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Elevated external temperature
affects cell ultrastructure

and heat shock proteins (HSPs)

in Paramacrobiotus experimentalis
Kaczmarek, Mioduchowska,
Poprawa, & Roszkowska, 2020
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Marek Michalak?, tukasz Kaczmarek® & Izabela Poprawa?**

Increasing temperature influences the habitats of various organisms, including microscopic
invertebrates. To gain insight into temperature-dependent changes in tardigrades, we isolated
storage cells exposed to various temperatures and conducted biochemical and ultrastructural analysis
in active and tun-state Paramacrobiotus experimentalis Kaczmarek, Mioduchowska, Poprawa, &
Roszkowska, 2020. The abundance of heat shock proteins (HSPs) and ultrastructure of the storage
cells were examined at different temperatures (20 °C, 30 °C, 35 °C, 37 °C, 40 °C, and 42 °C) in storage
cells isolated from active specimens of Pam. experimentalis. In the active animals, upon increase in
external temperature, we observed an increase in the levels of HSPs (HSP27, HSP60, and HSP70).
Furthermore, the number of ultrastructural changes in storage cells increased with increasing
temperature. Cellular organelles, such as mitochondria and the rough endoplasmic reticulum,
gradually degenerated. At 42 °C, cell death occurred by necrosis. Apart from the higher electron
density of the karyoplasm and the accumulation of electron-dense material in some mitochondria (at
42 °C), almost no changes were observed in the ultrastructure of tun storage cells exposed to different
temperatures. We concluded that desiccated (tun-state) are resistant to high temperatures, but not
active tardigrades (survival rates of tuns after 24 h of rehydration: 93.3% at 20 °C, 60.0% at 35 °C,
33.3% at 37 °C, 33.3% at 40 °C, and 20.0% at 42 °C).
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The phylum Tardigrada currently consists of ca. 1,500 species (33 families, 159 genera, 1464 species, and 21
additional subspecies)! that inhabit most terrestrial and aquatic environments worldwide*™.

Tardigrades (water bears) are well-known extremophiles, organisms that are able to survive extreme con-
ditions. Water is essential for tardigrade survival because it keeps them physiologically active. However, as
they desiccate’ and form tuns, by constricting and retracting their head and legs to produce a barrel-shaped,
quiescent body, their bodies lose roughly 95% of their water content®®. To survive the extreme environmental
conditions they experience, many species enter cryptobiosis, a state in which no metabolic activity occurs,
preventing reproduction and development®!’. Cryptobiosis is a widespread and reversible state caused by, for
example, desiccation, particularly in limno-terrestrial animals!!. Different types of cryptobiosis are caused by
various environmental stressors and include anhydrobiosis (caused by lack of water), anoxybiosis (lack of oxy-
gen), chemobiosis'! (chemical composition), cryobiosis (low temperature), and osmobiosis (change in osmotic
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conditions)®!?. During this process various molecules may act as cytoprotectants, including specific proteins'*-'¢.

Currently, only a few proteins: Late Embryogenesis Abundant (LEA) proteins; Cytoplasmic Abundant Heat
Soluble (CAHS) proteins; Secretory Abundant Heat Soluble (SAHS) proteins; Mitochondrial Abundant Heat
Soluble (MAHS) proteins; Dsup (damage suppressor protein), as well as heat shock proteins, are recognized
as cytoprotectants'’~2!, Various HSPs (heat shock proteins), including small heat shock proteins (sHSPs) and
HSP70, are preserved in full range in tardigrades®>-**. Studies of HSPs in tardigrades are primarily focused on
their role in anhydrobiosis*»?*-*’. The sHSPs, such as HSP27 and HSP30C, are upregulated during dehydration
in case of eutardigrade Milnesium tardigradum?®, HSP20-3 and HSP20-6 are upregulated sHSPs in response to
a 24 h heat shock at 35 °C of adult tardigrades in Ramazzottius varieornatus®; however, HSP70 is upregulated
during recovery and rehydration®-**. Also, Ram. varieornatus showed nine heat shock related transcripts were
upregulated (two HSP70 isoforms, one HSP90, one HSP68, one HSP60, and four small HSPs), whereas one
HSP70 and two small HSPs where downregulated of various heat shock transcripts at 35 °C**. This suggests that
the upregulation of small and large HSPs is a response to different stages of stress.

Higher temperature may damage organs, cells and cell components, e.g., storage cells and organ systems such
as the gut, cell membranes, mitochondria, DNA and proteins. Examples of such damage have been documented
in various biological systems, such as sea cucumbers®, spermatid cells of rats®, and tobacco (Nicotiana sylves-
tris)*’. Doyére®® and Pouchet® conducted the first studies of tardigrade thermotolerance in the early nineteenth
century, followed by Li and Wang* who studied thermal adaptation of Macrobiotus harmsworthi (Murray, 19074)
and Rebecchi et al.*?, who studied the tolerance of Borealibius zetlandicus (Murray, 1907*!) at 25-37 °C for 1 h
as well as after 24 h at 36 °C and 38 °C. In a more recent study, Neves et al.*’ reported that Ram. varieornatus
exhibited sensitivity to high temperature in active tardigrades and higher tolerance to high temperature in its
anhydrobiotic states. Furthermore, heat stress tolerance of desiccated (anhydrobiotic) tardigrades appears to be
limited by exposure time as the survival rate of Ram. varieornatus decreased when exposed to higher tempera-
ture for 24 h in comparison with the exposure for 1 h*:. The latest study is by Giovannini et al. where the study
shows that an Antarctic tardigrade species’ (Acutuncus antarcticus (Richters, 1904*%)) life history features and
gene expression are changing as temperatures rise?.

Tardigrades lack a circulatory or respiratory system, but the body cavity is filled with storage cells, which
float freely in the hemolymph or occasionally attach to the basement membranes of other tissues*”*. Storage
cells are responsible for both nutrient transport and storage of lipids, polysaccharides, and pigments (such as
carotenoids)>*. They produce protein substances that combine to form lipid globules and vitellogenins in some
species>**1, Storage cells are ameboid in shape, and their numbers and size are dependent upon the nutritional
state of the animal*”*3. Each storage cell has a very large lobular nucleus with a large, non-homogenous nucleo-
lus in the center. Intracellular organelles, such as mitochondria and rough endoplasmic reticulum cisternae,
are found in the cytoplasm. The cytoplasm also includes non-homogeneous spheres of various sizes®>. Storage
cells are easy to isolate; preserve the arrangement of their organelles. Storage cells also store and produce lipids,
polysaccharides, and protein substances, making them ideal candidates for the study of heat-dependent structural
and biochemical changes. Most importantly, both changes in storage cell ultrastructure and HSP expression
as a function of increased temperature have not been reported in a single study of active and desiccated tardi-
grades. In the present study, we examined ultrastructural changes, as well as the abundance HSP27, HSP60, and
HSP70, in storage cells isolated from heat-treated active specimens and anhydrobiotic tuns of Paramacrobiotus
experimentalis Kaczmarek, Mioduchowska, Poprawa, & Roszkowska, 2020°*. We selected to test the abundance
of these specific HSPs after Schokraie et al.?” found many heat shock proteins, including the ones we employed
in the eutardigrade species Mil. tardigradum. Furthermore, Hsp27 is increased after dehydration in cases of
tardigrade. Mil. tardigradum, Hsp70 has already been reported as a molecular chaperone that may play a role
in desiccation resistance, while hsp60 is an abundant protein and all of these HSPs play roles in anhydrobiosis.

Materials and methods

Animal model

Paramacrobiotus experimentalis specimens were extracted from a sample of mosses collected near Fort-Voyron,
Antananarivo, Antananarivo Province, Madagascar (18° 55’ 35" S, 47° 31’ 23" E, 1,340 m.a.s.L.). Fully active
Pam. experimentalis specimens were used to establish a laboratory population in culture medium (spring water
(Zywiec Zdr6j): double distilled water (ddH,0O) in a 1:3 ratio) on scratched Petri dishes, following the protocol
of Roszkowska et al.>*. Rotifers (Lecane inermis) and nematodes (Caenorhabditis elegans) were added ad libitum
as a food source once per week. Adult, fully active, and non-molting Pam. experimentalis specimens of a medium
body size (~450 um) were selected for experiments.

Experimental design

Heat stress protocol for active animals

All experiments were performed in 1.5 mL Eppendorf tubes containing 10 specimens in 1 mL culture medium.
Three to five independent experiments were conducted for each experimental condition. Each of the Eppendorf
tubes was then placed on a heat block (Benchmark digital heat block, BSH1002) with an open lid for 5 h at a dif-
ferent temperature: 20 °C, 35 °C, 37 °C, 40 °C, and 42 °C. Thereafter, the specimens were used for ultrastructural
and biochemical analysis. These timepoint and temperatures were chosen as experimental groups based on ther-
motolerance experiments known from literature and performed on various tardigrades species (for e.g., Refs.*>*).

