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ABSTRACT

The abalone Haliotis midae has been fished to near-extinction on the South African
coastline, primarily to satisfy a growing international market. In order to meet demands,
H. midae has been produced in South Africa by aquaculture for several decades, and the
South African abalone aquaculture industry continues to expand. Internationally, abalone
aquaculture has been negatively affected by the outbreak of bacterial and viral diseases,
which spread rapidly and lead to high abalone mortality. There is evidence that
environmental stresses on abalone farms may lead to immunosuppression, and thereby
increase the severity of disease outbreaks. The water temperature on abalone farms
fluctuates seasonally, and increased abalone mortality has been associated with warmer
water during the summer months. However, the molecular mechanisms affecting the
abalone during exposure to stress remain unclear. With advances in proteomics
technology, it is possible to identify and quantify the expression of several hundred
proteins simultaneously. This study therefore aimed to gain insight into the H. wzidae stress
response by using proteomic tools to identify proteins that are differentially regulated in
haemocytes during exposure to acute heat stress. Identifying which biochemical pathways
are involved in the abalone stress response will give some insight into the molecular
mechanism by which H. widae responds to heat stress.

Proteins that were significantly regulated under heat shock conditions were identified using
two different proteomic techniques: 2D PAGE analysis and iITRAQ. Several proteins with
cytoskeletal function were identified by 2D PAGE, indicating that cytoskeletal remodelling
may be induced by acute heat stress. As the abalone immune response is predicated on the
ability of the haemocytes to engulf foreign particles by phagocytosis, it was therefore
hypothesised that damage to the cytoskeleton could lead to immunosuppression. iTRAQ
analysis of heat stressed abalone haemocyte total protein was then carried out and
additional heat-regulated proteins were identified. A statistically stringent method was
employed, and 11 proteins with significant heat-induced differential expression were
identified. Additional differentially regulated proteins were identified using statistical
seriation to cluster proteins with similar heat-induced expression profiles. As many of the
identified proteins lack functional characterisation in abalone, Blast2GO®™ analysis was
performed to associate gene ontology keywords with the protein identities that had the
most consistent response to heat stress. The GO terms were then simplified using the tool
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REViGO to identify biochemical pathways that were implicated by these protein identities.
Based on these data, the cellular functions that appear to be affected by heat stress in H.
midae are cell signalling, response to stress and metabolic regulation.

As several important proteins identified by iITRAQ remain uncharacterised in abalone, one
was selected for further characterisation in order to determine its suitability as a potential
molecular heat stress indicator in H. midae. Thus, further expression analysis of the
molecular chaperone calreticulin (CRT) was carried out using alternate molecular
techniques. The transcriptional regulation of CRT in H. midae during exposure to heat
stress was measured using qPCR, which detected a significant early decrease in the amount
of CRT mRNA followed by a return to basal levels. The translational regulation of CRT
was then measured by western blot analysis, which detected a significant increase in the
amount of CRT in the haemocytes after 120 minutes of exposure to 23 °C. This data also
confirmed the expression profile determined by iTRAQ for CRT.

The findings of this study indicate that the H. midae molecular heat stress response is
complex and interconnected, and capable of rapidly responding to acute thermal stress.
However, the metabolic cost to the abalone and the potential damage caused to the
haemocytes should be of concern to abalone farmers. This information is also of
particular concern when considering the effects of anthropogenic climate change on the
survival in the wild of this already threatened species. This study presents a set of
molecular tools that may be of use in future molluscan studies, and with the growing
popularity of proteomics as a diagnostic tool in aquaculture may serve as a platform for the
investigation of the effect of environmental stress on other molluscan species.
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1.1. Introduction

The global human population is predicted to surpass 9 billion by 2050 (United-Nations,
2004). This rate of population growth is predicted to increase particularly in sub-Saharan
Africa, an area already suffering from food shortages. With increased urbanisation there
will also be a loss of farm land. These predictions would require global food production to
increase by 60% (Alexandratos and Bruinsma, 2012) between now and 2050 to meet the
demands of the increasing human population. There is cause for concern as to the
sustainability and achievability of these goals. Aquaculture, the farming of water-based
organisms including fish, crustaceans, molluscs and aquatic plants, is thought to be a
possible means through which global food demands may be met (Cunningham, 2005).
The consumption of fish and seafood is growing and in 2008 was measured at 17.2
kg/capita/yeat, contributing 15.7% to the global animal protein intake (De Silva, 2012;
Merino et al., 2012). If the current trends continue, the aquaculture sector will need to
exceed current production by 30-40 million tonnes per year in order to meet the projected
food requirements of 2050 (De Silva, 2012). Aquaculture in sub-Saharan Africa
contributes less than 1% of the total global aquaculture production by weight
(Cunningham, 2005), despite the suitability of approximately 42 million ha of land for
small-scale fish farming (Moehl and Machena, 2000). There is therefore a need to establish
good aquaculture production facilities in Southern Africa that are capable of generating

economically viable, sustainable products.
1.2. The abalone

Abalone are marine gastropod molluscs belonging to the family haliotidae, genus Haliotis
(Linnaeus, 1758). Gastropods, literally meaning ‘stomach foot’, include the snails and
slugs, and are characterised by their muscular ‘feet’ upon which they move. The molluscs
are divided into three primary classes — the bivalves such as clams and oysters,
cephalopods including squids and octopi, and the gastropods. All three groups are highly

diverse, both in body plan and physiology, and many occur in marine environments.

The Haliotis genus is identified by their flat, ear-shaped shell with respiratory holes running
down the anterior margin. There are six species of Haliotis occurring in the coastal waters
of South Africa (Sales and Britz, 2001). The commercially viable South African abalone
species, Haliotis midae, is under pressure from extensive poaching in the wild and is

currently farmed (Troell et al., 2006). Globally, abalone are sold at a market value of $15 -

5



$30/kg, a price that has recently been depressed due to the global financial crisis and an
increase in farm production (Cook and Gordon, 2010). The flesh of the animal is

considered a delicacy, and the shell is a source of iridescent mother-of-pearl.
1.3. Naturally occurring H. midae populations in South Africa

The South African coastline is defined by two currents, the warmer Agulhas on the east
coast and the cooler Benguela on the west. This has the effect of causing a temperature
gradient, which affects the geographic distribution of marine organisms along the coast.
The naturally occurring abalone on the west coast are acclimatised to cold water with an
average monthly temperature of 12-13 °C (Vosloo and Vosloo, 2010). The optimum
temperature for juvenile abalone, based on maximum growth and feed conversion rates
determined by Britz et al. (1997) is between 12 and 20 °C. The thermal history of marine
invertebrates has been shown to have an effect on their temperature tolerance limits

(Osovitz and Hofmann, 2005).

In the wild, H. midae is a generalist, opportunistic herbivore (Troell et al., 2006) which
typically grazes nocturnally on commonly occurring species of marine algae such as kelp
(Ecklonia maxima), Plocaminm spp. and Ulva spp. (Sales and Britz, 2001). Gut bacteria isolated
from abalone are capable of hydrolysing a range of complex polysaccharides common to
their food of choice ((Erasmus et al., 1997; Sales and Britz, 2001; Ten Doeschate and
Coyne, 2008), implying a symbiotic relationship with the animal whereby additional

digestive enzymes are produced by the gut microflora.

The reproductive biology of H. midae has been studied since 1967 (Newman, 1967) and
varying reports of the age of sexual maturity have since been published (Tarr, 1995; Wood,
1993), establishing the age of 100% sexual maturity at approximately 7.2 years.
Fertilization occurs externally, when the female releases one of two egg groups and these
are fertilised by nearby males. The next group of eggs will be released thereafter, in order
to increase the probability of fertilization. Many millions of eggs are released, and

survivability of the spawn is low.

Wild H. midae may grow to approximately 200 mm shell length after 30 years of age
(Newman, 1968); however there is significant variability in growth rate between animals.
Larger individual H. midae are found in greater numbers in the colder waters of the coast of

Southern Africa (between 12-13°C), although they can be found in water up to 20 °C -



despite evidence that elevated water temperature can restrict growth rate and reproduction

(Sales and Britz, 2001).

Wild stocks of abalone in South Africa are under intense pressure from illegal poaching
due to their high value on the black market (Raemaekers et al., 2011) which has led to
severe depletion of naturally occurring H. midae. As a resource, abalone have proved
notoriously difficult to manage (Branch and Clark, 2006), and have been poached to
commercial extinction in at least one area in the western cape (Hauck and Sweijd, 1999).
Although a ban was placed on the commercial abalone fishery in 2007 (Raemackers et al.,
2011), international poaching syndicates continue to exploit this natural resource

(Sundstrém, 2012).

1.4. The South African abalone aquaculture industry

Commercial aquaculture of H. mwidae began in 1949, with successful cultivation of spawn
only occurring from 1981. The practice has been the subject of substantial research and
development since the 1990s, when the University of Cape Town, Rhodes University and
the Council for Scientific and Industrial Research entered into partnership with fishing

companies (Sales and Britz, 2001).

Internationally, total abalone production reached 22 677 metric tonnes in 2002, of which
1731 metric tonnes was produced by South Africa (Gordon and Cook, 2004). This figure
includes illegal production, defined as any harvest beyond the total allowable annual
landing quotas — South Africa remains one of the biggest sources of poached abalone
internationally (Gordon and Cook, 2004; Cook and Gordon, 2010). In 2008, farm
production alone was about 30 760 metric tonnes (Cook and Gordon, 2010), representing
a 350% growth in the production of abalone farms over the preceding 6 years. The rapid
decline in wild abalone stocks and increasing international demand have been the major
driving force for the prevalence of commercial abalone farms, and in South Africa
favourable water quality and availability of kelp has led to the success of the industry
(Troell et al., 2006) — in the international market, South Africa produced the third highest
metric tonnage of cultured abalone in 2002. There were at least twelve farms commercially
farming the animal in South Africa in 2008 (Ten Doeschate and Coyne, 2008), employing
approximately 1360 people (Troell et al., 2000).



Generally the farming practice involves land based tanks into which seawater is pumped
and/or recirculated. Water temperature in these tanks, which are often exposed to direct
sunlight, can fluctuate by as much as 4.1 °C daily in the summer months (Vosloo and
Vosloo, 2010). Juvenile animals are either produced in on-site hatchery facilities or
purchased from other farms, although most farms have their own hatcheries in an effort to
remain self-sufficient and minimise the risk of infection. Farmed animals are fed the kelp
E. maxima as well as commercial, formulated feeds Abfeed™ and Midae Meal™, and take

approximately 4 years to reach market size (80 g) (Sales and Britz, 2001).

1.5. The molluscan immune system

Throughout evolutionary history, it has been vitally important for organisms to possess
defence systems against the varied and virulent array of pathogenic organisms that have
evolved alongside them. In vertebrate animals, the immune function is carried out through
two different yet connected systems — acquired and innate immunity. The acquired or
‘adaptive’ system is mediated by cells known as B and T lymphocytes. This system allows
the body to mount increasingly effective responses against repeat infections due to
acquired cellular ‘memory’. The innate immune system lacks B and T lymphocytes, and is

mediated by both humoral and cellular responses.

In invertebrate animals, the immune response is carried out solely through the innate
system, which is thought to be evolutionarily older than acquired immunity. Innate
immunity involves humoral responses such as the production of anti-microbial peptides
and reactive oxygen species (Marmaras and Lampropoulou, 2009), as well as cellular
responses by circulating haemocytes. Like all molluscs, abalone possess an innate immune
system, although little is understood about the abalone immune system and specifically its
response to stress. The preponderance of knowledge in this case is based largely on
studies conducted on other invertebrates, and the innate immune system of vertebrates
(Hooper et al,, 2007a) although the degree of comparability between vertebrates and
abalone is not fully comprehended. There is overlap between both the mechanisms and the
molecules involved in the invertebrate stress response and that of vertebrates (Ottaviani
and Franceschi, 1997). Molecules that are produced by a number of organs during the
mammalian stress response (including cytokines, biogenic amines, CRH and ACTH) are all

produced by invertebrate haemocytes (Hooper ez al., 2007a).



Within the body cavity of molluscs is a fluid analogous in function to blood in vertebrates
known as haemolymph, which is responsible for transporting nutrients and waste products,
as well as haemocytes (Marmaras and Lampropoulou, 2009). Haemocytes have the
capacity to perform a wide variety of functions including digestion, metabolite transport,
wound and shell repair and, notably, the immune response. Not all types of haemocytes
are found in all species of animals, and the classification of molluscan haemocytes is a field
which requires a large volume of additional research (Martin et al., 2007). Haemocyte
classification, carried out by means of microscopy, differential centrifugation, flow
cytometry, lectin and antibody binding and functional studies (Hine, 1999; Martin et al.,
2007; Travers et al., 2008), has determined that the primary molluscan haemocytes are
hyalinocytes and granulocytes (Wang et al., 2008). Travers et al. (2008) however, showed
that the abalone Haliotis tuberculata haemocytes were comprised of only large and small
hyalinocytes, whereas classification of the haemocytes of H. widae has not yet been

reported in the literature.

In their immune capacity, both hyalinocytes and granulocytes can form pseudopodia,
aggregate to a wound and produce reactive oxygen species, chemokines and anti-microbial
peptides (Travers et al., 2008; Wang et al., 2008). Hyalinocytes have a high nuclear to
cytoplasmic ratio and are less able to phagocytose foreign materials, whereas granulocytes
have a low nuclear to cytoplasmic ratio and are highly effective at phagocytosis of foreign
materials (Martin et al., 2007). Phagocytosis is the primary means by which apoptotic cells
and foreign material are removed from the body of the animal. When an apoptotic cell or
pathogen (known as the ‘target cell’) is recognised as such, the macrophage will engulf and
degrade the particle when the phagosome fuses with the lysosome (Travers et al., 2008).
Recognition is mediated by surface receptors on the phagocyte, which are activated by the
target cells (Marmaras and Lampropoulou, 2009). The process of phagocytosis is strictly
controlled and highly complex, requiring a succession of interactions between the target
cell and the phagocyte. The act of phagocytosis is carried out by re-arranging the
cytoskeleton of the cell, and it has been shown that blocking actin polymerisation leads to a

loss of phagocytic ability (May and Machesky, 2001).

1.6. The link between stress and the immune response

Stress and disease are major influences acting on the biological processes of an animal’s

metabolism, as they disrupt the homeostasis of the body and lead to impaired growth,



which is of clear economic importance to farmers (Lacoste et al, 2002). The term
‘stressor’ refers to the cause of the ‘stress’ which is the response in the animal (Hooper et
al., 2007a). The vertebrate stress response is mediated primarily through neuroendocrine
messengers, such as glucocorticoids and adrenocorticotropic hormone (Lacoste et al.,
2002). During the stress response, these messengers will typically divert energy away from
non-vital functions such as growth and reproduction in order to provide energy for
functions which will allow for the proper physiological response to the stressor. For
example, in a fight or flight scenario, respiration is enhanced to facilitate locomotion

(Lacoste et al., 2002).

There is less information available concerning the effect of stress on the immune system of
invertebrates. Bacterial diseases, such as [7brioses, and Schistosomes (Lacoste et al., 2002;
Travers et al., 2007) have become problematic and ultimately costly to the abalone farming
industry. Lacoste et al. (2001) showed that the principle stress hormone noradrenaline
elicits an inhibitory effect on the phagocytic ability of oyster (Crassostrea gigas) haemocytes.
As stated previously, phagocytosis is the means by which pathogens are removed from the
molluscan body and as such this inhibitory effect would allow for opportunistic infection.
The response to stressors such as oxygen limitation, shaking, altered salinity and elevated
temperature (Hooper et al,, 2007a) in abalone has been linked to the onset of disease
(Lacoste et al., 2002; Malham et al., 2003) due to decreased immune capacity and therefore

must be closely monitored.

Globally, aquaculture of invertebrates such as molluscs and crustaceans is of vital concern,
because it contributes significantly to the economy of a number of developing countries.
The major obstacle to overcome in such aquaculture situations is the prevalence of diseases
that may have a devastating effect on the cultured species (Bachére, 2003). [7brio species
are of particular concern, as they are thought to cause many diseases that are harmful to
larval and adult molluscs (Bachere, 2003). Currently, as little is known regarding the exact
physiological interactions between pathogen and host in the aquaculture environment,
there are few options available for the detection of stress or infection in aquacultured

invertebrates.

Common iz vitro tests used to indicate stress and/or disease in aquacultured invertebrates
include the haemocyte count, phenoloxidase measurement, superoxide production,

phagocytosis assay and bacterial clearing assays (Hooper et al., 2007a). Although the above
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mentioned tests have been developed and optimised for a wide range of animals, most
have not been specifically optimised for invertebrates and therefore there have been
inconsistencies in their results when applied to abalone in the literature (Hooper et al.,
2007a). These tests are based on biochemical pathways that have been well documented in

other species, but may still require further research in abalone systems.

1.7. The heat-shock response

Thermal stress disrupts many cellular processes, because different cellular enzymatic
reactions have different optimal thermal conditions. Heat shock is therefore potentially
extremely disruptive of cellular homeostasis (Suzuki and Mittler, 2006). The uncoupling of
enzymatic pathways results in an imbalance in the flux of electrons, which can be
transferred to molecular oxygen (O,) to form reactive oxygen species (ROS) such as O,-
and H,O, (Suzuki and Mittler, 2006). ROS can be extremely damaging to organisms
undergoing stress as they can disrupt attempts to return to homeostasis by damaging lipids,

proteins and DNA, which can lead to cellular apoptosis (Lesser, 2000).

The cellular heat-shock response is well characterised in some species, and numerous genes
and proteins exhibit stress mediated differential expression or activity (Kiltz, 2005). It was
first shown that a protein responded to sub-lethal heat stress in the 1960s in Drosophila
(Santoro, 2000), and by the 1980s scientists had demonstrated that there were specific
proteins that were induced by heat stress (Feder and Hofmann, 1999). This family of
proteins became known as the heat shock proteins (Kregel, 2002), and is categorised
according to the molecular weight of the protein (Clark and Peck, 2009). In mammalian
cells, the heat shock proteins vary in size from 10 to 110 kDa, including the well-known
Hsp70 and 90 groups. Some of these proteins, such as Hsp70, have been characterised
extensively and are well understood (Clark and Peck, 2009) — however as their varied
biological functions are discovered it is becoming clearer that they are not merely ‘heat’
stress proteins, but assist in a diverse and vital range of stress responses (Morimoto, 1998;
Samali and Otrrenius, 1998). Heat shock proteins are involved in cellular metabolism, both
under stress conditions and in normal functioning of the cell (Morimoto et al., 1996), and
heat inducible proteins have been shown to be induced by other abiotic factors such as O,

depletion and toxic substances (Serensen et al., 2003; Tkacova and Angelovicova, 2012).

In order to respond adequately to environmental stresses, the heat-shock response must be

under the control of rapid, stress inducible regulation (Morimoto et al., 1996). The
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underlying stress signal thought to activate the transcription of heat-shock response genes
is the accumulation of non-native or misfolded proteins (Santoro, 2000). Heat-shock
response genes code for molecular chaperones, which assist proteins in returning to their
native state before extensive cellular damage is caused. The cytoprotective role of heat-
shock proteins may confer a transient resistance to diseases and other stresses in the
stressed organism (Feder and Hofmann, 1999). However, long-term expression of stress
response proteins could have negative effects on the overall health of the organism

(Morimoto et al., 1990).

It has been proposed that the characterisation of molecular stress response proteins could
facilitate biomonitoring of the status of aquacultured animals (Dimitriadis et al., 2011).
Heat shock proteins are an attractive candidate for biomonitoring studies (Feder and
Hofmann, 1999) because of the sensitivity of their induction (Dimitriadis et al., 2011),
especially in non-model organisms because they are highly conserved between species
which facilitates characterisation (Clark and Peck, 2009). Heat shock proteins, however,
are only one aspect of the cellular response to heat stress. Other families of proteins with
varying functions have also been shown to respond to heat stress (Abele et al., 2001). A
meta-study carried out by Wang et al. (2009) of frequently identified stress response
proteins across 66 studies identified 44 proteins that were expressed during cellular stress
regardless of species. These proteins include representatives from 28 generally detected
protein families, with functional classification ranging from cytoskeletal organisation and

energy metabolism to molecular chaperones.

1.8. The molluscan response to thermal stress

The cellular response to stress is complex and diverse, and characterising the molluscan
response to thermal stress is therefore a challenging task. However, it is important to
understand how economically valuable animals such as H. widae respond to stress in order
to minimise stock losses on abalone farms. Since no annotated complete genomic
sequence exists for H. midae, what limited information is available is deduced based on
work that has been carried out on model invertebrates and other molluscs (Hooper et al.,
2007a). A brief overview of the available literature describing the molluscan thermal stress

response will follow, emphasising the research undertaken on mussels, oysters and abalone.
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1.8.1.Mussel

The genus Mytilus is fairly well represented in the literature as it is a North American
coastal resident which occurs on both the Atlantic and Pacific Ocean coasts at a range of
temperatures and salinities. My#/us is intertidal and sessile, and has a dark shell which
absorbs sunlight and therefore increases the heat exposure of the animals, which means
that it must be able to withstand thermal stress in its natural environment (Hofmann and
Somero, 1995). Studies characterising the mussel response to stress tend to focus on the
haemocytes (Winston et al., 1996; Canest et al., 2006; Donaghy and Volety, 2011; Wang et
al., 2012), as bivalve haemocytes respond to external stimuli and reflect the physiological
status of the animal (Donaghy and Volety, 2011). Since there are several species within
the genus which occur at different coastal temperatures, these closely related organisms, or
congeners, are ideal candidates for studying the molecular response to acclimatisation
dependent thermal stress. Fields et al. (2012b) compared the proteomic response of the
cold acclimatised indigenous species Mytilus trossulus to that of the invasive Mediterranean
species Mytilus galloprovincialis under chronic and acute thermal stress both at low and high
temperatures. Since the indigenous species is being displaced by the invader along the
Californian coast, Fields et al. (2012b) wused 2-dimensional polyacrylamide gel
electrophoresis (2D PAGE) to determine whether the invasive species had a physiological
advantage in warmer habitats. Clustering analysis revealed differential regulation of
cytoskeletal proteins, electron transport chain proteins and molecular chaperones including
Hsp70 in both species of mussel. M. galloprovincialis appeared to be the more robust species
in response to heat shock, which may serve as an advantage in its spread and integration
into new environments (Yao and Somero, 2012). This work parallels the work of
Hofmann and Somero (1995), who had demonstrated that field-collected M. #rossulus
exhibited increased Hsp70 expression and increased ubiquitination of proteins during the
summer months, when their body temperature increased from 10° to 30°C during low tide.
Ubiquitination is a post-translational modification that occurs when proteins are
irreversibly damaged and must be targeted for degradation, so it is often used as a measure
of the ability of an organism to cope with its current environmental state. Fields et al.
(2012a) investigated the protein expression patterns of a species of mussel (Geukensia
demissa) with a very broad natural temperature range during exposure to acute heat stress,
and identified similar stress response proteins — cytoskeletal proteins, chaperones, oxidative
stress proteins, regulatory proteins and a transcription initiation factor. They identified

seven Hsp70 isoforms that were significantly regulated in response to acute heat stress.
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Mytilus edulns was used to characterise the oxidative stress response of the mussel to the
pro-oxidant menadione (McDonagh and Sheehan, 2007). Since this mussel species is an
intertidal filter feeder, it has been identified as a ‘sentinel species’ which could serve as an
early warning for toxic pollution in an aquatic system. The group identified post-
translational modifications affecting actin, amongst other proteins, which could be part of

a molecular system for sensing the redox state of the cell.
1.8.2. Opysters

The oysters are intertidal bivalve molluscs, which are filter feeders and therefore under
constant pressure from pathogen infection and a highly changeable environment (Tirard et
al., 1995). The calcified shell of the oyster acts as a physical barrier to harm, but
acidification of the oceans can prevent shell formation in larval oysters (Waldbusser et al.,
2013), and this ancient defence mechanism may no longer afford sufficient protection
from environmental stresses (Zhang et al, 2012a). The loss of shell integrity due to

decalcification has consequences for any shelled oceanic mollusc, including the abalone

(Byrne et al., 2011).

The annual production of the oyster Crassostrea gigas exceeds any other aquatic organism
(Fleury et al., 2009), and the oyster has therefore been the subject of more intensive study
than other molluscs. C. gigas recently became the first mollusc to have its genome fully
sequenced (Zhang et al., 2012a). The thermal stress response capabilities of the oyster that
can be deduced from its genome are of interest when studying the abalone, as it is the
nearest evolutionary relative for which this information is available. The predicted oyster
genome was found to contain 88 Hsp70 genes, compared with ~17 in humans and 39 in
sea urchins, which may relate to the oyster’s natural exposure to fluctuating temperatures
as a result of their location in the intertidal zone. Zhang et al. (2012a) found 5844 genes
that were differentially expressed in the transcriptome of oysters subjected to 9 stresses
including temperature and air exposure. Genes involved in the unfolded protein response
(UPR) and the endoplasmic response to stress including chaperones like calreticulin were
up-regulated, indicating that the return to cellular homeostasis was a priority in stressed
oysters. Although oysters and abalone may have diverged as much as 500 million years ago
(Hooper et. al., 2007), the molecular basis for the stress response may be similar between
these classes of mollusca, and methodologies that have proved successful in classifying the

oyster stress and immune response may also be applied to abalone.
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Like the abalone, the haemocytes of the oyster are multifunctional, mobile cells which are
capable of mounting cellular and humoral defence against biotic and abiotic stresses. The
stress response and characterisation of oyster haemocytes is therefore a focus for research
(Tirard et al, 1995; Hégaret et al,, 2003b; Cao et al, 2009; Thompson et al., 2011).
Techniques employed to characterise the stress response of the oyster have included 2D
PAGE, which has been employed to detect proteomic differences in disease resistant vs.
susceptible oyster species (Cao et al., 2009) and the effect of metal contamination on the
oyster immune response (Thompson et al., 2011). A number of oyster gene sequences
have been determined independently to the oyster genome sequencing project, and several
stress response pathways have been suggested using evidence obtained by quantitative
PCR (Meistertzheim et al., 2007; Nikapitiya et al., 2010). Due to the lack of information
available for molecular methodologies applicable to abalone specifically, the body of
research available for mussel, oysters and other marine molluscs is extremely useful in the

pursuit of abalone research.

1.8.3. Abalone

Some studies have been carried out to characterise the response of abalone to
environmental perturbation, although there has not been extensive progress in this field.
Investigations into the abalone stress response have focussed primarily on the effect of
exposure to toxic compounds and pathogenic infection, with research on the effect of
thermal stress focussed mainly on the response of heat shock proteins. Heat shock elicits
behavioural responses in abalone including uplifted shell gaping, epipodial spreading (Diaz
et al., 2006) and movement (Robinson et al., 2012); and physiological reactions such as
changes in oxygen consumption, nitrogen excretion and total haemocyte count (Vosloo
and Vosloo, 2010; Dang et al., 2012). Since different species of the Haliotis genus occur
naturally over a wide range of temperatures, some acclimation dependent heat shock
responses have been observed (Dahlhoff and Somero, 1993; Diaz et al., 2006; Li et al.,
2012). H. midae appears to have a critical thermal maximum of about 28 °C (Hecht 1994),
although temperatures of 12-20°C have been shown to be physiologically optimal (Sales
and Britz, 2001). When H. midae are exposed to temperatures exceeding 20 °C for long
periods of time, their growth rate is decreased and mortality increased compared to animals
maintained at lower temperatures (Sales and Britz, 2001). Although this has been
established through scientific enquiry, there do not appear to be measures in place at

abalone farms to prevent water temperatures from exceeding 20 °C during the summer
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months (Vosloo and Vosloo, 2010). Martello et al. (2000) showed that stressful conditions
(exposure to increased salinity and the aquatic toxin pentachlorophenol) decreased
phagocytic ability and impeded cytoskeletal integrity in both the red and black abalone. As
phagocytosis is the basis by which abalone haemocyte cells respond to pathogenic
infection, they conclude that environmental stress has an immunosuppressive effect in

abalone.

Real-time qPCR has been used to determine gene expression profiles of candidate stress
genes in several abalone species. Wan et al. (2009) characterised a novel omega glutathione
S transferase (GST) in Haliotis discus discus and documented increased GST transcription in
response to heat shock, heavy metal and endocrine disrupting chemical (EDC) exposure.
The glutathione S transferase (GST) family of proteins are involved in detoxification, as
they are responsible for the elimination of harmful reactive oxygen species. Hsp70 and
Hsp90 have been characterised in Haliotis tuberculata (Farcy et al., 2007), and respond to
elevated temperature with increased transcription of both genes. Proteomic approaches to
characterising the stress response of abalone have so far been limited to 2D PAGE analysis
of proteins that are differentially expressed in response to EDCs (Zhou et al., 2010).
Aldehyde dehydrogenase and glutathione S transferase, which are both involved in
detoxification, along with superoxide dismutase, an oxidative stress response protein, and {3
tubulin, a cytoskeletal element, responded to treatment with bisphenol A and diallyl
phthalate. While this study concluded that proteomics was a powerful platform for the
study of aquatic ecotoxicology, Zhou et al. (2010) is currently the only published study that
has used proteomics to characterise the abalone stress response. The field of proteomics is
rapidly gaining favour in marine biotechnology and aquaculture (Slattery et al., 2012) due to
its capacity to characterise transcriptional, translational and post-translational regulatory

mechanisms that respond to the effects of environmental changes simultaneously.
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1.9. Proteomics and the characterisation of the stress response

It is feasible to quantify the effects of an environmental stimulus on the regulation of a
gene using technology such as real-time qPCR, because of the assumption that regulation
of mRNA transcription is directly related to the biological processes occurring in a cell.
However, there is mounting evidence that there is disjunction between the amount of
mRNA in a cell and the biological effect of the protein translated from it (Liebler, 2002;
Rodrigues et al.,, 2012). This could be due to a number of factors, not least the complex
post-transcriptional modifications applied to many gene products, and thus there may be
functional dissonance between mRNA expression and protein abundance (Rodrigues et al.,
2012). However, since proteins are the bioactive molecules, measuring the varying
concentration of a particular protein in a cell exposed to altered environmental states
represents a more direct measure of the molecular stress response mechanisms (Kennedy,
2002; Tomanek, 2011). A protein or group of proteins which respond predictably to
environmental stress may therefore provide a more meaningful quantifier of the effect of

that stress (Kennedy, 2002).

The term ‘biomarker’ has been defined by Hawkridge and Muddiman (2009) as “a
characteristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention”, but in aquaculture biomarkers have potential for use in environmental
monitoring and risk assessment (Rodrigues et al., 2012). This has proven especially useful
in the field of aquatic toxicology (Sanchez et al., 2011), where biomarkers can be used to
identify aquatic pollutants (Nesatyy and Suter, 2007) and also improve our understanding
of how aquatic organisms respond to pollution (Tomanek, 2011). Technology, like
proteomics, that is capable of identifying several hundred biomarkers simultaneously
therefore has great potential as a powerful tool in aquaculture research. Proteomics in
aquaculture is a rapidly growing field which is primarily concerned with the welfare, health,
quality, safety and nutrition of aquacultured organisms (Rodrigues et al., 2012). Despite
the urgent lack of molecular information for several economically valuable aquacultured
animals, there are still relatively few publications describing the application of proteomics
techniques in the field of aquaculture. This is due, in part, to difficulties inherent in the
methodology and technology (Slattery et al., 2012; Zhou et al., 2012). To propetly evaluate
the potential of proteomics in aquaculture studies, it is first necessary to understand some

of the technical advantages and limitations inherent to mass spectrometry-based analyses.

