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The Antarctic region has been experiencing some of the planet's strongest
climatic changes, including an expected increase of the land temperature. The
potential effects of this warming trend will lead ecosystems to a risk of losing
biodiversity. Antarctic mosses and lichens host different microbial groups, micro-
arthropods and meiofaunal organisms (e.g., tardigrades, rotifers). The eutardigrade
Acutuncus antarcticus is considered a model animal to study the effect of
increasing temperature due to global warming on Antarctic terrestrial
communities. In this study, life history traits and fitness of this species are
analyzed by rearing specimens at two different and increasing temperatures
(5°C vs. 15°C). Moreover, the first transcriptome analysis on A. antarcticus is
performed, exposing adult animals to a gradual increase of temperature (5°C,
10°C, 15°C, and 20°C) to find differentially expressed genes under short- (1 day) and
long-term (15 days) heat stress. Acutuncus antarcticus specimens reared at 5°C
live longer (maximum life span: 686 days), reach sexual maturity later, lay more
eggs (which hatch in longer time and in lower percentage) compared with animals
reared at 15°C. The fitness decreases in animals belonging to the second
generation at both rearing temperatures. The short-term heat exposure leads
to significant changes at transcriptomic level, with 67 differentially expressed
genes. Of these, 23 upregulated genes suggest alterations of mitochondrial
activity and oxido-reductive processes, and two intrinsically disordered protein
genes confirm their role to cope with heat stress. The long-term exposure induces
alterations limited to 14 genes, and only one annotated gene is upregulated in
response to both heat stresses. The decline in transcriptomic response after a
long-term exposure indicates that the changes observed in the short-term are
likely due to an acclimation response. Therefore, A. antarcticus could be able to
cope with increasing temperature over time, including the future conditions
imposed by global climate change.
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global warming, thermal stress, life cycle, fitness, transcriptome, DEGs (differentially
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Introduction

Industrial, agricultural and livestock activities have been
identified as drivers of the changes in atmospheric composition,
providing evidence supporting the influence of human activities on
global warming (IPCC, 2018). The global mean temperature of
Earth surface has increased by 1.09°C over the last 150 years, and it is
projected to warm by 1.0°C-5.7°C by 2100, in relation to the
emissions of greenhouse gases (Chown et al., 2022). Especially,
the Antarctic region has been experiencing some of the planet’s
strongest climatic changes, including extreme climate and weather
events, droughts, floods, accelerated ice loss, increased glacier and
ice sheet meltwater, ocean acidification and changes in mean sea
level (Golledge et al., 2019; Edwards et al., 2021; Chown et al., 2022;
Constable et al,, 2022). The land temperature increased to 0.61°C
+0.34°C per decade between 1989 and 2018 (IPCC, 2018; Robinson,
2022), while the ocean is experiencing the greatest absolute oxygen
loss (Bronselaer et al., 2020). Moreover, significant stratospheric
ozone depletion persists over Antarctica during the austral spring
season, even though evidence suggests that the hole in the ozone
layer over Antarctica is showing signs of recovery since the year 2000
(IPCC, 2021). The increased frequency, severity, and duration of
extreme events in the short term, will lead many terrestrial,
freshwater, coastal, and marine ecosystems to a very high or high
risk of losing biodiversity (IPCC, 2022). Antarctic ecosystems have
significantly lower biodiversity than the rest of the planet (Convey
and Stevens, 2007). Life on the land is mostly restricted to the small
ice-free areas of the continent (<0.5% by total area; Chown et al.,
2022); mosses and lichens are common, and include different
microbial groups (prokaryotes, algae, fungi, and protists), micro-
arthropods (mites, springtails, and midges) and micro-invertebrates
of the meiofauna (i.e., nematodes, rotifers, and tardigrades; Camara
et al., 2021; Phillips et al., 2022). Nevertheless, switches between
dominant and least represented communities for both moss
communities and invertebrate species have been recently
evidenced (Chown et al., 2022). The primary factors influencing
the abundance, composition, and distribution of Antarctic terrestrial
biodiversity are temperature, liquid water and nutrient availability
(Kennedy, 1993; Convey, 1996; Hogg et al., 2006; Sinclair et al., 2006;
Bissett et al.,, 2014; Chown and Convey, 2016). However, recent
evidence indicates an important role of biotic interactions within
and between species in shaping Antarctic communities (Potts et al.,
2020).

Due to the ongoing trend of increasingly warmer summers and
more frequent warming events, the effects of climate change on
Antarctic biodiversity are becoming progressively clear in the
transformation, damage, and degradation of ecosystems
(Andriuzzi et al, 2018; IPCC, 2022). To expand the knowledge
about the effects of global warming on Antarctic meiofauna, we
investigated the adaptive responses of the Antarctic tardigrade
Acutuncus antarcticus (Richters, 1904) to increasing temperature.
We analyzed and compared its life history traits at different
temperatures (5°C vs. 15°C), and we performed a transcriptome
analysis to investigate the molecular mechanisms involved in heat
response and tolerance of this species. A. antarcticus is the most
abundant and common eutardigrade in Antarctica (Cesari et al.,
2016) inhabiting freshwater ecosystems and terrestrial soils, mosses,
and lichens (Murray, 1910; Dastych, 1991; Cesari et al., 2016). It is
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considered to be a parthenogenetic pan-Antarctic species and it is
herbivorous and bacteriophagous (Altiero et al., 2015; Cesari et al.,
2016). Previous studies demonstrated that it is able to tolerate
dehydration, freezing, short exposure (1h) to high temperatures
(up to 37°C), and exposure to UV radiation (Giovannini et al., 2018).
Since it colonizes different habitats, it could be considered as a
representative animal model for Antarctic terrestrial communities.

Materials and methods
Sampling and rearing

Specimens of A. antarcticus were extracted from bottom
sediments of a temporary freshwater pond close to the Italian
Antarctic base “Mario Zucchelli” in Victoria Land (125 m a.s.l,
74°42.5800 S, 164°06.0860 E, Terranova Bay, Antarctica) and used to
create rearing microcosms at two different temperatures (5°C and
15°C), as described in Altiero et al. (2015). The microcosms were
kept at photoperiod 12 h/12 h (L/D) and maintained in several flasks
with algal culture medium in spring mineral water (volume ratio 1:3)
and unicellular alga Chlorococcum sp. as a food source at the
laboratory of Evolutionary Zoology of University of Modena and
Reggio Emilia (Italy).

Life history traits

To collect data on life history traits of A. antarcticus, 10 adult
females with oocytes in the gonad were collected from the
microcosms and defined as the parental generation (P). These
animals were individually cultured for 141 days at 5°C with a
photoperiod 12 h/12 h (L/D) as indicated in Altiero et al. (2015).
Laid eggs were isolated until hatching and the newborns were
individually reared from birth to death and kept at the same
laboratory conditions. The offspring of the parental females
represented the successive filial (F; and F,) generations.

For animals belonging to F, and F, generations, data on active
life span, number of molts, age at first oviposition, number of
ovipositions per life span, number of laid eggs per life span
(fecundity), number of eggs per clutch (fertility), interval of time
between ovipositions, egg hatching time and egg hatching
percentage were collected (Supplementary files S1-S3). The
reproductive features analyzed for the P generation were: interval
of time between ovipositions, egg hatching time and hatching
percentage (Supplementary files S1-S3).

