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The Western Antarctic Peninsula (WAP) is among the areas of the planet showing
some of the most significant increases in air and water temperature. It is projected
that increasing temperature will modulate coastal ecosystems at species ecological
performance and molecular composition. The main way that the organisms can cope
with large thermal variation is by having a reversible phenotypic plasticity, which
provides the organisms with a compensatory physiological response when facing
challenging conditions. The giant Antarctic isopod Glyptonotus antarcticus is one of
most common species in Antarctic waters. This species has a larval development
inside of the maternal marsupium, where juveniles have a short period to acclimate
to environmental conditions after birth. In this sense, we hypothesize that juveniles
exposed to unusual temperature increases even for short periods, would not respond
adequately showing a narrow phenotypic plasticity. We experimentally assessed if early
juveniles of G. antarcticus have the molecular plasticity when exposed to increased
temperature at 5◦C during 1, 6, 12 and 24 h. Sequenced libraries were compared
between control (0◦C) and each experimental treatment to detect differentially expressed
transcripts. The main molecular pathways affected by thermal stress were antioxidant,
proteases, endopeptidases and ubiquination transcripts which were up-regulated and
mitochondrial respiratory chain, cuticle, cytoskeleton and a molt transcript which were
down-regulated. Regarding the HSP transcript, only 3 were up-regulated at least in two
points of the stress kinetic, without classical Hsp70 and Hsp90 transcripts. This study
shows that juveniles of G. antarcticus do not show molecular phenotypic plasticity to
cope with acute short-term heat stress, even for one or few hours of exposure with an
absence of an eco-physiological capacity to respond. This may have consequences at
the ecological population level, showing a reduced individual ability to survive decreasing
population recruitment.
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INTRODUCTION

The Western Antarctic Peninsula (WAP) is among the areas of
the planet showing most significant increases in air and water
temperature (Stenni et al., 2017), with evidence indicating that
the mean atmospheric temperatures increased by 3◦C (0.6◦C
per decade) and sea surface temperatures by 1◦C (SST in the
upper 100 m) between 1955 and 2004 (Moffat and Meredith,
2018). The IPCC report for Polar regions has shown that in
recent years (2005–2017), the Southern Ocean was responsible
for an increased proportion of the global ocean heat increase
(45–62%) (high confidence) (Meredith et al., 2019). These
evidences confirm that this region includes a major center of
considerable, recent warming in the shallows, and this is forecast
to be sustained (Barnes et al., 2021). Consequently, increased
sea temperatures might cause rapid changes in the Southern
Ocean and its inhabitants (Morley et al., 2020). With very few
exceptions, the Antarctic marine species are more sensitive to
temperature variations than other marine groups from other
regions (Peck, 2011, Peck et al., 2013). The projected that
rising temperatures could be modulate communities of coastal
ecosystems at species ecological performance and molecular
composition (Ashton et al., 2017; Peck, 2018; Morley et al., 2020).

Organisms shifts in size structure, spatial range, and seasonal
abundances of populations may occurs by altered physiological
function behavior, and demographic traits as consequences of
exposure to directs effects of in ocean temperature (Doney
et al., 2012; Griffiths et al., 2017). According to Doney
et al. (2012), the main determinant of a species tolerance
to environmental variability and change is their physiological
performance. In fact, organisms initially respond based on
physiological and behavioral adaptation to climate changes,
according to their evolutionary history (Somero, 2012). Changes
and establishment of new environmental conditions may be
physiologically tolerable, allowing acclimatization, or may be
intolerable, provoking migration, change phenology or death and
local extinction if adaptation is not possible (Parmesan, 2006).

The principal way that the organisms can cope with large
thermal variation is having a reversible phenotypic plasticity,
providing to the organisms with a compensatory physiological
response when facing challenging conditions (Clusella-Trullas
et al., 2014). Species with short generation times require little
phenotypic plasticity and primarily respond having genetic
modifications. In contrasts, species with long generations (as
most Antarctic marine invertebrates and fishes) are expected
to have wide range of phenotypic plasticity to survive long
enough for adaptation processes to take effect (Peck, 2011, 2018;
Somero, 2012, 2015; Chown et al., 2015; Convey and Peck, 2019).
However, a large proportion of these studies have been conducted
in adult individuals without considering how developmental
stage or age affect their responses, mainly because of the
availability of tissue or depending on what animals are available
(Clark et al., 2016). The response of juveniles to thermal stress
has been characterized in few species of Antarctic organisms
(Rinehart et al., 2006; Clark et al., 2013, 2016; Peck et al., 2013;
Husmann et al., 2014). In the case of the Antarctic midge, Belgica
antarctica, the heat shock proteins are continuously and strongly