17



1.9.1. An introduction to proteomics technology

High throughput methods for studying the proteome have only recently become available
(Nesatyy and Suter, 2007). The genomic revolution paved the way for proteomics by
providing reliable databases of genomic sequences, bioinformatics tools capable of
performing user-driven searches on these sequence databases, and particularly, the
algorithms necessary for analysing high throughput genomic datasets such as microarrays
(Liebler, 2002; McDonald and Yates, 2002). Traditional genomics is now moving into a
functional phase where gene function can be classified rather than merely accumulating a
list of gene names found in a sample (Harry et al., 2000). This means that it is now
possible to perform complex clustering and mapping studies of a large number of gene
identities, as well as any associated quantitative information. This technology has in turn
made the study of proteomics - that is, the identification of all expressed proteins in a cell
including post-translational modifications and protein-protein interactions - possible
(Tomanek, 2011; Zhou et al,, 2012). Proteomics is challenging because there are no
analytical tools analogous to the core genomic protocols of PCR and DNA-DNA
hybridisation available in the proteomic toolkit (Liebler, 2002). In order to quantify
proteins in a cell it is necessary to measure the protein directly, sometimes at extremely low
relative concentrations, as it is impossible to amplify more copies of a target protein as it is
with a gene of interest using PCR (Harry et al., 2000; Lottspeich, 2009). Additionally,
some proteins naturally make up the majority of the total protein in the cell, and might
conceal the response of less abundant proteins. Therefore it is necessary for proteomic
methods to achieve the sensitivity required to detect low abundance proteins. The
difficulty in interpretation of proteomics data is further compounded by another feature of
the proteome, which is the presence of post-translational modifications (Gevaert and
Vandekerckhove, 2011). Multiple isoforms of the same protein can be present in a cell at
any time, which adds further complexity to the proteome (Liebler, 2002). These
complications have led to the development of incredibly sensitive and complex technology

with which the proteome may be studied.
19.1.1. The mass spectrometer

Mass spectrometry is a powerful tool that works by first ionising, then fragmenting and
measuring the mass/chatge ratio of molecules in order to create spectra that can be used to

identify the molecules. The molecule that is being analysed is referred to as the analyte.
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All mass spectrometers must consist of an ion source, which is necessary to ionise the
sample (Liebler, 2002), a mass analyser which resolves the ions based on their mass to
charge ratio (7/3) and a detector (Aebersold and Mann, 2003). In order to measure the
mass of incredibly small molecules, mass spectrometer measurements must be carried out
on charged analytes that are in the gas phase, which necessitates ionisation of the sample
prior to analysis (Yates, 1998). Mass spectrometry was used extensively in non-biological
fields for many years before it was applied to the biological sciences (Mann et al., 2001).
The invention of so called ‘soft’ ionisation techniques made it possible to fragment and
ionise large, polar biomolecules (Mann et al., 2001; Liebler, 2002). The field of proteomics
is generally interested in the qualitative and quantitative assessment of proteins in a tissue
or sample, however in recent years lipids and other metabolites have also become popular
areas of research (Scalbert et al., 2009). Due to the necessity for ionisation there is an
inherent loss of sensitivity with increasing molecule size, which becomes problematic since
proteins can be up to several hundred kilo-Daltons in size. In proteomics, it is therefore
common practice to first digest the protein sample into smaller fragments using a protease
enzyme with a known recognition site. This so called ‘peptide centric’ or ‘bottom up’
proteomic workflow has become the standard for the analysis of the proteome (Gevaert
and Vandekerckhove, 2011). The most commonly used enzyme is a serine protease called
trypsin, which cleaves protein between lysine and arginine residues, unless either is
followed by a proline in the C terminal direction (Finehout et al., 2005). This also confers
an important feature to all resulting tryptic peptides — they all possess lysine or arginine
residues at their C termini and N terminal amino groups (Liebler, 2002). In addition, the
frequency at which lysine and arginine occur in the proteome is such that the peptides
resulting from tryptic digestion are often of an appropriate length for ionisation and

analysis by mass spectrometry (Liebler, 2002).

Two different types of ionisation sources are typically used for proteomic studies; namely
MALDI and electrospray ionisation (ESI) (Liebler, 2002). One of the earliest methods
used to ionise biological molecules for mass spectrometry analysis was matrix assisted laser
desorption ionisation (MALDI) (Mann et al., 2001), which was invented in 1987 (Liebler,
2002). This technology remains in use to this day and is utilised by some of the most
sensitive and widely used mass spectrometers. MALDI-TOF analysis is generally
acceptable for less complex peptide mixes, for example the identification of a protein from
a single spot on a 2D PAGE gel (Aebersold and Mann, 2003), whereas liquid
chromatography (LC) coupled with ESI is generally used for more complex samples.
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ESI requires that the analytes are resuspended in an aqueous phase, which is called the
mobile phase (Liebler, 2002). The analytes in solution are sprayed through a very fine
needle into a charged field (Gevaert and Vandekerckhove, 2011) to electrostatically
disperse the tiny droplets (Mann et al., 2001). At the orifice of the needle the spray forms a
“Taylor cone”, releasing charged solvent droplets containing peptides (Gevaert and
Vandekerckhove, 2011). The electrical field directs the droplets into the mass analyser. A
drying gas is then passed over the droplets, causing evaporation of the solvent until the
repulsion of the like-charged ions overcomes the surface tension of the droplet and a
Coulomb explosion occurs, shattering the droplet. This occurs until only the peptides

remain and pick up the charge before passing into the mass spectrometer.

The pH of the solution will control which amino acid functional groups carry charge, as
different groups are protonated at different pHs depending on their physical properties.
Amine groups will be protonated under acidic conditions which will confer an overall
positive charge to the peptides. Under basic conditions, amines and carboxyl groups are
deprotonated and the peptide becomes more negatively charged. A positively charged
peptide can be fragmented more easily (Liebler, 2002), but unlike MALDI, the peptide ion
products derived by ESI can carry single or multiple charges. Since tryptic peptides have a
lysine or arginine residue at their C termini and N terminal amino groups, which are the
sites of protonation, ESI of tryptic peptides generally produces multiply charged positive
peptide ions. One of the risks of using ESI is that, unlike MALDI, there is no opportunity
to re-analyse a sample — once it has been subjected to ESI it is consumed and cannot be re-
examined (Wang and Li, 2008). In order to maximise the number of peptide identities
obtained in ESI MS/MS, a nano-HPLC column is often included in the machine setup
before ESI occurs, so that the incoming peptides have been pre-fractionated before mass
analysis occurs (Mann et al., 2001). Sample fractionation will be discussed in some detail

below.

ESI sources are generally paired with one of four types of mass analysers: quadrupoles, ion
traps, Fourier transform ion-cyclotron or orbitrap (Aebersold and Mann, 2003). Although
the technology for each type is different, the role of the mass analyser is always the same in
each mass spectrometer (Liebler, 2002) — that is, the resolution of peptides or peptide
fragments, and the accurate measurement of their mass to charge ratio (7/3) (Aebersold
and Mann, 2003). For the initial MS analysis, the ionised analyte travels from the ion

source into a charged chamber, which uses positive charges to direct and filter the
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movement of the ionised analyte towards the detector. The detector is usually at the base
of a tube, so that incoming ions can be reflected upwards into the tube where they travel in
an arc pattern before hitting the detector. The measurement of each ion’s 7/z is plotted
on a graph, creating a spectrum of peaks corresponding to each ionised peptide in the
sample. The so called ‘mass spectrum’ plots the /% ratio for each parent ion vs. the
relative intensity of the signal, which is loosely correlated to the abundance of the peptide
ion in the sample. In order to then obtain amino acid sequence information from the

patent ions, a second round of mass analysis is then catried out, known as MS/MS or MS2.

After the ionised sample has been passed through the mass spectrometer once, producing
a m/z spectrum, the representative peptide/s for a single »/g peak is selected by the
tandem MS analyser from the mixture of ionised peptides. This ‘parent ion’ is channelled
into the mass analyser, and then fragmented in a collision cell by collision induced
dissociation (CID), or other methods of fragmentation (Jones and Hubbard, 2010), into
‘fragment ions’ which pass through the mass spectrometer where their /7 is once again
measured, producing a second /g spectrtum. The resultant spectrum, which is a record
of the m/z ratios for all the fragment ions produced for a specific precursot, is the basis for
the deduction of the amino acid sequence of the peptide (Aebersold and Mann, 2003),
using technology which will be discussed below. The different types of mass analyser are
made distinct by the method by which the ionised analytes are channelled towards the
detector, and retained for MS/MS analysis. Part of the complexity of the mass
spectrometer machinery is the need to petform MS and MS/MS analysis in tandem, while
accurately retaining information for each parent/fragment ion. The rate at which the
machine can direct, fragment, and measure 7/% for each ion will directly influence the
number of parent ions that can be fragmented for MS/MS analysis. Loss of sensitivity,
and therefore the resolution at which the sample can be processed, is of great concern and
therefore new innovations are constantly being introduced in order to improve the

accuracy and sensitivity of the mass analyser.
1.9.1.2. Reduction in proteome complexity

The proteome of a cell can be very complex (Gevaert and Vandekerckhove, 2011), and in a
“bottom-up” proteomics workflow the digestion of the proteome into tryptic peptides
increases the complexity of the mixture (Ernoult and Guette, 2011).  The detection

capabilities of any mass spectrometer are limited by the amount of data that can be
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captured by the machine (Hubner et al., 2008), because the chances of identifying a
peptide decrease as the total number of peptides increases (Liebler, 2002). Therefore, the
reduction of sample complexity prior to analysis by mass spectrometry is a fundamental
element of any proteomics workflow (Liebler, 2002). This can either occur alongside the
analysis in the mass spectrometer, or separately without the use of the mass spectrometer.
Methods that do not make use of the mass spectrometer include both gel-based and gel-
free technology. One of the most common gel-based methods for separation is two-
dimensional polyacrylamide gel electrophoresis (2D PAGE) which separates whole
proteins on a polyacrylamide gel first by isoelectric point and then by molecular mass
(Pietrogrande et al., 2003). The protein spots can be excised from the polyacrylamide gel,
digested with trypsin and analysed by the mass spectrometer individually in order to obtain
the protein identity (Kennedy, 2002). Although gel-based methods are popular, there are
limitations to the methodology which will be discussed in the following chapters. As an
alternative, gel-free separation can be used to achieve separation of peptides in the liquid
phase (Hubner et al., 2008). Separating proteins or peptides while in the liquid phase can
be beneficial because the sample can then be applied directly to the mass spectrometer for
analysis, which reduces the number of intermediary steps and can help to minimise sample

loss.

In order to achieve the best possible separation of peptides prior to analysis by mass
spectrometry, multidimensional separation strategies can be employed (Kubota et al.,
2009), such as a combination between 2D PAGE and LC MS/MS, sometimes called gel.C
MS/MS (Hubner et al., 2008). After analysing a peptide sample by mass spectrometet in
this manner, a raw data file is produced containing spectra for each peptide detected by the
mass spectrometer. In order to identify the amino acid sequences represented by each
spectrum, and thereby identify the protein that the peptide originated from, it is necessary

to use computational analysis to match mass spectra to amino acid sequences.
1.9.1.3. Software for proteomic investigations

The /% specttum produced by the fractionation of a peptide in MS/MS analysis
corresponds directly to the amino acid sequence of the peptide, because the physical
properties of the peptide determine how it fragments in the collision chamber. Different
methods are available when computationally determining an amino acid sequence based on

a mass spectrum, usually referred to as MS/MS database searching ot de novo approaches.
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De novo sequence determination makes use of the mass spectrum generated by MS/MS
directly in order to elucidate the amino acid sequence of the peptide. In de novo sequencing,
collision induced dissociation (CID) is typically used to fragment the parent ions into
fragment ions, and this method of fragmentation breaks the peptide backbone at
predictable sites (Seidler et al, 2010). CID often produces complementary charged
fragments of peptides known as b and y ions, which overlap with each other. Therefore it
is possible to computationally determine which amino acids made up the peptide in order
to produce the corresponding mass spectrum based on the ‘ladder’ of b/y ions detected.
One of the disadvantages of the e novo sequencing methodology is the computational
intensity required to assemble amino acid sequences from a complex sample.
Furthermore, the amino acid sequence of a peptide does not verify which proteins are
present in the sample, which is a requirement for many proteomics studies (Nesvizhskii,
2007). An alternative to de novo sequencing is database searching, which can overcome

these disadvantages.

With the advent of high-throughput genomic tools and protein sequence prediction
software, several species’ entire proteome sequences are stored in databases. It is possible
for the user to input a database of proteins that are expected to be found in the sample to
be analysed by mass spectrometry, for example the complete proteome of the species in
question. The collection of protein sequences in the database is then subjected to 7 silico
‘digestion’ by denoting the protease used on the protein sample undergoing analysis. The
resultant predicted peptides can then be filtered to correct for post-translational
modifications, before i silico fragmentation, according to pre-set fragmentation rules. The
resultant theoretical fragmentation patterns are then matched to the mass spectra
determined by MS/MS analysis of the sample. The match between a peptide and a
spectrum is known as a peptide spectrum match (PSM). The software then generates a list
of potential PSMs, usually with a score for each denoting the confidence of the match
(Liebler, 2002). This score is determined in a manner that is unique to the software used to
establish the PSMs, and therefore will vary accordingly. The best PSMs are then used to
match a peptide to a protein identity from the database, thereby identifying the proteins

present in the sample.

Database searching is carried out using sophisticated proteomics software (Xu and Ma,
2000), which is also required to perform quantitative analysis of protein expression in MS

based studies, and de novo peptide sequence determination (Jones and Hubbard, 2010).
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Many software packages exist, including both proprietary and freely available packages
(Schulze and Usadel, 2010), which are capable of database directed searching or de novo
sequencing, or a hybrid of both (Jones and Hubbard, 2010). Peptide sequence
determination by these methods can incorrectly match MS/MS spectra with a peptide
sequence, and it is therefore necessary for the software to statistically validate results in
order to minimise the chance of a false positive identity. ~ When the need for quality
control became topical in the field of proteomics, there were varying theories proposed as
to the correct means to minimise false positives in a set of PSMs (Tabb, 2007). Although
each PSM is associated with a score denoting the confidence of the match, a threshold for
the confidence still needs to be established below which the match should be considered a
false positive and disregarded. Differing mathematical models were devised to determine
the score threshold, but modern software generally makes use of the false discovery rate
(FDR). FDR is defined as the expected proportion of false PSMs within the total number
of PSMs (Gevaert and Vandekerckhove, 2011). The software adjusts the score threshold
in order to minimise the FDR, thereby ensuring that the maximum number of false
peptide identities are removed while removing as few correct identities as possible (Gevaert
and Vandekerckhove, 2011). As the goal in any proteomics study is to obtain as many
protein identities as possible within acceptable error boundaries, the FDR can therefore be

seen as a direct trade-off between sensitivity and error rate (Jones and Hubbard, 2010).

The proteome is a complex and dynamic entity which should be the focus of much future
research. As the development of proteomics technology advances we will have increased
capacity to identify more peptides from more complex biological samples. Proteomics
based research is essentially a multi-disciplinary field, and involves complex technology and
intricate data analysis. Care must therefore always be taken when designing a study that
makes use of proteomics technology, especially in non-model organisms. In the field of
aquaculture, proteomics technology has great potential as a tool for enabling better
comprehension of the molecular and cellular mechanisms at work in economically valuable

species.
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1.10. Aims of this study

Abalone are commercially valuable marine molluscs, which are farmed globally and are an
important economical contributor to the aquaculture industry in South Africa (Sales and
Britz, 2001; Troell et al., 20006), where Haliotis midae is a commonly farmed species. Due to
high stocking density and intensive farming practices, farmed abalone experience high rates
of disease and mortality which have led to catastrophic losses in the past (Malham et al.,
2003; Hooper et al., 2007a). Despite their value and the high rate of growth of the global
abalone farming industry, there remains a lack of information describing the immune
system of this animal. Abalone possess an innate immune system which is largely
facilitated by the activity of mobile haemocytes in their circulatory system. The onset of
disease in abalone has been linked to environmental factors (Malham et al., 2003) such as
temperature, salinity, oxygen availability and water pollution (Girén-Pérez, 2010; Tomanek,
2011). Biomonitoring of the molecular stress response in abalone haemocytes could
provide a valuable insight into the link between environmental stress and the onset of

disease in abalone.

On the west coast of South Affrica, H. midae are acclimatised to the natural water
temperature of approximately 13°C. However, on abalone farms during the summer
months the day to day average temperature can fluctuate by 4.1°C (Vosloo and Vosloo,
2010). It is therefore necessary to understand how the abalone responds to acute heat
shock within their thermal tolerance limits (Hecht, 1994). The aquaculture industry in
developing countries has the potential to alleviate food shortages, and provide much
needed economic growth. The South African abalone H. widae was therefore selected as a
subject for this study, due to its economic value to abalone farmers in South Africa.
Furthermore, although some progress has been made towards understanding the immune
system of other species of abalone, the immune system of H. midae remains pootly

characterised.

Previous studies investigating the effect of environmental stimulus on the immune
response of abalone and other molluscs have tended to focus on a single candidate stress
gene, or stress gene family. However, the stress response is a complex interconnected
system of biochemical pathways, so characterising a single gene or protein can lead to an
incomplete understanding of the system. With the recent development of proteomics

technology, it is possible to identify and quantify the response of the entire proteome,
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thereby providing a more holistic basis for the characterisation of the abalone stress
response. Proteomics can identify proteins that respond to stress stimuli, and also identify
groups of proteins belonging to specific biochemical pathways, making it a powerful tool
(Campos et al, 2012; Slattery et al, 2012). However, proteomics has had limited
applications in marine biomonitoring studies, especially in studies regarding the mollusca,

due to the lack of fully sequenced genomic databases (Sanchez et al., 2011).

The aim of this study is to gain insight into the abalone molecular heat stress response

using proteomics technology. In order to do so, the main objectives of this study were to:

1) Use a discovery-based proteomic approach to identify proteins that are

differentially regulated in H. midae during acute exposure to thermal stress

1i) Identify biochemical pathways that are involved in the abalone stress response
1if) To corroborate proteomics results using independent technologies such as
qPCR and western blots
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2.1. Introduction

Aquaculture is a rapidly growing industry which has the capability to provide much needed
food and economic security (Rodrigues et al., 2012). By improving our understanding of
the biological and molecular mechanisms by which aquacultured species respond to an
artificial environment we can maximise production. Although disease outbreaks are
common in farmed marine animals, there is still a limited understanding of the mechanisms
that direct these organisms’ immune response to stress and disease (Rodrigues et al., 2012).
Farmers who produce marine molluscs and crustaceans have become particularly
concerned by recent disease outbreaks, which threaten the sustainability of aquaculture

(Bachere, 2003).

Farmed molluscs, including abalone, are highly susceptible to a number of diseases (Sales
and Britz, 2001). Haliotis midae is an economically valuable species of abalone that is
produced by aquaculture in South Africa where, presently, the incidence of disease has
been relatively low (Macey et al., 2011) compared to the high infection and mortality rates
in Australia and China (Troell et al., 2006; Hooper et al., 2007b). Although a link between
stress and increased susceptibility to disease has been established in abalone (Malham et al.,
2003), the molecular mechanisms underpinning this connection are poorly understood.
Characterisation of the molecular response of abalone to abiotic stresses they are exposed

to on the farm will lead to improved productivity.

Farmed abalone are subjected to daily fluctuations in water temperature, which vary in
severity depending on the season (Vosloo and Vosloo, 2010). Rapid changes in water
temperature affect animals by altering their metabolic rates (Pallares et al., 2012), which
may have an effect on their ability to respond to bacterial or viral infection. Higher
temperatures have been linked with increased susceptibility to [77brio infection in the
abalone Haliotis diversicolor supertexta (Lee et al., 2001). The escalation of disease outbreaks
in marine molluscs known as ‘summer mortality’ is caused by changes in water temperature
between summer and winter months (Dang et al., 2012). Previous studies in abalone have
used total haemocyte counts as an indicator of immune status, as the number of circulating
haemocytes is linked to the immune capacity of the abalone (Cheng et al., 2004a; Hooper
et al.,, 2011, 2014; Dang et al., 2012). Other metrics that have been used to measure the
effect of heat stress in abalone include the activity of oxidative stress enzymes (Hooper et

al., 2014), haemocyte phagocytic activity (Cheng et al., 2004a) and the expression of the
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heat inducible protein Hsp70 (Vosloo and Vosloo, 2010; Li et al., 2012). Since the abalone
immune system is poorly characterised in the literature, the precise nature of the effect of
acute heat stress on the abalone immune system is unknown. Therefore, this study was
undertaken to investigate the effects that rapid, short-term increases in temperature (acute

heat stress) have on proteins expressed in abalone haemocyte cells.

Historically, the characterisation of genes and proteins has been a slow, laborious and
expensive procedure. With the advent of techniques that allow for more comprehensive
and rapid studies of proteins, it is now possible to identify and quantify the response of the
proteome to environmental stress (McDonald and Yates, 2002). The separation of a
protein sample by electrophoresis on an immobilised pH gradient (IPG) was described by
Gorg et al. (1988). The technique makes use of the physical properties of proteins to
separate a complex protein mixture into a tightly resolved cluster of spots on a
polyacrylamide gel. Two dimensional polyacrylamide gel electrophoresis (2D PAGE)
combined with protein identification by liquid chromatography/mass spectrometry
(sometimes referred to as geLC/MS) was one of the earliest methods by which protein
identification and quantitative expression profiling of total cellular protein could be carried
out (Gorg et al., 2004). 2D PAGE remains a popular method in quantitative proteomic

investigations, due to its reproducibility and sensitivity.

The separation of the protein sample in the first dimension by 2D PAGE takes place on a
gel strip exposed to electrical current, where carrier ampholytes resolve into a gradient over
a pH range on the strip. The proteins in the sample move along the gradient according to
their charge (Liebler, 2002). The isoelectric point, or pl, of a protein is the pH at which it
is no longer affected by negative or positive charge in an electric field. When a protein
reaches the point on the strip which corresponds to its pl, it remains stationary. The strip
can then be applied to a polyacrylamide SDS gel for electrophoresis in the second
dimension, which separates the proteins by molecular weight. The resulting gel contains a
reproducible pattern of protein spots, which allows for the determination of the relative
quantity of each protein. 2D PAGE remains unique amongst proteomic methods in its
ability to detect thousands of proteins simultaneously (Boguth et al., 2000). The use of 2D
PAGE technology in aquaculture studies has shown recent promising growth (Rodrigues
et al.,, 2012), as it is capable of identifying and quantifying a large number of proteins.
However, this technology remains underutilised in the characterisation of the effects of

environmental stress on marine aquacultured species (Lopez et al., 2002). Currently there
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are no 2D PAGE based studies describing the molecular mechanisms by which the South

African abalone, Haliotis midae, responds to acute heat stress.

2.1.1. Aim of this study

The onset of disease in abalone may be linked to environmental stresses such as oxygen
depletion, increased salinity, mechanical shaking (simulating forced movement) and
changes in temperature (Hooper et al., 2007a). Haliotis spp. are considered to be non-
model organisms since the full genomic sequence of any member of this genus is not
currently available. As such, the molecular basis of the abalone stress response is poorly
understood. The aim of this study was therefore to characterise the response of the H.
midae proteome to an acute increase in temperature, and furthermore to identify specific
proteins that can be characterised as components of the molecular stress response of

aquacultured abalone.

In order to effectively carry out the aims of this study, an appropriate heat shock
temperature had to be selected. Since west coast H. midae are naturally acclimatised to 12-
13°C (Vosloo and Vosloo, 2010), the suitability of a heat-shock temperature of 23°C was
investigated. As determined by Britz et al. (1997), this temperature is higher than the
average range for optimal abalone growth, but below the 50% critical thermal maximum of
27.9°C (Hecht, 1994). The ideal heat shock temperature should illicit a physiological
response to stress in the animals without permanently weakening the overall health of the
animal or causing mortality. Total haemocyte counts have previously been used to assess
immune function in abalone, and a rapid increase in the number of circulating haemocytes
in abalone responding to acute heat stress has previously been reported (Cheng et al.,
2004a; Dang et al,, 2012). In order to confirm that the chosen temperature elicited a
physiological response, haemocyte counts were carried out at intervals for the duration of a
heat shock experiment at 23°C. In order to simplify the analysis, it was assumed that the

overall haemocyte cell type composition did not change during exposure to stress.

The second objective of this study was to determine the duration of the cellular response
in H. midae haemocytes exposed to acute heat stress. This was executed by 2D PAGE
analysis of abalone haemocyte protein sampled at timed intervals during exposure to 23 °C
water. In addition, a recovery sample was also obtained from animals that were heat
shocked for 3 hours and then returned to 13 °C water for 24 hours. The results of this

experiment allowed for the selection of appropriate sampling time points for the
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identification of proteins that respond to heat shock by 2D PAGE coupled with MS

analysis.

The final objective of this study was the use of the available literature to contextualise the
identified differentially expressed proteins in this study, and thus suggest biochemical

pathways that are affected by acute heat stress in H. midae haemocytes.
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2.2. Materials and methods

Solutions used in this chapter are listed in Appendix A.
For the purposes of this study, a biological replicate is defined as samples obtained from
distinct groups of abalone under the same environmental conditions. A technical replicate

is the replication of the same experimental technique on the same sample.

2.2.1. Animal maintenance and sample collection

Cocktail size abalone (6 cm) were maintained at the Department of Agriculture, Forestry
and Fisheries (DAFF) research aquarium at Sea Point, Cape Town, Western Cape, South
Africa. Baskets of about 30 animals were kept in darkened 100 L tanks with circulating
filtered seawater taken from the nearby ocean at 13°C. Oxygen was bubbled into each
tank via an air hose. Animals were fed weekly on a diet of fresh Eklonia maxima harvested
from the beach opposite the aquarium. Prior to each heat shock experiment the abalone
were divided into separate baskets and acclimatised overnight in water maintained at 13°C
(control temperature). The experimental tank was heated to 23 °C using a standard
submersible fish tank heater. Once the water reached the correct temperature, the baskets
containing the experimental animals were placed in the heated tank. Abalone were initially
observed for known behavioural responses to heat shock, in addition to quantifying the

effect of the heat shock by haemocyte counts.

Haemolymph was removed via the pedal sinus of the abalone with a sterile 22 G needle
and 2 ml syringe at each sampling time point during timed heat shock treatments. As the
animals were too small to individually provide sufficient haemolymph for applications
requiring large amounts of protein, 500 ul was sampled from each of 12 individual animals
to generate a pooled biological replicate consisting of a total of 6 ml. The pooled
haemolymph was then divided into 1 ml aliquots in 1.5 ml eppendorf tubes to facilitate
further processing of the samples. The aliquots were immediately centrifuged at 10000
rpm for 5 minutes in order to pellet the haemocytes. The haemolymph was removed and
the pellets were immediately frozen in liquid nitrogen. The pellets were transported back

to the University of Cape Town in liquid nitrogen, and stored at -80 °C.
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2.2.2. Haemocyte count

In order to quantify the physiological effects of heat shock at 23 °C on H. midae, 100 pl of
haemolymph sampled from heat shocked animals was transferred to an eppendorf
containing 200ul of anti-coagulation buffer (Appendix A) on ice. Since the duration of the
heat shock response in H. midae was initially unknown, haemolymph samples were
obtained from the abalone at 0, 15, 30, 45, 60 and 120 minutes. The samples were mixed
on a vortex for 15 seconds before the count was performed to ensure homogeneity of the
haemocytes in solution. The count was performed using a haemocytometer (Neubauer) on
a light microscope at a magnification of 400 X. A 10 pl aliquot of the haemolymph was
loaded onto the haemocytometer, and covered with a glass coverslip. Haemocytes on four
0.04 mm?” squares (0.16 mm?® total area) were counted in triplicate for each time point, and
the experiment was repeated independently four times (n=4). The number of haemocytes
per millilitre was calculated using the following equation:

Y = [(A/0.1)/X]F 1000 % Zo oo 1)
Where:

Y = the number of haemocytes/millilitre

A = average number of haemocytes (technical replicates)

X = the area of the square counted (0.16 mm?)

Z = the dilution factor

The average number of haemocytes/ml haemolymph sampled at each time point across
four biological replicates was calculated and plotted on a bar graph with the standard error
of the mean (SEM) indicated. The data were analysed by one way ANOVA using
SigmaStat software (Version 3.10 © 2004 Systat software, Inc) with p < 0.05 and a Tukey

post hoc test.

2.2.3. Heat shock experiments

Two sets of experiments were performed in order to assess the effect of heat stress on the
proteome of H. midae haemocytes. A preliminary experiment was carried out to determine
the duration of the heat shock response, with two biological replicates analysed per time
point. In order to determine whether the effects of heat stress persist after cessation of the
stress, a recovery sampling point was included for 24 hours post-stress. Based on this
information, an appropriate time course could be determined for further characterisation

of the abalone molecular heat shock response. A second round of experiments was then
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carried out to compare the protein expression profiles of haemocytes sampled from
stressed and unstressed H. midae after short (30 minutes) and long (180 minutes) exposure
to heat shock. This second experiment was carried out in triplicate, with three technical

replicates averaged for each biological replicate.

2.2.4. Preparation of total soluble protein

The haemocyte pellets were removed from -80 °C and 200 ul of protein lysis buffer
(Appendix A), containing protease inhibitors, was added to each pellet. The haemocytes
were thawed in the lysis buffer, and then the pellets were disrupted and homogenised by
vortexing for up to 30 minutes at room temperature. Once the pellets were completely
disrupted in the lysis buffer the cellular debris was pelleted by centrifugation at 6000 rpm
for 30 minutes at 4 °C. The supernatant, containing the cell lysate, was transferred to a

fresh eppendorf tube.

The supernatant was diluted up to 500 pl with sterile distilled water immediately before the
addition of an equal volume of phenol pH 8.0. The cell lysate and phenol phases were
mixed by inverting the tubes and the phases were then separated by centrifugation for 10
minutes at 14000 rpm at 4 °C. The liquid supernatant layer was removed, leaving the
interface and phenol layers intact. This was repeated twice; with 500 ul of lysis buffer
added to the phenol layer the second time. The protein was precipitated out of the phenol
layer by incubating at -20 °C overnight in 0.1 M ammonium acetate in methanol. The
precipitated protein was pelleted by centrifugation and washed in 80% acetone. The
pellets were then air dried and resuspended in urea lysis buffer (Appendix A), which is a
suitable buffer for downstream 2D PAGE analysis. Protein concentration was then
determined using Bradford’s reagent (Bio-Rad) and a bovine serum albumen standard

curve. Protein was stored in 150 ug aliquots (three per time point) at -80 °C.

2.2.5. 2-Dimensional gel electrophoresis

The frozen aliquots of protein were removed from -80 °C and thawed at room
temperature. Each heat shock experiment comprised of three biological replicates at each
time point, with three technical replicates of each biological replicate. The separation of
the protein sample in the first dimension was carried out on an immobilized pH gradient
(IPG) according to the manufacturer’s instructions (Bio-Rad). Briefly, rehydration buffer

including 150 ug of protein sample (Appendix A) was mixed, and 0.01 g of bromophenyl
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blue was added. This solution was then carefully pipetted into a clean rehydration tray, and
any bubbles were removed. Bio-Rad ReadyStrip™ IPG strips (7 cm, pH 4-7) were placed
gel side down into the rehydration solution and allowed to rehydrate for 12-16 hours. The
focussing tray for the Bio-Rad Protean® Isoeclectric focussing (IEF) system for 7 cm strips
was prepared by covering the electrode filaments with Whatmanns filter paper wicks, and
the rehydrated strips containing the protein sample were placed into the focussing tray with
anode/cathode aligned correctly onto the electrodes. The strips were covered with mineral
oil, and the focussing tray was inserted into the isoelectric focussing system. The protein
was focussed in the first dimension under the following conditions: 250 V for 20 minutes,
4000 V for 2 hours, 4000 V for 20000 Volt-hours, 500 V for 24 hours (holding step).

Once the IEF was complete strips could be removed and stored at -80 °C overnight.

Electrophoretic separation of the protein sample in the second dimension was performed
using the Bio-Rad Protean Plus Dodeca cell system, which allows for the simultaneous
electrophoresis of up to 12 polyacrylamide gels, thereby minimising any gel to gel variation.
The Dodeca cell casting tray was used to cast 12 X 10% polyacrylamide gels (Appendix A)
simultaneously. Once cast and polymerised, the gels were removed from the casting tray
and excess acrylamide was cut off the edges of the gel assembly using a scalpel blade. The
gels were rinsed in distilled H,O immediately prior to electrophoresis, and blotted dry with
whatmanns paper. The strips were removed from -80 °C and incubated in equilibration
buffer one (6 M utea, 2% SDS, 0.375 M Ttris-HCI pH 8.8, 20% glycerol containing 1% w/v
DTT) and then equilibration buffer two (6 M urea, 2% SDS, 0.375 M Tris-HCI pH 8.8,
20% glycerol  containing 4.8% w/v iodoacetamide) for 10 minutes each. After
equilibration the strips were removed from the equilibration buffer, dried by briefly
applying tissue paper, and applied onto 10% acrylamide gels. The strips were held in place
by the addition of 1 ml of melted 0.5% agarose in 1x SDS PAGE running buffer. A
molecular weight marker was included for estimation of the size of the spots (Fermentas
PAGE-ruler). The protein was separated by electrophoresis at 100 V for 2-3 hours at 4 °C.
The gels were then stained in Coomassie blue R250, incubated in destaining solution
overnight and stored in 7% v/v acetic acid. The gels were scanned at 300 dpi using a

Canon CanoScan LiDE110 colour image scanner.
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2.2.5.1 Spot analysis

The scanned images of the 2D PAGE gels were analysed using Melanie 7 (Swiss institute
of Bioinformatics). Images from each replicate were uploaded into Melanie, and processed
concurrently. The molecular weight marker was cropped out of the images so that the
software would not detect the ruler bands. A hierarchical match structure was designed for
each of the two experimental sets so that the correct structure of biological and technical
replicates was contained within each match group. A diagram showing the experimental
design and match hierarchy for the preliminary experiment to determine the duration of
the haemocyte heat stress response is shown in Figure 2-1-A. A similar diagram showing
the experimental design used to investigate the proteomic profiling of an early and late

response to heat stress is shown in Figure 2-1-B.