Statistical analysis

A statistical comparison of each life history trait among
generations was carried out. The comparisons of each life history
trait between the rearing temperature of 5°C (obtained in present
study) and the rearing temperature of 15°C [data obtained in a
previous study by Altiero et al. (2015)] were also performed to
evaluate the effect of increasing temperature on each life history
trait. Statistical analyses were performed using R (R Core Team,
2020; Supplementary file S4). Generalized linear models (GLM)
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Experimental protocol. Temperatures tested: 5°C (control temperature), 10°C, 15°C, and 20°C. Thermal stress tested: ST short-term (1 day of
exposure) and LT long-term (15 days of exposure). ST and LT were planned for 10°C, 15°C, and 20°C. Non-step shifts were performed from

one temperature to the next every 15 days.

were carried out to test the effects of the generation, the increasing
temperature, and their interaction on each life history trait. In
addition, the effect of the order of oviposition on fertility was
evaluated, as well as the effect of egg number per clutch on egg
hatching time and on egg hatching percentage. Reports of these
GLM models were generated with the R package “report”
(Makowski et al., 2020; Supplementary Table S1). Standardized
parameters were obtained by fitting the GLM models on a
standardized version of the The 95%
Intervals (CIs) and p-values were computed using a Wald
z-distribution approximation.

dataset. Confidence

Fitness formula

A fitness score was calculated for each female belonging to both
F, and F, generations and reared at 5°C or 15°C. Parameters
considered to calculate fitness score were those relevant to
contribute to future generations: early age at first oviposition,
short hatching time, high number of laid eggs (fecundity) and
high percentage of hatched eggs. Fecundity and total hatched
eggs were normalized in range 0-1 using the min-max
normalization formula:

x—min(i)

The number of hatched eggs was considered the fundamental
requirement to contribute to successive generations and a fitness
score of zero was attributed to females that never laid eggs or whose
laid eggs did not hatch.

The hatching time and the age at first oviposition were
normalized in range 0-1 using the formula:

X —min (i )

The fitness scores are obtained by calculating a mean of the four
values previously normalized. The data were analyzed using the
program Google Colab (in Python) and the libraries Pandas,
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Seaborn and Matplotub. The fitness scores were statistically
compared among generations and rearing temperatures with the
non-parametric Kruskal-Wallis test using the SPSS 28 program.

Expression library preparation

The experimental protocol used for the setting-up of
transcriptomic libraries involved sequential increments of 5°C of
the incubation temperature. The rearing microcosms, initially
maintained at 5°C (control temperature), were then raised to
10°C, then to 15°C, and finally to the highest tested temperature
of 20°C. The shift from one temperature to the next one was
performed every 15 days (Figure 1). Transcriptomic analysis was
conducted at two different time-point stresses for each incubation
temperature: 1 day and 15 days after the start of exposure to the
stress-inducing incubation temperature. Exposure after 1 day
simulates short-term heat stress (ST), while exposure after
15 days simulates long-term heat stress (LT). For each thermal
increase step (10°C, 15°C, and 20°C), as well as for both ST and
LT stress conditions, 3 pools of 100 active animals were utilized for
RNA extraction. As an experimental control, RNA was isolated from
three replicates of 100 active animals each that were collected from
the microcosms at 5°C.

Before being subjected to RNA extraction, tardigrades of each
pool were kept starved in rearing water for 24 h at the assayed
experimental temperature. At the end of this period, inactive
tardigrades were replaced with live specimens from a reserve
pool kept in the same conditions. Any laid eggs and exuviae
were also removed from each microtube.

For the RNA extractions, tardigrades were placed in microtubes
from which as much water as possible was removed. RNA
extractions were performed using the Tissue-ruptor, a tissue
homogenizer, and the Trizol (TRI) reagent. To reduce DNA
contaminations, an enzymatic digestion step was also performed,
using DNAase I. RNA was retro-transcribed into cDNA using the kit
SuperScript” IIT First-Strand Synthesis System for RT-PCR
(ThermoFisher Scientific). Each qPCR was performed placing in
the multi-well plate the cDNA from extracted RNA, a positive
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control (genomic DNA of A. antarcticus), a negative control (no
template) and the extracted RNA in order to evaluate the
amplification of the 18S gene. The amplification of cDNA and no
amplification of RNA indicates the absence of DNA contamination
in the RNA sample. To assess the RNA integrity, a step of qualitative
validation was carried out using the Agilent 2100 Bioanalyzer
system.

RNAseq data preparation

Sequencing of the RNA libraries was performed by the
Genomics and Epigenomics Platform of Area Science Park
(Trieste, Italy) on an Illumina® NovaSeq 6000 platform with a
2 x 150 bp strategy. Raw sequencing reads were uploaded to
SRA under the BioProject id PRINA851942 for public availability
(https://dataview.ncbi.nlm.nih.gov/object/PRINA851942%reviewer=
3eipk7fcuuqbppjdr0en90cq8e).

The quality of the raw reads was assessed with fastqc
(Andrews, 2020) plus multigc (Ewels et al, 2016), and
trimmed according to the results with fastp v0.20 (Chen et al,
2018). Trimmed reads were merged in order to assemble a
reference transcriptome using the multi-assembler strategy
provided by the Oyster River Protocol (ORP) pipeline
(MacManes, 2018), with the TPM_FILT parameter set to 1 and
all other parameters left as default. The assembled transcriptome
was quality checked with the trinityStats.pl script provided within
the Trinity software package (Grabherr et al., 2011), while its
completeness was assessed with BUSCO v.5 (Manni et al., 2021)
against the Metazoa database of OrthoDB v.10 (Kriventseva et al.,
2019). Since an exploratory analysis on the expression data
showed high intra-replica variability, suggesting the presence of
some level of contamination, we used published tardigrade
genomes to refine it. This was achieved using blastn (Camacho
et al., 2009) to query it to the reference genomes of Hypsibius
dujardini [Delmont and Eren, 2016; Yoshida et al., 2017;
redescribed as Hypsibius exemplaris by Gasiorek et al. (2018)],
and Ramazzottius varieornatus (Hashimoto et al., 2016) with a
word size of 9 and e-value threshold of 1 x 107°. The completeness
of the refined assembly was re-evaluated with BUSCO and the
contigs were functionally annotated with annot.aM available at
https://gitlab.com/54mu/annotaM. To identify transcriptional
isoforms within the transcriptome, the proteomes derived from
the aforementioned tardigrade genomes were clustered with cd-
hit v.4.8.1 (Fu et al., 2012) (-c parameter set to 0.99) and merged
with the UniProt-SwissProt database. This sequence collection
was then used as a database for a run of diamond (Buchfink, 2021)
in blastx mode, using the transcriptome as a query. Contigs
sharing the same best hit (by bitscore) were assigned to the
same gene and deemed transcriptional isoforms. Although this
approach does not discriminate between proper splicing isoforms
and multi-copy genes, it is useful to remove noise during the
Differential
quantification was performed with salmon v.1.8 (Patro et al,

Gene Expression analysis. Gene Expression
2017) on the individual samples, quantifying at both transcript
and gene level using the count metric. Expression data was finally
loaded in a R environment for Differential Gene Expression

(DGE) analysis.
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Gene expression analysis

Batch effect was evaluated and removed with RUVSeq (Risso
et al., 2014) with an empirical control gene list, created from the
1000 genes showing the lowest variation in gene expression. This
list was obtained from a first pass of Differential Gene
Expression (DGE) analysis, with an all vs. all design with
edgeR (McCarthy et al., 2012). Identification (and subsequent
removal) of potential outlier samples was performed by
visualization of MDS and PCA plots. The normalized data
was then processed in a second pass of DGE with edgeR,
analyzing the two exposure times together and independently.
The two exposure times were analyzed separately and jointly,
and each temperature group was compared with the control
group in an ANOVA-like fashion. DEGs were identified with the
Generalized Linear Model built into edgeR, with a FDR corrected
p-value significance threshold of 0.01. Gene Ontology (GO) and
PFAM domain
hypergeometric

enrichment performed by
test 2008),
comparing the DEG sets with the set of all expressed genes

analysis was

(Falcon and Gentleman,
(obtained by the filterByExpr function of edgeR). A term was
deemed significantly enriched with a FDR <0.05 and an
observed-expected value >3.

Results

The active life span of A. antarcticus reared at 5°C reached a
maximum value of 686 days in a specimen of F, generation. Adult
females laid eggs freely once a fortnight, and they molted before
every egg oviposition. Throughout her life span, each female laid up
to 93 eggs, with a maximum of 34 ovipositions. Newborns molted
once before their first oviposition at the age of about 34 days. The
eggs hatched in about 22days. Detailed collected data and
performed analyses of life history traits of P, F;, and F,
generations reared at 5°C are

presented in Figure 2

(Supplementary Table S2, Supplementary files S1-S3).