Anhydrobiosis protocol
All experiments were performed in covered, vented plastic Petri dishes (@ 35 mm) lined on the bottom with
white filter paper (grammage 85-87, Chemland Company, Poland) (n=15). The specimens were transferred into
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dishes, along with 450 pL of the culture medium, using an automatic pipette. Then, the dishes were placed into
a climate chamber (PolLab, Q-Cell 140), and the individuals were allowed to dry slowly in the dark for 72 h at
20 °C, with 40-50% relative humidity**-®". Once every 24 h, we monitored for tun formation using a stereomi-
croscope. Once tuns were formed, the specimens were subjected to 20 °C, 35 °C, 37 °C, 40 °C, and 42 °C for 5 h.
Then, half of the tuns were directly fixed for light and transmission electron microscopy, and the other half were
left overnight to rehydrate in culture medium for anhydrobiosis success analysis. To check the anhydrobiosis
success rate, specimens (n=15) were rehydrated for 24 h using the culture medium. Thereafter, active animals
were counted, and the percentage of active tardigrades was calculated. These timepoint and temperatures were
chosen as experimental groups based on thermotolerance experiments from literature performed on various
tardigrades species.

Light and transmission electron microscopy

Active or tun-state Pam. experimentalis (n=15 for each condition) were subjected to 20 °C, 35 °C, 37 °C, 40 °C,
or 42 °C for 5 h. Then, the material was fixed with 2.5% glutaraldehyde, postfixed in 2% osmium tetroxide, dehy-
drated, and embedded according to the protocol described by Janelt et al.®*. Semi-thin (800 nm) and ultra-thin
(70 nm) sections were cut using a Leica Ultracut EM UC?7 ultramicrotome. Semi-thin sections were stained with
1% methylene blue in 1% borax and analyzed using an Olympus BX60 light microscope. Ultra-thin sections
were mounted on copper grids and stained with uranyl acetate and lead citrate. Material was examined using a
Hitachi H500 transmission electron microscope at 75 kV or a Hitachi UHR FE-SEM SU 8010 scanning electron
microscope equipped with an ET (Everhart-Thornley) detector for imaging the sections at a low voltage of 25 kV.

Flow cytometry analysis of HSPs

For each condition, 15 active specimens were collected into 1.5 mL Eppendorf tubes in a total of 500 uL of water
and exposed to 20 °C, 35 °C or 42 °C for 5 h. Next, the active state specimens (both alive and dead after heat
treatment) were transferred to a single depression concave slide with phosphate-buffered saline (PBS) and dis-
sected using a BD precision needle (27 G x ¥ in.) (Becton Dickinson). The storage cells were carefully collected
and transferred to 1.5 mL Eppendorf tubes in a total volume of 150 pL of PBS. Cells were fixed with a fixation/
permeabilization buffer (eBioscience Catalog number: 88-8824-00) for 30 min at room temperature (RT), washed
with a blocking buffer containing 1X permeabilization buffer (eBioscience Catalog number: 00-8333-56) with
1% BSA (Bovine serum albumin), and centrifuged at 1500xg for 5 min. Cells were incubated for 40 min at RT
with 20 pL of anti-HSP27 (Ms anti-HSP27 Stress Marq SMC-161b), anti-HSP60 (HSP60 (D307) Antibody, Cell
Signaling Technology), or anti-HSP70 (Rab anti-HSP70 Stress Marq SPC-103D; 1:25 dilution) in the blocking
buffer (i.e., permeabilization buffer (eBioscience) with 1% BSA). Cells were washed with the permeabilization
buffer and 10 pL of diluted 488 donkey anti-mouse antibodies (Invitrogen) or Alexa Fluor 647 goat anti-rabbit
antibodies (Invitrogen) (1:120 final dilution in blocking buffer) were added to each tube, incubated for 1 h, and
then washed in blocking buffer by centrifugation at 1500xg for 5 min. The basal fluorescence levels were defined
by using a sample labelled only with secondary antibodies. Single events were recorded using an LSRFortessa™
X-20 flow cytometer (BD Biosciences Pharmingen). Data analysis was performed using FlowJo™ v10 for PC
(TreeStar). Three to five independent experiments were conducted for each experimental condition.

Statistical analysis for HSP data
The mean fluorescent intensity observed was normalized using control (20 °C) data. We analyzed the differences
between treatments using a nonparametric Friedman test. A value of p <0.05 was deemed statistically significant.

Ethical approval

Samples of moss/lichen containing Pam. experimentalis were collected according to research permission from
the Direction Generale des Forests, Direction de la Valorisation des Ressources Forestieres, Antananarivo, Mada-
gascar (autorisations de recherche: No: 260/15-MEEMF/SG/DGF/DCAP/SCBT and Service de la Gestion Faune
et Flore No: 056N-EA03/MG18). The research does not involve species at risk of extinction.

Results

Ultrastructural analysis of active specimens

At 35 °C, active individuals of Pam. experimentalis shrunk, tucking their legs and head, but did not form tuns,
as in anhydrobiosis. After being transferred to RT, they resumed activity. However, active individuals incubated
at 37 °C, 40 °C, or 42 °C had firmly erect bodies, and after being transferred to RT, they did not resume activity.
The survival rates of active animals after 5 h at 20 °C, 35 °C, 37 °C, 40 °C and 42 °C and wait of 3 h were as fol-
lows: 100.0% at 20 °C, 100.0% at 35 °C, 0.0% at 37 °C, 0.0% at 40 °C, and 0.0% at 42 °C.

At 20 °C, isolated storage cells of the control group remained in the body cavity among the internal organs
(Fig. 1A, sc). The cells had amoeboid or spherical shapes (Fig. 1A,B). A lobular nucleus with a heterogeneous
nucleolus occupied the central part of each cell. The internal region of the nucleolus had a lower electron density
than the external region. The nucleolus was surrounded by clumps of heterochromatin (Fig. 1B). The cytoplasm
was rich in cisternae of the rough endoplasmic reticulum, mitochondria with visible cristae and low electron
density of the matrix, ribosomes, and spheres of the reserve material (Fig. 1B). These spheres varied in size and
electron density.

Similar to the storage cells isolated from control specimens, storage cells isolated from individuals subjected
to 35 °C for 5 h had amoeboid or spherical shapes (Fig. 1C,D). Additionally, each cell’s nucleus had a prominent
heterogeneous nucleolus that occupied the central part of the cell (Fig. 1D). However, we observed changes in
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Figure 1. The storage cells of the active specimens of Paramacrobiotus experimentalis incubated under different
temperature conditions (20 °C/35 °C/37 °C). (A) The storage cells of a control animal (20 °C), longitudinal
section, LM, scale bar 20 um, (B) the ultrastructure of a storage cell of a control animal (20 °C), TEM, scale bar
0.68 um, (C) the storage cells of an animal exposed to 35 °C, longitudinal section, LM, scale bar 20 pm, (D)

the ultrastructure of a storage cell of an animal exposed to 35 °C, TEM, scale bar 0.68 pum. (E) The storage cells
of an animal exposed to 37 °C, transverse section, LM, scale bar 20 pm, (F) the ultrastructure of a storage cell

of an animal exposed to 37 °C, TEM, scale bar 0.68 pm. Note that: A <> P indicates the anteroposterior axis,

D <>V is the dorsoventral axis, while L <> R denote the left and right sides. au autophagic structure, arrow
heterochromatin, mg midgut, m mitochondrion, m* damaged mitochondrion, »n nucleus, #nu nucleolus, ov ovary,
ph pharynx, rm reserve material, RER rough endoplasmic reticulum, sc storage cells.

mitochondria morphology in cells from specimen exposed to 35 °C. Several mitochondria degenerated, gradually
losing cristae. Their matrices had higher electron densities than those of undamaged mitochondria (Fig. 1D).

The storage cells isolated from the specimens subjected to 37 °C for 5 h retained amoeboid or spherical shapes
(Fig. 1E,F), but some of the ultrastructural features were altered. There were numerous degenerating mitochon-
dria, which showed a loss of cristae and a matrix with higher electron density, and autophagic structures in the
cell cytoplasm (Fig. 1F). The cisternae of the rough endoplasmic reticulum exhibited fragmentation. Moreover,
we observed areas of the cytoplasm with low electron density (Fig. 1F). The nucleus and the reserve material
sphere in the cytoplasm showed no visible changes.