Spots were detected automatically, and noise in the form of dust contamination or
scratches on the gel was reduced using the ‘smooth’, ‘min area’ and ‘saliency’ parameters.
The smooth function was set to 2, as at this value most of the overlapping spots were
propetly resolved. Min area and saliency were altered on an image specific basis so that
only ‘real” spots were detected. Reference images (the image with the greatest number of
detected spots) were selected for each match set, and 2 landmark spots were chosen to
facilitate proper matching. The gels were then matched, which allowed for spots to be
compated between images, grouping each individual spot across all biological/technical

replicates. Normalised spot intensity values were calculated by Melanie using the equation:

Spot value — Central tendency

Dispersion,

for each individual gel, which is sensitive to both low and high spot intensities and
simplifies the comparison between matches. Spot matches were manually inspected to
ensure that the software had aligned the gels correctly. Statistical analysis for each matched
set of spots was carried out by one way ANOVA using Melanie to identify spots that were

differentially expressed in the heat shocked samples versus the control.
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Figure 2-1: Diagram showing the experimental design and match hierarchy used to
determine the duration of heat stress in H. midae haemocytes, and identify differentially
expressed proteins in response to heat stress. Time points are shown in minutes, with the
exception of the sample marked by an asterisk (¥), which represents a sample obtained
from animals post-stress that had recovered in ambient temperature water for 24 hours.
Replicates (representing individual 2D PAGE gels) are indicated by squares. Brackets
indicate groups that were compared in the analysis. (A) Experimental design of a
preliminary investigation to determine the duration of the proteomic heat stress response
in the abalone H. midae. (B) Experimental design used to compare control (T0) 2D PAGE
gel images to experimental 2D PAGE gel images in order to locate differentially expressed
proteins in haemocytes from H. midae exposed to acute heat shock.
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2.2.5.2. Protein excision and analysis by mass spectrometry

In order to identify the protein in the selected statistically significant spots by MS analysis,
a new set of 2D PAGE gels were prepared as described in 2.2.5. However, due to the
sensitivity of MS analysis it was important to minimise contaminants such as human
keratin in all the reagents and solutions used by filter sterilising. The gels were prepared,
and then soaked in sterile milli-QQ water for 2 hours prior to excising the spots in order to
dilute any interfering substances that may persist in the gel. In order to obtain the
maximum amount of protein from each spot, three pieces of gel were excised from each of
the selected significant spots using the Bio-Rad ExQuest™ spot cutter. The gel pieces
were placed into sterile 1.5 ml eppendorf tubes and dehydrated in a vacuum centrifuge
until no liquid remained. The pieces were then stored at -80 °C, and sent to the Keck
Institute at Yale University for analysis by mass spectrometry on an OT-Orbitrap mass
spectrometer. Since the full genomic sequence for abalone was unavailable, identification
of differentially expressed proteins necessitated the use of homologous database searching.
The Keck Institute recommended the use of MS-BLAST, which matches spectra to
peptides generated from the non-redundant BLAST database in order to determine the
best peptide spectrum match. The proprietary proteomics software package Mascot
(Matrix science) was used by the Keck Institute for peptide spectrum matching and protein

identification of the selected spots.

Mascot searching was performed by the Keck Institute with the variable modifications
oxidation (M) and propionamide (C) selected, and with a peptide monoisotopic mass
tolerance of 20 ppm and fragment mass tolerance of 0.6 Da. The spots were identified
based on the proteins with the highest Mascot scores, which were determined by Mascot
software. In each case the predicted molecular weight and pl of the protein in the database
with the best score was compared to the actual molecular weight and pl of the protein on

the 2D gel for verification of the protein identity.
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2.3. Results
2.3.1. Haemocyte count and behavioural response to heat stress.

Initially, the suitability of 23 °C as the routine heat shock temperature was established.
Abalone that had been exposed to 23 °C water exhibited known behavioural responses to
heat stress, including mantle gaping, epipodial lifting and a rapid rotation of their shells
through 180°. After two hours of heat stress, the animals were no longer able to maintain
attachment to the basket surface, and were producing a large amount of mucus.
Haemocyte counts were used as a physiological parameter to assess molluscan immune
capacity. The number of haemocytes in haemolymph obtained from H. midae via the pedal
sinus during a heat shock trial was determined. There was an initial haemocyte count of
approximately 9.39x10° cells/ml at time zero, followed by a statistically significant (p<0.05)
increase in the number of circulating haemocytes after fifteen minutes of heat shock
(approximately 1.75x10" cells/ml) (Figure 2-2). Haemocyte numbers remained elevated for

the duration of the heat shock trial without any further significant changes.
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Figure 2-2: The number of circulating haemocytes counted for the duration of a timed heat
shock experiment. Data are represented as mean number of haemocytes/ml haemolymph
+ standard error for pooled haemocytes sampled from five animals at each time point and
across four biological replicates. Statistical analysis was performed using a one way
analysis of variance (ANOVA) with a Tukey post-hoc test using SigmaStat 3.10.0.
Asterisks (*) indicate time points that are significantly different, (p<0.05).
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2.3.2. Determination of the duration of the abalone heat shock response

A preliminary investigation was carried out to determine the duration of the abalone heat
shock response. The proteomic response of the haemocytes at time intervals during a heat
shock experiment was investigated using 2D PAGE and analysed using Melanie software.

To assess proteomic changes in the haemocytes at each time interval, the spot patterns
were matched between control and experimental samples. Each spot detected by Melanie
in the control (T0) sample was matched to its counterpart in the experimental samples.
Melanie then calculated intensity values for each spot, which indicates the amount of that
protein present in the sample. Spots in these matched sets were then sorted according to
the stipulated criteria that the experimental spots should show more than a 2 fold change
in intensity compared to the control, with the statistical significance determined by one way
ANOVA (p < 0.01). The number of spots that satisfied this criterion for each of the time

intervals sampled, referred to as verified spots, are presented in Table 2-1.

The prevalence of verified spots was used to signify the duration of the abalone proteomic
response to acute heat stress. The sample obtained from abalone that had recovered from
a 3 hour heat shock in ambient temperature water for 24 hours had 142 verified spots,
indicating the persistence of a physiological response to the stress even after it was

removed.

Table 2-1: The duration of the molecular heat stress response in the haemocytes of H.
midae was determined using 2D PAGE analysis to identify differentially regulated proteins
in control vs. heat stressed haemocyte total protein samples. The number of verified spots
for each time intetval compared to the control (T0) is shown. Spots were assigned as
verified if the fold difference of their density compared to the control was more than 2 fold,
and statistically significant by one way ANOVA (p < 0.01) All spot density determination,
fold change and one way ANOVA calculations were performed using Melanie software.
The asterisk (*) indicates data obtained from abalone 24 hours post-heat shock (recovery).

Comparison # of verified spots
Ovs30 130
Ovs60 105
Ovs120 155
Ovs180 157
Ovs24hours* 142
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2.3.3. 2D PAGE analysis of an early (30 minute) and late (180 minute) H.

midae haemocyte response to acute heat shock

In order to gain further understanding of the molecular mechanisms of H. widae’s
molecular heat stress response, the effect of acute heat stress on the haemocyte proteome
was investigated. 2D PAGE was employed to compare the total haemocyte protein
expression profiles from untreated (T0) abalone, and abalone which had been exposed to
30 or 180 minutes of heat shock. The 2D PAGE gel images were processed using Melanie
software. One-way ANOVA was used to test for differences between spots in control and

experimental samples, with significance established if p < 0.05.

A total of 900 spot matches were made when comparing the control sample with the
sample obtained after 30 minutes of heat stress, while comparison between the control
sample and the sample obtained at 180 minutes of heat stress detected 772 spot matches.
Of these matches, spots which differed between control and experiment significantly by
one way ANOVA (p < 0.05) were identified using Melanie. A total of 13 spots were
selected that reproducibly showed the most statistically significant changes in intensity
between the experimental sample and the control — five spots at 30 minutes (Figure 2-3)
and 8 spots at 180 minutes (Figure 2-4). After 30 minutes of heat stress, four of the five
chosen significant spots had increased compared to TO (Spot ID numbers 188, 99, 226 and
19), and after 180 minutes 7 out of the 8 chosen significant spots had significant decreases

in expression compared to TO (Spot ID numbers 87, 168, 103, 76, 31, 38 and 17).

Due to financial constraints, only a small number of differentially expressed spots were
chosen for identification by MS analysis. Only 7 of the chosen 13 spots could be reliably
located and excised from a Coomassie blue stained gel due to the extremely small size of
some of the protein spots. The identities of the excised spots that were determined
following MS analysis at the Keck Institute at Yale University are presented in Table 2-2.
In order to verify the putative protein identities, the pl and MW from the NCBI database

were compared to the pl and MW measured for each spot on the 2D polyacrylamide gel.
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Figure 2-3: Representative 2D PAGE gel showing the proteome of haemocytes from H.
midae after exposure to 30 minutes of heat shock at 23°C. The molecular weight marker
included is the Fermentas PAGE ruler pre-stained marker. Bar graphs were generated by
Melanie software and indicate intensity values for each spot across all replicate gels. The
bar graphs show the intensity values for that spot for each of the 3 technical repeats
petformed in the control (T0) biological replicate 1 (a-c), 2 (d-f) and 3 (g-i), followed by
T30 biological replicate 1 (j-1), 2 (m-o0) and 3 (p-r). Spot identity numbers (below the bar
graphs) were assigned by Melanie software. The y axis represents intensity in arbitrary
units.
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Figure 2-4: Representative 2D PAGE gel showing the proteome of haemocytes from H.
midae after exposure to 180 minutes of heat shock at 23°C. The molecular weight marker

included is the Fermentas PAGE ruler pre-stained marker.

Bar graphs were generated by

Melanie software and indicate intensity values for each spot across all replicate gels. The
bar graphs show the intensity values for that spot for each of the 3 technical replicates
performed in the control (T0) biological replicate 1 (a-c), 2 (d-f) and 3 (g-i), followed by
T180 biological replicate 1 (j-1), 2 (m-0) and 3 (p-r). Spot identity numbers (below the bar
graphs) were assigned by Melanie software. The y axis represents intensity in arbitrary

units.
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Table 2-2: Protein identities determined by MS analysis of spots excised from 2D PAGE gels of H. midae haemocyte total protein. Spots were
selected for identification based on statistical significance as determined by analysing three biological replicates of 2D PAGE gel images
comprising three technical replicates each for the control (T0) vs. samples obtained after 30 or 180 minutes exposure to acute heat stress. The
excised spots were sent to the Keck Institute at Yale University for analysis and identification by MS. The Keck Institute used the Mascot
search engine to assign peptide spectrum matches (PSMs) for each of the proteins, and thereby assign a protein identity for each spot. The
confidence of the identity is supported by the ‘score’ value, which is assigned by Mascot and indicates the confidence of the PSM. The %
coverage indicates the total coverage of peptides determined by MS analysis of the full length protein sequence in the database. Furthermore,
the pI and MW of the protein identified from the NCBI database is presented alongside the pI and MW measured on the 2D PAGE gel.

Match  GenBank % Predicted Gel
Description Species Score  Expectation

ID Accession coverage pl/MW (kDa) pI/MW (kDa)
Actin-2, muscle

17 P45885 Bactrocera dorsalis 548 1.70E-48 25.3 5.23/41.8 5.5/32
specific
G Protein beta

31 ACB05681 Euprymna scolopes 397 2.60E-33 18.5 5.8/37 6.3/37
subunit

38 No identity - - - - - - -
Actin related

76 NP_989638 Gallus gallus 433 6.10E-37 14.4 5.61/47 6.5/50
protein 3

87 P02554 B tubulin Sus scrofa 487 2.40E-42 18.9 4.78/50 5.5/50
Aars protein,

217 AAH71378 Danio rerio 158 2.00E-09 4.5 5.28/107 6.5/120
partial

Caenorhabditzs
224 CAA34718  Actin 434 5.20E-37 21.5 5.3/42 5.9/40
elegans
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2.4. Discussion

Aquacultured abalone are produced worldwide and exported for high prices. Under
aquaculture conditions, bacterial or viral pathogens of abalone often cause mass mortality
(Hooper et al., 2007b). A link between abiotic stresses and increased susceptibility to
disease has been reported in abalone, although the mechanisms underpinning this
connection remain unclear (Hooper et al., 20072). Malham et al. (2003) hypothesise that
the re-appropriation of energy resources in stressed abalone by metabolic systems
necessary to mount a stress response reduces the amount of energy available for immune
function and thus leads to immunodepression. There is a need to investigate how abalone
respond to common environmental stresses on the farm in order to elucidate the link

between stress and the immune system in this economically valuable animal.

The interactions between abalone, their pathogens and the environment leading to disease
outbreaks are complex and poorly understood, although increased temperature has been
linked to higher incidences of disease and mortality in abalone (Dang et al,, 2012). Tank
water temperature on abalone farms fluctuates regularly, exposing the abalone to a wide
range of temperatures over a short period of time. With current proteomics technology it
is possible to investigate the cell-wide mechanisms that are involved in the molecular
response to stimulus in marine molluscs (Lépez et al.,, 2002). 2D PAGE is a technique that
has been used to detect proteomic changes in marine molluscs exposed to toxic
compounds (Dowling et al., 20006), geographical variation (Lopez et al., 2002) and disease
(Cao et al., 2009). However, few studies exist that report the use of proteomic techniques
to investigate the cellular response to thermal stress (Serafini et al., 2011). In this study, the
effect of acute heat stress on the South African abalone H. midae was examined by

analysing the proteomic expression profile of abalone haemocytes.

The first objective of this study was to determine an appropriate temperature that would
elicit a physiological response in H. midae that had been acclimatised to water at 13 °C,
without causing unnecessary mortality in the exposed animals. There is a lack of published
data reporting temperature fluctuations in abalone farm tanks; however Vosloo and Vosloo
(2010) report daily water temperatures that range up to 10 °C. For this study, a
temperature of 10 °C higher than ambient was selected for investigation. Although several

commonly used physiological assays have been used to determine immune modulation in
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abalone, changes in the number of circulating haemocytes is considered to be an indicator
of abalone immune capacity (Hooper et al., 2007a). Haemocyte counts and behavioural
observation were therefore conducted in order to determine if exposure to water at 23 °C
was sufficient to illicit a physiological response in H. widae that had been acclimatised at 13

°C.

In the current study, there was a significant increase in the number of haemocytes counted
in the haemolymph collected from the pedal sinus of H. midae after 15 minutes of exposure
to 23 °C water. The number of haemocytes had risen to almost double the initial count,
and this elevated number persisted for the duration of the 120 minute heat shock. It has
been suggested that stress may affect the association between the endothelium and the
haemocytes, causing the haemocytes to leave the connective tissue and enter the
haemolymph where they would presumably enter the pedal sinus (Hooper ez al, 2007).
The research carried out by Malham e a/, (2003) reported a similar phenomenon in the
abalone H. tuberculata during a shaking stress trial, confirming that a change in the number
of circulating haemocytes is related to the stress response in abalone. An increase in the
number of total circulating haemocytes in abalone exposed to elevated water temperature
has been reported previously for H. rubra (Dang et al., 2012), H. diversicolor supertexta (Cheng
et al., 2004a) and a hybrid Australian abalone (Hooper et al., 2014). In addition to elevated
haemocyte counts, heat shocked H. midae displayed documented abalone heat stress
behaviours including uplifted shell gaping and epipodial spreading (Hecht, 1994). These
responses are thought to improve evaporative cooling and have been reported in a number
of abalone species (Diaz et al., 2006). No mortality was observed in treated abalone in the
days following exposure to 23 °C water for 120 minutes. These observations, as well as
elevated haemocyte counts for the duration of the exposute to 23 °C water, indicate that
the applied stress is sufficient to illicit a physiological response in H. midae without causing
unnecessary mortality. Therefore, 23 °C was selected as an appropriate temperature for

further experimentation in order to characterise the heat stress response in H. widae.

Although some investigations report the transcriptional regulation of heat shock proteins
in abalone responding to chronic heat stress (De Zoysa et al., 2009) or recovery following
acute heat stress for 1 hour (Cheng et al., 2007), there is currently a lack of information
regarding the duration of the abalone molecular response while exposed to acute heat
stress. Therefore, the next objective of this study was to use 2D PAGE in a preliminary

experiment to determine the duration of the proteomic response of H. midae while exposed
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to water at 23 °C. Abalone were exposed to heated water for 180 minutes, and
haemolymph was sampled at intervals for the duration of the trial. In addition, abalone
that had been exposed to 23 °C water for 3 hours and then returned to water at 13 °C to
recover were sampled 24 hours post-stress. Analysis of the resultant 2D PAGE gels
revealed that the proteomic response to heat shock was sustained for the duration of the
exposure to the stress, and persisted in the animals that had been allowed to recover for 24
hours. Since the duration of exposure to heated water was sufficient to cause a response,
early (30 minutes) and late (180 minutes) sampling points were chosen for the succeeding

experiments.

A second 2D PAGE experiment was carried out in order to identify proteins that respond
differentially to acute heat stress, and thereby illuminate the molecular stress response
mechanisms contributing to the heat stress response in H. midae. In this study, the
proteomic response of H. midae to exposute to water at 23 °C for 30 or 180 minutes was
investigated.  Although 2D PAGE technology coupled with MS analysis is capable of
identifying hundreds of proteins, financial constraints necessitated the selection of only a
few spots for identification by MS analysis in this study. Therefore, based on the 2D
PAGE analysis, the proteins with the most reproducible expression and statistically
significant differences between control and experimental groups were chosen. In order to
select these, the differentially expressed spots reported by Melanie were manually examined
to eliminate those spots that were overlapping or indistinct, or had artefacts such as
bubbles which altered the quantitative data. Thereafter, a total of 13 spots (5 from the 30
minute sample, 8 from the 180 minute sample) were chosen as candidates for MS analysis.
However, due to the small size of some of these chosen spots, only 7 could be reliably
located and excised from the Coomassie gel. Only spot 217 was successfully excised from
the sample taken after 30 minutes of heat shock, and the remaining six spots were excised
from the sample taken after 180 minutes. These 7 spots wete analysed using LC MS/MS
at the Keck Institute at Yale University School of Medicine in order to identify the proteins
that were responding reproducibly and significantly to thermal stress in H. midae. The

putative roles of these proteins in the heat shock response of H. midae are discussed below.

One of the chosen spots (spot 38) could not be identified following MS analysis, possibly
due to a large amount of keratin contamination in the sample. Out of the remaining 6
proteins that were putatively identified, five identities were related to the cytoskeleton,

including isoforms of actin (spot 17, 76 and 224). The putative identity of spot 31 is a G
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protein beta subunit which is a known actin binding protein, which performs regulatory
functions within the cytoskeleton (Peracino et al., 1998). The cell cytoskeleton is a
supportive structure of fibres that gives a cell its shape and rigidity, but is also involved in
locomotion and dynamic response to external stimuli (Small et al., 1999). It is comprised
of many different isoforms of the proteins actin and tropomyosin (Gunning et al., 2005),
which are regulated regionally in the cell by a diverse array of actin binding proteins (May
and Machesky, 2001). Actin is common and abundant in all metazoan cells (Small et al.,
1999), and in non-muscle cells comprises up to 5% of the total cellular protein by weight
(Lodish and Zipursky, 2001). Differential expression of actin has been reported in a
number of studies describing the molecular effects of stress stimuli in molluscs, including
the response to pollutants (Gémez-Mendikute et al., 2002; Rodriguez-Ortega et al., 2003),
heavy metals (Muralidharan et al.,, 2012) and oxidative stress (McDonagh and Shechan,
2007). As the cellular basis for the abalone haemocyte immune response is phagocytosis
(Travers et al,, 2008), which is an actin dependent process, distuption of the actin
cytoskeleton may affect the ability of the haemocytes to respond to an opportunistic

pathogen infection (Thomson ez 4/, 2012).

In the present study, after 180 minutes of exposure to heat stress, the expression of five
cytoskeletal proteins decreased compared to the control. The exception was spot 224
(Actin), which was present in the heat shocked haemocytes but not in the control sample.
As these were not differentially regulated in the sample taken after 30 minutes of heat
stress, it would seem that disruption of the cytoskeleton may be a late occurrence in
response to acute heat stress. The apparent decrease in the expression of cytoskeletal
proteins may be attributed to the proteolytic breakdown of cytoskeletal elements during
exposure to high temperature. Serafini et al. (2011) determined that the sea squirt (genus
Ciona) response to high heat stress conditions included significant proteolytic breakdown
of actin monomers, and conclude that cytoskeletal elements may be thermally unstable
(Tomanek and Zuzow, 2010). The precise reason for this instability is unspecified in the
literature, however Rodriguez-Ortega et al. (2003) suggest that stresses causing increased
production of reactive oxygen species will alter Ca®* homeostasis of the cell, thereby
depolymerising filamentous actin. It is also possible that increased production of reactive
oxygen species (ROS) has a direct regulatory effect on the expression of actin genes
(Goémez-Mendikute et al., 2002). Thermal stress causes the uncoupling of electrons from
metabolic pathways, increasing the amount of ROS in the cell (Huot et al., 1997; Dalle-
Donne et al., 2001; Tomanek, 2011).
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Advances in proteomics technology have allowed for the identification and quantitative
analysis of a large number of proteins. 2D PAGE is a reliable and reasonably high-
throughput technique that is suitable for the characterisation of the proteomic response to
environmental stimuli, such as heat shock. However, some of the weaknesses of 2D
PAGE include the loss of resolution of proteins that are present in very small amounts,
highly basic or acidic, or small in size. This study revealed a number of proteins that were
differentially expressed in H. midae haemocytes after exposure to acute heat stress for 30 or
180 minutes. Seven proteins were chosen for identification by MS analysis, and six of
these proteins were assigned putative identities. As many of these proteins performed
cytoskeletal roles in the cell, it was hypothesised that cytoskeletal disruption as a result of
heat stress was a contributing factor to the immunodepression associated with increased
temperature. Although this study has provided some insight into the effect that acute heat
stress has on proteins expressed by H. midae haemocytes, further research is required to

better understand the molecular mechanisms that cause this cytoskeletal perturbation.

49



Chapter 3
AN iTRAQ BASED PROTEOMIC PROFILING OF THE H.
MIDAFE HAEMOCYTE RESPONSE TO ACUTE THERMAL

STRESS
3.1 INtOUCHON oot 52
3.1.1. 'The implications of database choice in a proteomics investigation ................. 55
3.0.20 AQMIS i 57
3.2. Materials and Methods.......cccocvuiiviiiiiiniiiiiiiies 59
3.2.1.  Animal MaiNteNaNCE ...c.oviuvivriiecieiiciceteceiee et ssseaens 59
3.2.2.  Haemocyte sampling and heat ShocK.......ccccvuviiiiiniiininiciccccee, 59
3.2.3. Experimental design for the identification of heat response proteins............. 60
3.2.4. Sample preparation for ITRAQ analysis......cccoceeuvvieeiriniecinnecnrieeerenens 61
3.24.1.  Cell lysis CONAILIONS.....cueviiiiiiiiiiiiiciiiiiiii s 61
3242, TIYPHC dIGEStuuviuiuiiiiiiiiiiiiiiciiiii s 63
3.24.3.  TTRAQIAbEING.....coiiiiiiiiiiiiicii e 03
3.2.4.4. Off-gel fractionation and preparation of labelled samples for analysis by
MASS SPECLIOMELET ..uuiuiuiuiaiaiiisiiiicicieieie ettt b b n s 63
3.2.4.5.  Mass SPECLIOMELTY SELLNGS ...cviuiuiuiuiiriiieiiieieiiieieieiesetsisist st sesesisesesssssasssssseaes 64
3.2.4.6.  Database compilation ........cccccuiiiiiiniiiiiiiiiiiies 65
3.2.5. ITRAQ data PLrOCESSINZ. ..c.cueuiiecreriieeieiriieeietseieietsetsenessesesese s ssesesesesseaens 65
3.2.5.1.  Identification of differentially regulated proteins .........ccccccevuverviviirirrivinnnen 66
3.2.5.2.  Gene ontology analysis of differentially regulated proteins.........cccccoeuruvunneee. 67
3.2.6. Validation of iTRAQ data by western blot hybridisation...........cccccoeuecuviiuinee. 68
3.2.6.1.  Heat shock and total protein iSOlation .........cccevviierriniiiriiniicnnisiiceiinens 68
3.2.6.2. Determination of total protein CONCENtratioN......ccvuvuvuviriririririririsiiiecenenes 68
3.2.6.3.  Western blot OptmMISAtION.....c.cviiueuiiiiiiiieiiicice s 69
3.2.6.4. Expression analysis by western blot hybridisation .........cccccevevviiiirininaee 69
330 RESUILS o 72
3.3.1. Database compilation and analysis...........cccccceeeueeiiinnnninnnccceeeeenes 72
3.3.2. Identification and expression profiling of heat shock responsive proteins..... 73

50



3.3.2.1.  Gene ontology analysiS......cccviiiiiiiiiiiiiiiae 81
3.3.3. 1TRAQ validation by western blot hybridisation ..o 87

3.4. I IS CUSSION wetiieirieiiete ettt ettt ettt e e ettt e e sateeesseateeesesaseesssssteessssstesssssseessssseesssnseesnns 92

3.4.1. Proteins with statistically significant differences in expression during heat
shock 92

3.4.2. Determination of heat-responding biological processes and molecular

functions by gene ontology analysis.........coceeuriiiieiiiniieininieeiieeee s 96
3.4.2.1. Proteins involved in cell signalling and regulation ..........cccccocovvvrivninininnne. 96
3.4.2.1. Proteins involved in the Stress reSPONSE......ccvvvvireiiriiiiiiiinicciriicecceens 98
3.4.2.2. Proteins involved in energy production and metabolic regulation ............ 101
3.4.3. Validation of iITRAQ using western blot hybridisation ..........ccccevieeviiiinnee. 102
3.4.4. Concluding remarks and future WOrk ......cccooieuriviciinicinccierceeens 104

51



3.1. Introduction

The coupling of 2D PAGE with LC MS/MS has enabled scientists to identify hundreds of
proteins simultaneously. This has been beneficial for studying the effects of environmental
toxicity on marine invertebrates (Lopez et al., 2002; Silvestre et al., 2010; Sanchez et al.,
2011; Thompson et al., 2011). One of the benefits of utilising high-throughput technology
is that we are now able to study how groups of proteins respond together in order to
generate a more holistic impression of the molecular stress response (Tomanek, 2011;
Muralidharan et al., 2012). Despite successful application in the mollusca (McDonagh and
Sheehan, 2007; Cao et al., 2009; Fields et al., 2012b), this technology remains underutilised
in studies profiling the abalone stress response. Investigations focussing on abalone have
previously measured the expression of a specific known stress response gene or protein
under stress conditions (Cheng et al., 2007; Wan et al., 2012). In order to address the lack
of information, 2D PAGE analysis was previously carried out to identify proteins in H.

midae that are differentially expressed during exposure to acute thermal stress (Chapter 2).

Although many differentially expressed protein spots were detected using 2D PAGE,
financial constraints prevented the identification of all of these proteins. In practice it is
expensive and tedious to excise and analyse every spot individually, and therefore only
seven spots could be excised and identified. 2D PAGE methodology is also limited in its
scope to detect proteins outside the investigated pl range, or those that occur in low
abundance. It is also difficult to resolve proteins with very high or low molecular weights
on a polyacrylamide gel. In order to identify additional stress response proteins in H.
midae, and thereby further our understanding of the abalone cellular stress response, a
complementary proteomic technique was employed. Advances in MS-based high
throughput quantitative proteomic technology have provided a tool that addresses the
limitations of 2D PAGE by making use of peptide labelling to quantitatively describe the

proteome.

LC MS has emerged as a powerful technology for the identification and quantitative
analysis of proteins from complex mixtures. The first LC MS based gel-free isobaric
labelling technique was known as ICAT (isotope coded affinity tag) (Linscheid et al., 2009).
This and subsequent labelling technology makes use of chemical ‘tags’ (Zieske, 20006) to

label peptides or proteins from different biological samples (Unwin et al., 2012) so that
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their expression profiles can be determined following MS analysis (Eng et al., 2011).
ITRAQ (isobaric tags for absolute and relative quantitation) is a newer technology that
binds isobatic tags of a known /% value to peptides (Unwin, 2010), and relies on MS/MS
fragmentation of the peptides before they can be quantified (Linscheid et al.,, 2009). A
generalised schematic of the iTRAQ workflow is represented in Figure 3-1. Protein
samples are digested with trypsin, and then each sample is labelled with a different isobaric
tag before being combined (Timms and Cutillas, 2010). The tag binds to the N-terminal
amine groups, and/or the lysine side chains of the peptides via an N — hydroxysuccinimide
moiety (Unwin et al., 2010). The isobaric tag comprises a balance and reporter group,
with lighter balance groups on the heavier reporter groups so that during MS1 the same
peptides from different samples will appear at the same mass to charge ratio on the mass
spectrum (Linscheid et al., 2009; Unwin et al., 2010; Burkhart et al., 2011). Following
fragmentation of the MS1 precursor, the reporter group is cleaved and released along with
fragment ions which give a specific 72/ 7 signal for each label (Timms and Cutillas, 2010).
The height of the 7/% peaks for the reporter ions represent the quantity of that peptide in
the sample, which can be used to compare protein expression in treated groups to a

control sample (Unwin, 2010).
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Figure 3-1: A schematic diagram of the iTRAQ workflow. For the sake of brevity 4-plex
iTRAQ has been depicted, as 8-plex follows the same basic concept with an additional 4
reporter groups. Reporter groups with different isobaric masses are attached to balance
groups in order to offset their mass differences so that the same peptide tagged with
different labels will have the same mass. Different samples are labelled with different
iTRAQ labels, and then combined. The sample is analysed by mass spectrometry. During
MS], since each peptide has the same mass regardless of sample they will have the same
mass on the mass spectrum. A specific peptide is selected (indicated by an asterisk) and
fragmented by CID for MS2 analysis, upon which the reporter group is cleaved from the
peptide. Therefore the intensity of each isobaric tag in MS/MS indicates the relative
abundance of that peptide in its respective sample. MS/MS spectra ate then used to
identify the peptide in question, either by database searching or by de novo sequence
determination. Based on Unwin (2010).

ITRAQ tags are currently available through AB SCIEX™ and can be purchased in a 4-plex
or 8-plex set. The 8-plex set has reporter ion masses at 113-119 and 121 »/z and allows
for the comparison of up to 8 different conditions in a single experiment (Unwin et al.,
2012). 'The ion mass 120 m/z is omitted because it corresponds to the mass of the

phenylalanine immonium ion (Unwin, 2010). 8-plex iTRAQ is particularly useful for time-
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course studies where several experimental samples are to be compared to the same control
(Unwin et al,, 2010) because there are 8 available channels. Furthermore, since total
protein is first digested into peptides, the pl and molecular weight of the original protein
has less of an effect on protein detection than is the case with 2D PAGE analysis. iTRAQ
analyses of Escherichia coli confirmed that the percentage of identified proteins with high
and low pls and molecular weights was consistent with their abundance in the proteome

(Aggarwal et al., 2000).

ITRAQ has been applied in studies with human cell lines, blood plasma and serum, and
disease tissue (Song et al, 2008). There is, however, currently a lack of literature
supporting high-throughput quantitative proteomic studies of aquacultured marine
animals. A recent study described the use of iITRAQ to analyse proteomic changes in the
barnacle Balanus amphitrite in response to an anti-fouling agent designed to prevent barnacle
growth on submerged substrates (Han et al., 2013). This model crustacean has been
utilised extensively to study the effects of anti-fouling agents. To our knowledge, this
study is the only other one on marine invertebrates in which I'TRAQ was used. This is
partially due to the lack of adequate genomic databases for many aquacultured species. As
with any mass spectrometry based analysis, the identification of a peptide is based on
matching its 72/z spectrum to that generated from a user-determined database of protein
sequences. Although the genome of the oyster C. gigas is now fully sequenced and available
in the UniProt database, protein sequences for most other marine species are not available,

and thus, proteomic studies of non-model organisms must employ alternative strategies.

