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by Yayra Aku Gbotsyo

ABSTRACT
Heat shock proteins (HSPs) are highly conserved and present in organisms under
normal physiological conditions and function in protein folding, degradation and
localization. HSPs are also synthesized in response to environmental stressors such as
heat, anoxia, desiccation and cold. These molecular chaperones protect other proteins
from irreversible denaturation during stress, thereby maintaining proteostasis and
allowing cells to survive unfavorable conditions. Artemia franciscana, commonly known
as brine shrimp, are micro-crustaceans that live in harsh aquatic environments and
experience high salinity, extreme temperatures, variable water levels, and hypoxia. In
anticipation of stressful conditions, A. franciscana alter their life cycle by releasing cysts
that enter diapause. Nauplii (larvae) emerge after diapause termination or when
favorable conditions return. The effect of cold shock on three HSPs, HSP90, HSP70 and
HSP40 was studied in the nauplii of A. franciscana during 6 h of cold-shock at 1oC and 6 h
of recovery from cold shock at 27oC. Immunoprobing of western blots containing cellfree protein extracts of stressed nauplii showed that the amounts of HSP90 and HSP40
decreased and increased, respectively, during recovery from cold shock, while the level
of HSP70 was not altered in response to cold stress. The changes in HSP90 and HSP40
suggest their role in cold stress tolerance, however additional research, such as the use
of RNA interference (RNAi), is required to explore how these proteins protect A.
franciscana during cold stress. This study is important because it contributes to the
understanding of stress physiology and how organisms cope with cold.

April 21st, 2017.
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CHAPTER 1 - INTRODUCTION
1.1 Thermal Extremes and The Stress Response
Many organisms are faced with environmental stressors such as severe
temperatures, low oxygen levels, desiccation and exposure to harmful chemicals and
metals 1,2. Responses to such stressors involve changes in behaviour, physiology and/or
internal cellular processes. Temperature is one of the most important factors that
influences an organism’s distribution and success in its environment 3,4. Adaptations to
temperatures vary within and between vertebrates and invertebrates, as well as
between ectotherms and endotherms 5,6. Endothermic homeotherms, such as polar
bears, penguins and walruses, regulate their body temperatures by using their fur,
feathers, secretory glands or by changing their skin thickness 7–9. Invertebrates, most of
which are ectotherms, generally rely on physiological and biochemical changes to deal
with the effects of temperature rather than behavioral adaptations 5,6. Physiological and
biochemical changes occur mainly to preserve cellular homeostasis until external
conditions improve 4. These may include altering cell membrane fluidity, maintaining
ionic balance, suppressing the rate of metabolism and monitoring cell cycle progression
to keep a stable internal environment and uphold the integrity of the cell 4,10.

1.2 Heat Stress and Adaptations
High temperatures can negatively impact cellular functions 4. The cell membrane,
which is responsible for the interaction between cells and their external environment,
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becomes disorganized under the influence of heat. The phospholipid bilayer breaks
down, disrupting transport, signalling and ion exchange across the membrane 11,12. At
high temperatures, proteins fold incorrectly and are prone to denature, aggregate and
overcrowd cell space 11,12. Enzymes commonly assume incorrect ligand-binding
configurations, halting important cellular processes 13. Protein synthesis slows down or
is halted in response to heat stress 11,12. However, the synthesis of heat shock proteins
(HSPs), which aid in protein folding, increases 14. This increase is predictable based on
the role of HSPs in cellular stress response.

1.3 Cold Stress and Adaptations
Organisms are faced with stress when exposed to temperatures below their optimal
growth ranges. Cold, especially during winter seasons, has severe effects on the
physiology and metabolism of organisms 3. Freezing temperatures interrupt vital
processes such as heartbeat and breathing, cause cell shrinkage, alter osmolality and
induce mechanical damage to tissues 15. To survive freezing or cold, some arthropods
and mammals enter a state of dormancy and metabolic suppression characterized by
low energy demand 3. This is true of insects including the fruit fly, Drosophila
melanogaster 16 and the mosquito, Culex pipiens 17, crustaceans such as the brine
shrimp, Artemia 18, and mammals such as bats and bears 19. Many ectotherms become
freeze-tolerant by producing glycerol, antifreeze proteins, and ice-nucleating agents to
prevent ice formation in their body fluids 20–22.
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As with heat stress, extreme cold changes internal cellular processes and organisms
must be equipped with mechanisms to respond to these changes 4. While heat stress
responses have been studied extensively, cold stress responses have garnered attention
only recently 12,23,24. Biological activity slows down during cooling 25. In the bacterium,
Escherichia coli, a 10°C decrease in temperature slows the rate of biochemical reactions
by a factor of ~ 2 25. Membrane fluidity also decreases at low temperatures because of a
decrease in the proportion of unsaturated fatty acids and shortening of the length of
fatty acid chains in membrane lipids 25. Unique to cold stress, RNA and DNA structures
become overly stabilized, which impedes transcription and ribosomal movements during
translation 26. Cold shock proteins, which have only recently been discovered, function
as RNA chaperones that destabilize RNA secondary structures and translation 25,26. HSPs,
which are typically associated with heat stress, also respond to protein denaturation
during cold stress 12,27.

