully active after 3 hours of rehydration (survival 100%,
n=14), the heat stress of tuns caused a decrease in survival rate (40% survival, n=14).
Detrimental effects of long-term desiccation plus heating did not arise from general cell
structure damages. But since the required recovery time was longer in heated specimens,
the damages may be rather at the level of molecular components necessary for cell survival.
Moreover, some differences such as heterochromatin increase and change in reserve
material were observed between dried and hydrated storage cells. These changes support
the prediction that heat likely caused damage to molecular components of repair
mechanisms and/or caused such damage that was not possible to repair. Nevertheless, heat

treatments might produce some sublethally injured cells. Such cells can grow and survive only
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under appropriate environmental conditions that allow recovery of the cellular lesions

(Marcén et al., 2018).

Thermo-tolerance has been studied very little in tardigrades (Rahm, 1921; Ramlgv
and Westh, 2001; Neves et al., 2020). In laboratory conditions, the optimal temperature
for tardigrade culturing is usually at room temperature (18°C), but it varies among species
(Altiero and Rebecchi, 2001; Gabriel et al., 2007; Altiero et al., 2018). Nevertheless,
the hydrated tardigrades tolerate up to 36°C (LT,,.,=37°C; Rebecchi et al., 2009, LT,,,,=38.7°C;
Li and Wang, 2005). Temperature exposure time is a significant variable for tardigrade
survival (Neves et al., 2020). In the anhydrobiotic state, the short-term (1 h) heat tolerance
up to approximately 100°C has been reported (Hengherr et al., 2008a, b), and R. cf. coronifer
has been reported to tolerate exposure up to 70°C for 1 hour with no lethal effect while
exposure to of 80°C resulted in survival of less than 20% (Ramlgv and Westh, 2001). Long
term tolerance to 37°C for 21 days was reported in P. richtersi (Rebecchi et al., 2009),
and to 63.1°C (LTs) in R. varieornatus (Neves et al., 2020). Thermo-tolerance seems to be
associated with anhydrobiosis only indirectly (Rebecchi et al.,, 2009) which is supported

by observed acclimation to higher temperatures (Li and Wang, 2005; Neves et al., 2020).

Since thermo-tolerance has been reported in anhydrobiotic stage, it is explained
by vitrification hypothesis (Hengherr et al., 2009a). Other possible explanations include
a crucial role of muscle protein filaments (Halberg et al., 2013), the protective role of heat
shock proteins or LEA proteins (Neves et al., 2020). In general, our observations
of the ultrastructure of storage cells support the vitrification hypothesis, that cells are
“frozen” in a glassy state. Detailed ultrastructure of storage cells is described below (section
3.3). Heat stress, however, caused ultrastructural changes in the density of reserve spheres
in desiccated storage cells. Spheres in non-heated specimens were homogenous, whereas
cellular spheres in heated specimens were filled with granules of lower electron density

indicating a change in the distribution of the stored material.

The large amounts of lipids were present in all storage cells (Paper lll, IV). Lipids have
been proposed to play a key role in heat stress management of the eukaryotic, especially
mammalian, cells (Balogh et al.,, 2013). Likewise, their role in anhydrobiosis has been
discussed (Womersley et al., 1982; Kinchin, 1993; West et al., 2001; Wharton et al., 2008).
However, there is a disagreement in the literature whether lipids are involved
in anhydrobiosis. Some studies claim lipids are not involved (Womersley et al.,, 1982),

whereas others suggest a direct relationship between lipid reserve and anhydrobiotic survival
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(Preston and Bird, 1987). Since lipids are not utilized during the desiccation/rehydration
cycles in R. cf. coronifer, they may represent immediate energy for starved animals.
Alternatively, lipids may be used for metabolic processes connected to preparation
for anhydrobiosis and synthesis of protective molecules such as glycerol (Paper IlIl and IV,
Kinchin, 1993). Since lipids are present in dehydrated storage cells, they may also maintain
the spatial distribution of cells in the absence of bulk water (Womersley et al., 1982; Kinchin,
1993). Large amounts of lipid droplets were also found in epidermal cells of R. cf. coronifer
(Paper IlI). This is in line with observations of epidermal cells in other anhydrobiotic
tardigrade species, M. tardigradum and M. hufelandi (Dewel et al.,, 1993; Walz, 1982).
Because specimens of R. cf. coronifer do not have a cuticular wax layer, large lipid reserves
might serve as lipid supply to the cuticle and thus helping to reduce evaporative water loss

as shown in nematodes (Womersley et al., 1982).

It was revealed that desiccated animals of P. richtersi contain a higher percentage
of polysaturated fatty acids and thiobarbituric acid reactive substances (Rizzo et al., 2010).
In another tardigrade species, P. areolatus, glycogen is the first utilized material
during dehydration (Crowe, 1975). In nematodes, lipid and glycogen content is decreased
during dehydration (Crowe et al., 2005; Womersley et al., 1982). Hyra et al. (2016a) found no
lipid reserve material in storage cells of tardigrade of /. g. Granulifer that has no
anhydrobiotic ability. In this context, more studies on the role of lipids in anhydrobiosis (and

cryptobiosis in general) of tardigrades would be valuable.

3.3 Ultrastructure of storage cells (Paper lli, IV)

Storage cells are clearly visible as they passively move in the body cavity by currents
of the body cavity fluid caused by the movement of animals (Kinchin, 1993; Paper I, Il).
The storage cells are coelomocyte-type cells. Their general characteristic, ultrastructure

and function are described in section 1.6.

3.3.1 The storage cells of R. cf. coronifer

Like the other tardigrade species (e.g. Macrobiotus hufelandi, Rosati, 1968),
the shape of storage cells of R. cf. coronifer is quite variable in active animals - from circular,

amoeboid, oval or spherical. In desiccated animals, the storage cells have an amoeboid shape
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(Paper 1, 1, 1, IV). The size of storage cells in adult animals varies from 6 up to 20 um.
The average size of adult storage cells in the active state is 13.7um (+2.3, n=295), and
10.53um (£2.4, n=32) in juveniles (Paper I, lll). In the light microscope, SC appear as circular
globules with granular structure. Occasionally, oval SC with orange fibrous material were
observed (unpublished data). Storage cells with irregular edges were previously seen to be
attached to various organs, such as ovaries (Weglarska, 1957), epidermis and gut (Rosatti,
1968). Similarly, storage cells of R. cf. coronifer were sometimes attached to epidermis or gut.
The cells absorb material from the coelomic liquid near the intestine by pinocytosis
and phagocytosis. The absorbed material is subsequently transported to the epidermis

(Weglarska, 1975).

In general, the storage cells in active tardigrades have an electron-lucent cytoplasm
and a large circular nucleus with a distinct nucleolus. They contain ribosomes, mitochondria,
RER, Golgi apparatus, large autophagosome. The fine structure of the first cell type is similar
to other Parachela species (Paper IV), but R. cf. coronifer storage cells differ in the stored
reserve material. The main compartments of the cells are spheres filled with reserve material
of different electron density, containing large amount of lipids and polysaccharides, and low
amount of proteins (Paper lll, IV). In other species (e.g. Dactylobiotus dispar, M. richtersi)
their size varies with the oogenetic stage (Poprawa, 2006; Weglarska, 1957, 1975). In R. cf.
coronifer, the amount of reserve materials stored in storage cells decrease after oviposition
and thus vary with regard to moulting stage and starvation (Paper IV). In contrast to studies
on other species (Szymarnska, 1994; Poprawa, 2006; Hyra et al., 2016b), the observations
presented in Paper IV did not confirm the production of vitellogenins in storage cells of R. cf.

coronifer.

Two types of storage cells fill the body cavity fluid in R. cf. coronifer (Paper IV).
Ultrastructure of type | cells changes during oogenesis. They contain nucleolus with nucleolar
vacuoles (also called a nucleolar cavity) with low electron density. The presence of irregular
vacuoles varies with respect to the oogenetic stage. Nucleolar vacuoles were observed during
previtellogenesis, but not during and after vitellogenesis. Vacuoles are generally rare
in animal cells (Stepinski, 2014). In plants, vacuoles of irregular shape imply on dispersion and
activation of chromatin (Stepinski, 2014), and it is, therefore, possible that in tardigrades, it
relates to high nucleoli activity during previtellogenesis (Paper 1V). Type | cells are also
characterized by the presence of many mitochondria, cisterns of RER and specific spheres
of reserve material. Large amounts of mitochondria present in these cells indicate high

metabolic activity.
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The storage cells of type Il were found in a smaller amount and only in females. Their
ultrastructure is similar during all oogenetic stages. These cells have fewer organelles and no
nucleolar vacuoles. They may represent young undifferentiated cells or even stem cells. Cell
lineage origin of storage cells is not known. Interestingly, the cell developmental origin
of coelomocytes in other species is also unclear. In holothurians, they originate
from a common stock of stem cells (Hetzel, 1963). They are of mesodermal origin
in nematodes (Tahseen, 2009) and echinoderms (Chia and Xing, 1996). As storage cells are
coelomocyte-type cells it is possible that tardigrade storage cells develop from these
undifferentiated cells of type Il, which might represent some kind of stem cells. The study
presented by Paper IV is the first to ultrastructurally verify two storage cells types

in tardigrades.

3.3.2 Storage cell ultrastructure with regard to survival of stress conditions:

desiccation and heat stress

In normal cells, the main types of damage related to drying are denaturation
and aggregation proteins, leakage and fusion of membranes, destabilisation of RNA, DNA
and chromatin (Tunnaclife et al., 2010). As described above, desiccated storage cells have
increased proportions of heterochromatin and they partially lose their nucleoli (Paper Iil).
Heterochromatin reflects a functionally inactive state of the genome. It is associated with
gene repression but also determines the spatial organisation of the genome (Nikolov and
Taddei, 2015). This observation, therefore, supports hypothesized cessation of the cell cycle
and mitosis in storage cells during anhydrobiosis. Moreover, heterochromatin protects DNA
against radiation damage and can diminish the accessibility of radicals to the DNA (Falk et al.,

2008) and may thus also enhance radiotolerance of desiccated R. cf. coronifer.

Although we detected few differences in cell structures between hydrated
and desiccated animals, our observations are in line with the prediction of vitrification
hypothesis not only for storage cells but also for epidermal cells, ovary and midgut cells.
However, a comparison of dead and dried animals revealed intact organelles and membranes
in both groups. This finding supports the idea that desiccation injury is caused by changes

proceeding at the biochemical level, while structures are protected from deformations.
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4 CONCLUSIONS AND FUTURE PERSPECTIVES

1.

Mitotic division of tardigrade storage cells correlates with the growth phase
of the animal. Mitotic storage cells occurred with higher frequency in examined
juveniles (38%) than in adults (18%). The mitotic index was higher in adults. Mitosis is

more frequent in moulting tardigrades.

Even though the mitotic index is low, the number of storage cells in single animal
varies among individuals and within individuals over time. Tardigrades thus cannot be

classified as eutelic at least for storage cells.

Tardigrades of R. cf. coronifer can survive the maximum of 6 repeated desiccation
cycles (non-cultured conditions). Their survival rate, mitosis in storage cells, and

ability to form “tun” declined with repeated desiccations.

Desiccation stress leads to cellular shrinkage and changes the cellular shape but
causes no ultrastructural change of organelles and membranes in cells in R. cf.
coronifer. After desiccation, the epidermal cells reduced their pigmentation granules

and the lipid vacuole content was also diminished.

Although the combining effect of desiccation and heat stress affected tardigrade
survival, it did not cause cellular damage at the ultrastructural level. The cause
of reduced survival may instead depend on damage at a molecular level -
heterochromatin amounts increased, the nucleolus was partially lost, and the

amount and content of reserve material changed after desiccation and heat stress.

The content of stored material in storage cells is species-dependent, and R. cf.
coronifer storage cells differ from those of other tardigrade species. The main reserve

materials are lipids and polysaccharides.

We identified two storage cells types based on their ultrastructure. The first cellular
type includes metabolically active cells, exhibiting their specific function. The second

cellular type is represented by young undifferentiated cells.

In conclusion, the obtained results are in line with the vitrification hypothesis, but

since detrimental effects of stress conditions did not arise from observable damage

to general cell structures, the hypothesis alone seems to be insufficient to explain all
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mechanisms involved in the protection of R. cf. coronifer under desiccation and other
stress conditions. Since we found large amounts of lipids in all storage cells of R. cf.
coronifer in all studies presented here, lipid composition and metabolism are next to be

studied to reveal the mechanisms involved in desiccation survival of this organism.

The research of anhydrobiosis focused mainly on sugar metabolism and stress
proteins, but the knowledge of regulatory mechanisms, stabilisation of cellular
architecture during stress conditions is still fragmentary. The role of lipids has not been
studied yet and metabolic studies of storage cells are largely lacking. Such studies have
the potential to bring a deeper insight into cryptobiosis and metabolism of tardigrades.
They could be of interest for the medical and food industry related to cellular
preservation, stabilisation and storage of biological materials, organ and tissue
preservation for transportation, and storage of blood cells or cell lines (Jonsson, 2019).
Few promising approaches were recently published (Chen et al.,, 2012; Tanaka et al.,
2015; Hashimoto et al., 2016; Boothby et al., 2017; Hashimoto and Kunieda, 2017; Chavez
et al., 2019). Some molecules (glucose, paraformaldehyde, dimethylsulfoxide) have
already been used as additives for preservation but most of those are toxic, causing
cellular death and have, therefore, weak results (Schill et al., 2009). The non-toxic
disaccharide trehalose has been shown to preserve stored platelets as cell cryoprotectant
(Wolkers et al., 2001, 2002). Trehalose has also been microinjected into human oocytes
providing protection against freeze stress (Eroglu et al, 2002). Application
of anhydrobiosis might serve as an inspiration for dry vaccines and bring new technology
that could be more available over the world and used without a need for the refrigerator

(Schill et al., 2009).
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Although tardigrades are sometimes reported as eutelic animals, mitosis has been reported in several somatic
tissues of adult entardigrades. The occurrence of cell division in storage cells is particularly interesting in light of
the important role that these cells play in the physiology of tardigrades. We present data on the occurrence of
mitosis in storage cells of the eutardigrade Richtersius coronifer (Richters, 1903), and analyse mitotic cells in
relation to different body characteristics, including egg development stage, moulting, gut content, body length,
number and size of cocytes, and shape and size of the storage cells. Mitosis was present in -20% of all animals,
and was more frequent in juveniles than in adults. The proportion of cells with mitods (‘mitotic index’) was low:
0.76% in juveniles and 1.47% in adults. In juveniles, none of the measured phenotypic characters had significant
predictive power for mitosis, whereas in adult animals in moult or in late egg developmental or post-laying stage
were more likely to have mitotic storage cells. The assodation with the later part of the moulting process was
particularly strong. The low mitotic index and the strong association with moulting suggests that mitosis in
storage cells may be connected with somatie growth rather than cell renewal, and that the purposze of cell
division may relate to a need of more cells to support the enlarged body after moulting. However, the spedfic life
cycle of tardigrades, where energy intake and depletion, egg development, and moulting is highly intertwined
and synchronized, make conclusions about the functional role of mitosiz in storage cells difficult, however, and
more studies are needed to reveal the mechanisms inducing mitosis in these interesting cells.

© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016, 178: 883-896
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tardigrades cannot be considered as truly eutehic ami-

INTRODUCTION mals. Bertolani (1970a) reported that mitotic cells

Tardigrades are sometimes characterized as eutelic
animals, with a constant number of cells, in which
the capacity to multiply iz lost before differentiation,
implying that the body organs are composed of per-
manent tissue without regenerative capaaty le.g.
Nelson, Guidetti & Rebecchi, 2015; Milo & Philips,
2016). As shown previcusly by Marcus (1929, cited in
Bertolani, 1970ab), however, somatic mitosis occurs
in many, perhaps all, organs of eutardigrades,
including, eg., storage cells, transition cells of the

midgut, epidermiz, and ganglia, and therefore

*Corresponding author, E-mail: CrernekovaM@seznam cx

were particularly frequent in animals that were in
the simplex stage (during moulting), and there also
seemed to be a seazonal effect with more somatic
mitosis in animals collected during spring. In a sec-
ond paper, Bertolani (1970b) verified the variahility
between individuals in cell number for the third gan-
ghion, Malpighian tubules, and storage cells, and alzo
showed that variation was not related to the size of
the animal. He therefore argued that somatic mitosis
in tardigrades was related to regeneration of tissues
rather than to the body growth of the animal, and
that cell constancy of an organ (when observed)
should be considered a secondary characteristic. The
question of somatic mitosis and regeneration of cells
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in tardigrades is of interest not only related to a gen-
eral understanding of the development and life eycle
of these animals, but also to the reported high toler-
ance to radiation (e.g. May, Maria & Guimard, 1964;
Jonsson, Harms-Ringdahl & Torudd, 2005; Horikawa
ef al., 2006). Dividing cells are generally more sensi-
tive to radiation because cell division 13 highly
dependent on eorrect DNA information in order to
give rise to viable new cells.

Storage cells were one of the cell types in which
Bertolani (1970a) found a high frequency of mitosis.
These cells belong to the cell category ‘coelomocytes’
{Tahseen, 2009), and have the role of storage and
distribution of energy and nutrition in the body
(Kinchin, 1994). They are single, freely floating cells
in the body cavity fluid, with a few hundred up to
more than a thousand cells per individual, and with
large intraspecific and interspecific variation in num-
bers (Reuner et al, 2010). Storage cells in tardi-
grades are known to contain stores of lipids and
glycogen (May, 1946/1947; Weglarska, 1975; Bzyman-
ska, 1994), and the presence of tyrosinase activity,
reported by Volkmann & Greven (1993), has indi-
cated immunological functions; however, in general
our understanding of the physiological functions of
storage cells is still very poor.

