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Abstract
In their role as molecular chaperones, heat shock proteins (Hsps) mediate protein folding thereby mitigating cellular damage
caused by physiological and environmental stress. Nauplii of the crustacean Artemia franciscana respond to heat shock by
producing Hsps; however, the effects of cold shock on Hsp levels in A. franciscana have not been investigated previously. The
effect of cold shock at 1 °C followed by recovery at 27 °C on the amounts of ArHsp90,Hsp70, ArHsp40, and ArHsp40-2mRNA
and their respective proteins inA. franciscana nauplii was examined by quantitative PCR (qPCR) and immunoprobing of western
blots. The same HspmRNAs and proteins were also quantified during incubation of nauplii at their optimal growth temperature
of 27 °C. qPCR analyses indicated that the abundance of ArHsp90, Hsp70, and ArHsp40 mRNA remained relatively constant
during both cold shock and recovery and was not significantly different compared with levels at optimal temperature. Western
blotting revealed that ArHsp90, ArHsp40, and ArHsp40-2 were generally below baseline, but at detectable levels during the 6 h
of cold shock, and persisted in early recovery stages before declining. Hsp70 was the only protein that remained constant in
quantity throughout cold shock and recovery. By contrast, all Hsps declined rapidly during 6 h when nauplii were incubated
continuously at 27 °C optimal temperature. Generally, the amounts of ArHsp90, ArHsp40, and ArHsp40-2 were higher during
cold shock/recovery than those during continuous incubation at 27 °C. Our data support the conclusion that low temperature
preserves Hsp levels, making them available to assist in protein repair and recovery after cold shock.
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Introduction

An organism’s ability to tolerate extreme temperatures deter-
mines its abundance and geographical distribution by affect-
ing growth, motility, and reproduction (Ramløv 2000; Huang
et al. 2007; Bale and Hayward 2010). Changes in temperature
beyond physiologically normal levels adversely affect metab-
olism, gene expression, and protein synthesis, ultimately

decreasing the overall performance of an organism within its
environment (Ramløv 2000; Teets and Denlinger 2013;
Overgaard et al. 2014). At high and low temperatures, such
effects may damage lipids, proteins, and DNA and disrupt
cellular stability (Lesser 2006; Lalouette et al. 2011). An im-
portant response to cellular stress is the expression of heat
shock proteins (Hsps), along with other stress response factors
that help preserve proteostasis (Lindquist and Craig 1988;
Morimoto 1998; Ostankovitch and Buchner 2015).

Heat shock proteins (Hsp) are molecular chaperones syn-
thesized during exposure to and recovery from physiological
or environmental stress such as temperature, anoxia, and UV
exposure, as well as during diapause, a state of dormancy
typical of arthropods (Lindquist and Craig 1988; Denlinger
2002; Colinet and Hoffmann 2012; Kim et al. 2013). In rela-
tion to temperature and cold stress, Hsps have been shown as
the first line of defense in insects, with only a few studies in
crustaceans (Colinet et al. 2007, 2010; Rinehart et al. 2007;
Koštál and Tollarová-Borovanská 2009; Li et al. 2009a;
Zhang et al. 2011, 2018; Teets et al. 2012; Kim et al. 2013;
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Loc et al. 2013; King and MacRae 2015; Chen et al. 2018b;
Wu et al. 2018). Hsps are divided into families based on mo-
lecular mass and amino acid sequence (King and MacRae
2015; Ostankovitch and Buchner 2015; Nillegoda et al.
2018); they generally range in molecular mass from ~ 15 to
110 kDa.

The Hsp90 (Schopf et al. 2017; Genest et al. 2019),
Hsp70 (Fernández-Fernández et al. 2017; Genest et al.
2019; Mayer and Gierasch 2019), Hsp60 (Lopez et al.
2015; Skjærven et al. 2015), and cochaperone Hsp40
(Qiu et al. 2006; Li et al. 2009b) families are each com-
posed of subfamilies depending on cellular localization
either in the cytoplasm, mitochondria, or endoplasmic re-
ticulum. Hsp90, Hsp70, and Hsp60 require ATP to partic-
ipate in protein folding and degradation (Clare and Saibil
2013; Kim et al. 2013), whereas Hsp40 acts as a
cochaperone in the ATPase activity of Hsp70 (Alderson
et al. 2016; Nillegoda et al. 2015, 2017, 2018; Qiu et al.
2006). Conversely, the family of small heat shock pro-
teins (sHsps), characterized by an α-crystallin domain,
function independently of ATP and interact with cellular
proteins to prevent their irreversible denaturation (Strauch
and Haslbeck 2016; Haslbeck et al. 2019). Ultimately, the
activation of Hsps protects organisms from death caused
by cellular injury and apoptosis (Angelidis et al. 1991;
Morimoto 1998; Beere 2004; Powers et al. 2009; King
and MacRae 2015; Mahat et al. 2016; Sottile and Nadin
2018).