expressed during larval life. Results suggest that adult midges
exhibit no constitutive up-regulation of their Hsps and have a
lower intrinsic tolerance to high temperatures (Rinehart et al.,
2006). Other studies on the Antarctic clam (Laternula elliptica)
have assessed changes in gene expression levels in young and
older individuals (Husmann et al., 2014; Clark et al., 2016).

Transcriptomic modulation is the main mechanism of
phenotypic plasticity, being the first line of response to
environmental stress. Pfennig et al. (2010) defined phenotypic
plasticity as the ability the ability of a single genotype to produce
multiple phenotypes in response to variation in the environment.
The gene expression act as mechanisms driving most phenotypic
plasticity and in several crustaceans studies detected changes
in transcriptome expression and also shifts in the heat-shock
proteins expression (Logan and Cox, 2020). Regarding marine
Antarctic invertebrates, Clark et al. (2017) showed that a
crustacean Paraceradocus miersi, a brachiopod Liothryrella uva
and a bivalve mollusk Laternula elliptica showed a heat shock
response with the upregulation of expression of HSP70 family
genes. In the same study, the gastropod Marseniopsis mollis
and the echinoderm Cucumaria georgiana did not show Heat
shock response, but the expression of mitochondrial electron
transport chain. In the case of the Antarctic sponge Isodictya
sp., a genome-wide transcriptomic assessment to thermal stress
(3 and 5◦C) found up-regulated genes including HSP, ribosomal
proteins, ubiquitin related genes and few genes with antioxidant
activity (González-Aravena et al., 2019). This study revealed
that degree and type of stress response varied little from 3 to
5◦C, suggesting that even a moderate increased temperature
could induce a stress at the limit of this organism capacity.
Another experimental study demonstrated that genes involved in
cellular stress response were differentially expressed in Laternulla
elliptica individuals exposed to warming of just 2◦C over summer
temperatures found in the natural habitat (Truebano et al.,
2010). A recent study evaluating the genome-wide transcriptomic
response to ocean acidification and warming in the pelagic
Antarctic gastropod Limacina helicina antarctica evidenced that
temperature is the master variable driving global change of
gene expression (Johnson and Hofmann, 2020). These results
suggest that this species do not have enough plasticity to
respond to environmental stresses reaching the limit capacities to
cope its. Altogether, transcriptomic evaluation of thermal stress
with crustacean and marine Antarctic invertebrates, provide
valuable ecologically relevant information about eco-physiology
responses and whether they possess phenotypic plasticity to cope
with this stress.

Glyptonotus antarticus (Eights) is a large marine isopod, and
it has been recorded from several islands of the Southern Ocean
(South Georgia, South Orkneys and South Shetland Islands)
as well as in the Ross Sea, at depths from the littoral level
to 585 m (Janecki and Rakusa-Suszczewski, 2006). In Fildes
Bay (King George Island, South Shetland) G. antarcticus is
normally associated to soft bottoms between depths of 20 and
40 m. This species has a larval development inside of maternal
marsupium (Janssen and Hoese, 1993), hence their juveniles
have a short period to acclimate to environmental conditions
after birth. Despite the highly phenotypic plasticity recorded in
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some Antarctic marine invertebrates (Morley et al., 2012, 2016),
it is expected that Antarctic ectotherms have a specialization
to a narrow range of low temperatures (Pörtner et al., 2007).
In this sense, we hypothesize that if juveniles are exposed to
unusual temperature even for shorts periods (few hours), they
would not be able to respond adequately to warming, showing
a narrow phenotypic plasticity. Genome-wide transcriptomic
assessments are highly important to determine if early juveniles
are eco-physiological capable to respond to ecologically relevant
environmental stress, under temperature prediction for 2100
(IPCC, 2019). The aim of this study is to determine if early
juveniles of the giant isopod G. antarcticus have the molecular
plasticity once they are exposed to an acute (1, 6, 12 and 24 h)
5◦C heat shock.