The aim of the current study was to provide
more detailed information on the occurrence of
mitosis in storage cells of tardigrades, and to anal-
yse possible connections between the occurrence of
mitosis and different phenotypic characteristics of
the animal.

MATERIAL AND METHODS
ORIGIN AND EXTRACTION OF SPECIMENS

We used the limno-terrestrial species Richfersius
coronifer (Richters, 1903), a moss-dwelling herbivo-
rous species that has been subject to numerous
studies on envirenmental tolerance, including desic-
cation, freezing, and radiation (e.z. Westh & Ram-
lgv, 1991; Jonsson, Borsari & Rebecchi, 2001;
Jonsson & Rebecchi, 2002; Jonsson ef al., 2005,
2013). No laboratory culturing method has been
developed for this speades and specimens were
therefore collected from a natural population at
Oland in south-eastern Sweden (for a description of
the area, see Jonsson ef al., 2001). This population
consists of mainly females with parthenogenetic
reproduction, but males have occasionally been
observed at very low frequency (Rebecchi ef al,
2003). All populations of this spedes studied so far
have had a diploid karyotype with 2n = 12 chromo-
somes and no differentiation in chromosome size
(Rebecchi ef al., 2003).

Specimens of R coronifer were extracted from des-
iccated moss (Orthotrichum cupulatum, Hoffman ex
Bridel, 1801) by hydrating moss cushions in distilled
water (to avoid the possible negative effect of tap
water quality) for & h, followed by extraction with
sieves (250 and 40 pm mesh size) under running tap
water. Extracted tardigrades were stored in distilled
water at room temperature (c. 22°C) for 1-2 days
until preparation and ohservation.

PREPARATION AND ANALYSIS OF MITDSIS AND
ANTMAL CHARACTERISTICS

Initial observations and preparation for analysis
Spedmens were first transferred with an Eppendorf
micropippette to a glass slide and covered with a
cover slip. Under observation with a light micro-
scope, the excess water was carefully absorbed with
small strips of filter paper, until the pressure pre-
vented animals from moving. Images of the whole
animal, buceal tube, and storage cells were taken for
later measurement using image-analysis software.
The time taken for the collection of all images for a
single specimen was about 10 min. Images for the
measurement of storage cells (size and shape) were
taken at 40x objective magnification, images of
oocytes were taken at 10x objective magnification,
and images of body length were taken at 4x objec-
tive magnification.

After this initial observation, specdmens were fixed
in Carnoys’ solution (methanol : acetic acid, 3 : 1) for
3h and stained in fofo in a drop of acetic lactic
orcein, then covered with a cover slip and gently
smashed, according to the method used by Rebeechi
(1991). This staining method reveals chromosomes
and allows the identification of cells undergoing
mitogiz. All slides were examined the following day
(after -20 h) with a light microzscope (Olympus
BX60) fitted with a digital camera (INFINITY 1;
Lumenera Corp.) and image analysis software (INFI-
NITY ANALYZE 6.0; Lumenera Caorp.).

Analysis of mitosis and morphometric characteristics
The following morphometric variables were mea-
sured: total body length, buccal tube length, gut con-
tent, egg developmental stage, ocoumrence of
moulting, number of oocytes, shape and size of
oocytes, and occurrence of storage cells with mitosis.
Measurement of total body length was taken from
the anterior to the posterior part of the body, exclud-
ing the fourth pair of legs, and buccal tube length
was measured according to Pilato (1981). In the anal-
ys1s we only used body length as a measure of over-
all body size, as the buccal tube could not be
measured in specimens in the simplex moulting
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stage; however, body length was significantly corre-
lated with buceal tube length (r =050, P < 0.001,
N =175), and should therefore give a reliasble esti-
mate of the overall size of the animal. Juveniles were
recognized by the presence of cuticular pores (see
Guidetti ef al., 2016). Gut content was analysed at
20x magnification and classified as empty, medium
(part of gut filled with material of arange to brown-
ish eoloration), or full (gut filled with black content).

The stage of egg development was determined with
a five-grade classification. Stage 0: post-laying stage,
with no oocytes visible inside the ovary, and without
buccopharyngeal apparatus. Stage I: small gonad,
and ovary filled with undifferentiated cells of similar
gize and appearance; buccal apparatus always pre-
sent. Stage I1: female gonad with oocytes of different
sizes, nurse cells visible, and bucecal tube present.
Stage II1: larger and longer gonad with ococytes of
similar size and zignificant volume of yolk. In some
of the females, cocytes were large and almost ready
to lay, and the processes were visible. In one case
egg-laying was observed during this stage. Females
in stages I-III were never found to be moulting.
Stage IV: gonad filled with large cocytes ready to lay
and animal in process of moulting, absence of zceri-
fied parts of the buccopharyngeal apparatus (simplex
stage), or with double cutide and new setz of claws
and sclerified parts of the buccopharyngeal appara-
tus visible. This classification differs from that of
Rebecchi & Bertolani (1994) by the new category
‘Stage (', which represents animals in simplex stage
but without any signs of oocytes. These animals may
have laid their eggs before entering moulting, or
have refrained from developing eggs in between two
moulting events. Also, our stages 11 and IV differ
from those of Rebecchi & Bertolani (1994), mainly
with respect to the presence of moulting, which in
our study was connected to stage IV but not to
stage II1. In Rebecchi & Bertolani (1994) stage-II1
specimens were moulting (simplex stage) whereas
stage-IV specimens were classified as post-moulting
animals that had not yet laid their eggs. In our stady
we were not able to distinguish the latter category,
but possibly some individuals in our category I
may represent specimens that had already completed
moulting but not yet laid their eggs. In order to dis-
tinguish between the egg developmental process and
the moulting process, we categorized the egg devel-
opmental stage variable from the state of the cocytes
only, and the moulting varable from the state of
moulting only. The moulting variable incduded the
categories non-moulting, simplex (buccal apparatus
ahsent), and post-simplex (buccal apparatus and dou-
ble cuticle present).

Storage cell size and shape was estimated from 20
randomly selected cells per individual. Cell size was

caleulated as the mean of two diagonal diameter
measurements for each cell. The shape of the cells
was classified as ‘regular’ (spherical) or ‘irregular’
{crescent, borders not straight, or cells filled with
orange filamentous material). The filamentous mate-
rial observed in some storage cells was noticed also
in the gut of some specimens. In animals in which
mitotic cells were found, the total number of storage
cells was estimated at 100x magnification by manu-
ally counting all distinguishable cells in the body, in
order to calculate the proportion of mitotic storage
cells in individual specimens.

The presence of mitotic storage cells was estimated
by investigating all storage cells in each specimen
for the presence of condensed chromosomes (Fig. 1),
In about 40% of the animalz with mitotic cells, the
total number of storage cells could be counted, and
the proportion of cells in mitosis was then caleulated.
In the other specimens the single storage cells were
not distinguishable to the same extent, and were
often overlapping, therefore no reliable counting
could be done.

STATISTICS

Phenotypic predictors of the occurrence of mitotic
storage cells were analysed with logistic regression
(IBM SP353@ STATISTICS 23.0). We followed the
model-building  strategy suggested by Hosmer &
Lemeshow (1989), with the initial selection of vari-
ables based on univariate logistic regressions and
P < (.25 as the screening criterion for selecting vari-
ables for the multivariate model. Within multivariate
regression models, significant effects were evaluated
by likelihood ratio analysis, with P < 0.05 as the cri-
terion for significance. Variables with significant
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Figure 1. Storage cell of Richtersius coronifer with chro-
mosomes in metaphase of the mitotic cycle. Light micro-
scopy. Scale bar: 10 pm.
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effects in the multivariate models were incorporated
into the final models.

RESULTS
OCCURENCE OF MITOSIS IN STORAGE CELLS

In total, 242 specimens were examined: 29 juveniles
and 213 adults. In our observations only one male
was found, determined by the presence of spermato-
zoa. Storage cells undergoing mitosis were found in
20.7% (50/242) of all examined specimens. The fre-
quency of mitosis was significanily higher in juve-
niles (37.9%) than in adults (18.3%; »®=6.0,
P=0014). The average percentage of mitotic stor-
age cells among all cells (‘mitotic index’) in animals
in which mitosis was found, and in which the total
storage cell number was gquantified, was 1.27%
(8D = 0.83%, N =24), and differed marginally sig-
nificantly between juveniles and adults (Fy5. = 4.13,
P =0.055), with a tendency towards lower numbers
in juveniles (0.76%, SD = 0.66%, 0.19-1.85%, N=1;
adults, L47%, 8D = 0.82%, 0.17-3.0%, N = 17). This
corresponds to an average of 29 mitotic storage
cells per animal in juveniles, and 8.8 cells in adults.
The mean number of storage cells in these spea-
mens was 375 (8D = 185, range 65-650) in juveniles
and 598 (8D = 239, range 290-1166) in adults, a
statistically significant difference (Fy22 = 4.86,
P =0.038).

Mitotic cells were also ohserved in other tissues,
such as ganglia, pedal glands, and the oesophagus,
but were not quantified because the focus of this
study was on storage cells.

PREDICTIVE TRAITS OF STORAGE CELL MITOSIS

Phenotypic traits predicting the occurrence of mitotic
storage cells were analyzed sepamately for juveniles
and adults, and characteristics of tardigrades with
respect to the presence of mitotic storage cells are
provided in Tables 1-3 for continuous morphometric
(Table 1) and categorical traits (Tables 2 and 3).

The results of the univariate logistic regressions
are presented in Table 4. In juveniles, only gut con-
tent zatisfied the sereening criterion, but the P-value
was too high for considering this trait to have a sig-
nificant effect on the occurrence of mitosis. Thus,
none of the predictor variables could explain the
variation in storage cell mitosiz in juveniles. In
adults, ege developmental stage, put content, moult-
ing, storage cell size, storage cell shape, and oocyte
number passed the screening criteria, and were used
in the multivarate models. Due to collinearity
between the egg developmental stage and moulting,
and the resulting redundancy in the multivariate
model (as moulting animals were restricted to speci-
fic stages of egg development), these varables were
analysed in sepamte models together with the other
selected variables.

In the multivariate model including egg develop-
mental stage (model 1), egg developmental stage and
gut content showed zignificant effects (Table 5), and
these effects remained in the final model in which
non-significant variables were removed (Table 6).
For egg developmental stage, amimals in stages |
and IIl were significantly less likely (12.7 and 5.9
times, respectively, caleulated as the inverse of the
odds ratio) to have mitotic storage cells compared

Table 1. Mean (SIVN) values of morphometric traits in juvenile and adult Richtersiuns coronifer, with and without mito-

tic storage cells

Body length® Storage cell size’ Oocyte number Oocyte size’
Adults
With mitotic cells 644,87 (1056.80/39) 12.66(1.62/39) 192 (1.78/39) 120.81 (26.83/19)
Without mitotic cells 646,94 (118.67/174) 11.91(2.38/174) L61{1.87/173) 125.67 (40.71/65)
Juveniles
With mitotic cells 38543 (6T.44/11) 10.46(1.49/11) - =
Without mitotic cells 393,68 (94.25/18) 10.85 (2.93/18) - =

Metric measurements are given in micrometers {pm).

*Body length measured from anterior to posterior ends, excluding the fourth pair of legs.
"Mean size of storage cells calculated from measurements of 20 cells per animal, based on the mean of two measare-

ments for each cell.

"Two measurements (crossed dinmeters) were taken for each oocyte and an average oocyte size was calculated for each

animal.

One-way ANOVA analyses between animals with and without mitotic cells for each trait. Adults: body length,
Fiap = 0,003, P = 0.96; storage cell size, Fyay = 3454, P = 0.064; oocyte number, Fy 5 = 1.594, P = 0.21; oocyte size,
Figp = 0.239, P = 0.63. Juveniles: bady length, Fy a7 = 0,026, P = 0.87; Storage cell size, Fy a7 = 0.170, P = (.68,
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Table 2. Number and percentage {in brackets) of animals with and without mitotic storage cells in Richiersius coro-
nifer, with respect to different categories related to gut content, storage cell shape, and moulting

Gut content Storage cell shape Moulting

Empty Medium  Full Regular Irregular Non-moulting  Simplex  Post-simplex®
Adults
Mitotic cells 16 (37.2) 1B(15.8) 5(89) 30(214) 9{123) 6(58) 10(19.6) 23 (39.0)
No mitotic cells 27 (62.8) 96 (84.2) BH1(91.1) 110(78.6) 64(87.7) 97(94.32) 41{804) 36(6L0O)
Juveniles
Mitotic cells 41667 7333 0 S(400) 31333 6400 17600 41400y
No mitotic cells 2 (33.3) 14 (66.7) 2010000  12(60.0) 6(66.7)  9(60.0) 3(25.00 6 (60.0)

*Post-simplex: animals with buccal apparatus and double cuticle.

Pearson chi-square analyses between animals with and without mitotic cells for each trait. Adults: gut content,
= 1405 df = 2, P < 0.001; storage cell shape, y° = 2.68, df = 1, P = 0.10; moulting, ;° = 2765, df. = 2, P < 0.001.
Juveniles: gut content, ;° = 3.52, df = 2, P = 0.17; storage cell shape, " = 012, df = 1, P = 0.73; moulting, ;* = 0.33,
df. =2, P =085

Table 3. Number and percentage (in brackets) of adult Richtersius coronifer with and without mitotic storage cells in

different stages of egg development

Egg developmental stage

0 I II 11 IV
Mitotic cells 8(25.00 1(2.6) 397 2(6.1) 25 (32.1)
No mitotic cells 24 (75.00 38 (874) 28(90.3) 31 (93.9) 53 (67.9)

For an explanation of egg developmental categories, see main text.
Pearson chi-square analysis between animals with and without mitotic cells: ¢ = 2212 d.f =4, P < 0.001

with the reference stage 0 (no visible oocytes),
whereas animals in stage IV (last stage, with eggs
ready for laying) had a similar likelihood (odds ratio
near 1) of having mitotic storage cells as the refer-
ence stage. For gut content, animals with a full gut
were four times less likely to have storage cells in
mitosis compared with animals with an empty gut.
In the multivariate model including moulting
(model II), moulting and oocyte number variables
showed significant effects on the oceurrence of mito-
gis {Table 5), but in the final model only the effect of
moulting remained significant (Table 6). The predic-
tive effect of moulting was very strong, however, par-
ticularly the post-simplex category characterized by
the double cutide. The adjusted odds ratio suggests
that animals in this category were 15 times more
likely to have mitotic cells compared with non-moult-
ing animals, and about 11 times more likely than
those in the simplex stage. The reason that gut con-
tent showed up as a significant effect in model I but
not in model II is probably that the moulting vari-
able absorbed more of the gut content effect than the
egg developmental stage wvariable, because of a

strong assodation between gut content and moult-
ing.

DISCUSSION

Our study confirms the report of Bertolam (1970a)
that storage cells of tardigrades dearly divide, and
that the number of cells differs among individuals.
The average proportion of animals with mitotic stor-
age cells was about 20%, which may be compared
with the estimates reported by Bertolani (1970a) for
Macrobiotus hufelandi (Schultze, 1833) (16.9%), Mac-
robiotus areolatus (Murray, 1907) (12.2%), and Para-
macrobiotus richtersi (Murray, 1911) (48.1%). The
estimates by Bertolani (1970a), however, also
included mitotic cells ohserved in organs other than
storage cells. A higher proportion of juveniles had
storage cells undergoing mitosis compared with
adults, which may be related to a build-up of storage
cell number during the juvenile stage, an explana-
tion supported by the lower total number of storage
cells recorded in juveniles. Among the individuals in
which mitotic storage cells were found, the

© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016, 178, 8R8-£06



MITOSIS IN RICHTERSIUS CORONIFER 893

Table 4. Univariate logistic regression models for occur-
rence of storage cell mitosis (0, no mitosis; 1, mitosis
found) in Richtersins corenifer, in which potential predie-
tive variables were evaluated individually

Predictor variable LL LR df. P
Juveniles
Body length 1923 0028 1 0.87
Gut content 17.19 412 2 0.13
Storage cell size 1916 018 1 0.687
Storage cell shape 1919 012 1 0.73
Moulting 1908 035 2 0.84
Adults
Body length ~101.40 0003 1 0.96
Gut content -114.86 1289 2 0.002
Storage cell size -93.78 325 1 0.071
Storage cell shape -100.00 280 1 0.094
Moulting -B1.ET 2766 2 = 0,001
Egz ~-BBOT 2486 4 = 0,001
developmental stage

Oocyte number -10042 15656 1 0.21
Oocyte size -44.78 025 1 0.62

LL, log-likelihood; LR, likelihood ratic.

Table 5. Main effects logistic regression models for pre-
diction of mitosis occurrence in storage cells of Richter-
sius coronifer

Predictor variable LL LR df. P

Model I: with egg —-81.93 3854 10 <=0.001
developmental stage

Egg developmental stage -91.59 1423 4 (.0066
Gut content -8817 739 2 0.025
Storage cell shape -8465 034 1 0.56
Storage cell size -84.77 058 1 0.45
Oocyte number -865.68 220 1 0.14

Model II: with moulting  -83.40 3560 T <0001
Moulting -91.69 1423 2 0.0066
Gut content -8539 398 2 0.14
Storage cell shape -83.59 039 1 .53
Storage cell size -8413 146 1 .23
Oocyte number -BA60 419 1 0.041

Predictor variables explained 24-25% of the variation in
mitosis occurrence (Nagelkerke R® = (.24 and 0.25, for
models I and I, respectively). The goodness of fit of the
model was high (Hosmer and Lemeshow test: P = 0.80
and (.78 for models I and II, respectively).

proportion of dividing cells was always very low,
amounting to a few percentages, and not far from
the estimates of Bertolani (1970a) in M. hufeland:
(1.84%), M. arcolatus (220%), and P. richters:
(5.08%). The shightly higher values in the study by

Bertolani may well be a result of measuring mitosis
also in other organs in that study. Bertolani {1970a)
also showed that tardigrades wllected during spring
had significantly higher proportions of mitotic cells
compared with animals collected during winter
(2.0% in spring compared with 1.7% in winter in
M. hufelandi). Amimals for the current analyses
were collected during the winter period (November-
February), and our estimates for adult E. coronifer
therefore correspond wvery well to those of
M. hufelandi. The reason for the seasonal variation
in mitosis occurrence is unclear, but 1= of great inter-
est in order to understand the factors influencing the
induction of mitosis in storage cells.