1.4 HSPs and Their Role in Temperature Tolerance
Under normal cellular conditions, proteins often self-assemble into multimeric
structures that carry out biological and biochemical activities of the cell. Thermal stress
causes protein subunits to assemble improperly and causes large proteins to
disassemble, making them unstable and prone to degradation 28,29.
HSPs are molecular chaperones that are constantly present in cells to correctly fold
proteins involved in routine cellular processes such as translocation, cell-signalling and
3

metabolism 23,30,3123,32. However, HSPs become abundant in most organisms in response
to protein denaturation caused by environmental, metabolic and pathological stress
33,34.

For example, insects such as the leaf miner, Liriomyza hudobrensis, the onion

maggot, Delia antiqua, and the gall fly, Eurosta solidaginis, increase the production of
HSPs to augment survival in cold environments 35,36. Different HSPs increase heat and
cold tolerance during diapause and other life history stages in various species of
Drosophila 37. HSPs are either up- or down-regulated when heat shock factors (HSFs)
bind to promoter regions called heat shock elements (HSEs) of HSP genes 38. First
identified in the fruit fly, Drosophila melanogaster 39, HSPs are classified into five major
groups based on molecular mass (kDa), sequence and function. These groups are the
ATP-dependent HSPs which include HSP100, HSP90, HSP70 and HSP60, and the ATPindependent HSPs which include HSP40 or DnaJ and small HSPs that have an α-crystallin
domain 40.
HSP90, abundant in most eukaryotic organisms, is a large ATP-dependent HSP that
assists in the folding of nascent proteins, the re-folding of non-native proteins and
protein degradation 40–42. In Drosophila, Arabidopsis and other organisms, HSP90
functions in cell-cycle control and signalling, protein trafficking, and protein degradation
41,43–45.

HSP90 is co-chaperoned by at least 20 other proteins that oversee the proper

substrate binding and ATPase activity of HSP90 44,45. As well, HSP90 stabilizes and aids in
the recovery of cytoskeletal elements which are thermally sensitive and important for
maintaining cell structure 42.
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The family of HSP70, aside from their role in protein folding and degradation,
facilitate the movement of cellular proteins across the mitochondrial and endoplasmic
reticulum membranes 46. HSP70 complexes with other HSPs or works independently to
stabilize newly synthesized polypeptide chains until translation terminates, thereby
reducing the aggregation of non-native proteins in the cell 44,45. As part of their
chaperoning role, HSP100 and HSP70 cooperate in re-solubilizing and refolding proteins
47.

The HSP40s are J-domain proteins that function independently as chaperones and

co-chaperone other ATP-dependent HSPs 48. For example, HSP40 co-chaperones HSP70
and is essential for stabilizing the interaction between HSP70 and its substrates.
Together, HSP70 and HSP40 assist in protein translation, folding, unfolding and
degradation of proteins 48,49.
HSP60, also known as chaperonin, exists in two families, the GroEL group found in
bacteria, mitochondria and chloroplast, and the CCT chaperonins found in the cytosol of
Archaea and Eukarya 50. HSP60s have a double ring structure and play a crucial role in
translocation of proteins, as well as proper protein folding 50.
sHSPs, the monomers of which range from 14 kDa to about 40 kDa, exist as dimers or
oligomers and function independently of ATP. The sHSPs, all of which contain an αcrystallin domain, bind to denaturing proteins to prevent irreversible denaturation and
subsequently deliver them to ATP-requiring HSPs for refolding or degradation 48,51.
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1.5 The Life History and Environmental Distribution of Artemia franciscana
Artemia franciscana, brine shrimp, are small branchiopod crustaceans native to the
Great Salt Lake in Utah, San Francisco Bay in California and other locations worldwide
52,53.

A. franciscana is a good model species for studying environmental stress responses

because they are extremophiles that survive in harsh aquatic environments of high
salinity, low oxygen levels and extreme temperatures. These environmental parameters
are characteristic of the Great Salt Lake 54. The relative salt content in the Great Salt
Lake is 27 parts per thousand (ppt) and temperatures fluctuate annually with average
temperatures of 0.5°C in January (winter) and 25.5°C in August (summer) 55. Female A.
franciscana give birth to swimming nauplii (larvae) ovoviviparously if environmental
conditions are favourable or, in anticipation of unfavourable conditions, release
encysted gastrulae which enter diapause (Fig. 1.1) 56. Diapausing gastrulae have very low
metabolic activity and in this encysted form, embryos are protected from environmental
stressors 18,56. When favorable conditions return, diapause is terminated and nauplii
emerge, moulting several times until they become adults 56,57 (Fig. 1.1).
1.6 HSPs in Artemia
A. franciscana, the species chosen for this study, is one of 6 bisexual species of
Artemia 58. Males are usually bluish or whitish in colour and possess relatively large
anterior mating claspers whereas females are pink or reddish in color with a prominent
ventral egg sac 59. Adult A. franciscana are approximately 1 cm in length and are capable
of sexual reproduction within three weeks following birth or hatching, with females
releasing nauplii or cysts every five to six days. Nauplii, which are widely used as food in
6