3.1.1. The implications of database choice in a proteomics investigation

The choice of database to be used in any ‘bottom-up’ proteomics based analysis is
fundamental to the success of the study (Liebler, 2002). Although there are many model
organisms with fully sequenced and annotated genomes, their numbers represent a small
percentage of the total number of organisms which may be subjected to proteomic
analysis. If a complete genomic database for the target species does not exist, it is possible
to use sequence information from closely related organisms, which should have a high
degree of genetic relatedness. However, genetic differences exist even between closely
related organisms, and this may lead to reduced numbers of successfully identified

proteins.
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Until the advent of high-throughput next-generation sequencing technology the most
commonly studied model invertebrates were Drosophila melanogaster, Caenolybditis elegans and
Aplysia californica. 'The use of homologous database searching when the target species is
non-model has been reported, and used to identify hundreds of proteins that would
otherwise not be identifiable by MS analysis (Habermann et al., 2004; Liska et al., 2004).
There is a concern that using a small database, or subset of a whole genome, may lead to
the loss of information caused by a high number of false negatives due to missing entries,
or false positives due to overestimation of the significance of a peptide match (Jones and
Hubbard, 2010). The current scope of the literature lacks definitive guidelines when
determining which database will best suit a proteomic study of a non-model organism. It
has been proposed that a better strategy may be to use all known sequences for a
phylogenetic subset that is closely related to the target (Forné et al., 2010), and software
that is capable of concurrent database-based PSMs and de novo peptide sequencing
(Shevchenko et al., 2009). Although computationally costly, the incorporation of de novo
peptide sequencing is a powerful tool to corroborate the PSMs determined by database
searching and to provide additional peptide sequence information where none exist in the

database (Habermann et al., 2004; Zhang et al., 2012b).
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3.1.2. Aims

There is an established link between environmental stress and the onset of disease in
abalone (Malham et al., 2003; Malagoli et al., 2007; Adamo, 2012). Stresses encountered
during exposure to aquaculture conditions could lead to immunosuppression and thus
cause increased susceptibility to disease (Adamo, 2012). Previous work carried out on H.
midae (Chapter 2) suggested that reactive oxygen species (ROS) production under heat
shock conditions may lead to the disruption of the cytoskeleton of the haemocytes, which
could impair the animal’s ability to respond to bacterial infection. However, the detection
capability of 2D PAGE technology is limited to a subset of the total proteins, and

therefore an alternative molecular strategy was employed.

The aim of this study was to identify stress response proteins in the South African abalone
H. midae by employing the high-throughput quantitative proteomic technique, iTRAQ.
Although iTRAQ has been used in biomarker discovery in cancer and other human
diseases, there is not yet any available literature describing the use of iTRAQ in
environmental proteomics studies of molluscs. Therefore, available methodology was
optimised for use with abalone haemocyte protein samples in order to obtain as many
protein identities as possible without compromising accuracy. The objectives of this study
included designing a workflow that satisfies the need for proper cell lysis and tryptic digest,
as well as allowing efficient iITRAQ labelling followed by off-gel fractionation of the
peptide sample. This workflow was then applied to haemocyte samples obtained from
heat shocked abalone in order to identify proteins that are differentially regulated as a

result of heat stress.

Since protein identification is based on homologous database searching, and many proteins
have not been characterised in Haliotis it is often difficult to assign functional roles to the
proteins. Gene ontology (GO) analysis allows the assignation of species neutral function-
based keywords to protein identities. These keywords fall under the domains cellular
component, molecular function or biological process. This enables some determination of
function, at least superficially, for homology-based protein identities. GO analysis was
therefore used to identify putative cellular processes occurring in H. midae haemocytes

during exposure to thermal stress.
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To assess the accuracy of the quantitation of individual proteins in the iITRAQ analysis, the
expression profile of selected proteins was investigated using a complementary molecular
technique. Western blot hybridisation was used to quantify the expression of selected
proteins in H. midae haemocytes during exposure to the same experimental conditions as

the animals sampled for iTRAQ analysis.
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3.2. Materials and Methods

Solutions in this chapter are referenced in Appendix A.

For the purposes of this study, a biological replicate is defined as samples obtained from
distinct groups of abalone under the same environmental conditions. A technical replicate

is the replication of the same experimental technique on the same sample.

Although the word ‘expression’ implies directed control by cellular mechanisms, in order
to simplify discussion it is used herewith to indicate the increased or decreased
concentration of a particular protein in the cell as a result of translational regulation,
targeted degradation, post-translational modification or any other cellular mechanism that

can affect the quantity of a protein in a cell.

All reagents used were the highest quality and/or proteomics grade.

3.2.1. Animal maintenance

Cocktail sized abalone were maintained at the DAFF research aquarium in Cape Town,
South Africa. Animals were housed in 100 1 tanks, each containing 2 separate plastic mesh
baskets supplied with a continuous flow of filtered seawater at 13 °C and oxygen, and fed
tresh kelp (Eklonia maxima) once a week. In all cases animals were exposed to

experimental conditions no more than once in a 2 month period.

3.2.2. Haemocyte sampling and heat shock

The water in a 100 1 tank was heated to 23 °C for the heat shock experiment. At the
outset, baskets containing 6-7 animals per time point were placed into the heated water.
Since the animals were cocktail sized, equal contributions of haemolymph from several
animals were pooled to make up sufficient sample volume. Approximately 500 ul of
haemolymph was removed from each animal via the pedal sinus with a 21 G x 1.5” needle
at each sample point during timed exposure to heated water. A control haemolymph
sample was obtained from unstressed animals. The haemolymph was placed in sterile 1.5

ml eppendorf tubes, and the haemocytes were pelleted by centrifugation.  The
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haemolymph was removed, and the haemocyte pellets were snap frozen in liquid nitrogen,

and placed at -80 °C for storage.

3.2.3. Experimental design for the identification of heat response proteins

Heat shock experiments were carried out to identify abalone stress proteins that are
differentially regulated during heat shock using iTRAQ. Haemolymph was sampled from
abalone after 30, 90 and 180 minutes of heat shock as described above. 8-plex ITRAQ
labels (AbSciEx) were used, and the available channels were split into two sets of four time
points in order to incorporate two biological replicates within the same iTRAQ analysis.
The entire experiment was then repeated for a total of four biological replicates. A

schematic overview of this experimental design is depicted in Figure 3-2.

Abalone baskets Sampling iTRAQ labelling
113
Replicate 1 114
3| 115 a
T || 116 S >
o — T B -J|>
Ug 117 2 §
118
119
121
113
Replicate 3 114
3 115 -
= 116 o g
& L 3 2
= | 117 = 5
@ 3
Replicate 4 118
119
121

—_

Figure 3-2: iTRAQ experimental design workflow. In each replicate, animals were
sampled before heat shock (control sample), and then at 30, 90 and 180 minutes during
exposure to heat shock at 23°C. An iTRAQ 8-plex was then split into two groups of 4, each
representing a biological replicate. The entire procedure was repeated twice, for a total of
four biological replicates made up of two iTRAQ 8-plex label kits.

60



3.2.4. Sample preparation for iTRAQ analysis

As there is currently no published work describing the appropriate methodology for
ITRAQ protein expression profiling of molluscan cells, a workflow was optimised for
abalone haemocytes. The workflow began with cell lysis, followed by tryptic digest,
ITRAQ labelling, off-gel fractionation and finally MS analysis. At each point in the
workflow it was necessary to remove potentially interfering agents in the sample that may

have affected the efficiency of the reaction.

3.2.4.1 Cell lysis conditions

In order to determine the best cell lysis buffer for downstream applications, different cell
lysis and protein solubilising buffers were investigated. The AB SCIEX iTRAQ and in-
solution tryptic digest methodology recommends that the sample be free from thiols such
as DTT, active proteases and primary amines, and low in detergents (e.g. SDS) and
denaturants (e.g. urea). If any of the above were present in the sample, acetone
precipitation was recommended in order to then dissolve the protein in a more suitable
buffer. Furthermore, it was recommended that the volume of the tryptic digest should be
less than 50 ul, and the pH of the labelling reaction should be > 7.5 in order to maximise
labelling efficiency. This meant that any interfering substances needed to be diluted to
their appropriate concentrations using a volume less than 50 pl. During previous protein
isolations with abalone haemocytes there were concerns that the potentially high
concentrations of proteases in the granulocyte haemocytes would degrade the protein
sample. The cell lysis buffer previously optimised for abalone haemocytes (used in 2.2.4)
contained the chelator EDTA and protease inhibitors, as well as Tris. As these are
inappropriate for downstream iTRAQ labelling, buffer exchange was initially attempted by
acetone precipitation. In order to satisfy the sample buffer requirements for high
efficiency tryptic digest and iTRAQ labelling the secondary buffer was comprised of 1M
TEAB with 0.1% w/v SDS.

Buffer exchange by acetone precipitation was performed according to the Applied
Biosystems iTRAQ® reagents chemistry reference guide (2004). Briefly, 6 volumes of
chilled 100% acetone was added to the sample and incubated at -20 °C overnight. The

precipitate was pelleted by centrifugation at 5000 rpm for 5 minutes at 4 °C, and the
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acetone was removed from the pellet. The pellet was then resuspended directly in the
secondary buffer (IM TEAB with 0.1% SDS). However, the resulting protein pellet was
only partially soluble in the secondary buffer. To fully solubilise the pellet, the chaotropic
agent urea (8 M) was added to the buffer. The protein pellet was successfully resuspended
in 8 M Urea, however in order to reduce the concentration of urea sufficiently for
subsequent tryptic digest the sample volume would exceed 50 ul. A buffer exchange
protocol that provided both sufficient solubilisation of the protein sample, as well as
appropriate buffer compositions for iITRAQ and mass spectrometry analysis workflows

was therefore devised.

The protocol was based on a modified filter aided sample preparation (FASP) method
reported by Wisniewski et. al. (2009). The haemocyte pellets were lysed in 1% SDS in
0.5M TEAB (Sigma-Aldrich) by vortexing for 30 minutes at room temperature. The
cellular debris was then pelleted by centrifugation at 14000 rpm for 30 minutes at 4 °C.
The supernatant containing the total cellular protein was removed to a clean 1.5 ml tube,
and then quantified using the Pierce™ BCA protein assay kit (Thermo Scientific) using the
microplate method, with the provided BSA solution to generate a standard curve. The
samples were diluted in water to minimise interference between the BCA reagent and the
SDS in the lysis buffer. Each standard and sample (20 ul) was pipetted into a 96 well
microplate in triplicate, and 200 pl of working reagent was added to each well. The plate
was then incubated for 30 minutes at 37 °C before the absorbency was read at 590 nm on a
Thermo Scientific Multiskan plate reader. Protein for tryptic digestion (300 pg) was then
placed in a low bind 1.5 ml centrifuge tube (Protein loBind tube, Lasec), and 0.1 volumes
of 50 mM TCEP (Sigma-Aldrich) was added. Cysteine disulphide bonds were then
reduced by incubation at 60 °C for 1 hour. The reduced protein sample was transferred
into a 30 kDa molecular weight cut off centrifugal filter (Merck), inserted into the supplied
collection tube, and the volume was reduced to 30 ul by centrifugation at 10000 g at room
temperature. The sample was then incubated for 15 minutes at room temperature with
100 ul of 8 M urea in 0.5 M TEAB containing 15 mM MMTS (Sigma-Aldrich) to block
cysteine residues. Two washes with 8 M urea in 0.5 M TEAB followed to reduce the
concentration of SDS in the sample. In each wash the minimum volume of retentate was
left in the filter before the next wash commenced. In a similar fashion, washes with 0.5 M
TEAB were then carried out to reduce the concentration of urea in the sample to an

acceptable level (approximately 1 M).
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3.24.2 Tryptic digest

The final 30 ul retentate, containing no more than 0.1% w/v SDS or 1 M urea, was
removed from the centrifugal filter by inverting the filter in the provided collection tube
and centrifuging for 5 minutes at 10000 g. The sample was removed to a new low bind 1.5
ml tube and proteomics-grade modified trypsin (Trypsin Gold, Promega®™) was added to a
final protein:trypsin ratio of 100:1 (w/w). Optimal trypsin activity occurs at an alkaline pH
so the pH was tested using pH strips, and adjusted to approximately pH 9 with 0.5 M
TEAB if necessary. The tryptic digest was allowed to proceed overnight at 37 °C in an air

incubator in eppendorf tubes sealed with Parafilm® (Sigma-Aldrich).

3.2.4.3. ITRAQ labelling

The digested protein was labelled using the AbSciEx 8-plex ITRAQ system. The labels
were reconstituted with proteomics grade isopropanol (Sigma-Aldrich) and added to each
sample respectively. The label and sample were then mixed by vortexing, brought to the
bottom of the tube by pulse centrifugation and then incubated at room temperature for 2

hours. After labelling the samples were combined and carefully mixed by vortexing.

3.2.4.4. Oftf-gel fractionation and preparation of labelled samples for

analysis by mass spectrometer

Any contaminating factors were removed from the labelled tryptic peptides through a C-18
resin spin column (Thermo Scientific Pierce) with the modifications to the method
suggested by the manufacturer specifically for ESI MS/MS. In otder to load the maximum
amount of peptide onto the IPG strip for off-gel fractionation, eight columns were
therefore used to clean the labelled peptide mix for a maximum possible total of 240 pg of
peptide. All C-18 column equilibration, sample binding, washing and eluting was facilitated
by centrifugation at 9000 rpm for 1 minute at 15 °C. The samples were prepared by the
addition of sample buffer (2% TFA (Sigma-Aldrich) in 20% acetonitrile (Sigma-Aldrich)),
at a ratio of 3 parts sample to 1 part sample buffer. The columns were activated and
equilibrated with 50% acetonitrile, and 0.5% TFA in 5% acetonitrile respectively, and the
peptides were bound to the column. Contaminants were rinsed out by washing with 0.5%

TFA in 5% acetonitrile, and the peptides were then eluted into clean low-bind 1.5 ml
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centrifuge tubes (Lasec). The cleaned samples in elution buffer (70% acetonitrile with
0.1% formic acid (Sigma-Aldrich)) were dehydrated completely by vacuum centrifugation
so that they could be resuspended in 1x peptide rehydration solution (50% glycerol, Bio-
Lyte ampholytes (GE Healthcare)) prior to off-gel fractionation.. The cleaned, labelled
peptides were separated into 12 fractions across a pl gradient of 4-7 using the 12 well
Agilent Off-gel fractionation system. The peptides were separated along a 13 cm IPG strip

(pH 4-7, GE healthcare) using the standard pre-loaded protocol for peptide fractionation.

After fractionation it was necessary to remove glycerol and other contaminating substances
prior to analysis by ESI MS/MS mass spectrometry. Therefore each fraction was once
again applied to a C-18 spin column (Thermo Scientific) and cleaned as described above,
and the cleaned eluent was once again dehydrated by vacuum centrifugation before analysis

by mass spectrometry.

3.2.4.5. Mass spectrometry settings

Mass spectrometry analysis was carried out on each of the 12 cleaned peptide fractions on
an Agilent 6530A Accurate-Mass QTOF LC/MS system coupled to a 1200 series HPLC-
chip/MS system. The HPLC-Chip had a 75 pm x 150 mm analytical column packed with
ZORBAX 300SB C18 (5 um; 300 A), and a 160 nL. enrichment column. The injection
volume was 8 ul, with a 2 pl/min flow on the loading pump and 0.4 ul/min flow on the
analytical pump. The mobile phases were comprised of solvent A (0.1% formic acid in
water) and solvent B (90% acetonitrile in water with 0.1% formic acid). The gradient was
formed with 2% B at 0 minutes, 7% B at 1 minute, 16% B at 14 minutes 30 % B at 44
minutes, 40 % B at 56 minutes, 70% B at 66 minutes and 70% B at 70 minutes, with the

stop time at 70 minutes.

The spectra were acquired in positive ion mode with a drying gas flow of 4.0 1/min and a
gas temperature of 355 °C. The MS scan range /3 was 250-1800, and the MS scan rate
was 6.00 /sec. The MS/MS scan range /3 was 90-1800 and the scan rate was 2.50/sec.
The isolation width for MS/MS was set to medium (~4 amu). The ramped collision

energy was 4.200 with an offset of -4.2. The capillary voltage was set to 1960.
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3.2.4.6. Database compilation

For the putposes of this study, the UniProt SwissProt/ TREMBL database (uniprot.org)
was accessed on 20 August 2013 in order to download all known molluscan protein
sequences. The database was downloaded in FASTA format, and then verified in Peaks
Studio and used in all subsequent searches. The taxonomic composition of this database
was analysed using the taxonomy tool on the UniProt website in order to show the

proportion of protein sequences represented by each molluscan taxonomic group.

3.2.5. iTRAQ data processing

Data files for each of the 12 fractions per iTRAQ experiment were acquired from the
Agilent MassHunter software in .d file format, and converted to .mzxml using the free tool
MSConvert (ProteoWizard, version 3.0.3662) to facilitate downstream analysis. The
.mzxml files were loaded into Peaks Studio software (Bioinformatics Solutions Inc.,
version 6.0) and the quantitation workflow was selected. SPIDER, PTM Finder and de novo
searches were all performed in order to maximise the number of peptide identities
obtained. The de novo search was set up using the default settings for total local confidence
and average local confidence. The precursor mass tolerance for the database search was
set at 20 ppm, and the fragment mass tolerance was set at 0.1 Da. Two missed enzyme
cleavages were allowed per peptide. The fixed modifications included were beta-
methylthiolation and iTRAQ labelling at the N terminus, and the variable modifications
were set as oxidation of Methionine and iTRAQ labelling at the Y terminus. The false
discovery rate was determined by Peaks Studio using a concatenated decoy database which
was automatically generated from the search database. The Peaks Quantitation results
were then filtered so that the false discovery rate was <1%, which set the -10 logp score at
a threshold below which peptides would not be considered in the analysis. Furthermore,
only proteins with 2 or more unique peptides were considered. Raw intensity data that
satisfied the above criteria was then auto-normalised by Peaks Studio to correct for total

channel intensity differences. This data was then exported in a .csv format.

Proteins that respond reproducibly during exposure to heat shock were identified by
carrying out two heat shock experiments for analysis by iTRAQ. Proteins in the

haemocytes of H. midae exposed to thermal stress for 30, 90 and 180 minutes sampled
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during these experiments were identified and their expression profiles were determined by
ITRAQ analysis. Each iTRAQ experiment was processed individually in Peaks Studio,
according to 3.2.5, so that both Peaks search and de novo peptide identities were combined
into the quantitative analysis. The resulting lists of protein identities and quantitative data
were exported into MS Excel, and the two independent iTRAQ experiments (each
representing two biological replicates) were combined. This list was then used to identify
proteins with quantitative data which were common to both iTRAQ experiments, thereby
ensuring that only high quality protein identities were carried forward. The common
protein list was manually edited so that it contained only one example of each protein
identity, as the homologous database contained multiple entries of the same protein in
some cases. In all cases this was because the protein sequence had been reported in more
than one species. In cases with ambiguous protein identity the protein identity from the
species with the highest -10logp score and/or the most unique peptides between both
ITRAQ experiments was selected as the ‘correct’ identity. Therefore, after manual editing,
a list of proteins that were expressed in all four biological replicates with greater than 2

unique peptides and only high quality PSMs was generated.

3.2.5.1 Identification of differentially regulated proteins

The list of protein identities and associated quantitation values was imported into CLC
workbench for processing before statistical analysis. The data were quantile normalised
(box plots showing the dispersion of expression values for raw and normalised data are
included in Appendix B) and then log2 transformed before being exported into MS Excel
where the values were normalised to their respective TO values for each biological repeat
and each protein. The differences between the control and experimental groups’ relative
expression values were then determined by one-way ANOVA using the MS Excel add-on
Analysis ToolPak. The proteins with a statistically significant difference between control
and heat shocked abalone samples (p value <0.05) were selected. Once the first round of
one-way ANOVA ascertained the proteins that were significantly differentially expressed in
all four biological replicates, a second round of one-way ANOVAs was performed on

those proteins with a similar expression pattern in 3 out of the 4 biological replicates.

The average expression across 4 biological replicates was calculated for each protein

identity in MS Excel and analysed using the tool PermutMatrix (version 1.9.3) (Caraux and
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Pinloche, 2005), which uses seriation and clustering to graphically represent the expression
patterns for genes or proteins in a heat map. The data were ordinated based on Euclidean
distance, with hierarchical clustering performed by average distance based on the
unweighted means of all pairwise distances (UPGMA) and seriation performed using a
multiple-fragment heuristic in order to provide a ‘reasonably good’ solution. The data
matrix was presented in a heat map with an associated dendrogram using a green colour to
represent a decrease in amount vs. the control, and a red colour to indicate an increase in
amount vs. the control. This matrix was exported into the image manipulation software
Gimp (version 2.8.10) in order to resize the image and divide the output .jpeg produced by

PermutMatrix over 2 pages for presentation here.

3.2.5.2. Gene ontology analysis of differentially regulated proteins

Blast2GO" is a JAVA based tool used for the functional annotation of sequences,
particularly those for which no GO terms are associated. Blast2GO® uses the BLAST
algorithm to find homologous sequences to the input database, and then maps relevant

GO terms based on homology with proteins from other organisms.

Although Blast2GO" is effective at finding GO terms for non-model protein identities, the
terms can often be very general and therefore of limited value in mapping the functional
classification of proteins. Therefore, the tool REViGO was used to simplify and visualise
the GO terms more meaningfully, so that the important biological processes and molecular
functions implicated by the protein identities obtained by iITRAQ could be identified. GO
identities obtained by Blast2GO analysis were exported into REViGO, and redundant
terms were removed in order to simplify the list within an allowed similarity of 0.5 (for a
‘medium’ sized output file). The identities were then arranged in treemaps based on
similarity, using the UniProt database as a reference. The treemaps clustered GO term
clusters into ‘superclusters’ with similar function, thereby identifying general cellular
activities that were affected by heat stress. In order to simplify the analysis and ensure that
the data output was meaningful, only proteins showing extremes of expression were
analysed in REViGO. Therefore, the dendrogram generated by cluster analysis was used
to identify the groups of proteins that responded to heat shock at every sampled time

point, either by increasing or a decreasing in expression.
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3.2.6. Validation of iTRAQ data by western blot hybridisation

Due to the large amount of information generated by quantitative iITRAQ analysis, it is
necessary to validate the data using an alternate molecular technique. Western blot
hybridisation analysis was used to validate the expression of specific H. midae proteins that
were found to respond to thermal stress. Since H. midae has no species-specific
commercially available antibodies, the antibodies selected were specific to proteins that had

the highest homology to specific H. midae proteins that were identified by iTRAQ.

Despite the large number of antibodies available commercially, only three of the
significantly expressed proteins could be matched to appropriate antibodies. Antibodies
for GSTO1 (HPA037604 Sigma) and G6P1D (HPA000247 Sigma) were purchased from
the Sigma Prestige antibodies” range. The antibody to heat shock protein 70 (Hsp70) had

already been used in this laboratory, and was obtained from Abcam (ab79852).

3.2.6.1 Heat shock and total protein isolation

A set of heat shock experiments were carried out as described in 3.2.2 to generate four new
biological replicates. Three animals per time point were sampled pre-stress as a control
(T0), and then at 30, 90 and 180 minutes exposure to water at 23 °C. As western blotting
does not have the sample buffer requirements that iTRAQ has, the original protein lysis
buffer (2.2.4) could again be used for cell lysis. Haemocyte total protein was extracted by
vortexing cells in 200 ul of protein lysis buffer (Appendix A). The lysate was incubated at
room temperature for 5 minutes, and then the cellular debris was pelleted by centrifugation
at 7000 rpm for 30 minutes at 4 °C. The supernatant containing the total soluble

haemocyte protein was transferred to a clean 1.5 ml eppendorf tube.

3.2.6.2. Determination of total protein concentration

Total protein concentration was determined using the BCA protein assay (Thermo

Scientific) using the microplate method as described in 3.2.4.1.
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3.2.6.3. Western blot optimisation

To determine the optimum concentrations of primary and secondary antibody, 20 ug
protein samples were dotted onto nitrocellulose membrane and allowed to dry at room
temperature. Membranes were blocked in blocking buffer (5% w/v skim milk in 1 X TBS
(Appendix A)) for 1 hour at room temperature with shaking. Primary antibody diluted in
blocking buffer was applied according to the manufacturer’s suggested concentrations,
which were antibody-dependent and ranged from 1:10000 (Hsp70) to 1:500 (GSTO1).
Additional concentrations were selected for the eventuality that the suggested
concentration was too dilute. Membranes were incubated with primary antibody overnight
at 4°C with shaking. The membrane was then washed three times in 1x TBS for 10
minutes at room temperature with shaking, and then the secondary antibody was applied.
Secondary antibodies were applied at either 1:10000 or 1:20000 in blocking buffer and
allowed to hybridise for 2 hours at room temperature with shaking. Residual secondary
antibody was removed by three washes with 1x TBS for 10 minutes at room temperature
with shaking.  The dot blots were visualised using the Advansta WesternBright
Chemiluminescent ECL. HRP substrate according to the manufacturer’s instructions, and
the Bio-Rad ChemiDoc XR system for detection. The lowest possible concentrations of

both primary and secondary antibody to give a signal were selected for each antibody.

The concentration of antigen required to give sufficient signal was determined by
performing western blot hybridisation on three different amounts of antigen for each
antibody. In each case, a western blot of 5, 10 and 15 ug of total H. midae haemocyte
protein was carried out using the method described below. The primary and secondary
antibodies were applied in the concentrations determined above and the blot was visualised
using the detection method described above. The lowest amount of antigen that gave a

detectable signal without any saturated pixels was selected for subsequent analyses.

3.2.6.4. Expression analysis by western blot hybridisation

The expression of the selected proteins in the haemocytes of H. widae during exposure to
heat shock was measured by western blot analysis. Each protein sample was boiled at 95
°C in a 1.5 ml eppendorf with 1x sample application buffer (Appendix A) in order to

denatute the protein. The samples were then pipetted into gel lanes in a 4% v/v stacking
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gel and separated electrophoretically through a one dimensional 10% v/v polyacrylamide
separating gel (Appendix A) (Ausubel ez @/, 1989) under denaturing conditions using the
Bio-Rad mini PROTEAN tetra electrophoresis system. The PAGE ruler protein
molecular weight marker (Thermo Scientific) was included to determine the molecular
weight of the band/s detected. The gels were electrophoresed at a constant voltage of 100
Vin 1x SDS electrophoresis buffer (Appendix A) until the bromophenol blue front of the
sample application buffer had reached the bottom of the glass plate. The gels were then

removed from the electrophoresis tank and prepared for western blotting.

The gels were transferred to a plastic container and incubated in cold Towbin buffer
(Appendix A) at 4 °C for approximately 5 minutes to remove residual SDS. A
nitrocellulose membrane (Whatman® Protran® 0.2 uM pore size) cut to fit the gel was
also placed in Towbin buffer to equilibrate. The western transfer apparatus used was the
Bio-Rad mini Trans-Blot cell which was set up according to the manufacturer’s
instructions. The membrane and gel were placed between two pieces of pre-soaked
Whatmann 3 MM filter paper and sandwiched together in the transfer cassette. This was
then loaded vertically into the transfer tank, which was filled with Towbin buffer and 100
V was passed through the apparatus for one hour at 4 °C until the protein was completely

transferred from the gel to the membrane.

Efficient transfer and equal loading was confirmed by Ponceau S reversible total protein
stain, the images of which were captured using the Bio-Rad ChemiDoc XR system with
‘colorimetric’ settings, optimised for faint bands. The membrane was then immersed in
blocking buffer (5% w/v skim milk powder in TBS) on a shaker for 1 hour at room
temperature. After blocking, the membrane was incubated with the primary antibody in
5% (w/v) skim milk in TBS overnight at 4 °C on a shaker. The antigen, primary and
secondary antibody concentration parameters for each protein in the western blot analysis
are presented in (Table 3-1). Thereafter, the membrane was washed in TBS with shaking,
before being incubated with goat anti-rabbit peroxidase conjugated secondary antibody
(Kirkegaard & Perry Laboratories) in 5% (w/v) skim milk in TBS for 2 hours at 4 °C on a
shaker. After incubation with the secondary antibody the membrane was again washed
with TBS before visualisation with the WesternBright ECL. HRP substrate (Advansta)
chemiluminescent detection kit according to the manufacturer’s instructions. The

substrate was applied directly to the membrane which was placed on the Bio-Rad

70



Molecular Tmager® ChemiDoc™ XRS imager. The apparatus was set up for
chemiluminescent imaging using Imagel.ab software (version 4.1), and the image was
acquired with sequential exposures for 100 seconds, with ten seconds between exposures.

The image with the fewest saturated pixels was selected for analysis.

The size of the bands detected for each antibody was determined using the Fermentas
PAGE ruler prestained molecular weight marker and the molecular weight analysis tool
provided in Bio-Rad’s Imagellab software. Volume analysis using Imagel.ab was carried
out using a user-defined rectangular area for each western blot. The background
subtraction method was set to ‘local’, and an area containing no bands was defined for
background subtraction. The adjusted intensity values for each band were exported into
MS Excel in .csv format. Replicate values were used to calculate average relative
expression values for each protein. A one-way ANOVA was performed using the MS

Excel analysis ToolPak add-on, with statistical significance established if p < 0.05.

Table 3-1: The detection parameters for each antibody used in quantitative western blot
analysis of the thermal response to heat stress in H. midae haemocytes.

Antigen Secondary
Primary antibody
Protein target concentration antibody Exposure time (s)
concentration
(L) concentration
Hsp70 15 1:10000 1:10000 100
GO6P1D 15 1:1000 1:10000 100
GSTO1 15 1:500 1:10000 100
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3.3. Results

3.3.1. Database compilation and analysis

In order to successfully identify proteins from H. midae using mass spectrometry, a
database comprising molluscan protein sequences was accessed and downloaded from the
UniPROT repository (www.uniprot.org). At the time of access (20 August 2013), 68821
molluscan sequences were available in the UniPROT/TrEMBL database (Figure 3-3)— of
which only 1754 were ‘reviewed’, and the rest were predicted proteins based on genomic
sequences. The C. gigas complete proteome accounts for 25978 of these sequences. At the

time of access 1282 of the sequences originate from the genus Haliotis (Figure 3-4).
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Figure 3-3: The distribution of molluscan classes present in the protein database used for
peptide spectrum matching in this study. Pie chart downloaded from www.uniprot.org on
20 August 2013, showing taxonomic makeup of the database. The biggest single species
contributing to the database is C. gigas, the full deduced proteome of which is included in
class Bivalvia. Although the limpet Lottia gigantea has a fully sequenced genomic
database, it is not included in the UniProt database.
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Figure 3-4: The superorder distribution of the major subclass Orthogastropoda of phylum
Gastropoda, included in the protein database used for peptide spectrum matching in this
study. Superorder Vetigastropoda contains the superfamily Halliotoidea, of which H.
midae is a member, is represented by 2540 sequences. The majority of Gastropod
sequences in this database originate from the Heterobranchia (snails and slugs) and

Caenogastropoda (sea snails). Numbers of sequences correct at time of access (20 August
2013).

3.3.2. Identification and expression profiling of heat shock responsive

proteins

ITRAQ analysis was used to obtain a list of differentially expressed proteins that are
present in the haemocytes of H. widae during exposure to acute heat stress. The
multiplexing capabilities of iTRAQ analysis make it possible to determine protein
expression profiles in up to 8 samples simultaneously. This enabled the analysis of two
distinct biological replicates with four sampling points per replicate within one ITRAQ
experiment. The entire iITRAQ experiment was then repeated for a total of four biological

replicates.

A total of 388 protein identities from iTRAQ #1 and 510 from iTRAQ #2 with more than
2 unique peptides and quantitation data were used to compile a list of 116 proteins that

were common to both experiments (Appendix B).
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In order to identify proteins which respond to heat stress with statistical significance (p <
0.05), one-way ANOVA was used to compare control and experimental expression values.
In this manner, 8 proteins that were significant (p < 0.05) in all four biological replicates
were identified, and an additional 3 proteins that were significant in 3 out of the 4
biological replicates were identified, and are presented in Table 3-2. One of these proteins
(B3TK33_HALDV) originates in H. diversicolor but has not yet been characterised. The rest
of the significant proteins originate in abalone (H. diversicolor, H. discus discus and H. discus
hannai), sea slug (Aplysia californica), arrow squid (Ommastrephes sloanei), oyster (C. gigas) and
clam (Chlamys farreri). Omega crystallin (CROM_OMMSL) had the largest fold change
increase during exposure to heat shock, and haemocyanin isoform 1 (C7TFEG7_HALDYV)

had the largest fold change decrease at a single sample point.

The graphical analysis program PermutMatrix (Caraux and Pinloche, 2005) was used to
perform statistical seriation on the dataset. The resulting heat map and dendrogram are
shown in Figure 3-5, with up-regulation indicated by red colour and down-regulation
indicated by green colour, according to the scale provided. Proteins that cluster in the
same branches of the dendrogram have similar heat-induced expression profiles. The
dendrogram generated by seriation of the columns (time points) indicates that samples
obtained at 30 and 90 minutes group together, with the sample obtained at 180 minutes
exhibiting a distinct expression pattern to proteins analysed at the eatlier time points.
Based on this clustering analysis, groups of proteins were identified that respond to heat
shock with increased and decreased expression levels at all the sampling points (Figure
3-5). 'Thus, 16 up-regulated proteins and 8 proteins that were down-regulated were
grouped at the top and bottom of the dendrogram respectively. The expression data for

these proteins is presented in Table 3-3.
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Table 3-2: Proteins determined to be differentially expressed at various time points (min) during exposure to heat shock. Accessions refer to
the UniProt database. P values were determined by one way ANOVA of four biological replicates, except where three biological replicates are
indicated by an asterisk. Expression values are average, log2 transformed, quantile normalised iTRAQ label intensity values, normalised to the
control (0).