The shapes of the storage cells of the specimens subjected to 40 °C for 5 h were highly irregular (Fig. 2A-D).
Many storage cells were shrunk, with many degenerated mitochondria with lost cristae. The mitochondrial
matrix showed medium electron density or was electron lucent (Fig. 2C,D). Numerous autophagic structures
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Figure 2. The storage cells of active specimens of Paramacrobiotus experimentalis incubated under different
temperature conditions (40 °C/42 °C). (A) The storage cells of an animal exposed to 40 °C, transverse section,
LM, scale bar 20 um. (B-D) The ultrastructure of storage cells of animals exposed to 40 °C, TEM, (B) scale

bar 4 pm, C. scale bar 1.1 um, (D) scale bar 1.25 pm, (E) the storage cells of an animal exposed to 42 °C,
longitudinal section, LM, scale bar 20 um, (F-H) the ultrastructure of storage cells of animals exposed to

42 °C, TEM, F. Basal lamina (arrow), scale bar 4.2 um. (G) Basal lamina (arrow), scale bar 4 um, (H) damaged
cell membrane (arrow), scale bar 1.2 pm. Note that: A <> P indicates the anteroposterior axis, D <>V is

the dorsoventral axis, while L <> R denote the left and right sides. au autophagic structure, mg midgut, m
mitochondrion, m* damaged mitochondrion, n nucleus, nu nucleolus, ov ovary, rm reserve material, RER rough
endoplasmic reticulum, sc storage cells.

were present in the cytoplasm of the cells (Fig. 2B-D). No changes were observed in cell nuclei or spheres of the
reserve material (Fig. 2B-D).

The most extensive changes were observed in storage cells isolated from active individuals exposed to 42 °C
(Fig. 2E-H). In these animals, cells and all organs degenerated and were difficult to distinguish (Fig. 2F-H).
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The midgut was identifiable only in that it retained the basal lamina (Fig. 2EG). The storage cells had spherical
shapes (Fig. 2G) and showed features typical of necrosis. The cytoplasm became electron lucent, and the cell
membranes ruptured (Fig. 2H), releasing the cell contents into the body cavity (Fig. 2F-H). The cell nucleus
had distended and assumed a spherical shape, but the nucleolus was still visible (Fig. 2G,H). Mitochondria and
the cisternae of the rough endoplasmic reticulum were no longer evident, while spheres of the reserve material
were still visible (Fig. 2H).

Ultrastructural analysis of desiccated specimens (tun stage)

The survival rates of tuns after 24 h of rehydration were as follows: 93.3% at 20 °C, 60.0% at 35 °C, 33.3% at 37 °C,
33.3% at 40 °C, and 20.0% at 42 °C. Storage cells occupied all free spaces in each tun’s body cavity. The analysis
of the ultrastructure of the storage cells of tuns subjected to the experimental temperatures (35 °C, 37 °C, 40 °C,
and 42 °C) showed no differences compared to cells isolated from control tuns (20 °C) (Figs. 3A-F, 4A-D).
These storage cells had shrunk and had amoeboid shapes. The cytoplasm had a high electron density (Figs. 3,
4B). Frequently, lower electron density was observed in the cytoplasm (Figs. 3B,D, 4D). In the central part of
the cell, there was an irregularly shaped nucleus (Figs. 3B,E, 4B,D) with a nucleolus (Fig. 4B,D). The nucleolus
was surrounded by clumps of heterochromatin-like structures (Fig. 4B). In the storage cells of tuns exposed
to 42 °C, karyolymph had a higher electron density, and large nucleolar vacuoles were visible (Fig. 4D). In the
mitochondria, due to the density of the matrix, the cristae were hardly visible (Figs. 3B,D,F, 4B,D). Electron-dense

- M”'fﬁ' . Fr\,'

Figure 3. The storage cells of tuns of Paramacrobiotus experimentalis incubated under different temperature
conditions (20 °C/35 °C/37 °C). (A) The storage cells of a tun-state control animal (20 °C), longitudinal section,
LM, scale bar 50 pum, (B) the ultrastructure of a storage cell of a tun-state control animal (20 °C), TEM, scale
bar 0.6 um, (C) the storage cells of a tun exposed to 35 °C, longitudinal section, LM, scale bar 50 pm, (D) The
ultrastructure of a storage cell of a tun exposed to 35 °C, TEM, scale bar 0.6 um, (E) the storage cells of a tun
exposed to 37 °C, longitudinal section, LM, scale bar 50 um, (F) the ultrastructure of a storage cell of a tun
exposed to 37 °C, TEM, scale bar 0.6 um. Note that: A <> P indicates the anteroposterior axis while D <>V is
the dorsoventral axis. mg midgut, m mitochondrion, n nucleus, ov ovary, ph pharynx, rm reserve material, RER
rough endoplasmic reticulum, sc storage cells.
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Figure 4. The storage cells of tuns of Paramacrobiotus experimentalis incubated under different temperature
conditions (40 °C/42 °C). (A) The storage cells of a tun exposed to 40 °C, longitudinal section, LM, scale bar
50 pm, (B) the ultrastructure of a storage cell of a tun exposed to 40 °C, TEM, scale bar 0.8 pm, (C) the storage
cells of a tun exposed to 42 °C, longitudinal section, LM, scale bar 50 pm, (D) the ultrastructure of a storage
cell of a tun exposed to 42 °C, TEM, scale bar 0.8 um. Note that: A <> P indicates the anteroposterior axis
while D <> V is the dorsoventral axis. arrow heterochromatin, mg midgut, m mitochondrion, m* damaged
mitochondrion, n nucleus, nu nucleolus, ov ovary, ph pharynx, rm reserve material, RER rough endoplasmic
reticulum, sc storage cells.

material had accumulated in the few remaining mitochondria of storage cells exposed to 42 °C (Fig. 4D). In the
cytoplasm of the storage cells of both the control group and all experimental groups, distended cisternae of the
rough endoplasmic reticulum and spheres of reserve material were visible. These spheres varied in size and had
medium electron densities (Figs. 3B,D,F, 4B,D).

Abundance of HSPs in storage cells of active animals (preliminary findings)

The changes in the abundance of HSPs were examined using flow cytometry in active animals at three different
temperatures: 20 °C (control group, optimal temperature for tardigrade survival), 35 °C (highest temperature at
which active animals survived), and 42 °C (all animals died). The histograms (Fig. 5A) show the detected fluores-
cence for the different HSPs. The graphs show the percentages of HSP* cells (Fig. 5B), and the mean fluorescent
intensity (MFI) values (Fig. 5C) corresponding only to the HSP* cell population. Approximately, 36.0% of the
storage cells were positive for HSP27 when tardigrades were exposed to 20 °C, while the percentages of HSP27*
cells increased to 62.9% (p=0.0133) in animals exposed to 35 °C or 63.6% (p=0.0771, ns) when exposed to
42 °C (Fig. 5B). The MFI values for HSP27* cells showed a similar increase after exposure to 35 °C or 42 °C (1.5
fold increase p=0.0339) (Fig. 5C). The percentages of HSP60* cells were also increased after exposure to 35 °C
(55.3% p=0.1138, ns) or 42 °C (61.2% p=0.0269) compared to 20 °C (43.7%) (Fig. 5B). The MFI values were also
increased at 35 °C (2.2 fold increase p=0.578, ns) or 42 °C (3.1 fold increase p=0.0044) (Fig. 5C). The analysis of
HSP70 showed 36.2% of HSP70" cells at 20 °C and these numbers increase to 52.7% (p =0.0412) at 35 °C or 50.1%
(p=0.1025, ns) at 42 °C (Fig. 5B). The MFI values were increased by 1.7 fold (p=0.0143) at to 35 °C and by 1.2
fold (p=0.2207, ns) at 42 °C (Fig. 5C). So, there was significant increase in MFI values for HSP27 at both 35 °C
and 42 °C, HSP60 at 42 °C and HSP70 at 35 °C. We concluded that there was a parallel increase in the abundance
of all three heat shock proteins in animals exposed to increased external temperatures, compared to controls.

Discussion
Although tardigrades are known for their ability to survive highly unfavorable environmental conditions in a
state of anhydrobiosis, relatively little is known about their resistance to heat stress'®-'>*°, especially in active
individuals®.

In the present study, we compared temperature-induced ultrastructural changes (at 20 °C, 35 °C, 37 °C, 40 °C,
and 42 °C) in both active Pam. experimentalis and those in anhydrobiosis. Active specimens were susceptible to
elevated temperatures. No individual survived 5 h at 37 °C, 40 °C, or 42 °C. This species was much more sensitive
than Ram. varieornatus, which exhibited 50% mortality at 37.1 °C*.