Figure 1.1. The life history of A. franciscana. Under favorable conditions, live nauplii
emerge from the egg sac of female A. franciscana, undergo several moults and become
adults, this known as the ovoviviparous life cycle. Alternatively, in anticipation of
unfavorable conditions, oviparously-developing embryo are released from the female as
cysts which enter diapause. When diapause terminates, nauplii emerge from cysts and

moult to become adults. Image modified from Liang & MacRae, 1999
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56

fish and shell-fish larviculture, are bright orange in color due to large amounts of
carotenoid pigment, and are approximately 0.4 mm in length 58,59. Because of its robust
nature, the life cycle of A. franciscana has piqued an interest in stress tolerance at both
molecular and ecological levels, with a focus on the induction of HSPs. The synthesis of
HSPs in A. franciscana has been studied extensively in relation to stress tolerance during
diapause. During diapause, metabolic suppression occurs and genes encoding sHSPs are
expressed 60. Three sHSPs, ArHsp21, ArHsp22 and p26, together with several late
embryogenesis abundant (LEA) proteins and artemin are upregulated in response to
heat, cold and desiccation during diapause of A. franciscana 47,48,61–63. The sHSP, p26,
helps A. franciscana survive long periods of anoxia and facilitates development of
diapause-destined embryos 61,64. ArHsp40, which is the equivalent of HSP40 in A.
franciscana, is synthesised in response to heat stress in cysts and in nauplii, and is
present in other life stages 49. Thus far, only one study has examined the response of
two HSPs, HSP90 and HSP70 to long-term cold stress in adult A. franciscana 65. In this
study HSP90 was synthesized during 2-8 h of cold shock but not after 12-22 h; and
HSP70 was not induced by cold shock in adults 65. There is a rising interest in how
juveniles A. franciscana survive during stress.

1.7 Objectives
Most research describing stress tolerance in A. franciscana has focussed on the role
of sHSPs during diapause 47,49,63,64,66,67. However, populations of A. fransiscana include
nauplii (larvae) and adults. Unlike cysts, nauplii are not encased in hard shells and are
8

therefore prone to damage from harsh environmental conditions. Other mechanisms
must exist to allow nauplii to survive in extreme conditions of heat and cold, and
understanding these responses highlights the importance of this study. In addition, the
roles of ATP-dependent HSPs in cold stress tolerance of A. franciscana have not yet been
studied extensively in nauplii, even though it is assumed that HSPs are essential for cold
stress tolerance. Studies on the role of HSP90 during diapause, and in response to heat
stress, cold stress and desiccation are currently on-going.
The overall goal of this research is to examine the effect of cold on the synthesis and
accumulation of HSPs in A. franciscana nauplii. The objectives are to: 1) determine
whether three HSPs, HSP90, HSP70 and HSP40 are synthesized in A. franciscana nauplii
during cold shock and recovery from cold, and 2) quantify the amounts of HSP90, HSP70
and HSP40 during cold shock and recovery of nauplii. I hypothesized that if HSPs play a
role in cold stress, then the levels of HSP90, HSP70 and HSP40 in A. franciscana nauplii
will change in response to cold shock.
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CHAPTER 2 – MATERIALS & METHODS
2.1 Hydration, Incubation and Hatching of Artemia franciscana Cysts
Twenty g of desiccated A. franciscana cysts from the Great Salt Lake, Utah (INVE
Aquaculture, Inc., Ogden, UT, USA) were hydrated in 600 mL of double distilled water
(ddH20) with constant aeration at 4°C overnight (El-Magsodi et al., 2014). After
hydration, cysts were collected by suction using a mini vacuum pump and an EMD
Millipore glass filter with 47 mm disc filters. Five g of cysts (wet weight) were transferred
to 600 mL of filtered, autoclaved sea water (Halifax Harbour, Nova Scotia, Canada),
hereafter termed sea water, and incubated in the dark at 27°C, 150 RPM for 19 h.
Following incubation, newly emerged instar 2 larvae were separated from shells and
unhatched cysts using a separatory funnel, followed by exposure to light to induce
phototaxis in swimming nauplii 49. Briefly, a mixture of unhatched and emerged nauplii,
empty shells and sea water was incubated for 20 min without agitation, allowing empty
shells to float to the top. Unhatched and emerged nauplii that respectively sank or swam
to the bottom of the separatory funnel were collected in a Pyrex bowl (Fig. 2.1). The
Pyrex bowl was covered with aluminum foil, leaving only a small vertical slit through
which light from a lamp penetrated. Opaque objects were placed on either side of a light
source to ensure that light was directed toward the side of the Pyrex bowl. Prior to
collection, a glass rod was used to stir the mixture, which concentrated all animals to the
centre of the bowl. After stirring, the mixture was left for 20 min in a dark room with the
light source left on 49. Because A. franciscana nauplii are positively phototactic, nauplii
swim and gather in a small area and are easy to collect 49. Swimming nauplii were
10