The estimated mitotic index of 0.76% in juveniles
and 147% in adults indicates a relatively low cell
turnover rate. Referring to studies in rats, Leblond
& Walker (1956) considered a mitotic index below
0.8-1.5% as infrequent mitosis, in which eell division
contributes to growth alone, whereas cell populations
with a mitotic index exceeding 1.5% were seen as
producing more cell: than are needed for growth,
thereby representing the renewal of cells. Given that
these conclusions can be transferred to cell prolifem-
tion in invertebrates, our results would indicate that
the low mitotic index estimated in tardigrade storage
cells reflects cell division connected with the growth
of the animal, rather than to cell renewal. This inter-
pretation is also supported by the close connection
between mitosiz and moulting in adult B coronifer,
as the increase in body size after each moult may
require more storage cells for sufficient energy sup-
ply and other possible functions. It should be empha-
gized, however, that moulting iz not always
eonnected with an increase in body size (Walz, 1982),
and that the rate of body growth is not linear over
the lifespan, but is more rapid early in life and
diminishes as the animal gets older (Nelson, 1982).
In contrast to this sugpestion that mitosis in storage
cells is related to the growth of the animal, Bertolan
(1970b) proposed that mitosis in somatic tardigrade
cells is mainly connected to the renewal of cells. His
main argument was that the cell number does not
seem to change over the course of the life cycle
Although this may be true for other tissues, we docu-
mented a higher number of storage cells in adult
tardigrades compared with juveniles, suggesting that
numerical growth of these cells takes place.

The analyses of traits predicting the oecurrence of
mitotic storage cells showed a striking difference
between juveniles and adults. None of the mmcluded
phenotypic traits could explain the occurrence of
mitogiz in juveniles, whereas three traits showed
significant effects in adults: moulting, stage of egg
development, and gut content. We currently have
no plausible explanation for this difference between
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Table 6. Final logistic regression models for prediction of mitosis occurrence in storage cells of Richtersius coronifer

Predictor variable B SE(B) Wald AOR?* (95% CI) LL LR df. P
Model T

Intercept -1.495 03177 7125 1 < (.001
Egg developmental stage -091.59 1423 4 0.0066
Egg developmental stage I -2534 1095 5356 0079 {0.0090-0.68) 1 0.021
Egg developmental stage IT ~-0.870  0.766 129 0.42 (0.093-1.88) 1 0.26
Egg developmental stage IIT  -1.771  0.843 442 0.17 (0.033-0.89) 1 0.036
Egg developmental stage IV 0.074 0.518 0.020 1.076(0.39-2.97) 1 0.89
Gut content —BB.17 729 2 0.025
Gut content (medium) ~0.654  0.461 2012 0.52(021-1.28) 1 0.16
Gut content {full) ~-1.396  0.616 5.15 0.251(0.074-0.83) 1 0.023
Model IT

Intercept -1490 0.177 7063 1 = 0.001
Moulting ~-100.42 3841 2 = 0.0001
Moulting (simplex) 1358  0.560 6.088 3.8911.82-11.44) 1 0.014
Moulting (double cuticle) 2724 0587 2150 15.24 (4.52-48.19) 1 < 0L.001
Qocyte number -0.173 0.137 1.59 0.84 10.64-1.100 ~85.60 271 1 0.10

Coding for mitosis: {J, no mitosis; 1, mitosis found. Models I and IT refer to separate logistic regression models in which
egg developmental stage and gut content (model I) or moulting and oocyte number (model IT) were used as independent
predictor variables. Reference categories for categorical variables: egg developmental stage, stage I; gut content, empty;
moulting, non-moulting. Log-likelihood (LL) represents the log-likelihood of the model without inclusion of the variable
in question. Likelihood ratio (LR) was caleulated as —2(LLauced mader— Ll moga1), Where LLicguced maoder 8 the model
without inclusion of the evaluated predictor variable. Predictor variables explained 21-22% of the variation in mitosis
occurrence (Nagelkerke R” = 0.218 and 0.214, for models T and TI, respectively). The goodness of fit of the model was
high (Hosmer and Lemeshow test: P = 099 and 0.9 for models I and II, respectively). Model I: LLgy poga = 86.12,
LR = 30.56, df = 6, P < 0.001. Model IT: LLgin meaa = 86.22, LR = 29.96, d.f. = 3, P < 0.001. *AOR: adjusted odds ratios,
which are not identical to the odds ratios caleulated for variables singularly. Non-adjusted odds ratios for the categorical

variables may be calculated directly from the data in Tables 2 and 3.

juveniles and adults, and the complete lack of asso-
ciation between mitosiz and moulting in juveniles iz
puzzling, as moulting was a strong predictor in
adults. A high occurrence of mitosis connected with
phase of moulting was also reported by Bertolam
{1970a), and there is a striking similarity in the
proportion of animals with mitotic cells among
moulting anmimals in these two studies [43.9% in
Bertolani (1970a) versus 42.9% in the current study,
when our two categories of moulting are pooled].
The strong association between storage cell mitosis
and moulting in adults may or may not represzent a
functional relationship between these two processes;
however, we find it difficult to believe that the pro-
duction of new storage cells could be directly
involved in the process of moulting. Rather, we
think it iz more likely that the strong association is
a result of developmental timing, in which the cell
proliferation is initiated when the animal has
reached the mounlting stage. This does not exclude
the posszibility that the moulting process may physi-
ologically trigger the initiation of mitosis in storage
cells, and ecdysteroid hormone signals that activate

key cell cycle genes and regulate cell division in
moulting animals have been reported (Quinn et al.,
2012).

One of the main functions of storage cells iz to
store and distribute energy within the body, and
starage cell size has previously been shown to change
over the egg developmental cyde, reaching its small-
est zize towards the end of the eycle or after egg lay-
ing (Szymanska, 1994; Jonsson & Rebecchi, 2002).
This change in cell size 1s apparently connected with
dynamics in energy uptake and demand, represent-
ing a build-up of stores in the early part of the egg
developmental cycle and a depletion of these reserves
towards the end of the cyvele. The eggs then reach
their largest size, and feeding is prevented by the
expulsion of mouthparts during moulting and by the
body cavity being full of mature eggs. Szymanska
(1994) noted that the number of storage cells in some
individuals of P. richtersi was very low after egg lay-
ing, suggesting that cells were resorbed completely
in econnection with a depletion of energy. Restoration
of the cell number would then require cell division.
However, Reuner efal (2010) did not find a
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significant decline in storage cell number after star-
vation for 7 days in Milnesium tardigradum {Doyére,
1849), Macrobiotus sapiens (Binda & Pilato, 1984),
and Paramacrobiotus fonollii (Ramazzotti, 1958),
and in our own data there is also no tendency
towards differences in cell number at different stages
of egg development. Therefore, the possibility that
mitotic activities in storage cells towards the end of
the egg developmental eyele (when moulting also
ocecurs) may have the function of restoring the num-
ber of cells after resorption currently has little sup-
port. However, the intertwined patterns of energy
dynamics, egg development and mouolting in tardi-
grades, well documented and reflected also in the
results of this study, suggest that more investiga-
tions on the role of energetic status and other poten-
tial factors influencing the initiation of mitosiz in
storage cells are clearly needed. In thizs context,
experimental studies in which the influence of speci-
fic agents is tested would be of particular interest.
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Abstract

Tardigrades represent one of the main animal groups with anhydroblotic capacity atany
stage of their ife cycla. The ability of tardigrades 1o survive repeated cycles of anhydrobio-
sis has rarely been studied but is of interest 1o understand the factors constraining anhydro-
biotic survival. Tha main objactive of this study was to investigate the patterms of survival of
the eutardigrade Richtersius coronifer under repaated cycles of desicoation, and the paten-
fial effect of repeated desiccation on size, shape and number of storage cells. We also ana-
Iyzed potantial change in body size, gut content and frequancy of mitolic storage cells.
Specimens were kept under non-culiured conditicns and desiccated under controfled rela-
five humidity. After each desiccation cycle 10 specimens were selected for analysis of mor-
phometric characterstics and milosis. The study demonstrates that fardigradas may
survive up 1o 6 rapeated desiccations, with declining survival rates with increased numbar
of desiccations. We found a significantly higher propostion of animals that were unable to
contract property into atun stage during tha desiccation process at the 5% and 6" desicca-
tiors. Also tatal number of storage cells declined at the 5™ and 6" desiccations, while no
affect on storage cell size was observed. The frequency of mitotic storage cells tendad 1o
decline with higher number of desiccation cycles. Our study shows that the number of con-
secutive cycles of anhydrobicsis that A, coronifermay undergo is imited, with increased
inability for tun formation and energetic constraints as possible causal factors.

Introduction

Water availahility is one of the most important ecological factors and evolutionary pressures
on terrestrial life. Despite the fact that water is crucial for all life forms. numerous organisms
lincleding prokaryotes, protozoa, fungl, plants and animals) survive temporary drying to equi-
librium with the air humidity by entering a highly stable and reversitile state called anhydrobio-
sis, a special form of the ametabolic life state known as cryptobiosis [ 1.2,0,4.5]. During
anhydrobiosis the organism loses maost of its water by evaporation and has to protect cell
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structures from damage caused by water loss (6], The echemical and physiological nature of
such profectant systems in anhydrobiotic organisms are not well understood, but are of consid-
erahle interest both from a general biological perspective and from the applied sciences whers
dry biological systems play an important role (e g medicine and food storage) [7,8].

Amaong animals, tardigrades represent one of the main groups in which a capacity for anhy-
drobiosis is widespread. Tandigrades are microscopic aquatic animals found in a variety of hab-
itats worldwide |9], and they are particularly common in semi-terrestrial microhabitats such as
mosses, lichens and leaf litter. In these environments they are exposed to perinds of desiccation
that varies in frequency and length, and the anhydrobiotic capacity of semi-terrestrial tardi-
graides is an evolutionary adaptation to survive under such conditions. Their ability to enter
anbydrobiosis is well documented [5,00,11], and the anhydrobiotic state may be entered recur-
rently and at any stage of their life cycle (so-called “holo-anhydrobiosis™; [12]).

The state of anhydrobiosis, characterized as an ametabolic condition, s not connected with
any energy consumption, and this explains why tardigrades may stay in this state for many
years, even decades, and still be able to revive | 13,14, However, the entrance into and exit of
anhydrobiosis relies on physiclogical processes that are likely to be energetically costly, and evi-
dence of energy-depletion in storage cells {coslomocytes with circulatory and energy storage
functions) of tardigrades over a single cycle of anhydrobiosis has been reported [15,16]. This
sugpests that multiple cycles of anhydrobiosis may eventually deplete the energy stores of the
anirmal and represent a potential constraint on how many times in o row a tardigrade may suc-
cessfully enter anhydrobiosis, given that enengy stores cannot be replenished by feeding, Apart
from energy depletion, desiccation may also give rise to damage to cell components, including
DA [17], and multiple anhydrobiotic periods may therefore also challenge the matntenance
of cell structure integrity.

Very few previous studies have evaluated how many consecutive periods of anhydrobiosis
that tardigrades are able to survive. According to Baumann [ 18], Lance [19] was the first to
examine repeated desiccation in tardigrades. reporting survival of 8- 14 desiccations, but only
three eutardigrade specimens were used. Boumann [ L8] reported the first and so far the only
more extensive study on this subject, including 15 animals of the genus Macroliofns (species
not givend, The results showed that single specimens were able to survive up to 9 repeated des-
fecations, but already after 5 desiceations about 50% of the animals had died. The only other
study where tardigrades have been exposed to several sequential cvcles of anhydrobiosis is that
by Hengherr et al. [20], in which specimens of the eutardigrade Milnestum fardigradum were
repeatedly desiccated with infermediate 7-day periods of hydration under cultured conditions
allowing feeding. The study found no decling in anhydrobiotic pérformance over 9 consecutive
desiceations.

The purpose of the current study was to investigate the patterns of survivalin a tardigrade
under repeated cycles of desiccation/ rehydration and the potential effect of repeated desicea-
ton on size, shape and number of storage cells. We also analyzed if body size, gut content and
frequency of mitosis in storage cells change over the course of repeated desiccation.

Materials and Methods

Study organism

In pur desiccation experiment we used medium sized (average body length of 653 pm. n = 80}
specimens of the eutardigrade Ricltersius coromifer (Richters, 1903), The population consists
almost exclusively of females [21]. No culturing method has been developed for this species,

anul specimens were extracted from a natural moss-living population in Alvar habitat of the
island (Mand {see [22] for description of the Alvar area). The stdy did not involve endangered
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or protected species, and moss samples were not collected within an area where permission
was required. Moss {Orthatrichum cupulatim) containing tardigrades were collected dry and
stored at room temperature for 3 days until use. Moss cushions were hydrated for about 2
hours in tap water and within the following 3 hours 400 active specimens were extracted with
steves {mesh size 250 and 40 um) under running tap water, Extracted animals were washed
thoroughly with distilled water to remove adherent particles.

Anhydrobiotic induction and recovery

The general procedure of our study consisted of repeated 24 hour perinds of desiccation at 95%
relative humidity (RH) followed by 5 hours of rehydration. These times were assumed to pro-
vide enough time for the animal to enter anhydrobiosis and to rehydrate and adjust physiologi-
cally for the hydrated state, respectively. After ench desiccation cycle, 10 revived specimens
were selected for analysis of mitosis in storage cells and morphometric characteristics, and the
remaining animals that were alive were mized and prepared for a new period of desiccation.
This procedure was repeated until there were too few alive animals to continue.

At the start of the experiment, 400 randomly chosen specimens were put individually on fen
replicate filter papers (5 x 2 cm) in petri dishes and transferred into a desiccator with a satu-
rated potassium nitrate {KND3) salt solution providing a relative humidity of 95%,. The 24h
desiccation allowed the animals to enter anhydrobiosis and equilibrate with the surrounding
humidity condition. Since the total number of animals availlable for each new desiccation cvcle
steadily declined (due to removal of specimens for analysis + mortality of some specimens at
each cycle), the mean number of animals in each replicate was a decreasing function of the
number of desiccation cycles {1 cycle = 40 specimens/replicate, 2™ = 384, 3™ = 315,41 =
22.9,5" = 14.9,6"™ = 3.5). In all desiccation cycles the mumber of specimens in the 10 replicates
differed by maximum one animal,

Before each retydration all specimens were examined under stereomicroscope and the
number of animals in tun stage (514 Figh, semi-tun stage (body not fully contracted, 518 Fig)
and extended (non-tun) stage (510 Fig) in each sample were recorded. Gut content was also
recorded and specimens were classified as having gut content {dark gut} or no gut content (yel-
loow gut). Twenty hydrated animals not included in the desiccation experiment were initiafly
sefected and used as controls for comparison with the repeatedly dehydrated animals,

Survival of the rehydrated animals was evaluated after 3 and 5 hours, and the latter estimate
was used for most animals in the survival analysis. However, in the survival estimate we also
included the 10 specimens selected for mitosis-and morphometric anabysis, and these were col-
lected at the 3 hour survival estimate. All specimens alive at the 3 hour evaluation were also
alive after 5 hours. No specimens inactive during all 5 hours of rehydration recovered after this
time {dead specimens were examined for 24 hours). Animals were assumed to be dead if there
wits 1o visible body moverment. After each rehydration period, alive specimens were put
together in a single dish and transferred individually with an Irwin loop to 10 new filter papers,
followed by a new period of desiccation. For each replicate sample within a desiccation-rehy-
dration cyele the proportion of surviving animals was caleulated and used in the analysis.

Initial observations and preparation for analysis

The 10 animals randomly selected after each desiccation/rehydration cycle were transferred in
a drop of water to an object slide, covered with a cover slip, and observed under light micro-
scope (Olympus BX60) fitted with a digital camera (INFINITY 1, Lumenera Corp.}. Tmages of
the whole animal. buccal tube and storage cells were taken for later measurements using the
image analysis software (INFINITY ANALYZE 6.0, Lumenera Corp.}. The time for collection
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of all images for & single specimen was about 10 minutes. Images for measurement of buccal
fube and storage cells were taken at 40X magnification.

After initial observation specimens were transferred into Carnoys” solution for 3 howrs and
stained fn tofo in a drop of acetic-lactic orcein according to the method wsed by Rebecchi [23].
Slides were examined the following Jday under the light microscope.