Scientific Reports |

(2024) 14:5097 | https://doi.org/10.1038/s41598-024-55295-z nature portfolio



www.nature.com/scientificreports/

HSP-27% HSP-27
100 * 3+ %
L *
%) w 807 4
% 3 ~ 29 A
5 + 607 D)
s b & a:—
o E
< o 40 s T
3 I = 14 -—eeee A
s} - A =
o ° 20
B3
°
/ 0 T T T 0 T T T
e T T T Q-« ,.,‘Jo bl’bo Q§ & bflr(’
3 4
0 10 10 10
HSP-27
H SP 60 % HSP-60
100 * 8- -
*%
80 A
» 2 = 6
- Q
c o
: 0 B e =
) SN =) o
s d = a2
s} o T
- » 40 . [ z
= I L [ = —
s} ° i 2
O e 20 A A
s
[ T T T 0 T T T
A
< R o & & S
Ll T T T
2
0 10 10 10
HSP-60 ,
HSP-70% HSP-70
*
100+ 2.0
o 80 1.5
= o
2 3 5 —
o \/\; é * % 104 —eoee—
o ! 60- z
Pt 5 T
s}
X
£ : —F— 2= £ o
3 " B '
© 1
T T T 0.0 T T T
S
¢ & o <@ & K3
Ll T T U T T T
2 3 4
0 10 10 10

HSP-70

Figure 5. Levels of heat shock proteins (HSPs) in Pam. experimentalis. (A) Representative histograms of the
flow cytometry analysis of HSP27, HSP60, and HSP70 in storage cells from tardigrades incubated at 20 °C,

35 °C, and 42 °C. The y axis shows the count of events for gated storage cells (according to forward scatter (FSC)
and side scatter (SSC) parameters) and the x axis shows the intensity of fluorescence for each HSP marker. The
negative fluorescence was determined by using secondary antibody control; (B) percentage of HSP27*, HSP60*,
and HSP70* storage cells from tardigrades at 20 °C, 35 °C, and 42 °C; C. Mean fluorescence intensity (MFI)
values for HSP27*, HSP60*, and HSP70" storage cells from tardigrades at 20 °C, 35 °C, and 42 °C. Levels of
significance are represented as: *p <0.05, **p <0.01. Data are from three to five independent experiments.

Storage cells typically float freely in the fluid in the body cavity of tardigrades, but they occasionally attach
to the internal organs. Storage cells contain reserve material (lipids, polysaccharides, and proteins) and
pigments>#74830:5162-64 The reserve material is an energy reservoir that allows tardigrades to survive unfa-
vorable environmental conditions, including entering a state of anhydrobiosis and returning to an active
Stat625,47,50752,63,65,66.

In the species studied, initial changes in the ultrastructure of storage cells were observed in the active indi-
viduals subjected to 35 °C. In these individuals, degeneration of few mitochondria was evident by loss of their
cristae. Mitochondria play an important role in cell physiology, aging, and cell death; therefore, they are among
the first organelles to be affected by changes in environmental conditions®”’. Mitochondrial changes similar
to those we observed in Pam. experimentalis have also been described for Hypsibius exemplaris®® individuals
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incubated in paracetamol for 7 days at a concentration of 1 mg/L and for 28 days at concentrations of 0.2 pg/L,
230 pug/L, and 1 mg/L%. Although this was due to chemical stress, the result was similar to that induced by heat
stress in our experiment. Loss of mitochondrial cristae has also been observed in somatic and germline cells
of various invertebrates exposed to toxic metals®”**”? and in the midgut cells of starved shrimp (Neocaridina
davidi)”. Because mitochondria play a crucial role in the activation of cell death’?, changes in both mitochondrial
ultrastructure and mitochondrial membrane potential are expected to activate cell death’73-7°, Here, we showed
that increased environmental temperature also has profound effects on mitochondrial architecture.

In the storage cells of active Pam. experimentalis incubated at 37 °C, mitochondria degenerated, exhibit-
ing lost cristae in addition to numerous autophagic structures. More striking changes occurred in the storage
cells of individuals incubated at 40 °C. Autophagy is the process during which damaged organelles, such as
mitochondria, cisternae of the endoplasmic reticulum, or structures accumulating xenobiotics, are neutralized
inside autophagosomes. Autophagy is aimed at protecting the cell from death’®”’~7°. An increase in autophagic
structures in tardigrade storage cells incubated at higher temperatures indicated activation of the cells’ defense
mechanisms. Increased autophagy has also been observed in the storage cells of Hys. exemplaris treated with
paracetamol® and in midgut cells of Grevenius granulifer infected with microsporidia®. In the former case,
autophagy was responsible for eliminating damaged cell organelles, and, in the latter, for removing parasites.
Accumulating too many autophagic structures in the cell activates the cell death pathway. Here, we showed that
dramatic changes in storage cells, caused by high temperature, induced autophagy.

Exposure to 42 °C caused the most damage to active individuals. The cytoplasm of Pam. experimentalis stor-
age cells became electron lucent, the cell membranes broke, and the degraded cells and organs displayed classic
symptoms of necrosis. Necrosis is a type of cell death that can be induced by various stressors, such as external
factors, mechanical trauma, or even intensive autophagy’®#%2. The interaction between autophagy and necrosis
has been documented in the midgut cells of tardigrades®? and the fat bodies of myriapods®’. Again, we showed
that high temperature induced these changes.

Active individuals incubated at a higher temperature (37 °C, 40 °C, or 42 °C) did not survive the experiment.
An approximate lifespan under experimental conditions can be estimated by considering the ultrastructural
changes in their storage cells. Specimens incubated at 37 °C showed relatively minor structural change, so they
probably died toward the end of the 5 h experiment. By contrast, specimens incubated at 42 °C died at the
beginning of the experiment, as evidenced by the advanced necrosis of their internal organs and storage cells.

As in previous work on Richtersius coronifer*?, the storage cells of anhydrobiotic specimens of Pam. experimen-
talis were smaller than those of active individuals and had an amoeboid shape. Due to cell shrinkage caused by
water loss, the cytoplasm was electron dense. Similar changes were observed in the storage cells of anhydrobiotic
tuns of Pam. experimentalis in the present study.

Ultrastructural analysis of storage cells in tuns of Pam. experimentalis showed no differences between the cells
exposed to certain elevated temperatures (35 °C, 37° C, or 40 °C) and a control group (20 °C). However, in the
tun storage cells incubated at 42 °C, the karyolymph became denser, and electron-dense material accumulated
in the mitochondria. Czernekova et al.*?, in their study on the effect of temperature on 6-month-old tuns of Ric.
coronifer, also found no ultrastructural changes in storage cells of tuns incubated for 24 h at 50 °C. They reported
that heating the Ric. coronifer tuns reduced survival significantly. Additionally, animals subjected to more intense
heating generally required more time to rehydrate before being revived®. Interestingly, Ramlev and Westh®, who
analyzed the effect of temperature on tuns of Ric. coronifer, found no effect on animal survival at 50-70 °C. By
contrast, survival fell to 20% at 80 °C and 0% at 100 °C. It is difficult to explain these discrepancies. It is likely that,
in the study by Czernekova et al.>?, the 6 months of desiccation prior to exposure to 50 °C may have rendered the
specimens more susceptible to heat stress. Because repair mechanisms are not operating during anhydrobiosis,
damage from oxidative interactions with the surrounding air accumulates over time*2. The non-heated animals
did not show reduced survival after 6 months. The reason for this difference might be that the body may have
been more sensitive to heat injury or less able to mend the combined damage from long-term desiccation and
heating. It appears that the chemical elements required for cell survival, rather than overall cell architecture, were
damaged, causing these harmful effects. In the present study, survival fell to 60.0% at 35 °C, 33.3% at both 37 °C
and 40 °C, and 20.0% at 42 °C. At temperatures between 42 and 45 °C, protein denaturation occurs in cellular
organelles®-*’, which might be another reason for reduced survivability at higher temperatures. Since the dura-
tions of both anhydrobiosis and higher temperature exposure in the present study were minimal, changes in the
ultrastructure of the storage cells were unlikely to significantly affect animal survival. Additional events, including
damage to proteins and other chemical compounds, may play a significant role in the proper functioning of the
cell. This is supported by our analysis of the expression of HSPs in heat-treated organisms Pam. experimentalis.

Three different HSPs (HSP27, HSP60, and HSP70) in active specimens of Pam. experimentalis at 20 °C, 35 °C,
and 42 °C were analyzed using flow cytometry.