Figure 2.1. Collection of first instar A. franciscana nauplii by phototaxis. Instar 2
nauplii were separated from shells and unhatched cysts by shining light through a thin
slit in tin foil covering the Pyrex bowl. Opaque objects were placed on either side of
the light source to ensure that light was directed toward the slit on the Pyrex bowl.
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collected from the position in the bowl located near the light source using a plastic
pipette.
2.2 Cold Shock and Recovery of A. franciscana Nauplii
2.2.1 Control Samples
Following the collection of nauplii, 30 mL of early instar 2 nauplii in sea water was
collected directly from the Pyrex bowl; these nauplii were 20 h old (Fig. 2.2) 49. This
sample, which was not exposed to cold shock, was the ‘control’ sample (Fig. 2.2), and
was immediately processed for protein extraction. The remaining nauplii were used for
cold shock treatment followed by a recovery phase, both of which are described in detail
below.

2.2.2 Cold Shock Treatment
Nauplii and seawater were immediately transferred from the Pyrex bowl to a 500 mL
sterilized Erlenmeyer flask submerged in a VWR water bath (VWR International LLC,
Mississauga, ON, Canada) at 1°C with constant aeration. A thermometer was secured in
the flask for constant temperature monitoring. Time 0 for the experiment was when the
sea water containing swimming nauplii reached 1°C, thus cold shock began when instar
2 nauplii were 20 h old. Approximately 30 mL samples were collected from the flask
after 3 h (3CS, 23 h old; Fig. 2.2) and 6 h (6CS, 26 h old; Fig. 2.2) of cold shock. All
samples contained between 0.10 g and 0.15 g nauplii. Immediately after sample
collection, nauplii were collected by suction as described in section 2.1, using 7 µm mesh
filters, washed with cold PIPES buffer (100 mM Pipes, 1 mM MgCl2, 1 mM EGTA, pH 7.4),
12

Figure 2.2. Overview of the experimental procedure. Instar 2 nauplii of A. franciscana
collected for control (20 h old), 3 h (3CS, 23 h old), 6 h (6CS, 26 h old) in cold shock, 30
min (0.5RP, 26.5 h old), 2 h (2RP, 28 h old), 4 h (4RP, 30 h old) and 6 h (6RP, 32 h old) in
recovery.
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weighed and frozen in liquid nitrogen. Protein samples that were not processed
immediately were stored at -80°C. After sampling, the sea water in the Erlenmeyer flask
was adjusted back to 500 mL by adding 30 mL of sea water at 1°C.

2.2.3 Recovery Phase
Following 6 h of cold shock, nauplii remaining in the Erlenmeyer flask were
transferred to 27°C for recovery. Recovering nauplii were constantly aerated and 30 mL
samples were collected after 30 min (0.5RP, 26.5 h old), 2 h (2RP, 28 h old), 4 h (4RP, 30
h old) and 6 h (6RP, 32 h old; Fig. 2.2). After each sample collection, the volume of the
flask was adjusted to 500 mL by adding approximately 30 mL of sea water at 27°C.
Nauplii were collected by suction as described in section 2.1, weighed and immediately
frozen in liquid nitrogen.
The entire experiment, from cyst hydration to the recovery phase was repeated using
two separate preparations of nauplii to obtain two replicate sample sets.

2.3. Protein Extraction, Western Blotting and Quantification of HSP90, HSP70 & HSP40
2.3.1 Protein Extraction from Frozen Nauplii
Frozen tissues in Eppendorf tubes were diluted 1:1 w/v with cold PIPES Buffer and
1:100 w/v Halt™ Protease Inhibitor Cocktails (Thermo Scientific, Rockford, IL, USA)
before cell lysis and homogenization on ice using a micro-pestle for 60 s. Cell-free
homogenates were centrifuged at 10,000 x g, 4°C for 15 min to obtain the protein
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supernatant for analysis 49. Fat that floated to the top and cell residue that accumulated
at the bottom of the tubes were discarded.