GLM results

Life span, number of molts, the number of ovipositions per life
span, and the number of laid eggs per life span are reduced by the
effect of F, generation, by the effect of increasing temperature (from
5°C to 15°C) and by the effect of the high temperature (15°C) on the
F, generation (Figures 2A, B, D, F; Supplementary file S5).

The age at first oviposition is decreased by the effect of
increasing temperature (from 5°C to 15°C; Figure 2G;
Supplementary file S5).

The time interval between ovipositions is reduced by the
effect of parental generation and by the effect of increasing
temperature (from 5°C to 15°C; Figure 2E; Supplementary file
S5). On the other hand, this life history trait is increased by the
effect of F, generation and by the effect of the high temperature
(15°C) on the parental generation (Figure 2E; Supplementary
file S5).

The number of eggs per clutch significantly increased in relation
to the order of oviposition, therefore the number of eggs per clutch
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Plots comparing the life history traits of A. antarcticus among the three generations (P: parental; F;: first filial generation; F,: second filial generation)
under different rearing temperatures (5°C and 15°C). (A) Active life span. (B) Number of molts. (C) Age at first oviposition. (D) Number of ovipositions
per life span. (E) Interval of time between ovipositions. (F) Number of laid eggs per life span (fecundity). (G) Number of eggs per clutch (fertility). (H)
Egg hatching time. (I) Hatching percentage. A—F; (H) within each box, horizontal black lines denote median values; boxes extend from the 25th to the

75th percentile of each group’s distribution of values; vertical extending lines denote adjacent values (i.e., the most extreme values within 1.5 interquartile
range of the 25th and 75th percentile of each group); dots denote observations outside the range of adjacent values. (I) vertical black lines denote the 95%

confidence interval.

increased during the life span for all animals. No effects on the
number of eggs per clutch were evidenced in relation to the
temperature increase (from 5°C to 15°C) and to the belonging to
different generations (Figure 2G; Supplementary file S5).

The egg hatching time is reduced by the effect of parental
generation, by the effect of increasing temperature (from 5°C to
15°C) and by the effect of the high temperature (15°C) on the F,
generation (Figure 2H; Supplementary file S5). Nevertheless, the
hatching time is increased by the effect of the number of eggs per
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clutch and by the effect of the high temperature (15°C) on the
parental generation (Figure 2H; Supplementary file S5).

The egg hatching percentage is increased by the effect of parental
generation, by the effect of increasing temperature (from 5°Cto 15°C) and
by the effect of the number of eggs per clutch (Figure 2I; Supplementary
file S5). Otherwise, the hatching percentage is reduced by the effect of F,
generation, by the effect of the high temperature (15°C) on the parental
generation and by the effect of the high temperature (15°C) on the F,
generation (Figure 2I; Supplementary file S5).
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FIGURE 3

Fitness scores of Acutuncus antarcticus specimens belonging to F; (first filial generation) and F, (second filial generation) reared at different
temperatures (5°C and 15°C). (A) Means + standard deviation of fitness scores of specimens of both F; and F, generations reared at 5°C or 15°C.

(B) Plots comparing the fitness scores of specimens of both F; and F, generations reared at 5°C or 15°C. Within each box, horizontal yellow lines
denote median values; boxes extend from the 25th to the 75th percentile of each group’s distribution of values; vertical extending lines denote
adjacent values (i.e., the most extreme values within the 1.5 interquartile range of the 25th and 75th percentile of each group); dots denote observations
outside the range of adjacent values. (C) Individual fitness scores of specimens reared at 5°C. (D) Individual fitness scores of specimens reared at 15°C.
(A,B) Different letters above columns and plots indicate significant differences between groups, whereas shared letters indicate no significant differences.
B differs from A (p < 0.05); C differs from A and B (p < 0.001).
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Fitness score

Among parameters relevant to calculate fitness score, the high
number of laid eggs and the high number of hatched eggs
contributed positively to future generations of animals reared at
5°C, while the early age at first oviposition and the short hatching
time contributed positively to future generations of animals reared at
15°C. The data obtained on fitness scores are shown in Figure 3
(Supplementary file S6). The maximum value was 0.66 and was
reached by a female of F, generation reared at 5°C (Figure 3C).
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Fitness scores of animals belonging to F, generation reared at
5°C showed statistically significant decrease (p < 0.05) compared
with the fitness scores of animals belonging to F; generation and
reared at the same temperature. Moreover, a significant reduction
(p <0.001) was recorded in the fitness scores of animals belonging to
the F, generation and reared at 15°C compared with other animal
fitness scores (Figures 3A, B). Among animals reared at 15°C and
belonging to the second generation, there were 26 females with a
fitness score of zero, since 13 did not lay eggs and 13 laid eggs that
never hatched (Figure 3D).
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FIGURE 5

Box plots of the expression values of CAHS and SAHS genes in the
short-term (ST) heat exposure experiments in log (cpm). Within
each box, horizontal black lines denote median values; boxes
extend from the 25th to the 75th percentile of each group’s
distribution of values; vertical extending lines denote adjacent
values (i.e., the most extreme values within the 1.5 interquartile
range of the 25th and 75th percentile of each group).

Transcriptomic results

The overall high quality of sequencing reads (Supplementary file
S7) allowed a high quality first assembly, with 79% complete, 7.7%
fragmented and 13.3% missing BUSCOs compared with the
Metazoa OrthoDB. The complete BUSCOs showed a high degree
of redundancy, 362 out of 754 complete BUSCOs were marked as
duplicated. After the removal of contaminant sequences, the
BUSCO scores were unchanged.

The first part of the expression analysis evidenced a high degree
of variability between samples, independent of the presence of
sequences from putative contaminants. As a consequence, many
samples were considered outliers and had to be removed from the
analysis. As a matter of fact, the most diverse control sample was
discarded.

Overall, DGE could be identified only by independently
analyzing the LT and ST groups (Supplementary file S8). A total
of 67 DEGs was found to be altered by short-term exposure. These
DEGs showed two main temperature-dependent patterns: 23 were
upregulated with the increase in temperature, and 44 were
downregulated with the increase in temperature (Figure 4). The
GO enrichment on the upregulated subset of DEGs suggested that
processes related to mitochondria were being activated, while no
significant GO term could be enriched from the downregulated
genes (Supplementary file S8). In this subset, a PFAM entry could be
enriched, namely, Pupal cuticle protein CI, which displayed an FDR
of 6.74 x 107> and a O/E value of 182.79. Interestingly, genes
encoding for intrinsically disordered proteins CAHS and SAHS were
included in the group of DEGs that are upregulated with
temperature (Figure 5). Within this group, all samples exposed to
15°C were excluded due to their high intra-replicate diversity.
Nonetheless, we identified 14 DEGs that responded to the
temperature increase. Specifically, two DEGs were upregulated,
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while the remaining 12 were downregulated. Of these, only two
could be annotated based on their similarity with sequences from the
H. exemplaris genome. The first one is OQV21646.1, which encodes
for a protein containing a von Willebrand factor A domain and was
found to be downregulated. The second one is OQV17502.1, which
is annotated as a putative conserved regulator of innate immunity
protein 3 and was upregulated.

Discussion

The eutardigrade Acutuncus antarcticus was considered an
animal model to study the effects of increasing temperature due
to global climate change on Antarctic ecosystems. The life cycle and
the fitness of this species at different increasing temperatures were
investigated to simulate the ongoing global warming. The most
surprising result was the maximum life span of 686 days (about
23 months) reached by a specimen of the F, generation reared at 5°C,
in contrast with the maximum value of 130 days reached by a F;
specimen reared at 15°C (Altiero et al,, 2015). A life span so long has
never been recorded before in tardigrade species (Altiero et al.,
2018), where the longest record of longevity was 518 days (about
17 months) for a clonal strain of the terrestrial eutardigrade
Paramacrobiotus fairbanksi (Altiero et al., 2006), and 18 months
for the marine heterotardigrade Halobiotus crispae (Kristensen,
1982). This result was also unexpected, even comparing it with
the life cycle in rearing conditions of other extremophile organisms
inhabiting Antarctica: the rotifers Adineta grandis and Philodina
gregaria lived 40 and 89 days, respectively (Dartnall, 1992); the soil
nematode Scottnema lindsayae, reared at 10°C, lived 218 days
(Overhoff et al., 1993), and the terrestrial soil nematode Plectus
murrayi, reared at 15°C, shows an annual life cycle duration (de
Tomasel et al., 2013). Consistent with our results, previous studies
showed that temperature has different effects on various aspects of
life cycle and development of soil nematodes, especially cold
temperature produces an extended adult lifespan (Moorhead
et al., 2002).