Even in cells that are not under stress, HSPs and their molecular partners have been shown to play a vari-
ety of roles in the folding, assembly, intracellular localization, secretion, regulation, and destruction of other
proteins®®*. However, for cytoprotection from extreme cellular stress, including increased temperature, the
rapid expression of inducible HSP70 is essential. Due to their rapid and substantial upregulation in response
to a variety of environmental stressors, proteins in the HSP70 family frequently have been employed as
biomarkers®’. The HSP70 expression appears to be elevated in active specimens following the induction of heat
stress. Also, HSP70 chaperones assist the refolding of heat-denatured peptides to reduce proteolytic destruction,
a conserved process in eukaryotes known as the heat shock response®’. Several heat-soluble protein families, also
called the "tardigrade-unique proteins", as well as the highly conserved heat-inducible HSP70 family, are among
the proteins suspected to play a role in tardigrade thermotolerance. They function as molecular barriers during
anhydrobiosis'”'*2. Their function may be related to mechanisms of repair following stress, such as desiccation®'.
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Likewise, under heat stress, the mitochondrial HSP60 has been shown to form complexes with a number of
polypeptides. The HSP60 is a well-known chaperone and is stress inducible®. Also, HSP60 is necessary to stop
native dihydrofolate reductase (DHFR) imported into mitochondria from becoming thermally inactive in vivo.
When DHER was being thermally denatured in vitro, HSP60 linked to it, preventing it from aggregating and
mediating its adenosine triphosphate-dependent refolding at higher temperatures. This is a generic mecha-
nism by which proteins in the HSP60 family stabilize pre-existing proteins under stressful circumstances’®.
Furthermore, corrigendum to Neves et al.”® reported nine heat shock-related transcripts were increased (two
HSP70 isoforms, one HSP90, one HSP68, one HSP60, and four small HSPs), with one HSP70 and two small HSPs
being downregulated. Eleven CAHS, twelve SAHS, one MAHS, one RvLEAM, and one Dsup showed differential
expressions. Two CAHS and three SAHS transcripts were elevated, while the remaining eutardigrade-specific
transcripts were down-regulated. The HSP60 isoform, not RVLEAM or MAHS, may protect Ram. varieornatus
mitochondria from heat stress. In the present study, the expression of HSP60 was also upregulated with heat
stress. Because of their constant exposure to temperature fluctuations, cells increase their resistance to stress by
upregulating the expression of HSP60 when necessary®.

Nonetheless, HSP27, a sHSP, also showed increased expression at higher temperatures. In both prokaryotic
and eukaryotic cells, sHSPs were identified as a collection of proteins with a molecular mass ranging from 15 to
42 kDa”. Through their involvement in the modulation of cellular redox states, sHSPs were recognized to play
arole in the regulation of other cellular functions, such as apoptosis and differentiation, in mammalian cells, in
addition to promoting cell survival in response to stress®. Furthermore, two crystallin sHSPs (Mt-sHSP17.2 and
Mt-sHSP19.5) from the tardigrade Mil. inceptum®® were reported to form sizable complexes under heat stress
conditions, potentially stabilizing the structure of other proteins®. Interestingly, despite not being regulated
during anhydrobiosis, the expression of one of these HSPs (Mt-sHSP17.2) is elevated by heat shock treatment
of active specimens®. Recently, Hibshman et al.'® discovered that sHSPs were among the most abundant tran-
scripts recorded in two separate RNA-seq datasets of Hys. exemplaris, which implies that sHSPs may be more
transcriptionally responsive to temperature changes than large HSPs. Also, Al-Ansari et al.” identified two
members of the small heat shock protein (sHSP) family in Ram. varieornatus, HSP20-3 and HSP20-6. These are
the most strongly upregulated sHSPs in adult tardigrades after a 24-h heat shock at 35 °C, with HSP20-3 being
one of the most significantly elevated across the transcriptome.

Data availability

All relevant data are within the paper.

Received: 25 July 2023; Accepted: 22 February 2024
Published online: 01 March 2024

References

1. Degma, P. & Guidetti, R. Actual checklist of Tardigrada species. (2009-2023). https://doi.org/10.25431/11380_1178608.

2. Ramazzotti, G. & Maucci, W. II Phylum Tardigrada. III. edizione riveduta e aggiornata. Pallanza: Mem. Ist. Ital. Idrobiol. 41,
1-1012 (1983).

3. Beasley, C. W. The Phylum Tardigrada. Third Edition by G. Ramazzotti and W. Maucci, English Translation. (P. Abilene, USA,
1995).

4. Nelson, D. R., Guidetti, R., Rebecchi, L., Kaczmarek, L. & McInnes, S. Phylum Tardigrada. in Thorp and Covich’s Freshwater
Invertebrates 505-522 (Elsevier, 2020). https://doi.org/10.1016/B978-0-12-804225-0.00015-0.

5. Crowe, J. H. Evaporative water loss by tardigrades under controlled relative humidities. Biol. Bull. 142, 407-416. https://doi.org/
10.2307/1540318 (1972).

6. Crowe, J. H. & Madin, K. A. Anhydrobiosis in tardigrades and nematodes. Trans. Am. Micr. Soc. 93, 513. https://doi.org/10.
2307/3225155 (1974).

7. Bertolani, R. et al. Experiences with dormancy in tardigrades. J. Limnol. 63, 16 (2004).

8. Halberg, K. A, Jorgensen, A. & Mobjerg, N. Desiccation Tolerance in the tardigrade Richtersius coronifer relies on muscle medi-
ated structural reorganization. PLoS ONE 8, e85091. https://doi.org/10.1371/journal.pone.0085091 (2013).

9. Keilin, D. The Leeuwenhoek Lecture—The problem of anabiosis or latent life: History and current concept. Proc. R. Soc. Lond.
B 150, 149-191 (1959).

10. Greven, H. From Johann August Ephraim Goeze to Ernst Marcus: A ramble through the history of early tardigrade research
(1773 Until 1929), in: R.O. Schill (Ed.), Water Bears: The biology of tardigrades, Springer International Publishing, Cham. 1-55.
https://doi.org/10.1007/978-3-319-95702-9_1 (2018).

11. Mobjerg, N. et al. Survival in extreme environments - on the current knowledge of adaptations in tardigrades: Adaptation to
extreme environments in tardigrades. Acta Physiol. 202, 409-420 (2011).

12. Nelson, D. R, Guidetti, R. & Rebecchi, L. Phylum Tardigrada. in Thorp and Covich’s Freshwater Invertebrates 347-380 (Elsevier,
2015). https://doi.org/10.1016/B978-0-12-385026-3.00017-6.

13. Wright, J. C. Cryptobiosis 300 years on from van Leuwenhoek: What have we learned about tardigrades?. Zool. Anz. 240,
563-582. https://doi.org/10.1078/0044-5231-00068 (2001).

14. Neuman, Y. Cryptobiosis: A new theoretical perspective. Prog. Biophys. Mol. 92, 258-267. https://doi.org/10.1016/j.pbiomolbio.
2005.11.001 (2006).

15. Welnicz, W. et al. Frohme, Anhydrobiosis in tardigrades—The last decade. J. Insect Physiol. 57, 577-583. https://doi.org/10.
1016/j.jinsphys.2011.03.019 (2011).

16. Boothby, T. C. et al. Tardigrades use intrinsically disordered proteins to survive desiccation. Mol. Cell. 65, 975-984.e5. https://
doi.org/10.1016/j.molcel.2017.02.018 (2017).

17. Yamaguchi, A. et al. Two novel heat-soluble protein families abundantly expressed in an anhydrobiotic tardigrade. PLoS ONE
7, €44209. https://doi.org/10.1371/journal.pone.0044209 (2012).

18. Tanaka, S. et al. Novel Mitochondria-targeted heat-soluble proteins identified in the anhydrobiotic tardigrade improve osmotic
tolerance of human cells. PLoS ONE 10, e0118272. https://doi.org/10.1371/journal.pone.0118272 (2015).

19. Hashimoto, T. et al. Extremotolerant tardigrade genome and improved radiotolerance of human cultured cells by tardigrade-
unique protein. Nat. Commun. 7, 12808 (2016).

Scientific Reports |

(2024) 14:5097 | https://doi.org/10.1038/s41598-024-55295-z nature portfolio


https://doi.org/10.25431/11380_1178608
https://doi.org/10.1016/B978-0-12-804225-0.00015-0
https://doi.org/10.2307/1540318
https://doi.org/10.2307/1540318
https://doi.org/10.2307/3225155
https://doi.org/10.2307/3225155
https://doi.org/10.1371/journal.pone.0085091
https://doi.org/10.1007/978-3-319-95702-9_1
https://doi.org/10.1016/B978-0-12-385026-3.00017-6
https://doi.org/10.1078/0044-5231-00068
https://doi.org/10.1016/j.pbiomolbio.2005.11.001
https://doi.org/10.1016/j.pbiomolbio.2005.11.001
https://doi.org/10.1016/j.jinsphys.2011.03.019
https://doi.org/10.1016/j.jinsphys.2011.03.019
https://doi.org/10.1016/j.molcel.2017.02.018
https://doi.org/10.1016/j.molcel.2017.02.018
https://doi.org/10.1371/journal.pone.0044209
https://doi.org/10.1371/journal.pone.0118272

www.nature.com/scientificreports/

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hesgrove, C. & Boothby, T. C. The biology of tardigrade disordered proteins in extreme stress tolerance. Cell Commun. Signal.
18, 178. https://doi.org/10.1186/5s12964-020-00670-2 (2020).