Analysis of morphometric characteristics and mitosis

Measured morphometric varisbles were body length, buccal tube length, gut content, size and
shape of storage cells and presence of mitotic storage cells, Measurement of total body length
was laken from anterior to posterior part of the body excluding the fourth pair of legs, and buc-
cal bube length was measured acconding to the description by Palato [24]. The measurements of
body size and buccal tube length were significantly correlated ( Pearson correlation; r=0.27,

N = 62, P = 0.036), amd in order to include also specimens that were in a simplex stage without
buccal tube (about 23% of the data) we only used body length in our analyses. Gut content was
analyzed at 20X magnification and classified as empty, medium (part of gut filled with brown-
ish coloration material) or full igut filled with black material . Note that these analyses of gut
content represent a different estimate than that made on all animals prior to rehydration (dark
gutiyellow gut),

Storage cell shape and size were estimated from 20 randomly selected cells per individual
{aned from different parts of the bodies), Cell size was caleulated as the mean of two diagonal
right angle diameter measurements for each cell. From the diameter measurement cell volume
was calculated (assuming a spherical shape) and used in the analysis. Shape of the cells was
characterized for each examined individual as regular (spherical) or irregular (¢rescent or bor-
ders not straight). There were no specimens with mixed cell shapes; all cells in an animal were
either regular or irregiilar.

In order to calculate the mitotic index {proportion of all storage cells that were in mitosis) at
the individual level, the total number of clearly recognizable storage cells was estimated manu-
ally at 100X magnification with phase contrast and odl, using image analysis software {see
above). Smashed cells, without dlear borders, were not counted. Mitotic storage cells (52 Fig)
were identified from the presence of condensed chromosomes.

In total 420 specimens were used in the experiment, 400 specimens in the repeated desicca-
tion sequence and 20 as controls. Mitosis and morphometric anabyses were performed on 80

specimens.

Statistical analyses

Statistical effects on survival of repeated desiccations were tested using ANOVA and linear
regression analysis (IBM SPSS Staristics v.23). Proportion data were arcsin-transformed before
statistical analyses. In tests where parametric assumptions were not met, non-parametric statis-
tics were used. Associations betwesn mitosis ecourrence and desiccation cycles/phenotypic
traits were anatyzed with logistic regression. Statistical tests were considered significant when

P < 0,05, and marginally significant when P = 0,05,

Results

Survival rates after repeated desiccations

Survival rates differed significantly among the repeated desiccations (F; 2, = 20096, P = 6.001;
Fig 1 and Table A in 51 File) and the trend was a dear and significant decdline in survival rate
with increased number of desiccation cycles (linear regression: Fy 5 = 8762, r=-0.78,
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P < 0.001). The highest survival rate was recorded after the first desiceation (98.5% ) and the
lowest non-zero survival rate was recorded after the sixth desiceation {28.6%). After the 6™ des-
iccation only 10 specimens were alive and all of these were used for morphometric and mitosis

analyses,

Associations between repeated desiccations and phenotypic traits
based on examination of all specimens after each desiccation cycle

The proportion of animals that were in a semi-tun stage after the 24h desiccation differed sig-
nificantly among desiceation cycle groups (Fa <y = 826, P = 0,000}, with desiccation groups 5
and & having significantly more semi-tuns than most of the other groups (Fig 2 and Table A in
51 File). A similar pattern was observed for animals that were in an extended state after desic-
cation but within-group variation was high and there were no significant differences amonyg
desiccation groups (Fs 5y = 157, P = 0.1%; Fig 2 and Table & in 51 File). The proportion of ani-
mals with dark gut content after desiccation differed significantly among desiccation cycle
groups (Kruskal- Wallis; ¢° = 15,0, df = 5, P = 0.010; Fig 3 and Table A in 51 File), with the 1"
and 2™ desiccation group having a significantly lower proportion of specimens with dark guts
compared to groups 4-6.
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Associations between repeated desiccations and phenotypic traits
based on 10 selected specimens after each desiccation cycle

I'here was an overall significant difference in the mean number of storage cells among desicea-
tion cycle groups, including also the control group (Fe -; = 3.91, P = 0.002; Fig 4 and Table Bin
51 Filel. This difference was exclusively due to significantly lower number of storage cells in
animils exposed o five (P = 0.015) and six (P = 0.004) desiccation cycles, compared to the con-
trod andimaks, Mo significant differences were found among desiccation eyvele groups {inclading
controls) with respect to body length (Fo - = 207, P = 0.067; Tabde B in 51 [ile) or storage cell
volume (Fgqq= 0,99, P =0,44; Fig 4 and Table B in 51 File), The storage cells had regular shape
in almost all of the specimens, and only one control specimen and two specimens of the first
desiccation group were characterized as having irregular cells. The proportion of animals in
different gut content Categories did not differ significantly among desiccation cycle groups

(%" = 18.4,df = 12, P = 0.10), and there was no trend in gut content in relation to number of
desiccation cycles (Spearman ‘s rank Analysis; r,= 0,10, N = 80, P = 0.37).

Frequency of mitosis in storage cells

Storage cells undergoing mitosis were found in 17.5% { 14/80) of all examined specimens. The
average percentage of mitotic storage cells among all cells (“mitotic index”) was 0.25%

(S0 = 1.25. n = 79) when all analyzed animals (also zero-values) were included, and 1.60%
(50 = 2,65, 0.11-10.19%, n = 14) when only animals where mitosis was found were included.
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The proportion of animals with mitotic storage cells in each desiccation cycle varied between 0
and 0.4 (Table 1), Occurrence of mitotic cells in an individual specimen was not reated to stor-
age cell volume (Wald =039, df = 1, P = 0.53), gut content (Wald = 3.02, df =2, P = 0.22), or
body length (Wald = 0.040, df = 1. P = 0.84), but was significantly negatively associated with
mumber of desiccation cycles (6 = -0,32, Wald = 3,89, df = 1, P = 0.049) and positively associ-
ated with storage cell number (£ = 0,003, Wald = 4.064, df = 1, P = 0.044). Animals with no
mitotic cells had on average 699 (S0 = 221) storage cells, while animals with mitotic cells had
832 (5D = 155) storage cells. There was a significant negative correlation between the mitotic
index for an animal and the number of repeated desiccations that it had experienced (r, = -
0.23, P =0.041,n =79, Table 1), Thus. the frequency of mitosis tended to decline with the
mimber of desiccation cycles and increazse with number of storage cells, Since both mitosis
cccurrenceand storage cell number tended to decline with mumber of repeated desiccatsons
(see previous section), it Is difficult to disentangle the causal relationships between mitosis,
storage cell mumber and mimber of repeated desiceations,

Discussion

Owr study shows that tardigrades of the species R, corenifer are able to survive a maximum of 6
repeated desiccations under non-cultured conditions, with dechning survival rates as the num-
ber of desiceations increased. This result is slightly lower than in the study by Baumann [18]
who reported animals surviving up to % desiccation cycles. Fig 5 compares these two studies
with respect to the proportion of the imifial population of animals surviving after different
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numbers of desiccation cycles, Since we removed 10 specimens after each desiceation cycle, the
proportion of survivals in relation to the initial population were calculated based on the specific
desiccation cycle survival rate (given in Table 4 in 51 File) and the number of animals entering
each cycle had we not removed those 10 surviving specimens. Both figures suggest that R, coro-
sifer has a steeper decline in survival rate with increased number of desiccation cycles.

Table 1. Proporion of specimens with mitotic storage cells and calculated mitotic index (no. mitatlc
cellafatal number of cells per individual] for different desiceation eyele groups

 Mumber ot .P‘l.'ﬁpm.lén E-i.nﬁet.:in:bﬁﬂ.ﬁilh mitotic storege  Mean miotic index(S0)
ﬂﬂdn_l:m_lms | citlls
] oaz | I_Z|.21 (0B
1 0.40 0.57 (1.0
2 1] | EI
2 L i o
4 0.20 116 {3.21)
] 0.20 012 (0.35)
8 0 . 0

The estimates of mitolic index indiude also individuals with no milobic cels (miotic indsx = ). Congrols {0
desiccatona) indude estimates from 19 specimens Tor proporion spacimens with mitotic cells and 20
specimens formitotc index, while the 1-6 desiccations include 10 specimens.
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compared to Baumann [ 18], However, Baumann [18] only used 15 animals in total, and the
last desiccation cycles included very few animals (the 9™ only one animal, which survived!). He
also wsed a different desiccation-hydration schedule, with 24 hour desiccations (at 35-45% rel-
ative humidity), and 15 minute rehvdrations. His results must therefore be taken with some
cintion. In contrast to Baumann [18] and the current study, Hengherr et al. [20] did not
observe o decline in the probability to survive a cycle of anhydrobiosis over 9 consecutive desic-
cations {recovery rafes were 88—100%], but the animals were allowed to feed and replenish
their enengy stores for 7 days between the desiccations, which naturally coubd have influenced
the results,

The decline in the probability of a tardigrade to survive a desiccation cycle with number of
previous desiccations sugpgests a progressive deterioration in the functions underbying anbydro-
biosis. One plausible explanation for this limitation on multiple desiccations is that the animals
eventually reach an enerpetic constraint, where the phiysiclogical processes necessary for the
transition toand from the anhydrobiotic state is not supported by available energy. In support
of this explanation cur analyses showed a significant reduction in the number of storage cells
after the fifth desiceation, indicating reabsorption of cells. Reabsorption of storage cells was
also reported by Weglarska |25] as an effect of starvation in specimens of the eutardigrade Dac-
tylobiotus dispar Muorray, 1907 {(formerly: Macrobiotus dispar). Howeverowever, data from
another experiment in i corenifer in which animats were starved for several days under
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continuously hydrited conditions at room temperature did not show a significant decline in
number of storage cells (Crernebova & Jinsson, unpublished data). It is therefore not likely
that the reduced storage cell mumber in this study was related to starvation during the short (5
hiowar) repeated periods of hydration.

Energy depletion connected to anhydrobiosis is also expected to lead to reduced size of the
storage cells, as previously shown by Jonsson and Rebecchi [15]. In that study, storage cell area
decreased by 14% over a single desiccation cycle in R, coronifer, corresponding to a decrease in
cell volume by 22%. Decreased storage cell size has also been documented in the lite phase of
oogenesis, when energy investment into the eggs are high [15,.26]. At this phase, food intake is
prevented partly due to body cavity constraints, and partly because the feeding apparatus is
expelled in connection with the onset of moulting (a stage called “simplex”). Reuner et al. {16]
also reported significantly reduiced storage cell size in three eutardigrade species (M. tardigra-
dum, Pararmacrobiotus fomellit and Macrobdotus sapiens) in response to 7 days of starvation,
and in M. tardigradum in response to one cycle of anhydrobiosis. However, the number of
storage cells in that study [16] was not affected neither by starvation nor by a period of anbry-
drobiosis. In our study, no significant reduction in cell size was found, even after several desic-
cation cycles. We also found no evidence that the energy depositions represented by gut
content were depleted by repeated desiccation, a finding that was also reported by Baumann
| 28] in his study on repeated desiccation. Several previous studies on K. coronifer show that
this species is able to survive continuous starvation at room temperatune for many days and
even weeks [27.28], The declining survival rates after multiple desiccations therefore cannot be
due to depletion of energy from the hydrated periods. The energy demands and role of storage
cells in anhydrobiotic survival of R. corowifer therefore remains unchear,

The decline in survival with more desiccation cycles, particularly chear in the 5™ and 6™
cycle, corresponded with a higher proportion of animals that were unable to contract propery
and create tuns when they were desiccated. This was also observed by Baumann [ 12], whe sug-
gested that the animals after a rumber (4 to 7) of repeated desiccations were unable to produce
a cuticular secretion that prevented too rapid desiccation, resulting in uncontrolled contraction
of the body and its organs and therefore incomplete tun formation. Our results on changes in
body morphology over repeated desiccations are thus fully compatible with these of Baumann
[ 18], but we did not evaluate any characteristics of the cuticle. Whether the fatled tun forma-
tion after repeated desiccations is related to incomplete cuticular secretion remains to be stud-
ied, and ultrastructure analyses of cuticle and epidermis in animals exposed to different
number of repeated desiccations would be highly interesting in this context.

The overall frequency of mitosis found in this study was similar to that reported in Czerne-
kova and 16nsson [29], who found mitesis in 18.3% of the adult individuals of . coronifer, and
a mitotic index af 1,47% (hased on individuals where mitotic cells were found), In that study it
was also found that a higher frequency of mitosis was connected with the period of moulting
which usually corresponds to the late phase of egg development, As mentioned above, that
period is also characterized by smaller storage cefls [15.26], but neither in the study by Czerne-
kova and Jénsson [29] nor in the current study was cell size found to be associated with fre-
quency of mitosis. Instead, the frequency of mitosis in storage cells tended to decline with the
number of repeated desiccations and the total number of storage cells. Since the latter variable
abso declined with the number of repeated desiceations it is difficult to know if storage cell
number directly affected mitosis frequency, or if both mitosis frequency and storage cell mim-
ber were influenced by some other commaon factor related to repeated desiccation. However,
the possibility that frequency of mitosts in storage cell is stimulated by energetic stress receives
no stipport from our study, since this would predict an mcrease in mitosis with repeated desic-
cattons, rather than the observed decrease.
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In conclusion, our study clearly shows that the ability of Richfersins corenifer to enter and
successtulty leave the anhydrobiotic state declines with the number of previous anhydrobiotic
cycles experienced, thus verifying a limit of how many times this tardigrade can enfer anhydro-
biosis i a row. The causal explanation behind this decline in anhydrobiotic performance is
unclear, but increased inability to morphologically rearrangs the body into o proper tun seems
to be invoelved. The ultimate physiological or energetic reason for this remains to be
documented.

Compliance with Ethical Standards

Ethical approval: This chapter does not contain any studies with human participants per-
formed by any of the authors,

Supporting Information

81 Fig- a) Two desiccated specimens of Richtersing comonifer after proper tun formation. b) A
desiccated specimens of Richtersius corawifer after semi-tun formation. ¢) A desiccated speci-
mens of Ricltersiug coronifer in an extended (non-tan} state.

(P

52 Fig- Mitotic storage cell of Richtersiug coromifer. 5cale bar: 10pm,

(TIF)

51 File. Table A. Survival estimates for different number of repeated desicontion cvcles,
and the number and percentage of specimens that were in semi-tun or extended state, * The
total number of specimens were divided into 10 replicate samples, ” Survival was evaluated
after 3 and 5 hours of rehydration, except for specimens that were chosen tor morphometry
anid mitosts analyses, which were evaluated 3 hours after rehyd ration. © Specimens with irregu-
lar tun were characterized as “semi-tun stape” * Specimens that did mot contract during desic.
cation. See Method section for more information, Table B, Mean number and size (diameter)
of storage cells after repeated cycles of desiccations. Estimates for group 0 (controls) were
based on 19-20 specimens, while estimates for the other groups were based on 10 specimens.
Four outliers with cell diameters > 20 um were removed from the data; two from group O
{5440 and 8662 um’), one from group | (4571 um), and one from group 6 {10409 um’).
(D)
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Abstract Tun formabon 15 an éssential marphological adap-
tation for entering the anhydmbiotic state in tardigrades, but
its mmternal structure has rarcly been mvestigated. We present
the structure and ultrastructure o f organs and cells in desicented
Richitersing coronifer by transmission and scomming electron
microscopy, confocal micmscopy. and histochemical methods,
A 3D reconstuction of the body organization of the tun stage &5
also presented. The tun fammation during anhy drobiosis of tare
digrades is o process of amerior-posterior body contraction,
which relocates some organs such as the phanmgeal bulb,
The cuticle is composed of epicuticle, intracuticle and
procuticle; floceelent coat: and trilaminste laver. Moulting does
not seern bo restrict the tun formation, as evidenced from tandi-
grade uns that were in the process of mouliing. The storage
cells of desiceated specimens filled up the free inner space and
surmounded intermal orguns, such as the overy ond digestive
system, which were comtracted. All cells fepidermal cells, stor-
age cells, ovary cells, cells of the digestive system ) underwent
shinkage, and their cytoplism was electron dense. Lipids and
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polysacchandes dominated among reserve matenal of storage
cells, while the amount of protein was small, The basic mor-
phology of specific cell types and organelles did not differ
between active and onhydrobiotic &, cormnifer.

Keywords Anhydrobiosis - Cryptobiosis - Tardigrades -
Tun « Ulmstnecture

Introduction

Amwong many adaptive survival strategies thal orzamsims have
evolved in response 1o harsh environmental conditions, the
ability 1o survive o sEte of complete metabolic arrest must
be comsidered one of the most extreme. This state is called
cryplobiosas and had Gscmated biologiss fom the bime when
such orpanisms were first discovered in the early eighteenth
cenfury (for review, see Keilin 1959; Crowe 1975), Four types
of crypiebiosis are tradiionally recogmized —desiceation
{anhydrobiosis), freezing (cryobiozis), lack of oxygen
{moxybiosis) and high sall concentration (osmobiosts)
(Keilm 1959 —of which anhydrobiosis is considered as the
st cominon (Crowe 1975 Jonsson 2001 ), While most an-
imals have himited ability (0 survive water loss {Wntanabe
2006, species m some myvertebrate nxa are able 1o survive

These mclude micro-metazoans like bdelloid rotfers,
nematodes ond tardiprades. which have the abibty 1o ne-
peatedly enter anhydrobiosis at any developmental stage
{Keilin 1959; Crowe 1975) and some dipieran larvae such
o5 those of the chironomid Polvpedifum vanderplanki
ez Kikowada et al. 20051, When exposed 1o desiccatiom,
nemaiodes coil into 4 tght sparml (Whanon and Lemmon
1998, while tardgrades and rot fers form 6 *“tun"” in onder
tov reduce the body surface area and, thereby, the rate of
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evaporation (Boumann 1922 Kinchin 1994; Marotta et al.
2010} These morphological changes connected with de-
hydration represent an important aspect of the adaptation o
dry conditions and are essential for successfully entering the
anhydmbiotic state.

