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Abstract: Tardigrades (phylum Tardigrada) are aquatic microecdysozoans that have adapted to survive extreme conditions 
through the formation of cysts or ametabolic tuns. Their body is covered by a cuticle that plays an important role in their life 
cycle, including their response and adaptation to environmental challenges. Cuticular characteristics are a critical component 
of tardigrade taxonomy. Therefore, research has often been focused on the relationship between cuticular morphology and 
ultrastructure  and  the  evolutionary  and  phylogenetic  positioning  of  the  phylum  and  individual  species herein. However, 
a deeper insight into the ultrastructural characteristics and chemical composition of the tardigrade cuticle is needed. This 
knowledge is important not only for a better understanding of tardigrade physiology and ecology but also for the development 
of efficient microinjection and/or electroporation techniques that would allow for genetic manipulation, opening new avenues 
in tardigrade research. Here, we review data on cuticle ultrastructure and chemical composition. Further, we discuss how the 
cuticle is affected during moulting, encystment, cyclomorphosis, and anhydrobiosis. Our work indicates that more systematic 
studies on the molecular composition of the tardigrade cuticle and on the process of its formation are needed to improve our 
understanding of its properties and functions. 
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Introduction 

Many organisms have evolved physiological, mor-
phological, biochemical and behavioural strategies 
for surviving water loss. Desiccation avoidance 
strategists (including some true terrestrial arthro-
pods) have a low-permeability cuticle to retain 
body water or locally specialized tissues to absorb 
atmospheric water, which helps to maintain their 
internal environment. On the other hand, organ-
isms using the desiccation tolerance strategy can 
survive partial or even complete desiccation (Re-
becchi 2013). Tardigrades belong to the latter 
group. These microscopic (50–1200 µm), essen-
tially aquatic ecdysozoans have been found in ma-
rine, freshwater and terrestrial habitats (Nelson et 
al. 2018) and require a surrounding water film for 
the active stage of their life cycle (Møbjerg et al. 
2018). Their taxonomic and phylogenetic position 
is still debated since they seem to be closely re-
lated to both phylum Arthropoda (Jørgensen et al. 
2018) and Nematoda (Yoshida et al. 2017). 

Tardigrades have developed remarkable adap-
tations to survive challenging environmental con-
ditions. Several tardigrade species are known to 
form durable cysts (Rebecchi et al. 2020). Many 
tardigrades are able to enter an ametabolic state, 
cryptobiosis, at any stage of their life cycle (Jöns-
son et al. 2001; Rebecchi et al. 2007; Schill and 
Fritz 2008; Wełnicz et al. 2011; Czernekova and 
Jönsson 2016; Schill and Hengherr 2018). Some 
tardigrades can even tolerate extremely low tem-
peratures (e.g., –196°C) in a fully hydrated state 
which is called cryobiosis (Hengherr and Schill 
2018). Despite their remarkable survival abilities, 
only a few studies to date have investigated the 
relationship between the cuticle structure and the 
anhydrobiosis, the cryptobiotic state related to 
drastic water loss (Crowe 1970, 1972; Greven 
1971; Wright 1989a; Wright et al. 1992). Detailed 
knowledge of the cuticular ultrastructure and 
chemical composition is important not only for 
understanding tardigrade physiology and eco-
logy, but also for the improvement of useful mod-
ern biological techniques in tardigrade research 
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(e.g., efficient electroporation and/or microinjec-
tion). These techniques have so far been used 
only in Hypsibius sp. (Tenlen et al. 2013; Boothby 
et al. 2017; McGreevy et al. 2018; Tenlen 2018); 
however, they have great potential. Here, we 
present a review of the structure, composition 
and function of the tardigrade cuticle and discuss 
its possible relevance for the development of bi-
otechnology. 

General characteristics of the tardigrade 
integument 

The integument of tardigrades consists of an acel-
lular multilayered cuticle of varying thickness and 

appearance (Fig. 1) and an underlying single layer 
of cuticle-secreting epidermal cells (Ramazzotti 
and Maucci 1983; Møbjerg et al. 2018). The epi-
dermal cells rest on a thin, likely collagenous, 
basement membrane (Baccetti and Rosati 1971; 
Greven 1984). The cuticle covers the body exter-
nally, however, it also extends into the hind- and 
foregut (Greven 1984). The cuticle must be strong 
enough to mechanically support the organisms's 
soft body and to resist shrinkage and superficial 
abrasion. At the same time, it must be flexible 
enough to resist the stresses caused by tardigrade 
locomotion, feeding and oviposition (Wright 
1988a).

 

 
Fig. 1. Various morphologies of the tardigrade cuticle 

A) Tanarctus velatus McKirdy, Schmidt & McGinty-Bayly, 1976 (∼120 µm): cephalic cirri (internal cirrus, ic; external cirrus, ec; lateral cirrus, 
lc; median cirrus, mc) and clavae (primary clava, pc) on the head region, cuticular expansions ("alae"; seen also in genera Florarctus, Actinarc-
tus, Paradoxipus, Halechiniscus), and digits instead of claws. B) Stygarctus abornatus McKirdy, Schmidt & McGinty-Bayly, 1976 (∼95 µm): 
cuticle with lateral projections (lp), intersegmental nodes (in) between dorsal plates and prominent cephalic appendages (ca) – "sensillae". C) 
Ursulinius ronsisvallei (Binda & Pilato, 1969) (∼275 µm): cuticle with large gibbosities (gb). D) Echiniscus trisetosus Cuénot, 1932 (∼375 µm): 
thick dorsal plates (dp) with thinner intersegmental regions (ir), cephalic cirri (cc) and lateral appendages (la). E) Milnesium cf. tardigradum
Doyére, 1840 (∼600 µm): "smooth"  cuticle. F) Ramazzottius oberhaeuseri (Doyére, 1840) (∼500 µm): cuticular ornamentation and pigmenta-
tion of epidermal cells give rise to this characteristic pattern. Modified from Greven (1980) and Dastych (1988). 
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Importantly, somatic muscles are attached to 
the cuticle at specialized attachment points. The 
epidermal cells are modified at these sites and the 
associated cuticle contains distinct transversal cu-
ticular fibres (Shaw 1974; Marchioro et al. 2013). 
The attachment sites are externally visible as a se-
ries of tiny holes, ridges or folds, and internally 
forms invaginations of the cuticle (Gross and 
Mayer 2019). Body and leg movements depend 
on somatic muscles and body cavity fluid pres-
sure combined with cuticle resilience (Marchioro 
et al. 2013). Somatic muscles are also responsible 
for contraction of the cuticle during so-called "tun" 
formation in response to desiccation (Marcus 
1929; Halberg et al. 2013a). The tun formation is 
a powerful morphological adaptation (Czer-
neková et al. 2017).  

The cuticle has been proposed to play a role in 
excretion (Dewel et al. 1993; Kinchin 1994), how-
ever, experimental evidence for this is lacking. It 
has also been hypothesized that pigments in the 
integument might protect tardigrades from harm-
ful radiation (Dastych et al. 2003; Greven et al. 
2005). Indeed, a recent work showed that a fluo-
rescent pigment rendered Paramacrobiotus sp., 
designated as "Paramacrobiotus BLR", resistant to 
high doses of UV irradiation (Suma et al. 2020). 

