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Abstract

The Antarctic Peninsula is one of the fastest-warming places on Earth. Elevated sea water temperatures cause glacier and
sea ice melting. When icebergs melt into the ocean, it “freshens” the saltwater around them, reducing its salinity. The oceans
absorb excess anthropogenic carbon dioxide (CO,) causing decline in ocean pH, a process known as ocean acidification.
Many marine organisms are specifically affected by ocean warming, freshening and acidification. Due to the sensitivity
of Antarctica to global warming, using biomarkers is the best way for scientists to predict more accurately future climate
change and provide useful information or ecological risk assessments. The 70-kilodalton (kDa) heat shock protein (HSP70)
chaperones have been used as biomarkers of stress in temperate and tropical environments. The induction of the HSP70
genes (Hsp70) that alter intracellular proteins in living organisms is a signal triggered by environmental temperature changes.
Induction of Hsp70 has been observed both in eukaryotes and in prokaryotes as response to environmental stressors includ-
ing increased and decreased temperature, salinity, pH and the combined effects of changes in temperature, acidification
and salinity stress. Generally, HSP70s play critical roles in numerous complex processes of metabolism; their synthesis
can usually be increased or decreased during stressful conditions. However, there is a question as to whether HSP70s may
serve as excellent biomarkers in the Antarctic considering the long residence time of Antarctic organisms in a cold polar
environment which appears to have greatly modified the response of heat responding transcriptional systems. This review
provides insight into the vital roles of HSP70 that make them ideal candidates as biomarkers for identifying resistance and
resilience in response to abiotic stressors associated with climate change, which are the effects of ocean warming, freshening
and acidification in Antarctic organisms.
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Introduction

Antarctic ice loss has accelerated at an astounding rate over
the past four decades. The Antarctic shed ice at a rate of
40 billion tons from the year 1979-1990, and from 2009
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onwards, the number rose to 252 billion tons per year—six
times higher than the previous rate (Rignot et al. 2019). This
rapid reduction in sea ice and similar environmental changes
threaten biodiversity in the Antarctic, as they are happen-
ing over short time scales that do not accommodate natu-
ral selection (IPCC 2018). A scientific study suggests that
melting ice from Antarctica could bring extreme weather
and unpredictable temperature changes by disrupting ocean
currents and changing levels of warming around the world
(Golledge et al. 2019). Global warming is causing physical
changes in Antarctica and altering the natural distribution of
the living environment. All reports on the effects of global
warming in Antarctica point out the importance of studying
climate change to enable scientists to predict more accu-
rately the effects of climate change on the ecosystem and to
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provide information for the world, especially for politicians
and policymakers.

From a topographic point, most of the Antarctic ice is on
land. With global warming, a lot of the melting comes from
the bottom of the ice shelf, as it is exposed to the ocean.
When the ocean warms up, the underside of the shelf melts
and causes it to thin and eventually break off into the ocean,
contributing to the rise in ocean levels. The melting of the
ice shelf is contributing to the “freshening” of the ocean,
as the excess of freshwater flows into the ocean. A study
on the ocean “freshening” by glacial meltwater reported
that increasing freshwater flows into the ocean interrupt the
ocean’s salinity and water buoyancy, which slows and even-
tually shuts down the vertical mixing of the ocean. When
this happens, the cold waters at the surface cannot sink.
The deeper waters retain their heat and trigger astounding
ice melt from below (Silvano et al. 2018). The increase in
heat trapped in the ocean is the major factor increasing sea
levels and global climate change (Bronselaer et al. 2018).
This increased melting exposes Antarctic organisms to novel
environmental stressors, thus setting up the importance of
biomarkers that can measure the effects of temperature rise
and salinity due to the fact of water “freshening” as well as
the ecosystem’s tolerance limits, which include resistance
and resilience to environmental change. As global warming
is affecting polar ecosystems, we must learn the vulnerabili-
ties that exist and the tipping points to inform global climate
change policy. Otherwise, a unique opportunity may be lost.

Changes in temperature and salinity at the sea surface
has been reported in several areas of the Antarctic Peninsula
(Cardenas et al. 2018) and King George Island (Bers et al.
2013). In addition to studying the effects of ocean warm-
ing, which causes increase in temperature and decrease in
salinity at the sea surface, the effects of ocean acidification
have caused significant variation in response patterns at the
level of taxa of many marine organisms. It is undeniable that
both ocean warming and acidification stressors are highly
related, as the combined effects of these stressors have been
reported worldwide such as in the Antarctic dragonfish,
Gymnodraco acuticeps (Flynn et al. 2015); sea urchins, Ster-
echinus neumayeri (Ericson et al. 2012; Byrne et al. 2013;
Suckling et al. 2015) and macroalgal (Schram et al. 2017);
seagrasses and marine macroalgae (Koch et al. 2012); and
Tropical Eastern Pacific coral, Porites panamensis (Anlauf
et al. 2011). The increase in the carbon dioxide (CO,) con-
centration in the atmosphere causes greenhouse effects. This
will increase the temperature of sea surface and salinity, and
when the CO, dissolves into the sea surface, this will cause
ocean acidification, which reduces ocean pH. With regard to
ocean acidification, several Antarctic species were identified
as being vulnerable to elevated seawater CO, level such as
in the functioning of adult Laternula elliptica (Cummings
et al. 2011), sensitivity of krill egg hatch rates (Kawaguchi
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et al. 2013), metabolic suppression in the pteropod Limacina
helicina Antarctica (Seibel et al. 2012) and reduction in cal-
cification of Limacina retroversa in the rapidly acidifying
waters (Mekkes et al. 2021).

Studies of the living responses to environmental changes
have led to the importance of understanding the vulnerability
of a species to stress at the molecular level by looking at
its heat shock proteins (HSPs). Among all HSPs, HSP70s
are the most studied proteins due to the fact of their high
sensitivity and abundance, as well as being ubiquitously
expressed and associated with all subcellular compartments
(Radons 2016). HSP70s are the central components of a cel-
lular network of molecular chaperones and catalysts of pro-
tein folding processes (Frydman 2001; Mayer et al. 2005).
Moreover, HSP70s have a cell cleaning function integrated
into folding and signal transduction pathways, which allows
them to revise the structures of newly synthesized proteins
and repair unsuccessful protein conformations (Kampinga
and Craig 2010). In bacteria, DnaK is the bacterial repre-
sentative of the HSP70 chaperone family, which plays a key
role in protein folding in non-stressed growth conditions and
becomes more important during stress (Diamant et al. 2000;
Sugimoto et al. 2003). For these characteristics of HSP70s,
numerous studies have used HSP70s as biomarkers for their
ability to signal possible environmental changes expressed in
organisms through the expression of their genes and the con-
sequent activation of the protein for its ability to increase or
decrease according to the situation of the organism (Kohler
et al. 1992; Zanger et al. 1996; Nadeau et al. 2001; Moyes
and Schulte 2010; Mello et al. 2012; Silva-Zacarin et al.
2012; Taylor et al. 2013; Ansoar-Rodriguez et al. 2016; Coe-
lho et al. 2017). Furthermore, HSP70s are typically used
as biomarkers because they are key effectors in the stress
response and generalists among the chaperones, making
them the cellular first responders. Moreover, HSP70s reside
in all subcellular compartments, and their abundance and
high sensitivity which reflect their importance for cellular
repair machinery and involvement in the homeostasis of all
living organisms (Sharma and Masison 2009; Evans et al.
2010; Sabirzhanov et al. 2012; Mishra and Palai 2014).

Extensive studies documented the expression of Hsp70
as a response by marine organisms to the effects of cli-
mate change. These reported studies have investigated the
response of marine organisms to global warming at the bio-
logical and molecular level. This review on the effects of
climate change and Hsp70 expression in marine organisms is
timely since: (1) ocean warming in Antarctic areas is occur-
ring at an alarming rate and will continue to have strong
impacts on marine organisms in the future; (2) a substantial
amount of information on the expression of Hsp70 is pub-
licly available; (3) there is no current comprehensive review
on Hsp70 expression as a response to the effects of ocean
warming on marine organisms. Hence, this review focuses
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on the Hsp70 expression as an effect of climate change and
suggests future research and the application of Hsp70s as
biomarkers to measure the impacts of climate change, par-
ticularly in the Antarctic oceans.