Artemia franciscana, an extremophile crustacean, is dis-
tributed globally excluding Antarctic regions, and it dom-
inates hypersaline waters (Ruebhart et al. 2008; Muñoz and
Pacios 2010; Eimanifar et al. 2014). A. franciscana embry-
os undergo either oviparous or ovoviviparous develop-
ment, leading to diapause-destined cysts or swimming
nauplii (larvae), respectively (Liang and MacRae 1999;
MacRae 2003, 2016). Thermotolerance, the survival of an
otherwise lethal heat shock following exposure to a suble-
thal temperature, occurs in Artemia nauplii (Clegg et al.
2000; Frankenberg et al. 2000; Sung et al. 2008), as does
cross-tolerance, the increased resistance to stress after ex-
posure to a different stress (Sung et al. 2008, 2011;
Norouzitallab et al. 2015). Artemia adults, but not cysts
and nauplii, upregulate the sHsp ArHsp22 upon heat shock
(Qiu and MacRae 2008b). By contrast, Hsp90 and Hsp70
exhibit different induction patterns and cell localizations
when heat shocked preemergence cysts, larvae, and adults
are compared (Frankenberg et al. 2000; Willsie and Clegg
2001). Very little is known, however, about the influence
of cold shock on Hsps in A. franciscana and, for that mat-
ter, in any crustacean. With this in mind, the response of
ArHsp90, Hsp70, ArHsp40, and ArHsp40-2 to short-term
cold shock and recovery was investigated in second instar
nauplii of A. franciscana.

Materials and methods

Culturing of A. franciscana nauplii

Oviparously produced, quiescent, and desiccated
A. franciscana cysts from the Great Salt Lake (INVE
Aquaculture, Inc., Ogden, UT, USA) were hydrated overnight
in distilled water at 4 °C with constant aeration. Hydrated
cysts were collected by suction filtration, and 5 g of cysts
was incubated in 500 ml 33.0 ppt, filtered, and UV-treated
sea water (Halifax Harbour, NS, Canada) for 20 h at 27 °C
with shaking at 150 rpm. Second instar nauplii that hatched
from cysts were used immediately in the experimental proce-
dures described below. Second instar nauplii have begun
mRNA transcription and the synthesis of essential proteins
such as heat shock proteins (McClean and Warner 1971;
Conte et al. 1973; Miller and McLennan 1988).

This research was performed in accordance with the ethical
guidelines provided by the Canadian Council on Animal Care
(CCAC). The University Committee on Laboratory Animals
(UCLA) of Dalhousie University approved the research under
assigned Protocol Number 117-36.

Cold shock and recovery of A. franciscana nauplii

A. franciscana nauplii were incubated for 6 h in 500 ml sea-
water with aeration, held in a water bath maintained at 1 °C
(the lowest temperature at which all animals survived), and
then immediately allowed to recover at 27 °C for 6 h. The
duration of experiments was 12 h with nauplii harvested be-
fore cold shock (0 h), as well as during cold shock and recov-
ery, as noted in Fig. 1. In parallel experiments, second instar
nauplii, incubated continuously at 27 °C, were harvested at the
same time points. The cold shock and recovery experiment
was conducted for three biological replicates.

Quantification of mRNA in A. franciscana nauplii

At each sampling time, approximately 150 mg of
A. franciscana nauplii was recovered from seawater, washed
with distilled water on 5-μm nylon mesh filters (Spectrum
Labs Inc), flash frozen, and homogenized in 600 μl of
TRIzol® (Invitrogen, Burlington, ON, Canada). RNA was
extracted using the Ribopure™ RNA Purification Kit
(Invitrogen), and cDNA was reverse-transcribed from 3 μg
total RNA using the SuperScript® IV First-Strand Synthesis
Kit for RT-PCR (Invitrogen).

qPCRs were performed using 15 ng of cDNA as template,
primers specific to ArHsp90, Hsp70, ArHsp40, ArHsp40-2,
and α-tubulin at 10 μM (Table 1) and SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad). α-tubulin
was the reference gene against which other mRNAs were
compared. The qPCR protocol was as follows 3 min at
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95 °C, 40 cycles of 10 s at 95 °C, 10 s at 51 °C, and 30 s at
72 °C, with a final 10 s at 95 °C, in a CFX 96 Touch™ Real-
Time Detection System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). cDNA copy numbers were determined
from a standard curve of Cq values (R2 > 0.98) generated
using cDNA diluted in a 4-fold series, and the standard curve
was fitted by linear regression for allHsps and α-tubulin. Melt
curve analyses were performed at the end of qPCR. Cq and
melt curve values were analyzed with CFX Maestro™
Software. The qPCR experiments were performed using three
biological replicates.