2.3.2 Protein Separation via SDS-PAGE and Western Blotting
A Bradford assay 69 was used to quantify the amount of protein in each sample of
nauplii using a Pierce™ Coomassie (Bradford) Protein Assay Kit, and Bovine Serum
Albumen (BSA) standards (2.0 mg/mL in 0.9% NaCl) with BSA concentration ranging from
0 μg/μL to 2 μg/μL. A standard curve of absorbance was derived using Softmax pro
software (Molecular Devices Corporation, California) and, based on the results of a trial
experiment, 30 µg/µL of each sample was chosen as the final amount of protein loaded
per well of SDS polyacrylamide gels.
Thirty µg of cell free extract protein for each sample was mixed with 10 µL of 4 X
loading buffer, placed in a boiling water bath for 5 min, centrifuged at 10,000 x g for 10
min at 27°C and resolved in 10% SDS polyacrylamide gels in Running Buffer (25 mM Tris,
200 mM glycine with 0.04% (w/v) SDS). Gels were loaded with protein extracts from
both cold shock and recovery treatments, and run for 1 h and 45 min at 35 mAmp 66.
GeneDireX BLUelf Prestained Protein Ladder (Froggabio, Toronto, ON, Canada) was used
as a molecular weight marker. Two replicate SDS gels were run simultaneously with one
stained with Colloidal Coomassie Blue (10% (NH4)2SO4, 0.1% of 5% Coomassie G-250
stain, 3% Phosphoric acid, 20% Ethanol) 70 and the other transferred to nitrocellulose
membrane overnight at 100 mAmp in Transfer Buffer (25 mM Tris, 200 mM glycine in
20% (v/v) methanol).
15

2.3.3 Staining and Immunoprobing of Western Blots to Detect HSPs
To ensure that proteins were transferred from the gel, nitrocellulose membranes
were stained with Ponceau (0.1% (w/v) Ponceau, 1.5% (w/v) trichloroacetic acid) for 2
min to reveal protein bands and then rinsed in dH2O for approximately 5 mins to remove
stain 71. For HSP90, HSP70 and HSP40 detection, nitrocellulose membranes were blocked
in 5% non-fat milk in Tris Buffered Saline (TBS; 10 mM TRIS, 140 mM NaCl, pH 7.4) for 1
h at 27°C 64.
Blocked membranes were incubated in antibodies diluted (Table 1) in TBS or PBS (PBS;
10mM Na2HPO4, 137mM NaCl, 2.7mM KCl, pH 7.4; ) for 20 min at 27°C. Membranes
were washed once for 1 min and three times for 5 min in TBS-Tween (TBST; 10 mM TRIS,
140 mM NaCl, 0.1% Tween 20, pH 7.4) followed by HST (10 mM TRIS, 1M NaCl, 0.5%
Tween 20, pH 7.4) for HSP90 and HSP70 blots 71. HSP40 blots were washed with PBSTween (10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, 0.05% Tween 20, pH 7.4) using the
same wash protocol. Blots were then incubated with HRP-conjugated goat-anti-rabbit
IgG (Life Technologies, Burlington, ON, Canada) diluted 1:5000 in TBS for HSP90
detection and 1:5000 in PBS for HSP40 detection (Table 2.1). HRP-conjugated goat-antimouse IgG (Life Technologies) was diluted 1:5000 in TBS for HSP70 blots (Table 2.1). The
wash steps were repeated as described above and antibody reactive proteins were
visualized using Criterion® ECL western blotting detection reagents (GE Healthcare, Baie
d’Urfé Quebec, Canada) and a DNR Bio-Imaging Systems MF-ChemiBIS 3.2 gel
documentation system (Montreal Biotech).
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Table 2.1. Antibodies used for the immunostaining of A. franciscana molecular
chaperones (modified from Rowarth, 2015).