MATERIALS AND METHODS

Animal Collection and Experimental Heat
Stress Exposure
Forty specimens of G. antarcticus were collected by SCUBA
diving at 10–20 m depth during the Austral summer at
Maxwell Bay (62◦12′12.2′′S–58◦56′41.7′′ W), Fildes Peninsula,
King George Island. After collections, animals transported to the
laboratory and maintained in a re-circulating seawater system in
a temperature-controlled room (1.0 ± 1.0◦C, 34% salinity) and
constant aeration. Specimens were acclimated for 1 week before
experiments. Gravid females were separated and examined for
juveniles within the marsupial sack. Four-day old juveniles (ca.
7 mm total length), released by a single female, were used for
the experiments. Juveniles were placed in 50 mL flasks filled with
0.45 µm UV-sterilized seawater at the experimental condition
within thermostated baths.

A laboratory-controlled heat stress kinetic was performed
using 36 juveniles of G. antarcticus individuals exposed to 5◦C
temperature, whereas 18 individuals were maintained at summer
normal temperature 0◦C (Control). Nine heat-stressed organisms
were sampled at 1, 6, 12, and 24 h to form three pools of three
individuals, at each kinetic point, prior to RNA isolation. Equally,
nine non-stressed organisms were sampled at 1 and 24 h to
constitute three pools of three individuals at each point for RNA
isolation of control conditions. No fatalities were observed during
the thermal exposure.

RNA Isolation and Sequencing
Three biological replicates constituted by pools of three
individuals were used for RNA isolation at each kinetic point of
thermal stress (1, 6, 12, and 24 h). In addition, 2 control points of
normal summer temperature (1 and 24 h) were conducted with
the same criteria. All samples were placed in RNAlater (Qiagen,
Hilden, Germany) and stored at−80◦C on site.

The RNA isolations were performed with E.Z.N.A R© Total
RNA Kit II (Omega Bio-Tek Inc., Norcross, GA, United States),
previously homogenized the whole bodies with Precellys R©

Evolution with a Cryolys cooling unit (Bertin Technologies,
Montigny-Le-Bretonneux, France). RNA concentrations were
measured using a Nanoquant spectrophotometer (Tecan,

Switzerland). RNA samples were precipitated with ethanol
and sent to the Macrogen company for libraries preparing and
sequencing. RNA quality and quantity were determined on
a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States). One µg of RNA from each pool was used to
produce RNA libraries for sequencing, with a TruSeq Stranded
mRNA kit (Illumina, San Diego, CA, United States). Sequencing
was performed in a paired-end 100 bp mode using Illumina
Hiseq2500 platform. The cDNA ensemble corresponding to
18 libraries was deposited at the NCBI GEO database with
accession ID GSE180716.

Bioinformatic Analyses
Eighteen paired-end libraries were obtained from Illumina HiSeq
2500 sequencing. The raw sequences were analyzed under
Galaxy Platform ABIMS from Biologist Station of Roscoff1,
until finding the differentially expressed transcripts between
control and treatment samples (Figure 1). Firstly, the raw
sequences were checked for quality, passing all of them the filter
criterion with all nucleotides with > 30 phred score, excepting
9 first and last one nucleotides. For these reasons, the first 9
nucleotides and the last one of all raw reads were trimmed
with Trim sequences program. Then, a reference transcriptome
was assembled using all libraries with Trinity (Grabherr et al.,
2011) and annotated with Trinotate. Alignment analyses were
performed for every sample with Bowtie2 (Langmead et al., 2009)
to assess Transcriptome quality showing aligned percentage
between 81.68 and 84.78% with an average of 83.64% evidencing
a high accurate assembly. This reference transcriptome assembly
was used for aligning and counting reads for each sample with
the normalization method “Transcripts Per Millions” (TPM)
using Salmon program (Patro et al., 2017). The TPM normalized
counts were used to compare generate expressions matrixes
of transcript expression among experimental conditions. Then,
these matrixes were used to obtain the differentially expressed
transcripts (DET) using EdgeR software (Robinson et al., 2009),
considering differentially expressed with a fold-chage > 1.5
and False discovery rate < 0.05. The files with differentially
expressed transcripts were exported from Galaxy and their list
of transcripts with Suisseprot abbreviation were used to obtain
interaction networks and enriched GOterms with STRING online
program (Szklarczyk et al., 2019), for down and up-regulated
of all comparisons together and for each time points separately
(Supplementary Material 3).