Acutuncus antarcticus specimens reared at 5°C lived longer,
molted more times, and reached sexual maturity later than those
reared at 15°C. Moreover, during their life span, animals at 5°C laid
more eggs that hatched after a longer time and in lower percentage,
and showed a longer interval time between successive ovipositions.
Other Polar invertebrates exposed to increasing temperature showed
a shorter development (Yoon et al,, 2023) and their eggs hatched
earlier (Weydmann et al., 2015), even though their hatching success
decreased (Birkemoe and Leinaas, 2000). In A. antarcticus, the egg
hatching time also decreased when the eggs were exposed to 15°C,
although their hatching percentage increased. This increased
hatching success could balance the low number of laid eggs when
tardigrades were reared at the highest temperature. Overall, this
strategy could represent a warm climatic adaptation in response to
the unpredictable Antarctic environmental conditions exhibiting
temperature fluctuations even within the same day (Altiero et al,,
2015).

Differences among generations of A. antarcticus reared at two
different temperatures were evidenced in relation to some life
history traits. In particular, animals belonging to the first
generation lived longer than the second generation. The interval
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time between successive ovipositions was minimum for the animals
of parental generation, and it increased for the filial generations. As a
possible adaptive strategy to balance the longer interval time
between ovipositions, the eggs laid by the F, generation hatched
earlier than other eggs. The hatching percentage was higher in eggs
laid by the parental generation, and it strongly decreased in eggs laid
by filial generations. The unhatched eggs could however be resting
eggs, needing a stimulus such as desiccation-rehydration or
freezing-thawing to hatch, as observed in other tardigrade species
(Altiero et al,, 2010; Mobjerg and Neves, 2021). Furthermore, the
animals belonging to the first generation, reared at both tested
(5°C and 15°C), showed the highest fitness.
Otherwise, the fitness of the F, generation at 15°C was

temperatures

significantly lower than the fitness of the other animal groups.
These data suggest that the first generation is able to acclimate to
the increasing temperature, while the second one is negatively
affected. As a whole, the differences among generations in the
fitness and in the life history traits, especially the ones associated
with reproduction, could be due to genetic and maternal effects, and
consequently to phenotypic plasticity (Marshall and Uller, 2007;
Yeates et al., 2009; Fusco and Minelli, 2010; Altiero et al., 2015;
Pazzaglia et al.,, 2021).

The first transcriptome of A. antarcticus exposed to increasing
temperature was obtained. Upon a first analysis, expression data
showed a high degree of inter sample diversity, which could not be
ascribable to experimental variables. Such an effect could be the
result of an unexpectedly high inter-individual diversity, which in
turn could explain the unexpectedly low total number of statistically
significant DEGs. The high duplication rate resulting from the
BUSCO results could indeed indicate high heterozygosity, but
this needs to be supported by genomic data, which are not yet
available for this species. After removing the unwanted variability, a
set of DEGs for both exposure times could be found. Finally, the
reduced availability of high-quality genomes of tardigrade species
represents a limitation to the precise annotation of transcripts in our
assembled transcriptome, restricting the retrieval of information to
databases such as UniProt/SwissProt and PFAM.

When animals were exposed for 1day to heat (short-term),
67 DEGs were found. The expression patterns of such genes showed
a linearity between expression fold change and applied temperature,
idea that the observed
transcriptional response to the temperature increase. While the

reinforcing the alterations are a
difference in gene expression is small between 5°C and 10°C, the
changes become evident at 15°C and even more dramatic at 20°C.
The 23 upregulated genes were significantly enriched in GO terms
suggesting alterations of mitochondrial activity and oxido-reductive
processes. Among these, NADH-ubiquinone oxidoreductase chain 4
and 5, cytochrome b, and cytochrome ¢ oxidase subunits 1 and 2 are
involved in the respiratory chain (Sousa et al., 2018). Since NADH-
ubiquinone oxidoreductase is a major source of Reactive Oxygen
Species (ROS) in mitochondria (Kusmann and Hirst, 2006;
Esterhazy et al.,, 2008), its upregulation, evidenced also in other
tardigrade species exposed to heat stress (Neves et al., 2022), induces
cellular oxidative stress. Moreover, as evidenced by Oomen et al.
(2022), transcripts involved in cellular respiration are upregulated in
response to heat, increasing metabolic energy requirements, oxygen
consumption, and ROS, damaging complex molecules and cellular
structures. The downregulation of two peroxidase (peroxidasin and
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chorion peroxidase) with the increasing temperature is in line with
an oxidative stress scenario, since their functions are related to the
protection of animals and eggs from ROS (Benoit et al.,, 2012;
Schokraie et al., 2012).

Nudix hydrolases are widely found in prokaryotes and
eukaryotes, and are involved in a variety of cellular processes
such as cellular metabolism, homeostasis, and mRNA processing
(Yoon et al.,, 2018; Yang et al., 2022). The observed upregulation of
Nudix hydrolases with increasing temperature suggests a role in
defense against oxidative stress, as it has already demonstrated in
potato (Brouwer et al., 2021).

Disordered proteins help mediate tolerance to different abiotic
stresses including freezing, osmotic stress, high temperatures, and
desiccation in several organisms (Hesgrove and Boothby, 2020).
Recently, three novel families of intrinsically disordered proteins
(IDP) were discovered in tardigrades and revealed to contribute to a
general stress response (Yamaguchi et al., 2012; Tanaka et al., 2015;
Boothby et al., 2017; Hesgrove and Boothby, 2020; Yagi-Utsumi
etal., 2021; Neves et al., 2022; Krakowiak et al., 2023). In this study,
two intrinsically disordered protein genes, namely, Cytosolic-
abundant heat soluble protein (CAHS) and secretory-abundant
heat soluble protein (SAHS), were upregulated in response to
heating. The aforementioned genes refer to several assembled
transcripts (40 and 8 respectively) that were grouped under the
same gene by best similarity and, due to the absence of a reference
genome, may represent splicing isoforms and/or paralogous genes as
well. As previously evidenced in Ramazzottius varieornatus for other
IDPs (Neves et al., 2022), these obtained results confirm the role of
tardigrade IDPs to cope with heat stress. The putative gene for
conserved regulator of innate immunity protein 3 was also
upregulated with the increasing temperature. This gene is
described in nematodes as homologous to the mammalian Clgbp
(Alper et al., 2008), which has several functions in cell activity and a
key role in the activation of the complement system, and therefore of
innate immunity (Ghebrehiwet and Peerschke, 2004).

Among the 44 DEGs that were downregulated with the increase
in temperature, there are genes related to the protein turnover
(cathepsin B and UBA domain-like superfamily; Férster et al,
2012), a gene (Multidrug resistance-associated protein 1) involved
in dauer larva regulation of the nematode Caenorhabditis elegans
(Yabe et al,, 2005), and two genes (CREB-binding protein and
Homeodomain-interacting protein kinase 2) relevant for the
control of cellular proliferation, differentiation and apoptosis
(Kovécs et al,, 2015). The loss of function of a Homeodomain-
interacting protein kinase (HPK) shortens lifespan and hastens
tissue aging in C. elegans (Berber et al., 2016). Similarly, the
downregulation of HPK gene in specimens of A. antarcticus
exposed to increasing temperature could have reduced the life
span of animals reared at 15°C compared to those reared at 5°C.