Quantification of Hsps in A. franciscana nauplii

Approximately 150 mg of A. franciscana nauplii from each
experimental treatment was washed with distilled water on
5-μm nylon mesh filters (Spectrum Labs Inc) and suspended
(1:1 w/v) in cold Pipes Buffer (100 mM Pipes, 1 mMMgCl2,
1 mM EGTA, pH 7.4) containing 1:100 w/v Halt protease
inhibitor cocktail (Thermo Scientific, Rockford, IL, USA),
before flash-freezing in liquid nitrogen. Frozen tissues were
homogenized on ice with a micropestle (Kimble Chase,
Vineland, NJ, USA) for 1 min, followed by centrifugation at
4 °C for 15 min at 16,000g. Protein concentrations of the
resulting supernatants were determined by Bradford assay
(Bradford 1976). Thirty micrograms of each protein extract
was then resolved in 8–16% Mini-Protean TGX™ gels (Bio-
Rad) for 30 min at 250 V. These gels were either stained with
Colloidal Coomassie Brilliant Blue (10% (w/v) ammonium
sulfate, 0.1% (w/v) Coomassie G-250, 3% (v/v) phosphoric
acid, 20% (v/v) ethanol) or transferred to nitrocellulose mem-
branes (Bio-Rad). The GeneDireX BLUelf Prestained Protein
Ladder (Froggabio, Toronto, ON, Canada) was used as a mo-
lecular mass size marker. Gels were stained with Colloidal
Coomassie Brilliant Blue to verify that proteins were present
in equal quantities in each lane, and successful transfer of
proteins to nitrocellulose was verified with Ponceau S stain
(0.1% (w/v) Ponceau, 1.5% (w/v) trichloroacetic acid;
Online Resource 1).

To detect molecular chaperones, blots were incubated in
5% Carnation nonfat milk in TBS (10 mM Tris, 1 M NaCl,
pH 7.4) for 1 h at room temperature followed by incubation
for 20 min at room temperature with antibodies to either
ArHsp90 diluted 1:2000, Hsp70 diluted 1:5000 (SMC-164;
StressMarq, Victoria, BC, Canada), ArHsp40 (Jiang et al.
2016) diluted 1:2000, or ArHsp40-2 (Rowarth and MacRae
2018a) diluted 1:2000. All dilutions were in TBS. Blots were
then incubated for 16 h with antibodies in 4% Carnation non-
fat milk in TBS. The antibody to ArHsp90 was raised in a
rabbit (ABBIOTEC, San Diego, CA, USA) using the peptide
77-CLELFEEIAEDKENYKKFYE-96, which was based on
the sequence of an ArHsp90 cDNA cloned from
A. franciscana (manuscript in preparation). Membranes were

washed with four changes of TBST (10 mM Tris, 140 mM
NaCl, 0.1% Tween 20, pH 7.4) once for 1 min, then 3 times
for 5 min each. Subsequently, membranes were washed in
four changes of HST (10 mM Tris, 1 M NaCl, 0.5% Tween
20, pH 7.4) following the same procedure as with TBST.
Washed membranes were incubated for 20 min in HRP-
conjugated goat antirabbit IgG antibody (Life Technologies,
Burlington ON, Canada) diluted 1:5000 in TBS for ArHsp90,
ArHsp40, and ArHsp40-2 or HRP-conjugated goat antimouse
IgG antibody (Life Technologies) diluted 1:5000 in TBS for
Hsp70. The membranes were washed in TBST, followed by
HST as before and antibody-reactive proteins were visualized
with Clarity™ Western ECL Substrate (Bio-Rad) using a
DNR Bio-Imaging Systems MF-ChemiBIS 3.2 gel documen-
tation system (Montreal Biotech, Montreal, QC, Canada).
After visualization, immunoreactive protein bands were ana-
lyzed using the Image Studio Lite version 5.2 software (Li-
Core Biosciences, Lincoln, NE, USA). Signal values were
obtained by drawing a box around each protein band
appearing as dark rectangular areas against a white back-
ground. The smallest box on the blot was chosen as a standard
size for measuring other protein bands on the same blot. The
western blotting experiments were performed using three bi-
ological replicates.

Full blots revealing antibody-reactive protein bands for
each Hsp of interest, including reactive bands smaller than
the Hsp being examined and thus likely to represent degrada-
tion products, are also shown in Online Resource 2. Other
than for the cold shock/recovery samples of ArHsp90, where
it appeared that the upper band was susceptible to breakdown
(Online Resource 2) and for ArHsp40-2 where nonspecific
probes were detected below the original protein bands
(Online Resource 2), degradation of Hsps was minimal and
thus unlikely to influence the results.