Expression
Accession Description p-value 0 30 90 180
B3TK33_HALDV  Putative uncharacterized protein (Fragment) OS=Haliotis diversicolor 0.035024 0  -0.02 0.07 -0.30
B3TK66_HALDYV 408 ribosomal protein S8 OS=Haliotis diversicolor 0.019792* 0o 016 017 026
BORAZ8_HALDI  Omega class glutathione-s-transterase 1 OS=Haliotis discus discus 0.044* 0 -023 0.09 -0.07

B6RB43 _HAILDI ATP synthase_ H+ transporting  mitochondrial F1 complex_ o subunit OS=Haliotis discus discus  0.020411 0 027 -0.38 0.09

Q2MJK5_HALDH Heat shock protein 70 OS=Haliotis discus hannai 0.019873* o0 017 016 0.03
C7EAA2_HALAI  PL10-like protein OS=Haliotis asinina 0.024847 0 024 028 024
C7FEG7_HALDV  Hemocyanin isoform 1 (Fragment) OS=Haliotis diversicolor 0.024317 0  -0.57 -0.54 -0.31
RHO_APLCA Ras-like GTP-binding protein RHO OS=Aplysia californica 0.04526 0 -014 -036 -0.31
CROM_OMMSL  Omega-crystallin OS=Ommmastrephes sloanei 0.018064 0 005 008 0.32
QOKHBS8_CRAGI  Glucose-6-phosphate 1-dehydrogenase OS=Crassostrea gigas 0.052043 0 0.09 006 025
Q8MUE3_9BIVA  Small nuclear ribonucleoprotein D2-like protein OS=Chlamys farrer: 0.016696 0 021 -0.06 -0.07
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Rows : - Objective function : R=0.5556
- Sum of all pairwize distances of neighboring rows (path length): S=11.776
- Linkage rule: Average linkage
- Tree Seriation rule: Multiple-fragment heuristic (MF)

Columns : - Objective function : R=0.776
- Sum of all pairwize distances of neighboring columns (path length): S=4.906
- Linkage rule: Average linkage

Dissimilarity : - Euclidean distance

The colors scale:

Win = -0.57 0.00 Max = 0.57
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Putative Ma+K+-ATPaze alpha subunit O5=Bathupolypus bairdii
Traponin OS5=Haliatis discus discus

405 ribosomal protein 512 05=Pinctada masima

PLI0-like protein OS=Haliatiz asinina

Tropomyoszin 4 [Fragment] O5=Haliotis asinina

FPrateazome subunit alpha tupe O5=Haliotis discus disous
Calreticulin 05=Crassostrea gigas

Protein disulfide isomeraze O5=Haliotis discus discus
Tran=gelin 05=Haliotis dizcus discus

Splicing factar argininelserine-rich 4 OS5=Haliotis diversicolor supertexta

Fab7-like protein 05=Pinctada martensi

Vizual G-protein beta subunit 05=Laligo pealsii

Guanine nucleatide-binding protein subunit beta 05=Loligo forbesi
Glucose-B-phozphate 1-dehydrogenase 05=Crassostrea gigas

Omega-crystallin 05= 0mmastrephes sloanei

Actin 03=Crassostrea gigas

Ubiquitin O5=Crazsostrea hongkangensis

Futative uncharacterized protein [Fragment] OS5=Haliotis diversicalor

Small nuclear ribonuclecpratein 02-like protein O5=Chlamys farreri

Allagraft inflammatory Factor [Fragment) O5=Haliatiz diversicolor

Ribosomal protein 55 05=Craszostrea gigas

Ribozomal pratein 325 03=Lepidochitona cinerea

Glutathione-S-transferasze izoform 05=Haliotiz diversicolor

Elangation factor T-alpha [Fragment] O5=Halicotis rufescens

Ribozomal protein 53 05=Haliotis discus discus

ATP-dependent RMA helicaze O0XS O5=Aplysia califarnica

Enclaze O5=Loligo pealsii

405 ribozomal protein 53a (Fragment] OS=Haliotis diversicalar

Chaperonin containing T-comples palypeptide subunit zeta 05=Haliotiz discus hannai
Heat shock pratein 70 O3=Haliatiz dizcus hannai

TkDa heat shock protein DS5=Haliotis tuberculata

14-3-3 protein O5=Chlamus farreri

405 ribosomal protein 54 05=Finctada fucata

Feptidul-pralul cis-trans izomerase 053=Venerupis philippinarum
AOP-ribasylation factor 2 05=Halictis discus discus

Futative ribozomal protein 5325 [Fragment] O5=Crazsostrea gigas
Alpha-actinin [Fragment) 05=Biomphalaria glabrata

F azcin [Fragment] DS5=Haliotiz diversicolar

Histane HZE 05=Mutilus edulis

Malate debwdrogenase [Fragment) O5=Haliotiz discus discus
Adenozylhomocysteinase 05=Crazsostrea ariakensiz
Ribozomal protein 520 03=Crassostrea gigas
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Putative polyadenulate-binding protein 1[Fragment] 05=Haliotis diversicolor
Raminin receptor J3=Haliotiz discus discus
Phospharylase O05=Craszostrea gigas
Arginine kinase 05=Haliotiz madaka
Raz-related nuclear protein 05=Mizuhopecten vessoensis
Cded2 05= Aplusia californica
Cdc2d-like protein OS=Eiomphalaria glabrata
Elangation factor-2 [Fragment] O5=Chastopleura apiculata
Ran-1-prov pratein 05=Haliotis discus discus
GTP-binding nuclear protein Ran O53=Haliotiz diversicalor supertesta
Histone Hd 05=Chlamys Farreri
Pratein phosphataze 1(Fragment] 05=Corbicula fluminea
Vaolkage-dependent anion channel 2-like protein 05=Halictiz diversicolor
Bctin depolymerization factorfcafilin 05=Haliotiz diversicolar
Calmodulin 0S=Halictis diversicalor
G035 acidic ribosomal protein PO [Fragment] OS=Haliotis diversicalar
ATP sunthase subunit beta [Fragment) 0S=Haliotis rufescens
Omega class glutathione-s-transferaze 105=Haliotiz discus discus
405 ribasomal protein 53 05=Carbicula Huminea
Pzmech protein 0S5=Haliotiz dizcus dizcus
lzocitrate debwdrogenase [NADOP] 05=Crazsostrea gigas
GdkOa heat shack protein OS5=Haliotis tuberculata
Putative tumar suppressor OM pratein 05=Pinctada martensi
Calcium-binding EF-hand protein [Fragment) 0S=Euprumna scolopes
Guanine nucleatide-binding protein Glo] subunit alpha 05=Lumnaea stagnalis
Manmuscle myasin | (Fragment] O5=Aplusia califarnica
405 ribasomal protein 58 05=Haliotiz diversicolar
QM-like protein OS5=Haliotis diversicolar supertesta
Raz-related protein Fab-18 05=Halictiz dizcus dizcus
R&E1[Fragment) OS=Haliatiz cracheradii
Enclase [Fragment] O5=Leptachiton sp. EMO
Fructoze-bizphosphate aldolase [Fragment] OS=Haliotiz dizcus discus
Perasiredonin 05=Pinctada fucata
Bctin [Fragment] 053=Phyzella parkeri
ATP sunthase subunit alpha 05=Pinctada fucata
Calmodulin-dependent pratein kinase [Fragment] OS5=Haliotis diversicalor
Calzineurin B 05=Haliatiz dizcus discus
Puruvate kinase 05=Crazsostrea gigas
Ribozomal protein 57 0S= Asquipecten iradians
Gelzalin O5=Haliotis discus discus
Chaperonin containing topl 05=Halictiz dizcus discus
Heat shock pratein 60 O53=EBiomphalaria glabrata
Putative 405 ribozomal pratein 518 05=Halictiz diversicolor
403 ribazomal protein 518 05=Haliotis dizcus discus
Major waul protein [Fragment] O5=Mutilus galloprovincialis
403 ribazomal protein 516 [Fragment] O5=Aplyzia californica
RAE pratein O5=Haliotis discus discus
Man-muscle muoszin ll heaw chain 053=Laligo pealeii
Putative 605 ribozomal pratein L3 05=Haliotis diversicolor
Glucoze-regulated protein 34 0S=Crassostrea gigas
Phosphaoglycerate kinase 05=Aplusia californica
AOPATR carrier pratein [Fragment] OS5=Haliotiz diversicolar
Triozephozphate isomerase [Fragment] 0S=Halictis rufezcens
Gluceraldehyde-3-phosphate dehydrogenasze 0S=Haliotis dizcus discus
B-phosphogluconate debudrogenase_ decarbonulating [Fragment] OS=Pisidium adamsi
Hemocuanin A-tupe [Fragment] O5=Enteractopus daofleini
Ras-related pratein Fab-2 05=Lymnas a stagnalis
Ezrinfradisinimaesin O5=Biomphal aria glabrata
Thioredosin perozidaze 105=Halictiz discus discus
Bha-like protein OS5=EBiomphalaria glabrata
Guanine nucleatide-binding protein Gll] alpha subunit O5= Aplusia californica
Hemocuanin 2 05=Megathura crenulata
Keyvhole limpet hemocyaninZ 05=Megathura crenulata
Sarcotendoplasmic reticulum calcium ATPaze izaform C 05=Pinctada fucata
Raz-like GTP-binding protein RHO 05= Aplysia californica
Prahibitin 05=0ctopus tankahkeei
5 praotein alpha subunit 5 class 05=0ctopus vulgaris
Guanine nucleatide-binding pratein Gl=] subunit alpha 0S5=Lumnaea stagnalis
Paramyosin 05=Haliotis discus discus
Hemocuaninizaform 1(Fragment] O5=Haliatiz diversicalor
H2 protein [Fragment] 0S=Halictis tuberculata
ATP sunthaze_ H+ transparting_ mitochondrial F1comple:_ o subunit 05=Haliotiz discus discus
Kevhole limpet hemocyanind 05=Megathura crenulata
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Figure 3-5: A heat map showing statistical seriation of the average expression profiles for
proteins identified by iTRAQ in H. midae haemocytes during exposure to thermal stress.
Expression values for each protein were log2 transformed, quantile normalised and
normalised to the control prior to input into PermutMatrix software for seriation. Protein
descriptions were obtained from the UniProt database and are associated with accession
numbers indicated in Appendix B. The image generated using PermutMatrix was too
large to fit onto a single page, and was therefore split across two pages at the dotted line.
Brackets indicate groups of proteins that overall i) increase and ii) decrease relative to the
control at all sampled time points during heat shock, which were used in downstream gene
ontology analysis.
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Table 3-3: Proteins with differential expression profiles at time points (min) sampled during exposure to heat shock. Proteins identified by iTRAQ
were statistically seriated in order to identify groups of proteins with similar heat shock induced expression profiles. The proteins that clustered
together at the top and bottom branches of the dendrogram are presented. These are proteins that responded to heat stress by increasing or
decreasing expression at every sampled time point during the experiment. Expression values are average, log2 transformed, quantile normalised
iTRAQ label intensity values, relative to the control (0).

Relative Expression

Accession

Description

0 30 90 180

Up-regulated

C6JUNO_PINMA
C4NY64_CRAGI
A5SLGG9_CRAGI
QOKHBS_CRAGI
GBB_LOLFO
CROM_OMMSL
C7EAA2_HALAI
B6RB41_HALDI
B6RBG63_HALDI

F8V2T8_9MOLL

40S ribosomal protein S12 OS=Pinctada maxima

Actin OS=Crassostrea gigas

Calreticulin OS=Crassostrea gigas

Glucose-6-phosphate 1-dehydrogenase OS=Crassostrea gigas
Guanine nucleotide-binding protein subunit beta OS=1Lo/igo forbes:
Omega-crystallin OS=Ozmmastrephes sloanei

PL10-like protein OS=Haliotis asinina

Proteasome subunit alpha type OS=Haliotis discus discus

Protein disulfide isomerase OS=Haliotis discus discus

Putative Na+/K+-ATPase alpha subunit OS=Bathypolypus bairdii

0 031 033  0.34

0 019 -0.01  0.35

0 008 028 0.18

0 0.09 0.06 0.25

0 0.21 0.07  0.22

0 005 008 0.32

0 024 028 024

0 010 029 021

0 0.21 028  0.11

0 041 0.37  0.51
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Down-regulated

C1KBI9_9BIVA
EGY277_HALDV
B6RB35_HALDI
Q7YZR1_HALAI
B6RB46_HALDI

QG6TQF6_DORPE

B6RB43_HALDI
QINLI1_OCTVU
GNAS_LYMST
Q8I0U4_HALTU
C7FEG7_HALDV
Q6KC56_MEGCR
E5RSVG6_HALDI

HE8XW]J5_9MOLL

Rab7-like protein OS=Pinctada martensi

Splicing factor arginine/serine-rich 4 OS=Haliotis diversicolor supertexta
Transgelin OS=Haliotis discus discus

Tropomyosin 4 (Fragment) OS=Haliotis asinina

Troponin OS=Haliotis discus discus

Visual G-protein beta subunit OS=1o/go pealeii

ATP synthase_ H+ transporting_ mitochondrial F1 complex_ o subunit
OS=Haliotis discus discus

G protein alpha subunit s class OS=Octopus vulgaris

Guanine nucleotide-binding protein G(s) subunit alpha OS=Lymnaea
stagnalis

H2 protein (Fragment) OS=Haliotis tuberculata
Hemocyanin isoform 1 (Fragment) OS=Haliotis diversicolor
Keyhole limpet hemocyaninl OS=Megathura crenulata
Paramyosin OS=Haliotis discus discus

Prohibitin OS=Octopus tankahkeei

0.19

0.30

0.24

0.22

0.38

0.18

-0.27

-0.30

-0.31

0.44

-0.57

-0.23

-0.54

-0.30

0.12

0.25

0.24

0.19

0.35

0.06

-0.38

-0.36

-0.36

-0.48

-0.54

-0.29

-0.29

-0.10

0.14

0.11

0.08

0.31

0.33

0.20

0.09

-0.47

-0.47

-0.06

-0.31

0.09

-0.54

-0.36
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3.3.2.1 Gene ontology analysis

To provide functional classification of the identified proteins, Blast2GO analysis was
carried out to assign GO terms to the identified proteins. However, these GO terms were
very general and therefore in order to better interpret this data, over-simplified or
redundant GO terms were removed using the tool REVIGO (Supek et al., 2011).
However, REViGO is only effective on small sets of GO terms, and so proteins indicated
by brackets on the dendrogram in Figure 3-5 were analysed. The REViGO outputs were
plotted as treemaps (Figure 3-6).

Proteins which were up-gregulated at all sampled time points were associated with GO
terms for biolgical processes related to the stress response (for example ‘response to
endoplasmic reticulum stress’, ‘response to heat” and ‘response to oxidative stress’), as well
as G protein signalling related to the stress response (‘small GTPase mediated signal
transduction) (Figure 3-6-A). In addition, metabolic processes appear to have been
affected (‘lipoprotein metabolism’, ‘energy reserve metabolism’). The presence of the
supergroup ‘proteasome core complex assembly’ suggests changes in protein degradation
rates by the proteasome. DNA, RNA and protein synthesis may also be affected by heat
stress as several superclusters refer to the regulation of transcription or translation. These
biological processes are facilitated by the molecular functions indicated in Figure 3-6-B,
which identify a number of GO term clusters associated with binding (for example ‘RNA

binding, ‘nucleotide binding’ and ‘protein binding involved in protein folding’).

Proteins which were down-regulated at all sampled time points were associated with GO
terms for biological processes related to similar stress response superclusters (for example
‘response to stress’) (Figure 3-6-C). These GO term clusters also indicate that DNA
biosynthesis may be negatively impacted by heat shock, as suggested by the supercluster
related to ‘DNA biosynthesis’. The supercluster referring to ‘female pregnancy’ contains
GO clusters pertaining to development, morphogenesis and sensory perception. Once
again, the GO superclusters for the molecular function GO terms associated with these
proteins primarily refer to binding, such as ‘protein complex binding” and ‘G protein beta
subunit binding’. A supercluster containing GO clusters associated with the actin

cytoskeleton and GTP/ATPase activity is also present.
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Figure 3-6: Treemaps generated by REViGO using GO terms associated with proteins
which responded to heat stress. These proteins were identified by statistical seriation of
the protein expression profiles determined by iTRAQ analysis. GO terms for proteins
which were up-regulated by heat stress are indicated in treemaps for A) biological process
and B) molecular function. GO terms for proteins which were down-regulated by heat
stress are indicated in treemaps for C) biological process and D) molecular function. Each
smaller rectangle is a representative of a cluster of GO terms associated with these
proteins. These are joined into ‘superclusters’, defined by different colours, which are
loosely related under the representative term in large text. The size of the rectangles is
indicative of the uniqueness of the GO term in the underlying database, in this case the
UniProt repository. Not all of the terms are reported in each treemap due to constraints on
space.
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3.3.3. iTRAQ validation by western blot hybridisation

In order to validate the iTRAQ data, the expression profile of selected proteins during
exposure to heat shock was determined using a complementary molecular technique. Only
3 proteins out of the 11 significantly regulated proteins (Table 3-2) had more than 60%
homology between the molluscan protein sequence and the proteins used to produce
commercially available polyclonal antibodies. These antibodies were therefore suitable for
use in expression analysis by western blot hybridisation. These proteins were heat shock
protein 70 (Hsp70), glucose-6-phosphate 1-dehydrogenase (G6P1D) and glutathione-S-
transferase (GSTOT1). During optimisation of western blotting conditions for each
antibody, the molecular weight of the detected bands was determined (Table 3-4). For
each protein, the expected protein size (based on amino acid sequence) was obtained from
the UniProt database and compared to the measured band size determined by western
blot. The antibody for Hsp70 gave a single, clear band with the correct measured band
size (approximately 70 kDa). The western blot probed with G6P1D antibody had multiple
bands, but the most reproducibly detected band was visible at 41.5 kDa, which is
approximately 10 kDa smaller than expected. GSTO1 had a single visible band; however it
was measured at 88.4 kDa whereas the predicted protein size for GSTO1 was 27.4 kDa.

Table 3-4: The observed (measured) band size obtained for each of the proteins selected
for validation of iTRAQ data by western blot analysis, compared to the expected size based
on the predicted molecular weight of the protein according to the UniProt entry for that
protein.

Protein Expected band size (Da) Measured band size (Da)
Hsp70 71646 72400
G6P1D 52919 41500
GSTO1 27366 88400

The Hsp70 western blot (Figure 3-7) indicated no statistically significant difference in
expression of this protein between the control and heat shocked samples following one
way ANOVA, however the amount of Hsp70 in the haemocytes sampled at 30 minutes
appeared to have increased compared to the control, followed by elevated expression for

the duration of the heat shock.
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Western blot analysis of G6P1D detected a statistically significant (p=0.0265) increase in
expression of the protein after 30 minutes of heat shock exposure (Figure 3-8), followed by
a decrease back to approximately basal levels at 90 minutes. A doublet band was
detectable in some of the samples and biological replicates. The doublet was visible in 3
out of 4 biological replicates in the 90 minute sample (panel A, B and C). It was also
faintly visible in one of the 30 minute biological repeats (panel B), and in at least one
control sample (panel B and faintly in panel C). The 180 minute sample in panel C also
has a faint doublet band. The upper band of the doublet appears to be at a marginally

higher molecular weight than the band detected in the control sample.

Western blot analysis of GSTO1 expression did not detect a statistically significant
difference in expression of this protein over the course of the heat shock experiment,
although a rapid increase in the amount of GSTO1 was detected at 30 minutes (Figure
3-9). By 180 minutes, the amount of GSTO1 had returned to approximately basal levels.
There was a large discrepancy between the predicted and observed molecular weights of
this protein, as the measured band was nearly 4 times larger than the UniProt predicted

size of GSTO1.
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Figure 3-7: Western blot analysis of Hsp 70 expression in H. midae haemocytes sampled during a timed heat shock experiment. The bar graph
shows the average volume intensity data obtained using ImageLab Software (Bio-Rad) relative to the control (0) sample, and the inlaid images
are the chemiluminescent western blot signals detected with a ChemiDoc XRS (Bio-Rad). A, B, C and D are images obtained from four
biological replicates (n=4). Error bars represent standard error of the mean.
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Figure 3-8: Western blot analysis of G6P1D expression in H. midae haemocytes sampled during a timed heat shock experiment. The bar graph
shows the average volume intensity data obtained using ImageLab Software (Bio-Rad) relative to the control (0) sample, and the inlaid images
are the chemiluminescent western blot signals detected with a ChemiDoc XRS (Bio-Rad). A, B, C and D are images obtained from four
biological replicates (n=4). Error bars represent standard error of the mean. Volume analysis in lanes showing doublet bands was performed on
the lower band, with the same molecular weight as the control (0). Statistical significance was determined by one way ANOVA and a p=0.0265
is indicated on the graph by an asterisk (*).
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Figure 3-9: Western blot analysis of GSTO1 expression in H. midae haemocytes sampled during a timed heat shock experiment. The bar graph
shows the average volume intensity data obtained using ImageLab Software (Bio-Rad) relative to the control (0) sample, and the inlaid images
are the chemiluminescent western blot signals detected with a ChemiDoc XRS (Bio-Rad). A, B, C and D are images obtained from four
biological replicates (n=4). Error bars represent standard error of the mean.
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3.4. Discussion

Developing our understanding of the abalone immune system is fundamental to the
improvement of abalone farming practices. To date there have been few molecular studies
investigating the abalone stress response caused by rapidly increased water temperature,
despite reported fluctuations in abalone tank water temperature (Vosloo and Vosloo,
2010).  Proteomic technology is particularly valuable in assessing the effects of
environmental changes because it provides a ‘snapshot’ of the cellular response to stress
(Tomanek, 2011). In the present study, the high throughput proteomic technique iTRAQ
was used to identify differentially expressed proteins in the haemocytes of the South
African abalone, H. midae, during exposure to heat shock. As with any proteomic study,
this methodology required the use of a database of amino acid sequences in order to

facilitate peptide spectrum matching to identify proteins.

In the present study, the database chosen comprised of all molluscan protein sequences in
the UniProt database, including uncurated trEMBL sequences. This database choice
ensured the maximum likelihood that proteins from H. midae will match to at least one
protein sequence in the database. In order to corroborate the database search results, de
novo peptide sequencing was performed and the de novo peptides were aligned with the
PSMs from the database search. Once the protein identities were determined, the data was
substantiated by combining two independent iTRAQ experiments, ensuring that only
proteins with good quality peptides detected in both independent experiments were
considered further. In this manner, the quality of the PSMs and the number of protein
identities were maximised. The combined list comprised 116 protein entries with
associated quantitative data. The expression profiles of these proteins during exposure to
heat shock were then further investigated to identify putative stress response proteins in H.

midae.

3.4.1. Proteins with statistically significant differences in expression during

heat shock

Of the 116 identified proteins, a total of 11 had a statistically significant response to heat

stress — eight responded in all four biological replicates and three responded in three of the
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four biological replicates. Of these, several proteins had a putative stress response

function of particular interest.

The protein P30842 | CROM_OMMSL is an omega crystallin found in the squid eye, where
it is responsible for optical properties of the lens (Horwitz et al., 2006). In molluscs such
as the scallop, omega crystallin is homologous to aldehyde dehydrogenase in the cytoplasm
(ALDH1A1) and mitochondria (ALDH?2) of humans (Zinovieva et al., 1993). Aldehyde
dehydrogenases (ALDH) are enzymes that catalyse the oxidation of aldehydes, which may
be produced as a result of oxidative stress to the lipid membranes of the cells (Ellis, 2007).
A sequence alignment revealed that there is a 53.4% identity between the squid omega-
crystallin protein and the only molluscan non-cephalopod aldehyde dehydrogenase in the
database (Uniprot identifier KIQNT7_CRAGI, Crassostrea gigas). This homology could
explain why a squid eye lens protein was identified in the haemocytes of H. midae,
especially as the identity in this case is based on three unique peptides representing only
8% coverage of the protein in question. For the purposes of this study, it was henceforth
assumed that this protein therefore is an ALDH, which makes better sense in context to its

origin and putative function.

The ALDH protein has yet to be propetly characterised in the abalone. Although lacking
full characterisation, differential expression of ALDH has been reported in the mollusca.
Proteomic investigations have described the response of ALDH to the toxicity of both
bisphenol A and diallyl phthalate in the abalone Haliotis diversicolor supertexta (Zhou et al.,
2010), as well as cold acclimation in the warm adapted mussel Myzilus galloprovincialis and
cold adapted Mytilus trossulus (Fields et al., 2012b). Given that so few proteomic
investigations have been reported in the mollusca, and this protein was identified in several
of them, ALDH clearly plays a role in the molluscan stress response where it may respond
to oxidative stress. The large increase in expression of this protein detected by iTRAQ in
this study may therefore confirm that exposure to acute heat stress leads to oxidative stress
in H. midae. Indeed, another important oxidative stress response protein, glutathione S-

transferase (GST), also responded to heat shock with statistical significance.

The free radical scavenging activity of GST has been described in clams (Hoarau et al.,
2004) and oysters (Boutet et al., 2004), while two omega class GST's have been described
and partially characterised in disc abalone (Haliotis discus discus) (Wan et al., 2009). Abalone
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omega GSTs appear to respond to heat stress, heavy metal toxicity and endocrine
disrupting chemical exposure. Wan et al. (2009) determined that each of these omega class
GSTs behaved differently when exposed to acute thermal stress, and consequently, it is
currently unclear how omega GSTSs are regulated in abalone. The dramatic elevation of
omega GST transcription detected in abalone subjected to heat shock by Wan et al. (2009)
is similar to the increase in GST isoform O expression detected by iTRAQ in H. widae
haemocytes after 30 minutes of heat exposure. The cellular oxidative stress response is a
well-documented and vital stress response mechanism, which has yet to be fully

characterised in the abalone.

Glucose 6 phosphate 1 dehydrogenase (GOP1D) is the rate-determining enzyme in the
pentose phosphate pathway that provides energy in the form of NADPH to cells (Lama et
al., 2013). NADPH is involved in important processes such as amino acid and nucleic acid
synthesis, and the removal of oxidised glutathione (GSSG) by reducing it to GSH (da Silva
et. al., 2005). The pentose phosphate pathway (PPP) appears to be inhibited by oxidative
stress in the marine snail Li#foria (Llama et al., 2013) and clams (Wu et al,, 2013). In the
present study, the amount of G6P1D in H. midae haemocytes increased after 180 minutes
of exposure to heat stress. Lama et al. (2013) reported that G6P1D was phosphorylated
under normal conditions, but under anoxic stress conditions underwent dephosphorylation
and became more active as a result, potentially to facilitate the flow of NADPH into the
oxidative stress response. Although it is possible to detect post-translational modifications
(PTMs) using iTRAQ and mass spectrometry, enrichment for specific modifications is
usually required to prevent their loss during analysis (Mann and Jensen, 2003). As
phosphorylation was not enriched for in this study, the phosphorylation state of G6P1D
could not be determined by iTRAQ.

The heat shock protein (Hsp) family is a well characterised family of stress response
proteins that act as chaperones in order to restore homeostasis to the cell during exposure
to a diverse range of stressors (Feder and Hofmann, 1999). It consists of several members
with a molecular weight around 70kDa, some of which are inducible by stress (hsp70) and
some of which are constitutively expressed (Wang et al., 2013), such as heat shock cognate
(hsc) 70. Based on the limited molluscan sequences available for both Hsp70 and Hsc70
(Boutet et al., 2003a, 2003b), there is high homology between the nucleic acid sequence of
Hsp70 and Hsc70 (97% identity in Crassostrea gigas, and 98% in Ostrea edulis). Both possess
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the three characteristic amino acid sequence motifs of the Hsp family (Boutet et al.,
2003b), making it potentially difficult to differentiate between the constitutive and
inducible forms of this protein. The main difference between these proteins is that the
promoter region of hsp70 has heat shock elements (HSEs) which are stress inducible, and
therefore this protein will be up-regulated in response to stress.  Hsp70 has been
characterised in the mollusca, including several members of the Haliotis genus (Cheng et al.,
2007; Farcy et al., 2007). The expression of Hsp70 mRNA increases during bacterial
challenge with the pathogen 17brio anguillarum in Haliotis discus hannai (Cheng et al., 2007),
and after 30 minutes of exposure to acute heat stress in Haliotis tuberculata (Farcy et al.,
2007). Under the heat shock conditions of this study, the identified protein showed an
early increase in expression at 30 minutes, followed by an apparent decrease in expression
later in the heat shock time course. The stress inducible nature of this protein leads to the
conclusion that it is an Hsp70, rather than the constitutively expressed homologue. Brun
et al. (2008) observed a more long-term Hsp70 protein response in two species of scallop,
Argopecten irradians and Placopecten magellanicus, where it was significantly regulated 21 days
after a 3 hour heat shock. However, the induction temperature and duration of Hsp70
expression is entirely dependent on the thermal range of the organism in question (Feder
and Hofmann, 1999), possibly explaining the rapid, short-lived response of the H. midae
Hsp70 detected in this study.

Ribosomal proteins are part of the essential DNA translation machinery of the cell,
although there is recent evidence that suggests that ribosomes perform a variety of ‘extra-
ribosomal’ activities by altering the trans-activation of regulatory proteins (Lindstrom,
2009). These include proteins involved in apoptosis and DNA repair regulation. The
ribosomal 40S subunit S8 (B3TK66_HALDYV) was significantly regulated in this study,
although its significance in the abalone stress response is unknown. Ribosomal proteins
made up a large proportion of the proteins responding to heavy metal exposure detected
by Muralidharan et al. (2012) in the Sydney rock oyster, although they did not determine a
function. Silvestre et al. (2010) identified temperature dependent differential expression of
ribosomal subunit 40S in sturgeon larva using 2D PAGE, and suggested that temperature
affects protein synthesis. In the present study, iITRAQ also detected differential expression
of proteins involved in RNA metabolism - PL-10 like protein (CTEAA2_HALAI), which
is a member of the DEAD-box family of RNA helicases (Rosner and Rinkevich, 2007),
and small nuclear ribonucleoprotein D2-like protein (Q8MUE3_9BIVA).  Their
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significance in the abalone stress response is unknown and to date the effect of stress on

nucleic acid or protein synthesis in abalone has not been investigated.

3.4.2. Determination of heat-responding biological processes and

molecular functions by gene ontology analysis

Once the proteins with statistically significant responses to heat stress were identified, the
data was then subjected to statistical seriation in order to identify groups of proteins with
similar responses to heat stress. Proteins were ordered in a dendrogram according to their
expression patterns. The protein groups that responded with the highest overall up- or
down-regulation during heat stress according to the dendrogram were selected for gene
ontology (GO) analysis in order to determine their functional significance. This
information assisted in identifying biochemical pathways in abalone haemocytes that are
affected by exposure to thermal stress. Thus, three interconnected general cellular
responses that appear to be affected by heat stress in H. midae have been identified using
this information: signalling, response to stress and metabolic regulation. The proteins
identified by iTRAQ that contribute to each of these functions will be discussed below. As
many proteins have multifaceted functions, the most commonly reported function for each

protein will be discussed.

3.4.2.1 Proteins involved in cell signalling and regulation

It is critically important for cells to transduce information regarding their environment, as
the ability to respond to environmental changes determines a cell’s ability to survive. This
is arguably the most important feature of the cells comprising the immune system, as many
immune functions are predicated on the ability of the self to detect and respond to non-
self or potentially harmful environmental conditions. This communication usually depends
on the presence of cell surface receptors which are capable of receiving and decoding
chemical signals from the extracellular space. The molluscan innate immune system
appears to be effected via signalling receptors on the surface of haemocytes (Humphries
and Yoshino, 2003). Despite this, relatively little is understood about the mechanisms by
which molluscan haemocytes determine or initiate the need for a stress response (Lacoste

et al., 2001).
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Several GO clusters related to calcium dependent signalling were identified in this analysis,
associated with both up- and down-regulated proteins. Calcium signalling is both a trigger
and a controller of vital cellular processes, and effective Ca®" signalling therefore requires
that calcium ions be available in a regulated manner from sources maintained both inside
and outside the cell (Berridge et al., 2000). The system of calcium release and control
occurs via voltage, receptor, or store operated channels (Berridge et al., 2000); however,
different cell types can have distinct, unique calcium triggering mechanisms - some of
which are not well understood. In order to maintain control, most of the released calcium
is immediately bound to buffering molecules such as calbindin-D or calreticulin, where it is

held until it is required for downstream signalling.