Regarding the long-term (15 days) exposure, only two DEGs out
of 14 could be annotated. The gene coding for a von Willebrand
factor A domain containing protein (VWA) is downregulated. The
VWA plays a role in cell adhesion, extracellular matrix proteins, and
integrin receptors (Whittaker and Hynes, 2002). However, the oldest
known proteins containing the VWA domain are intracellular and
involved in functions such as transcription, DNA repair, ribosomal
and membrane transport, and the proteasome (Whittaker and
Hynes, 2002). The other annotated DEG (i.e., putative conserved
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regulator of innate immunity protein 3) is upregulated in response to
long-term exposure as well as short-term exposure, as described in
the previous paragraph. The observed decline in transcriptomic
response after a 15-day exposure indicates that the differences
observed in the short term are likely due to an acclimation
response. It is reasonable to hypothesize that with longer
exposure durations, a return to a normal transcriptional
landscape would be expected, although further data is needed to
confirm this assertion.

Considering that A. antarcticus is a pan-Antarctic species and
that the average daily pond temperatures in Victoria Land
(Antarctica) range between -5 and +6°C during the summer
(Cucini et al,, 2022), the exposure to 15°C represents an unusual
condition for this species, as well as for other Antarctic organisms.
Overall, our findings indicate that the short-term heat exposure
leads to significant changes in the transcriptomic landscape of
A. antarcticus, as evidenced by the differential expression of
67 genes after 1day of heat exposure. Notably, several genes
involved in oxidative metabolism and oxidative stress response
display changes in their expression patterns. Nevertheless, the
gene expression alterations observed after long-term exposure are
limited to 14 genes, and only the upregulation of a gene (putative
conserved regulator of innate immunity protein 3) is evidenced both
after 1 and 15 days of heat exposure.

Therefore, according to the results obtained from the life history
traits and gene expression this Antarctic tardigrade species could be
able to acclimate to higher temperatures over time, including
possible future conditions imposed by global warming.

Data availability statement

The data presented in the study are deposited in the SRA
repository under the BioProject id PRINA851942 and are public
available at the link https://www.ncbi.nlm.nih.gov/bioproject/
PRJNAS851942.

Author contributions

IG: Conceptualization, Data curation, Formal Analysis,

Investigation, Methodology, Validation, Visualization,
Writing-original ~ draft, Writing-review and editing. CM:
Conceptualization, Data curation, Formal Analysis, Investigation,

Methodology, Validation,
editing. SG: Data curation, Formal Analysis, Investigation,
Methodology, Validation, Visualization, Writing-review and
editing. JV: Data curation, Formal Analysis, Investigation,

Visualization, Writing-review and

Methodology, Validation, Visualization, Writing-original draft,
and editing. TA: Funding
Methodology, Validation,

Writing-review and editing. RG: Conceptualization, Investigation,

Writing-review acquisition,

Investigation, Visualization,

References

Alper, S., Laws, R,, Lackford, B., Boyd, W. A., Dunlap, P., Freedman, J. H., et al. (2008).
Identification of innate immunity genes and pathways using a comparative genomics
approach. PNAS 105, 7016-7021. doi:10.1073/pnas.0802405105

Frontiers in Physiology

10

10.3389/fphys.2023.1258932

Supervision, Validation, Visualization, Writing-review and editing.
PG: Conceptualization, Investigation, Project administration,
Resources, Supervision, Validation, Visualization, Writing-review
editing. LR: Conceptualization,

and Funding

Investigation, Project administration, Resources, Supervision,

acquisition,

Validation, Visualization, Writing-review and editing.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This
funded by the
2020 Research and Innovation Programme, under Marie
Sklodowska-Curie Grant agreement No. 734434 by PNRA-MIUR
Antartide;
dell'Istruzione dell’'Universita e della Ricerca (Italy); project PdR
2013/AZ1.1]. The publication of this article was funded by “Fondi di
Ateneo per la Ricerca 2022” of the Department of Education and

research  was European Union’s Horizon

[Programma Nazionale Ricerche in Ministero

Humanities, University of Modena and Reggio Emilia (Italy).

Acknowledgments

We are grateful to Matteo Vecchi, Claudia Frigieri and Chiara
Canali for their help in performing statistical and mathematical
analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The Reviewer FS declared a past co-authorship with the authors
IG and LR.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1258932/
full#supplementary-material

Altiero, T., Bertolani, R., and Rebecchi, L. (2010). Hatching phenology and
resting eggs in tardigrades. J. Zool. 280, 290-296. d0i:10.1111/j.1469-7998.2009.
00664.x

frontiersin.org


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA851942
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA851942
https://www.frontiersin.org/articles/10.3389/fphys.2023.1258932/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2023.1258932/full#supplementary-material
https://doi.org/10.1073/pnas.0802405105
https://doi.org/10.1111/j.1469-7998.2009.00664.x
https://doi.org/10.1111/j.1469-7998.2009.00664.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1258932

Giovannini et al.

Altiero, T., Giovannini, I., Guidetti, R., and Rebecchi, L. (2015). Life history traits and
reproductive mode of the tardigrade Acutuncus antarcticus under laboratory
conditions: strategies to colonize the antarctic environment. Hydrobiologia 761,
277-291. doi:10.1007/s10750-015-2315-0

Altiero, T., Rebecchi, L., and Bertolani, R. (2006). Phenotypic variations in the life
history of two clones of Macrobiotus richtersi (Eutardigrada, Macrobiotidae).
Hydrobiologia 558, 33-40. doi:10.1007/s10750-005-1403-y

Altiero, T., Suzuki, A. C,, and Rebecchi, L. (2018). in Reproduction, development and
life cycles. Water bears: The biology of tardigrades. Editor R. O. Schill, 211-247. doi:10.
1007/978-3-319-95702-9_8

Andrews, S. (2020). Available at: https://www.bioinformatics.babraham.ac.uk/
projects/fastqc [Accessed November 15, 2022].

Andriuzzi, W. S., Adams, B. J., Barrett, J. E., Virginia, R,, and Wall, D. H. (2018).
Observed trends of soil fauna in the Antarctic Dry Valleys: early signs of shifts predicted
under climate change. Ecol 99, 312-321. doi:10.1002/ecy.2090

Benoit, J. B, and Lopez-Martinez, G. (2012). Role of conventional and
unconventional stress proteins during the response of insects to traumatic
environmental conditions. Hemolymph proteins Funct. peptides recent Adv. insects
other arthropods 1, 128-160. doi:10.2174/978160805401511201010128

Berber, S., Wood, M., Llamosas, E., Thaivalappil, P., Lee, K., Liao, B. M., et al. (2016).
Homeodomain-Interacting Protein Kinase (HPK-1) regulates stress responses and
ageing in C. elegans. Sci. Rep. 6, 19582. doi:10.1038/srep19582

Birkemoe, T., and Leinaas, H. P. (2000). Effects of temperature on the development of
an arctic Collembola (Hypogastrura tullbergi). Funct. Ecol. 14, 693-700. doi:10.1046/j.
1365-2435.2000.00478.x

Bissett, A., Abell, G. C. J., Brown, M., Thrall, P. H., Bodrossy, L., Smith, M. C,, et al.
(2014). Land-use and management practices affect soil ammonia oxidiser community
structure, activity and connectedness. Soil Biol. biochem. 78, 138-148. doi:10.1016/.
50ilbi0.2014.07.020

Boothby, T. C,, Tapia, H., Brozena, A. H., Piszkiewicz, S., Smith, A. E., Giovannini, L,
et al. (2017). Tardigrades use intrinsically disordered proteins to survive desiccation.
Mol. Cell. 65, 975-984. doi:10.1016/j.molcel.2017.02.018

Bronselaer, B., Russell, J. L., Winton, M., Williams, N. L., Key, R. M., Dunne, J. P.,
et al. (2020). Importance of wind and meltwater for observed chemical and physical
changes in the Southern Ocean. Nat. Geosci. 13, 35-42. doi:10.1038/s41561-019-
0502-8