Functional roles of HSP70

Heat shock proteins (HSPs) are a family of highly homolo-
gous chaperone proteins that are induced in response to envi-
ronmental, physical and chemical stresses. Many HSPs act
as molecular chaperones to limit the consequences of dam-
age and facilitate cellular recovery when cells are exposed
to deviations from optimal growth conditions. These molec-
ular chaperones are expressed in cells to protect unfolded
aggregated proteins, thermally damaged proteins from
aggregation and refold damaged proteins or target them for
efficient degradation (Hartl and Hayer-Hartl 2002). When
cells are exposed to stressors, many of the HSPs are syn-
thesized and highly upregulated, particularly the HSP70
family. The HSP70 family plays a protective function in
cell injuries by reducing the stress-induced denaturation
and aggregation of intracellular proteins (Qu et al. 2015).
The HSP70s are structurally and functionally conserved in
evolution. HSP70s have high structural homology and con-
served functional properties across species. These can be
seen where the HSP70 in one organism can complement a
different organism in protection from heat stress, such as the
HSP70 in Drosophila melanogaster can complement mam-
malian HSP70, as demonstrated by Pelham et al. (1984), and
rodent HSP70s can be functionally complemented by human
HSP70 to grant cellular protection against various stresses
(Jaatteld et al. 1992; Li et al. 1992; Angelidis et al. 1996).
HSP70 is a molecular chaperone that assist protein fold-
ing, disaggregation and degradation by the conformational
changes fueled by adenosine triphosphate (ATP) hydroly-
sis (Zuiderweg et al. 2017). Catalytically, HSP70s prepare
proteins for spontaneous and productive folding or unfold
misfolded polypeptides that will then spontaneously refold
(Fernandez-Fernandez and Valpuesta 2018). Interestingly,
using molecular dynamics simulations, HSP70 chaperones
can work as foldases themselves by directing the folding
procedure of the substrate protein (Lu et al. 2021). The
ATP-dependent binding and release in HSP70 are initiated
by the recognition of exposed hydrophobic residues in non-
native protein substrates (Imamoglu et al. 2020). In bacte-
ria, HSP70 (DnaK) involved in many diverse protein folding
processes in the cell such as assisting protein folding, pre-
venting aggregation of stress denatured protein, and solubi-
lizing protein aggregates (Mayer 2021). In addition, HSP70s
also play important roles in biofilm formation and cell adhe-
sion (Sugimoto et al. 2018) and aid in the virulence of many
pathogenic bacteria (Ghazaei 2017). Most importantly,

environmental stress insults, such as heat shock, lead to fold
increase in HSP70s in many proteobacteria (Roncarati and
Scarlato 2017; Schramm et al. 2017). In eukaryotes, many
proteins require HSP70 for co-translational folding and
catalyze substrate folding or refolding (Lang et al. 2021).
Induction of HSP70 was extensively recorded when stress
conditions reduced cells’ viability and functions, such as
oxidative, osmotic, heat, acid, and other distinct forms of
proteotoxic stress (Lang et al. 2021).

However, more importantly, in terms of their role in
stress response, HSP70s enable misfolded proteins to attain
or recover their native states and also target degraded pro-
teins and control their removal from the cell, thus preventing
cytotoxic aggregates from forming (Parsell and Lindquist
1993; Hartl 1996; Fink 1999; Ciechanover and Kwon 2017).
Classical activation of inducible HSP70s genesis in response
to elevated environmental temperatures has been identified
in most of the species examined to date. In all species, the
induction of HSP70s is surprisingly rapid and intense, in part
a consequence that it is an emergency response. Although
the heat shock responses in an organism are universal, the
induction temperature and the temperature fluctuations of
the organism’s environment are remarkably correlated.
According to Mayer and Bukau (2005), HSP70s are the key
aspects of the cellular network of molecular chaperones and
folding catalysts. They assist in a wide range of protein fold-
ing processes in the cell by transiently attaching their sub-
strate-binding domain with short hydrophobic peptide seg-
ments within their substrate proteins. The substrate binding
and release cycle is driven by HSP70 shifting between the
low-affinity ATP bound state and the high-affinity adenosine
diphosphate (ADP) bound state. Therefore, for the chaper-
one activity of HSP70 proteins, ATP binding and hydrolysis
are crucial both in vitro and in vivo.

Structure and function of HSP70

The HSP70 chaperone family is evolutionarily conserved in
both prokaryotes and eukaryotes and widely distributed in
the cytoplasm, mitochondrion, nucleus, endoplasmic reticu-
lum, and other cell compartments (Boorstein et al. 1994).
Although HSP70s are ubiquitous molecules, they are also
induced in response to cellular stress. Canonical HSP70s
as described by E. coli Hsp70 (DnaK), can inhibit protein
misfolding/aggregation and refold misfolded proteins.
HSP70 in prokaryotes, E. coli, called DnakK, is the best-
known heat shock protein, as much of our knowledge about
HSP70 action is based upon studies on the DnaK (Makumire
et al. 2015). Since bacterial and mammalian HSP70s are
50% identical and have substantially superimposable struc-
tures and similar enzymatic functions, it is believed that
HSP70 chaperones across species perform through similar
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mechanisms. This theory is supported by biochemical and
structural studies on HSP70s from several different species.

The mechanism of HSP70 is to interact with hydrophobic
peptide segments of proteins in an ATP-controlled manner
or by ATP hydrolysis and, consequently, mediate various
functions, such as heat shock response, protein folding,
refolding of misfolded proteins, protein translocation, and
signal transduction (Young et al. 2003; Wruck et al. 2018).
In addition, HSP70s bind rather non-specifically to hydro-
phobic peptides, thereby allowing HSP70s to act on a wide
range of substrates to avoid non-productive interactions that
would lead to aggregation and promote protein refolding
(Sharma and Masison 2009).

In general, HSP70s comprise two common functional
domains: (1) a conserved 44 kDa N-terminal nucleotide-
binding domain (NBD), also known as the ATP-binding
domain (ABD), which is responsible for the binding and
hydrolysis of ATP, and (2) a less conserved 28 kDa C-ter-
minal substrate-binding domain (SBD) which binds to the
hydrophobic site of polypeptides and is connected by a
highly conserved linker (Flaherty et al. 1990). Meanwhile,
linkers are short peptide sequences that serve as covalent
connectors between domains. They facilitate interdomain
interactions as well as the cooperative function of domains
(Gokhale and Khosla 2000; Ruiz et al. 2016). The significant
feature of protein linker segments is their flexibility which
is vital for interdomain communication. Flexible linkers are
particularly important if a certain degree of movement and/
or interaction in the corresponding domains are required for
efficient allosteric (Reddy Chichili et al. 2013). Although
HSP70 members’ linker residues are generally conserved,
there seems to be some variation across distinct HSP70 sub-
clusters. This variation in the linker residues could confer
unique features to HSP70 members, as the linker is a struc-
turally flexible motif capable of modifying the overall con-
formation of HSP70. Therefore, a study on the variations
of linkers in HSP70 from different species may contribute
to the elucidation of their special functions, particularly in
stress response.