The cuticle is a major taxonomic characteristic 
used in the classification of tardigrades. Most of 
the studies on the tardigrade integument have 
aimed primarily at relating its morphology and ul-
trastructure to the evolution and phylogenetic 
positioning of the orders and of the phylum itself. 
Phylum Tardigrada is divided into three classes: 
Heterotardigrada, Eutardigrada and Mesotardi-
grada (Guidetti and Bertolani 2005; Degma and 
Guidetti 2007; Degma et al. 2020). The latter, 
however is comprised of the single species Ther-
mozodium esakii Rahm, 1937; its existence is 
therefore considered dubious (Jørgensen et al. 
2018). Two cuticular patterns have been tradition-
ally described, the heterotardigrade-pattern and 
eutardigrade-pattern (Węglarska 1989).  

Heterotardigrada is composed primarily of 
marine species, as well as some limno-terrestrial 
species. Their cuticles are diverse in their external 
appearance (Fig. 1A, B, D). In some groups (e.g., 
the terrestrial family Echiniscidae, including the 
genera Echiniscus, Hypechiniscus, Pseudechiniscus 
and the marine family Stygarctidae), the cuticle is 
thickened into cuticular plates or "armour". Heter-
otardigrades can also be characterized by the 

presence of taxonomically significant spines and 
sensory appendages (cephalic cirri, clavae and 
papillae) or other body extensions (e.g., wing-
like). Additionally, specifically patterned sculp-
ture may be present all over the body or on spe-
cific body parts (Bertolani et al. 2009; Greven and 
Robenek 1983; Kristensen and Neuhaus 1999; 
Kristensen and Sørensen 2004; Nelson et al. 
2015). In some species, cuticular pores have been 
detected (Li et al. 2007; Rocha et al. 2007). 

In general, the cuticle of eutardigrades is sim-
pler than that of heterotardigrades (Greven 1984). 
Eutardigrada comprise freshwater and other 
limno-terrestrial species without cuticular plates 
and cephalic cirri (Fig. 1C, E, F). Their cuticles can 
be smooth or sculptured, but without filaments 
and usually without spines (Ramazzotti and 
Maucci 1983; Kristensen and Neuhaus 1999; Ber-
tolani et al. 2009; Nelson et al. 2010). Distinct and 
protruding sensory papillae are present only in 
Apochela (Nelson et al. 2010; Møbjerg et al. 
2018; Morek et al. 2020). The eutardigrade cuti-
cle can have shallow pores ("craters" ) on its sur-
face called "pearls" (Marcus 1929; Baccetti and 
Rosati 1971; Wright 1988b; Nelson et al. 2010). 
Eutardigrade-type pores can be found, for exam-
ple, in hatchlings of Richtersius coronifer (Richters, 
1903) and in Diaforobiotus islandicus islandicus 
(Richters, 1904) (see Guidetti et al. 2016). The cu-
ticle may also have pseudopores, which under 
phase contrast light microscopy appear as light 
circles (0.4–0.5 μm in diameter) on the cuticle 
(such as in Milnesium sp.; see Morek et al. 2019). 

The cuticle ultrastructure 

The terminology used to describe cuticular layers 
has not been standardized (alternative terminolo-
gies are summarized in Table 1). Here, we use the 
more commonly accepted terminology (Greven 
1975, 1984; Greven and Robenek 1983; Wright 
1988b; Guidetti et al. 2000), which describes the 
main layers of the cuticle from the outside to the 
inside as follows: an epicuticle (comprising a floc-
culent coat, an outer epicuticle and an inner epi-
cuticle), a trilaminar layer, an intracuticle, a gran-
ular layer and a procuticle (Table 1, Fig. 2). In M. cf. 
tardigradum and M. hufelandi, there is an additional 
layer at the lower boundary of the intracuticle called 
the "inner flake of the intracuticle" (Baccetti and 
Rosati 1971; Greven 1975; Wright 1988b). 
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The triple-layered epicuticle is the part of the 
cuticle that exhibits the most interspecific varia-
tion (Tables 1-2, Fig. 2) (Guidetti et al. 2000; 
Rocha et al. 2007). The outermost sublayer of the 
epicuticle is the flocculent (mucous) coat (Greven 
1975, 1984; Wright 1988b). This coat may be 
continuous or discontinuous and can appear as 
granules or clustered floccules or spheres 
(Baccetti and Rosati 1971; Greven 1975; Wright 
1988b). As it is in contact with the surrounding 
environment, bacteria, algae or debris might as-
sociate with this layer (Greven 1975). In marine 
species in particular, associated bacteria are as-
sumed to be symbiotic (Kristensen 1984). 

The presence of the flocculent coat seems to be 
species-dependent. It has been observed, for ex-
ample, in M. hufelandi, P. areolatus, R. oberhaseri 
(see Baccetti and Rosati 1971; Greven 1975; 
Wright 1988b), M. joannae (see Guidetti et al. 
2000), E. testudo (see Greven 1972; Wright 
1988b), Viridiscus rufoviridis (du Bois-Reymond 
Marcus, 1944) (see Rocha et al. 2007), B. noerre- 
vangi (see Kristensen 1976) and T. natans natans 
(see  Kristensen  and  Neuhaus  1999), but  not  in 
H. dujardini (see Wright 1988b). Moreover, the 
presence of the flocculent coat can also be variable 
among the specimens of the same species. For ex-
ample, the layer has been observed in desiccated 
specimens of R. cf. coronifer, but not in the active 
ones (Czerneková et al. 2017). The flocculent coat 
is of variable thickness in different species and 
even in different body parts of the same animal. 
The coat is thickest on the legs but is completely 
absent from the mouth region (Baccetti and Rosati 
1971; Wright 1988a).  

The second sublayer of the epicuticle is the thin 
outer epicuticle (∼8-30 nm; Baccetti and Rosati 
1971; Crowe et al. 1970; Greven 1975; Greven 
and Grohé 1975; Guidetti et al. 2000). It is tri- or 
multilaminate (Fig. 2; Table 1) (Greven 1975; 
Wright 1988b; Kristensen and Neuhaus 1999; 
Guidetti et al. 2000). The number of laminae/ 
strata is inter- and intra-species variable and they 
appear as alternating dark and light zones (Wright 
1988b; Guidetti et al. 2000). Some of the laminae 
seem to be of membrane-like origin (Crowe 1970; 
Kristensen 1976; Walz 1982).  

The third sublayer of the epicuticle is the inner 
epicuticle. This sublayer exhibits the most structu-
ral variation among tardigrade taxa. It appears 
homogenous and amorphous in eutardigrades, 
but it can contain a striated layer supported by 
pillar/rod structures in heterotardigrades (Figs. 
2A-B) and some eutardigrades (see below). The 

inner epicuticle may also contain labyrinthine 
structures or lacunar system (Fig. 2A), which are 
observed primarily in the dorsal inner epicuticle 
of some heterotardigrades (Greven 1972, 1975; 
Dewel et al. 1993; Kristensen and Neuhaus 
1999). In M. cf. tardigradum (Fig. 2C), vertical 
channels occur sporadically throughout the inner 
epicuticle (Greven 1975). 