Statistical analysis

The optimal temperature and cold shock/recovery treatments
were analyzed for changes inHsp and tubulinmRNA and Hsp
levels. For Hsp and tubulin mRNA, a measure of “relative
difference in mRNA” was calculated. In both cold shock/
recovery and optimal temperature groups, Cq values at each
time point were averaged for three technical replicates.
Average Cq values at each time point were then divided by
the average Cq value at 0 h (the baseline) to obtain a relative
value. This relative Cq value was subtracted from 1 to obtain
the relative difference in mRNA levels. Similarly, for Hsps,
signal values for protein bands were quantified at each time
point in both cold shock/recovery and optimal temperature
groups. For each time point, signal values were divided by
the signal value at 0 h to obtain relative values. These relative
values were subtracted from 1 to obtain a “relative difference
in Hsp level”.
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The data were analyzed using one-way ANOVA to test the
effect of sampling time on Hsp mRNA and protein. Data for
cold shock/recovery and 27 °C experiments were analyzed
separately because of potential confounding issues caused
by differences among developmental stages, and thus, the pat-
terns in the data are described independently. For all analyses,
each sampling point was used as a categorical factor to facil-
itate Tukey’s post hoc tests to determine differences between
specific pairs of time points. Relative differences in mRNA
and protein levels were plotted as mean ± SD. Representative
plots and statistical analysis were performed using RStudio,
an adjacent platform of the statistical software R, version 3.6.0
(R Core Team 2018).

Results

Hsp mRNA quantities remained constant during
continuous incubation of A. franciscana at 27 °C

At 27 °C, mRNA remained constant relative to 0 h for α-
tubulin (one-way ANOVA, F6,13 = 0.38; P = 0.86; Fig.
1a), ArHsp90 (one-way ANOVA, F6,13 = 0.88; P = 0.52;
Fig. 1b), Hsp70 (one-way ANOVA, F6,13 = 1.87; P =
0.17; Fig. 1c), ArHsp40 (one-way ANOVA, F6,13 = 0.58;
P = 0.72; Fig. 1d), and ArHsp40-2 (one-way ANOVA,
F6,13 = 0.42; P = 0.83; Fig. 1e). These patterns are similar
to those observed during the cold shock/recovery
experiments.

Hsps were reduced in amount during continuous
incubation of A. franciscana at 27 °C

Generally, when compared with their loss during cold shock
and recovery, Hsps declined faster during continuous incuba-
tion at 27 °C. ArHsp90 (90 kDa) decreased significantly after
3-h incubation at 27 °C and then weakened further such that it
was difficult to detect on blots (one-way ANOVA, F6,13 =
56.00; P < 0.001; Fig. 2a). By contrast, the smaller 83 kDa
protein did not change significantly relative to the amount
present at 0 h until 6.5 h of incubation at 27 °C and then it
continued to decrease, reaching low levels by the end of the
incubation (one-way ANOVA, F6,13 = 20.44; P < 0.001; Fig.
2b). Hsp70 was reduced after 3 h of incubation and continued
significantly downward until the incubation ended (one-way
ANOVA, F6,13 = 73.02; P < 0.001; Fig. 2c). ArHsp40 (one-
way ANOVA, F6,13 = 71.38; P < 0.001; Fig. 2d) and
ArHsp40-2 (one-way ANOVA, F6,13 = 7.33; P = 0.0023;
Fig. 2e) underwent substantial reductions after 3 h of incuba-
tion and subsequently declined until they were difficult to
detect on blots.

Hsp mRNA levels remained constant during cold
shock and recovery of A. franciscana

Quantification of mRNA by qPCR revealed that during cold
shock and recovery, the amounts of α-tubulin mRNA (one-
way ANOVA, F6,13 = 2.34; P = 0.11, Fig. 3a), ArHsp90
mRNA (one-way ANOVA, F6,13 = 1.55; P = 0.25, Fig. 3b),
Hsp70 mRNA (one-way ANOVA, F6,13 = 1.10; P = 0.41,
Fig. 3c), and ArHsp40 mRNA (one-way ANOVA, F6,13 =
1.83; P = 0.18, Fig. 3d) in A. franciscana nauplii were gener-
ally constant. ArHsp40-2 mRNA was the only mRNA that
differed statistically between time points during cold shock
and recovery (one-way ANOVA, F6,13 = 3.58; P = 0.03; Fig.
3e). A Tukey post hoc test revealed that ArHsp40-2mRNA at
6 h of cold shock was significantly lower than at 4 h of recov-
ery (Fig. 3e).