Minguez-Toral, M. et al. A computational structural study on the DNA-protecting role of the tardigrade-unique Dsup protein.
Sci. Rep. 10, 13424. https://doi.org/10.1038/s41598-020-70431-1 (2020).

Forster, E. et al. Transcriptome analysis in tardigrade species reveals specific molecular pathways for stress adaptations, Bioinform.
Biol. Insights 6, BBL.S9150. https://doi.org/10.4137/BBI.S9150 (2012).

Forster, F et al. Tardigrade workbench: Comparing stress-related proteins, sequence-similar and functional protein clusters as
well as RNA elements in tardigrades. BMC Genomics 10, 469 (2009).

Yoshida, Y. et al. Comparative genomics of the tardigrades Hypsibius dujardini and Ramazzottius varieornatus. PLoS Biol. 15,
€2002266. https://doi.org/10.1371/journal.pbio.2002266 (2017).

Reuner, A. et al. Stress response in tardigrades: differential gene expression of molecular chaperones. Cell Stress Chaperones 15,
423-430 (2010).

Schokraie, E. et al. Investigating heat shock proteins of tardigrades in active versus anhydrobiotic state using shotgun proteomics.
JZSER. 49, 111-119. https://doi.org/10.1111/j.1439-0469.2010.00608.x (2011).

Schokraie, E. et al. Proteomic analysis of tardigrades: Towards a better understanding of molecular mechanisms by anhydrobiotic
organisms. PLoS ONE 5, €9502. https://doi.org/10.1371/journal.pone.0009502 (2010).

Wang, C. et al. Towards Decrypting Cryptobiosis—analyzing anhydrobiosis in the tardigrade Milnesium tardigradum using
transcriptome sequencing. PLoS ONE 9, €92663. https://doi.org/10.1371/journal.pone.0092663 (2014).

Al-Ansari, M. et al. The major inducible small heat shock protein HSP20-3 in the tardigrade Ramazzottius varieornatus forms
filament-like structures and is an active chaperone. Cell Stress Chaperones https://doi.org/10.1016/j.cstres.2023.12.001 (2023).
Schill, R. O., Steinbriick, G. H. B. & Kohler, H.-R. Stress gene (hsp70) sequences and quantitative expression in Milnesium
tardigradum (Tardigrada) during active and cryptobiotic stages. J. Exp. Biol. 207, 1607-1613. https://doi.org/10.1242/jeb.00935
(2004).

Jonsson, K.I. & Schill, R.O. Induction of Hsp70 by desiccation, ionising radiation and heat-shock in the eutardigrade Richtersius
coronifer. Comp. Biochem. Physiol. B, Biochem. Mol. Biol. 146, 456-460. https://doi.org/10.1016/j.cbpb.2006.10.111 (2007).
Rizzo, A.M. et al. Antioxidant defences in hydrated and desiccated states of the tardigrade Paramacrobiotus richtersi. Comp.
Biochem. Physiol. B, Biochem. Mol. Biol. 156, 115-121. https://doi.org/10.1016/j.cbpb.2010.02.009 (2010).

Alterio, T., Guidetti, R., Boschini, D. & Rebecchi, L. Heat shock proteins in encysted and anhydrobiotic eutardigrades. J. Limnol.
71,22 (2012).

Neves, R. C. et al. Differential expression profiling of heat stressed tardigrades reveals major shift in the transcriptome. Cormp.
Biochem. Physiol. Part A: Mol. Integr. Physiol. 267, 111169. https://doi.org/10.1016/j.cbpa.2022.111169 (2022).

Wang, S. et al. Ultrastructural variation and key ER chaperones response induced by heat stress in intestinal cells of sea cucumber
Apostichopus japonicus. J. Ocean. Limnol. 39, 317-328. https://doi.org/10.1007/s00343-020-9265-8 (2021).

Kanter, M., Aktas, C. & Erboga, M. Heat stress decreases testicular germ cell proliferation and increases apoptosis in short term:
An immunohistochemical and ultrastructural study. Toxicol. Ind. Health. 29, 99-113. https://doi.org/10.1177/0748233711425082
(2013).

Kandasamy, M. K. & Kristen, U. Ultrastructural responses of tobacco pollen tubes to heat shock. Protoplasma 153, 104-110
(1989).

Doyeére, P. L. N. Memoires sur les tardigrade. Sur le facilité possedent les tardigrades, les rotifers, les anguillules de toit et quelques
autre animalcules, de revenir a la vie aprés été completement déssechées. Annal. Sci. Nat. Zool. Biol. Anim. 5-35 (1842).
Pouchet, F. Nouvelles experiences sur les animaux pseudoressuscitants. C. R. Seances Acad. Sci. 452 (1859).

Li, X. & Wang, L. Effect of thermal acclimation on preferred temperature, avoidance temperature and lethal thermal maximum
of Macrobiotus harmsworthi Murray (Tardigrada, Macrobiotidae). J. Therm. Biol. 30, 443-448. https://doi.org/10.1016/j.jther
bi0.2005.05.003 (2005).

Murray, J. XXV.—Arctic Tardigrada, collected by Wm. S. Bruce. Trans. R. Soc. Edinb. 45, 669-681 (1907).

Rebecchi, L. et al. Stress response of a boreo-alpine species of tardigrade, Borealibius zetlandicus (Eutardigrada, Hypsibiidae).
J. Limnol. 68, 64. https://doi.org/10.4081/jlimnol.2009.64 (2009).

Neves, R. C. et al. Thermotolerance experiments on active and desiccated states of Ramazzottius varieornatus emphasize that
tardigrades are sensitive to high temperatures. Sci. Rep. 10, 94. https://doi.org/10.1038/541598-019-56965-z (2020).

Neves, R. C,, Stuart, R. M. & Mgbjerg, N. New insights into the limited thermotolerance of anhydrobiotic tardigrades. Commun.
Integr. Biol. 13, 140-146. https://doi.org/10.1080/19420889.2020.1812865 (2020).

Richters, F. Vorldufiger Bericht tiber die antarktische Moosfauna. Verh. Dtsch. Zool. Ges. 236-239 (1904).

Giovannini, I. et al. Increasing temperature-driven changes in life history traits and gene expression of an Antarctic tardigrade
species. Front. Physiol. 14, 1258932. https://doi.org/10.3389/fphys.2023.1258932 (2023).

Weglarska, B. Studies on the morphology of Macrobiotus richtersi Murray, 1911. Mem. Ist. Ital. Idrobiol. 445-464 (1975).
Dewel, N. A, Nelson, D. R. & Dewel, W. C. Microscopic Anatomy of Invertebrates. vol. Onychophora, Chilopoda and lesser
Protostomia: Tardigrada (John Wiley & Sons Inc, 1993).

Weglarska, B. On the encystation in Tardigrada. Zool. Pol. 315-322 (1957).

Szymanska, B. Interdependence between storage bodies and egg developmental stages in Macrobiotus richtersi Murray, 1911
(Tardigrada). A. Biol. Crac. XXXVI, 41-50 (1994).

Poprawa, 1. Ultrastructural changes of the storage cells during oogenesis in Dactylobiotus dispar (Murray, 1907) (Tardigrada:
Eutardigrada). Zool. Pol. 13-18 (2006).

Czernekova, M. et al. A comparative ultrastructure study of storage cells in the eutardigrade Richtersius coronifer in the hydrated
state and after desiccation and heating stress. PLoS ONE 13, €0201430. https://doi.org/10.1371/journal.pone.0201430 (2018).
Kaczmarek, L. et al. Integrative description of bisexual Paramacrobiotus experimentalis sp. nov. (Macrobiotidae) from republic
of Madagascar (Africa) with microbiome analysis. Mol. Phyl. Evol. 145, 106730. https://doi.org/10.1016/j.ympev.2019.106730
(2020).

Roszkowska, M. et al. Tips and tricks how to culture water bears: Simple protocols for culturing eutardigrades (Tardigrada)
under laboratory conditions. EZ] 88, 449-465. https://doi.org/10.1080/24750263.2021.1881631 (2021).

Boschini, D., Bertolani, R. & Rebecchi, L. Thermotolerance and thermal acclimation in active tardigrades. https://iris.unimore.
it/handle/11380/596038 (2006).

Roszkowska, M. et al. How long can tardigrades survive in the anhydrobiotic state? A search for tardigrade anhydrobiosis pat-
terns. PLoS ONE 18, €0270386. https://doi.org/10.1371/journal.pone.0270386 (2023).