Several studies on the ultrastructure of the body wall of
hydrated tardigrades have been reported (Bacceri and
Rosan 1969, 1971; Crowe et al. 1971; Walz 1979, 1982
Guidetti et al. 2000; Greven et al. 2005), while studies on
the mrdigrade cuticle in the tun stage are searcer (but see;
Wright 1988, Szymanska 1995). A recent study by
Halberg et al. (2013) described the wn momphology of
the eutardigrade Ricfversius coronifer (Richters, 1903),
with special emphasis on muscular organizanon. Also, a
few cytological studies have been reporied on
anhydrobiotic tardigrade tissues and cells, particularly
storage cells (May 1949 Weglarska 1957; Crowe 1973).

In order to improve our understanding of the morphologi-
cal charactenstics of the desiccated state in tardigrades, we
have investigated the internal morphology of desiceated or-
gans, lissues and cells of a eutardigrade with well-
documented ability to enter anhydrobiosis, We examined
epidermal, ovaran, gut and stomge cell structures with
transmission electron microscopy and histochemical tech-
nigues. The swudy includes the first snalysis of cuticle
organization in moulting and non-moulting tardigrades
in the tun stage. We also present a 3D reconstruction of
the body organization of a tardigrade in the tun stige

Material and methods
Muaterial

In this study, we used the cutardigrade R, coropifer
{Richters, 1903}, a species with well-documented
anhydrobiotic ability (Westh and Ramlov 1991 Ramlov
and Westh 1992), This species can sometimes maasure up
w 1000 pm and has a cosmopolitan distribution, mainly
limited to mosses in alpine regions (Ramazotti and
Maucei 1983; Westh and Kristensen 1992). However, a
relict population is also found in Alvar habitai of the
Baltic Sea island Oland (Sweden), from which specimens
fior the current studies were collected This populston consists
almest exclusively of females (Rebecchi et al. 2003),

Muosses (Cvthotrichum cupuloiom) contammg tardigrades
were collected in a dry condition and were kept m plastic bags
in a freeser (—20 °C) until used. The mosses were hydmied for
about 2 h in tap weater and tardigrades then exiracted with
sieves (mesh size 250 and 40 pm) under munning tap water.
Extracted animalks were washed thomughly with distilled wa-
ter to remove adherent particles.

& Springer

Methuds
Anlydrbiotic induction

Extracted specimens were dehvdrated individually on somall
squares (5 cm”) of a filter paper at 95 % relative humidity
(RH) using a saturated =alt solution (KMNO5) m a closed con-
taner. Thes procedure has been used in several previous stud-
ies (e, Jinsson etal 2008) and ensures that the animalk enter
the anhydmbiotic tun state under controlled conditions with
slow dehydration. Afier 24 h, the filter papers with dehydrated
specimens (tuns) were enclosed in small plastc bags and kept
in these conditions for 0.5 up to 2 months until preparation for
TV O SOy,

Liyehet el trarsmizsion elechon micrmscopy

Twenty tuns were fixed with 2.5 % ghitumidehyde buffered
with 0.1 M phosphate bufTer (pH 7.4) {ovemight at 4 °C) and
postfixed with 2 % Os0y in 0.1 M phosphate buffer (2 h at
room temperatured, Dehydration and embedding were per-
formed as desenbed earlier (Rost-Roszkowska et al, 201 3a,
b: Poprawa et al. 2005c). Semi-thin and uhrathin sections
were cut on @ Leica ultracut UCT25 ulramicrotome. Semi-
thin sections ( 70 nim thick ) were stained with 1 % methy lene
blue in 0.5 % bomx (Dykstra 1992) and examined with an
Olympus BXA0 microscope. Ulirathin sectons (50 nm thick)
mounted on the Formvar-covered grids (50 mesh) were
stmned with uranyl acetate and lead citrate (Reynolds 1963)
ond examined with the transmission electron microscope
(Hitnchi H500 at 75 kV).

Scannmg electron microscopy

Ten ums, fixed with plutsmldehyde as described above, were
dehydraied in a graded concentration series of ethanol ( 10, 20,
30, 40, 50, 60, 70, 80, 90, 96, 100 % each for 2 min) and
acetone (23, 50, 75, 100 % each for 2 min), dried at critical
pomt in a Pelee CPD2, mounted on an aluminium stub and
coated with gold in a Peleo SC-6 duster. Tuns were then ex-
arnined with a Hitnchi UHR FE-SEM SU 8010 scanning elec-
(1 MICTORCOPE,

Histochemical staining

Detection of polvsaccharides (PAS method) Semi-thin see-
tons were treated with 8 2 % solution of periodic acid to
remove esmium (10 min at room emperature) and stained
with Schiffs reagent (24 h, 37 °C) (Litwin 1985). Slides were
washed in tap water and observed with an Olympus BX60
MICmECOpE.
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Detection of proteins | Bonhag's method) Semi-thin sections
were treated with 8 1 % solution of periodic avid o remove
osmium {10 min at roem temperature) and stained with
bromophenol blue (BPB) (24 h, 37 °C) {Litwin 1985).
Slides were washed in tap water and observed with an
Olympus BX60 microscope.

Detection of lipids Semi-thin sections were stained with
Sudan black B (15 mm at room temperare) and washed with
50 % ethanol snd distifled water (Litwin 1985), Slides were
observed with an Olympus BX60 microscope.

BODIFY 494/503 deiection of lipids The cuticles of ten des-
iccated specimens were punctured with & thin wolfram needle
for better penetration of reapent inside the body, Samples were
fived with 2.5 % parsformaldehyde in Trs-buffered saline
(TBS) (45 min, room temperature), Afier washing in TBS,
staiming with 20 pg/ml BODIPY 493/503 (Molecular
Probes) (30 min in darkness/room emperature) was par-
formed. Afler washing in TBS, specimens were counter-
stamed with Hoechst 33342 smming (1 pg/ml, 20 min, room
temperaiure §, washed in TBS and whole-mounted on micro-
scopic slides. Specimens were analvzed with an Olvimpies
FluoView FV 1000 confocal microscope. Excitation at
493 nm was pmovided by an argonkrypton laser.

A reconsivuction Three-dimensional reconstruction ol a tun
was hased on senes of semu-thin sections. For these recon-
structions, one tun fived a5 described above (see “Methods™
section: Light and transmission electron microscopy) was cul
o series of semi-thin sections (300 mm thick L Sections were
stained with | % methylene blue in 0.5 % borax, sequentially
photographed with an Olympos XC30 digital camera
mumied on an Chiy mpus BX60 light microscope and archived
s TIFF files using CellSens Standard software, The TrakEM2
phagm of Image] softwane (NTH, USA) was used to align the
images in image swcks (comect order and cormect positian ),
Mext IMARIS 8.2 software (Bitplane) was used for prepanng
the three-dimensional reconstruction, The surfaces of the tun
und s internal organs were obtumed wsing the surface crea-
tvon tool of this program, which calculates the contour lines
that are defined manually. The contour line for each visualized
organ was placed independently nsing different colours.

Hesulis
Cirnss morpholiogy

Tun formation is a process of anlenor-postenor contraction
and longitudinal and imersegmental cuticle infoldmg
(Fig, 1a, k). The head and limbs are also contracted and form
foldings in some cuticular areas, but claws remain visible

{Fig. 1a, amows). The dorsal part of the tun is convex, while
the ventral part is flattened (Fig. o, ¢, d) due to substrate
attachment on the filter paper, where the specimens were
dried. The 3D reconstruction reveaked organ contraction and
relocation. Figure le shows clhuster of storage cells enclosing
the inner organs, and Fig. 1d shows internel organs of the
same specimen. In the following, we describe tissue and cell
organrzation m mone detmls,

The tissue organization of tun
Tuum and body wall morphalogy

During the tun formation, less of body fluid moves the
intemal organs twards the body centre, which becomes
surrounded by storage cells (Fig. 1h—d). The contraction
in the mn stage showed some individeal morphological
variability, influenced by the animal size and stage of
oogenesis (Fig 2a, b). Analysis of fine tssue struciures
showed contraction limitation caused by the length of the
ngid stylet (Fig. 2a, b), The pharyngeal bulb is relocated
in the ventromedial body plane, but the degree of reloca-
tion depends on the ovary size (Figs. 1d and Za, b

The tun wall was composed of cuticle and epidermis
(Fig. 2e—e). The epidermis was formed by a simple squamous
epithelium suspended by the basal lamuma (Fig. 2¢, d. black
arrows ), The epidermal cells were shrunken. The electron-
dense cvioplism comained obosomes, mitochondria and Large
spheres of medium electron density (in some cases, the
spheres wene visible as electron-transparent vicuoles because
lipids were partly removed during fixation) (Fig, Jo—c, aster-
t=ks). The cuticle of desiccated specimens was composed of
epicirticle (ect) with discomtinuous flocculent coat, intracuticle
{ict) and procuticle (peth (Fig: 2, 2). The thick pet had medi-
um electron density, while the thmner ot was clectron dense
(Fig. 2c, e). The ect was composed of two layers: an inner ect
of lower electron density (1) and a medium electron-dense
outer ect (2) (Fig. 2e). The mner triluninate layer separating
ict from cot was hardly distinguishsble (Fig, 2e, armow), In two
of the examined tuns, we observed a double cuticle (Fig. 2d),
indicating an ongoing mouling process. Moulimg bodies of
thifTerent seres and electron densities (electron4mnsparent and
medium electron dense) were present in the cyvtoplesm of the
epidermal cells (Fig, 2d, white amows). Between the old pa
and new ect, a layer with electron-dense granules was ob-
served (Fig. 2d). A simillar layer was present between the old
pot and the old ict (Fig. 2d).

The avary
During the wn formation, the single, sac- ke oviry undergoes

contraction (Figs. 1d and Za, b). The size of the conwacted
ovary depended on the stage of cogenesis (Fig 2a, b). The
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ovary wall was composed of the simple squamous epathelinm
situated on the basal lamana (Fig. 34, b, bk smows ), The cells
of the gomd {somatic cells of the gonad wall, cocytes and
rophocyies) were shrunken, except for cocyvies surmounded
by completely developed egg shells (Fig. 3a. b). The cytoplasm
of the germ cells und the cells of the ovary wall was electron
dense. Only nucleus (n), mitochondra (m) and reserve material
{volky (mm. v) wene clesrdy visible in the cvioplasm (Fig. 3a. b)
Cisterns of rough endoplasmic reticulum and Golgy complexes
were difficult to distingiosh (Fig. 3b, white armow).

The midgut

The digestive system was contmeted, and the buccopharvnpeal
appamtus wits redocuted (Figs 1d ond 2a, bl The midgnt hmen

ié Springer

was sarrow, and the midgut wall did not form folds (Fig. 3a) The
shrunken cells of the madeut epihelium were located on the basal
larmimn. The bosal membane formed small folds, while the apical
membrne formed microvilli {Fig. 3ah, A peritnophic membrane
wis nol observed. The cytoplasm of the midgut epithelium celis
wits electron dense. Mutochondna, nucleus, autophaposomes
(mu) and mediom elecaron-dense sphenss of the reserve matenial
frm} were visible i the cvioplasm of these cells. whike the cs-
tems of rough endoplasmic redculum (RER) and Golm com-
pleses were difficult to distmguish (Fig. 3a).

The storage cells

The storage cells of desiceated specimens filled up almost all
the free imner space and, thus, sumounded the mner orguns
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(Figs. 1b—d and 2a, b), These cells had an amocboid shape
(Figs. 1b and 4a). The centre of each cell was occupied by a
lorge imegubar nucless (Fig. da. o). The dark beterochromatin
s and nucleolus {nw) were embedded 10 a low electron-
dense nucleoplasmic matnx. The electron-dense cvioplasm
contaned organelles, such as free nbozomes, mitochondna,
cistems of RER and Golgi complexes: however, the endoplasmic
reticulum and CGolgi complexes were difficult o distinguish
(Fig. 4a) Some sutophagosomes au were observed (Fig. da
Moreower, sphemes of reserve matenal mm of different azes and
clectron densities wene present in the whole cvtoplasm of the
stomage cells (Fig 4o). Four types of sphenes were distinguished:
small {amow) and lange {rm 1 ) homaogenous spheres of high elec-
tron density and small (rm2) and karge (m3) non-homogenous
spheres of medium electron densiry (Fig. 4u).

Histochemical analyvss of the m revealed the presence of
large amount of lipid (Figs. b and 4b) and polysacchande
{Fig. 4¢3, while the amount of protein was small (Fig. 4d).

I¥iscussion
Torm aunad by wall morphalogy

Cur observations of semi-thin sections of tune showed that
orgms such as the pharyngeal balh were relocated as body
fluid evaporated during desiccation. This is in line with obser-
vitions by Halberg ot al (2013), who showed that the degree
of longimdinal contraction during tun formation is indvidually
wariabhe but ultimeately limited by the length of the rigid stylet as

) Springes



1372

B, Coprmickovd ol al.

Fig. 3 Ubirasycture of the
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(L pm

pharyngeal bulb is repositioned. Tt i likely that tun formation
could be limited also by stage of sogenesis, especially when the
large oocytes are covered with chorion. To whit extent organ
relocation during un formation affects anhydrobiotc survival
remains 10 be smdied; however, it seems that contmlled ngor-
ous packing of intemal sructures 5 crucinl (Ricci e al, 2003;
Halberg et al. 2013).

We observed cuticular foldings as flexion zones with SEM
and also on semi- and ulirathin sections. The foldings might
be 4 natuml consequence of contraction in order o expand
effectively the tardigrade”s body after rebvdration, as observisd
in new cuticles of moulting Paremacrobioms areofats
(Murray, 1907) (Walz et al, 1971) and Hypsibins convergens
(Urbanowicz, 1925) (Baumann 196 1), where foldings allow
expansion of the specimen’s body after ecdvsis, An allernative

&) springer

functional explanation might be derved from the observation
of thick and thin cuticular areas in specimens of P areolatuy
{(Crowe et al. 1971; Walz et al. 1971; Walz 1982), The fine
structure of both thin and thick pans iz identical, but the
thicker parts are in contact with the air, while the thinner and
higher permeahle cuticular pans are drawn into the body, out
of contact with the sumounding air; therefore, the functional
role of different thicknesses is related to water loss (Crowe and
Madin 1974; 1975; Crowe ct al. 1971; Crowe 1975). Similar
differences in cuticular water permeability have been sug-
gested in rotifiers (Ricei et al. 2003). Both explanations could
apply for dehvdrated R coronifer; however, the absolute
thickness of the cuticular layers is difficult to assess accurately
as sectipning angles are difficull 1o determine (Wright 1988;
Kmichan 1994},
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Fr o Sructure and
ultmstruchme of desiocaisl
Richtersier coveifer. Slomge
cells of B corander. s
Ulirstruciune of the stomgee cell:
o nuitophugosime:. ey epidenmis
m mitochondrion ; ma nucleohis;
nucheus; RER cisterns of rough
endoplasmuc retiouhio, S, e,
rmd, armmes peserve makerial; se
slorge cell. TEM, bar=0.7 pm.
b« Histochemacal stammg of the
stomge cells of R comnier;
arrovs indiosie o positive
resction. LM. b Sudan black B
staining, her=6 um ¢ PAS
methoed. buer= 4 gam. d BPB
sinining, har=355 um

We repont double cuticles and, thus, ongoing moulting m
tuns, verifying that the old cuticle is retained during
anhydmbiozis, Mouled cuticles have been shown o improve
desiceation survival in namutodes (e.g. Gawr and Perry 1991)
by slowing the rate of drving of the enclosed animals, Studies
evaluating the impact of moulting on anhydrobiotic survival
are currently lacking.

Cienerally. all epidermal cells of most tardigrsdes possess
pigment granules, except the regions of muscle attachment
(Greven 1980; Greven et al, 2005 ), In contrast to active spec-
imens of & covonifer, pigment granules were not observed in
desiccated ones. Posably, pgments are utilized in water bar-
rier layers during anhydrobiosis. Alermatively. they might be
denatured in process of dehydration. In bacterinl cells, pig-
ment oxidation and colour change during desiccation have
heen observed, and in cyamobactena, even shor-term drying
lends o structural changes in the pigment antenma complexes
and long-term drying leads o destruction of phycobiliproteins
{Potts 1994),

Lipid droplets in epidermul cells of &, comnifer were ob-
servied also m Milnesiwm tandigradum (Doyére, TR40) { Dewel
et al 1993) and Macrobiotes hufelandi (Baccetti and Rosati
1971, Walz 1982), The function of these vacuoles has been
connected with discharging of ther content to the cuticle and
lipid supply to the ict and wax laver, which provide a barmer to
water exchange (Baccetti snd Rosati 19711 In active and fully

hydrated 8. coronifer, no wix laver was observed {Guidetii
et al. 20001 However, we documented interstitial cuticular
layvers in desiccated specimens underpoing mouling (see
Fig. 2dy similar to the wax loyver observed in active and non-
moulting M. jugfelamidi {Baccetti and Rosati 197 1), Moreover,
adiscontinuous layer of floceulent matersl and variable num-
ber of thin laminae beneath the ect were present in wms; how-
ever, we hove not found this in hydrated specimens of
R coromifer (unpublished data). Flocculem coat and the lipd
granular biyer are not expected 1o play any important mechan-
ical function (Wright 1988). We did not shserve a flocculent
coat in moulting tuns with interstitial cuticular layers, but
Cireven (1974) observed a discontinuous bver of the floccu-
lent or globulor coat in active M, fufedandi, Ramazzottins
oherhemusert (Doyére, 18400 and P areolaine, The precise
function and importance of Aocculent cont 1n andydrobiosis
of tardigrades remain to be soedied.