Differential expression of several G protein subunits implicates another important signal
transduction pathway in the abalone heat stress response. GO terms relating to G protein-
regulated cell signalling are associated with proteins in both the up- and down-regulated
groups. Both visual G protein B subunit (Q6TQF6_LOLPE) and guanine nucleotide-
binding protein subunit B (GBB_LOLFO) are signal transduction proteins in the guanine
nucleotide binding protein (G protein) family, and function as molecular ‘switches’ capable
of eliciting a response to extracellular stimuli (Ridley, 2001). G proteins exist in
mammalian cells in alpha, beta and gamma subunits (Ridley, 2001). Each subunit has
several isoforms and isoform splice variants which combine into hundreds of different
stimulus-specific combinations (Hepler and Gilman, 1992; Vetter and Wittinghofer, 2001).
A differentially regulated G protein B subunit which responded to heat shock was
identified in Chapter 2 using 2D PAGE. In the heat map, a G protein alpha subunit s-
class (QINLI1_OCTVU) grouped with the down-regulated proteins, confirming the
expression pattern determined by 2D PAGE. The rho proteins are yet another member of
the GTP-ase family, falling under the superfamily category of the ras-like proteins. These
small signalling proteins are responsible for, in particular, movement of the actin
cytoskeleton through regulation of stress fibres and focal adhesions to the extracellular

matrix (Ridley, 2001).

Different G proteins are capable of regulating very specific cellular mechanisms, ranging
from translation to exocytosis (Gasper et al., 2009). G proteins also operate in an ATP-
dependent manner and would require support in the form of increased ATP production in

order to facilitate cellular signalling, which is indicated by the differential regulation of ATP
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producing proteins. Although cell signalling is evidently important in the abalone stress
response, there is currently a lack of information describing the mechanisms by which

signalling contributes to the stress response of abalone.

3.4.2.1 Proteins involved in the stress response

The response to stress is a diverse and complex system in any cell. Different stressors
activate or inhibit a wide variety of cellular stress response mechanisms. The following
discussion will focus on stress response proteins for two distinct stress response
biochemical pathways identified by GO analysis — the oxidative stress response and the

unfolded protein response.

The oxidative stress response is extremely important in returning the cell to homeostasis
following excessive production of harmful reactive oxygen species. Although exposure to
increased temperature induces oxidative stress in a number of aquatic animals, the
mechanisms underlying this connection remain unclear (Lushchak, 2011). There is
evidence that oxidative stress induces the expression of some Hsps (Larkindale and
Knight, 2002). Indeed, the link between heat stress and the oxidative stress response has
been more extensively studied in organisms that are unable to move away from stressful
environmental conditions, where the ability to acquire thermotolerance is vital to survival,
such as in plants (Larkindale and Knight, 2002; Mohanty et al., 2012). Although abalone
are motile, a study by Tarr (1995) determined that 81.5% of tagged abalone on the South
African coast remained in the exact same position after three years of observation. Under
aquaculture conditions abalone are also unable to escape potentially stressful
environmental changes. Differential antioxidant activity of catalase, superoxide dismutase
and glutathione peroxidase has been recorded in H. mzdae at various oxygen concentrations
and temperatures (Vosloo et al., 2013a), suggesting that these stress responses are also

linked in abalone.

In this study, the detection of several antioxidant proteins which appear to be regulated
during acute heat exposure further supports this link. The up-regulated group of proteins
contains previously discussed anti-oxidant proteins with statistically significant regulation

GOP1D (QOKHBS8_CRAGI) and ALDH (CROM_OMMSL). Another statistically

significant protein in this group is haemocyanin, an oxygen carrier molecule that is found
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in both the mollusca and arthropods, where it performs a role analogous to haemoglobin
in vertebrates and most insects (Markl, 2013). Haemocyanin uses Cu’" to bind free O” in
the haemolymph, which is what gives abalone blood its characteristic blue colour
(Swerdlow et al., 1996). Due to its association with oxygen, molluscan haemocyanin also
performs regulatory and possibly stress response functions, and is known to have

phenoloxidase and catalase activity (Siddiqui et al., 2006; Vosloo et al., 2013a).

The connection between the cytoskeleton and oxidative stress was discussed in Chapter 2.
Actin (C4NY64_CRAG]I) exhibited increased relative expression at each of the time points
sampled, and given the prevalence of cytoskeletal proteins identified by 2D PAGE
(Chapter 2), it was of particular interest that several cytoskeletal proteins were also
identified by iTRAQ. Transgelin (BORB35_HALDI) has a similar expression pattern to
actin, and although it has not been completely functionally characterised, it is thought to be
sensitive to changes in cell shape, capable of cross-linking actin fibres and acting as an actin
stress fibre-associated protein (Assinder et al., 2009). Although there is a current lack of
information describing the effects of stress on the abalone cytoskeleton, a number of
proteins identified in this study may represent a good starting point for further

characterisation of the abalone haemocyte structural protein network.

According to this analysis, tropomyosin and troponin have similar heat-induced expression
profiles to that of actin and transgelin. In vertebrates, troponin is found in the skeletal and
cardiac musculature (Hooper and Thuma, 2005). In molluscs, troponin is an important
cytoskeletal regulatory protein that responds to bacterial and viral stimuli in clams (Chen et
al., 2011) and H. tuberculata (Travers et al., 2010). Tropomyosin is associated with troponin
in the groove between actin filaments, where it prevents the activity of myosin and
consequently, cytoskeletal contraction (Gunning et al, 2005). Myosin is an ATP-
dependent motor protein that associates with the actin cytoskeleton to regulate cellular
movement (Hooper and Thuma, 2005). Troponin is under the control of intracellular
calcium ions which bind to troponin in a concentration dependent manner to cause
structural changes in troponin, releasing tropomyosin and allowing myosin to act on the
actin fibres (Hitchcock, 1977). Together with the results of the 2D PAGE analysis, the
presence of these proteins and their apparent regulation during exposure to heat stress
corroborates the hypothesis that cytoskeletal remodelling is an important consequence of

hyperthermia in abalone. However, it remains unclear whether differential expression of
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cytoskeletal elements is a direct or regulatory response to heat stress, or whether the

cytoskeleton is being destabilised or degraded by the stress.

Molecular chaperones are a vital component of the cellular response to stress.
Chaperones, including Hsp70, are responsible for ensuring the correct folding of proteins
in the cell. During exposure to harmful environmental conditions, proteins can become
denatured and aggregate in subcellular compartments such as the endoplasmic reticulum
(ER), where they may become toxic (Hetz, 2012). Interestingly, the ER is also the largest
store of intracellular Ca*" in eukaryotic cells, and plays a central role in the regulation of
Ca’* signalling (Lam and Galione, 2013). One of the up-regulated proteins identified in
this study is the ER resident molecular chaperone calreticulin (ASLGGY9_CRAGI), which
is also known to play a significant role in maintaining calcium homeostasis (Michalak et al.,
1999) and may therefore play an important role in the signalling events that occur as the
cells attempt to return to homeostasis. Calreticulin ensures the correct folding of proteins
in the ER subcellular component, which can become overwhelmed by misfolded proteins
under stress conditions, and can trigger the stress response pathway known as the unfolded
protein response (UPR) (Schroder, 2008).  Another up-regulated protein, protein
disulphide isomerase (B6RB63_HALDI), is integrally linked with protein folding in the
ER, where it catalyses the formation of disulphide bonds between amino acids during
protein folding, and according to this analysis, is also up-regulated during exposure to acute
heat stress in H. wmidae. Protein disulphide isomerase (PDI) also functions as an
antioxidant, and has been implicated in the stress response mechanism of mussels
(McDonagh and Sheehan, 2007) during exposure to oxidative stress. Neither calreticulin
nor PDI have been characterised in abalone, despite their importance in the protein

folding cellular machinery.

One of the outcomes of persistent ER stress is the activation of the proteasome — the
major cellular structure responsible for degradation of terminally misfolded proteins
(Ahner et al, 2004).  Up-regulation of the alpha subunit of the proteasome
(BORB41_HALDI) suggests that acute heat stress leads to an increased demand for
proteasome-assisted degradation of misfolded proteins. Differences in proteasome subunit
expression during stress exposure were detected in mussels by Tomanek and Zuzow
(2010), who associated variable levels of proteasome production during stress with the

overall thermal tolerance of a species. This parallels the findings of Gracey ez al, (2008)
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who reported changes in transcriptional regulation of genes involved in DNA synthesis
and cell division in mussels during exposure to abiotic stresses associated with tidal

changes.

3.4.2.2. Proteins involved in energy production and metabolic regulation

Thermal stress causes the perturbation of cellular processes, and consequently, it is
important that the stressed cell can meet its energy needs in order to return to homeostasis.
Most proteins that have already been discussed also have a putative metabolic function
according to their associated GO terms. In addition to these, a putative Na' /K" -ATPase
alpha subunit (UniProt identifier F8V2T8_9MOLL), which is a metabolic protein which
uses ATP to move Na+ and K+ across the cellular membrane via a proton gradient, is up-
regulated by heat stress in H. midae. As ion concentrations contribute to and regulate
homeostasis in the cell (Kong et al., 2007), it is extremely important for a cell under stress
to maintain a proper balance of abundant ions such as Na” and K*. This protein has been
previously characterised in the mud crab Seylla serrate exposed to cold stress, where its
activity initially decreased and was then followed by an increase after 6 hours of exposure
(Kong et al., 2007). This protein currently lacks proper characterisation in the mollusca,
especially given the role of ion signalling in stress response mechanisms (Berridge et al.,
2003). Expression of another protein involved in ATP synthesis, the ATP synthase H"
transporting mitochondrial complex O subunit (ATP50) (B6RB43_HALDI), was
statistically significant and found to group with the down-regulated proteins. This protein
appears to be a mitochondrion resident ATP synthase, which makes use of proton energy
gradients across mitochondrial membranes to synthesise ATP from ADP. Although we
currently lack sufficient experimental data which quantify the metabolic costs of short- and
long-term exposure to heat shock, especially in marine organisms which are likely to
experience increasing temperature as the effects of global climate change become more
severe, the heat shock response is known to be energetically costly (Tomanek, 2010). Since
H. midae has been shown to favour ATP production at high temperatures to ensure
survival at the cost of growth (Vosloo et al., 2013b), it seems that elevated temperature

may indeed affect the productivity of abalone farms.
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3.4.3. Validation of iTRAQ using western blot hybridisation

Proteomics data, like any scientific data, has a certain amount of inherent error due to
human intervention or experimental limitations. Despite including proper controls and
using suitably stringent data analysis techniques, it is possible that bias in the methodology
can lead to errors in the results. A complementary molecular technique should therefore
be employed to confirm the outcomes of a complex experiment employing a quantitative

proteomics approach.

Western blot hybridisation was used to attempt to validate the iTRAQ data obtained in this
study, because it measures the same feature (the amount of protein in the cell) and is
reasonably robust. Again, working with a non-model organism presents obstacles because
commercially available antibodies produced using proteins from other species may not
bind to the proteins in H. midae. For this reason, antibodies produced to proteins that
were highly homologous to the protein sequence identified by iTRAQ were selected. Only
3 of the statistically significant molluscan proteins had sufficient homology to human
proteins used to produce primary antibodies commercially. The proteins with potentially
suitable primary antibodies available for validation of the iTRAQ results were Hsp70,

GO6P1D and GSTOL1.

The Hsp70 primary antibody had been previously used in this laboratory with good
success. In this case, the western blot assay showed a single band at the correct molecular
weight. Western blotting of heat shocked abalone haemocyte protein with this antibody
revealed no statistically significant change in the amount of Hsp70 detected, however, the
pattern of expression appears to match that determined by iITRAQ. After 30 minutes of
exposure the amount of Hsp70 detected in the haemocytes appeared approximately 2-fold

greater than the control, and elevated levels of Hsp70 appeared to persist for the duration

of the heat shock.

The GOP1D antibody consistently detected a band which was 10 kDa smaller than the
predicted size of this protein, and featured a prominent doublet in some of the samples.
The predicted size of GOP1D (QOKHBS_CRAGI) is approximately 53 kDa in size;
however, the bands detected by western blot were approximately 41.5 kDa. An additional,

very faint 84 kDa band was visible in two of the four biological repeats. The 41.5 kDa
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band was reliably detected and found to increase significantly at 30 minutes of heat
exposure. A doublet band was visible in the 90 minute samples, suggesting post-
translational modification of the protein. G6P1D is a known phosphoprotein (Lama et al.,
2013), which has wvariable activity under different phosphorylation states.  Since
phosphorylation was not specifically enriched in the iTRAQ methodology employed in this
study, peptides that retained phosphorylated amino acids may have fallen outside the mass
error range in the Peaks search, and therefore may not have been included in the analysis.
ITRAQ analysis determined that GOP1D expression increased during heat shock, with the
highest levels occurring at 180 minutes exposure. Although the western blot also shows an
increase in expression, maximum GO6P1D levels were detected much earlier, with the
largest expression levels relative to the control occurring at 30 minutes. This discrepancy
may be due to a number of factors, including the time of year at which the animals were
sampled and possible differences in the stress status of the animals prior to

experimentation.

The antibody used in the western blot analysis to validate the GSTO1 expression levels
obtained by iTRAQ failed to detect a band of the expected size. Although the predicted
molecular weight of GSTO1 is approximately 27 kDa, an 88.4 kDa band was constantly
detected. According to the expression profile determined by western blot analysis, GSTO1
was induced by heat shock and remained up-regulated for the duration of the heat shock
experiment. This antibody therefore failed to confirm the iTRAQ data, which detected an
initial increase in GSTO1, followed by a decrease after 180 minutes of heat stress. One of
the major issues with studying this protein is that the glutathione S-transferases are sub-
categorised into up to 10 classes (Wan et al., 2009), with some homology between the
classes and superfamilies. Since the protein identity was made with peptides comprising
27% and 16% coverage of the total protein (TRAQ #1 and #2 respectively, Appendix B),
and the antibody used in the western blot analysis was raised to human GSTOL, it is

possible that expression of the incorrect GST protein was assayed in the western blot.
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3.4.4. Concluding remarks and future work

The lack of current literature characterising many of the proteins identified in this study
represents an interesting challenge for future research. Several classes or families of
proteins were identified which provide a potential starting point for subsequent abalone
stress studies. Despite the limitations, the proteins that have been identified in this study
encompass a range of diverse cellular functions and could potentially shed light on the
mechanisms by which H. midae responds to stress. Signalling molecules play a role in
conducting the cellular mechanisms of the stress response. Cytoskeletal reorganisation
appears to be a major outcome of exposure to acute heat stress, accompanied by a range of
signalling molecules. Molecular chaperones which ensure correct folding of nascent
proteins are also regulated as the haemocytes attempt to return to homeostasis. Finally, the

metabolic function of the haemocytes appears to be perturbed by acute heat stress.

An important step in a large-scale proteomics study is validation of the results using a
similar molecular technique in order to attempt to confirm the expression patterns of the
identified proteins. For this study, western blot hybridisation was utilised with limited
success to validate the iITRAQ results. Although western blotting is a valuable tool for
validating proteomic studies, it is important to note that primary antibodies raised to a
protein from a different organism, even if high homology may exist with the cognate

protein from the target organism, may not be suitable.

Proteomic profiling has great potential in furthering our understanding of the molecular
systems at work in a cell or tissue. Since proteomic analysis of non-model organisms
currently necessitates alternative database strategies, additional stringency is required in
order to prevent errors in the identification of proteins. Therefore, the proteins that are
detected and reported herein represent those with the highest statistical probability of
correctly matching to H. midae proteins. Combining two ITRAQ experiments has the
effect of removing low-quality matches with few unique peptides which may be incorrect;
however it may also result in the loss of many identities that may have biological
importance. As this study represents a pilot study for this type of research, an overly

cautious approach was followed in order to obtain the highest quality results.
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4.1. Introduction

In Chapter 3, the quantitative proteomic technique ITRAQ was used to identify proteins
that are differentially expressed during exposure to acute heat stress in the abalone H.
midae. Abalone are currently considered non-model organisms as the full sequence of the
abalone genome is unavailable. Therefore, MS analysis of H. midae necessitated the use of
a database comprised of all known molluscan protein sequences. Each protein identity
determined using this database referred to a protein sequence that was homologous, but
not necessarily identical, to its counterpart in H. midae. MS analysis identifies proteins
based on peptide spectrum matching, which aligns theoretical peptides from a database of
known protein sequences to spectra measured from peptides detected in a sample.
Computationally this entails that, within a margin of error, the identity of an H. wmidae
protein is likely to correspond to a particular protein in the database. Many of the proteins
identified in Chapter 3 had no abalone-specific protein sequence available in the database.
This therefore represents a gap in the current knowledge of the abalone molecular stress

response which must be addressed for the sake of future abalone studies.

In order to further characterise the heat stress response in H. widae, a protein was selected
from the list of differentially regulated proteins identified by iTRAQ (Chapter 3) for
further expression analysis. By selecting a protein with a previously determined heat-
induced expression profile, this study will also provide an additional opportunity to validate
the iITRAQ expression data using complementary molecular techniques. Furthermore, a
protein with no currently available abalone-specific amino acid sequence was selected in

order to improve our current understanding of the abalone molecular heat stress response.

All animals are exposed to stresses in their environment, and the ability to respond to
stress at a molecular level is an evolutionarily ancient mechanism (Prohaszka and Fist,
2004; Kiltz, 2003). Proteins are the bioactive components of the cell that respond to
external stimuli, and their function is determined by their amino acid composition and
tertiary structure. These physical properties of a protein specifically determine the native
tertiary structure of the protein under normal cellular conditions. These properties also
determine the temperature at which a protein will denature and subsequently unfold,
misfold and aggregate (Sorensen et al., 2003). Thermal stress has the undesirable effect of

destabilising the physical structure of all proteins, thus altering the rates of physiological
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reactions in the cell (Serafini et al., 2011). The accumulation of inappropriately folded
proteins in the cell is toxic, and can lead to the triggering of apoptosis (Buck et al., 2007).
Proteins known as molecular chaperones assist non-native proteins in attaining their native
state under normal cellular conditions (Zhang and Kaufman, 2006). The heat shock
protein family are molecular chaperones which are specifically induced by detrimental
conditions such as heat shock (Serensen et al., 2003). For example, one of the major heat
shock proteins, Hsp70, has been extensively studied in a number of species, including the
abalone Haliotis discus hannai (Cheng et al., 2007) and H. tuberculata (Farcy et al., 2007), and
is differentially expressed during acute heat stress in H. mwidae (Chapter 3). There are many
additional important abalone molecular chaperones that as yet lack gene sequence

information or functional characterisation.

Of the putatively identified proteins in Chapter 3, the calcium binding molecular
chaperone calreticulin (CRT) was amongst those that were observed to be differentially
regulated during exposure to acute heat stress. CRT is known to be induced by conditions
that cause accumulation of proteins in the endoplasmic reticulum (ER), triggering the
unfolded protein response (UPR) (Kawabe and Yokoyama, 2010). CRT is located in the
ER lumen, where it binds Ca*" with a high affinity (Michalak et al., 1999). An increase in

. . . 2+
CRT expression causes an increase in the amount of Ca

in the ER (Bastianutto et al.,
1995; Qiu and Michalak, 2009). Ca®' is involved in signal transduction for a vast array of
cellular functions (Berridge et al., 2003), and the mechanics of its storage and release are
extremely complex (Berridge et al., 2000). The lumen of the ER is an internal calcium

storage location for the cell, and the release of Ca’* from internal stores regulates many

diverse cellular processes (Lam and Galione, 2013).

Calreticulin has had limited attention in the field of molluscan molecular research, and to
date the only available molluscan calreticulin amino acid sequences in the UniProt database
are for the sea hare Aplysia californica (Kennedy et al., 1992), the oysters Pinctada fucata (Fan
et al., 2008) and Crassostrea gigas (Kawabe and Yokoyama, 2010) and recently the mussel
Hpyriopsis cumingii (accession T1PZZ4 _9BIVA). These studies indicate that the molluscan
calreticulin gene is differentially regulated during abiotic stress and therefore identify
calreticulin as a candidate stress response protein in the mollusca. The immune capacity of
the mussels M. edulis and M. galloprovincialis has been associated with the level of calreticulin

protein present in the animal (Lépez et al., 2002).
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4.1.1. Aim of this study

Future proteomic studies of non-model organisms such as H. widae depend on the
availability of suitable protein databases for MS analysis. Although iTRAQ determined
that CRT was differentially regulated in abalone haemocytes during exposure to acute heat
stress (Chapter 3), the abalone CRT amino acid sequence is currently not present in the
UniProt database. This important protein is poorly understood in abalone. A 387 bp
portion of the H. midae calreticulin mRNA sequence was identified previously in our
laboratory (Jarrod Lyons, 2007 — unpublished data). This information facilitated further

characterisation of CRT in H. midae haemocytes.

The aim of this study is to characterize the expression of the molecular chaperone
calreticulin in the South African abalone H. widae during exposure to acute heat shock. In
so doing, the heat shock induced expression profile of calreticulin observed by iTRAQ
analysis will be validated using different molecular techniques. This study will also assess
the suitability of calreticulin as a molecular indicator of heat stress in H. widae. In order to

accomplish these aims, the following objectives were addressed:

1) A portion of H. midae CRT cDNA was amplified by polymerase chain reaction
(PCR), and cloned into a cloning vector for sequencing;

1i) The sequence information was used to characterise the features of H. widae
calreticulin using available bioinformatics tools;

1it) Expression profiling of the CRT response to acute heat stress was carried out
using both mRNA based techniques and western blot hybridisation with a

commercially available anti-CRT antibody.
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4.2. Materials and Methods

Solutions used in this chapter are listed in Appendix A.

For the purposes of this study, a biological replicate is defined as samples obtained from
distinct groups of abalone under the same environmental conditions. A technical replicate

is the replication of the same experimental technique on the same sample.

4.2.1. Abalone stocks and maintenance

Abalone were maintained at the DAFF Research aquarium as described in 2.2.1.

4.2.2. Sequencing of an H. midae CRT mRNA

Rapid amplification of cDNA ends (RACE) is a method that uses gene specific primers
with commercially produced ‘anchoring’ primers to extend the PCR amplified regions of a
target gene in the 3’ and 5’ direction. The PCR products of 3> and 5> RACE can then be
cloned into an appropriate vector for sequencing. This method was used in H. midae to

obtain additional cDNA sequence information for the CRT gene.

4.2.2.1 RACE primer design

The partial (397bp) sequence of H. midae calreticulin was previously determined in our
laboratory (Lyons, 2007). This sequence was used to design appropriate gene specific
primers (GSPs) for 3’ and 5> RACE PCR using the program DNAMAN, version 5.2.10
(Lynnon BioSoft”, Quebec, Canada). The sense primer (5 — GGA CAA GCC AGA ACA
CAT CCC CGA CCC TGA TGC C — 3) was designed to the 3’ end of the known
sequence, and had a Tm of 70.7 °C. The high Tm facilitated ‘touchdown” RACE PCR,
which allowed gene specific product to accumulate in the early phases of the PCR,
increasing the likelihood of producing the intended product. The antisense primer (5° —
TCC GCT CTC GAC CTT CTC GTT ATC G — 3°) was designed to the 5" end of the

known sequence, and had a Tm of 62.7.
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4.2.2.2. RNA isolation and RACE ready cDNA conversion

RNA was isolated from H. midae haemocytes according to Chomczynski and Sacchi (1987)
(see 4.2.3.2 for the full method). The RNA was quantified using Nanodrop® ND-1000
UV-Vis spectrophotometer (Nanodrop technologies) and the quality was determined by
electrophoresing 500 ng of total RNA on a 1.2% agarose/formaldehyde denaturing gel to
ensure there was no degradation. The SMART™ RACE cDNA Amplification Kit
(Clontech Laboratories Inc) was then used for RACE ready cDNA conversion according
to the manufacturer’s instructions. Described briefly, the 3’ (5'-AAG CAG TGG TAT
CAA CGC AGA GTAC(T) 30VN-¥ N =A,C,G,or T; V=A, G, or C)) and 5 (5'-
(T)25VN-3' N =A,C, G,or T; V = A, G, or C)) CDS primer A were each annealed to 1
ug of total RNA in clean 1.5 ml microcentrifuge tubes at 72 °C for 3 minutes, then cooled
at 42 °C for 2 minutes. The SMART IIA oligo adapter (1 pl) was added to the 5> RACE
cDNA conversion only.  Superscript™ II RNase H- Reverse Transcriptase (Invitrogen)
(100 U) was then added to each tube and the reaction was incubated at 42 °C for 1.5 hours
before inactivation by incubation at 70 °C for 10 minutes. The resulting cDNA was

diluted with tricine EDTA (TE) buffer (Appendix A), and used directly for RACE PCR.

4.2.2.3. RACE PCR

RACE PCR was performed using the RACE ready cDNA described above as a template.
The primers used for 3’ and 5 RACE PCR were the 3’ and 5 gene specific primers
respectively (as described 4.2.2.1), and the Universal Primer Mix (UPM) provided in the
SMART™ RACE ¢DNA Amplification Kit (Clontech) (5-CTA ATA CGA CTC ACT
ATA GGG CAA GCA GTG GTA TCA ACG CAG AGT-3). PCR reactions were
prepared using a master mix of the Advantage 2 Polymerase mix and PCR buffer provided
in the kit at a 1X total concentration. Touchdown PCR parameters were as follows: 94 °C
for 5 min, followed by 5 cycles of 94 °C for 30 seconds, 72 °C for 3 minutes, followed by 5
cycles of 94 °C for 30 seconds, 70 °C for 30 seconds, 72 °C for 3 minutes, followed by 30
cycles of 94°C for 30 seconds, 68 °C for 30 seconds, 72 °C for 3 minutes and a final
elongation step of 72°C for 7 minutes. PCR products were visualised under UV light after

electrophoresis on a 1.2% agarose TAE gel with ethidium bromide added.
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4.2.2.4. Cloning of RACE PCR product into PTZ57R /T plasmid

The visualised PCR product corresponding to the expected size was extracted from the gel
and cleaned using the Biospin gel extraction kit (Biospin). The cleaned PCR product was
then ligated into the A/T cloning vector PTZ57R/T, supplied with the InsTAclone™
PCR cloning kit (Fermentas) according to the manufacturer’s instructions. The ligation
mix was transformed into competent Escherichia coli JM109 cells which were inoculated
onto 0.002% w/v XGal, 0.5 mM IPTG, 100 pg/ml ampicillin Luria agar plates. The plates
were incubated at 37 °C overnight, and from the white colonies positive transformants
were picked and re-streaked onto fresh plates, which were also incubated at 37 °C
overnight in order to confirm that single white colonies had been isolated. Individual
colonies from each positive transformant were then inoculated into 5 ml Luria broth + 100

ug/ml ampicillin and grown to exponential phase by incubation at 37 °C overnight.

The plasmids were purified out of the transformed E. co/i JM109 by alkaline lysis (Ausubel
et al., 1989). The insert was amplified out of the purified plasmids by PCR using universal
M13 primers (M13 forward 5-CGC CAG GGT TTT CCC AGT CAC GAC-3’, reverse 5-
GAG CGG ATA ACA ATT TCA CAC AGG-3’) which flank the multiple cloning site on
PTZ57R/T. The PCR profile was as follows: 94 °C for 5min, followed by 25 cycles of 94
°C for 30 seconds, 55 °C for 30 seconds and 72 °C for 1 minute, followed by a final
elongation step of 72 °C for 7 minutes. Clones were chosen based on the presence of a
band in the range corresponding to the size of the original PCR product. The chosen
clones were once again grown up in Luria broth + Amp (100 pg/ml) and the plasmid was
isolated with the peqGOLD plasmid mini prep kit I (peqlab Ltd.) according to
manufacturer’s instructions. The concentration of the final eluent was determined by
spectrophotometry using the NanoDrop® system (Thermo Scientific). PCR with universal

M13 primers (as above) was used once again to confirm the presence of the insert.
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4.2.2.5. Sequencing

20 pl of a 100 ng/ul sample of the purified clones were sent to Macrogen Inc. (1001 World
Meridian Center 60-24, Gasan-dong Geumchun-gu Seoul Korea 153-021) for sequencing.
The resultant sequence files were edited using Chromas version 2.01 (©Technelysium Ltd,

Queensland, Australia) to remove the flanking regions with poor signal.

Initially an additional =400 bp of sequence was obtained from the 3> RACE PCR product,
and so a gene specific primer (5- TCA GGA TGA GGA GGA GAG G-3’) was designed
towards the 3’ end of this new sequence using DNAMANQO software (version 5.2.10
Lynnon Biosoft) in order to extend the read length. The sequence files returned by

Macrogen Inc. were assembled into a consensus sequence using DNAMAN.

4.2.2.0. Sequence identity confirmation and phylogenetic analysis

In order to confirm the identity of the consensus sequence obtained by RACE, the BLAST
tool was used to find regions of similarity between it and other known sequences
(www.ncbi.nlm.nih.gov). A deduced amino acid sequence was determined by predicting
the open reading frame for the consensus sequence using DNAMAN software, which was
confirmed using the open reading frame finder tool on the NCBI website. The open
reading frame was translated using the standard genetic code table, and the resultant
deduced amino acid sequence was then compared to known protein sequences using the
NCBI’s BLASTx tool to identify the protein. Protein family motifs in the deduced amino
acid sequence were found using a Prosite scan (http://www.expasy.ch/tools/scanprosite/)
which identifies family or superfamily motifs in the amino acid sequence by comparing it

to sequences stored in the Prosite database.
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4.2.3. Transcriptional regulation of CRT during exposure to acute heat

shock

In order to better understand the role of CRT in the heat stress response of H. midae, an
experiment was carried out to assay the transcriptional regulation of CRT during exposure
to thermal stress. Haemocytes were sampled at 15, 30, 45, 60 and 120 minutes of exposure

and compared to the untreated control group (T0) using real time qPCR.

4.2.3.1 Heat shock and isolation of haemocytes for real time qPCR

Healthy H. midae kept at the DAFF research aquarium were placed in 50 L glass tanks at
ambient circulating water temperature to acclimatise for 24 hours overnight. Haemolymph
was removed from the TO sample group using a 21 G x 12" needle via the pedal sinus,
before the remainder of the animals were moved to an identical glass tank in which the
water had been heated to 23 °C. Samples were taken at 15, 30, 45, 60 and 120 minutes
after placement in the heated tank. At least 3 ml of haemolymph was obtained at each
time point from no less than 5 animals. The remaining haemolymph was divided into 2 x 1
ml aliquots in 1.5 ml eppendorf tubes, and centrifuged at 14 000 rpm for 2 minutes. The
supernatant was removed and the remaining haemocyte pellets frozen in liquid nitrogen,

where they remained until they could be stored at -80 °C.

4.2.3.2. RNA isolation from haemocytes

RNA isolation proceeded according to Chomczynski & Sacchi (1987) with some
modifications. All glassware used in RNA isolation was cleaned first with 70% EtOH,
before it was autoclaved twice in order to remove RNAses, and all solutions were made up

using high grade RNAse free reagents, and DEPC treated water (Appendix A).

The haemocyte pellets were removed from -80 °C and thawed on ice. The pellets were
resuspended in Solution D (Appendix A) by vortexing for 1 minute, and further
homogenized by passing the pellet through a 1 ml pipette tip until fully resuspended. The
RNA was then removed by phenol:chloroform:isoamyl alcohol extraction and the aqueous
phase was gently mixed with 100% isopropanol and incubated overnight at -20 °C to

precipitate the RNA. The precipitate was pelleted in a centrifuge at 14 000 rpm for 20
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minutes in a centrifuge at 4 °C. The pellet was once again dissolved in Solution D,
precipitated again in 100% isopropanol at -20 °C, then pelleted by centrifugation at 14 000
rpm at 4 °C. The pellet was then washed with ice cold ethanol, once at 100% then once at
75% concentration, before being dried in a fume hood and dissolved in 25 ul DEPC-
dH,O. The resuspended total RNA was then DNase I (Thermo Scientific) treated for 3
hours at 37 °C, before recovery by phenol: chloroform: isoamyl alcohol extraction. The
aqueous phase was removed to a new 1.5 ml microcentrifuge tube, and RNA was
precipitated by incubation with 3 M sodium acetate, then washed with ice cold absolute
ethanol and pelleted by centrifugation at 14 000 rpm for 10 minutes at 4 °C. The pellet
was air dried in a fume hood and resuspended in 25 ul DEPC-dH,O. The quantity of
RNA was determined by Nanodrop® (Thermo Scientific), and the quality of each sample
was checked on a 1.2% w/v denatutring agarose/formaldehyde mini gel. Photographs of
the RNA gels taken with the Bio-Rad GelDoc EQ-system™ (Bio-Rad) are included in
Appendix B. The RNA was then used directly for cDNA conversion.