The heterotardigrade inner epicuticle is charac-
terized by the presence of striations and pillars 
(Fig. 2A-B; Wright 1988b; Kristensen and Neu-
haus 1999). However, a striated layer has also 
been found in the eutardigrade D. dispar (see 
Węglarska 1989). The striations are composed of 
fibrils (Greven 1972; Kristensen 1976; Kristensen 
and Neuhaus 1999). The fibrillar structures are or-
ganized in a hexagonal shape (Fig. 2A). Thus, this 
is frequently referred to as a "honeycomb layer" 
(Crowe et al. 1970; Dewel et al. 1993; Kristensen 
and Neuhaus 1999). In some cases (e.g., in the 
ventral inner epicuticle of V. viridis), the honey-
comb layer is connected to the outer epicuticle by 
single fibrils (Fig. 2A) (Crowe et al. 1970; Greven 
1975). In some echiniscids, including E. testudo, 
each hexagon contains an additional central fibril 
(Greven 1972; Wright 1988b; Kristensen and 
Neuhaus 1999). The striations vary greatly in 
thickness and may be limited to certain body re-
gions (e.g., to the ventral epicuticle in E. testudo 
and V. viridis) (see Greven 1975). 

The pillars/rods extend from the inner epicuti-
cle and lift the overlying layers (Fig. 2A-B; Crowe 
et al. 1970; Greven 1975; Węglarska 1989; 
Kristensen and Neuhaus 1999; Guidetti et al. 
2000). These pillars primarily occur in ∼90% hete-
rotardigrades (Kristensen and Neuhaus 1999; 
Nelson et al. 2015), although they appear to be 
absent from some genera such as Echiniscoides 
(Møbjerg et al. 2018). They are also found in the 
inner epicuticle of the eutardigrade genera Dac-
tylobiotus and Murrayon and one species of Iso-
hypsibius (see Greven 1982; Kristensen 1982a; 
Węglarska 1989; Guidetti 1998; Guidetti et al. 
2000). The pillars usually have a broadened base 
and tip, with a circular cross-section in the centre, 
and are perforated internally by one or more 
channels of varying thickness (Greven 1975; 
Kristensen and Neuhaus 1999; Guidetti et al. 
2000). Pillars may fuse together to form segmen-
tal cuticular plates, which are observed in taxa 
such as Echiniscidae (Kristensen and Neuhaus 
1999). The wall of pillars is electron-dense, and 
their foot consists of fibres cross-connected by fi-
brils (Kristensen and Neuhaus 1999).
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Fig. 2. Cuticle ultrastructure diversity in tardigrades 
A) Heterotardigrada (Echiniscidae): dorsal cuticle with labyrinth-like lacunae and channels, ventral cuticle with the striated layer (outer, inner) 
and pillars. Striated layer detail based on Crowe et al. (1970). B) Arthrotardigrada (Halechiniscidae) differences in the striated layer between 
the dorsal and ventral cuticle; B. noerrevangi: example of dorsal cuticle at the initial stage of new cuticle formation starting with the production 
of membrane systems (m) (Kristensen 1976; Greven 1980). C) M. cf. tardigradum (Apochela): vertical channels in the epicuticle and a 
prominent granular layer. D) Various Parachela species: cuticles of two specimens of P. areolatus; two different (unspecified) parts of the body 
(a, b) differ in electron density of the epicuticle, in the electron-dense vesicles – ovoidal elements´ in Guidetti et al. (2000) – of unknown 
composition, and discontinuous granular layer. E) The cuticle of a tun during the moulting process (R. cf. coronifer), with the old (1) and new 
(2) cuticle distinguished by numbers. Of note, the similar electron-dense bodies visible in the old procuticle of R. cf. coronifer have also been 
observed by Guidetti et al. (2000) in the procuticle of active P. areolatus. Based on Czerneková et al. (2017).  
fc – flocculent coat, oe – outer epicuticle, ie – inner epicuticle, tl – trilaminar layer, db – dense band, i – intracuticle, p – procuticle, if – inner 
flake of the intracuticle, gl – granular layer, ep – epidermis, sl – striated layer, pl – pillars. 

Schematics of cuticular cross-sections. Figure inspired by and partially modified from Greven (1975). 
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Cuticular pillars vary in length and structure 
(Greven 1984; Kristensen and Neuhaus 1999; 
Guidetti et al. 2000). In general, longer pillars occur 
in the head and dorsal regions (Greven 1975). Inter-
specific variation is minor but includes structural var-
iations such as rod-shaped or hollow pillars, pillars 
with or without fused fibres, and hexagonal pillars 
(typical of Stygarctidae). In marine heterotardi-
grades in particular, the pillars may elevate the 
outer epicuticle by several micrometres; in case of 
special  tubular  pillars/spines,  this  may be up to 
50 µm, e.g., in A. doryphorus doryphorus (see Kris-
tensen and Neuhaus 1999). The interpillar space of 
the inner epicuticle may be open to the environ-
ment via cuticular pores, and can thus be filled with 
seawater and colonized by bacteria (Greven 1984; 
Kristensen and Neuhaus 1999). However, pillars 
may also be completely absent in certain species 
(e.g., P. sterreri) or body regions (Greven 1975). 
Tetrakentron synaptae Cuénot, 1892 possesses an 
epicuticular hyaline coat instead of cuticular pillars 
(Kristensen 1980). This species’ inner epicuticle has 
a sponge-like structure and its substance appears to 
be homogenous within the genera (Guidetti et al. 
2000). The thickness of the inner epicuticle varies 
greatly (in the range of a few tenths of a nanometre 
up to several micrometres), mainly due to the pres-
ence or absence of pillars and striations (Crowe et 
al. 1970; Greven and Grohé 1975; Kristensen and 
Neuhaus 1999).  

The thin trilaminar layer ("convoluted membra-
ne" ) is folded (Fig. 2, Table 2) and separates the ep-
icuticle from the underlying layers in all examined 
species (Greven 1975; Węglarska 1989; Kristensen 
and Neuhaus 1999; Guidetti et al. 2000). 

The intracuticle is the first layer underlying the 
trilaminar layer (Baccetti and Rosati 1971; Greven 
1975; Greven and Robenek 1983; Wright 1988b). 
Nevertheless, it is not always distinguishable or 
even present (Greven 1982; Dewel et al. 1993; Kris-
tensen and Neuhaus 1999; Guidetti et al. 2000). For 
instance, it has not been found in D. dispar (see 
Węglarska 1989), Dactylobiotus ambiguus (Murray, 
1907) (see Greven 1982), Murrayon dianeae (Kris-
tensen, 1982) (see Guidetti et al. 2000; Kristensen 
1982b) and in G. granulifer (see Greven 1975). The 
intracuticles of E. testudo and M. cf. tardigradum are 
arranged in a wavy pattern of microfibers that are 9 
and 7 nm thick, respecttively (Greven and Robenek 
1983). 

The granular (wax) layer is located at the boun-
dary of the intracuticle and the procuticle (Fig. 2, Ta-
ble 2). This layer has an interstitial granular structure 
and it is frequently discontinuous or absent. Even in 
species where it has been regularly detected (e.g., 

M. cf. tardigradum), it may be reduced or indetecta-
ble in the new cuticle after moulting and in exuvia 
(Greven and Robenek 1983). Discontinuous elec-
tron-dense granules similar to the granular layer 
have also been observed in desiccated specimens 
of R. cf. coronifer (see Czerneková et al. 2017). Of 
note, this layer has not been reported in active ani-
mals of the same species. The granular layer is not 
clearly detectable in arthrotardigrades (Greven 
1984; Kristensen and Neuhaus 1999). 