Table 1 Primers used in qPCR

Gene Forward sequence (5′ to 3′) Reverse sequence (5′ to 3′) Length of amplicon (bpa)

Hsp90 GGTGTGGGTTTCTATTCTGC GCAGCAGATTCCCACACA 95

Hsp70 AGACAAGCCACAAAGGATGC GCAGCAGTTGGTTCGTTGA 71

ArHsp40-1 GTGCATCAGTTGAGCGTCAC TGCTGAACCATTCCAGGAGC 194

ArHsp40-2 TGACCCATTCGGTGGGTTTG TCGTGTTCAATGGGTGGGTC 144

α-tubulinb CGACCATAAAAGCGCAGTCA CTACCCAGCACCACAGGTCTCT 276

Primers were produced by Integrated DNA Technologies, Coralville, IA, USA
a bp, base-pairs
b King et al. (2013)

Fig. 1 Hsp mRNA in A. franciscana nauplii during continuous
incubation at 27 °C. Differences in the mean relative amounts of a α-
tubulin, b ArHsp90, c Hsp70, d ArHsp40, and e ArHsp40-2 mRNA
relative to the baseline at 0 h. The x-axis depicts continuous time of
experiments for 12 h. Error bars represent the s.d. for n = 3. Letters
above and below bars indicate Games-Howell pairwise groupings be-
tween time points (Tukey’s post hoc tests, P< 0.05) following one-way
ANOVA tests

R
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The amounts of Hsps varied during cold shock and
recovery of A. franciscana

Two immunoreactive protein bands of 90 kDa and 83 kDa
were detected in all samples probed with the antibody to
ArHsp90. The larger 90 kDa protein was reduced upon cold
shock and then increased abruptly at 0.5 h of recovery, before
declining again at 4 h recovery (one-way ANOVA, F6,13 =
22.58; P < 0.001; Fig. 4a). The smaller 83 kDa protein was
unaffected by cold shock and did not decrease significantly
until 6 h of recovery (one-way ANOVA, F6,13 = 7.40; P =
0.0022; Fig. 4b). Hsp70 remained constant throughout cold
shock and recovery (one-way ANOVA, F6,13 = 1.03; P =
0.44; Fig. 4c), whereas ArHsp40 (one-way ANOVA,
F6,13 = 19.02; P < 0.001; Fig. 4d) and ArHsp40-2 (one-way
ANOVA, F6,13 = 31.73; P < 0.001; Fig. 4e) were maintained
during cold shock, but waned upon recovery.

Discussion

The tolerance of organisms to changes in temperature varies
and can ultimately affect their growth, reproduction, and sur-
vival (Ramløv 2000; Huang et al. 2007; Bale and Hayward
2010). Production of molecular chaperones upon heat stress
has been examined in many animals, but considerably less is
known about their synthesis in response to cold; this is espe-
cially true for crustaceans (Stillman and Tagmount 2009;
Zhang et al. 2009; Ronges et al. 2012). To address this issue,
we examined the effect of cold shock and recovery on Hsps in
A. franciscana nauplii. Our results indicate that, with the ex-
ception of ArHsp40-2 mRNA, all other Hsp mRNAs in our
study were unaffected by cold shock. The levels of the corre-
sponding Hsps, ArHsp90, Hsp70, ArHsp40, and ArHsp40-2,
were all preserved and sustained throughout cold shock and
recovery beyond observed optimal levels in nauplii.

ArHsp90, Hsp70, and ArHsp40 mRNA are not cold-
inducible in A. franciscana nauplii

Physiological adaptations to thermal stress in organisms may
result in chronic expression of Hsp genes (Chen et al. 2018a).
In our study, ArHsp90, Hsp70, or ArHsp40 mRNA remained
in continuously steady and unchanged levels during cold

shock and recovery, and at an optimal temperature of 27 °C.
These results are in contrast with findings that indicate that
eitherHsp90,Hsp70, orHsp40mRNA have been upregulated
in response to heat or cold shock in other crustaceans, such as
the Pacific white shrimp (Litopenaeus vannamei), the white
leg shrimp (Penaeus vannamei), the mud crab (Scylla
serrata), and in many insect species (Fu et al. 2013; King
and MacRae 2015; Chen et al. 2018b; Sung et al. 2018).
However, in larvae of the Antarctic midge (Belgica
antarctica), Hsp90 and Hsp70 were constitutively expressed
at both optimal and suboptimal temperatures, such that heat or
cold shock and recovery did not influence the expression of
Hsps in this species (Rinehart et al. 2006). It appears that as for
B. antarctica, ArHsp90,Hsp70, orArHsp40mRNAmay have
preexisted in high amounts at optimal temperature and prior to
cold shock. Pretranscribed, rather than new transcription of
HspsmRNA, might help A. franciscana to quickly synthesize
Hsps in the event of cold stress. This may be a favorable
evolutionary adaptation for A. franciscana nauplii to thrive
in thermally variable environments such as the Great Salt
Lake, where annual temperatures fluctuate between 0.5 °C
in January (winter) and 22.5 °C in August (summer)
(Crosman and Horel 2009). Additionally, Artemia are
extremophiles dominating hypersaline environments other-
wise unsuitable for other species, and as a result, Artemia
may possess an array of genes already being constitutively
expressed to help them cope with recurring environmental
threats including cold stress (Clegg et al. 2001; Gajardo and
Beardmore 2012).