Supplier

Antibody

Antibody
dilution

ArHsp90

rabbit anti
ArHsp90

1:2000

Abbiotec

HSP70

mouse anti Hsp70

1:5000

StressMarq SMC-164

HSP40

rabbit anti Hsp40

1:5000

Abbiocode H2-32

Rabbit IgG

goat anti-rabbit
IgG

1:5000

Life Technologies 72

Mouse IgG

goat anti-mouse
IgG

1:5000

Life Technologies 73

Target protein
Primary Antibodies

Secondary
Antibodies
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2.3.4. Quantification of Western Blots and Statistical Analysis
Protein bands on the western blots were quantified using Image Studio Lite Version
5.2 and the control sample was used as the standard for comparing the intensity of
protein bands for cold shock and recovery samples. Probing of western blots detected
two immunoreactive protein bands for HSP90 in A. franciscana nauplii; an upper band
with a molecular mass of 90 kDa and a lower band of approximately 75 – 80 kDa, both of
which were present in all samples examined (Fig. 3.2 & 3.3). These bands were termed
HSP90A and HSP90B, respectively. Relative to the protein band for the control sample,
the levels of HSP90A, HSP90B, HSP70 and HSP40 for the cold shock and recovery
samples were calculated and averaged between the two replicate sample sets. Graphs
were plotted with standard deviations to represent the relative HSP levels for each HSP.
A one-way analysis of variance (ANOVA) test was used to test the effect of cold shock
and recovery treatments and Tukey post-hoc tests were used to identify significant
differences between specific treatments.
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CHAPTER 3 - RESULTS
3.1 Qualitative Assessment of SDS Polyacrylamide Gel Electrophoresis and Western
Blotting
Coomassie blue staining after electrophoresis showed, as indicated by the Bradford
assay for determining protein concentration, that all the lanes in the SDS polyacrylamide
gels received equal amounts of protein for all cold shock and recovery samples (Fig.
3.1a). Western blots stained with Ponceau revealed successful transfer of proteins from
SDS gels to nitrocellulose membranes (Fig. 3.1b).
3.2 HSP90 During Cold Shock and Recovery
There was an overall decrease in the amount of HSP90A during the 12 h experimental
period (one-way ANOVA: F5,11 = 11.54, p=0.005; Fig. 3.2a; Appendix B), with a marked
difference in the amounts of HSP90A at 3 h of cold shock (3CS) and 6 h of recovery (6RP)
when there was almost no HSP90A (6RP; Tukey post-hoc test, T = -6.13, p = 0.007, Fig.
3.2a; Appendix B).
In contrast with HSP90A, there was no significant difference in HSP90B levels over the
12-hour experimental period (one-way ANOVA: F5,11 = 2.31, p=0.169; Fig 3.3; Appendix
B) in A. franciscana nauplii. However, there was a trend towards an increase at 6 h of
recovery (6RP) at 27°C (Fig.3.3).
3.3 HSP70 during Cold Shock and Recovery
Relative to the control, cold shock at 1°C and recovery at 27°C had no significant
effect on the amount of HSP70 in A. franciscana nauplii (one-way ANOVA: F5,11 = 0.89; p
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(a)

(b)