{vary

The single, sack-like ovary (or hermaphroditic gonad) of tandi-
prades = located on the dorsal part of the body over the gut
Wieglarska 1979, 1957, Poprawa 2083a; Poprawa et al 2013a,
b, ). Its size depends on the animal’s e and the stage of oo-
genesis. Al the bemnnmg of oogenesiz, the gonad is small and its
volume starts o grow significantly during vitello geneses and
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reach the lorgest size at the end of the chonon formation
(Weglarska 1979, 1987, Poprawa 20052, b; Poprawa et al.
2005h, ¢), Our analysis of desiccated &, coronifer showed tha
the ovary does not undergo relocation during tun formution.
Becmse of the body contraction during desiceation, the ovary
closely adhered to the gut and was sumounded by storage cells,

Previous studies have shown that the tardigrade ovary wall
is composed of simple squimous epithelium suspended by the
basal lumina (Weglarska 1979, 1987, Poprawa 2005a;
Poprowa et al. 20134, b, cb. The eyioplasm of the epithelial
cells is nich in organelies indicating high metabolic and secre-
tory setivity. These cells are responsible for symthesis and
secretion of the chorion preécursors (Weglarska 1982:
Poprawa 2005b; Poprawa et al. 2015h, c) The cells of the
ovary wall in desiceated B, coromifer were shrunken, and their
cyioplasm was eleciron dense. Since metabolism is amested
during anhydrobiosis, we did not observe any secretory activity
in cells of the ovary wall. The apical membrane of the cells of
the ovary wall in many species forms protrusions that penetrate
o the ovary lumen among the gemm cells (Weglarska 1979,
Popriwi 20054, Popraowa et al. 20015b, ¢, We did not observe
such promesions m the zonad of malyzed specimens. It 18 dif-
ficult to saw if this difference was caused by cefl shrinkage
during desiccation becawse nothing 15 Known about the ultra-
structure of the ovary wall in an active R comomifer.

The tardigrade ovary type is meroistic, which means that,
durng oogenesis, germ cell clusters are formed (Weglarska
1979 Poprawa 2005a; Swuki 2006, Poprawa et al. (2015b,
c). In cach cluster, one of the cells (or several cells in
M, rardigradum, Sumki 2006) develops mto an oocyte,
whereas the remaimng cells become trophocytes, which sup-
port oocytes. In active animals, the cytoplasm of oocyies and
trophocytes is rich in onganelles responsible for volk precursor
synthesis and in spheres of volk material (Weglarska 1979,
1957; Poprawa 2003; Poprawa et al 200 3a, b, ¢} In desic-
cated R, coronifer, the contraction of the trophocytes was
large, whereas the oocyte’s contraction depended on the stage
of oogenesis. Young (previtellogenic, early and middle
vitellogenic stage) oo yvies shmnk similarky tothe trophogytes.
The contraction of older, fully developed chonon-covered oo-
cvies was limited by this egg shell,

Midgut

The midgut of active cutardiprades has a wbe-hke shape
(Greven 1976; Zabczyk 2000; Avdonina et al. 2007; Rosti-
Roszkowska ef al. 2010, 201 3a, b; Biserova and Mustafina
2015; Hyra et al. 2016a). Generally, distinet anterior and pos-
terior regions can be distinguished in this ongan; however, in
some species, for example, in Dacrilobions dispar (Zaberyk,
20000, the midgut is divided in three parts: promesenteron,
mesomesenteron and metamesemenmn. The midgul ulirasinuciure
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can vary acconding 1o animal nuritional conditions (Greven
1976}, Biserova and Mustafing (2015) desenbed structure and
ultmstructure of the midgut in active R, comnifer 48 h piter
rehydration, however without note on specimen’s nutritional
conditions. They did not distinguish distingt regions m the ana-
byzed organ, but they did observe o lack of midgut wall folding.
The folding of the midga wall = very common among ndi-
grades (Avdoning et ol 2007; Rosi-Roszkowska et al. 20134, b;
Hiscrova and Mustafing 2001 51 Nevertheless, in line with astudy
by Biserova and Mustafing (201 5), we abso did not observe any
firldings of the midgut wall in desiccated R coromifer:

The nidgut of many inverichrates possesses a penitrophic
membrane (Loeb et al. 2001; Martin et al. 2006; Rost-
Roszhowska and Undrul 2008; Grigorveva 2010; Rost-
Roszkowska et al. 20100, This anatomical structure can have
a flusd (pentrophic gd j or membrane (pentrophic membrane)
form which surrounds the food mass {Terra 2001; Grigorieva
and Amcosova 2004; Martin etal, 2006; Rost-Rosedowsks and
Unhrull 2008; Girigoryeva 2010; Rost-Roszkowska et al. 2010)
and protects the midgst epithelium against microorzanisms and
food abrasion, A pentrophic membrane was descnibed m some
species of tunhprades: Halobione stenostomies (Biserova and
Mustafing 2015) and Romazmoitoe ribuloses (Avdonina &1 al.
2007y and ako in & comaifer (Biserova and Mustafina 20053,
However. in our analysis of desiccated specimens of
R coronifer, we did not observe a pentrophic membrane, This
can be explamed i two ways, The peritrophic membrane might
be remewved during tun formition; sinee anmals do not eat and
metabolism is arrested, the structure is therefore useless and
might be synthesized de novo after rehvdration. Alematively,
the: membrune may be present only during certain periods of the
ardmmal’s lifetime. This issue requires firther reseanch.

According to Biserova and Mustafina (2015), the cyto-
plasm of the digestive cells {enterocyies) is lucent and con-
tains many different-sized coated vesicles. small electron-
dense granubes, rare cistems of RER, a few nbosomes and
large phagmsomes with heterogeneous matenal. Enlerocyte
cvtoplasm of desiceated £ corciifer appeared completely dif-
ferent. First of all, cell contraction during tun formation nesult-
¢d in increased electron density of the cvtoplasm.
Moreover, we did not observe coated vesicles, the resull
of endocyiosiz, n the evtoplasm of enteroeyies, During tun
stage, the metabolisin 18 amested; therefore, the process of
endocytosis is also arrested. Orpanelles such as cistems of
RER and Golm complexes were barely visible as a result of
increased cytoplosmic density of the digestive cells in uns.

The ultrastructore of siorage cells

Or study on desiceated specimens shows that storage cells
eccupy almost all of the free mner space and thus obscure the
immer organs {compare confocal micrograph of storage cells of
hydrated specimens shown in Hyra et al, 20165).
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Generally, dried stomge cells were shrunken but preserved
their membranes and organelles, We also observed an incresse
in nuclear heterochromatin together with partial loss of nuckeoli
in destecated cells. This may imply reduction off nuelear activity
ai transcriptional and tmnskstional levels. As heterochromatin
profects DNA against radistion damage, it con diminish the
accessibility of rdicals to the DMA (Falk et al. 2008). This
was ascribed for M. fgfelandi (Coowe 1975) and abso bdellod
rotifers (May 1946; Walz 197%; Maroita et al, 20100, In con-
trast, Crowe {19755 and Walz (1979) observed distinet nuckeoli
in desiceated tandigrades of the species P areofate. Moreover,
cell orpanelles appeared intoct in dead as well as dned amimals
(Crowe 1973), suggesting that desiceation injury is connected
with changes at biochemical level mather than physical dismup-
tion of membranes and organelles,

Our study showed an amoebond shape of desiccated cells,
while hydmted eells were mare circulnr. The main function of
stompge cells is w0 store rm, and previous studies have shown
that storage cells accumulate polysaccharides, lipids and pro-
teing (Rosati 1968; Weelarska 1975; Dewel et al. 1993:
Finchin 1993, 1004; Sepymansko 1993; Poprawa 2006;
Reuner et al. 200014 Hyra et al, 2016h), This was confirmed
in active specimens of Paramacmbions richiersi (Murmay,
1911) (Szymanska 1994), D, dispar (Poprawa 2006),
Fypsihius dujarding (Dovere, 18400, Sohvpsibis sramedifer
granulifer (Thulin, 1928), Mecrobioms polonicus (Pilato,
Kaczmarck, Michalcevk & Lisi, 2003) and Nerobiotus
pyendlohufelandt (Tharos, 1966) (Hyra et al. 2016b), and our
study confirms this for desiceated R. comnifer. We observed
spheres of rm of differemt stzes and electron densites through-
out the cytoplasm of “dried” stomge cells, Lipids and poly-
saccharides dominated in all observed material. Protein
spheres, although present in both desiceated and hydmted
specimens, were considerably reduced in numbers in desiceated
specimens. Weglarska (1957) reponed lipid and glycogen con-
tent in body cavity cells of Dt dispar (Murray, 1907}, and
Crowe {1975) reported that storage cells of active well-fed
P areolufis contained both lipids and glhycogen, while cells of
anhydmbwtic specimens did not contain glycogen, indicating
that this is utilized during dehydration (Crowe 19733, Also, in
the nematode Aphelenchus avenae (Batian, 1865). secumuln-
tien of trehalose and glveerol, components which role in
desiceation-tolerint animals has been much discussed but with-
out a final conclusion (e.g. Crowe et al., 2005), during
unhyvdmbiotic mdudion, was sssociated with lipid and glyco-
gen decrease.

In conclusion, our study confirms that {(a) mdgut of the
desiceated specimens of B, corenifer has no perirophic mem-
brane; (b} the deswccated epidermal cells have no pigment
granules; (¢) basic momphologies of specific cell types and
organelles m /. covonifer do nod generally differ between cells
ofactive and anhydmbiotic tardigrades: (d) instead. cell cyto-
plasms appear with increased electron density due 10 water

lewss; and (e) no physical disruption of cell membranes and
arganelles due 1o anhydrobiosis, but the cell organelle mor-
phodegy (lack of smooth and coated vesicles, narmow lumen of
casterny of RER ) reflects the metabolic mactivity of the desic-
cated stute,
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Abstract

Tardigrades represent an invertebrate phylum with no circulatory or respiratory system.
Theeir body cavity is filled with free storage cells of the coelomocyte-type. which are responsi-
e far important physiological functions. We report a study comparing the ultrastriecture of
storage cells in anhydroblotic and hydrated specimens of the eutardigrade Richiersius coro-
nifer. We also analysad the effect of temperature stress on storage cell structure. Firstly, we
verified two types of ulirasinicturally different storage cells, which differ in cellular organelle
complexity, amount and content of reserve material and connection lo cogenetic stage.
Type | cells wara found to differ ultrastructurally depanding on the cogenetic stage of the and-
mal. The main function of these cells is energy storage. Storage cells of Type | ware also
absarved in tha single male thal was found amaong the analysed specimens. The sacond
cedl type, Type 1, found only in females, represents young undiflerantiated celis, possibly
stem calls. The two types of cells alse differ with respect to the presence of nucleolar vacu-
obes, which are related to cogenetic stages and to changes in nucleolic activity during
oogenesis. Secondly, this study revealed that storage cells are not ulrastructurally affected
by slx months of desiccation or by heating following this desiccation pericd. Howaver, heat-
ing of the desiccated animals (funs) tended to reduce animal survival, indicating that long-
term desiccation makes these animals more vulnerable to heat stress. We confirmed the
degradative pathways during the rehydration process after desicoation and heat stress, Qur
study is the first to document two ultrastructurally different types of storage cells in tardi-
grades and reveals new perspectives for further studies of tardigrade storage cells.
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Introduction

Tardigrades represent an invertebrate phylum with many species that have evolved adapta-
tions to survive extreme kvels of dehydration and freezing | L 2, 3, 4, 5 6], This has allowed
them to inhabit some of the harshest environments on Earth (e . continental Antarctica), as
well as egually extreme microhabitats in other areas (e.g. sun-exposed lichens and maoss on
rocks) |7, 8]. Tardigrades do not possess circulatory or respiratory systems, but their body cav-
ity is filled with storage (or body cavity) cells, which foat freely in the body cavity lymph [7. 8]
or sometimes adhere (o the basement membrane of other tissues [7]. These storage cells are
responsible for important physiological functions, primarily mutrient ransport and stomage of
mainly lipids but alsp polysaccharides and pigments such as carotenes |9, 10]. They also pro-
duce protein substances, which are gathered inside with Bpid globules [ 18], and in some tardi-
prade species, vitellogening are developed in the storage cells | 11, 12]. Their energy storage
function is well illustrated by the change in cell size over the oocyte maturation cycle, during
which the cells grow in size from the early to the middle part of the cycle and decrease in size
tawards the end of the cycle as the energy demand of the developing eggs increases |11, 12,
13]. A snnlar pattern has been shown for the amoont of energy reserve material in the ceélls

| 14]. Declines in storage cell size connected with a period of anhydrobicsis have been reported
( Rictrbersius coronifer (Richters, 1903) | 13 Mibnesitim tardigradim (Doyere, 18400 [15] ). How-
ever Crernekovd and Jimsson 18] did not observe such changes after repeated periods of
anhydrobiosis in B, coronifer,

Storage cells have abso been used tostudy of DNA damage induced by desiccation. Meu-
mann el al. [ 17] documented DNA fragmentation in storage cells of M. ferdigradiom after peri-
oils in the anhydrobiotic state and showed that fragmientation increased with time spent in the
dry state (from 2 days to 10 months). Since many immoterrestrial ardigrades are able to revive
sucoessfully after years of anhydrobiosis [ 18, 19] these animals seem to have an extraordinary
capacity to repair the damage that arises and is accumulated during the dry state. However, the
extent to which storape cells are damaged ultrastructurally after long-term anhydrobiosis or
exposure to other stressors remagins to be documented.

High temperature is an agent that may disrupt cell structures such as membranes, DNA
and proteins. Relatively few studies have evaluated thermotolerance in tardigrades. [n the
hydrated state an upper tolerance level of 36°C and 387 C after 24 b exposure was reported in
Berealibing zethondicns (Murray, 1907) [20] and in Macrobiolus harmsworthi (Murray, 1907},
respectively [21]. In the anhydrobiotic state short-term (1 h) heat tolerance is considerably
higher, and tolerances up o approximately 100°C have been reported |22], but vairiations in
tolerance among tardigrade species are considernble {22, 23], Older studies have reported even
higher tolerances {up to 151°C for 30 min. exposure [24] ). In & coronifer, the tardigrade used
in the present study, 1 h exposure of temperatures up to 70°C did not affect survival, butat
80°C, survival was below 30%, and at 85°C, it was near zero [25], Most studies on heat toler-
ance in desiccated tardigra des have used short exposure times (1 h), but Rebecchi et al. [ 16]
exposed anhydrobiotic tardigrades of the species Paramacrobiotus richferst (Murray, 1911 to
3770 at 30-40% BH for up 1o 21 davs, with no effect on survival. However, a separate experi-
mint showed that the survval of dry animals over a 21 day period wis inversely related to the
relative humidity at which the animals were kept [26]. There were also indications of DNA
damage (single-strand breaks) in animals exposed to the highest relative humidities. Analyses
of hiw exposure to heat affects the cell ultrastructure of tardigrades have not been reported.

In this study, we compared the ultrastructure of storage cells in active and anhydrobiotic
specimens of the entardigrade B coronifer. We also examined if storage cell structure was
affected by heat stress,
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Materials and methods

‘We used the eutardigrade B coromrfer (Fig 1A and 18, a species belonging to the order Para-
chela, mly Macrobiotidae, This species has well-documented anhwdrobiotic abaity {e.g., [23,
27, 28, 2811, The specimens were obtmined from mosses at the Alvar habitat of the Swedish Bal-
tic Sea iskand Chland [30]. Previous studics have shown that the population consists almest
enclusively of females | 30]. Maore than one tardigrade extraction method was used, Tardigrades
were extracted from the sample by soaking dry mosses for 2 up tod hin distlled water, fol-
Towed by maxing and shaking them off. The sediment/water mixture containing tardigrades
was poired o cylinders and put aside for half an hour for decantation [31], additionally tar-
digrades were extracted with sieves (mesh size 250 and 40 pm | under running tap water. Only
medim-large size (e 0.5~ 1,0 mm body length) specimens were used. Specimens analyvsed in
the tun stage were desiccated individually on filier paper under 95% relative humidity (RH)
using a saturated salt solution (ENO.) in a cosed container at room temperature (see, cg.,
[32]}. In specimens analysed in the hydrated state, the stage of oogenesis (see, e.p. [ 12]] was
recorded in order to evaluate if storage cell structure differed between oogenesis stages.

L. Non-experimental analyses of storage cells in desiccated and hydrated
specimens

Light and transmission clectron microscopy,  Forty-five active animals and fifteen tuns
were fived with 2.5% glutaraldehyde in a 0.1 M sodium phosphate buffer (pH 7.4, 4°C, 2 k).
The material was post-fixed with 2% osmium tetroxide ina 0.1 M phosphate buffer (4°C, 2 h)
and washed ina 0.1 M phosphate buffer. After dehydration in increasing concentrations of
ethanol (30, 50, 70, %0, 95 and 100%, each for 15 min}, a mixture of % ethanol and acetone
{1:1, 15 min), and acetone (2 x 15 min}, the material was embedded in cpoxy resin {Epoxy
Embedding Medivm Kit; Sigma). Semi- (800 nm thick) and ultra-thin (30 nm thick) sections
were cit an a Lewca Ultracut UCT 25 ultramicrotome, Semi-thin sections were stained with 1%
meethylene blue in 0.5% borax and observed with an Ofvmpus BX60 light microscope. Some of
the semi-thin sections (without staining with 1% methylene blue in 0.5% borax) were used for
the histochemical methods (see below). Ulira-thin sections were put on fermvar-covered cop-
per grids and stained with uranyl acetate and lead citrate. The material was analysed with a
Hitachi H5(H transmission electron microscope at 75 kY,

Additionally, ultrathin sections from ten hydrated and five desiceated specimens of B, core-
nifer were used inorder to evaluate the presence of sructurally different storage cells. In each
section, 100 randomly selected cells were analysed.