The NBD/ABD is composed of four subdomains, namely,
IA, IB, IIA, and IIB arranged in two lobes as shown in the
animation (Online Resource 1). Subdomain IA and IB inter-
act with each other, while IIA interacts with IIB. Addition-
ally, ATP binding is coordinated by all the subdomains that
take place at the bottom of a cleft between subdomain IB
and IIB. HSP70 NBD is often hydrophilic, while the SBD
is further divided into two subdomains in which the p-sheet
structure (SBDp) section is mostly hydrophobic to allow for
the binding and folding of peptide substrates with hydropho-
bic residues, and an a-helical structure (SBDa) acts like a lid
for SBD to promote the stable binding of a substrate (Zhu
et al. 1996). Central to the chaperone function of HSP70 is
the transition between open and closed conformations of
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SBD which is regulated by ATP hydrolysis. The molecu-
lar mechanism of the ATPase cycle and substrate-binding/
release cycles are correlated to each other in regulating the
HSP70 reaction cycle. HSP70 binds weakly to substrate in
the ATP-bound state resulting in fast exchange rates, while
in the ADP state, HSP70 bind to the substrate and reduce
the release of a substrate (Han and Christen 2003). This
basic mechanism is used to accomplish the many cellular
functions of HSP70s. Conformational changes in NBD must
be transmitted to the SBD to fulfil the ATPase-driven cycle.
The ATP binding seems to facilitate flexibility between the
base and the lid of the SBD by opening the peptide binding
site effectively. Conversely, polypeptide binding in the SBD
can also transfer alterations to the NBD, followed by the
increasing ATP hydrolysis rate (Klaips et al. 2018).

To date, not much on the relationship between the HSP70
structural and functional analysis from Antarctic organisms
has been elucidated. An interesting finding on Euplotes
focardii HSP70 revealed several significant amino acid sub-
stitutions at the ATP-binding and substrate-binding domains
(La Terza et al. 2004, 2007). It was postulated that these
substitutions are probably part of adaptive strategies that
promote an overall weakening of molecular forces in protein
to confer more flexibility for conformational changes. The
locations of the residue substitutions happen to be found
in the substrate-binding pocket that is responsible for the
conformational variations that regulate the HSP70 binding
affinity to different substrates. In addition, the substitution
of proline to alanine may decrease the steric limitations
to functional sites, thus promoting flexible rotational in
protein conformation. A recent study on HSP70 in Glaci-
ozyma antarctica revealed several interesting findings, such
as, the substitution of a pB-sheet to loop in the N-terminal
ATPase binding domain and some modest residue substitu-
tions, which gave proteins the flexibility to function at low
temperatures and retain their functional activity at ambient
temperatures (Yusof et al. 2021). The suite of amino acid
substitutions reported in the HSP70 in Antarctic organisms
is consistent with the evolution of polypeptides flexibility
to facilitate efficient folding activity for cold adaptation and
retain their functions during thermal stress. However, more
studies on HSP70 structural analysis particular in the Ant-
arctic organisms still need to be conducted for us to obtain a
clear perspective on how the adaptation strategies in HSP70
are related to their structures.

Factors and conditions that modulate Hsp70
expression in temperate systems

HSP70s respond to environmental stress and act as molecu-
lar chaperones to stabilize and refold non-native proteins
or mark them for degradation (Deane and Woo 2011). This
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indirectly helps prevent persistent damage to other mol-
ecules and contributes to cell survival. However, HSP70s
would also be detrimental to cellular function due to the
high-energy and amino acid requirements as well as uncon-
trolled binding to cellular proteins (Krebs and Feder 1997).
That means that the expression levels of HSP70 must be
tightly regulated by the organism. The members of HSP70
family have different regulatory patterns at transcriptional
level which are divided into three expression patterns: (1)
strictly heat-inducible Hsp70, which are absent or exhibit
a low basal level of expression under normal physiological
conditions and considerably upregulated in response to pro-
teotoxic stressors (Hsp70); (2) constitutively expressed and
moderately heat-inducible Hsp70, which are expressed under
normal physiological conditions and upregulated in response
to stress (Hsp/Hsc70); (3) solely constitutively expressed and
less stress-dependent Hsp70 genes, which provide folding of
polypeptides are present in cells under all physiological con-
ditions (heat shock cognates, Hsc70) (Sgrensen 2010; Mor-
ris et al. 2013; Xu et al. 2018; Drozdova et al. 2019). It was
reported that the inducible members of Hsp70 genes typi-
cally lack introns, while the constitutively expressed Hsc70
typically contain several introns in the coding sequence
(Metzger et al. 2016; Xu et al. 2018). Although the features
of the inducible Hsp70 and Hsc70 are related to the absence
of introns in the corresponding genes and in addition to the
presence of specific heat shock elements in their promot-
ers as well as specific amino acid signatures and sequence
similarity with other inducible forms, no clear evidence for
consistent interspecies identification of inducible Hsp70 or
Hsc70 forms has been presented so far (Morris et al. 2013).
In fact, a study by Drozdova et al. (2019) suggested that
the Hsp70 and Hsc70 gene family, within the order Amphi-
poda, diversified into cognate and heat-inducible paralogs
independently from other crustaceans. Thus, the Hsp70 and
Hsc70 gene family types in distant taxa may not be identi-
fied only by sequence similarity. In the Antarctic copepod,
Tigriopus kingsejongensis, the Hsp70 transcript profile was
highly upregulated under instantaneous salinity change (Kim
et al. 2022), which place them in the group of strictly induc-
ible Hsp70 genes. In Trematomus bernacchii, there was no
apparent difference in the number or pattern of isoforms
of Hsp70 in gill tissue among Antarctic and New Zealand
notothenioids (Carpenter and Hofmann 2000). This study
shows that constitutive expression of some members of the
Hsp70 family in T. bernacchii belong to the constitutively
expressed and less stress-dependent, whereby the Hsp70
genes’ expression are relatively highly expressed in control
and treated samples with no significant expression between
groups. Interestingly, in contrast with a study done by Huth
and Place (2016), they reported moderate increases in Hsp70
transcripts in 7. bernacchii when cells were exposed to tem-
perature and pressure of carbon dioxide (pCO,) stressors

simultaneously, which place the Hsp70s in the group of con-
stitutive and moderately heat-inducible Hsp70 genes.

Previous studies have described that in most organisms,
Hsp70 genes are activated in response to elevated environ-
mental temperatures or heat shock response (Clark and Peck
2009; Silver and Noble 2012). For instance, the marine mol-
lusc, L. elliptica and Nacella concinna, demonstrated signifi-
cant upregulation of Hsp70 gene expression in response to
acute 2 h heat shock experiment (Clark et al. 2008a). Despite
this, the expression of Hsp70 is not limited to heat stress.
In humans, a wide range of stress is capable of inducing the
expression of the members of the HSP70 family (Radons
2016). In Arabidopsis, all members of the Hsp70s family
showed up to a 20-fold induction by heat shock treatment,
except the mitochondrial and chloroplast Hsp70s (Sung
2001). The expression levels of the Antarctic moss, Pohlia
nutans Hsp70, also showed a higher increase when treated
with cold shock as compared to heat shock treatment (Liu
et al. 2014). The selective response to low temperature may
be related to the increasing demand for a molecular chap-
erone function at low temperatures in the plant cell (Liu
et al. 2014). This shows that the upregulation of Hsp70s also
responds to other proteotoxic stressors other than heat (Feder
and Hofmann 1999).

Numerous studies have shown that HSP70s are vital to
organisms’ responses to various environmental stresses,
particularly heat, drought, salinity, acidity, cold, ultra-
violet (UV) radiation, and exposure to heavy metals (Yu
et al. 2015). Although several reports have shown that
Antarctic marine species became unresponsive to ther-
mal stress, still, these organisms maintained the genes
related to stress response (Clark and Peck 2009). This
suggests that genes may need to be activated in response
to multiple stressors. In other organisms, the upregula-
tion of Hsp70 is observed when cells are exposed to a
variety of stressors. It was found that the expression of
chloroplast Hsp70 genes of Chlamydomonas increased in
response to heat shock as well as high light or oxidative
stress conditions (Schroda et al. 1999). This suggests that
chloroplast Hsp70s are regulated by environmental fac-
tors such as light, heat, and pathological stresses. Hsp70
in maize (Zea mays) also showed a response to drought
stress imposed by placing the seedlings in a PEG solution
(Hu et al. 2010). The expression level of P. nutans Hsp70
was also upregulated in response to drought treatment by
both water deprivation or PEG6000 solution (Liu et al.
2014). In addition, the P. nutans Hsp70 expression level
also significantly increased in response to salinity and UV
radiation. Significant salt sensitivity was also reviewed on
the Ssb class of Saccharomyces cerevisiae HSP70 family
(Peisker et al. 2010). Human Hsp70s were also demon-
strated to be upregulated in the cellular response to dis-
eases including neurological disorders, cancer, and virus
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infection (Radons 2016). This is supported by a previous
study in Alzheimer’s disease models that demonstrated
the induction of Hsp70 in response to protein misfolding
caused by the disease (Jinwal et al. 2009).