The procuticle overlies the epidermis and has 
been found in all tardigrade cuticles examined 
(Crowe 1970; Greven 1984; Dewel et al. 1993; Kris-
tensen and Neuhaus 1999; Guidetti et al. 2000). This 
layer varies greatly in thickness (Table 2) and is com-
posed of irregularly arranged microfibers (3.5–5.0 
nm thick), as seen in E. testudo, M. cf. tardigradum and 
M. hufelandi (see Greven and Robenek 1983). The 
procuticle receives various inclusions containing li-
pids, pigments or waste material from epidermal 
cells, and can both store and distribute them (Dewel 
et al. 1993). It has been hypothesized that the mate-
rial found in the procuticle might passively move 
through the cuticular pores and lacunar system into 
other cuticular layers (Wright 1988b; Dewel et al. 
1993). The procuticle of V. viridissimus was sug-
gested to have a liquid-like character. Thus, inclu-
sions could be translocated to other cuticular layers 
through the animal’s movement. In particular, such 
inclusions may move to the outer layers where they 
might serve as nutrients for symbiotic bacteria 
(Dewel et al. 1992).  

The thickness of cuticular layers differs conside-
rably among species (Fig. 2; Table 2). Nevertheless, 
it is hard to accurately measure it (Wright 1988a; 
Kinchin 1994). In general, the cuticle is thicker in 
freshwater species than in marine ones, in terrestrial 
species than in aquatic ones (Clothier 1963), in 
larger species than in smaller ones, in species that 
are more resistant to environmental stress than in 
less resistant species (Wright 1988a). Its estimates 
are summarized in Table 2. While the ventral and 
dorsal cuticles usually have the same structure and 
thickness in eutardigrades, they differ markedly in 
Echiniscoidea (Greven 1972). 

The most structurally complex cuticles, containing 
all of the above layers and sublayers, are attributed to 
M. cf. tardigradum (Greven and Robenek 1983) and 
E. testudo (Greven 1972; Wright 1988b). Species 
such as G. granulifer (see Greven 1984) have a sim-
pler cuticle (Fig. 2A-D), while the most structurally 
simple cuticles are ascribed to marine arthrotardi-
grades (Kristensen and Neuhaus 1999). In general, 
marine heterotardigrades have simpler cuticles than 
terrestrial ones in terms of the number of layers. 
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Since the cuticle of the eutardigrade D. dispar 
greatly resembles the typical heterotardigrade-
pattern (Węglarska 1989) and the cuticular pillars 
are present in the cuticles of various eutardigrade 
species, Guidetti et al. (2000) highlighted the in-
accuracy of the hetero- and eutardigrade-pattern 
terminology based on the internal structure of the 
cuticle. Instead, the presence of cuticular pillars 
together with specific characteristics of the buccal 
tube and claws likely represent two evolutionary 
lines. The first, the "non–pillar"  line, is represented 
by the genera Macrobiotus, Richtersius and Xero-
biotus (all genera are xerophilous, with Macrobi-
otus and Richtersius being well-acknowledged 
cryptobionts), and possibly by some other genera 
whose cuticles have not been studied yet (Cal-
carobiotus, Pseudohexapodibius, Adorybiotus, Min-
ibiotus, Pseudodiphascon). The second, the "pillar"  
line, includes the genera Murrayon, Dactylobiotus 
and Macroversum (Guidetti et al. 2000). 

The cuticle during moulting 

Like other ecdysozoans, tardigrades regularly 
shed their exoskeleton (Aguinaldo et al. 1997). 
Ecdysis is usually the result of increases in body 
size. However, tardigrades moult not only in re-
sponse to their growth. Adverse environmental 
conditions or food shortages can trigger moulting 
as well, and animals may become even smaller 
than they were previously (Marcus 1929; Bau-
mann 1961; Walz 1982; Greven 1984). In gene-
ral, the first two moults in the life of a tardigrade 
are part of the developmental process (Walz 
1982). Consequent moults are synchronized with 
oocyte maturation in females and hermaphrodites 
of non-marine species (Walz 1982; Rebecchi and 
Bertolani 1994; Rebecchi et al. 2000; Bertolani 
2001). 

The old cuticle, including claws and cuticular 
structures of the fore- and hindgut, is shed during 
moulting (Clothier 1963; Walz 1982). Ejection of 
the cuticular structures of the foregut (i.e., the 
buccopharyngeal apparatus) is a well visible sig-
nal that moulting has begun. Following this, the 
mouth opening is closed (Clothier 1963; Walz 
1982; Greven 1984) and the animal is not able to 
feed until ecdysis is completed and the bucco-
pharyngeal apparatus has been restored (Kinchin 
1994). The buccal tube and the stylet system are 
resynthesized through secretions from the sali-
vary glands, while the posterior part of the feed-
ing apparatus is reconstructed by the pharyngeal 
cells and epithelial cells of the oesophagus 
(Crowe et al. 1971a; Guidetti et al. 2012). At the 
same time, a new body cuticle, including hindgut 
lining, a new cuticle in the oesophagus and new 

claws are being synthesized (Nelson et al. 2010; 
Guidetti et al. 2012). 

The phases of moulting in tardigrades can be 
distinguished by several consecutively appearing 
traits (the presence of gut content, the presence 
of the buccopharyngeal apparatus, oocyte size 
and the ultrastructure of the epidermal cells and 
the cuticle) (Crowe et al. 1971a; Kristensen 1976; 
Walz 1982; Dewel et al. 1993). All parts of the 
cuticle are secreted by epidermal cells or the sur-
rounding epithelium (Nelson et al. 2010; Guidetti 
et al. 2012). Thus, the ultrastructure of those cells 
differs throughout the moulting cycle. The follow-
ing description of moulting phases is based on 
observations of B. noerrevangi (see Kristensen 
1976) and complemented by observations made 
in eutardigrades (Baccetti and Rosati 1971; Crowe 
et al. 1971a; Walz 1982). 

At the beginning of the phase I, the gut fills 
with  dark  organic material. During this phase in 
B. noerrevangi, α-membrane systems are secreted 
into the old procuticle. These membranes are 
thought to be homologous to the arthropod ec-
dysial membrane (Kristensen 1976). During 
phase II, tardigrades eject the sclerified parts of 
the buccopharyngeal apparatus entering a "sim-
plex stage" (Marcus 1929; Kristensen 1976). The 
epidermis becomes thicker and basophilic (Crowe 
et al. 1971a), and the first Golgi complexes (dic-
tyosomes) become visible (Kristensen 1976; Walz 
1982). The epidermal cells secrete membrane 
vesicles (P. areolatus; see Crowe et al. 1971a) or 
β-membranes (B. noerrevangi; see Kristensen 
1976) or membrane "patches" (M. hufelandi; see 
Walz 1982) directly under the old cuticle. These 
membraneous structures coalesce and ultimately 
form the outer epicuticle. 