RESULTS

Transcriptome Sequencing Stats
After exposure to experimental condition, RNA isolation, library
preparation and sequencing 674,021,026 paired-end reads were
yielded, with 37,445,612.56 reads per sample average. Using
the total 18 paired-end libraries, we assembled a high-quality
reference transcriptome containing 175,629 transcripts. This
transcriptome has a N50 of 1,093 nucleotides and an average

1http://galaxy.sb-roscoff.fr
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FIGURE 1 | Differentially expressed transcripts between control (1◦C) and treatment (5◦C) conditions during different kinetic times. Volcano plots showing the up-
and down-regulated genes between heat stress and control condition at each time point. Genes which were found to be significantly different by edgeR are
indicated in red.

contig 1,071.13 nucleotides based on all transcript contigs.
Regarding completeness of contigs, comparing with Arthropoda
database, the BUSCO software revealed a 97% of contigs as
complete (40.3% of contigs as complete and single copy and
56.7% complete and duplicated), 2% as fragmented and 1% as
missing (Table 1).

Differentially Expressed Transcripts
The transcript expression level counting with normalized TPM
were compared between Control 1 h (1◦C 1 h) and 1◦C 24 h
to assess the effects of sampling time during the experiment.
Differential gene expression analysis using edgeR suggests a very
low effect of aquarium maintenance during the experimental
work, showing only 40 differentially expressed genes 23 down-
regulated and 17 upregulated. In contrast, comparisons between
Control 1 h and thermal stress treatments showed that several
transcripts were affected by acute thermal stress at 5◦C from 1 to
24 h (Figure 1). At the 1-h 5◦C acute stress, 405 transcripts were
differentially expressed with 238 down- and 167 up-regulated.
Following the stress kinetic at 6 h, 820 differentially expressed
transcripts (DET) have been detected with 608 down and 212
up-regulated, being this point with the most transcriptional

effects. Then, at the 12-h stress point, 383 differentially expressed
transcripts were recorded, with 89 down and 294 up-regulated,
being this experimental treatment the only one showing more
up-regulated than down-regulated transcripts. Finally, at 24 h,
270 transcripts were revealed having differentially express level,
with 116 down and 154 up-regulated transcripts (Figure 1 and
Supplementary Material 1).

Considering all DET lists at the four experimental
comparisons, we observed an overall pattern of molecular
pathways affected by acute thermal stress with groups of
transcripts at least in two points of the experimental kinetic
(Figure 2 and Supplementary Material 2). Firstly, we detected
an induction of few transcript coding for Heat Stress Proteins
(HSP) including Stress-70 protein (Hsc70-5), Stress-induced-
phosphoprotein 1 and Calumenin-B. However, other HSP such
as Hsp83 and Hsp7D were also repressed. Interestingly, two
antioxidant transcripts were differentially expressed during
the entire thermal stress kinetic. This included Super oxide
dismutase [SOD (Cu-Zn)], Glutathione peroxidase (GPx). In
contrast, Glutathione S-transferase (GST) was differentially
expressed at two points. Other two pathways that were clearly
affected were the proteases and ubiquination with several
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TABLE 1 | Assembly statistics for whole body of Glyptonotus antarcticus juveniles.

Reads

Raw Reads 674,021,026

Filtered Reads (phred quality > 30) 674,021,026

Total Aligned and counted reads 527,240,036

Aligned and counted reads (%) 78.22

Assembly

Total trinity transcripts 175,629

Total trinity genes 290,000

GC (%) 40.17

Assembly statistics

N50 1,093

Median length (bp) 350

Average length (bp) 665.34

BUSCO statistics

Total completeness (%) 97.0

Complete and single-copy (%) 40.3

Complete and duplicated (%) 56.7

Fragmented (%) 2.0

Missing (%) 1.0

transcripts induced by acute thermal stress with 20 and 4,
respectively. Interestingly, a protease potentially involved
in crustacean molt, the cathepsin L was down-regulated at
the middle and at the end of the kinetic. Another effect of
acute stress was the markedly repression of several transcript
coding for cuticle proteins including cuticle proteins AM1199,
CP1876, AM/CP1144, cuticlin-1 among others (Figure 2 and
Supplementary Material 2), and also the energy genes such
as mitochondrial respiratory chain (Cytochrome c oxidase;
Cytochrome b; NADH dehydrogenase among others) and
cytoskeleton transcripts (tubuline, myosin and actin).