HSP70 expression changes in Antarctic
organisms exposed to heat, salinity and pH
stressors

The Antarctic Peninsula is facing thinning and retreat of
ice shelves causing the rate of ice loss to nearly quintu-
pled from 7 to 33 billion tons a year during the twentieth
century due to both the atmosphere and ocean warming
(IPCC 2018, Siegert et al. 2019). With ocean warming
resulting in more sea ice melt simultaneously as oceanic
CO, levels are increasing, the increase in sea surface tem-
perature and decrease in salinity and pH are exposing
marine lives to environmental stress situations (Mimura
2013). The effects of sudden changes in the sea surface
has been reported in several studies such as the high mor-
tality of krill near Carlini Station, King George Island
(Fuentes et al. 2016) and the loss of ability to adapt to
sudden changes in water such as in scallops (Adamus-
sium colbecki), clams (L. elliptica) and limpets (M.
concinna) (Peck 2005; Peck et al. 2010), marine inver-
tebrates (Odontaster validus and Paraceradocus gibber)
(Clark et al. 2008a, b, ¢), and sea urchins (S. neumayeri)
(Gonzalez-Aravena et al. 2018). Moreover, the intertidal
limpet, Cellana toreuma, showed a significant increase
in Hsp70 expression for coping with ocean acidification
and elevated temperature (Wang et al. 2018). Yusof et al.
(2021) reported that the Antarctic yeast, G. antarctica,
showed increasing expression of Hsp70s upon thermal
stress. It was reported that many Antarctic marine inver-
tebrates were incapable of upregulating the expression
of HSP70 at the transcript and protein levels. Neverthe-
less, extensive studies on Hsp70 expression have shown
that some Antarctic species can generate Hsp70 during
heat, salinity, and pH stress. The significant regulation of
Hsp70 expression in Antarctic marine ecosystems provide
good model species for studying the effects of heat, salin-
ity, and pH stressors in the ocean. Therefore, Hsp70 could
be used as a biomarker in these organisms to evaluate
environmental stressors including increased temperature
and decreased salinity and pH. Here we provide some of
the findings on Hsp70 expression level when cells were
exposed to heat, salinity, and pH stress documented in a
variety of organisms, focusing more on Antarctic spe-
cies. Information on the HSP70 studies, including the
type of samples and methods of collection and detection
described in several studies, are summarized in Table 1.
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Prokaryotes

Studies on the Hsp70 expression level using transcriptomics
and proteomics have extensively been conducted in eukary-
otes compared to the expression level of DnaK in prokary-
otes. The DnaK molecular mechanisms of adaptation have
not been as comprehensively investigated, especially the
expression of DnaK in prokaryotes when cells are exposed
to thermal and salinity stress. Here, we gathered some of
the findings of DnaK expression in Antarctic prokaryotes
focusing on bacteria and archaea.

Bacteria

In bacteria, DnaK is an Hsp70 homolog that plays a role as
a cellular thermometer and is equally vital for responses to
abiotic stressors such as thermal, salinity, drought, limited
nutrient and chemical exposures (Yu et al. 2015). In terms
of amino acid sequence, the bacterial DnaK is approximately
50% identical to the eukaryotic HSP70 (Evans et al. 2010).
The expression of DnaK increases when cells are exposed
to stress, which plays a significant role in the refolding of
thermally damaged proteins. In addition, DnaK also plays
a role in assisting in the folding of nascent protein chains
under normal growth conditions (Abdullah-Al-Mahin et al.
2010). High expression levels of DnaK have shown that it
has protective roles in E. coli growth between 20 and 40 °C
(Genevaux et al. 2004). Studies have shown that DnaK
carries out key functions to enhance microbial resistance
towards stress. Xu et al. (2017) demonstrated that heteroge-
neous expression of DnaK from Alicyclobacillus acidoter-
restris improved E. coli resistance towards heat, acid, and
cold stresses. Sinnasamy et al. (2016) showed that bacteria
overproducing DnaK enhanced shrimp resistance against
the pathogen Vibrio harveyi, which infects aquatic ani-
mals. In pathogens, such as Streptococcus mutans, DnaK
is involved in the survival of pathogens in extreme environ-
ments and contributes to the virulence of S. mutans (Jayara-
man and Burne 1995). Although not much was found on
the expression of DnaK in Antarctic bacteria related to heat
and salinity stress, an interesting study on an Antarctic psy-
chrotroph, Shewanella sp. Ac10, demonstrated accumula-
tion of intracellular DnaK when cells were exposed to low
temperature (Yoshimune et al. 2005). This study also found
that the recombinant Shewanella DnaK gene enabled the
E. coli mutant to grow at 15 °C. In psychrophilic bacte-
ria, Shewanella frigidimarina, grown at 4, 20 and 28 °C,
a proteomics study showed the abundance of DnaK when
cells were exposed to 28 °C (Garcia-Descalzo et al. 2014).
These findings show the important role of DnaK when cells
are exposed to stress conditions. DnaK act as preponder-
ant molecular chaperones in preventing the formation of
protein misfolds and aggregates that are toxic to the cells.
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exposed to several acute tempera-

tures of 30, 31, 32, 33, 34, 35 and

36 °C

The DnaK stress response is vital for bacteria in adapting to
changes caused by environmental stressors in their physi-
ological state.

Archaea

HSP70 and DnaK have been extensively studied in many
organisms, but little is known about them in archaea. The
archaeal DnaK primary structure is more like bacterial com-
pared to eukaryotic homologues. Not all archaea possess the
stress protein HSP70 (DnaK), in contrast with bacteria and
eukaryotes, which possess it without any known exception
(Macario et al. 1999; Zmijewski et al. 2004). We found sev-
eral studies on Antarctic archaea that showed the response
of DnaK in expression levels when cells were exposed to
thermal stress. A study of the Antarctic haloarchaea, Halo-
hasta litchfieldiae and Halorubrum lacusprofundi, showed
that both possess one set of DnaK-DnaJ-GrpE chaperones.
A proteome study showed higher levels at high tempera-
ture for DnaK in response to heat stress (Williams et al.
2017). Moreover, Methanosarcina mazei S-6 Hsp70 (DnaK)
responded to heat shock by an increase in the production of
their transcripts (Clarens et al. 1995; Conway De Macario
et al. 1995). In Natrinema sp. J7, the Hsp70 (DnaK) gene
allowed an E. coli Dnak-null mutant to propagate A phages
and grow at 42 °C (Zhang et al. 2007). Despite the impor-
tance of DnaK in eubacteria and eukarya, the archaeal
Hsp70 (DnaK) system is commonly found in all mesophilic
and some thermophilic organisms. The absence of Hsp70
(DnaK) in various archaea suggest that archaea are abo-
riginally lacking Hsp70 (DnaK), and different archaea taxa
that have it must have received it via lateral gene transfer
events from phylogenetically diverse bacteria (Gribaldo
et al. 1999).