Phase III is the main cuticle synthesis stage. In 
this stage, a great number of Golgi apparatus-
originating vesicles (forming clusters in the range 
of 20-300 nm; "moulting bodies" ) with proteina-
ceous material are discharged at the base of the 
old cuticle (Crowe et al. 1971a). Secretory vesi-
cles carrying material for the new inner epicuticle 
are visible in the epidermal cells (Kristensen 
1976; Walz 1982). Later in this stage, δ-mem-
brane is secreted, separating the new epicuticle 
from newly forming matrix layer. This will give 
rise to the intracuticle (in species that possess this 
layer) and the procuticle at the end of phase III 
(Kristensen 1976). The procuticle grows continu-
ously until the next moult (Greven 1984). The pre-
viously ejected parts of the buccopharyngeal ap-
paratus are resynthesized during this phase as 
well (Kristensen 1976; Guidetti et al. 2012), while 
claw glands synthesize the new claws (Kristensen 
1976; Walz 1982). Each claw gland extends thin 
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cellular processes that secrete the claws cuticle in 
a sequence identical to the rest of the body. When 
the claws are complete, the cellular processes of 
the claw glands retract (Greven 1984). 

Individuals now have both the new cuticle and 
the old adherent cuticle. Both cuticles lack the floc-
culent coat, and the new intracuticle (if present) can-
not be distinguished since it lacks sclerotization. The 
epidermal cells are rich in lipid droplets, which are 
transported to the upper cuticular layers. However, 
the newly formed cuticle is still missing the granular 
layer in species that usually have it (Baccetti and 
Rosati 1971). While the new cuticle is being se-
creted, the somatic muscle cells are still attached to 
the old cuticle. This attachment is made possible by 
cuticular filaments. The cuticular filaments run from 
the modified epidermal cells that are in contact with 
the muscles, continue through the newly forming 
cuticle up to the old cuticle, and terminate at the old 
trilaminar layer (Walz 1982; Greven 1984). Thus, 
the animal is still able to move during this stage 
(Crowe et al. 1971a; Greven 1984). Prior to ecdysis, 
the new cuticle is complete. 

During phase IV, the animal shrinks inside the 
old cuticle. The attachments between the old cuticle 
and the muscles break, and in some species the an-
imal defecates (Kristensen 1976). The procuticle of 
the old cuticle is either completely (Baccetti and 
Rosati 1971) or partially (Crowe et al. 1971a) solu-
bilized and the new and the old cuticle separate 
(Baccetti and Rosati 1971; Walz 1982). It has been 
suggested that the decrease in body cavity fluid 
pressure following defecation or oviposition – two 
processes that are often synchronized with moult-
ing – might facilitate the separation of the two cuti-
cles (Kinchin 1994). Finally, the animal exits through 
the front side of the old cuticle (exuvium) with an 
empty gut and an open mouth which is described 
as phase V (Kristensen 1976). The newly formed cu-
ticle is about one half of its final thickness. In P. are-
olatus it reaches its maximum thickness in 15-24 
hours after separation of the exuvium (Crowe 
1970). When the new cuticle comes in contact with 
the  surrounding  environment,  large  spheres  of 
polysaccharides are released on top of the integu-
ment and a new flocculent coat is formed possibly 
as a results of the enzymatic activity of the epicuticle 
(Baccetti and Rosati 1971). 

Encystment and cyclomorphosis 

Tardigrades can secrete additional cuticles during 
the processes of encystment (especially limnic spe-
cies but also moss-dwelling species) or cyclomor-
phosis (marine eutardigrades of the genus Halobi-
otus sp.) to protect themselves from unfavourable 

environmental conditions, such as fluctuations in 
temperature, pH, oxygen level or osmotic stress. 
Encystment and cyclomorphosis may also be trig-
gered by unknown endogenous factors (Møbjerg et 
al. 2007; Halberg et al. 2013b; Guidetti and 
Møbjerg 2018; Janelt and Poprawa 2020). In gen-
eral, encystment is thought to be an optional re-
sponse to environmental challenges where animals 
remain immobile inside their cysts (Węglarska 
1957; Szymańska 1995; Clausen et al. 2014), 
whereas cyclomorphosis seems to be an obligate 
part of seasonal changes with animals remaining 
partially mobile (Kristensen 1982b; Møbjerg et al. 
2007). The ecological and physiological aspects of 
both processes and their significance are reviewed 
in Guidetti and Møbjerg (2018). 

During cyst formation, individuals decrease in 
size and, similarly to moulting, enter the "simplex" 
stage by ejecting the sclerified parts of the bucco-
pharyngeal apparatus (Szymańska 1995; Guidetti et 
al. 2008; Janelt and Poprawa 2020). The newly seri-
ally synthesized cuticles (one to three, depending 
on the species) are, however, retained as protective 
coats (Węglarska 1957; Guidetti et al. 2006). These 
cuticles are not attached to the epidermis but are 
interconnected by a network of cuticular append-
ages and/or cuticular fibres of varying thickness 
(Szymańska 1995; Janelt and Poprawa 2020). The 
newly formed buccopharyngeal apparatus and 
claws might be structurally different from the previ-
ous ones (Guidetti and Møbjerg 2018). When the 
encystment  is  terminated,  the  intensely  moving 
animal breaks through the cyst capsule/cuticular in-
volucra (the series of cuticles enclosing the animal) 
using stylets (Hansen and Katholm 2002) and claws 
(Janelt and Poprawa 2020) and exits the cyst. 

Following the terminology of Guidetti et al. 
(2006), the cuticular involucra include: (i) the old/ 
external cuticle, (ii) the sarcophagus/middle cuticle 
and (iii) the mummy/internal cuticle. Since the term 
"old cuticle" is used for exuvia abandoned during 
moulting, but the external part of a cyst is also 
termed "exuvia" (Clausen et al. 2014), we use the 
term "external cuticle" instead to avoid confusion. 
The external cuticle has leg protuberances with 
claws. It is hardened and coloured in some species, 
such as Bertolanius volubilis (Durante Pasa and 
Maucci, 1975). When the external cuticle is absent, 
the sarcophagus cuticle is then the outermost cuti-
cle and becomes hardened and coloured. The sar-
cophagus cuticle has wide clawless leg protuber-
ances that sometimes terminate in small holes 
(Guidetti et al. 2006; Janelt and Poprawa 2020). Its 
surface appears as reticulated in light microscopy 
but it is smooth when viewed through scanning 
electron microscopy (SEM). The mummy cuticle has 
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no leg protuberances (except  the  type  2  cysts of 
B. volubilis, see below) and a wrinkled surface (Szy-
mańska 1995; Guidetti et al. 2006; Janelt and 
Poprawa 2020). 

Cyst formation has been discovered in 25 eutar-
digrade and some heterotardigrade (Echiniscoidea 
and Echniscidae) species (Guidetti and Møbjerg 
2018). Some species, including limnic Dactylobiotus 
spp. and Thulinius ruffoi (Bertolani, 1982) are known 
to form only one type of cyst, whereas moss-dwell-
ing species of Bertolanius spp. produce two types 
(Westh and Kristensen 1992; Hansen and Katholm 
2002; Guidetti et al. 2006, 2008). "Type 1" cysts 
(white-cysts) are elongated with a yellow-pig-
mented or white-opaque surface. The cyst capsule 
is double-layered (the external and the sarco-
phagus cuticle) in B. volubilis (see Guidetti et al. 
2006, 2008) and only single-layered (the external 
cuticle only) in Bertolanius nebulosus (Dastych, 
1983) (see Hansen and Katholm 2002; Guidetti and 
Møbjerg 2018)."Type 2" cysts (red-cysts) are more 
complex. In the case of B. nebulosus, the "type 2" 
cyst capsule comprises (i) a thick red or dark brown 
tanned external cuticle and (ii) the mummy cuticle 
with a modified and non-functional buccopharyn-
geal apparatus and no protuberances for the legs or 
claws (Hansen and Katholm 2002; Guidetti and 
Møbjerg 2018). In contrast, the "type 2"  cyst cap-
sule in B. volubilis consists of (i) the external cuticle, 
(ii) the sarcophagus cuticle and (iii) the smooth 
mummy cuticle with clawless legs (Guidetti et al. 
2006, 2008). 