Brouwer, S. M., Brus-Szkalej, M., Saripella, G. V., Liang, D., Liljeroth, E., and
Grenville-Briggs, L. J. (2021). Transcriptome analysis of potato infected with the
necrotrophic pathogen Alternaria solani. Plants 10, 2212. doi:10.3390/plants10102212

Buchfink, P., Drost, H. G. B, Reuter, K., and Drost, H-G. (2021). Sensitive protein
alignments at tree-of-life scale using DIAMOND. Nat. Methods 18, 366-368. doi:10.
1038/541592-021-01101-x

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2009). BLAST+: architecture and applications. BMC Bioinform 10, 421. doi:10.1186/
1471-2105-10-421

Camara, P. E. A. S, Convey, P., Rangel, S. B, Konrath, M., Chaves Barreto, C,, Pinto, O. H.
B, et al. (2021). The largest moss carpet transplant in Antarctica and its bryosphere cryptic
biodiversity. Extremophiles 25, 369-384. doi:10.1007/s00792-021-01235-y

Cesari, M., Mclnnes, S. J., Bertolani, R., Rebecchi, L., and Guidetti, R. (2016). Genetic
diversity and biogeography of the south polar water bear Acutuncus antarcticus
(Eutardigrada: hypsibiidae) - evidence that it is a truly pan-Antarctic species.
Invertebr. Syst. 30, 635-649. doi:10.1071/1S15045

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinform 34, i884-1890. doi:10.1093/bioinformatics/bty560

Chown, S. L., and Convey, P. (2016). Antarctic entomology. Annu. Rev. Entomol. 61,
119-137. doi:10.1146/annurev-ento-010715-023537

Chown S. L., Leihy, R. I, Naish, T. R,, Brooks, C. M., Convey, P., and Henley, B. J.
(2022). in Antarctic climate change and the environment: A decadal synopsis and
recommendations for action. (Cambridge, United Kingdom: Scientific Committee on
Antarctic Research).

Constable, A. J., Harper, S., Dawson, J., Holsman, K., Mustonen, T., Piepenburg, D.,
et al. (2022). Climate change 2022: Impacts, adaptation and vulnerability: Cross-chapter
paper 6: Polar regions, sixth assessment report of the intergovernmental panel on climate
change. China: United Nations Environment Program.

Convey, P., and Stevens, M. 1. (2007). Ecology. Antarctic biodiversity. Science 317,
1877-1878. doi:10.1126/science.1147261

Convey, P. (1996). The influence of environmental characteristics on life history
attributes of Antarctic terrestrial biota. Biol. Rev. 71, 191-225. doi:10.1111/j.1469-185x.
1996.tb00747.x

Cucini, C.,, Nardi, F., Magnoni, L., Rebecchi, L., Guidetti, R., Convey, P, et al. (2022).
Microhabitats, macro-differences: A survey of temperature records in Victoria land
terrestrial and freshwater environments. Antarct. Sci. 34, 256-265. doi:10.1017/
$0954102022000050

Dartnall, H. J. (1992). The reproductive strategies of two Antarctic rotifers. J. Zool.
227, 145-162. doi:10.1111/j.1469-7998.1992.tb04350.x

Frontiers in Physiology

11

10.3389/fphys.2023.1258932

Dastych, H. (1991). Redescription of Hypsibius antarcticus (richters, 1904), with some
notes on Hypsibius arcticus (murray, 1907) (tardigrada). Mitt. Hamb. Zool. Mus. Inst.
88, 141-159.

de Tomasel, C. M., Adams, B.J., Tomasel, F. G., and Wall, D. H. (2013). The life cycle
of the Antarctic nematode Plectus murrayi under laboratory conditions. J. Nematol. 45,
39-42.

Delmont, T., and Eren, A. (2016). Identifying contamination with advanced
visualization and analysis practices: metagenomic approaches for eukaryotic genome
assemblies. Peer] 4, €1839. doi:10.7717/peerj.1839

Edwards, T. L., Nowicki, S., Marzeion, B., Hock, R., Goelzer, H., Seroussi, H., et al.
(2021). Projected land ice contributions to twenty-first-century sea level rise. Nature
593, 74-82. doi:10.1038/s41586-021-03302-y

Esterhdzy, D., King, M. S., Yakovlev, G., and Hirst, J. (2008). Production of reactive
oxygen species by complex I (NADH: ubiquinone oxidoreductase) from Escherichia coli
and comparison to the enzyme from mitochondria. Biochem. 47, 3964-3971. doi:10.
1021/bi702243b

Ewels, P., Magnusson, M., Lundin, S., and Killer, M. (2016). MultiQC: summarize
analysis results for multiple tools and samples in a single report. Bioinform 32,
3047-3048. doi:10.1093/bioinformatics/btw354

Falcon, S., and Gentleman, R. (2008). Hypergeometric testing used for gene set
enrichment analysis” in Bioconductor case studies. New York, NY: Springer,
207-220. doi:10.1007/978-0-387-77240-0_14

Forster, F., Beisser, D., Grohme, M. A, Liang, C., Mali, B., Matthias Siegl, A., et al.
(2012). Transcriptome analysis in tardigrade species reveals specific molecular pathways
for stress adaptations. Bioinform. Biol. Insights 6, 69-96. doi:10.4137/BBI.S9150

Fu, L., Niu, B, Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering
the next-generation sequencing data. Bioinform 28, 3150-3152. doi:10.1093/
bioinformatics/bts565

Fusco, G., and Minelli, A. (2010). Phenotypic plasticity in development and evolution:
facts and concepts. Introduction. Philos. Throughput R. Soc. 365, 547-556. doi:10.1098/
rstb.2009.0267

Gasiorek, P., Stec, D., Morek, W., and Michalczyk, L. (2018). An integrative
redescription of Hypsibius dujardini (Doyére, 1840), the nominal taxon for
Hypsibioidea (Tardigrada: eutardigrada). Zootaxa 4415, 45-75. doi:10.11646/
zootaxa.4415.1.2

Ghebrehiwet, B., and Peerschke, E. I. (2004). cC1q-R (calreticulin) and gClq-R/
p33: ubiquitously expressed multi-ligand binding cellular proteins involved in
inflammation and infection. Mol. Immunol. 41, 173-183. doi:10.1016/j.molimm.
2004.03.014

Giovannini, L., Altiero, T., Guidetti, R., and Rebecchi, L. (2018). Will the Antarctic
tardigrade Acutuncus antarcticus be able to withstand environmental stresses related to
global climate change? J. Exp. Biol. 221, jeb160622. doi:10.1242/jeb.160622

Golledge, N. R, Keller, D., Gomez, N., Naughten, K. A., Bernales, ., Trusel, L. D., et al.
(2019). Global environmental consequences of twenty-first-century ice-sheet melt.
Nature 566, 65-72. doi:10.1038/s41586-019-0889-9

Grabherr, M. G., Haas, B., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, L, et al.
(2011). Full-length transcriptome assembly from RNA-Seq data without a reference
genome. Nat. Biotechnol. 29, 644-652. doi:10.1038/nbt.1883

Hashimoto, T., Horikawa, D. D., Saito, Y., Kuwahara, H., Kozuka-Hata, H., Shin-I, T.,
et al. (2016). Extremotolerant tardigrade genome and improved radiotolerance of
human cultured cells by tardigrade-unique protein. Nat. Commun. 7, 12808. doi:10.
1038/ncomms12808

Hesgrove, C., and Boothby, T. C. (2020). The biology of tardigrade disordered
proteins in extreme stress tolerance. Cell. Commun. Signal. 18, 178-215. doi:10.
1186/512964-020-00670-2

Hogg, I. D,, Cary, S. C., Convey, P., Newsham, K. K., O’Donnell, A. G., Adams, B. J.,
et al. (2006). Biotic interactions in antarctic terrestrial ecosystems: are they a factor? Soil
Biol. biochem. 38, 3035-3040. doi:10.1016/j.s0ilbio.2006.04.026

IPCC (2018). “Global Warming of 1.5°C. An IPCC Special Report on the impacts of
global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways,” in The context of strengthening the global response to the threat of
climate change, sustainable development, and efforts to eradicate poverty. Editor
V. Masson-Delmotte (Cambridge, UK and New York, NY, USA: Cambridge
University Press), 616. doi:10.1017/9781009157940

IPCC (2021). Climate change 2021: The physical science basis. Contribution of working
group I to the sixth assessment report of the intergovernmental panel on climate change.
Editors. V. Masson-Delmotte, et al. (IPCC, Geneva).