Ultrathin sections of the R coronifer bodies (five active animals and five tuns) were also
used to estimate the diameters of storage cefls in active animal and in tun. Fifty storage cells in
each of five active animals and fifty storage cells in each of five tuns were measured. The active
animals and the tuns were at the same stage of oogenesis (late vitellogenesis),

Scanning electron microscopy.  Five pctive animals and five tuns were fived in 10% etha-
maol {2 min) and dehydrated in o graded concentration series of ethanel (20, 30, 40, 50, 60, 70,
Ak, 90, 4 % 100% each for 2 mun ), obowed by a hezamethvldisilazane (HMDS) chemical drving
series (ethanol HMDS at 210, 121, 122 each for 10 min) and 100% HMDS {then alkswed to air
dry). Dried specimens were mounted on SEM stubs and coated with gold in o Peloo $C-6
duster, The materzal was examined using o Hitachs UHR FE-5EM 5L 8010 scanning electron
iCTs o,

Histochemistry and immunohistechemisiry,  Detection of pohsaccharides (PAS
miethod), Sermni-thin sections {feom 5 active specimens and 3 tuns] were treated with 2% peri-
adic acid (10 min, room temperature) in order to remove the osmium tetroxide from the
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Fig 1. $orape oclls (501 of B, eovaifer, (4) Tun, SEM. Bar w 30 g (1) Astive animal, LM, Ber = 30 pm. (C) Stomage odbs SEM.

Bar = 4 pen. (D-G) Ulieasarwsctune af 50 of non-ex permental specimess, TEM: sucheus (n), macleodes {(nul, misachondria (m), rough
endaplonsic reticulum (RER], spheres of reemree snaterial {m ), (IVE]. S0 of male specimens, (1) Bar = 058 pm (8 Bar = 05 pm, (00
S0 of fermae specimeen. (F) S0 of the first oype during wcllogenesis, nuclendis vaconde (arrow |, Bar = 0.0 g (G 50 of the second type
Bar = L5 jum

gt 1L R i omeal e, (R0 43000 1

tissue, stained with Schiff's reagent for 24 b at 377°C [22] { Litwin, 1985), washed in tap water
(15 min) and observed with an Olympus BXG6O fight microscope.

Detection of proteins ( Boahag's method ). Semi-thin sections (from 5 active specimens and
3 tuns) were treated with a 2% solution of periodic acid as in the PAS method. stained with
brosmophenol Bluae (BPB) (24 hoat 37°C) (23] { Litwin, 1985), washed 10 tap water (15 min) and
observed with an Olympus BX60 Hicht microscope,

Detection of lipids. To detect Iipids, semi-thin sections (from 5 sctive specimens and 3
tuns) were stained with Sudan black B [33] at room temperature for 20 min, washed quickly in
500 ethanol then in distilled water and observed with an Olympus BX60D Hght microscope,

BODIPY 493/503 -detection of lipids. Ten hydrated specimens and five tuns of R, coromnifer
were punctured with a thin wolftam necdle for better penctration of reagents inside the body
and fived with 2.5% paraformatdehyde in TBS {45 min, room temperature}. The specimens
were then washed in TBS and stained with 20 pg/ml BODIEY 493/503 (Molecular Probes) (30
min in darkness/room emperature). The material was then washed in TBS, stained with
Hoechst 33342 (1 pg/ml, 20 min, room temperature), washed in TBS and whole-mounted on
microscopic slides. The material was analysed with an Olympus FluoView FV 1000 confocal
microscope. Excitation at 493 nm was provided by a multi-line argon laser.

Immunodabelling with anti-phosphohistone H3—a mitotic-specific antibody (for detection
of cell profiferation). Ten hydrated specimens of K commifer were punctured with a thin waol-
fram needle for better penetration of the chemical reagents, The material was washed with
TES (5 mun ), (1% Triton X- 106 in TBS (5 min) and incubated in 1% BSA tn THS (1 h, room
temperature) withouwt fixation, The material was then incubated overnight (16 h) ina 8:100
dilution of anti-phosphohistone H3 antibedies { Millipore) in 1% BSA in TBS, After incuba-
tion, the specimens were washed twice with TES {5 min) and then incubated ma 1200 dibs-
tion of goat anti-rabbit IgG Alexa-Fluor 488 conpugated secondary antibody diluted in 1%
B5A in THS (2 h, room temperature in dorkness). Afterwards, the specimens were stained with
AP mgfml, 20 min, room emperature in darkness), The material was mounted onfo
slides and analysed with an Clympus FluoView FV 1000 confocal microscope. Excitation at
488 nm was provided by an argon/krypton laser.

TUNEL assay {detection of cell death]. Ten hydrated specimens of K. coromfer were punc-
tured with 4 thin wolfram needle, incubated in o permeabilization sodutbon (0.1% sodium cit-
rate} (2 min onice in 4" C) and washed in THS {3%5 min), The specimens were then stained
with  terminal deooynucleotidyl transfersse dUTP nick end labelling (TUNEL) reaction mix-
ture {In Situ Cell Death Detection Kit, TMR red, Roches 60 min at 37" C in the dark), A nega-
tive controd was prepared according to the labelling protocol. The material was analysed with
an Clympos FluoView FY 1000 confocal microscope. Excitation at 594 nm was provided by a
miulti-line argon laser,

11. Effects of long-term desiccation and heating on storage cell stroctures

Experimental design.  We evaluated ultrastructural changes in storage cells after (i) desic-
cation of tardigrade specimens for six months and (i) desiccation of tardigrade specimens for
six months + heating at 50°C for 24 h. Por both groups, analyses of storage cells were per-
formed both before (ie., still desiccated specimens) and after rehydration {three and five hours
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post-rehyidration). Three specimens in each of the four categories (heated desiccated, non-
heated desiceated, heated rehydrated, and non-heated rehydrated ) were used. In addition, 14
specimens each from category (i) and (i} were prepared for analysis of survival, To analyse
storage cell ultrastructure, we used transm sion electron microscope and histochemical meth-
ods for detection of lipid, proteins and polysacchanides.

Anhydrobiotic induction, heating and rehydrtion.  Extracted animakbs were washed
thoroughly with distilled water 1o remuove adherent particles, Five hours later the hydrated
specimens were dehydrated individually on small squares {5 em®) of filter paper at 95% relative
humidity (RH) using a satursted salt solution (KNO;) in a closed container at room tempera-
ture. Afier 24 h, the filter papers with debvdrated specimens were enclosed in small plastic
bags and kept in the aboratory (room temperature) for 6 months, Immediately after the 6
month period, specimens in the heating group (animals determined for heating in incubator)
were heated in an incubator at 30°C for 24 h Halfof themn (n = 14) were then fixed in the des-
iccated state and prepared for microscopy, and the other half (n = 14) were rehydrated individ-
ually in circa 4 ml of distilled water in Petri dishes (60 x 15 mm ). The same procedure, except
of heating, was used for the non-heated specimens. Specimens wsed for post-rehydration anal-
yaes were rehydrated individually in Petri dishes (60 % 15 co ) with distilled water for 3or 5 h
before fixation for ultrastructure analysis. Specimens used for survival analysis were checked
after 3 and 5 h post-rehyvdration, Animals were recorded as alive if they were active (slowly
maoving and fully moving or fully active) and were still moving after 2 more hours {5h and 7hi.

Light and ebectron microscopy.  Ten desiccated (6 from the experimental and 4 from the
control group) and ten rehydrated (6 from the experimental and 4 from the contral group)
specimens were prepared for analysis with a transmission electron microscope {Hitachi H300
at 75 kW) as described earlier (see 1. Non-experimental analvses of storage cells in desiccated
and hydrated specimens, light and transmission electron microscopy).

Histochemical analysis.  Detection of polysaccharides (PAS method ), Semi-thin sections
(from 4 active specimens and 3 tuns) were used for detection of polysaccharides. The same
method as in the non-experimental study was used: see the description above,

Detection of proteins {Bonhag s method). Semi-thin sections (from 4 active specimens and
3 puns) were used for detection of proteins. The method was described earlier (see the non-
experimental study, the description above).

Detection of lipids. Semi-thin sections ( from 4 active specimens and 3 tuns) were wsed for
detection of lipids. The same method as in the non-experimental study was used; see the
description above,

Ethics statement: The study did not involve endangered or protected species, and maoss
samples were not oollected within an area where permission was required.

Results
Non-experimental analyses of storage cells

Storage cells of hydrated specimens.  The body cavity of B, coromifer was filled with Auid
and storage cells (Fig 18), The cells of examined specimens had ameboidal or spherical shapes
(Fig LB and 1) The average diameter of cells in the five specimens examined for cell size was
15,36 pm (51 Table, 51 File). Among all analysed specimens (eighty active), we found only one
male. All desiccated animals {twenty-five mins ) were females.

Storage cells of the male,  Only one type of stlorage cells (Type 1) was observed in the
muale. These cells had an ameboidal shape. The large nuclens (Fig 10 amd 1E) with a non-
homogenous nuckolus was located in the centre of each cell (Fig 1), The nucleolus wias com-
posed of two types of material with different electron density. A small nucleolus vacuole with
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lovw efectron density was observed in the nucleolus (Fig 1E). The cytoplasmn was filled with
organelles, such as rbogomes, mitochondria and short cisterns of rough endoplasmic retiou-
lum {Fig 1L} and 1E). Moreover, non-homogenous spheres of different size and electron den-
sity were observed in the cytoplasm (Fig 1D and 1E). Most of the elecron-dense spheres were
filled with granules of lower electron densaty (Fig 10 and 1E). Medium electron-dense spheres
and spheres of high electron density were also distinguished in the eyteplasm of the storage
cells (Fig 1D and 1E).

Storage cells of females,  Two types of storage cells were found in females. The cells of the
first type (Eig 15 were similar to those observed in the male, thus of Type L Their ultrastruc-
ture differed in relation to the stages of oogenesis (see below), The cells of the second tvpe
{Type 11} had an ameboidal shape (Fig 10}, and their ultrastructure was similar during af
stages of pogenesis. The centre of each cell of Type 1 was ocoupied by a large lobular necleus
with a large non-homogenous nucleolus. The external part of the nucleolus had a higher elec-
tron density than its internal par (Fig 16}, The cproplssm of these cells was poor in organelles.
It contained ribosomes, mitochondria. a few short cisterns of rough endoplasmic reticulum
and several small electron -dense granules. Among the observed storage cells, we found on
average 7.2% cells of the Type 11,

Ultrastructural differences in storage cells of Type Lin relation (o stage of oogenesis.
The process of tardigrade oogenesis can be divided into three major stages: previtellogenesis
{organelle accumulation and mRNA synthesis), vitellogenesis (early, middle and late vitello-
genests—yolk synthesis and asccurmulation) and choriogeness (egg shells formation) [34, 35,
36, 37]. To see if storage cell structure differed between oogenesis stages, we analysed 10 speci-
mens in previtellogenesis, 24 specimens in vitellogenesis, and 10 specimens in choriogenesis,
During previtellogenesis, the central part of each storage cell was occupied by a large nucleus
with a large non-homogenous nucleolus (Fig 24}, The internal part of the nucleolus had a
lower electron density than is extermal part, Moreover, a small nuckeolus vicuale with a low
electron density was present (Fig A%, At this stage the ovtoplasm was filled with nbosomes,
short cisterns of rough endoplasmic reticulum, few mitochondria and a small amount of
reserve matertal (Fig 241 The reserve material had the form of smaller and larger spheres of
different electron density. Smaller spheres were eléctron-dense, while the larger spheres had
lower electran density (Fig 24},

Subsequently, during vitellogenesis, an increase in the number of mitochondria and spheres
of the reserve material were observed in the cvioplasm of the storage cells (Fig | F). The central
part of each cell was still sccupied by the large nucleus with a large non-homogenous nuclso-
Ius. However, the nucleolus vacuole was not observed at this stage (Fig 1 F). The stored spheres
of the reserve material had different sizes and electron density. Most of the spheres had
medium electron density. They possessed o high eloctron-dense external ring and granules of
lower electron density. Moreover, smaller homogenous electron-dense and medium electron-
dense spheres were observed (Fig 1F),

During late vitellogenesis and the beginning of choriogeness the number of mitochondria,
cisterns of rough endoplasmic reticulum, and the amount and type of reserve material accu-
mulated in the cyvioplasm of the storage cells did not change with respect to the stage of vitello-
genesis (Fig 2H). The amount of reserve material decreased significantly at the end of
choriogenesis { Fig 20). Moreover, the number of mitochond ria increased at this time. Addi-
tiomally, some antophagosomes with fibrous medium electron dense matenal inside them
were observed in the cytoplasm (Fig 2C), The amount of reserve material decreased until the
end of oviposition. A very small amount of proteins {Fig 21 and large amounts of polysaccha-
rides (Fig 2E) and lpids (Fig 2F and 20) were accumulated in the cytoplasm of the storage
cells af the analysed species.
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Fig 2. Ultrastructure and histochenistry of the S0 o the Girst oypee dorimg different stagis af sogenesis, (4-0] Ulmastrocmare of S0,
TEM: muckeus (b, ouckeolus (k. mitochondria (m rough endoplasmse pethouliam (RERL spheres of rese e matesial (rm), (A)
le"llﬂ'gmﬂh. micleahis vacuok (arrow) Bar =047 . (4] Late HI.:Ingmslx B = 057 pam () Ia.lrchn'lng-mﬂ:h—.
autophagrsome {aal Bar = 65 pm. {D-6G), Histochemiml staming of 5C, arrow’ indicates posative reaction: { V) BPB staining, 1.
Bar = 4 . {E) PAS methed, LML Bar = 5.5 pm. (F) Sudan Black B staiming, LML Bar = 5 pm. {G) BODIPY 49550 and DAP] staining,
b s S
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We observed indications (not quantified) of degeneration of some individual storage cells.
The eytoplasm of these cells was electron-dense; many ¢lusters of beterochramatin occurred b
the neighbourheod of their nuclear envelope, amd their nuclet underwent fragmentation (Fig
34). The fragmentation of DA in nuclei (Fig 38) indicates an apoptotic cell death of these
cells,

Sporadically, divisions of the storage cells were observed (Fig 3C). Since we did not obtain
images of the dividing cells by transmisson electron microscopy, il was ol possible (o deter-
mine if dividing storage cells belonged to the first or second type.

Storage cells in desiccated specimens,  'We analysed storage cell ultrastructure in fifieen
tuns during different stages of oogenesis. The storage celis of tuns were shrunken and had an
ameboidal shape (Fig 3100, The average diameter of the cells in the five tuns examined for cell
suee was | LE pm (51 Tphled, which is significantly smaller thun cells of hydrated specimens
(Mann-Whitney U-test, U = 0.0, P = 0,005, ¥ = 10). The general characteristics of desiccated
storage cells of B coronifer were reported in our previous article [35].

Immunolabelling. We detected cell divisions in 2 specimens in late stage of oogenesis
with the use of immunolabelling with anti-phosphohistone H3, a mitotic-specific antibody
(for detection of cell prohferation ). In the fird and second specimens. 7 nucle and 5 nucled,
respectively, were found ina mitotic stage, [n one specimen in a late vogenesis stage, 4 nucle
were detected with TUNEL labelling for detection of cell death.

Experimental study on long-term desiccation and heating

Survival of specimens.  The survival of specimens desiccated (but not heated) for six
months was L00% (n= 14}, All of the non-heated specimens (n = 14) were fully active (coondi-
nated body movements, directional movernents forwards as well as to the side angles, using all
legs, moulting of cuticle) within 2 b after rehydration, The survival of heated specimens was
40% (6 survivals, n = 14). Among the heated survivors, 50% were fully active after 3 h of rehy-
dration, whereas the other specimens showed only some slow moves in some legs, and
required 5 b of rehydration to resume full activiy,

Storge cell ultrastructure of heated and non-heated specimens,  The storage cell ultra-
structure of heated and non-heated desicecated specimens appeared similar (Fig 44 and 48).
The cells were shrunken with an amochoid shape, and the cytoplasm was electron dense and
entirely filled with membrane coated spheres (Fig 4A and 48). The centre of all observed cells
was occupied by an irregular nuckeus with a distinet nuclealins and dense heterochromatin
masses {Fig 440 Large autophagosomes were present in the eytoplasm of the storage cells of
both heated and non-heated specimens (Fig 44 and 453, Differences between cells were only
found in the density of spheres. In the heated specimens, the non-homogenous larger spheres
were filled with granules of lower electron density, while the spheres of non-heated specimens
were homogenous (Fig 44 and 4B,

A1 rehydrated cells had a circular or amochodd shape, and there was no apparent difference
in ulirastructure between non-heatid and heated specimens. After 3 h of rehydration, the cyto-
plasm was electron lucent and containing & circubar nuclens with a distinct nucleolus (Fig 4C
and 41). The cytoplasm of both heated and non-heated specimens contained non-
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Fig & Ubirastructure of storage oells { 5C] of desiccaled specimamns. {A) Degerm:UnHEC. mucleus {n, sphenes of reere matersal (rm), TEM. Bar = 06 pm
B} Detection af the cell death, arvow indicates nudleas of the apoptotic e, TUNEL, copfocal IACFORCOY. Bar = 400 pm, {C} Detection of the cell profiferation,
arronw Iradica tes niacleus of the prolife rating cell, antl- phasphohistone HI saining, confocal microscopy, Bar = 25 . (1) Ulsrastrucrare of 5C ol desccaed
specimmen: nucleus (n), misochotdria (m ), rough endoplastsic reticulun [ RER), sphenes of neserve nsterial (rm), TEM. Bar = 036 jum.
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homogenous and homogenows membrane coated spheres of various electron densities (Fig 40
and 411, Autophagosomes were ohserved in the cell cytoplasm (Fig 4C). After 5 h of rehydra-
tion, the storage cells comtained nuclei with a distinet nucleolus in both non-heated and heated
specimens [ Fig 4E and 48). The nuclei of some cells were fregmented and degraded {not
shown ), The spheres with reserve material, filling the cvtoplasm of 5 h rehyvdrated cells, were
non-homogenous and contained electron lucent and medium electron dense bodaes (Fig 48
and 4F). Large autophagosames were also observed in the cytoplasn afier 5 b rehydration (Fig
4F).