Eukaryotes
Ciliates

As in protozoa, two ciliates, which are endemic in Antarctic
coastal seawater, E. focardii and E. nobilii, were found to
respond to thermal stress by activating the transcription of
their Hsp70 genes. La Terza et al. (2001) evaluated Antarc-
tic Euplotes’ capacity to activate the expression of genes
coding for HSP70. The results were a strong transcriptional
activity of Hsp70 genes induced in E. nobilii when cells
were transferred from 4 °C to 20 °C, while a much smaller
increase was revealed in heat-shocked cells of E. focardii.
This study reported evidence that two Antarctic species of
Euplotes, E. focardii and E. nobilii, sharply diverge from one
another in their capacity to activate Hsp70 gene transcrip-
tion in response to thermal stress. In addition, the study on
E. focardii by La Terza et al (2004) showed that E. focardii
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did not show any significant Hsp70 activation by thermal
stress. The cessation of preserving Hsp70 gene functions
was also seen in the Antarctic fish, 7. bernacchii (Hofmann
et al. 2000). Though some Antarctic organisms show loss of
HSP70 mechanisms in thermal activation response, HSP70
still retains its function for responding to other environmen-
tal hazards such as salinity, osmotic shocks, UV radiation,
and other environmental stressors.

Podlipaeva et al. (2008) assayed the expression of Hsp70
in ciliates, comparing Tetrahymena pyriformis with fresh-
water Paramecium jenningsi and euryhaline P. nephridi-
atum. In this study, the synthesis of Hsp70 was induced
in P. jenningsi and P. nephridiatum after salinity stress.
In T. pyriformis, salinity stress led to constitutive expres-
sion of Hsp70. The differences in the HSP70 chaperone
system reaction of these ciliates species may be related to
their different salinity resistances. It is known that loss of
HSP70 thermal activation is likely to be a common occur-
rence among Antarctic ectotherms and ciliates that inhabit
an environment under constantly cold conditions. Therefore,
Antarctic marine organisms, such as ciliates and fish, may
evolve convergent losses of their ability to induce an HSP70
protective response to thermal stress. This is possible due to
the long periods of isolation in an extremely cold and stable
thermal environment (Pucciarelli et al. 2009). It is plausible
that such constitutive Hsp70 expression in certain species
appears enough to prevent irreversible protein aggregation
as a result of a variety of environmental stresses. Alterna-
tively, the upregulation of Hsp70 in response to heat and
salinity stress is acquired to generate thermoprotection and
osmotic resistance in the cells. Induced HSP70s importantly
act as molecular chaperones preventing cellular damage in
cells under conditions of environmental stress. However, it is
crucial to understand that the meaning of stress will depend
ultimately on the organism and its environmental history.
Hence, this shows the important role of HSP70 in adaptation
by organisms that inhabit the stably cold Antarctic waters
and also habitats with a constantly changing environment.

Algae

In algae, HSP70 is often used in the prediction of stress
tolerance and monitoring environmental changes. In Ulva
prolifera, the transcription of Hsp70 was upregulated by UV
irradiation, heat treatment and salinities induction (Zhang
et al. 2012). In the Antarctic ice algae, Chlamydomonas sp.
ICE-L, its Hsp70 mRNA expression was stimulated when
cells were exposed to both cold and heat shock treatments.
Moreover, treating the cells with salinity shock using 62%
or 93% sodium chloride (NaCl) for 2 h, the Hsp70 mRNA
expression level increased by 3.0- and 2.1-fold, respectively
(Liu et al. 2010). Moreover, the study of Plocamium car-
tilagineum (L. Dix.) showed maximal induction of Hsp70

mRNA when the alga was incubated at 10 °C for 1 h, while
incubations at higher temperatures or for longer periods
reduced the amount of Hsp70 mRNA detected (Vayda and
Yuan 1994). A study on Symbiodinium sp. demonstrated that
the expression of the algal Hsp70 gene increased when cells
were exposed to heat stress and reduced when exposed to
extreme heat stress (Rosic et al. 2011). It was also reported
that significant differential Hsp70 expression was a result
of salinity stress. Symbiotic relationships between Symbio-
dinium sp. and Exaiptasia pallida showed effects of salinity
stress in Hsp70 expression in hypo- and hypersaline condi-
tions. The study showed that E. pallida Hsp70 expression
increased up to 6-11-fold at high salinities, whereas Symbio-
dinium Hsp70 expression showed little change at 1.4-2.6-
fold (Ellison et al. 2017). These data strongly support the
importance of Hsp70 genes as biomarkers for abiotic stress.
In the green alga Chaetomorpha valida, it was reported
that real-time polymerase chain reaction (QPCR) detection
revealed that the Hsp70 gene expression was dramatically
upregulated by temperature, desiccation, and salinities
induction. This suggests that Hsp70 in C. valida acts as a
stress-responsive gene involved in protecting C. valida from
abiotic stresses and unfavorable natural environments (Deng
et al. 2015). These findings urge for deeper analysis of the
use of HSP70s as indicators in abiotic stress.

Plants

A previous study showed that HSP70s in plants have high
similarity to prokaryote HSP70s (DnaK), and the organelle-
localized HSP70s, such as mitochondria and chloroplast, are
also highly similar to eukaryotic cytosolic HSP70s (Sung
et al. 2001). This supports the conserved nature of HSP70
and is consistent with the evolutionary origin for compart-
mentations of organelles in the eukaryotic organism (Yu
et al. 2015).

Liu et al. (2014) demonstrated that real-time PCR analy-
sis of the Antarctic moss, P. nutans Hsp70 cDNA, showed
that the expression levels of Hsp70 increased to 3.34-fold
at 24 h after 4 °C treatment and increased to 2.74-fold at
24 h after 10 °C treatment. This shows that the upregula-
tion was induced by cold and heat stress. In addition to
temperature, previous research has shown that Antarctic P.
nutans demonstrated adaptation to drought, high salt lev-
els, and UV radiation in the Antarctic that normally limit
plant growth (Yao et al. 2019). Drought stress was tested
on Hsp70 expression levels via water deprivation or with a
20% (w/v) Polyethylene glycol 6000 (PEG6000) solution.
It was found that the expression level of Hsp70 increased
9.78-fold after water deprivation for 6 days and 5.35-fold
after PEG6000 treatment for 6 h. Previous research implies
that the upregulation of Hsp70 caused by drought treatment
is induced by osmotic stress. This reflects the salinity stress
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of P. nutans, where the expression of Hsp70 increased to a
maximum value of 10.29-fold at 24 h and increased 8.50-
fold at 36 h after 200 mM NaCl treatment.

Another example of HSP70 expression among Antarc-
tic plants is a quantification study on the accumulation of
HSP70 protein in leaf tissue of Deschampsia antarctica
Desv. (Poaceae), a grass of the Maritime Antarctic. A study
by Reyes et al. (2003) demonstrated that cold-acclimated
plants subjected to thermal stress of 35 °C accumulated
HSP70 protein more than control plants subjected to 35 °C.
Short-term and long-term heat shock treatment also dem-
onstrated that the cold-acclimated plants responded sooner
to heat shock conditions. This shows that this low tempera-
ture adapted plant responds well to climate warming and
the effects of greenhouse, which are projected to cause an
increase in temperatures by several degrees and reduce sea
ice and glaciers by one third (Turner et al. 2014). The pop-
ulations of D. antarctica showed reproductive success in
warmer conditions in number and size along the Antarctic
Peninsula, Byers Peninsula, Livingston Island, Isla Robert
and even in Argentine islands (Cortés-Antiquera et al. 2021).
Despite the negative effects of global warming on plants, D.
antarctica obtained the maximum carbon dioxide assimi-
lation rate, improving its photosynthetic performance and
growth (Séez et al. 2017, 2018). It has been reported that
the Colobanthus quitensis and D. antarctica which are also
endemic of South and Central America have increased in
the number and size of populations suggesting an improve-
ment in their reproductive performances and adaptation to
warmer climate conditions (Bertini et al. 2021). This implies
that D. antarctica and C. quitensis HSP70s might be used
as potential biomarkers to monitor Antarctic environmental
conditions. This is also supported by the Hsp70 gene expres-
sion of the Antarctic ice algae, Chlamydomonas sp. ICE-L,
where both cold and heat shock treatments could stimulate
Hsp70 mRNA expression (Liu et al. 2010). Thus, the Hsp70
expression pattern in Antarctic plants offers a great potential
indicator for monitoring the environmental condition.