IPCC (2022). Climate change 2022: Impacts, adaptation and vulnerability.
Contribution of working group II to the sixth assessment report of the
intergovernmental panel on climate change (Eds. H.-O. Pértner, et al. IPCC, Geneva).

Kennedy, A. D. (1993). Water as a limiting factor in the antarctic terrestrial environment:
A biogeographical synthesis. Arct. Alp. Res. 25, 308-315. doi:10.2307/1551914

Kovécs, K. A, Steinmann, M., Halfon, O., Magistretti, P. J., and Cardinaux, J. R.
(2015). Complex regulation of CREB-binding protein by homeodomain-interacting
protein kinase 2. Cell. Signal. 27, 2252-2260. doi:10.1016/j.cellsig.2015.08.001

frontiersin.org


https://doi.org/10.1007/s10750-015-2315-0
https://doi.org/10.1007/s10750-005-1403-y
https://doi.org/10.1007/978-3-319-95702-9_8
https://doi.org/10.1007/978-3-319-95702-9_8
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1002/ecy.2090
https://doi.org/10.2174/978160805401511201010128
https://doi.org/10.1038/srep19582
https://doi.org/10.1046/j.1365-2435.2000.00478.x
https://doi.org/10.1046/j.1365-2435.2000.00478.x
https://doi.org/10.1016/j.soilbio.2014.07.020
https://doi.org/10.1016/j.soilbio.2014.07.020
https://doi.org/10.1016/j.molcel.2017.02.018
https://doi.org/10.1038/s41561-019-0502-8
https://doi.org/10.1038/s41561-019-0502-8
https://doi.org/10.3390/plants10102212
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1007/s00792-021-01235-y
https://doi.org/10.1071/IS15045
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1146/annurev-ento-010715-023537
https://doi.org/10.1126/science.1147261
https://doi.org/10.1111/j.1469-185x.1996.tb00747.x
https://doi.org/10.1111/j.1469-185x.1996.tb00747.x
https://doi.org/10.1017/S0954102022000050
https://doi.org/10.1017/S0954102022000050
https://doi.org/10.1111/j.1469-7998.1992.tb04350.x
https://doi.org/10.7717/peerj.1839
https://doi.org/10.1038/s41586-021-03302-y
https://doi.org/10.1021/bi702243b
https://doi.org/10.1021/bi702243b
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1007/978-0-387-77240-0_14
https://doi.org/10.4137/BBI.S9150
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1098/rstb.2009.0267
https://doi.org/10.1098/rstb.2009.0267
https://doi.org/10.11646/zootaxa.4415.1.2
https://doi.org/10.11646/zootaxa.4415.1.2
https://doi.org/10.1016/j.molimm.2004.03.014
https://doi.org/10.1016/j.molimm.2004.03.014
https://doi.org/10.1242/jeb.160622
https://doi.org/10.1038/s41586-019-0889-9
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/ncomms12808
https://doi.org/10.1038/ncomms12808
https://doi.org/10.1186/s12964-020-00670-2
https://doi.org/10.1186/s12964-020-00670-2
https://doi.org/10.1016/j.soilbio.2006.04.026
https://doi.org/10.1017/9781009157940
https://doi.org/10.2307/1551914
https://doi.org/10.1016/j.cellsig.2015.08.001
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1258932

Giovannini et al.

Krakowiak, M., Bartylak, T., Kmita, H., Kaczmarek, L., and Nawrot, R. (2023).
Tardigrade proteins: molecular tools in the phenomenon of anhydrobiosis. Zool. J. Linn.
Soc. Zlad066. doi:10.1093/zoolinnean/zlad066

Kristensen, R. M. (1982). The first record of cyclomorphosis in Tardigrada based on a
new genus and species from Arctic meiobenthos. Z. Zool. Syst. Evol. 20, 249-270. doi:10.
1111/j.1439-0469.1983.tb00552.x

Kriventseva, E. V., Kuznetsov, D., Tegenfeldt, F., Manni, M., Dias, R,, Simdo, F. A,
et al. (2019). OrthoDB v10: sampling the diversity of animal, plant, fungal, protist,
bacterial and viral genomes for evolutionary and functional annotations of orthologs.
Nucleic Acids Res. 47, D807-D811. doi:10.1093/nar/gky1053

Kussmaul, L., and Hirst, J. (2006). The mechanism of superoxide production by
NADH: ubiquinone oxidoreductase (complex I) from bovine heart mitochondria.
PNAS 103, 7607-7612. doi:10.1073/pnas.0510977103

MacManes, M. (2018). The Oyster River Protocol: A multi-assembler and kmer
approach for de novo transcriptome assembly. Peer] 6, €5428. doi:10.7717/peerj.5428

Makowski, D., Ben-Shachar, M. S,, Patil, I, Liidecke, D., and Thériault, R. (2020). Automated
results reporting as a practical tool to improve reproducibility and methodological best practices
adoption. Germany, CRAN. Available at: https:/easystats.github.io/report

Manni, M., Berkeley, M., Seppey, M., Simdo, F., and Zdobnov, E. (2021). BUSCO
update: novel and streamlined workflows along with broader and deeper phylogenetic
coverage for scoring of eukaryotic, prokaryotic, and viral genomes. Mol. Biol. Evol. 38,
4647-4654. doi:10.1093/molbev/msab199

Marshall, D. J., and Uller, T. (2007). When is a maternal effect adaptive? Oikos 116,
1957-1963. doi:10.1111/§.2007.0030-1299.16203.x

McCarthy, D.J., Chen, Y., and Smyth, G. K. (2012). Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation. Nucleic Acids
Res. 40, 4288-4297. doi:10.1093/nar/gks042

Mobjerg, N., and Neves, R. C. (2021). New insights into survival strategies of
tardigrades. Comp. Brioche. Phys. A 254, 110890. doi:10.1016/j.cbpa.2020.110890

Moorhead, D. L., Wall, D. H,, Virginia, R. A., and Parsons, A. N. (2002). Distribution
and life-cycle of Scottnema lindsayae (nematoda) in antarctic soils: A modeling analysis
of temperature responses. Polar Biol. 25, 118-125. doi:10.1007/s003000100319

Murray, J. (1910). Tardigrada. Report of scientific investigation of the British antarctic
expedition, 1907-1909, 1. London: E.H. Shackleton, 81-185.

Neves, R. C., Mgbjerg, A., Kodama, M., Ramos-Madrigal, J., Gilbert, M. T. P., and Mebjerg,

N. (2022). Differential expression profiling of heat stressed tardigrades reveals major shift in
the transcriptome. Comp. Biochem. Phys. A 267, 111169. doi:10.1016/j.cbpa.2022.111169

Oomen, R. A,, Knutsen, H., Olsen, E. M., Jentoft, S., Stenseth, N. C., and Hutchings,
J. A. (2022). Warming accelerates the onset of the molecular stress response and
increases mortality of larval Atlantic cod. Integr. Comp. Biol. 62, 1784-1801. doi:10.
1093/icb/icac145

Overhoff, A, Freckman, D. W., and Ross, A. V. (1993). Life cycle of the microbivorous
antarctic dry valley nematode Scottnema lindsayae (timm 1971). Polar Biol. 13,
151-156. doi:10.1007/BF00238924

Patro, R, Duggal, G., Love, M. L, Irizarry, R. A., and Kingsford, C. (2017). Salmon
provides fast and bias-aware quantification of transcript expression. Nat. Methods 14,
417-419. doi:10.1038/nmeth.4197