In D. parthenogeneticus, the sarcophagus cuticle 
contains an external electron-lucent heterogeneous 
layer, a trilaminar layer and an internal wide layer 
with lacunae (Guidetti and Møbjerg 2018). The 
mummy cuticle contains two trilaminar layers sepa-
rated by a non-homogenous layer, as well as an 
electron-lucent layer with electron-dense and con-
volute cordons that are either randomly oriented or 
organised in striations. However, it does not contain 
the procuticle observed  in  the  mummy cuticle of 
D. dispar (see Guidetti et al. 2006). The cuticle of 
encysted D. dispar is composed of a sponge-like 
material containing striations, while the cuticle of 
active animals is composed of pillars (Szymańska 
1995). 

The cysts of the marine heterotardigrade E. sigis-
mundi sigismundi are different from those of eutardi-
grades. The first phase of the encystment resembles 
moulting. The newly produced second cuticle (cor-
responding to the sarcophagus cuticle using the ter-
minology for B. volubilis) is similar to the external 
cuticle and contains legs and claws. The new com-
plete buccopharyngeal apparatus is present. Next, 

the animal forms another cuticle (corresponding to 
the mummy cuticle) and contracts into a tun-like 
state. A set of discharged claws remains between 
the outermost and the second (sarcophagus) cuti-
cle. The most developed cysts contain one more cu-
ticle lining the animal in the tun-like shape with the 
discharched sclerified parts of the buccopharyngeal 
apparatus into the second cuticle. In general, en-
cystment in E. sigismundi sigismundi does not in-
volve colour changes, and in contrast to eutardi-
grades, the second (sarcophagus) cuticle has claws 
(Clausen et al. 2014; Guidetti and Møbjerg 2018). 

Cyclomorphosis represents seasonal morpho-
logical and physiological changes, which are only 
partially understood and have been documented 
only for the marine eutardigrade genus Halobiotus, 
and the species H. crispae in particular (Kristensen 
1982b; Halberg et al. 2009; Guidetti and Møbjerg 
2018). The process starts with the expulsion of the 
sclerified parts of the buccopharyngeal apparatus, 
similar to moulting. However, the animal remains 
covered by the old/external cuticle, it possesses a 
modified buccopharyngeal apparatus and newly 
emerging claws, and its mouth and cloaca are 
closed. This state is called a pseudosimplex stage 1 
(P1). In contrast to the encystment, the animal is 
able to move while in this state, since the muscles 
are still connected to the external cuticle. Gonads 
are reduced at this stage and the animal appears 
opaque (Kristensen 1982b; Halberg et al. 2013b; 
Guidetti and Møbjerg 2018). The individual, pos-
sessing the modified buccopharyngeal apparatus 
and small claws, then breaks through the external 
cuticle, entering an active stage of sexual matura-
tion called a pseudosimplex stage 2 (P2). The 
mouth and cloaca are open in P2. After this stage, 
the animal can undergo the usual moulting process 
and enter the active stage with a fully developed 
buccopharyngeal apparatus, claws and gonads 
(Kristensen 1982b; Guidetti and Møbjerg 2018). 
The animals are translucent during the active stage, 
P2 and the simplex stage (Halberg et al. 2013b). 

Cuticle chemical composition and me-
chanical properties 

The cuticle is largely composed of polysaccha-
rides (including acid mucopolysaccharides and 
chitin), proteins (including glycoproteins and lip-
oproteins) and lipids, which occur in varying 
quantities and proportion in different parts of the 
cuticle (Table 3). The main cuticular building 
blocks are proteins intertwined with polysaccha-
rides (Crowe 1970; Baccetti and Rosati 1971) and 
lipids that likely function as diffusion barriers 
(Crowe 1970; Wright 1988b, 1989a).
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Phospholipids and neutral fats are the main li-
pids found in the tardigrade cuticle (Crowe 1970; 
Wright 1989a). Lipids were originally thought to 
be evenly distributed throughout the cuticle 
(Crowe 1970; Baccetti and Rosati 1971; Greven 
1984); however, more recent data indicate that 
lipids are especially prominent in the intracuticle 
and the granular layer (Wright 1988b). In some 
species, the epicuticle initially appeared to be li-
pid-free (Baccetti and Rosati 1971) but was later 
found to contain lipoproteins (Wright 1988b). Cu-
ticular lipids may play an important role in anti-
fungal defense or transpiration dynamics and for 
waterproofing properties of the cuticle (Crowe 
1970; Crowe et al. 1971b; Hadley 1984; Wright 
1989a). 

The flocculent coat is composed of acid muco-
polysaccharides, while the outer and inner epicu-
ticle comprise neutral polysaccharides and lipo-
proteins (Baccetti and Rosati 1971; Wright 
1988b). Tyrosinase (diphenoloxidase) has been 
detected in the epicuticle of M. hufelandi and may 
be involved in the sclerotisation of the cuticle 
(similar to in insects) or in a putative defence sys-
tem (Volkmann and Greven 1993). Indeed, tan-
ning has been detected in the outer epicuticle, 
trilaminar layer and sclerotized flake of the intra-
cuticle of M. hufelandi (see Baccetti and Rosati 
1971), in the cuticle of M. cf. tardigradum (see 
Bussers and Jeuniaux 1973a)  and  potentially in 
E. testudo (see Greven 1972). The trilaminar layer 
is mainly composed of tanned glycoproteins and 
lipoproteins (Baccetti and Rosati 1971; Wright 
1988b). The intracuticle contains lipids (Wright 
1988b), chitin (Greven and Peters 1986), lipopro-
teins (Baccetti and Rosati 1971) and untanned 
glycoproteins of a similar nature to those of insect 
cuticles. Finally, the procuticle is chitinous and 
proteinaceous (Crowe 1970; Baccetti and Rosati 
1971; Greven and Peters 1986; Wright 1988b; 
Kristensen and Neuhaus 1999). 