Animals

In marine animals, changes in temperature or/and salinity
can hamper the neuroendocrine responses and chemosen-
sory cues (Ross and Behringer 2019; Vargas-Chacoff et al.
2019). Moreover, global warming, which is causing changes
in the temperature and salinity of the Antarctic Ocean, can
affect the growth, nutrient intake rate, and oxygen consump-
tion of marine animals, leading to death at more extreme
temperatures (Navarro et al. 2019). HSP70s are well known
to respond to high temperature and other environmental
stresses in a wide range of organisms (Murphy 2013; Yu
et al. 2015). In eukaryotes, multiple members of the HSP70
family are known and located in the cytosol as well as in
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specific subcellular compartments, such as the endoplasmic
reticulum lumen and organelles (Schroda et al. 1999). Stud-
ies on the Hsp70 gene family in animals revealed that the
stress-induced Hsp70s are mainly cytosolic members (Yu
et al. 2015).

Typically, the genes encoding HSP70s are not expressed
or lowly expressed under normal conditions and are quickly
upregulated in response to stressors such as heat and salin-
ity. In some reports, Hsp70s are constitutively expressed
at all conditions. These can be seen in both the Antarctic
fish, T. bernacchii, and the Antarctic ciliate, E. focardii.
In response to thermal stress, these two Antarctic marine
species responded by constitutively expressing Hsp70 and
showing no or modest upregulation. In the case of the Ant-
arctic Nototheniidae fish, Harpagifer antarcticus, qPCR
results for liver, white muscle, and digestive gland tissue
demonstrated the downregulation of the Hsp70 gene fam-
ily comprising constitutive Hsc70, inducible Hsp70 genes
and GRP7S (glucose-regulated protein 78 kDa) during heat
shock experiments (Clark et al. 2008a, b, c¢). Other studies in
several other Antarctic fish species showed that H. antarcti-
cus displayed both the constitutive expression of Hsp70 and
the absence of a reproducible classical heat shock response
via upregulation of the Hsp70 genes in response to increased
environmental temperatures (Hofmann et al. 2000; Place
and Hofmann 2005). The lack of upregulation of Hsp70
has been demonstrated in the Antarctic Nototheniidae and
other Antarctic sea creatures such as Antarctic sea urchin, S.
neumayeri (Gonzélez-Aravena et al. 2018). Similar results
were observed in Antarctic sea star, O. validus, and Ant-
arctic gammarid, P. gibber, where there was no significant
upregulation of Hsp70 genes when cells were exposed to
acute heat shock experiments at 10 and 15 °C. Instead, O.
validus Hsp70 showed an initial decrease of 6.9-fold in rela-
tive expression levels after a 2 °C heat shock time course
experiment (Clark et al. 2008b). It was previously reviewed
that Antarctic fish may have a depressed or slower stress
response compared to temperate animals (Clark and Peck
2009). A previous report showed that the expression mode
of Hsp70 in Antarctic fish has been altered from inducible
to constitutive (Place et al. 2004; Place and Hofmann 2005).
In these Antarctic fish, HSP70 proteins are produced con-
tinuously and have extra housekeeping costs compared to
other temperate species, where their production is tightly
regulated and induced under stress (Clark et al. 2008a, b,
c). Thus, the loss of the classical heat shock response in the
Antarctic fish might be related to amino acid requirements
and energy priorities for other essential cellular metabolic
activities. This is essential to avoid the negative effects of
HSP70 overproduction such as impacts on growth, devel-
opment rate, and fertility (Krebs and Feder 1997). These
studies provide an increasing body of evidence to support
the idea that constitutive expression of heat shock proteins
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and lack of regulation may be a compensatory mechanism
for coping with elevated protein damage at temperatures far
from the optimal temperature. This response is believed to
be an adaptation to the cold but constant low temperature
of the polar sea.

The impact of ocean acidification driven by the increase
in CO, concentration in seawater has been demonstrated to
affect many marine animals in internal bicarbonate homeo-
stasis, acid—base regulation as well as energy metabolism.
Marine organisms respond to ocean acidification in differ-
ent ways in which some coral species are known to survive
and recover from bleaching caused by ocean warming and
salinity change (Kvitt et al. 2011) and reduced pH conditions
(Kvitt et al. 2015). In mollusks and corals, the response to
ocean acidification has been related to the dissolution of
carbonate structures and reduced calcification rate (Sin et al.
2020). The gene expression profiles in the Antarctic coral,
Malacobelemnon daytoni, revealed upregulation of Hsp70
in response to the short-term low pH condition (Servetto
et al. 2021). Moreover, a substantial upregulation of Hsp70
gene transcript levels in L. elliptica mantle tissue was dem-
onstrated in response to pH levels that were both lowered
and elevated relative to existing Antarctic conditions (Cum-
mings et al. 2011). In addition, a long-term, eight-month
experiment, which was conducted to compare the physi-
ological responses of Desmophyllum dianthus, resulted in
the upregulation of Hsp70 gene expression when samples
were exposed to two pCO,/pH treatments: ambient pCO2
(460 patm, pHT =8.01) and elevated pCO, (997 patm,
pHT =7.70) (Carreiro-Silva et al. 2014). The upregula-
tion of Hsp70 in response to stress exposure either high or
low pH was not unexpected, as either pH directionality is
likely to relate as a stress to marine organisms, stimulating
induction of Hsp70. In Acropora millepora, Hsp70 was not
differentially expressed between treatments but was main-
tained at a high expression levels, probably for the integrity
of newly made proteins (Kaniewska et al. 2012). The con-
stitutive overexpression of Hsp70 was also reported in the
black-chinned tilapia, Sarotherodon melanotheron, when
samples were acclimatized to extreme hyper-salinity (Tine
et al. 2010). While in the sea star, Anasterias minuta, the
interaction of temperature and salinity triggers an increase
in Hsp70 expression (Arribas et al. 2022). In the Antarc-
tic copepod, T. kingsejongensis, the transcript profile under
instantaneous salinity change showed that the mRNA
expressions of Hsp70 were highly upregulated (Kim et al.
2022). Taken together, most HSP70 family genes generally
display increased expression or expressed constitutively after
being induced by environmental stress, which shows their
functional association with thermal, salinity and pH stress-
ors but again that can be species dependent.

However, there are reports which demonstrate that some
Antarctic species may respond somewhat differently. An

intriguing study on T. bernacchii showed endoplasmic
reticulum (ER)-specialized Hsp70 did show moderate
increases in the multi-stressor treatment. Although T.
bernacchii lacked an inducible heat shock response with
almost no response for the heat shock protein 90 (HSP90),
HSP70, and small HSP families, moderate increases in
Hsp70 transcripts were found when cells were exposed
to temperature and pCO, stressors simultaneously (Huth
and Place 2016). This shows that although previous stud-
ies using acute thermal stress suggest no acclimation of
Hsp70 expression in stress response, the expression of
Hsp70s were inducible when T. bernacchii was exposed
to the multi-stressor condition brought on by increased
sea surface temperature and ocean acidification. Another
study on H. antarcticus showed that the transcription of
Hsp70 presented significant induction when cells were
exposed to a combination of stressors (i.e., an increase in
temperature and decrease in salinity), mainly in fish livers
(Martinez et al. 2021). These findings are consistent with
the response of Hsp70s reported in Eleginops maclovinus,
where an increase in the temperature from 12 to 18 °C
induced the overexpression of Hsp70 in the liver (Martinez
et al. 2020).