A. franciscana nauplii used in our experiments were
hatched from cysts in quiescence, a state of dormancy preced-
ed by diapause (Clegg and Jackson 1998; Clegg and Trotman
2002). During diapause, which is in itself a stressful event,
protein synthesis and development are halted, while Hsp ex-
pression is increased to protect A. franciscana from cold harsh
winters (MacRae 2003, 2010; Qiu et al. 2007). ArHsp40,
ArHsp40-2, ArHsp21, ArHsp22, Hsp70, and their heat shock
factor, HSF1, have all been associated with stress tolerance in
diapausing A. franciscana cysts (Qiu and MacRae 2008a, b;
Rowarth and MacRae 2018a; Tan and MacRae 2018), and
ArHsp21, ArHsp22, and Hsp70 are upregulated in
A. franciscana reactivated postdiapause cysts (Wang et al.
2007). We suspect that the consistent amounts of Hsp
mRNA observed in nauplii at optimal and cold/recovery
stages could also be an extension of prior elevation of Hsp
expression in diapause and quiescence (Clegg and Trotman
2002; MacRae 2003, 2016). Perhaps Hsp mRNA are main-
tained at constantly high amounts until favorable conditions
return to break out of dormancy and nauplii have survived
through early development (MacRae 2003, 2010; Qiu et al.
2007). As with ArHsp40-2 in our cold shock/recovery exper-
iment, Hsp90 mRNA also increased in larval onion maggot
(Delia antiqua) and pupal flesh fly (Sarcophaga crassipalpis)

Fig. 2 Hsps in A. franciscana nauplii during continuous incubation at
27 °C. Differences in the mean amounts of a ArHsp90 (90 kDa), b
ArHsp90 (83 kDa), c Hsp70, d ArHsp40, and e ArHsp40-2 relative to
baseline at 0 h with representative immunoblots. The x-axis depicts con-
tinuous time of experiments for 12 h. Error bars represent the s.d. for n =
3. Letters above and below bars indicate Games-Howell pairwise group-
ings between time points (Tukey’s post hoc tests, P< 0.05) following
one-way ANOVA tests
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during winter diapause to promote cold hardiness while pre-
serving the development and physiology of the insects
(Sonoda et al. 2006; Zhang and Denlinger 2010).

ArHsp40-2 mRNA is cold-inducible in A. franciscana
nauplii

The upregulation of ArHsp40-2 in A. franciscana nauplii, but
not the other Hsp mRNAs, indicates that different Hsps vary
in their response to cold stress. Several types of stress factors
and genes are activated or deactivated depending on the type
and intensity of stress and the functional need of the specific
gene product (Fulda et al. 2010; King and MacRae 2015;
Chen et al. 2018a). ArHsp40 and ArHsp40-2 are both heat-
inducible J-domain homologs; however, only ArHsp40 influ-
ences diapause entry and in our experiments only ArHsp40-2
mRNA was cold-inducible (Jiang et al. 2016; Rowarth and
MacRae 2018b). Similarly, Hsp60, Hsp67Ba, and Hsc70-1
transcript levels in D. melanogaster are unaffected by cold
shock, whereas Hsp22, Hsp23, Hsp27, Hsp40, Hsp68,
Hsp70Aa, and Hsp83 were significantly induced by cold
(Colinet et al. 2010). We infer from this that while certain
Hsps may be either nonessential for cold stress or their con-
stitutive expression may be sufficient to mitigate the negative
impacts of low temperatures, the upregulation of other Hsps
may be required for defense, and to reduce the accumulation
and extent of cold injury. Particular stress genes may only be
induced when primary defense from constitutively expressed
genes fail to provide protection in unpredictable and sudden
changes in the environment (Sørensen 2010).

Hsps decline over time at optimal temperature in
A. franciscana nauplii

All four Hsps in A. franciscana nauplii decreased rather rap-
idly when continuously incubated at an optimal temperature
of 27 °C. Moreover, ArHsp90 (90 kDa), Hsp70, ArHsp40,
and ArHsp40-2 were undetectable on blots by 6.5 h during
recovery. In thermally optimal and nonstress conditions, Hsps
are involved in multiple biological processes such as signal-
ling, protein trafficking, cell cycle control, and cell division
(Lindquist and Craig 1988; Hendrick and Hartl 1993). Hsps
interact with client proteins and enzymes to drive metabolism,
homeostasis, growth, and development (Lindquist and Craig

1988; Hendrick and Hartl 1993). Hsps are regulated by heat
shock factors (HSFs), heat shock elements (HSEs), and other
factors that control their levels in the cell (Morimoto 1993,
1998). Perhaps Hsps in A. franciscana nauplii are synthesized
and regulated to differing amounts depending on their func-
tion during nauplii development. It appears that as
A. franciscana nauplii developed through the instar II stage
at optimal temperature, ArHsp90 (90 kDa), ArHsp40, Hsp70,
and ArHsp40-2 may not have been relevant to their develop-
ment, resulting in a quick decline in Hsp levels over time.
Sørenson et al. (2010) propose that some Hsps may hinder
normal growth in organisms and as a result are suppressed
in stable nonstress instances. An extensive review by King
and MacRae (2015) indicated that basal levels of Hsps exist
in several insect species; however, Hsp levels can be altered
by the influence of external factors such as cold, heat, dia-
pause, desiccation, and anoxia. As well, synthesis of specific
proteins may likely be kept to minimal levels to maximize
cellular resources for normal cell function, but increase under
stress conditions (Lackner et al. 2012).