Chitin (poly-β-(1-4)-N-acetyl-D-glucosamine) 
is a common invertebrate polysaccharide that 
plays an important role in hardening the exoske-
leton, making it resistant to penetration (Raabe et 
al. 2005). Whether chitin re-modelling is involved 
in the transition from the active state to tuns re-
mains to be studied. However, the coding se-
quences of chitinase and its regulators have been 
documented (Förster et al. 2012) and suggest 
that active disintegration of cuticles might occur 
under specific circumstances such as moulting. 
Chromatographic analysis, histochemical staining 
and  enzymatic  digestion  with  chitinase  failed 
to confirm the presence  of  a chitinous cuticle in 
P. areolatus (see Crowe 1970). However, chitin 

has been detected in the cuticle, claws, and sto-
modaeum of species of M. hufelandi, M. tardi-
gradum, Echiniscus merokensis merokensis Rich-
ters, 1904 and E. testudo through a similar process 
of enzymatic digestion with chitinase (Baccetti 
and Rosati 1971; Bussers and Jeuniaux 1973b). 
The presence of chitin in the tardigrade cuticle has 
also been demonstrated using controlled experi-
ments with wheat germ agglutinin (WGA)-gold 
conjugates (Greven and Peters 1986; Kristensen 
and Neuhaus 1999) and Fourier transform infrared 
spectroscopy (Greven et al. 2016). The latter 
study  showed   that   chitin   in   the   cuticle  of 
M. hufelandi  is organized as antiparallel chains (α-
chitin). This finding supports the hypothesis that 
the presence of α-chitin in cuticle layers close to 
the epidermis might be an apomorphic trait of the 
Ecdysozoa clade. The subcuticular localization of 
chitin varies among species (Greven and Peters 
1986; Kristensen and Neuhaus 1999), but the 
procuticle is always chitinous (Table 3). Various 
chemical treatments also have different effects on 
the different layers of the cuticle (Table 3). Such 
treatments are of particular interest for establish-
ing new techniques that could support studies on 
the cell and molecular biology of tardigrades. For 
example, chitinase treatment has been used to in-
crease the permability of the tardigrade integu-
ment before immunolabelling in Hypsibius exem-
plaris Gąsiorek, Stec, Morek and Michalczyk, 
2018 (see Gross and Mayer 2015). 

 The mechanical strength of the cuticle in-
creases with its thickness, while the permeability 
decreases. Thicker cuticular areas, which are often 
in direct contact with the surrounding environ-
ment, serve as a permeability barrier during des-
iccation. In contrast, thinner and more permeable 
areas occur in the intersegmental parts of the cu-
ticle and can be folded inside the body to avoid 
desiccation (Crowe 1970, 1972). The external 
flocculent coat is deformable and provides no 
mechanical resistance. On the other hand, the 
outer epicuticle and the trilaminar layer provide 
strong mechanical barriers and protect the cuticle 
from penetration and mechanical stress. The inner 
epicuticle found between these layers tends to 
fold, giving the cuticle plasticity and resilience; 
the lipidic and glycoproteinaceous intracuticle is 
also deformable. The procuticle is formed by a 
chitin-proteinaceous mix and it seems to be the 
most rigid and tension-resistant cuticular layer 
(Wright 1988a). In general, quinone-tanning and 
chitin presence increase the mechanical re-
sistance of the cuticle (Crowe 1970; Crowe et al. 
1971b). 
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Cuticular properties related to               
anhydrobiosis 

Tardigrades exhibit interspecific disparity in their 
anhydrobiotic abilities, which are based on vari-
ous morphological, physiological, and biochemi-
cal processes (Wright 1989b; Wełnicz et al. 2011; 
Hygum et al. 2016). Morphologically, cryptobi-
otic states such as anhydrobiosis lead to changes 
in body volume during tun formation (Crowe 
1972; Greven and Greven 1987; Halberg et al. 
2013a; Nelson et al. 2015). The development of 
cuticular plates, sclerotization and generally 
higher ultrastructural complexity of the cuticle 
(e.g. in echiniscids) might have developed as a 
result of adaptation to new environmental condi-
tions (Kristensen 1987). 

Since the tardigrade cuticle is highly permea-
ble to water (Marcus 1929; Crowe 1972; Greven 
and Greven 1987), it has been hypothesized that 
one of the main prerequisites for their anhydrobi-
otic survival is the reduction of high-permeability 
areas of their body surface (Crowe 1972), such as 
the intersegmental and thinner cuticular parts 
(Crowe 1972; Czerneková et al. 2017), through 
folding. Similarly to rotifers (Ricci et al. 2003), 
such folding could be used to control evaporative 
water loss in tardigrades (Crowe et al. 1971b; 
Crowe 1972). However, Wright (1989b) sug-
gested that the effectiveness of tun formation in 
limiting evaporative water loss is simply due to a 
general reduction in surface area, rather than the 
reduction in areas with higher permeability. The 
most efficient surface area reduction correlates 
with the highest desiccation tolerance, with the 
notable exception of species having rigid and 
thick epicuticular plates such as E. testudo (see 
Wright 1989b).  In  such  species,  air-filled  inner 
epicuticular spaces and a thick intracuticle likely 
compensate for their limited ability to reduce their 
surface area (Wright 1989a). Interestingly, an-
other marine heterotardigrade E. sigismundi sigis-
mundi tolerates dehydration even without tun for-
mation (Hygum et al. 2016). 

Another important prerequisite for the anhy-
drobiotic survival of limno-terrestrial tardigrades 
is a relatively slow pace of desiccation (Crowe 
1970, 1972, 1975; Greven and Greven 1987; 
Wright 1989b, 1989a). Entering anhydrobiosis at 
a slow pace allows for (i) the synthesis of surface 
and/or membrane protectants such as trehalose 
and glycerol in species that utilize them for this 
purpose (Crowe 1975), (ii) the proper packing 
and relocation of the inner organs, preventing 
structural disruption (Czerneková et al. 2017), (iii) 
the expression of parachelan tardigrade-specific 

intrinsically disordered proteins (TDPs), protect-
ing cellular content via vitrification (Boothby et al. 
2017) and (iv) the rearrangement of cuticular li-
pids, significantly decreasing the permeability of 
the cuticle (Wright 1989a).  

In one study, tardigrades that were consist-
ently subjected to successive desiccation-rehy-
dration cycles were unable to form tuns properly 
(individuals entered a "semi-tun"  state), resulting 
in lower survival rates (Czernekova and Jönsson 
2016). Further comparison of desiccated and ac-
tive specimens revealed ultrastructural changes in 
the integument. Desiccated specimens lacked 
pigment granules in the epidermal cells, how-
ever, they exhibited a discontinuous flocculent 
coat and an interstitial granular layer (Czerneková 
et al. 2017). 

Knowledge of the chemical nature of the cuti-
cle is essential for our understanding of anhydro-
biosis. The role of lipids in anhydrobiosis, similarly 
to pigments and other integumental inclusions, 
has been debated (Dewel et al. 1992). While 
Krusberg (1967) and Womersley et al. (1982) 
found no significant correlation between lipid 
content and anhydrobiotic survival in nematodes, 
Wharton et al. (2008) showed the importance of 
the extra-cuticular lipid layer in nematodes and 
Hadley (1984) did the same in arthropods. Cutic-
ular lipids are expected to play a similarly im-
portant role in anhydrobiosis in tardigrades 
(Crowe 1972; Wright 1989b, 1989a). In terrestrial 
insects, the extra-cuticular lipids form the a water-
proof layer that reduces transpiration and pre-
vents desiccation as well (Chung and Carroll 
2015). Lipids were also implied in the production 
of bioprotectants such as glycerol and trehalose, 
however, the studies are contradictory (Madin 
and Crowe 1975; Womersley et al. 1982). 