In addition, some Antarctic fish can acclimate success-
fully to higher temperatures such as exposure at 4 °C (Car-
penter and Hofmann 2000; Lowe and Davison 2005; Jin and
DeVries 2006; Podrabsky and Somero 2006). The induced
thermal tolerance found in 7. bernacchii and other Antarctic
notothenioids possibly occurs through different mechanisms
than those common to other species (Podrabsky and Somero
2006). A recent study by Toullec et al. (2020) demonstrated
the upregulation of Hsp70 genes in the Antarctic krill,
Euphausia superba, after several hours of recovery. Their
heat shock treatment was expanded to include a recovery
period at 0 °C for 2, 3 and 6 h. Mean normalized expression
levels of five Hsp70 genes of E. superba obtained by gPCR
showed no significant expression variation in the initial short
heat shock treatment at 3 and 6 °C for 3 and 6 h but increased
at a much higher level of expression at the 0 °C recovery
period. The lack of initial heat shock response may be due
to the need for more time for recovery or that the species has
reached its limits and is unable to compensate for variations
in the environment. Long-term heat shock experiments dur-
ing continuous heat shock at 3 °C for 6 weeks showed that
the expression level of Hsp70 peaked at different times, thus
indicating Hsp70 activity beyond 6 h in response to chronic
temperature challenge. In particular, the inducible isoform
of Hsp70 showed a significant increase in expression after
12 h. This delayed gene expression compared to other organ-
isms might be related to the presence of large constitutive
amounts of HSP proteins in Antarctic animals (Place and
Hofmann 2005). Nonetheless, this implies the capability of
E. superba to upregulate their Hsp70 genes in response to
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a thermal shock and broadens the prospects of HSP70s as
relevant biomarkers to monitor climate change.

A contrast from that which was found in many cold-
stenothermal Antarctic organisms with a lack of Hsp70
response, Pseudodiamesa branickii (Diptera Chirono-
midae) was able to activate Hsp70 gene transcription in
response to thermal stress. Larvae of P. branickii showed
significant upregulation of the inducible Hsp70 gene with
increasing temperatures and an over-expression of both the
constitutive Hsc70 and inducible Hsp70 by increasing the
time of exposure (Bernabo et al. 2011). Moreover, works on
sponges from different latitudes showed that Hsp70s were
specifically upregulated in response to thermal stress which
was broadly similar to that seen in other sponge species
(Gonzalez-Aravena et al. 2019). Alternatively, the Antarctic
marine mollusks, L. elliptica and N. concinna, demonstrated
significant upregulation of Hsp70 gene expression after an
acute 2 h heat shock experiment. This study showed massive
differences in the Hsp70 upregulation capacity between the
two mollusk species, where it reached a maximum of 2000-
fold in N. concinna but only 40-fold in L. elliptica. In this
study, which compared the Hsp70 gene induction level in
N. concinna and L. elliptica, two inducible forms of Hsp70,
designated HSP70A and HSP70B, were characterized from
these two Antarctic marine species. The degree of increase
was different between HSP70A and HSP70B in both spe-
cies. At 10 °C exposure, there was no significant change in
both the HSP70A and HSP70B genes for N. concinna, but
it demonstrated massive upregulation at 15 °C and 20 °C
for HSP70A. At 15 °C, HSP70A was massively upregulated
by almost 2000-fold, while HSP70B was upregulated by
350-fold. This indicates that the induction temperature for
both inducible forms of Hsp70 was higher for N. concinna
at 15 °C, while the upregulation threshold for HSP70B in L.
elliptica was statistically significant from 10 °C (Clark et al.
2008a). Cold stress treatment also showed down regulation
of all Hsp70 genes in both seasonal environmental sam-
pling and experimental cold manipulation of N. concinna.
A longer cold treatment of 6 h also demonstrated a uniform
decrease in Hsp70 gene expression, where HSP70A levels of
expression were significantly reduced by — 11.9-fold (Clark
and Peck 2009). In addition, Park et al. (2007) suggested in
their study that Hsp70 genes in L. elliptica were expressed
in response to thermal stress and were upregulated to the
highest level after 12 h of thermal treatment (10 °C).

The ability to activate an Hsp70 response in aquatic
cold-stenothermal organisms have been reported for the
mollusks, N. concinna and L. elliptica (Clark et al. 2008a;
Clark and Peck 2009) and the ciliate, Euplotes nobilii (La
Terza et al. 2001). In the larvae of Belgica antarctica,
Hsp70s were constitutively upregulated during larval life
while adults displayed a typical heat shock response that was
thermally activated (Rinehart et al. 2006). This constitutive
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upregulation of the Hsp70s in larvae reflected an adapta-
tion common to Antarctic species which was also found in
ciliates (Podlipaeva et al. 2008), notothenioid fishes (Car-
penter and Hofmann 2000; Place and Hofmann 2005) and
sea urchins (Gonzalez-Aravena et al. 2018). The difference
in Hsp70 expression patterns between larvae and adults
was possibly related to differences in the thermal stability
occupied by these two stages (Rinehart et al. 2006). This
reflects the importance of HSP70 as chaperones facilitat-
ing the proper protein folding at low temperatures and ther-
mally stable polar marine environment. An increase in the
expression level of constitutively expressed Hsc70, together
with an inducible Hsp70 family member, after exposure to
high temperatures has been observed in other organisms
such as the diamondback moth, Plutella xylostella (Sonoda
et al. 2006); the shrimp, Penaeus monodon (Chuang et al.
2007); the hymenopteran, Pteromalus puparum (Wang et al.
2008); and the killifish, Fundulus heteroclitus (Fangue et al.
2006). This presents complexity to the application of the
Hsp70 expression pattern in these Antarctic organisms for a
potential biomarker to monitor environmental change in the
Antarctic marine ecosystem.

Potential of HSP70 as a biomarker in climate
change

Temperature is known as one of the most prominent abiotic
factors, and since the beginning of the century, its perva-
sive impact on organisms has been of significant ecological
concern. In recent times, thermal biology has received great
attention in light of climate change and its impact on biodi-
versity. Over the past few decades, on average, the Southern
Ocean has warmed and freshened due to the global green-
house effect (Swart et al. 2018). If global air temperatures
increase by at least 1-3 °C over the next century, as scien-
tists expect, the coastal Antarctic ecosystems will likely be
exposed to further warming and glacier retreat (Bronselaer
et al. 2018). The increase in temperature and salinity changes
in the West Antarctic Peninsula has affected the Antarctic
phytoplankton assemblages (Hernando et al. 2020). Glacier
melting due to the fact of climate change causes a decrease
in salinity microbial food web dynamics, which affects phy-
toplankton, bacteria, and other components of the food web
in Antarctica (Hernando et al. 2015, 2018).

Hence, identifying the environmental stress response of
organisms is becoming particularly significant in our chang-
ing environment as we seek to understand how the rise in
ocean temperature, change in salinity and acidification due
to the fact of global warming define the species ranges.
Analysis at the molecular level will allow scientists to
explore how Antarctic organisms will be affected in the con-
text of climate change scenarios. All species acquire similar
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and unique adaptation strategies to live within a controlled
biological system with significant ecological, physiological
and biochemical specializations. The species-specific ability
to cope with environmental change is correlated with these
adaptations. For instance, if an organism is taken beyond its
usual environmental range by changing temperature, salinity,
or oxygen availability, the organism becomes vulnerable, a
circumstance generally described as stress. This environ-
mental challenge, in turn, activates biochemical responses to
mitigate inevitable cellular damage caused by environmental
insult and aid recovery. Analysis of the effect of heat and
salinity stressors on living systems at a molecular level will
aid in understanding the evolutionary adaptation and assist
forecasting not only how climate change affects the physiol-
ogy of organisms but also the degree of the effects of spatial
heterogeneity on the diversity of an ecosystem.