Enrichment GO Terms Analyses
At 1 h of thermal stress (5◦C) the down-regulated transcripts
were enriched with molecular function implicated in translation,
such as such mannose and kinase binding with potentially
function in cellular signaling, respectively (Supplementary
Material 3 and Supplementary Figure 1). Among up-regulated
transcripts at this kinetic point, the analysis detects an
enrichment with peptidase molecular functions GO terms
(Supplementary Material 3 and Supplementary Figure 1). After
6-h exposure, many molecular functions were enriched with
down-regulated transcript list. Between these functions, some of
them are implicated in translation as such as pre-mRNA and
ribosome binding, mitochondrial electron transfer activity and
ATP binding, cytoskeletal and actin binding, and finally some
peptidases (Supplementary Material 3 and Supplementary
Figure 2). Considering up-regulated transcripts list at 6-
hour exposure, most of molecular functions were related with
peptidase activity and another two with oxidoreductase activity
(Supplementary Material 3 and Supplementary Figure 2). The
analysis of the transcripts list at 12-h exposure showed that
no enriched GO terms were revealed nor for down and up-
regulated lists (Supplementary Material 3 and Supplementary

Figure 3). Contrary to the first 3 point of the kinetic, at the
end of the experimental exposure (24 h) most of differentially
transcripts were up-regulated of which are overrepresented with
molecular functions as peptidases, hydrolases and phospholipase
(Supplementary Material 3 and Supplementary Figure 4).
Regarding the down-regulated transcript at 24 h, these were
enriched with electron transfer activity, adenylate cyclase
binding, and cytoskeletal protein binding molecular functions
(Supplementary Material 3 and Supplementary Figure 4).

Protein-Protein Interaction Network
Analyses
The visualization of the different biological processes at
each point of the kinetics showed that the protein-protein
interaction network were consistent with enrichment analyses.
The differentially expressed transcripts between control and heat
stress for down- and up regulated transcripts list at each time
point (1, 6, 12, and 24 h) show several highlighted processes
(Figures 3, 4). Specifically, the analyze for the down- regulated
genes revealed the interaction of transcriptional, alternative
splicing, translation, cytoskeletal and mitochondrial energy
transcripts were recorded with interactions (Supplementary
Material 3 and Supplementary Figures 7–9). The only exception
was at 12-hours which has a very narrow set of transcripts with
interactions (Supplementary Material 3 and Supplementary
Figure 10). For up-regulated transcript lists for each time
point, the most relevant interactions showed by the analyze
were peptidases, ubiquination, antioxidant and co-chaperone
transcripts, of which were present at the majority of kinetic points
of heat-stress (Supplementary Material 3 and Supplementary
Figures 11–14).

DISCUSSION

The cellular response to stress involves a variety of molecular
changes at the level of different cell types and tissues. A classic
response of organisms to warming is the overexpression of heat
stress proteins (Collins et al., 2021). Transcriptomic techniques
to assess this response have been widely used and may reflect
the physiological coping mechanisms of response. Previous
studies in Antarctic crustacean transcriptomes have been already
sequenced and assembled improving our understanding of the
stress response in this important group (Clark et al., 2011, 2017;
Toullec et al., 2013; Cascella et al., 2015; Collins et al., 2021). The
genome-wide transcriptomic analyses of G. antarcticus assessing
the effects of acute thermal stress during an experimental kinetic
showed a dynamic effect of a 5◦C temperature increase. The
analyses revealed that at the beginning of heat-stress (1 h to 5◦C),
produce the modulation of 405 transcripts, being more of them
half down-regulated, suggesting that a short period of acute stress
(1 h) is enough to produce an effect on gene expression. Then,
longer exposure at 6-hours (5◦C) the effect on gene expression
increased with 820 transcripts modulated of which 608 (74.15%)
were down-regulated, suggesting that studied organisms were
under a negative pressure at this experimental point.
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FIGURE 2 | Relevant molecular pathways with differentially expressed transcripts. Up-regulated transcripts are shown in black and down-regulated in red.