Large amounts of lipid and polysaccharides and a low amount of protein were detected in
the storage cells of all examined specimens (not shiown),

Discussion
Storage cells in active and anhydrobiotic animals

We compared storage cells of active und anhydrobiotic specimens of £ coronifer in all ooge-
netic stages. We observed dividing as well as apoptotic storage cells in active animals. Some
differences between storage cells of active and desiccated specimens of R coronifer were
abserved. During desiccation, the storage cells slightly changed their shape as the water evapo-
rated, and a low water content and condensed cytoplasm resulted in a higher electron density
of condensed cytoplasm and nucleoplasmic matrix 28], which confirmed the observations of
Wale [39]. The storage cells of the desiceated specimen also had significantly smaller cells than
the active animals. In cells of active specimens, we observed a higher number of autophago-
somes at the end of choriogenesis and after 3-5 h of rehydration,

Autophagic pathways allow cells to eliminate large portions of the cvioplasm, aberrant pro-
tein aggregates, damaged organelles or invading bacteria. Structures targeted for degradation
are gradually surrounded with the phagophore, and double membrane vescles colled autopha-
gosomes are formed [40]. Since autophagy is known to be o major factor in the turnover of
long Tived proteins, the presence of autophagosomes indicates degradative pathways during
dehydration and rehydration processes in cells as a response to damage and/or stanvation.
Auntophagy might therefore be more common in cells that have undergone dehydration than
in the cells of healthy, well fed animals [40]. o tardigrades, autophagy was also observed in the
digestive cells of the midgut epithelium, and in trophocyies, at the end of oogenesis |26, 40,
411, In case of the midgut epithelium, initially, when the stressor (infection by pathogens, star-
vation | was weak, autophagy was activated. However, when the stressor was too strong, autop-
hagy initinted necrosis (36, 41]. In trophocytes, autophagy is the first step of cell degeneration,
which is followed by apoptosis [40].

We verified ultrastruciurally two types of storage cells, which differed in cellular organelle
complexity, amount and content of resérve material and connection with oogenetic stages,
The Type 1 occurred in both the male and females, while Type 1T was found only in females.
Ome of the features of Type | storage cells was the presence of nucleolar vacuoles. Nucleolar
vacuoles, also called nocleolar cavities or interstices, are rather characteristic of plant cells, are
rarely visible in animal nucleodi, and represent high nucleoli activity (RMA synthesis) [42, 43,
44]. In plant cells, they are possibly connected with mitosis, particularly in condensation and
decondensation of chromosomes [45]. In females of B coronifer, the nucleolus vacunles were
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Fig 4. Ultrastrocture of storage coflls {(SC1of exporineont al spedimens. Amophagosome {oal, nuclews (n), nudecdus (pul, spheres of
reserve mmagerial {rmj, TEM. {A) 5C of non- hewied & month old dedocated specinens. Bar = 0063 pm (18 5C of heated 6 month oid
desiccated specimens. Bar = 0683 pm. (O] 5C of non-heated 3h rehydmted speamens. Bar = 0.8 g (V) 5C of 5h rebydmbed pecimens,
which were heated prior refiydration. Rar =08 pm. (F) SC of non-beated 5heehydrated specimens. Bar = 095 ym. | F) 5C of 5h
retydrated specinsens, which were heated prior echydration. Bar = 0.8 jum.
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ultrastructurally related to oogenetic stages with respect to the presence/absence of this struc-
ture and the amount and type of reserve material. These cells were in general filled with plenty
of mitochondria, cisterns of rough endoplasmic reticulum and specific spheres of different
electron densities, particularly lipid reserve material. We therefore assiume that storage cells of
Type §hove intense metabolic activity and that their main funiction is storage and distributoon
of enengy [13, 161 This is in line with previous studies on storage cells in other tardigrade spe-
cies, indicating intense metabolic activity (8, L1, 12, 14, 46]. In relation to overall oeganelle
complexity differences and oogenesis, it seems that the function of nuclealar vacuoles in tardi-
grades is related fo changes in nucleolic sctivity of storage cells during different stages of
oopeniesis, which was previously suggested in other organisms |12, 42, 43, 4], Moreover, the
nucleolar vacuole serves as a diagnostic festure in some species, c.g., Caryophillidea (Cestoda),
Mucleolar vacuobes were also observed in storage cells of Hypsibiis exemplaris Gysiorek, Stec,
Morek and Michalceyk, 2018, Macrobiotus polonicus Pilato, Keczmarek, Michalend and Lisi,
2003 and Nerobiotus preudohufelandi (Tharos, 1966) [14]. Nevertheless, their specific function
in tardigrades cells (similar to other animal celis) is still unknown.

In tardigrades, volk material sccumulated in the cytoplasm of the oocytes is smthesized by
the pocyte and their sister cells (trophocytes); however, sometimes the yolk precursors are syn-
thestzed by storage cells or the cells of the midgut epitheliom [ 11, 12, 36]. The synthesis of yolk
precursors by storage cells was reported in some Macrobiotidoe species, ez, Dactvlobiolus dis-
par {durruy, 1907) [ 121, M. pefordicas and Poramacrobiotus richterss (Murray, 1907) [11], as
well as in some other species. e.g., Hypsibius evenmplanis and Solypstbius gramalifer grandifer
{ Thulin, 1928) [14]. In some tardigrades, the anvounts of reserve material accumulated in the
storage cells increases gradually during previtellogenesis and start to decrease during vitello-
peness and choriegenesis [11, 12, 141, These observations indicate particiption of the storage
cells in yolk precursor synthesis. We observed that the fine ultrastructure of the first storage
cell type is in general gimilar to other Parachela species | 14] but differs in stored reserve mate-
rial. Druring yolk synthesis (vitelogenesis), the amount of reserve material in gorage cells of &
cornifer increases, but no changes were observed during Tate vitellogenesis and choriogenesis,
Late vitellogenesis occurs at the smplex stage, a start of moulting stage, when the bucco-pha-
ryngeal apparatus i absent or incomplete, while the late choriogenesis is connected with the
muoulting process [14, 47, 48], At these stages, the animals do not eat, and the ovaries are Lirge
and oppress the midgut lumen. Since these storage cells during late vitellogenesis/ choriogen-
esisare similar to cells at other stages, we conclude that they are prohably not invalved in pro-
duction of vitellogenins. The observed decrease in reserve material after oviposition was
caused by starvation dee to lack of feeding during oogenesis and the moulting process. Evi-
dence of energy reserve functions of storage cells during starvation periods (assumed also by
Reuner et al. [15]) were observed in Macrobiotus saprens Binda and Pilato, 1986 and other tardi-
grades, where storage cell size was found to be smaller after starvation [, 9, 11, 14] and were
abso related o the stage of oogenesis [, 12, 14, 46}, The size and content of reserve material in
storage cells is also specics dependent, e.g., three types of reserve material spheres were found in
H. exemplariz, M. polonicis and 1. g grannlifer, whereas only one type was found in Xerobiotis
peendotvufelandi (Tharos, 1966) [14]. In active specimens of B coronifer, we found large amounts
of polyssccharides and lipids but low amount of proteins, smilar to X, pseadofufelaed [ 14], In
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L g granulifer kurge amounts of polysaccharides but fewer lipids and proteins were observed,
and in H. exemplaris and M. polonicus, primarily lipids were observed [14]. In contras, with
these species that inhabit imnic habitats, both B coromifer and X0 pseudeffelondi inhabit dry
terrestrial environments and are able to survive long periods of drought in the anhydrobiotic
state |49, 50]. This supports the suggestion by Hyra et al. | 14] that interspecies varability in stor-
age cells is related 1o habitats and anhydrobbotic properties,

The storage cells of Type IT were found in moch smaller numbers (7.2% in all analyzed
specimens) and only in females bot with a similar ultrastructure during all oogenetic stages.
These cells had few organclles and did not contain nucleolar vacuoles. In general, the youngest
nuclenli are homogenous and do not possess nucleolar vacuoles (43, and it is possible tha
these storage cells represent young undifferentiated cells, perhaps stem cells. In general. stem
cells are characterized as undifferentiated, unspecialized cells with simpler morphology com-
pared to specialized cells from the same lineage [51]. Polymorphism of coelomocytes has also
been verified in earthworms |52, 53], nematedes [54], echinoderms |55] and sea urchins [ 56).
The classification of coelomocytes is mostly based on differential staining, ultrastructure, and
granule composition, a5 well as on behavioural traits (such a5 a tendency to form aggregations
or filopodia in some cell types) but is still uniformly onsatisfactory, mostly due to vanous func-
tional states and stages of maturation [57]. The classification of coclomacytes in earthworms is
not well standardized, and the number and size of different coelomocytes can vary from spe-
cies to species [52, 58], However, it is assumed that coelomacyte types are derived from a com-
maon stock of stem cells, and different types of coelomocytes may be produced by direct
transformation from stem cells [59]. COur study might be the first to ultrastrocturally indicate
the possible stem cells of tardigrade storage cells,

Exposures to long-term desiccation and heating

The results of this study suggest that storage cells of the entardigrade & coromifor are not
affected ultrastructurally by six months of desiccation or by heating at 50°C for 24 b 54l heat-
ing of the tuns tended to considerably decrease survival of the antmals. Additonally, the tme
of rehydration reguired to revive the animals tended to be longer for tuns exposed to heating,
Thus, there were no indications that effects on viability of induced stress were connected with
changes in the general structures of storage cells. Ramloy and Westh [25] did not find any
effects on survival after heating R coronifer for one hour at 50-70°C, while survival declined w
approximately 20% ot 80°C and to zeroat 100°C, Since in our study the specimens were desic-
cated for six months before heating at 50°C, it is possible that this made them more vulnerahle
to heat stress. Since repair mechanismes are not working during anhydrobiosis, damage due o
oxidative reactions with surrounding air accumulates over time [ 26]. Even if the non-heated
animals did not express reduced survival afier the siv-month period, it may have made the
body more vulnerable o damage by heat or unable to repair the inclusive damage from long-
term desiceation plus heating. These detrimental effects apparently did not arise from damage
to general cell structures but rather to molecolar components necessary for cefl survival, Pro-
tein denaturation occurs in cellular organelles during heat shock at temperatures of 42-45°C
[0, 61, 621, and sub-lethal heat shock muy also inactivate transcription, splicing and trunsla-
tion of mRMAS into proteins and alters cell morphology [60],

Relative humidity is another factor that may affect survival in desiccated tardigrades
exposed to heat. Ramlov and Westh [25] suggested that the relative humidity at which animals
were kept before heating (even at BH levels as low as 50%) may cause damage to cell compo-
nents such as proteins | denaturation) when exposed to high temperatures through residual
water present in the tun. [n the entardigrade Pasamacrobiotus richierst {(Murray, 1911), very
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low humidity (0-3% RH) resulted in significantly higher surival after continuous exposure to
I7C For wp 10 21 davs. Antmils desiceated within thetr natural substrate (leaf litter ) seemed to
b less sensitive than animals desiccated and kept on blotted paper and did not show reduced
survival when kept at 30-40% BH [26]. In our study, specimens were desicecated at 95% RH
bt were then kept in plastic bags under ambient Bboratory conditions (room temperature,
RH not monitored) until the heating expostire.

Vitrificatiom has been proposed as a mechanism for survival in the anhyvdrobsotic state,
whereby membranes and other cell components are stalalized in the absence of water ina
non-crystalline amorphous solid {"glssy”) state that prevents cellular damage [631. Evidence
fior the vitrification hypothesis was reported for the Macrobiotidae family within tardigrades
1221, w which R coronifer belongs. Although our observations of few differences in cell struc-
tures between hydrated and desiceated animals are in ling with the prediction of the vitrifica-
tion hypothesis that cells are " frozen® in a glassy state, they do not provide direct support for it.

We detected large amounts of lipids and polysaccharides but lvw amounts of protein in the
storage cell cvtoplasm of all examined specimens Lipids have been proposed to have o key role
in heat stress management of cells [64], bt in anhydrobiotic processes, their role remuins
unclear. For anhydrobiotic nematodes, some have suggested that ipid reserves are not directly
involved in processes of anhydrobiosis [65], whereas others have suggested a direct relation-
ship between lipids/carbohydrates and successful anhydrobiosis |66]. Kinchin [46] proposed
that different animal groups may have different mechanisms and thot in tardigrades, lipids
might be utilized during anhydrobiosis by conversion to gyceral or trehalose, which may sta-
bilize membrane and protein structures {27]. Lipids might also serve as an energy souroe for
metabolic preparations during anhydrobiotic induction or be used for energy after rehydration
[67], More studies on the rale of Bpids in storage cell physiology and anhyvdrobiosis would be
viluable,

In conclusion, inour study we found (1) two types of storage cells in females of B coronifer,
while only one type in one male studsed; (2) the ultrastructure of the storage cells of the Frst
type changes during the process of oogenesis, while the ulirastructure of the second type of
cells does not change; (3) that cells of the second tvpe posaibly represent stem cells for storage
cells; (4) that storage cefls (heated and non-heated specimens) accumulated large amount of
lipids and polysaccharides, whereas the amount of proteins is low; (5) that exposure o 24 b of
heating at 50°C following six months of desiccation reduced animal survival bo 40%, while all
non-heated animals recovered: and (6) ne large differences in the ultrastructure of the storage
cells between heated and non-heated desiceated specimiens.

Supporting information

51 Table. The average diameter of storage cells inactive and dehydrated animals. Estimates
represent individual averages based on measurements of 50 cells per animal.

(D00

51 File. Storage cells diameter (pm). Measurements of storage cells diameter in 50 active and

50 dehydrated specimens.
(XLS)
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Primary Culture of Tardigrade Storage Cells from
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INTRODUCTION

I'uﬂk'grm]ﬂ are wduatss mnermetneoans (aduis gt 250-000um) with
extraordmary stress folermmce, such as desiocation- or thermotolerance.
They are amang the most radio-resiviant amimals @nd became the firs
ansimals m the history 1o survive the combased effect of space vacuum,
cvamnie mdintion, and UV radestion m ko Enrdh acbie | 10 days exproume)
The celtular and modecnlar basis of these tleramees are not vet Tolly
umdersiomd.
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STORAGE CELLS (COELOMOCYTES)
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Storage oells (wvernpe siee 10-20 pim) represent an impartant pat of
tnrdigrnbe physsdopy, stormg and dessributmg. eserpy and possibly alsa
baving immunolgical Tncons.,

Only few studies of tardigrude cell biokygy have been reporied and neather
premary nar confimenas cell colres hove been established. Cell calteres
of tratigrodes wonld vpen op o new feld of posiibifities fo study
tardigrade stress responses at the celmlar level.
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Lol merphedingy im st armnal dal oml =il condtunms (b
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A primary  Feature of the reversibly  dred  coell
comcerms its  plility 1o survive  desiceation amd
rehydration.

AIM of THIS STUDY:
o tstlhk'sh_ p_r'unl_r;_v _cnltln: ufil-urag_t cells
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METHODS

ANIMAL COLLECTION
| Exwraction oof apamnlis From mess cushions
2.Wash nmmals m sierile wader to get nd of’
debris par Tnizless
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CELL COLLECTION

| Stenlization of ammals with 70% ETOH
2.Curing onimals under microscope directly imio
medium of use nod collect celks

3 5eed cells nam TC Plate 96 Well, Standard, F

"
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FEatractarm il colls jn
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Richtersius coronifer
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RESULTS: CHOICE OF MEDIA

[ngemar Minsson'

mech Republic

| B erder 1o clwose convenient cilturing medinm, we sested Grace's msect
| medinm (G 1x diluted in HyO o0 12 dilited i PBS (GP) and REAMI
| medium 1 dilued i H O (RPMD m 18 combmations of different fewnl
| bovine serum  (FBS)  and  Antibioties-Anmycorics  {Ant-Ant
| comceninisons. Based co gell morpholopy ol contmunation coaimene
| liere we present the best and warst opsoas

Bleor resulny Warse rosalis 'I
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-
x Anati-Ant] v
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3% FBS L !
Sx Antl-Anti a3
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Sa Antl-Antl L
All puctures wene Bkin st oallure-day: 3 (4l objectne magmfication)
| Maximal lengeh of coll cultore was 11 dayvs, bot fungi and bacrerial
eontumination aceurred.
CHOWE OF ANTIBIOTIC DOSES

| In oeder o pet il of comunomatson, we teded different Anhibaotecs-
| Antmycotes doses with additon of Penscilm-Streptomyem. With use of
:lIJLrJI concentration [ 10x) of Antibiobcs-Anbmyoeics combining with
| Pemicalin-Strepiomyein (53] we extended lemgth of eultmres up o 18 |
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| CONCLUSIONS AND PERSPECTIVES

(= Smorage cells can be kept viable in vitro amd some cell
| tlivision was verificd. Therefare these cells can be cultured.
Grace’s insect medium diluted with H(} is more suitable
| than diluted with FBS and than RPMI, [
(= Combination of Anti-Anti (10x) and Pen-Strep (5x) I'Edlll:ﬂ.g

bacterial contamination, but fungl were still present.

"—ﬂlli study provides the first evidence that primury cultures of|
|sluraﬂ: cells from tardigrades are possible to establish, but the]
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Somne of the eells changed
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never abserved m alive
animils.

! Turan comtaminption was still present with ihe firsd siune after 4 doys of
| cultiering {30x shjecive magnification
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