4.2.3.3. cDNA conversion

Total RNA was converted to cDNA using the ImProm-II™ Reverse Transcription system
(Promega) according to the manufacturer’s instructions. The primers (1 pl of oligo dT and
1 ul of random hexamer primers) were annealed to 2 pg of RNA from each sample by
incubation at 70 °C for 5 minutes. The reaction components (5x reaction buffer, MgCl,,
dNTP’s, RNAse inhibitor and reverse transcriptase) were added to each reaction mix to
the specified concentrations. The reactions were incubated at 25 °C for 5 minutes, then in
a water bath at 42 °C overnight. The reaction was inactivated by incubation at 70 °C for
15 minutes in a heating block. The cDNA was then used directly in real time qPCR

reactions.
4.2.34. Real time qPCR
4.2.34.1 Primer design for real time gPCR
Real time primers were designed to the H. midae calreticulin sequence using Beacon
designer (Premier Biosoft). The primers were designed towards the 3 end of the known

sequence with a Tm=62.6 and 62.7 °C, and an amplicon size of 110 bp (Forward 5- CCG
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ATG ACT GGG ATG AGC GTG AG-3, Reverse 5- TCA TCA GGG CTT CTT GGC
ATC AGG-3). The design software algorithm automatically selects the best pair of
primers according to the optimal parameters for a SYBR® green reaction. The primers
were tested for specificity using the NCBI database BLAST algorithm, and found to

correspond specifically to calreticulin sequences in the database.

4.2.3.4.2. Reference gene selection

The suitability of potential reference genes for real-time qPCR analysis was determined by
assessing their expression profiles under experimental conditions. PCR primers designed
to the H. midae 18s RNA subunit sequence by Bronwyn Arendse-Bailey (based on
microarray work performed during the course of her PhD research (personal
communication, unpublished data)) had been previously used in our laboratory as a
reference gene.  Another gene identified by Brownyn Arendse- Bailey (personal
communication, unpublished data) in a microarray as ‘ribosomal factor 128" was
constitutively expressed during her experimental conditions and was therefore selected as a
candidate reference gene. The expression of these genes during exposure to acute heat
shock was determined by real-time qPCR, and the gene showing the most stable

expression was selected as the reference gene.

4.2.3.4.3. Polymerase chain reaction (PCR)

Real time qPCR was carried out in a Rotor-Gene™ 6000 (Corbett Life Sciences) machine.
The PCR profile was 40 cycles of 95 °C for 10 sec, 60 °C for 15 sec and 72 °C for 20 sec.
Melt curve analysis of the PCR product was performed by increasing the temperature in 1

°C increments from 72 °C to 95 °C.

Real time qPCR reactions proceeded in thin walled real time qPCR tubes (Corbett Life
Sciences) in a 72 well rotor. Each 12.5 ul PCR reaction contained 1x Sensimix (containing
3 mM MgCl), 1 x SYBR® Green, 0.2 uM forward and reverse primers, 1 ul of cDNA
template and sterile Millipore™ milliQ H,O. A no template control (NTC) and no reverse
transcriptase control (no RT) were included in all real time qPCR experiments. In no
template control reactions, 1 pl of milliQ H,O was substituted for the cDNA template. In

no RT controls, 1 ul of pooled RNA from all time points was substituted for the cDNA
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template. In reactions pertaining to the gene of interest, a purified plasmid containing a
fragment of H. midae calreticulin was included as template in a positive control. All time
points, standard curve points and controls were performed in triplicate, and four biological

replicates of the heat shock experiment were performed.
4.2.3.4.4. Statistical data analysis

The standard curve equation, threshold, and resultant Ct values were calculated using the
Rotor-Gene™ 6000 series software package (version 1.7, Corbett Life Sciences). The data
was exported to Microsoft™ Office Excel (2010), and mean Ct values were then used in the
Pfaffl (Pfaffl, 2001) equation to calculate relative expression. Calreticulin Ct values were
normalised to reference gene Ct values, and this was then normalised to time 0 for each

time point according to the Pfaffl equation:

ACP, . lcoalral—sample)
E rget
( ta.rget:'

ACP (control —sample)
(Eret)

ratio =

Where ‘E’ is the efficiency of the real time reaction, ‘target’ denotes the gene of interest
and ‘ref’ denotes the reference gene. In this case the ACP (or cycle threshold, otherwise
denoted as Ct) is the difference in Ct values for the ‘control’ T0, the untreated sample, and

the time point in question or ‘sample’.

Statistical analysis for comparisons between the control and experimental samples was
performed using a t-test with p<0.05 accepted as a significant difference between values

(SigmaStat).

4.2.4. Examination of CRT protein regulation during exposure to acute

heat shock

The aim of this experiment was to determine whether CRT protein is differentially
regulated during exposure to heat stress. This was achieved by western blot analysis using
commercially available polyclonal antibodies raised to a human CRT synthetic peptide in
rabbits. The selection of the primary antibodies was informed by the deduced H. midae
CRT amino acid sequence determined in 4.2.2. Commercially available CRT antibodies

were screened by aligning the antigen sequence provided by the manufacturer with the
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corresponding region of the known H. midae CRT amino acid sequence. A polyclonal
rabbit anti-CRT primary antibody (Abcam cat# ab2907), generated to recombinant human
calreticulin produced in the Baculovirus insect cell system, was selected based on 79%

homology to the H. midae CRT amino acid sequence.

4.2.4.1 Heat shock and extraction of haemocytes

As described in 4.2.3.1, haemolymph was sampled from H. widae after 0, 30, 60, 120, 180
minutes of exposure to heat shock and stored at -80 °C. A recovery time point (24 h) was
sampled from animals that had been exposed to 180 minutes of heat shock, and then were
allowed to recover for 24 hours at the ambient water temperature (13 °C). The heat shock

experiment was repeated 3 times (n=3) on naive animals.

4.2.4.2. Detection and expression profiling of CRT in H. midae by

western blot hybridisation

Haemocyte processing, total protein isolation and western blot analysis was carried out
according to the method described in 3.2.6.4. Protein samples were loaded on to a 10%
separating polyacrylamide gel and electrophoresed at 100 V. Once sufficiently separated,
the protein was transferred electrophoretically onto a nitrocellulose membrane in a vertical
wet transfer tank (Bio-Rad Mini Trans-Blot® Cell) in Towbin buffer (Appendix A). Equal
loading of samples on the nitrocellulose membrane was confirmed by reversible total
protein staining with Ponceau S. The CRT primary antibody was then applied to the
nitrocellulose membrane at a concentration of 1:2000 in 5% blocking buffer (Appendix A)
and incubated overnight at 4 °C. The secondary antibody was applied at a concentration
of 1:20000 in 5% blocking buffer (Appendix A) and incubated for 2 hours at room
temperature with shaking. WesternBright ECL. HRP substrate was applied according to
the manufacturer’s instructions (Advansta) for chemiluminescent detection of CRT. The
Bio-Rad Chemidoc XR captured the chemiluminescent signal, which was processed in
Imagelab software (Bio-Rad). The intensity of the bands was measured using the
rectangular volume analysis tool in Imagel.ab, with background subtraction set to ‘global’.
Expression analysis of H. midae CRT during exposure to heat shock was calculated by

determining the relative change in intensity of each experimental sample to the control
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sample (TO). A t-test was used to statistically verify any observed differences in expression

between control and experimental groups.
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4.3. Results

4.3.1. Sequence identity confirmation and phylogenetic analysis of H.

midae CRT

Rapid amplification of cDNA ends (RACE) was performed in order to obtain the full
length cDNA sequence of H. midae CRT. Although 5> RACE PCR was attempted on
several occasions, the reaction failed to produce a PCR product. However, 3> RACE PCR
yielded an ~1100 bp PCR product which was sub-cloned into the pTZ57R/T vector and
transformed into E. cw/i JM109 (Figure 4-1).

Figure 4-1: PCR amplification of a ~1100bp fragment of H. midae CRT on a 1.2% TAE
agarose gel. The insert was amplified from the plasmid using universal M13 F and R
primers. Lane M - Lambda DNA digested with Pst1, lane 1 - 10 ng template, lane 2 - 1 ng
template, lane 3 - no template control (NTC). The 1159 bp molecular weight marker is
shown to facilitate size determination of the PCR product.

The nucleotide consensus sequence was assembled in DNAMAN, with a total size of 1366
bp (denoted as HM-CRT). A putative polyadenylation signal and poly-A tail are present in
the nucleotide sequence (Figure 4-2), confirming that the 3’ end of the sequence is
complete. However, there is a fragment missing at the 5 end as 5 RACE was
unsuccessful and therefore, the sequence reported represents a portion of the total H.

midae CRT sequence.
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The amino acid sequence of HM-CRT was deduced from the nucleotide sequence using
DNAMAN software, and confirmed with the open reading frame (ORF) finder tool on the
NCBI website. The algorithm for ORF detection assigned a methionine (ATG) as the
putative start position by default. As the 5" end of the HM-CRT sequence is missing, this
methionine does not actually represent the start of the H. midae CRT sequence. The
longest ORF was identified in the +3 reading (Figure 4-3). The deduced 281 amino acid
sequence of the identified ORF terminates in an endoplasmic reticulum retrieval signal
(HDEL) at position 821 on the nucleic acid sequence, followed by a putative stop codon
(TAG) (Figure 4-2). A Prosite scan revealed the calreticulin family repeated motif
signature (PS00805) in the deduced amino acid sequence, which is highly conserved in the

calreticulin sequences of other organisms.

3 ATG TTC GGC CCG GAT ATT TGC GGT CCA GGA ACA AAG AAG GTT CAT 47
0 M F G P D I C G P G T K K \ H 14
48 GTC CTT TTC AAC TAC AAG GGA AAG AAT CTT TTG ACA AAG AAA GAT 92
15 Y% L F N Y K G K N L L T K K D 29
93 ATC CGA TGC AAG GAT GAT GTT TCC ACT CAC CTG TAC ACC CTG ATT 137
30 I R C K D D \ S T H L Y T L I 44

138 GTG AAT GCT GAC AAC ACA TAC GAG GTG AAG ATC GAT AAC GAG AAG 182
45 \Y N A D N T Y E Y K I D N E K 59

183 GTC GAG AGC GGA GAG CTT GAG GCA GAT TGG GAT TTC CTT CCA GCC 227
60 \Y% E S G E L E A D W D F L P A 74

228 AAG AAA ATC AAG GAC CCC GAC GCA AAG AAG CCC GAT GAC TGG GAT 272
75 K K I K D P D A K K P D D W D 89

273 GAG CGT GAG AAG ATC GAT GAT CCT GAT GAC ACC AAG CCC GAG GAT 317
90 E R E K I D D P D D T K P E D 104

318 TGG GAC AAG CCA GAA CAC ATC CCC GAC CCT GAT GCC AAG AAG CCT 362
105 W D K P E H I P D P D A K K P 119

363 GAT GAC TGG GAT GAT GAG ATG GAT GGT GAA TGG GAG CCC CCA ATG 407
120 D D W D D E M D G E W E P P M 134

408 GTA GAT AAC CCT GAT TAC AAG GGA GAA TGG AAA CCC AAG CAG ATT 452
135 \Y% D N P D Y K G E W K P K Q I 149

453 GAC AAC CCA GAC TAC AAA GGC AAA TGG GTC CAC CCT GAA ATT GAC 497
150 D N P D Y K G K W \ H P E I D 164

498 AAC CCT GAC TAC TCT CCC GAT GAA AGC CTC TAC AGA TAC ACA GAT 542
165 N P D Y S P D E S L Y R Y T D 179

543 ATT GGT GCT ATC GGC TTT GAT TTG TGG CAG GTT AAA TCT GGA ACC 587
180 I G A I G F D L W Q v K S G T 194

588 ATC TTT GAT AAT GTC CTC ATT ACT GAT GAT GTA GAC TTC GCA GAA 632
195 I F D N \Y L I T D D \Y D F A E 209
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from previous page) Partial nucleotide and derived amino acid
sequence of H. midae CRT. Thrtee CRT family repeat sequences are undetlined. An ER
retrieval sequence HDEL is shown in italics, while the asterisk (*) denotes the stop codon.
The putative polyadenylation signal is shown in bold and underlined. The putative amino
acid sequence was deduced using DNAMAN software and the ORF finder tool on the NCBI
website. Although the open reading frame algorithm begins the derived amino acid sequence
with a methionine (ATG), it should be noted that this does not represent the start of the full
coding sequence of HM-CRT.
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Figure 4-3: Open reading frames identified in the assembled partial nucleotide sequence of
HM-CRT using the universal genetic code in DNAMAN, and confirmed using the ORF
finder tool on the NCBI website. Frame plus 3 represents the open reading frame used to
derive the partial deduced amino acid sequence of calreticulin.

A BLASTx search of the NCBI database (Table 4-1) using the translated amino acid sequence
of HM-CRT indicated that the CRT from Aplysia californica has the greatest sequence similarity
(87%), followed by Crassostrea gigas with 86% similarity. Pinctada fucata, Eisenia fetida and Gallus
gallus CRT amino acid sequences all share over 80% similarity with HM-CRT. More distantly
related animals such as Cricetulus griseus, Homo sapiens and Mus musenlus share 78% sequence

homology with the deduced sequence.
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Table 4-1: Similarity of CRT from selected organisms to the deduced Haliotis midae CRT
amino acid sequence as determined by BLASTx analysis.

Accession
Species number Identity (%) Total Score E-value
Aplysia californica  AAB24569.1 87% 280 4e-86
Crassostrea gigas BAF63639.1 86% 280 le-85
Pinctada fucata ABRG685406.1 83% 259 9e-78
Eisenia fetida ABI74618.1 81% 260 5e-78
Gallus gallus AAS49610.1 81% 259 5e-78
Cricetulus grisens AAMA48568.1 78% 251 le-74
Homo sapiens EAWS84330.1 78% 254 8e-76
Mus musculus NP_031617.1 78% 250 2e-74
Ixcodes jellisoni AAR29949.1 77% 253 2e-75
Oryetolagus cuniculus  NP_001075704.1  77% 251 le-74
Xenopus laevis NP_001080765.1  76% 251 le-74

4.3.2. Transcriptional regulation of H. midae CRT during exposure to heat

shock

The relative expression of CRT in H. widae haemocytes during exposure to thermal stress was
determined by real-time qPCR. The Ct values for CRT were normalised against Ct values for
the reference gene, ribosomal factor L28, over the same time course. The selection of the
reference gene was based on its constitutive expression under experimental conditions (data

shown in Appendix B).

Figure 4-4 shows the relative fold change in CRT mRNA expression during exposure to heat
shock, as determined by real-time qPCR. The raw data were normalised and calibrated to the
control (0) by the Pfaffl method. The overall fold change in CRT expression in response to
heat shock is within the range of 0.2 to 1.6 fold. CRT expression decreased after 15 minutes
of heat shock, followed by an increase at subsequent sample points. The average fold change
differed significantly between the control (0) and 15 minute sample (Mann-Whitney U test, p

< 0.05). The no template (NTC) and no reverse transcriptase control (no RT) either had Ct
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values that were more than 10 cycles later than the samples containing cDNA template, or
they did not cross the cycle threshold during the reaction. NTC reactions did not generate a

peak during the melt curve analysis.
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Figure 4-4: Expression of the calreticulin gene in H. midae during a heat shock time trial as
determined by real-time qPCR, normalised to the reference gene ribosomal factor L28 and
normalised to TO using the Pfaffl method. Data are represented as mean relative fold change
+ standard error for triplicate technical replicates of the PCR at each time point and across
four biological replicates (n=4). Statistical analysis between T0 and each other time point was
performed using a Mann-Whitney U test in SigmaStat 3.10.0. Asterisks represent statistical
significance vs T0 at p<0.05.
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4.3.3. Translational regulation of H. midae CRT during exposure to heat
shock

The translational regulation of H. midae CRT during exposure to acute elevated temperature
was measured using western blot hybridisation. Equal loading was confirmed by reversible
Ponceaus S stain of the protein on the nitrocellulose membrane. This confirmed that each

protein sample was loaded and transferred equally to the nitrocellulose membrane (Appendix

B).

Following chemiluminescent detection, the density of the CRT band was determined and
plotted (Figure 4-5). There was an increase in the amount of CRT after 30 minutes of heat
shock, and after 2 hours the amount of CRT protein in the haemocytes had approximately

doubled, which was statistically significant according to the t-test (p < 0.05).
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Figure 4-5: Expression of calreticulin protein in H. midae during a heat shock time course
determined by western blot analysis. Data are represented as average intensity of a 60kDa
band * standard error at each time point and across three biological repeats. Statistical
analysis was performed using a Students t-test in SigmaStat 3.10.0. Asterisks (¥) represent a
statistically significant difference with p<0.05.
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4.4. Discussion

Proteomics is a rapidly expanding field of molecular enquiry, which is capable of
simultaneously identifying hundreds of proteins that are differentially regulated during
exposure to detrimental conditions. MS based proteomic studies still rely on a genomic
database for the identification of proteins, which has somewhat slowed the progress of
proteomic investigations of non-model organisms such as H. midae (Rodrigues et al., 2012).
Fortunately, new sequences are constantly being added to proteomic databases and therefore
there is great potential for future research (Zhou et al., 2012). In the interim, MS analysis of
non-model organisms can be performed by searching entire databases, or subsets thereof, in
order to assign protein identities based on sequence homology between species. This
approach was adopted in Chapter 3 in order to identify proteins in H. mwidae haemocytes that

are differentially expressed during exposure to acute heat shock.

The molecular chaperone calreticulin was identified by iTRAQ and appeared to be
differentially expressed in the haemocytes of H. midae experiencing acute heat stress.
Molecular chaperones such as calreticulin play a vital role in the endoplasmic reticulum (ER)
response to stress, and are responsible for the proper folding of misfolded/unfolded proteins.
CRT also has the capacity to bind Ca®, which is a signalling molecule implicated in many
cellular processes. The differential regulation of CRT between two species of mussel has been
associated with the animals’ ability to cope with stress (Lopez et al., 2002), which indicates that
CRT in abalone may be involved in the molecular stress response. However, this protein had
not been previously characterised in abalone. The aim of this study, therefore, was to
characterise the calreticulin (CRT) gene in H. widae by analysis of CRT regulation during heat
shock in H. midae haemocytes, in order to gain insight into the abalone heat stress response

and to facilitate further validation of the iTRAQ results obtained in Chapter 3.

There is currently no sequence information available for abalone CRT, and so in order to
assess the effect of heat shock on the expression of H. midae CRT using alternative molecular
methods it was first necessary to obtain sequence information for this protein. The HM-CRT
cDNA sequence was obtained using RACE to extend the known sequence to the 3’ and 5
ends. Despite several attempts, 5> RACE proved unsuccessful. There are a number of
possible reasons for this but the most likely is either degradation of the 5’ end of the mRNA,

or termination of the cDNA conversion reaction before completion. The difficulty of
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successfully performing 5> RACE is well established, and has prompted the development of
alternative RACE methods for improved 5> RACE success (Bower and Johnston, 2010).
Despite this, a successful 3> RACE procedure allowed for the eventual sequencing of 1366 bp
of the CRT ¢cDNA from H. midae haemocytes. Open reading frame prediction was carried out

on this sequence to determine the putative amino acid sequence of H. midae CRT.

The putative HM-CRT fragment contained an open reading frame coding for 281 amino
acids, which had high similarity to other molluscan CRT sequences.  The amino acid
sequences of CRT from A. californica (NCBI accession S51239.1) and P. fucata (NCBI
accession EF551334.1) are 405 and 414 amino acids in length respectively. Approximately
130 amino acids are therefore missing from the 5’ end of the CRT amino acid sequence of H.
midae. Multiple sequence alignments of calreticulin amino acid sequences from other animals
indicate that this region is particularly poorly conserved and therefore further attempts to
obtain the 5’ end sequence using degenerate primers would yield poor results. At this time
there are no complete calreticulin mRNA or deduced amino acid sequences for any members
of the Haliotis genus available on either the NCBI database or UniProt. The unique sequence
reported here was instrumental in subsequent molecular investigations conducted to
characterise the transcriptional and translational regulation of this H. midae molecular

chaperone during exposure to acute heat shock.

The cDNA sequence of H. midae CRT was used to design PCR primers for real time qPCR in
order to quantify transcription of the CRT gene under heat shock conditions. Real time qPCR
has rapidly become one of the most widely used molecular diagnostic techniques since its
inception. For the purposes of this study the guidelines of Bustin et al. (2009) and the
normalisation method of Pfaffl (2001) were followed. While quantitative real time PCR (or
qPCR) is extensively used in model organisms, there is less information available for non-
model organisms, particularly when the sample is acquired from live animals and not from a
cell culture. The response to thermal stress of both the 185 rRNA gene and ribosomal factor
28 was measured using real-time qPCR. Although the 185 rRNA gene was differentially
expressed during exposure to experimental conditions, ribosomal factor 128 was stably

expressed and was therefore selected as a reference gene.

RT-gqPCR examination of CRT expression in heat-shocked H. wmidae revealed a significant

change in CRT mRNA expression soon after the animals were initially exposed to heated
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water. One way ANOVA failed to detect a significant difference in CRT expression between
time points, which may be attributed to the low number of replicates performed (n=4). The
power of the performed test (0.050) was below the desired power (0.800), which indicates that
the test is likely to not detect a difference when one actually exists (SigmaStat 3.10). Therefore
a t-test was performed, comparing the control sample (0) to each experimental time point. A
Mann-Whitney Rank-sum test showed that the difference between the CRT mRNA in the
control group and the group sampled after 15 minutes of heat shock was significant (p =
0.029). This indicates a rapid, transient decrease in the transcriptional expression of CRT in
H. midae haemocytes following exposure to acute heat shock. While the transcriptional
expression of CRT is still lower compared to the control after 30 minutes of heat shock, it
appears that following this early decrease the amount of H. midae CRT returned to the basal

level.

When the endoplasmic reticulum is placed under stress and misfolded/unfolded proteins
begin to accumulate, the unfolded protein response or UPR is triggered. The primary
functions of the UPR are to activate the transcription of chaperones, and repress translation
of proteins in the ER (Groenendyk et al., 2005). According to the literature, therefore, CRT
should be transcriptionally up-regulated in response to stress (Qiu and Michalak, 2009) under
the rigid control of a suite of transcription factors. Indeed, an ER stress response element
(ERSE) lies adjacent to the TATA box of the calreticulin promoter in many species (Waser et
al., 1997). The data obtained in this study seem to indicate that the CRT in H. mzdae is initially

transcriptionally repressed during acute short-term heat stress.

It is possible that insufficient time intervals were sampled in this study to detect more
significant differential expression of the CRT gene. In order to respond to environmental
stress effectively, chaperones like CRT could be transcriptionally up-regulated extremely
rapidly following exposure to stress. Hooper et al. (2007a) caution that the choice of time
points when measuring the expression of a gene or protein experimentally may affect the
appearance of the results. A study of CRT expression in a marine invertebrate reported that a
4 hour exposure to elevated temperature elicited the highest fold change of CRT (Luana et al.,
2007). This may indicate that the stress response which regulates CRT transcription requires a

longer exposure period to a stress than what was investigated in this study.
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Having obtained a putative amino acid sequence for most of the H. midae CRT protein, a
suitable commercially available anti-CRT antibody was purchased for use in western blot
assays to quantify the expression of CRT protein in H. midae haemocytes during exposure to
acute heat shock. A 60 kDa CRT band detected on the western blot was the appropriate size
in accordance to the published literature (Coppolino and Dedhar, 1998). Although CRT is a
46.6 kDa protein, it migrates anomalously during PAGE, and consequently, appears to have
an apparent molecular weight of 60 kDa, possibly due to the acidic nature of the protein

(Coppolino and Dedhar, 1998).

Previously, the effect of acute heat shock on the expression of calreticulin in the haemocytes
of H. midae was measured using iITRAQ and mass spectrometry (Chapter 3). iTRAQ analysis
of four biological replicates of haemocytes sampled at 0, 30, 90 and 180 minutes from animals
exposed to heated water showed that calreticulin underwent the greatest fold change in
relation to the control after 90 minutes (an average log, fold change of 0.277 vs. the control).
In the present study, an increasing amount of CRT protein was detected in the heat shocked
samples by western blot analysis, and after 120 minutes there was a statistically significant
difference between the amount of CRT in the control and heat shocked samples (an average
log, fold change of 1.4). Although the sampling times differ slightly between the two
experiments, the expression pattern of CRT detected in heat shocked abalone is the same
although the magnitude of expression detected by western blot is much higher. The
quantitative information obtained by iTRAQ for calreticulin has therefore been confirmed
using a complementary molecular technique. In addition, the data confirms that CRT is
regulated in response to stress in H. midae, and that exposure to acute heat stress for as little as

120 minutes may cause ER stress which leads to the triggering of the UPR.

Chaperones such as CRT are up-regulated during ER stress in an attempt to manage the stress
and return the cell to homeostasis (Qiu and Michalak, 2009). During ER stress, chaperones
are needed in greater quantities because stress causes an imbalance between cellular needs and
the capability of the cell to produce properly folded proteins (Ni and Lee, 2007). When ER
protein folding capability is compromised the UPR is activated, which enhances the cell’s
ability to produce properly folded proteins during exposure to stressful conditions (Bateman,
2000). Increased expression of CRT was detected in C. elegans following exposure to the UPR-
inducing chemical tunicamycin (Lee et al., 2007), indicating that the role of CRT is linked to

the UPR and therefore to the cellular stress management machinery. If the UPR is unable to
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return the cell to homeostasis, activation of the apoptotic pathway is signalled and the cell is
targeted for degradation. The data presented here indicates that exposing abalone to 23°C
water for approximately 2 hours is sufficient to induce the expression of CRT in haemocytes,
although it is not clear whether its expression is enhanced via the UPR or another stress
response pathway. CRT performs several other cellular functions besides its role in folding
mis/unfolded glycoproteins (Gelebart et al., 2005; Qiu and Michalak, 2009). Primarily, the
ability of CRT to bind Ca®* with a high capacity is vital in a cell undergoing stress as the Ca**

ion is implicated in the regulation of many cellular processes (Groenendyk et al., 2005).

An increase in the amount of CRT protein leads to an increase in the amount of Ca®* in the
cell (Qiu and Michalak, 2009). The influx of Ca*" is regulated with the assistance of
intermediary proteins which bind the free Ca*" to calcium binding proteins (Nikapitiya et al.,
2010). In gastropod phagocytic cells, such as haemocytes, regulation of Ca®" has been
associated with phagocytic activity through the activity of calcium binding proteins such as
calmodulin (Nikapitiya et al., 2010). The role of CRT in the regulation of the Ca®* signalling
cascades in abalone haemocytes is unknown. Although molecular regulation of calcium
signalling is important to the stress response of the mollusca, this field remains

underrepresented in the literature.
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4.4.1. Conclusion and future work

Heat induced transcriptional and translational regulation of an abalone calreticulin is reported
here. ITRAQ analysis had determined that CRT was differentially expressed during H. widae
exposure to acute heat shock. However, this data could not be verified because there was no
amino acid sequence available for abalone CRT, limiting further characterisation of this
protein. Sequence information for the H. midae CRT gene was obtained, and ORF prediction
software was used to determine the putative CRT amino acid sequence. Gene specific primers
were designed for quantitative real-time PCR analysis of calreticulin gene expression during
exposure to heat shock. Following this, a commercially available polyclonal CRT antibody
was used to quantify CRT protein expression in haemocytes from heat stressed abalone.
Interestingly, CRT mRNA expression decreased transiently following brief exposure to heat
shock, and subsequently returned to basal levels; whereas CRT protein expression increased
after 30 minutes and remained elevated even after a 24 hour recovery period. This indicates
that the transcriptional and translational regulatory mechanisms for CRT in H. midae may be

regulated temporally by different systems.

In addition to providing insight into the expression of an important chaperone, and calcium
binding protein, this data also validates the iTRAQ data obtained in Chapter 3. Expression
analysis of CRT protein by iTRAQ and western blot both showed similar regulation over the
same time scale. Validation is important for proteomics based studies, especially where there
is no species-specific database available. This study represents one of the first to describe
calreticulin expression in abalone. Together, this information may lead to a better
understanding of the abalone molecular stress response. The unfolded protein response
(UPR) is implicated as a stress response mechanism in abalone exposed to acute heat stress, as
CRT is known to be induced by conditions that trigger the UPR. This may also indicate that
acute heat stress triggers the UPR, which can lead to apoptosis, suggesting that cellular

damage caused by fluctuating temperature on abalone farms should be of concern to farmers.

Further research on the signalling mechanisms responsible for co-ordinating the abalone’s
cellular defence against stresses such as heat shock will be valuable. Furthermore, the
capability of abalone to cope with stress conditions can be linked to the expression of
chaperones like calreticulin.  Further characterisation of chaperones involved in the

maintenance of cellular homeostasis, and their response to the abiotic stresses common to
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abalone farms, would provide further insight into the molecular processes that link the

abalone stress response and immune system.
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Chapter 5
GENERAL DISCUSSION

Mass mortality of farmed abalone following the outbreak of viral or bacterial pathogens
threatens the sustainability of this economically important industry.  One of the factors
contributing to the severity of disease outbreaks is the poor understanding of the molecular
basis of the abalone stress response. Investigations into the stress response mechanisms of
abalone have postulated a link between stress and increased susceptibility to disease, with

elevated temperature implicated as a potential immunosuppressive factor.

The tank water temperature on abalone farms fluctuates, and it is these changes in water
temperature that are associated with the increased death rate in farmed abalone known as
‘summer mortality’. Therefore it would be beneficial to investigate the effect that acute
elevated temperature has on the abalone molecular stress response. This information could
also assist in the optimisation of abalone production conditions to minimise mortality caused

by opportunistic infection.

Modern proteomics technology has the capacity to identify differentially regulated proteins in
a complex sample, but to date has been underutilised in non-model organisms like the
abalone. The advantage of proteomics is its capacity to identify and quantify hundreds of
proteins simultaneously, imparting a holistic impression of the molecular mechanisms at work
in an organism. One of the primary reasons that aquaculture research has been slow to adopt
proteomics technology is that protein identification depends on the availability of a genomic
database. Many of the most commonly farmed species lack sequence information for most of
their genome, and therefore protein identification by mass spectrometry can be challenging.
However, with improved mass spectrometer sensitivity and computational strategies,
proteomic analysis is becoming an appealing option for the assessment of environmental

perturbation in non-model organisms.
The aim of this study was to achieve a better understanding of the abalone heat induced stress

response by identifying proteins that are differentially regulated in H. midae during exposure to

acute heat stress using proteomics technology.
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Initially, an appropriate temperature for heat shock was determined for H. widae using total
haemocyte counts (Chapter 2). A heat shock water temperature of 23 °C, or 10°C above the
ambient water temperature, was chosen. The duration of the detectable molecular response to
heat shock was determined using 2D PAGE analysis. Exposure to 23°C water for 3 hours
was found to illicit a detectable response at the protein level, without permanent injury to the
abalone following exposure. Analysis of protein expression in a sample taken from abalone
that had been allowed to recover from exposure to heat shock for 24 hours indicated that the
cellular response to heat stress persisted in this group. This information confirmed that
exposute to 23°C water elicited a response in haemocytes that was detectable using 2D

PAGE.

Having determined appropriate conditions to instigate a stress response in H. midae, the
proteomic techniques 2D PAGE and iTRAQ were employed to distinguish proteins that were
differentially expressed during exposure to heat shock. In so doing, several putative stress
response biochemical pathways have been identified that would be of interest for future
investigations of abalone. A generalised schematic for the hypothesised mechanism of the H.
midae heat stress response based on this data is presented in Figure 5-1. This hypothesised
stress response mechanism is based on the proteins which responded to the experimental
conditions used in this study (Chapters 2 and 3). Although some of the identified proteins
have been characterised in other molluscs, there is still a lack of information available for
many of these proteins in abalone. A discussion of these stress response pathways as
presented in the diagram will follow, with reference to existing molluscan studies relating to

those pathways.
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Figure 5-1: Proposed schematic of the hypothesised H. midae molecular heat stress response,
based on proteomic data obtained using 2D PAGE and iTRAQ. The blue and red arrows
represent induction and repression of molecular pathways during exposure to acute heat
shock, respectively. Literature contributing to this schematic has been presented in the body
of this chapter and in relevant chapters of this thesis. Although G-protein signalling is
hypothesised to contribute to the stress response based on experimental data from this study,
the mechanism of this interaction remains unknown and is therefore represented by a
question mark. The regulation of cellular metabolism affects most cellular activities, and is
therefore represented by a bracket on this schematic diagram.