Poprawa, I. et al. Verification of Hypsibius exemplaris Gasiorek et al., 2018 (Eutardigrada; Hypsibiidae) application in anhydro-
biosis research. PLoS ONE 17, €0261485 (2022).

Erdmann, W,, Idzikowski, B., Kowalski, W., Kosicki, J. Z. & Kaczmarek, L. Tolerance of two anhydrobiotic tardigrades Echiniscus
testudo and Milnesium inceptum to hypomagnetic conditions. Peer] 9, €10630. https://doi.org/10.7717/peerj.10630 (2021).
Wojciechowska, D. et al. Mitochondrial alternative oxidase contributes to successful tardigrade anhydrobiosis. Front. Zool. 18,
15. https://doi.org/10.1186/s12983-021-00400-5 (2021).

Roszkowska, M. et al. Tolerance to anhydrobiotic conditions among two coexisting tardigrade species differing in life strategies.
Zool. Stud. (2021).

Scientific Reports |

(2024) 14:5097 |

https://doi.org/10.1038/s41598-024-55295-z nature portfolio


https://doi.org/10.1186/s12964-020-00670-2
https://doi.org/10.1038/s41598-020-70431-1
https://doi.org/10.4137/BBI.S9150
https://doi.org/10.1371/journal.pbio.2002266
https://doi.org/10.1111/j.1439-0469.2010.00608.x
https://doi.org/10.1371/journal.pone.0009502
https://doi.org/10.1371/journal.pone.0092663
https://doi.org/10.1016/j.cstres.2023.12.001
https://doi.org/10.1242/jeb.00935
https://doi.org/10.1016/j.cbpb.2006.10.111
https://doi.org/10.1016/j.cbpb.2010.02.009
https://doi.org/10.1016/j.cbpa.2022.111169
https://doi.org/10.1007/s00343-020-9265-8
https://doi.org/10.1177/0748233711425082
https://doi.org/10.1016/j.jtherbio.2005.05.003
https://doi.org/10.1016/j.jtherbio.2005.05.003
https://doi.org/10.4081/jlimnol.2009.64
https://doi.org/10.1038/s41598-019-56965-z
https://doi.org/10.1080/19420889.2020.1812865
https://doi.org/10.3389/fphys.2023.1258932
https://doi.org/10.1371/journal.pone.0201430
https://doi.org/10.1016/j.ympev.2019.106730
https://doi.org/10.1080/24750263.2021.1881631
https://iris.unimore.it/handle/11380/596038
https://iris.unimore.it/handle/11380/596038
https://doi.org/10.1371/journal.pone.0270386
https://doi.org/10.7717/peerj.10630
https://doi.org/10.1186/s12983-021-00400-5

www.nature.com/scientificreports/

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

90.

91.

92.

93.

94.

95.

96.

97.

Janelt, K., Jezierska, M. & Poprawa, I. The female reproductive system and oogenesis in Thulinius ruffoi (Tardigrada, Eutardigrada,
Isohypsibiidae). Arthropod Struct. Dev. 50, 53-63. https://doi.org/10.1016/j.asd.2019.04.003 (2019).

Mobjerg, N., Jorgensen, A., Kristensen, R. M. & Neves, R. C. Morphology and Functional Anatomy. in Water Bears: The Biol-
ogy of Tardigrades (ed. Schill, R. O.) vol. 2 57-94 (Springer International Publishing, Cham, 2018). https://doi.org/10.1007/
978-3-319-95702-9_2.

Hyra, M. et al. Ultrastructural changes in the midgut epithelium of Hypsibius dujardini (Doyere, 1840) (Tardigrada, Eutardigrada,
Hypsibiidae) in relation to oogenesis. Zool. J. Linn. Soc. 178, 897-906. https://doi.org/10.1111/20j.12467 (2016).
Wieczorkiewicz, E, Sojka, J. & Poprawa, I. Effect of paracetamol on the storage cells of Hypsibius exemplaris—ultrastructural
analysis. ZJLS (2023). https://doi.org/10.1093/zoolinnean/zlad051.

Rosati, F. Ricerche di microscopia elettronica sui Tardigradi. II. I globuli cavitari. in 1439-1452 (Atti dellAccademie dei Fisioc-
ritici, Siena, 1968).

Jonsson, K. I. & Rebecchi, L. Experimentally induced anhydrobiosis in the tardigrade Richtersius coronifer : phenotypic factors
affecting survival: Anhydrobiosis survival in Richtersius coronifer. J. Exp. Zool. 293, 578-584. https://doi.org/10.1002/jez.10186
(2002).

Rost-Roszkowska, M. et al. Effects of cadmium on mitochondrial structure and function in different organs: Studies on the
soil centipede Lithobius forficatus (Myriapoda, Chilopoda). EZ] 88, 632-648. https://doi.org/10.1080/24750263.2021.1912199
(2021).

Gasiorek, P, Stec, D., Morek, W. & Michalczyk, L. An integrative redescription of Hypsibius dujardini (Doyére, 1840), the nominal
taxon for Hypsibioidea (Tardigrada: Eutardigrada). Zootaxa 4415, 45-75. https://doi.org/10.11646/zootaxa.4415.1.2 (2018).
Siekierska, E. & Urbanska-Jasik, D. Cadmium effect on the ovarian structure in earthworm Dendrobaena veneta (Rosa). Environ.
Pollut. 120, 289-297. https://doi.org/10.1016/50269-7491(02)00152-5 (2002).

Poprawa, I. et al. Ovaries and testes of Lithobius forficatus (Myriapoda, Chilopoda) react differently to the presence of cadmium
in the environment. Sci. Rep. 12, 6705. https://doi.org/10.1038/s41598-022-10664-4 (2022).

Wlodarczyk, A. et al. The effect of starvation and re-feeding on mitochondrial potential in the midgut of Neocaridina davidi
(Crustacea, Malacostraca). PLoS ONE 12, €0173563. https://doi.org/10.1371/journal.pone.0173563 (2017).

Orrenius, S. Mitochondrial regulation of apoptotic cell death. Toxicol. Lett. 149, 19-23. https://doi.org/10.1016/j.toxlet.2003.12.
017 (2004).

Mannella, C. A. Structural diversity of mitochondria: functional implications. Ann. N. Y. Acad. Sci. 1147, 171-179. https://doi.
org/10.1196/annals.1427.020 (2008).

Kaminskyy, V. O. & Zhivotovsky, B. Free radicals in cross talk between autophagy and apoptosis. Antioxid. Redox. Signal. 21,
86-102. https://doi.org/10.1196/annals.1427.020 (2014).

Redza-Dutordoir, M. & Averill-Bates, D. A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochem.
Biophys. Acta Mol. Cell Res. 1863, 2977-2992. https://doi.org/10.1016/j.bbamcr.2016.09.012 (2016).

Sonakowska, L. et al. Cell death in the epithelia of the intestine and hepatopancreas in Neocaridina heteropoda (Crustacea,
Malacostraca). PLoS ONE 11, e0147582. https://doi.org/10.1371/journal.pone.0147582 (2016).

Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12,
1-222. https://doi.org/10.1080/15548627.2015.1100356 (2016).

Klionsky, D. . et al. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition) . Autophagy 17,
1-382. https://doi.org/10.1080/15548627.2020.1797280 (2021).

Rost-Roszkowska, M. et al. Influence of soil contaminated with cadmium on cell death in the digestive epithelium of soil cen-
tipede Lithobius forficatus (Myriapoda, Chilopoda). EZ] 87, 242-262. https://doi.org/10.1080/24750263.2020.1757168 (2020).
Rost-Roszkowska, M. M., Poprawa, I. & Kaczmarek, L. Autophagy as the cell survival in response to a microsporidian infection
of the midgut epithelium of Isohypsibius granulifer granulifer (Eutardigrada: Hypsibiidae). Acta Zool. 94, 273-279. https://doi.
org/10.1111/j.1463-6395.2011.00552.x (2013).

Wilczek, G. et al. Apoptotic and necrotic changes in the midgut glands of the wolf spider Xerolycosa nemoralis (Lycosidae) in
response to starvation and dimethoate exposure. Ecotoxicol. Environ. Saf. 101, 157-167. https://doi.org/10.1016/j.ecoenv.2013.
09.034 (2014).

Rost-Roszkowska, M. M., Janelt, K. & Poprawa, 1. The role of autophagy in the midgut epithelium of Parachela (Tardigrada).
Zoomorphology 137, 501-509. https://doi.org/10.1007/s00435-018-0407-x (2018).

Rost-Roszkowska, M. et al. Effects of short- and long-term exposure to cadmium on salivary glands and fat body of soil centi-
pede Lithobius forficatus (Myriapoda, Chilopoda): Histology and ultrastructure. Micron 137, 102915. https://doi.org/10.1016/j.
micron.2020.102915 (2020).