kDa

kDa

125 93 72 57 -

125 93 72 57 -

42 -

42 -

31 -

31 -

24 -

24 -

M Con- 3CS 6CS 0.5RP 2RP 4RP 6RP
trol

M Con- 3CS 6CS 0.5RP 2RP 4RP 6RP
trol
M

M

Figure 3.1. SDS polyacrylamide gels and western blots of protein extracts from A.
franciscana nauplii. (a) Protein extracts from A. franciscana nauplii were resolved in SDS
polyacrylamide gels and stained with Coomassie. Lane M, molecular mass markers in
kDa; Control, no cold shock; 3CS, 3 h cold shock; 6CS, 6 h cold shock; 0.5RP, 0.5 h
recovery; 2RP, 2 h recovery; 4RP, 4 h recovery; 6RP, 6 h recovery. All lanes received 30 µg
of protein. (b) Ponceau stain of a western blot obtained by transfer of proteins from an
SDS polyacrylamide gel. Labels are as for panel A. All lanes received 30 µg of protein.
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Figure 3.2. HSP90A in A. franciscana nauplii during cold shock and recovery. (a) Mean
levels of HSP90A relative to control in A. franciscana nauplii during cold shock (CS) and
recovery phase (RP). Relative HSP90 levels were averaged for two different blots. The
control value was set at 1.0 and is represented as the dashed line. Numbers associated
with treatment names indicate time in h. Error bars depict standard deviations.
Different Letters above bars indicate significant differences among treatment (Tukey
pot-hoc tests). (b) A representative immunoblot of protein levels during cold shock
and recovery.
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Figure 3.3. HSP90B in A. franciscana nauplii during cold shock and recovery. (a) Mean
levels of HSP90B relative to control in A. franciscana nauplii during cold shock (CS) and
recovery phase (RP). Relative HSP90 levels were averaged for two different blots. The
control value was set at 1.0 and is represented as the dashed line. Numbers associated
with treatment names indicate time in h. Error bars depict standard deviations. (b) A
representative immunoblot of protein levels during cold shock and recovery.
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= 0.543; Fig. 3.4; Appendix B). A slight increase in the amount of HSP70 was detected in
the 6RP treatment compared to the other cold shock and recovery treatments, but the
difference was not significant (Fig. 3.4).
3.4 HSP40 during Cold Shock and Recovery
There was a significant increase in the amount of HSP40 during recovery from cold
shock (one-way ANOVA: F5,11 = 5.74; p = 0.028; Fig. 3.5; Appendix B). The increase was
influenced by a large difference between 3 h of cold shock (3CS) and the 6 h of recovery
(6RP) treatments (Tukey post-hoc test, T = 4.44, p = 0.031; Fig. 3.5; Appendix B), with the
most prominent increase in HSP40 recorded after 6 h of recovery (Fig. 3.5).
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Figure 3.4. HSP70 in A. franciscana nauplii during cold shock and recovery. (a) Mean
levels of HSP70 relative to control in A. franciscana nauplii during cold shock (CS) and
recovery phase (RP). Relative HSP90 levels were averaged for two different blots. The
control value was set at 1.0 and is represented as the dashed line. Numbers
associated with treatment names indicate time in hours. Error bars depict standard
deviations. (b) A representative immunoblot of protein levels during cold shock and
recovery.
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Figure 3.5. HSP40 in A. franciscana nauplii during cold shock and recovery. (a) Mean
levels of HSP40 relative to control in A. franciscana nauplii during cold shock (CS) and
recovery phase (RP). Relative HSP40 levels were averaged for two different blots. The
control value was set at 1.0 and is represented as the dashed line. Numbers associated
with treatment names indicate time in hours. Error bars depict standard deviations.
Different Letters above bars indicate significant differences among treatment (Tukey
pot-hoc tests). (b) A representative immunoblot of protein levels during cold shock
and recovery.
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CHAPTER 4 - DISCUSSION
The results of this study showed that HSP90A and HSP40 respond to cold in A.
franciscana nauplii suggesting that they play a role in the survival of larvae during low
temperature stress. HSPs have been studied extensively in many organisms, including
the diapause and adult stages of A. franciscana during heat stress 14,35,57,74–77. However,
HSP synthesis has been understudied in relation to cold stress in the nauplii stage of A.
franciscana and hence the importance of this study.
Confirming the hypothesis, HSP90, HSP70 and HSP40 were synthesized in varying
amounts in response to cold shock in A. franciscana nauplii, giving an indication of the
different cellular functions of HSPs during stress (Fig. 3.2 – 3.4). In their natural habitats
such as the Great Salt Lake, A. franciscana deal with fluctuating temperatures and
experience near freezing temperatures in the fall and the winter 55. Not many organisms
inhabit the Great Salt Lake, but A. franciscana have thrived there despite the harsh
conditions 78. Previous studies showed that Artemia, like other arthropods, synthesize
varying amounts of HSPs in response to thermal stress 61,64,66. As molecular chaperones,
HSPs function in many cellular processes under normal physiological conditions,
however when required they become stress proteins, protecting cells from adverse
conditions.
There was a significant decrease in the amount of HSP90A, during recovery from cold
shock demonstrating that cold shock influenced HSP90A synthesis. HSP90B, the lower
HSP90 band seen on western blots, did not change, suggesting that it was indifferent to
cold shock. The results indicate that HSP90 may occur in different forms in A.
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franciscana, hence two bands were observed, although it is not possible to rule out the
possibility of shared epitopes by dissimilar proteins. HSP90 is the most abundant heat
shock protein found in all organisms, from bacteria to humans 42. Under normal
conditions, HSP90 is constitutively expressed in the cell and interacts with other
proteins, such as cell-signaling proteins, cytoskeletal elements and protein kinases to
regulate cell functions 79. HSPs are upregulated to enhance stress tolerance in many
organisms 80. For example, HSP90 is up-regulated in the onion maggot, Delia antiqua,
upon exposure to cold and heat stress during diapause 35,57,67. However, HSP90 is downregulated when favorable conditions return, and development reinitiates 57. By contrast,
HSP90 is down-regulated during diapause in the pupae of Sarcophaga crassipalpis when
cold-stressed and up-regulated when normal conditions return 77. When A. franciscana
larvae were exposed to extreme cold, HSP90A remained constant in amount but it was
down-regulated during recovery at normal room temperature. The different amounts
suggest that HSP90 may respond differently to various stressors, and can either be upregulated or down-regulated in different species, depending on the role it plays during
stress. At very low temperatures, HSP90 may decrease thus arresting cellular processes,
but if increased, HSP90 would promote cold tolerance by being available to protect
proteins from denaturation.
The HSP70 family is very large and occurs in all organisms. In eukaryotes, there are
more than a dozen different HSP70s present in the cytosol, mitochondria, endoplasmic
reticulum and other cell compartments 42. Some forms of HSP70 are constitutive, while
others are stress-inducible 32. HSP70 is up-regulated in the salivary glands of D.
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melanogaster during both heat and cold stress 14,67,81. This suggests that HSP70 plays a
role in thermal acclimation and survival. Contrary to this, the levels of HSP70 did not
change during either cold shock or recovery in A. franciscana nauplii. This finding is
consistent with studies that investigated the responses of HSP70 to cold stress in other
organisms 27,80,82. In addition to its role in protein folding, HSP70 is associated with
protein translocation from the cytosol to the mitochondria during which HSP70 has
weak ATPase activity 32. However, when associated with J-domain proteins, such as
HSP4083, the ATPase activity of HSP70 increases, allowing it to efficiently bind to
substrates 32,42,83. The constant levels of HSP70 observed during cold and recovery of A.
franciscana nauplii (Fig. 3.4) may reflect the constitutive synthesis of HSP70. Thus,
because HSP70 is already synthesized under optimal conditions, its concentration in the
cell need not be increased during cold stress. Rather, the cold stress response may be
reflected in an increase in the levels of its co-chaperones, which was the case for HSP40.
While this study only considered the response of one HSP70, other isotopes of HSP70
may be modified during cold stress in A. franciscana nauplii during cold stress.
HSP40 is an HSP that falls under the J-domain group of proteins. While HSP40 is a
molecular chaperone in its own right, it associates with and affects the activity of other
ATP-dependent proteins such as HSP70 32,42,84. HSP40 is up-regulated during recovery
from cold stress in D. melanolgaster84, and in the cold-adapted gall fly, Eurosta
solidaginis 36,37,49. In A. franciscana nauplii, the amount of HSP40 did not increase during
cold stress but rather during the recovery stage. The up-regulation of HSP40 in these
arthropods, during and following cold stress, shows that HSP40 synthesis is influenced
28