ArHsp90, ArHsp40, and ArHsp40-2 levels were main-
tained during cold shock but decreased during re-
covery, while ArHsp70 remained constant

The key role played by Hsps in maintaining proteostasis
becomes crucial under stress conditions (Feder and
Hofmann 1999; Sørensen 2010). As temperatures drop,
the rate of protein breakdown and aggregation increases,
and without recycling or elimination of aggregates, the
cell environment becomes toxic (Bukau et al. 2006;
Liberek et al. 2008; Doyle et al. 2013). Hsps function to
minimize this process. Zhang et al. (2011, 2018) suggest
that this helps to enhance cold hardiness in insects by
extending the half-lives of cellular proteins. All four
Hsps in A. franciscana may have been preserved through-
out cold shock and recovery to assist in folding and
repairing cold-damaged proteins (Sørenson et al. 2010;
Michaud and Denlinger 2004). It is worth noting the
slower rate of decline of ArHsp90 (90 kDa), ArHsp40,
and ArHsp40-2 for cold shock and recovery treatments
compared with optimal temperature treatments, highlight-
ing possible involvement of these Hsps in cold tolerance.
In our study, ArHsp90 (90 kDa), the most ubiquitously
expressed chaperone, increased briefly then declined
when A. franciscana were in recovery at optimal temper-
ature. The short increase in ArHsp90 immediately after
nauplii were transferred from cold shock to recovery
may have helped to initiate signalling responses for the
repair of cold-damaged proteins. Hsp90 is known to asso-
ciate with receptor kinases and steroid hormones in sig-
nalling cascades to facilitate several responses to environ-
mental cues (Picard et al. 1990; Citri et al. 2006; Shapiro

Fig. 3 Hsp mRNA in A. franciscana nauplii during cold shock and
recovery. Differences in the mean amounts of a α-tubulin, b ArHsp90,
c Hsp70, d ArHsp40, and e ArHsp40-2mRNA relative to baseline at 0 h.
The x-axis depicts specific cold shock and recovery treatment times of
experiments. Error bars represent the s.d. for n = 3. Letters above and
below bars indicate Games-Howell pairwise groupings between time
points (Tukey’s post hoc tests, P< 0.05) following one-way ANOVA
tests
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and Cowen 2010). With the exception of Hsp70, all Hsps
declined in late recovery, at which point nauplii may have
fully recovered from cold stress and had no need for their
continued synthesis (Lackner et al. 2012).

The levels of Hsp70 in A. franciscana nauplii were static
throughout cold shock and recovery. Similar studies by Zhang
et al. (2011, 2018) found that larvae of the freeze-tolerant
goldenrod gall moth (Epiblema scudderiana) and the gall fly
(Eurosta solidaginis) maintain steady amounts of Hsp70 un-
der lab-staged cold exposure at 4 °C for 24 h, upregulating
Hsp70 only after further chilling to − 4 °C (Zhang et al. 2011,
2018). These results suggest that as for A. franciscana nauplii,
E. scudderiana, and E. solidaginis conserve enough Hsp70 to
protect and stabilize cold-denaturing macromolecules (Zhang
et al. 2011, 2018). Increased translation of Hsp70 occurred in
E. scudderiana and E. solidaginis for further protection at
subzero temperatures (Zhang et al. 2011, 2018). The half-
lives of Hsp70 and its mRNA transcripts were extended for
8 h following recovery from heat shock at 49 °C in
Drosophila (Balakrishnan and DeMaio 2006). Under optimal
conditions, Hsp70 is present in low amounts as it forms part of
a multiprotein complex that suppresses HSF1 and the down-
stream activation of heat shock genes by HSF1 (Shi et al.
1998; Gomez-Pastor et al. 2018). However, upon heat stress,
and possibly cold stress, HSF1 is liberated by Hsp70 and
associated proteins, which activates transcription of Hsp genes
and increased translation Hsps such as Hsp70 in the cell for
stress-protective roles (Shi et al. 1998). In addition to protein
folding, Hsp70 helps transport proteins across membranes of
organelles, preventing the aggregation of abnormal proteins
that may have resulted from cold stress (Deshaies et al. 1988;
Flynn et al. 1991; Bukau and Horwich 1998).