Ramlov, H. & Westh, P. Cryptobiosis in the eEutardigrade Adorybiotus (Richtersius) coronifer: Tolerance to alcohols, temperature
and de novo protein synthesis. Zool. Anz. 240, 517-523. https://doi.org/10.1078/0044-5231-00062 (2001).

Nguyen, V. T., Morange, M. & Bensaude, O. Protein denaturation during heat shock and related stress. J. Biol. Chem. 264,
10487-10492. https://doi.org/10.1016/S0021-9258(18)81647-7 (1989).

Lepock, J., Frey, H. & Ritchie, K. Protein denaturation in intact hepatocytes and isolated cellular organelles during heat shock.
J. Cell Biol. 122, 1267-1276. https://doi.org/10.1083/jcb.122.6.1267 (1993).

Wolkers, W. E,, Tablin, E. & Crowe, J. H. From anhydrobiosis to freeze-drying of eukaryotic cells. Comp. Biochem. Physiol. Mol.
Amp. Integr. Physiol. 131, 535-543. https://doi.org/10.1016/s1095-6433(01)00505-0 (2002).

Gething, M.-J. & Sambrook, J. Protein folding in the cell. Nature 355, 33-45. https://doi.org/10.1038/355033a0 (1992).
Gething, M.-]. Guidebook to Molecular Chaperones and Protein Folding Catalysts (Oxford University Press, 1997).

Jonsson, H., Schiedek, D., Gokseyr, A. & Grosvik, B. E. Expression of cytoskeletal proteins, cross-reacting with anti-CYPIA,
in Mytilus sp. exposed to organic contaminants. Aquatic Toxicol. 78, S42-S48. https://doi.org/10.1016/j.aquatox.2006.02.014
(2006).

Silver, J. T. & Noble, E. G. Regulation of survival gene hsp70. Cell Stress Chaperones 17, 1-9. https://doi.org/10.1007/s12192-
011-0290-6 (2012).

Kamilari, M., Jorgensen, A., Schiott, M. & Mebjerg, N. Comparative transcriptomics suggest unique molecular adaptations
within tardigrade lineages. BMC Genomics 20, 607. https://doi.org/10.1186/s12864-019-5912-x (2019).

Shi, H. N. et al. Short communication effect of heat stress on heat-shock protein (Hsp60) mRNA expression in rainbow trout
Oncorhynchus mykiss. Genet. Mol. Res. 14, 5280-5286. https://doi.org/10.4238/2015.May.18.20 (2015).

Martin, J., Horwich, A. L. & Hartl, E. U. Prevention of protein denaturation under heat stress by the chaperonin Hsp60. Science
258, 995-998. https://doi.org/10.1126/science.1359644 (1992).

Soltys, B. J. & Gupta, R. S. Immunoelectron microscopic localization of the 60-kDa heat shock chaperonin protein (Hsp60) in
mammalian cells. Exp. Cell Res. 222, 16-27. https://doi.org/10.1006/excr.1996.0003 (1996).

Neves, R. C. et al. Corrigendum to “Differential expression profiling of heat stressed tardigrades reveals major shift in the
transcriptome” [Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 267 (2022), 111169].
Compar. Biochem. Physiol. Part A Mol. Integr. Physiol. 274, 111316. https://doi.org/10.1016/j.cbpa.2022.111316 (2022).

Sun, W,, Van Montagu, M. & Verbruggen, N. Small heat shock proteins and stress tolerance in plants. BBA- Gene Str. Exp. 1577,
1-9. https://doi.org/10.1016/s0167-4781(02)00417-7 (2002).

Scientific Reports |

(2024) 14:5097 |

https://doi.org/10.1038/s41598-024-55295-z nature portfolio


https://doi.org/10.1016/j.asd.2019.04.003
https://doi.org/10.1007/978-3-319-95702-9_2
https://doi.org/10.1007/978-3-319-95702-9_2
https://doi.org/10.1111/zoj.12467
https://doi.org/10.1093/zoolinnean/zlad051
https://doi.org/10.1002/jez.10186
https://doi.org/10.1080/24750263.2021.1912199
https://doi.org/10.11646/zootaxa.4415.1.2
https://doi.org/10.1016/S0269-7491(02)00152-5
https://doi.org/10.1038/s41598-022-10664-4
https://doi.org/10.1371/journal.pone.0173563
https://doi.org/10.1016/j.toxlet.2003.12.017
https://doi.org/10.1016/j.toxlet.2003.12.017
https://doi.org/10.1196/annals.1427.020
https://doi.org/10.1196/annals.1427.020
https://doi.org/10.1196/annals.1427.020
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1371/journal.pone.0147582
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1080/24750263.2020.1757168
https://doi.org/10.1111/j.1463-6395.2011.00552.x
https://doi.org/10.1111/j.1463-6395.2011.00552.x
https://doi.org/10.1016/j.ecoenv.2013.09.034
https://doi.org/10.1016/j.ecoenv.2013.09.034
https://doi.org/10.1007/s00435-018-0407-x
https://doi.org/10.1016/j.micron.2020.102915
https://doi.org/10.1016/j.micron.2020.102915
https://doi.org/10.1078/0044-5231-00062
https://doi.org/10.1016/S0021-9258(18)81647-7
https://doi.org/10.1083/jcb.122.6.1267
https://doi.org/10.1016/s1095-6433(01)00505-0
https://doi.org/10.1038/355033a0
https://doi.org/10.1016/j.aquatox.2006.02.014
https://doi.org/10.1007/s12192-011-0290-6
https://doi.org/10.1007/s12192-011-0290-6
https://doi.org/10.1186/s12864-019-5912-x
https://doi.org/10.4238/2015.May.18.20
https://doi.org/10.1126/science.1359644
https://doi.org/10.1006/excr.1996.0003
https://doi.org/10.1016/j.cbpa.2022.111316
https://doi.org/10.1016/s0167-4781(02)00417-7

www.nature.com/scientificreports/

98. Arrigo, A. P. Small stress proteins: chaperones that act as regulators of intracellular redox state and programmed cell death. Biol.
Chem. 19-26 (1998).
99. Morek, W. et al. Redescription of Milnesium alpigenum Ehrenberg, 1853 (Tardigrada: Apochela) and a description of Milnesium
inceptum sp. nov., a tardigrade laboratory model. Zootaxa 4586, 35. https://doi.org/10.11646/zootaxa.4586.1.2 (2019).
100. Hibshman, J. D., Carra, S. & Goldstein, B. Tardigrade small heat shock proteins can limit desiccation-induced protein aggrega-
tion. Commun. Biol. 6, 121. https://doi.org/10.1038/s42003-023-04512-y (2023).

Acknowledgements

Studies have been partially conducted in the framework of activities of BARg (Biodiversity and Astrobiology
Research group). PK is scholarship holder of Passport to the future—Interdisciplinary doctoral studies at the
Faculty of Biology, Adam Mickiewicz University, Poznan, Poland POWR.03.02.00-00-1006/17. We thank Paul
LaPoint (University of Alberta) for a generous gift of anti-HSP antibodies. Research in M.M. laboratory (Uni-
versity of Alberta) is supported by a generous donation from the Kenneth and Sheelagh McCourt family. The
authors also wish to thank Cambridge Proofreading LLC (http://proofreading.org) for their linguistic assistance.

Author contributions

Conceptualization, PK. and L.K.; data curation, P.K., M.P. and I.P,; investigation, P.K., M.P. and I.P;; methodol-
ogy, PK.,, M.P, M.M., EW,, LP. and L.K; statistical analysis, PK. and M.P; validation, all authors; supervision,
M.M,, L.P. and L.K; writing—original draft, PK. and I.P; writing—review and editing, all authors. All authors
accepted the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to PX. or L.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:5097 | https://doi.org/10.1038/s41598-024-55295-z nature portfolio


https://doi.org/10.11646/zootaxa.4586.1.2
https://doi.org/10.1038/s42003-023-04512-y
http://proofreading.org
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Elevated external temperature affects cell ultrastructure and heat shock proteins (HSPs) in Paramacrobiotus experimentalis Kaczmarek, Mioduchowska, Poprawa, & Roszkowska, 2020
	Materials and methods
	Animal model
	Experimental design
	Heat stress protocol for active animals
	Anhydrobiosis protocol

	Light and transmission electron microscopy
	Flow cytometry analysis of HSPs
	Statistical analysis for HSP data
	Ethical approval

	Results
	Ultrastructural analysis of active specimens
	Ultrastructural analysis of desiccated specimens (tun stage)
	Abundance of HSPs in storage cells of active animals (preliminary findings)

	Discussion
	References
	Acknowledgements