by cold but not until the animal begins to recover from this stress. HSP40 may prevent
irreversible denaturation of proteins during cold stress and in concert with other
proteins binds to nascent proteins, preventing their premature folding and targeting
them to HSP70 42.
Most HSPs, while stress-inducible, are involved in cellular processes such as
differentiation, signal transduction, metabolism and proliferation 23. These processes
occur during development, which in itself is stressful. While this study focussed on the
effects of cold stress on HSPs, it would be interesting to contrast the results from this
study with changes in HSP levels during ontogeny in A. franciscana. This will confirm
whether the changes observed in HSP90A and HSP40 are crucial to cold stress tolerance
or if they are related to developmental changes. In addition, the quantification of mRNA
for the three HSPs would allow for an estimate of levels of gene expression, and indicate
whether differential gene transcription and post-transcriptional changes influence HSP
synthesis during stress. Future studies should examine the effects of using RNAi to
eliminate the mRNAs encoding the HSPs and the effect of their absence on the survival
of nauplii.
Overall, the results of this study indicate that HSPs are synthesized differently in
response to cold stress in A. franciscana larvae compared to other life stages. The
diverse levels of HSP90, HSp70 and HSP40 in cold-shocked and recovering nauplii
suggest that these HSPs play different roles as A. franciscana nauplii adapt and survive
to cold stress. As molecular chaperones, HSPs likely maintain the integrity of cellular
proteins in nauplii, and promote proper functioning of cells during cold stress.
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Environmental stressors, such as extreme cold and global changes in climate affect
organisms across their entire life history and thus, it is important to understand how
organisms respond to extreme temperature fluctuations.
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APPENDIX: ANOVA & TUKEY POST-HOC TESTS
One-way ANOVA: Rel. Hsp90B levels versus Treatments
Source
Treatments
Error
Total
S
0.174487

DF
5
6
11

Adj SS
1.7574
0.1827
1.9400

R-sq
90.58%

Adj MS
0.35147
0.03045

R-sq(adj)
82.74%

F-Value
11.54

P-Value
0.005

R-sq(pred)
62.34%

Pooled StDev = 0.174487

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95%
Confidence
Treatments
3CS
6CS
0.5RP
2RP
4RP
6RP

N
2
2
2
2
2
2

Mean
1.0864
0.9358
0.771
0.517
0.209
0.01644

Grouping
A
A
A B
A B C
B C
C

Means that do not share a letter are significantly
different.
One-way ANOVA: Rel. Hsp90B levels versus Treatments
Source
Treatments
Error
Total
S
0.323291

DF
5
6
11

Adj SS
1.2066
0.6271
1.8337

R-sq
65.80%

Adj MS
0.2413
0.1045

R-sq(adj)
37.30%

F-Value
2.31

R-sq(pred)
0.00%
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P-Value
0.169

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95%
Confidence
Treatments
6RP
2RP
6CS
3CS
0.5RP
4RP

N
2
2
2
2
2
2

Mean
1.8413
1.193
0.982
0.9808
0.980
0.956

Grouping
A
A
A
A
A
A

Means that do not share a letter are significantly
different.

One-way ANOVA: Rel. Hsp70 levels versus Treatments
Source
Treatments
Error
Total
S
0.169164

DF
5
6
11

Adj SS
0.1267
0.1717
0.2984

R-sq
42.46%

Adj MS
0.02534
0.02862

R-sq(adj)
0.00%

F-Value
0.89

P-Value
0.543

R-sq(pred)
0.00%

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95%
Confidence
Treatments
6RP
4RP
6CS
3CS
0.5RP
2RP

N
2
2
2
2
2
2

Mean
1.198
0.965
0.9414
0.9286
0.920
0.890

Grouping
A
A
A
A
A
A

Means that do not share a letter are significantly
different.
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One-way ANOVA: Rel. Hsp40 levels versus Treatments
Source
Treatments
Error
Total
S
2.24962

DF
5
6
11

Adj SS
145.35
30.36
175.72

R-sq
82.72%

Adj MS
29.070
5.061

R-sq(adj)
68.32%

F-Value
5.74

P-Value
0.028

R-sq(pred)
30.88%

Tukey Pairwise Comparisons
Grouping Information Using the Tukey Method and 95%
Confidence
Treatments
6RP
4RP
2RP
0.5RP
6CS
3CS

N
2
2
2
2
2
2

Mean
10.55
2.472
1.904
1.245
0.7203
0.560

Grouping
A
A B
A B
B
B
B

Means that do not share a letter are significantly
different.
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