The transcriptomic profiling in Antarctic crustacean has
revealed the expression of classical heat shock proteins (hsps)
sequences and notable differences in induction pattern. In
this context, Antarctic fish have been an important model
for approaching the understanding of the role of chaperone
proteins in an adaptation to survival at low temperatures.
Most of the Antarctic notothenioid fishes, show constitutive
expression of HSP70 (Place et al., 2004; Clark et al., 2008).
However, some Antarctic zoarcid such as Lycodichthys dearborni,
reveal an ability to upregulate the Hsp70 gene in response
to a short exposure to 4◦C (Place and Hofmann, 2005). In
crustaceans the expressions of Hsp70 were measured as thermal
stress markers within three species (Paraceradocus miersi, krill
Euphausia superba and E. crystallorophias). The expression of
Hsp70 transcript in P. miersi was up-regulated, while E. superba
and E. crystallorophias in experiments using to moderate thermal
shock of 3◦C and 6◦C, was possible identified 5 types of Hsps,
constitutive and inducible forms in both species. Overall, these
data confirm that juveniles of G. antarticus showed a poor
response, which was similar to the Antarctic crustacean P. miersi
due to that most of the differentially expressed genes were
downregulated (Collins et al., 2021), however, in P. miersi the
expression of chaperones such as Hsp70 is well conserved and
was inducible. Moreover, the calumenin-B genes are up-regulated
in response to heat shock in the scallop Pecten maximus and
the clam Mya truncata (Artigaud et al., 2015; Sleight et al.,
2018), however, their specific functions in crustaceans need
to be exanimated.

A trend toward reduced expression of genes involved in
metabolism in crustaceans with a higher thermal tolerance
range has been well documented. The molecular evidence
in the response of the amphipods Gammarus chevreuxi and

Echinogammarus marinus showed that this animals triggering
a hypometabolism in stressful conditions (Collins et al.,
2019, 2020, 2021). Interestingly, a study comparing heat-
resistant with heat-tolerant populations of the temperate shrimp
Oratosquilla oratoria, the majority of differentially expressed
genes were down-regulated for heat-sensitive population (Lou
et al., 2019), similarly to what occurred in our experiment with
G. antarcticus. These authors evidenced the contrary for heat-
tolerant population, being the majority of differentially expressed
genes up-regulated. Then, a reduction of the molecular response
was observed at 12-h and 24 h, with fewer differentially expressed
transcripts with a slight increase of up-regulation.

In terms of molecular pathways, the mains affected by the
acute thermal stress we found mitochondrial respiratory chain
enzymes, implicated in ATP production (Supplementary
Material 1). Others pathways affected are antioxidant
enzymes, some stress related proteins, proteases, ubiquination
enzymes, cytoskeleton, protein synthesis and cuticle proteins
(Supplementary Material 1). Regarding the respiratory
chain proteins, them were all down-regulated during entire
experimental kinetic, suggesting a possible mismatch between
oxygen demand and supply system as has been describe in
other metazoans (Pörtner and Knust, 2007). This could be
explained by the fact that temperature increase provokes a higher
ATP demand until at point of missfunction of mitochondrial
respiratory chain. Increased oxygen consumption during heat
stress is a known process in marine invertebrates and fish
(Abele and Puntarulo, 2004), usually producing reactive species
oxygen (ROS) that can cause damage at the cellular level
(Dan Dunn et al., 2015). These ROS need to be neutralized by
antioxidant molecules, which in juvenile G. antarcticus show
a clear increase in the expression of these genes such as SOD,
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FIGURE 3 | Protein-protein interaction network performed with STRING online software using four kinetic points for down-regulated transcripts. The relevant
molecular pathways were zoomed and placed in squares indicating cluster of transcript representations of each pathway. Please see Supplementary Material 3
and Supplementary Figure 5 for a complete view of protein-protein interaction network.

GPx, GST, probably to reduce ROS levels produced during the
oxidative stress.