Pazzaglia, J., Reusch, T. B., Terlizzi, A., Marin-Guirao, L., and Procaccini, G. (2021).
Phenotypic plasticity under rapid global changes: the intrinsic force for future seagrasses
survival. Evol. Appl. 14, 1181-1201. doi:10.1111/eva.13212

Phillips, L. M., Leihy, R. I, and Chown, S. L. (2022). Improving species based area
protection in Antarctica. Conserv. Biol. 36, e13885. doi:10.1111/cobi.13885

Potts, L. J., Gantz, J. D., Kawarasaki, Y., Philip, B. N., Gonthier, D. J., Law, A. D., et al.
(2020). Environmental factors influencing fine-scale distribution of Antarctica’s only
endemic insect. Oecologia 194, 529-539. doi:10.1007/s00442-020-04714-9

Frontiers in Physiology

12

10.3389/fphys.2023.1258932

R Core Team (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available at: https://www.R-
project.org/

Risso, D., Ngai, J., Speed, T. P., and Dudoit, S. (2014). Normalization of RNA-seq data
using factor analysis of control genes or samples. Nat. Biotechnol. 32, 896-902. doi:10.
1038/nbt.2931

Robinson, S. A. (2022). Climate change and extreme events are changing the biology
of Polar Regions. Glob. Change Biol. 28, 5861-5864. doi:10.1111/gcb.16309

Schokraie, E., Warnken, U., Hotz-Wagenblatt, A., Grohme, M. A,, Hengherr, S.,
Forster, F., et al. (2012). Comparative proteome analysis of Milnesium tardigradum in
early embryonic state versus adults in active and anhydrobiotic state. PLoS One 7,
€45682. doi:10.1371/journal.pone.0045682

Sinclair, B. J., Scott, M. B., Klok, C.J., Terblanche, J. S., Marshall, D. J., Reyers, B., et al.
(2006). Determinants of terrestrial arthropod community composition at Cape Hallett
Antarctica. Antarct. Sci. 18, 303-312. do0i:10.1017/s0954102006000356

Sousa, J. S., D’Imprima, E., and Vonck, J. (2018). “Mitochondrial respiratory chain
complexes,” in Membrane protein complexes: Structure and function. Editors J. R. Harris
and E. J. Boekema, 167-227. do0i:10.1007/978-981-10-7757-9_7

Tanaka, S., Tanaka, J., Miwa, Y., Horikawa, D. D., Katayama, T., Arakawa, K, et al.
(2015). Novel mitochondria-targeted heat-soluble proteins identified in the
anhydrobiotic tardigrade improve osmotic tolerance of human cells. PloS one 10,
€0118272. doi:10.1371/journal.pone.0118272

Weydmann, A., Zwolicki, A., Mus, K., and Kwasniewski, S. (2015). The effect of
temperature on egg development rate and hatching success in Calanus glacialis and C.
finmarchicus. Polar Res. 34, 23947. doi:10.3402/polar.v34.23947

Whittaker, C. A., and Hynes, R. O. (2002). Distribution and evolution of
von Willebrand/integrin A domains: widely dispersed domains with roles in cell
adhesion and elsewhere. Mol. Biol. Cell. 13, 3369-3387. d0i:10.1091/mbc.e02-05-
0259

Yabe, T., Suzuki, N., Furukawa, T., Ishihara, T., and Katsura, 1. (2005). Multidrug
resistance-associated protein MRP-1 regulates dauer diapause by its export activity in
Caenorhabditis elegans. Development, 2, 3197-3207.doi:10.1242/dev.01909

Yagi-Utsumi, M., Aoki, K., Watanabe, H., Song, C., Nishimura, S., Satoh, T., et al.
(2021). Desiccation-induced fibrous condensation of CAHS protein from an
anhydrobiotic tardigrade. Sci. Rep. 11, 21328. doi:10.1038/s41598-021-00724-6

Yamaguchi, A., Tanaka, S., Yamaguchi, S., Kuwahara, H., Takamura, C., Imajoh-
Ohmi, P., et al. (2012). Two novel heat-soluble protein families abundantly
expressed in an anhydrobiotic tardigrade. PLoS One 7, e44209. doi:10.1371/
journal.pone.0044209

Yang, Y., Zhang, C,, Li, X, Li, L., Chen, Y., Yang, Y., et al. (2022). Structural insight
into molecular inhibitory mechanism of InsP6 on African Swine Fever Virus mRNA-
decapping enzyme g5Rp. J. Virol. 96, €0190521-21. doi:10.1128/jvi.01905-21

Yeates, G. W., Scott, M. B.,, Chown, S. L., and Sinclair, B. J. (2009). Changes in soil
nematode populations indicate an annual life cycle at Cape Hallett, Antarctica.
Pedobiologia 52, 375-386. doi:10.1016/j.pedobi.2009.01.001

Yoon, D. S, Choi, H,, Sayed, A. E. D. H,, Shin, K. H,, Yim, J. H,, Kim, S., et al. (2023).
Effects of temperature and starvation on life history traits and fatty acid profiles of the
Antarctic copepod Tigriopus kingsejongensis. Reg. Stud. Mar. Sci. 57, 102743. doi:10.
1016/j.rsma.2022.102743

Yoon, B, Yang, E. G., and Kim, S. Y. (2018). The ADP-ribose reactive NUDIX
hydrolase isoforms can modulate HIF-1a in cancer cells. Biochem. Biophys. Res.
Commun. 504, 321-327. d0i:10.1016/j.bbrc.2018.08.185

Yoshida, Y., Koutsovoulos, G., Laetsch, D. R., Stevens, L., Kumar, S., Horikawa,
D. D, et al. (2017). Comparative genomics of the tardigrades Hypsibius dujardini
and Ramazzottius varieornatus. PLoS Biol. 15, €2002266. doi:10.1371/journal.pbio.
2002266

frontiersin.org


https://doi.org/10.1093/zoolinnean/zlad066
https://doi.org/10.1111/j.1439-0469.1983.tb00552.x
https://doi.org/10.1111/j.1439-0469.1983.tb00552.x
https://doi.org/10.1093/nar/gky1053
https://doi.org/10.1073/pnas.0510977103
https://doi.org/10.7717/peerj.5428
https://easystats.github.io/report
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1111/j.2007.0030-1299.16203.x
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1016/j.cbpa.2020.110890
https://doi.org/10.1007/s003000100319
https://doi.org/10.1016/j.cbpa.2022.111169
https://doi.org/10.1093/icb/icac145
https://doi.org/10.1093/icb/icac145
https://doi.org/10.1007/BF00238924
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1111/eva.13212
https://doi.org/10.1111/cobi.13885
https://doi.org/10.1007/s00442-020-04714-9
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1111/gcb.16309
https://doi.org/10.1371/journal.pone.0045682
https://doi.org/10.1017/s0954102006000356
https://doi.org/10.1007/978-981-10-7757-9_7
https://doi.org/10.1371/journal.pone.0118272
https://doi.org/10.3402/polar.v34.23947
https://doi.org/10.1091/mbc.e02-05-0259
https://doi.org/10.1091/mbc.e02-05-0259
https://doi.org/10.1242/dev.01909
https://doi.org/10.1038/s41598-021-00724-6
https://doi.org/10.1371/journal.pone.0044209
https://doi.org/10.1371/journal.pone.0044209
https://doi.org/10.1128/jvi.01905-21
https://doi.org/10.1016/j.pedobi.2009.01.001
https://doi.org/10.1016/j.rsma.2022.102743
https://doi.org/10.1016/j.rsma.2022.102743
https://doi.org/10.1016/j.bbrc.2018.08.185
https://doi.org/10.1371/journal.pbio.2002266
https://doi.org/10.1371/journal.pbio.2002266
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1258932

	Increasing temperature-driven changes in life history traits and gene expression of an Antarctic tardigrade species
	Introduction
	Materials and methods
	Sampling and rearing
	Life history traits
	Statistical analysis
	Fitness formula
	Expression library preparation
	RNAseq data preparation
	Gene expression analysis

	Results
	GLM results
	Fitness score
	Transcriptomic results

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