Although their precise role in anhydrobiosis 
has not yet been determined, lipids are thought 
to be the main transpiration barrier in tardigrades 
(Hadley 1984; Wright 1988b, 1989a). Small lipid 
rosettes or discs have been detected on the tar-
digrade body surface; these likely enclose the cu-
ticular pores and might form an additional perme-
ability barrier (Wright 1988b). Lipids are also the 
main component of the intracuticle and granular 
layers, which have been proposed as the main 
permeability barriers in species of M. tardigradum, 
M. hufelandi and R. oberhaueseri (see Baccetti and 
Rosati 1971; Greven and Robenek 1983; Greven 
and Greven 1987; Wright 1989a; Wright et al. 
1992). The importance of the intracuticle is sup-
ported by the fact that desiccation-tolerant spe-
cies such as R. oberhaeuseri have the thickest in-
tracuticles (Wright 1988a). Together with lipids, 
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chitin might also play an important role in limiting 
the permeability of the cuticle in both tardigrades 
and arthropods (Crowe 1970; Hadley 1984). In 
addition, if certain tardigrade species lack extra-
cuticular lipids (lipid rosettes) or granular layers, 
cuticular lipoproteins might form an important 
permeability barrier. Likewise, the material de-
posited in the procuticle can be distributed 
through the pores or channels to other cuticular 
layers or remain in the procuticle to decrease the 
rate of evaporative water loss (Greven 1972; 
Greven and Greven 1987; Wright 1988b). More-
over, epidermal cells, which are thought to regu-
late the water permeability of the integument in 
arthropods (Hadley 1984), contain a large num-
ber of lipid vacuoles in tardigrades (Czerneková et 
al. 2017).  

The effect of tardigrade ecdysis on desiccation 
survival is largely unexplored. In nematodes, 
moulting has been observed to slow the rate of 
desiccation and thus improved their survival after 
desiccation (Gaur and Perry 1991). In tardigrades, 
moulting does not restrict the organism’s ability 
to form tuns (Fig. 2E; Czerneková et al. 2017). 
Studies on moulting and the secretion activity of 
epidermal cells might thus bring new insight into 
tardigrade physiology. 

Future perspectives and possible biotech-
nological relevance 

The ultrastructure of the tardigrade cuticle has re-
ceived much attention with respect to taxonomy 
and phylogenetic analysis. This review demon-
strates that such knowledge, together with infor-
mation about its chemical composition, can also 
contribute to our understanding of desiccation 
tolerance and the mechanical properties of the 
cuticle. Although past research has uncovered 
some information about the chemical composi-
tion of various cuticular layers, we are still missing 
a more detailed and comprehensive picture (Ta-
ble 3). We also lack information about the bio-
chemical pathways that regulate the formation of 
various cuticular structures. 

Systematic studies on ways to soften and/or 
permeate the cuticles of living specimens without 
severe adverse effects on survival would greatly 
facilitate the development of improved microma-
nipulation and/or electroporation techniques 
(Tenlen et al. 2013; Boothby et al. 2017; McGre-
evy et al. 2018; Tenlen 2018). Such techniques 
would allow researchers to perform controlled 
loss- and gain-of-function experiments in living 
animals. This is necessary for the establishment of 
tardigrades as a genetic model and would bring 

deeper insight into tardigrade biology. Research 
on the molecular mechanisms that drive the re-
markable extremotolerant abilities of tardigrades 
may also help boost innovations in biotechno-
logy. The preservation of cellular integrity under 
desiccation, freeze-drying and radiation are of 
particular interest. Such knowledge could enable 
the engineering of increased tolerance in sensi-
tive species and may advance the development 
of efficient xeroprotection technology (Rebecchi 
et al. 2020).  

The great biotechnological potential of tardi-
grade research is already being applied in a vari-
ety of ways. There are three known parachelan 
TDP families – Cytosolic-, Secreted- and Mito-
chondrial Abundant Heat Soluble proteins (CAHS, 
SAHS and MAHS, respectively; see Yamaguchi et 
al. 2012; Tanaka et al. 2015) – that are either 
highly expressed constitutively or whose expres-
sion is substantially increased in response to des-
iccation (Hesgrove and Boothby 2020). These 
proteins are lacking a persistent tertiary structure 
and do not denaturate upon exposure to various 
abiotic stresses (Boothby et al. 2017; Hesgrove 
and Boothby 2020). Although the precise mech-
anisms of action of these proteins are unknown, 
their protective function has been demonstrated 
in several systems. Overexpression of several 
MAHS proteins in human cells increased their re-
sistance to hyperosmotic shock (Tanaka et al. 
2015), while overexpression of CAHS proteins 
improved desiccation tolerance in yeasts and bac-
teria (Boothby et al. 2017). Recently, CAHS has 
been successfully used to stabilize pharmaceutical 
excipients such as lactate dehydrogenase and lip-
oprotein lipase (Piszkiewicz et al. 2019), which 
suggests that they have a great potential to stabi-
lize protein-based therapeutics.  

Research on radiation tolerance in tardigrades 
has so far focused on dose-responses, survival 
and fertility (Jönsson 2019). Different tardigrade 
species are known to exhibit varying tolerances 
to genotoxic stress (Horikawa et al. 2013), but no 
studies to date have documented the amount of 
DNA damage induced by low doses of non-lethal 
radiation. Tardigrade studies aimed at turning 
off/on specific genes involved in DNA repair and 
protection and in cellular responses to radiation 
such as cell cycle arrest could eventually contri-
bute to cancer research (Jönsson 2019). 

Another promising example of a biotechnolo-
gical application of a tardigrade-specific protein 
involves the novel DNA binding protein damage 
suppressor (Dsup). Dsup was first identified in 
Ramazzottius varieornatus Bertolani & Kinchin, 
1993 and has been found to decrease X-ray-in-
duced damage to DNA in human cells by 40% 



  

142 Michaela Czerneková, Stanislav Vinopal 

 

(Hashimoto et al. 2016). Furthermore, heterolo-
gous expression of Dsup in tobacco plants was 
found to enhance their tolerance to genomuta-
genic stresses, such as treatment with ethylme-
thane sulfonate or bleomycine, and UV- and X-ray 
irradiation (Kirke et al. 2020). Loss of function 
studies would help to elucidate whether the same 
cell-protection systems evolved to cope with the 
cell and DNA damage caused by both desiccation 
and radiation (the cross-tolerance hypothesis). 
While the above examples already demonstrate 
the tremendous biotechnological potential of tar-
digrades, their implications are likely even 
greater, as many tardigrade-specific proteins are 
yet to be discovered, described or functionally 
characterized (Förster et al. 2012; Schokraie et al. 
2012; Hashimoto et al. 2016). 

Several non-tardigrade cuticular enzymes and 
chitin derivates are being increasingly used in 
medicine, pharmacology and biotechnology 
(Saini et al. 2020). In particular, chitosan is a non-
toxic, biocompatible compound that protects 
against pathogenic fungi and bacteria. It has 
many applications in medicine (e.g., drugs and 
vaccines delivery, wound healing, haemostasis) 
and great potential in food preservation and pack-
aging technology (Aider 2010; Akca et al. 2018; 
Zhao et al. 2018). The precise structure and activ-
ity of tardigrade chitosans and chitinases remain 
to be studied, but these compounds could have 
similar practical applications. Finally, recent work 
on a protective pigment found in a novel species 
of Paramacrobiotus (Suma et al. 2020) suggests 
that systematic research on the pigmentation of 
the tardigrade integument could also be very 
fruitful. 

In conclusion, gaining deeper insight into the 
structure and composition of the tardigrade cuti-
cle could lead to many new important biological 
findings. It would also facilitate the development 
of improved techniques for the genetic manipula-
tion of tardigrades. Research on tardigrade cell 
and molecular biology have implications for a 
range of biological disciplines, from evolutionary 
and developmental biology to biotechnology and 
even medicine. 
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