In general, HSP70s are considered excellent biomarkers
for studying the effects of environmental stressors, empha-
sizing heat, salinity and acidification stress. The vast studies
on HSP70s in Antarctic organisms, ranging from bacteria
to eukarya, allow scientists to utilize HSP70s across the
taxonomic groups as indicators in ecotoxicology studies. In
particular, increases in HSP70s have already been reported
in transcriptomics, proteomics, and gene expression stud-
ies, documenting different types of heat and salinity stress
patterns as has been reported in haloarchaea, H. litchfiel-
diae and H. lacusprofundi (Williams et al. 2017); ciliates,
E. focardii and E. nobilii (La Terza et al. 2001); algae, U.
prolifera (Zhang et al. 2012); moss, P. nutans (Liu et al.
2014); fish, T. bernacchii (Huth and Place 2016); and H.
antarcticus (Martinez et al. 2021). Therefore, these Antarctic
organisms could be used as stress markers to evaluate the
expression of a stress protein such as HSP70. Several studies
have been conducted on HSP70 to evaluate environmental
stressors including increased temperature, salinity, low pH
and, recently, the combined effect of increased tempera-
ture and salinity (Martinez et al. 2021; Servetto et al. 2021;
Yusof et al. 2021). Recent studies showed that Hsp70 could
be expressed when cells were exposed to multiple stress con-
ditions (Huth and Place 2016; Martinez et al. 2021; Arribas
et al. 2022). This work also demonstrated that the expression
of HSP70s showed potential for use in evaluating environ-
mental stress that is often combined with multiple abiotic
factors such as heat, salinity and acidification stress.

The potential to determine the susceptibility of a spe-
cies to stress is best achieved at a molecular level, as sub-
lethal effects can be quantified across a range of functions.
Hence, there is now interest in finding molecular biomarkers
for environmental stress, with research to date focusing on
heat shock response and heat shock proteins/genes (Hsps),
especially the HSP70 family of heat shock proteins. The
use of highly conserved genes promotes the development
of a universal biomarker system. Hsp70 genes are highly

conserved among organisms, making them relatively easy
to clone using degenerate PCR techniques. They were
therefore suggested as good candidates for such biomarkers
(Tomanek and Sanford 2003; Hamer et al. 2004). Many stud-
ies on HSPs have dealt with thermal stress and, especially,
the response to heat shock has been widely investigated in
numerous animal species. HSP70 has the highest specific
activity among stress proteins and, therefore, can be more
readily detected. This particular activity generally consists
of variants of Hsp70 genes that are induced by exposure
to stressors, such as thermal, salinity and acidification, and
those who are not. Therefore, any change in the specific
activity of Hsp70 genes during exposure to the stressors
would be linked to inducible variants. The overall specific
behavior of HSP70 within a biological system can, none-
theless, be used as a non-specific stress measure. In certain
conditions, Hsp70 induction indicates a specific response
which can be used as a biomarker such as the presence and
absence of genes, up- or downregulation of genes and pro-
teins, and also relatively high and constant expression in
tissues and cells.

Changes in freshwater levels coupled with rapid warm-
ing and acidification in seawater are significant physiologi-
cal stressors that are expected to threaten Antarctic marine
animal well-being, particularly when salinity is likely to be
an additional stressor to temperature for cold-adapted steno-
thermal Antarctic species (Navarro et al. 2020). It is noted
that the upregulation of Hsp70 genes upon exposure to ther-
mal stress or the classical response of heat stress was lacking
in several Antarctic organisms such as reported in the Ant-
arctic fish, T bernacchii. The constitutive gene expression
form is presumed to play a vital role in the regulation of pro-
tein metabolism and homeostasis in physiological conditions
(Parsell and Lindquist 1994). The importance of the consti-
tutive form might reflect a synergic role with the inducible
one in the stabilization of the proteins damaged by the heat
shock during folding. Proteins that are constantly produced
in cells play important defensive role against environmental
stressors (Clark et al. 2018). The high levels of constitu-
tive expression of the inducible forms of HSP70 provide
more resilient populations in addition to a series of genes
involved in a wide range of functions such as apoptosis and
immune responses (Barshis et al. 2013). However, the con-
stant production of HSP70 as defence genes is energetically
costly hence, genes involved in transcription and translation
are elevated as shown in the N. concinna expression pro-
files (Clark et al. 2018). With extensive studies on HSP70
in prokaryotes in eukaryotes in response to thermal chal-
lenges and other stressors related to climate change, such as
salinity change and acidification, there is a strong justifica-
tion for the use of HSP70 as a biomarker of environmental
relevance. The understanding of how to simulate real climate
change scenarios with a period of gradual warming to the
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target temperature will allow scientists to understand more
about HSP70’s mechanisms in adaptation and tolerance
towards stress. As research in cell stress progresses, overall,
many Antarctic marine organisms appear able to acclimate,
adapt, and perform normal biological functions at tempera-
tures above 4 °C. Such extensive experimental results on cell
stress in both short- and long-term experiments allow scien-
tists to develop a robust assay with definitive trends in data.
An example is the usage of droplet digital PCR (ddPCR) as
an emerging tool for monitoring cell tolerance towards cli-
mate change. It was proven that conventional relative quan-
tification of qPCR analysis could be ineffective depending
on samples. In contrast, ddPCR analyses resulted in a clear
detection of gene expression which possibly explains the
discrepancy among conventional methods including PCR
and hybridization (Mauvisseau et al. 2019). Moreover, with
an excess of sequence data in public databases, it is now
possible to clone, identify, and develop assays for HSP70
heat shock response in a series of model and non-model
species ranging from bacteria to eukaryotes. Thus, it is rec-
ommended that different variants of HSP70 be used as bio-
markers to measure the effects of climate change scenarios.

Conclusion

Extensive literature and research findings on HSP70s have
shown strong evidence regarding the importance of HSP70s.
DnaK in bacteria and HSP70s in eukaryotes are the major
ATP-dependent molecular chaperones that play a key role in
the proteostasis network and are involved in stress response.
It is undeniable that HSP70 are a vital protein family in
both prokaryotes and eukaryotes due to its dominant role
in maintaining a steady cellular environment under thermal
and salinity stress in living organisms. There has been some
discussion and debate as to whether HSP70s are effective
environmental biomarkers, particularly in Antarctic organ-
isms with the absence of HSP70 in several Antarctic organ-
isms. Considering the numerous studies on HSP70’s various
responses compiled in this review, we concluded that the
monitoring of HSP70 gene expression and consequent acti-
vation and synthesis of HSP70 proteins has great potential to
warn about the Antarctic environmental disturbance caused
by global warming. Overexpression of HSP70 enables living
organisms to reduce the adverse effects caused by climate
change in which organisms must survive under prolonged
periods of high ambient temperatures. In addition, the
constitutive expression of HSP70 may be species-specific
associated with longer-term chronic stress and under differ-
ent bio-geographical distributions (Clark and Peck 2009).
These show the flexibility of HSP70 as an environmental
biomarker under a number of different conditions over both
acute and chronic timescales. Hence, we concluded that
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HSP70s have great potential to be used as biomarkers, as sci-
entists can use a wide selection of non-model organisms to
investigate the adaptation strategies, tolerance, and changes
in the polar environment, especially temperature, salinity
and acidification in the Antarctic Ocean. The analysis of
HSP70 synthesis will be able to warn about the environmen-
tal disturbance caused by climate change in Antarctica. The
option of HSP70s as potential biomarkers for thermal and
salinity stress effects in Antarctic marine animals is clear.
With the technology in physical features and models using
satellite and sophisticated programs of the climate system,
the integration of biological models is equally important to
approach the level of spatial scale for application to bio-
logical systems. The usage of HSP70s as biomarkers will
provide an advantage in understanding biotic and ecosys-
tem responses towards climate change. Moreover, with
the advent of omics technologies, such as droplet digital
PCR, sequencer, and microarrays, these will provide access
to data on new genomes on a massive scale. Transcription
profiling of a wide range of organisms under normal and
stressful conditions enables the comprehensive elucidation
of HSP70 gene pathways involved in the stress response
related to climate change. Soon, scientists will discover the
greater resistance capability in some taxa than others and
extrapolate the organisms’ stress in the context of the global
ecosystem. Therefore, the HSP70 family is a great prospect
for use as potential biomarkers for environmental protection
and the role they may play in the cellular defenses against
climate change effects. Overall, the extensive studies on
HSP70 results are useful tools to predict a possible future
geographic distribution of a wide range of marine species
within the context of global warming, particularly thermal
stress, salinity change and acidification.
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