Another stress effect observed in juveniles of G. antarcticus
was the large set of cytoskeleton proteins such as
actin/tubulin/myosin that were down-regulated, being these kind

of transcripts previously registered as differentially expressed
in others marine Antarctic invertebrates (Truebano et al., 2010;
Clark et al., 2017; González-Aravena et al., 2019). The molt cycle
is a complex process involving many regulatory pathways and
the dynamics of these proteins are closely related to the growth
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FIGURE 4 | Protein-protein interaction network performed with STRING online software using four kinetic points for up-regulated transcripts. The relevant molecular
pathways were zoomed and placed in squares indicating cluster of transcript representations of each pathway. Please see Supplementary Material 3 and
Supplementary Figure 6 for a complete view of protein-protein interaction network.

and molting cycle of crustaceans (Gao et al., 2017). Heat stress
in juveniles of G. antarcticus could affect this transcriptional
process similar to what was previously observed in P. miersi
related to down-regulation of cuticule genes and repression of
molting (Collins et al., 2021). Other molecular perturbations
recorded were the down-regulation of a high number of cuticular
proteins associated with arthropod exoskeletons and the down-
regulation of a protease involved in exoskeleton construction
(Cathepsin L), suggesting that growth energy was allocated to
other molecular pathways as a signal of stress at molecular level.
In juveniles, regulation of the molting processes is key to ensure
constant growth and the repression of cuticle proteins, which
are an important composition of the exoskeleton, could affected
the rate of growing in this species. Further studies about the
characterization of the exoskeleton-related genes and pathways
will enhanced our understanding of the molecular mechanisms
underlying exoskeleton development in Antarctic crustaceans.

Genes differentially expressed between control and acute
heat stress were functionally enriched with processes relating
to proteases, endopeptidases and ubiquination pathways. We
found transcripts with significant sequence homology to genes
encoding proteases such as sequestosome-1, chymotrypsin
and trypsin were up regulated during acute heat stress. In
addition, chymotrypsin B transcript which participate in various
biological processes, including digestion, immune response and
molting was detected in all times of the stress condition
(Kuballa et al., 2011). Trypsin was also up-regulated but at
the end of the kinetics, this enzyme has been described as
part of the mechanism that acts to break down tonofibrillae,
releasing the old cuticle during molting in the Antarctic krill
E. superba (Seear et al., 2010). However, we cannot consider the
possible involvement of both enzymes in the activation of the
phenoloxidase system which is an important pathway of immune
response (Kuballa et al., 2011). The absence of classical HSPs
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up-regulation and their remarkably up-regulation of protein
degrading enzymes, suggest that cells were under acute heat
stress needing to discard damaged proteins, rather than folding
misfolded peptides. In addition, the increased expression of
genes involved in autophagy (polyubiquitin and ubiquitin-60S
ribosomal protein L40) processes was very marked and confirms
the demonstrated consistency of the heat stress response with
autophagy induction in juveniles.

Considering ontological differences in molecular response,
nowadays it a matter of debate whether Antarctic invertebrate
juveniles are more or less resistant to thermal stress than adults.
A comparison of the response to warming between juveniles and
adults for 4 marine Antarctic invertebrates showed that for slowly
and mid temperature increases, juveniles are more resistant
than adults and juveniles of one species were more resistant
for fastest warming (Peck et al., 2004, 2013). In the present
study, juveniles of G. antarcticus seem to be sensitive to heat
stress; however, future studies with adults are needed to verify
an ontogenetic differential response. The response of juveniles
G. antarcticus to acute heat-stress, suggests that the organisms
do not trigger an accurate molecular induction of transcripts
to cope with temperature increase. This is hypothesized by the
absent of clear HSPs induction, the up-regulation of proteases
and endopeptidases together with the induction of antioxidant
and down regulation of mitochondrial respiratory chain. The
absent of HSP induction during thermal stress, has been ready
found in heat-sensitive individuals of Crassostrea gigas, being
clearly up-regulated in heat-resistant organisms (Kim et al.,
2017). In this sense, juveniles G. antarcticus could be considered
as sensitive to heat stress, with the absent of response but affected
by protein denaturation and ROS production, trying to mitigate
down-regulating energy production and protein synthesis.

The present study, based on a genome-wide transcriptional
approach has revealed that juveniles of G. antarcticus do
not show molecular phenotypic plasticity to cope to acute
short-term heat-stress, without an eco-physiological capacity
to respond. The down regulation of cuticle transcripts and
molting implicated enzymes, could led to individuals being more
susceptible to predation, reducing energy production possibly to
limit ROS generation with the down-regulation of mitochondrial

respiratory chain. Overall, this molecular picture could reduce
individual survivability and decrease population recruitment,
which would have ecological consequences at the population
level. Future studies are needed to assess acute heat stress in adults
and chronic exposure to warming in both juveniles and adults to
gain population-level knowledge at the molecular level.
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