Hsp mRNA levels versus Hsp levels in A. franciscana

The abundance of Hsp mRNA was not correlated with that of
Hsps in either optimal treatment or cold shock and recovery
treatment. There are a few reasons to explain this discrepancy.
First, Hsps may be produced on a “translation by demand”
basis, where constitutive mRNAs are translated into protein
according to their need for specific cellular processes or the
onset of specific stress signalling (Beyer et al. 2004). For
example, mRNA of the transcription factor Gcn4 is constitu-
tively expressed in yeast under normal growth conditions;

however, starvation activates translation of the protein
Gcn4p that activates “survival genes” downstream
(Hinnebusch and Natarajan 2002). Secondly, steady-state
and stress-state expression of mRNA and protein may differ
in the bid tomaximize the cell’s energy resources (Cheng et al.
2016). Thirdly, posttranscriptional modifications which are
crucial for acute stress adaptations could affect mRNA versus
protein abundance (Lawless et al. 2009; Zhang et al. 2015).
mRNAmaturation and export take time and may cause delays
in protein synthesis especially during stress (Lackner et al.
2012; Liu et al. 2016). Another likely reason for different
Hsp mRNA versus protein amounts could be attributed to
varying half-lives of these molecules under both optimal and
cold shock states (Balakrishnan and De Maio 2006; Mauger
et al. 2019). All or some of these phenomena may explain the
discrepancy between Hsp mRNA abundance and Hsp levels.

Immunoprobing with ArHsp90 detects two separate
bands of weights, 90 kDa and 83 kDa

Interestingly, in both optimal and cold shock/recovery treat-
ments, two bands were detected at 90 kDa and 83 kDa for
ArHsp90 after immunoprobing with the ArHsp90 antibody.
We postulate that the 90 kDa protein band is the true ArHsp90
protein, as it corresponded with the expected molecular
weight, while the bottom 83 kDa band may be a modified or
degraded product of the upper band. ArHsp90 could be mod-
ified posttranslationally from its larger 90 kDa form to a small-
er 83 kDa variant, or the larger 90 kDa protein is cleaved or
degraded by proteases and regulatory proteins that modulate
its function (Scroggins and Neckers 2007; Mollapour and
Neckers 2012; Tanaka et al. 2012; Hanssum et al. 2014).
The amounts of the 83 kDa protein were unchanged during
cold shock and early recovery but decreased late in recovery.
This is a slightly different trend than the 90 kDa product,
which decreased more rapidly; these differences indicate that
more research should focus on identifying the 83 kDa protein
and its characteristics.

Future experiments on Hsps expression and freeze-
tolerance in A. franciscana

In our study, A. franciscana nauplii were cooled to 1 °C but
not to freezing. Freezing temperatures can invoke upregula-
tion of Hsps beyond what is observed at low temperatures
(i.e., above 0 °C). For example, Hsp70 and Hsp40 expression
in E. solidaginiswere upregulated in larvae by 1.43- and 1.50-
fold, respectively, at − 16 °C, but they were not upregulated at
3 °C (Zhang et al. 2018). These differences may manifest
because below 0 °C metabolism and body mass content de-
crease quickly, ice crystals form, the cellular environment can
become anoxic, and organism mortality occurs (Block et al.
2006; Tattersall et al. 2012). It is not surprising that Hsps

Fig. 4 Hsps in A. franciscana nauplii during cold shock and recovery.
Differences in the mean amounts of a ArHsp90 (90 kDa), b ArHsp90
(83 kDa), c Hsp70, d ArHsp40, and e ArHsp40-2 relative to baseline at
0 h with representative immunoblots. The x-axis depicts specific cold
shock and recovery treatment times of experiments. Error bars represent
the s.d. for n = 3. Letters above and below bars indicate Games-Howell
pairwise groupings between time points (Tukey’s post hoc tests, P
< 0.05) following one-way ANOVA tests
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would further increase, as observed in E. solidaginis and
C. pipiens, to help rescue salvageable proteins. We predict
that further freezing of A. franciscana nauplii could have elic-
ited an upregulatory Hsp response, although further experi-
mentation is required to test this prediction.

Conclusions

Hsps are integral to cellular processes under conditions of
normal growth and dur ing s t ress . In naupl i i of
A. franciscana, the levels of the Hsps examined in this study
were generally maintained or increased in response to short-
term cold shock followed by recovery at 27 °C, making them
readily available for the repair of cold-damaged proteins in the
cell. This suggests that Hsps may be essential for adaptation of
A. franciscana to cold. Furthermore, the evidence presented
highlights the importance of Hsps to cold tolerance and re-
veals at least one strategy that crustaceans utilize to tolerate
cold. From an applied perspective, nauplii of A. franciscana
are used as feed for commercially important aquatic animals
and knowing how Artemia responds to cold may enhance its
utilization in aquaculture, especially as nauplii are often stored
cold prior to use.
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