2D PAGE analysis of proteins extracted from heat shocked H. widae haemocytes identified 5
differentially regulated proteins with cytoskeletal function (Chapter 2). This suggests that
cytoskeletal remodelling may be an effect of acute heat shock. Cytoskeletal proteins are
commonly detected in proteomic stress response studies, as they are both abundant in the cell
and well represented in the protein sequence database. Investigations into the effects of
thermal stress in mussels have led to the hypothesis that cytoskeletal elements may be
especially sensitive to changes in temperature (Tomanek and Zuzow, 2010; Fields et al.,
2012a), possibly as a result of damage caused by oxidative stress (Sheehan and McDonagh,
2008). However there is also evidence to suggest that the cytoskeleton does not merely
respond passively to oxidative stress, but rather plays an active role in the regulation of the

stress response (Dalle-Donne et al., 2001). Immunosuppression in stressed abalone has been
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reported in abalone following exposure to a range of abiotic stresses (Cheng et al., 2004a,
2004b; Hooper et al., 2007a). Immunosuppression in Australian abalone following exposure
to severe heat stress (10 °C above ambient for one week) has recently been documented by
Hooper et al. (2014). A decrease in phagocytic ability has been detected in the oyster
Crassostrea virginica following exposure to sudden temperature elevation (Hégaret et al., 2003a).
The apparent disruption of the abalone haemocyte cytoskeleton by heat stress detected in this
study suggests a physical mechanism by which stress could be linked to immunosuppression,
as the molluscan immune response depends in part on the cytoskeleton-dependent phagocytic
activity of haemocytes. The role of some heat induced molecular chaperones includes
stabilisation of the cytoskeleton, although the molecular mechanisms by which these proteins

confer thermotolerance are not fully understood (Wettstein et al., 2012).

The heat shock response of H. midae was also investigated using iTRAQ labelling and MS
analysis which identified and quantified the expression of 116 abalone haemocyte proteins
(Chapter 3). Of these, 11 proteins exhibited statistically significant changes in expression in
heat shocked abalone. Differentially regulated proteins were also identified using cluster
analysis of the average heat induced expression profiles of these proteins. GO analysis of the
differentially regulated proteins suggested that biochemical pathways relating to stress
response, cell signalling and cellular metabolism were particularly affected by exposure to heat
shock. The complexity and interconnectedness of the affected biochemical pathways in this
case was further complicated by the relative lack of functional studies in molluscs for many of

the differentially regulated proteins.

The molluscan oxidative stress response has previously been studied in a number of species.
Although monitoring of oxidative stress biomarkers would be beneficial in most aquatic
systems, the antioxidant network in aquatic organisms is extremely complex (Regoli and
Giuliani, 2013) and the mechanisms of ROS production by abalone haemocytes has not yet
been sufficiently researched (Hooper et al., 2007a). De Zoysa et al. (2009) characterised the
oxidative stress response of H. discus discus by measuring transcriptional regulation of various
antioxidant genes. The antioxidant capacity of H. mwidae under various oxygen levels and water
temperatures was measured by determining the activity of superoxide dismutase, glutathione
peroxidase and catalase using commercially available kits (Vosloo et al.,, 2013a). Although
some antioxidant genes have been characterised in abalone at the transcriptional level (De

Zoysa et al, 2008, 2009; Ekanayake et al, 2008; Pushpamali et al., 2008), proper
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characterisation of the abalone antioxidant response at the protein level is currently lacking.
In this study, we determined that several proteins involved in the oxidative stress response
were differentially regulated during acute heat stress, again indicating that heat shock causes
oxidative stress in the haemocytes. As oxidative stress is thought to be a major contributing
factor to cytoskeletal remodelling in molluscs (Sheehan and McDonagh, 2008), this
corroborates the 2D PAGE data. Although many proteins involved in the molluscan
oxidative stress response have been identified, in many cases their exact molecular function
awaits clarification (Loker, 2010). Omega crystallin, for example, was detected by iTRAQ but
the only available molluscan sequence for identification of this protein in the database was a
squid eye lens protein. However, molluscan aldehyde dehydrogenase is homologous to omega
crystallin in scallops (Horwitz et al., 2006). Aldehyde dehydrogenase has previously been
detected in mussels exposed to environmental pollutants (Zhou et al., 2010), and is therefore a

novel and interesting potential target for future research.

As well as these oxidative stress proteins, molecular chaperones including heat shock protein
70 (Hsp70) were differentially expressed during exposure to heat shock. Hsp70 is a well-
known stress inducible protein which has been characterised in other species of abalone
(Cheng et al., 2007; Farcy et al., 2007) and previously used as a molecular stress indicator in H.
midae (Vosloo and Vosloo, 2010). While stressed, the cell can become overwhelmed by the
accumulation of misfolded proteins. Molecular chaperones, like heat shock proteins, are
responsible for arranging nascent proteins in their native state, and for re-folding incorrectly
folded proteins that may otherwise form toxic aggregates (Bateman, 2006). The cellular
machinery responsible for the removal of misfolded proteins during ER stress is known as the
unfolded protein response (UPR). During exposure to heat stress, increased heat shock
protein expression confers thermotolerance and allows the stressed cell to attempt to return to
homeostasis (Kiang and Tsokos, 1998). These and other stress response pathways are under
the control of receptors that are capable of detecting stress and initiating the appropriate
response (Lacoste et al, 2001). In order to co-ordinate the complex cellular processes
required for restoring homeostasis, cells exposed to stress make use of an interconnected

network of molecular signalling pathways.

Cell signalling activity in heat stressed H. midae appears to be mediated in part through calcium
signalling and small G proteins. The concentration of calcium in intracellular spaces such as

the endoplasmic reticulum affects a number of cellular functions. To further our
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understanding of the abalone stress response, and facilitate future molecular studies, a known
stress response protein was selected for further characterisation and expression analysis in .
midae (Chapter 4). Calreticulin appears to be differentially regulated during heat shock
according to the I'TRAQ analysis reported in Chapter 3, and consequently, the heat stress
induced expression profile of CRT was investigated using alternate molecular methods in
order to validate the iITRAQ data. CRT is a molecular chaperone and calcium carrier molecule
that has been implicated in the stress response in a number of animals. CRT currently lacks
an abalone DNA or protein sequence, and it was therefore first necessary to determine the
cDNA sequence for H. midae CRT. A 1366 bp portion of H. midae CRT was successfully
sequenced, which allowed for a partial amino acid sequence to be deduced for H. midae CRT.
This sequence had CRT family signature repeat motifs, and significant homology to CRT
from other molluscs in the NCBI database. Using the cDNA sequence, gene specific primers
were synthesised so that real-time qPCR could be used to determine the effects of heat stress
on the transcription of the CRT gene in H. midae haemocytes. Interestingly, the amount of
CRT mRNA appeared to decrease after 15 minutes of exposure to heat stress, and thereafter
returned to basal levels. In contrast, the amount of H. widae CRT protein increased while the
abalone were exposed to heat stress. CRT is part of the cellular stress response mechanism
that makes up the unfolded protein response in the endoplasmic reticulum, and therefore its
differential regulation may indicate that the ER is under stress due to the accumulation of
misfolded proteins (Schréder, 2008). An increase in CRT protein directly influences the cell’s
Ca’" buffering capacity (Qiu and Michalak, 2009), which supports the REViGO analysis data
and suggests that calcium signalling plays a role in the abalone heat shock response. CRT
appears to be reproducibly regulated in response to acute heat shock in H. midae, and may

prove to be a useful biomarker for monitoring the stress status of abalone.

The effects of stress on the metabolism of abalone and other molluscs should be of particular
interest to farmers, as it has a direct influence on the growth rate and therefore profitability of
farmed abalone. The disruption of ATP production by abiotic stresses such as heat shock
would negatively impact the ability of abalone haemocytes to perform their immune function
(Coyne, 2011). The detection of several differentially regulated proteins involved in the
production of cellular energy in the form of ATP, or proteins that depend on the availability
of cellular ATP, indicate that abalone metabolism is affected by exposure to acute thermal
stress.  Vosloo et al. (2013b) have studied the metabolic effect of long-term (one month)

exposute to 19 °C water in H. midae and concluded that while the animals can compensate for
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the increased energy demands during stress, their growth is likely to be affected. This parallels
the findings of Fields et al. (2012b), who concluded that regulating oxidative stress caused by
exposure to acute heat shock forces a trade-off in cellular metabolism at the cost of ATP
production in the blue mussel. In order to gain a better understanding of the metabolic costs
of temperature stress, we now need to measure metabolic changes alongside protein
expression in abalone. This type of investigation will have broader application in the future, as
anthropogenically induced climate change may significantly alter the water temperature of

coastal marine systems (Harley et al., 20006).

Due to the exploratory nature of this research, some validation of the iITRAQ results was
deemed to be necessary in order to confirm that the experimental design was sufficiently
stringent. The iITRAQ expression data would be deemed to have been validated if the heat
induced expression profiles of proteins could be confirmed using a complementary molecular
technique. Unfortunately, although the need for ‘minimum information about a proteomics
experiment’ (MIAPE) guidelines were drafted in 2007 (Taylor et al., 2007), there is still no
defining documentation that provides guidelines for the validation of an iTRAQ proteomics
experiment. Western blot analysis was carried out using commercially available polyclonal
antibodies to proteins identified by iTRAQ. Since there are no available antibodies to Haliotis
proteins specifically, antibodies were selected where the antigen showed high (>60%)
homology to known molluscan protein sequences for that protein. Since there were no
suitable antibodies available for many of the significant proteins identified by iTRAQ,
validation was only attempted for three proteins: Hsp70, G6P1D and GSTO1. Analysis of
Hsp70 expression in heat shocked haemocytes by western blot revealed the same expression
pattern as the iITRAQ analysis. Western blot analysis of the G6P1D response to heat shock
determined that the protein level increased by a similar order of magnitude as determined by
ITRAQ, although the western blot detected an increase in G6P1D expression much earlier
than the iTRAQ. Western blot analysis of GSTO1 expression was problematic, as the
molecular weight of the detected protein was much larger than expected, and the expression
profile differed from the iTRAQ expression profile for this protein. Based on the mixed
success of this validation experiment, we determined that validation of iTRAQ data by
western blot depends largely on the availability of suitable primary antibodies for the target
protein. If the target protein sequence is unknown in abalone, western blotting can be prone
to error. Future investigations should therefore take care when selecting appropriate

antibodies for validation of proteomic data.

140



H. midae has an innate immune system which is considered evolutionarily ancient compared to
the acquired immune system of more complex animals. It is therefore tempting to consider
their immune system as simple and primitive. However, the persistence of the innate immune
system throughout evolutionary history is a testament to its efficacy and reliability. Although
abalone are susceptible to diseases under farming conditions, their immune system is
nonetheless a sophisticated and highly effective molecular mechanism that is capable of
responding to stresses rapidly and efficiently. This study has identified several proteins that
respond to acute heat shock in H. widae haemocytes. Based on this data, the overwhelming
characteristic of the abalone cellular response to heat shock is its complexity and
interconnectedness. Although acute heat shock may cause damage to the haemocytes, and
potentially lead to immunosuppression, abalone appear to be capable of withstanding
exposure to the stress for a limited period of time. It may be of concern to abalone farmers
that changes in temperature may leave abalone vulnerable to opportunistic pathogenic attack
until they are able to repair cellular damage. Furthermore, it appears that the metabolic cost
of surviving stressful conditions could hinder the growth rate of H. midae. Ideally a farming
process that controls water temperature could reduce the incidence of mortality, thereby

improving the output of abalone farms.

To our knowledge, this study is one of the first to report the use of proteomic technology to
characterise the effect of environmental stress on a mollusc. iITRAQ is currently a novel tool
for identifying and quantifying proteins involved in the stress response of abalone since the
method has thus far been limited to investigation of model organisms. As more genomic
sequences become available for cultivated seafood species, proteomics will have the capability
to realise its enormous potential in aquaculture research. In the iTRAQ workflow presented
here, many potentially biologically relevant protein identities were discarded because they were
not detected in both iTRAQ experiments. This is a consequence of the increased stringency
employed in this study which ensured that fewer erroneous protein identities were made. This
strategy was adopted as guidelines for a study such as this on a non-model organism have not

been established.

As aquaculture is a rapidly growing means of food production, it is increasingly important that
we understand the molecular mechanisms by which these animals respond to environmental

stress. The tools reported in this study will be useful for future molecular investigations as
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they are applicable to a number of important aquacultured species. A proteomic investigation
into the effect of anthropogenic global warming using 2D PAGE has already been carried out
on mussels (Fields et al., 2012b). Investigations into the effect of thermal stress will have
growing significance in the future, as global climate change begins to affect the temperature of

the oceans.

In conclusion, this study fulfilled the research objectives outlined in Chapter 1 by 1) identifying
proteins that are differentially regulated during exposure to acute heat stress, which ii)
identified biochemical pathways which may be involved in the abalone heat stress response.
This information provides as an initial insight into the effect of stress on abalone, which
contributes to our understanding of the molecular basis of the abalone stress response. A
better understanding of the abalone stress response may inform abalone farming practices, so
that the productivity of abalone farms may increase. The use of proteomics in this
investigation provided a platform for future studies of important cultivated non-model
organisms. This work illuminates only a portion of the complex network of proteins that

make up the abalone stress response, which we hope to one day understand fully.
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Appendix A

Solutions

Anti-coagulation buffer
0.45 M NaCl
0.1 M Glucose

30 mM Sodium citrate
26 mM Citric acid

10 mM EDTA

Adjust pH to 4.6

Blocking buffer
5% w/v skim milk powder in 1x TBS

Coomassie Brilliant blue stain
0.5 g Coomassie R250
225 ml dH20

225 ml methanol

50 ml acetic acid

DEPC-dH20
1000 ml dFL,O
1 ml DEPC

Stand overnight, then autoclave.

Destain solution

250 ml methanol
100 ml acetic acid

650 ml d H20

10% polyacrylamide gel (separating gel)
2.5 ml Tris HCI SDS pH 8.8
2.49 ml 37% Acrylamide
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50 ul Ammonium Persulphate
10 ul TEMED
4.95 ml dH,0O

4% polyacrylamide gel (stacking gel)
0.5 ml Tris HCI SDS pH 6.8
0.4 ml 37% Acrylamide

25 ul Ammonium Persulphate
2ul TEMED
3.073 ml dH,O

Ponceaus stain

0.1% w/v Ponceaus powder
5% v/v Acetic acid

Make up to 500 ml with dH,O

Protein Lysis Buffer
200 mM NaCl

1 mm EDTA

0.1% Triton X100

1 mM PMSF

1 mM DTT

20 mM Tris HCI pH 8.0

Rehydration Buffer

5.6 ul ASB14 (10% stock -20°C)

7.0 ul Biorad Amphylytes (at 20% stock)
9.3 ul DTT (30% stock -20°C)

(250ug) Isolated total protein
ULB (up to 140ul)

5 X Sample application buffer
1 M Tris-HCI pH 6.8

50% glycerol
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25% SDS
5 mg bromophenol blue
21% w/v dithiothtreatol (DTT)

Solution D

4 M Guanidium thiocyanate

25 mM Sodium Citrate

0.5% Sarkosyl

Filter sterilize before adding:

70 ul B-Mercaptoethanol

Make up to 10 ml with DEPC-dH20

5 X SDS electrophoresis buffer
15.1 g Tris

72.0 g Glycine

5.0 g SDS

Make up to 1000 ml with dH,O

Towbin buffer

6.06 g Tris

28.84 g Glycine

400 ml Methanol

Make up to 2 litres with dH,O

Tris buffered saline solution (TBS) (10x stock)
50 mM Ttis

150 mM NaCl

300 ml d H,O

Adjust pH to 7.4 with HCI

Make up to 500 ml with dH,O

Autoclave, dilute 1:10 in dH,O to make 1X TBS

TBST
1x TRIS containing 0.1% v/v TWEEN 20
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Tricene EDTA Buffer
10mM Tris-Cl, pH 8.0
1mM EDTA

Urea Lysis Buffer
24 ¢ Urea

7.612 g Thiourea
1.0 g CHAPS

15 ml dH20

Heat at 35°C to aid dissolving
Once dissolved, make up volume to 50 mls with dH20O.

Aliquot out into 2 ml/1.5 ml eppendortf tubes and store at -20°C
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B1 2D PAGE scanned gel images

The following images were used in the Melanie analysis for 2D PAGE in Chapter 2 in order

to identify heat stress regulated proteins in H. midae haemocytes.

. J ’ :/‘ ) ‘\

= =

Figure B-1: 2D PAGE gel images for biological replicate #1 for protein isolated from abalone

haemocytes sampled at time 0 (control), images from left to right are technical replicate 1, 2
and 3.

Figure B-2: 2D PAGE gel images for biological replicate #1 for protein isolated from abalone
haemocytes sampled at 30 minutes, images from left to right are technical replicates 1, 2 and 3.
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Figure B-3: 2D PAGE gel images for biological replicate #1 isolated from abalone haemocytes
sampled at 180 minutes, images from left to right are technical replicates 1, 2 and 3.
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Figure B-4: 2D PAGE gel images for biological replicate #2 isolated from abalone haemocytes
sampled at time 0 (control), images from left to right are technical replicates 1, 2 and 3.
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Figure B-5: 2D PAGE gel images for biological replicate #2 isolated from abalone
haemocytes sampled at 30 minutes, images from left to right are technical replicates 1, 2 and 3.
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Figure B-6: 2D PAGE gel images for biological replicate #2 isolated from abalone
haemocytes sampled at 180 minutes, images from left to right are technical replicates 1, 2 and

3.
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Figure B-7: 2D PAGE gel images for biological replicate #3 isolated from abalone
haemocytes sampled at time 0 (control), images from left to right are technical replicates 1, 2
and 3.
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Figure B-8: 2D PAGE gel images for biological replicate #3 isolated from abalone
haemocytes sampled at 30 minutes, images from left to right are technical replicates 1, 2 and 3.
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Figure B-9: 2D PAGE gel images for biological replicate #3 isolated from abalone
haemocytes sampled at 180 minutes, images from left to right are technical replicates 1, 2 and
3.
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B2 - iTRAQ supplementary protein identification information

Table B-1: PEAKS quantitative data output for proteins that were in common between two independent iTRAQ experiments. The information
alternates for each protein identity in iTRAQ #1 and iTRAQ #2. The accession number and description of each protein identity refers to the
database of molluscan sequences compiled using UniProt, which was used for peptide spectrum matching.

Coverage Coverage # # #Unique #Unique Mass Mass
-10logp -10logp
Description Accession number {TRAQ1 iTRAQ2 iTRAQ1 iTRAQ 2 peptides peptides peptides peptides iTRAQ iTRAQ
i i
(%) (%) iTRAQ1 iTRAQ2 iTRAQ1 iTRAQ2 1 2
14-3-3 protein
OS=Chlamys farreri G8A4W9I | G8A4WI_9BIVA 109.88 63.84 14 16 7 6 7 6 30598 30598
PE=2SV=1
408 ribosomal protein S12
OS=Pinctada maxima C6JUNO| C6oJUNO_PINMA 068.7 49.1 18 11 3 2 % 2 14992 14992

PE=2SV=1

40S ribosomal protein S16
(Fragment) OS=Aplysia Q8TG6A2|Q8T6A2_APLCA 56.7 48.76 33 24 4 3 4 3 8704 8704
californica PE=2 SV=1
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40S ribosomal protein S18
OS=Haliotis discus discus
PE=2SV=1

40S ribosomal protein S3a
(Fragment) OS=Haliotis
diversicolor PE=2 SV=1

40S ribosomal protein S8
OS=Haliotis diversicolor

PE=2SV=1

40S ribosomal protein S9
OS=Cortbicula fluminea

GN=rsp9 PE=2 SV=1

40S ribosomal protein SA
OS=Pinctada fucata

PE=2 SV=1

60S acidic ribosomal
protein PO (Fragment)
OS=Haliotis diversicolor

PE=2SV=1

B6RBS81 | B6RB81_HALDI

B3TK56|B3TK56_HALDV

B3TK66 | B3TK66_HALDV

Q32713 | Q32Z1.3_9BIVA

A3RLT6 | RSSA_PINFU

B3TK58| B3TK58_HALDV

97.29

111.13

175.81

66.13

175.38

175.53

68.5

50.87

71.86

37.71

128.85

115.12

22

37

28

20

32

48

27

19

29

19

34

28

11

13

12

11

11

17925

19514

23987

22318

33520

28534

152

17925

19514

23987

22318

33520

28534



6-phosphogluconate
dehydrogenase_
decarboxylating
(Fragment) OS=Pisidium
adamsi GN=PGD PE=2
Sv=1

71kDa heat shock protein
OS=Haliotis tuberculata
GN=hsp71 PE=2 SV=1

84kDa heat shock protein
OS=Haliotis tuberculata

GN=hsp84 PE=2 SV=1

Actin (Fragment)
OS=Physella parkeri
PE=3 SV=1

Actin depolymerisation
factor/cofilin
OS=Haliotis diversicolor

GN=ADF PE=2SV=1

Q8T7MG6 | Q8T7M6_9BIVA

Q17UC1 |Q17UCI_HALTU

Q17UC2|Q17UC2_HALTU

QG6RYC7 |Q6RYC7_9GAST

B3SND4|B3SND4_HALDV

44.71

312.14

257.14

263.28

98.36

49.93

218.71

139.33

201.29

63.85

39

84

44

72

34

23

47

30

75

25

103

39

40

10

38

25

29

62

11

19889

71357

84015

22886

18147

153

19889

71357

84015

22886

18147



Actin OS=Crassostrea
gigas GN=act PE=2
Sv=1

Adenosylhomocysteinase
OS=Crassostrea

ariakensis PE=2 SV=1

ADP/ATP cattier protein
(Fragment) OS=Haliotis
diversicolor PE=2 SV=1

ADP-ribosylation factor 2
OS=Haliotis discus discus
PE=2 SV=1

Allograft inflammatory
factor (Fragment)
OS=Haliotis diversicolor

GN=AlInFa PE=2 SV=1

Alpha-actinin (Fragment)
OS=Biomphalaria
glabrata PE=2 SV=1

C4ANY064 | C4NY64_CRAGI

G8XUN4 | G8XUN4_CRAAR

B3TK064|B3TK64_HALDV

B6RB72|B6RB72_HALDI

B3SN77|B3SN77_HALDV

QS8ITHO | Q8ITHO_BIOGL

337.47

37.29

105.92

184.98

85.46

257.74

235.29

32.17

88

113.38

63.4

208.01

90

18

58

24

42

66

33

40

21

43

109

12

38

45

42

12

33

38

41806

47529

16707

20940

15608

89505

154

41806

47529

16707

20940

15608

89505



Arginine kinase
OS=Haliotis madaka
PE=2SV=1

ATP synthase subunit
alpha OS=Pinctada fucata
PE=2SV=1

ATP synthase subunit
beta (Fragment)
OS=Haliotis rufescens

PE=2 SV=1

ATP synthase_ H+
transporting
mitochondrial F1
complex_ o subunit
OS=Haliotis discus discus
PE=2SV=1

ATP-dependent RNA
helicase DDX5
OS=Aplysia californica
PE=28V=1

P51544 | KARG_HALMK

Q000T7 | QOO0T7_PINFU

Q45Y90|Q45Y90_HALRU

BO6RB43 | B6RB43_HALDI

E5F064 | ESF064_APLCA

145.45

144.31

281.37

88.68

131.04

98.64

89.91

220.96

67.59

36.23

37

40

85

30

23

21

69

43

18

22

58

14

14

23

10

10

20

38

11

39814

59680

46210

19478

66554

155

39814

59680

46210

19478

66554



Calcineurin B
OS=Haliotis discus discus
PE=2SV=1

Calcium-binding EF-hand
protein (Fragment)
OS=Euprymna scolopes
PE=2SV=1

Calmodulin OS=Haliotis
diversicolor GN=CaM
PE=2 SV=1

Calmodulin-dependent
protein kinase (Fragment)
OS=Haliotis diversicolor

PE=2SV=1

Calreticulin
OS=Crassostrea gigas
GN=CRT PE=2SV=1

Cdc24-like protein
OS=Biomphalaria

B6RB21 | B6RB21_HALDI

Q68LN2 | Q68L.N2_9MOLL

B3SND3|B3SND3_HALDV

B3TK60| B3TK60_HALDV

ASLGGI|ASLGGY_CRAGI

E6YIP6 | E6YIP6_BIOGL

103.63

98.47

153.36

131.89

115.9

168.3

81.77

54.09

131.31

112.87

69.15

96.49

26

86

50

44

23

24

27

54

46

23

13

28

11

10

19329

6773

16838

23608

48187

21234

156

19329

6773

16838

23608

48187

21234



glabrata PE=2 SV=1

Cdc42 OS=Aplysia
californica PE=2 SV=1

Chaperonin containing T-
complex polypeptide
subunit zeta OS=Haliotis
discus hannai PE=2
Sv=1

Chaperonin containing
tcpl OS=Haliotis discus
discus PE=2 SV=1

Elongation factor 1-alpha
(Fragment) OS=Haliotis
rufescens PE=2 SV=1

Elongation factor-2
(Fragment)
OS=Chaetopleura
apiculata PE=2 SV=1

Q86DHY | Q86DHY9_APLCA

HIAWU2 |HO9AWU2_HALDH

BO6RB18|B6RB18_HALDI

Q45Y88|Q45Y88_HALRU

QIBNW3 | QIBNW3_CHAAP

168.3

164.71

191.15

222.51

94.03

96.49

113.55

101.85

183.41

42.63

36

28

33

43

32

18

20

49

12

19

22

10

22

11

16

21407

58458

59257

45146

81473

157

21407

58458

59257

45146

81473



Enolase (Fragment)
OS=Leptochiton sp.
ENO1 PE=3 SV=1

Enolase OS=Loligo
pealeii PE=2 SV=1

Ezrin/radixin/moesin
OS=Biomphalaria
glabrata PE=2 SV=1

Fascin (Fragment)
OS=Haliotis diversicolor

PE=2SV=1

Fructose-bisphosphate
aldolase (Fragment)
OS=Haliotis discus discus
PE=2SV=1

G protein alpha subunit s
class OS=Octopus
vulgaris GN=0OvGas
PE=2SV=1

A8DU73 | ASDU73_9MOLL

002654| ENO_LOLPE

Q963F9|Q963F9_BIOGL

B3TK44|B3TK44_HALDV

BO6RB70| B6RB70_HALDI

QINLIT | QINLI1_OCTVU

143.94

204.03

123.45

119.76

189.18

132.54

116.98

153.86

58.79

113.55

162.39

102.76

24

41

31

21

46

20

25

38

23

25

29

17

20

18

12

10

14

22

15

11

11

12

13

16

17

11

10

39602

47426

69472

36334

26118

44563

158

39602

47426

69472

36334

26118

44563



Gelsolin OS=Haliotis
discus discus PE=2 SV=1

Glucose-6-phosphate 1-
dehydrogenase
OS=Crassostrea gigas
GN=g6PD PE=2 SV=1

Glucose-regulated protein
94 OS=Crassostrea gigas
GN=GRPY94 PE=2 SV=1

Glutathione-S-transferase
isoform OS=Haliotis

diversicolor PE=2 SV=1

Glyceraldehyde-3-
phosphate dehydrogenase
OS=Haliotis discus discus
PE=2SV=1

GTP-binding nuclear
protein Ran OS=Haliotis

diversicolor supertexta

BORB97|B6RB97_HALDI

QOKHBS8 | QUKHBS_CRAGI

ASLGG7|ASLGG7_CRAGI

B3TK24|B3TK24_HALDV

B6RB30|B6RB30_HALDI

E6Y2Z1|E6Y2Z1_HALDV

228.85

132.99

190.92

101.49

302.82

125.53

113.46

103.23

81.95

73.22

231.66

94.97

67

31

24

27

82

22

32

19

13

16

42

37

18

14

22

56

10

10

13

17

16

12

14

51

10

10

15

23370

52919

91624

24726

31477

25245

159

23370

52919

91624

24726

31477

25245



PE=2SV=1

Guanine nucleotide-
binding protein G(I)
alpha subunit OS=Aplysia
californica PE=2 SV=1

Guanine nucleotide-
binding protein G(o)
subunit alpha
OS=Lymnaea stagnalis
PE=28V=3

Guanine nucleotide-
binding protein G(s)
subunit alpha
OS=Lymnaea stagnalis
PE=28V=1

Guanine nucleotide-
binding protein subunit
beta OS=Loligo forbesi
PE=2SV=1

Q0ZA02|Q0ZA02_APLCA

P30683 | GNAO_LYMST

P30684 | GNAS_LYMST

P23232| GBB_LOLFO

129.04

119.12

132.92

138.6

89.51

98.81

102.76

82.43

21

27

23

20

26

23

29

25

10

11

12

10

11

16

40534

40272

44099

37323

160

40534

40272

44099

37323



H2 protein (Fragment)
OS=Haliotis tuberculata
GN=H2 PE=4 SV=1

Heat shock protein 60
OS=Biomphalaria
glabrata GN=HSP60
PE=2SV=1

Heat shock protein 70
OS=Haliotis discus
hannai PE=2 SV=1

Hemocyanin 2
OS=Megathura crenulata
GN=KLH2 PE=4 SV=1

Hemocyanin A-type
(Fragment)
OS=Enteroctopus
dofleini GN=HA PE=4
Sv=1

Hemocyanin isoform 1

Q810U4| Q810U4_HALTU

B8Y418|B8Y4I8_BIOGL

Q2MJK5 | Q2MJK5_HALDH

QIMVAT|QIMVAI_MEGCR

Q5XLV2|Q5XLV2_ENTDO

C7FEG7|C7FEG7_HALDV

358.49

58.56

309.75

203.55

111.65

320.93

256.94

84.45

218.71

180.93

113.77

283.94

50

13

79

15

12

57

20

16

46

17

18

23

252

99

58

34

317

76

14

37

66

62

102

79

58

38

25

211

22

12

40

42

49

380543

60886

71646

391524

332011

381844

161

380543

60886

71646

391524

332011

381844



(Fragment) OS=Haliotis
diversicolor GN=H1
PE=4SV=1

Histone H2B OS=Mytilus
edulis GN=H2B PE=3
Sv=1

Histone H4 OS=Chlamys
farreri GN=H4 PE=3
Sv=1

Isocitrate dehydrogenase
[INADP] OS=Crassostrea
gigas PE=2 SV=1

Keyhole limpet
hemocyaninl
OS=Megathura crenulata
GN=klhl PE=2 SV=1

Keyhole limpet
hemocyanin2

OS=Megathura crenulata

QO6WVE3 | Q6WVE3_MYTED

A2CI30| A2CI30_9BIVA

Q5QGY7|Q5QGY7_CRAGI

QO6KC56 | Q6KC56_MEGCR

QO6KC55| Q6KC55_MEGCR

176.25

190.04

112.96

144.4

203.55

159.9

169.9

49.33

118.33

180.93

35

66

14

14

15

56

66

14

17

13

12

52

59

10

11

56

66

36

39

34

40

13788

11367

50892

358913

391542

162

13788

11367

50892

358913

391542



GN=klh2 PE=2 SV=1

Major vault protein
(Fragment) OS=Mytilus
galloprovincialis PE=2
Sv=1

Malate dehydrogenase
(Fragment) OS=Haliotis
discus discus PE=2 SV=1

Nonmuscle myosin 11
(Fragment) OS=Aplysia
californica PE=2 SV=1

Non-muscle myosin 11
heavy chain OS=Loligo
pealeii PE=2 SV=1

Omega class glutathione-
s-transferase 1
OS=Haliotis discus discus
PE=2S8V=1

AOSXG1|AOSXGI_MYTGA

B6RB90 | B6RB9O_HALDI

Q45R40| Q45R40_APLCA

Q8SWQ7|Q8SWQ7_LOLPE

B6RAZS | B6RAZS_HALDI

84.26

208.78

370.84

336.93

122.41

55.69

131.47

252.1

185.12

77

18

74

82

75

35

15

53

36

35

17

15

306

295

11

105

93

11

238

235

66

59

31712

25804

220195

227150

27366

163

31712

25804

220195

227150

27366



Omega-crystallin
OS=0Ommastrephes
sloanei PE=2 SV=3

Paramyosin OS=Haliotis
discus discus GN=hald2
PE=2SV=1

Peptidyl-prolyl cis-trans
isomerase OS=Venerupis
philippinarum PE=2
Sv=1

Peroxiredoxin
OS=Pinctada fucata
PE=2 SV=1

Phosphoglycerate kinase
OS=Aplysia californica
GN=PGK PE=2 §V=1

Phosphorylase
OS=Crassostrea gigas
PE=2SV=1

P30842 | CROM_OMMSL

E5RSV6|E5RSV6_HALDI

C8CBN2| C8CBN2_VENPH

D3K380 | D3K380_PINFU

0061471 |PGK_APLCA

Q59610 Q59610_CRAGI

55.43

84.19

57.86

103.47

88.19

111.16

33.98

66.68

53.93

77.81

74.8

67.11

10

19

32

12

32

24

16

16

30

11

10

28

10

36

27

30

56091

99518

20151

22317

43653

98636

164

56091

99518

20151

22317

43653

98636



PL10-like protein
OS=Haliotis asinina

PE=2SV=1

Prohibitin OS=Octopus
tankahkeei PE=2 SV=1

Proteasome subunit alpha
type OS=Haliotis discus
discus PE=2 SV=1

Protein disulfide
isomerase OS=Haliotis

discus discus PE=2 SV=1

Protein phosphatase 1
(Fragment)
OS=Cotbicula fluminea

GN=PPP1 PE=4 S§V=1

Psmc6 protein
OS=Haliotis discus discus
PE=2 SV=1

C7EAA2|C7TEAA2_HALAI

H8XW]5 | HSXW]5_9MOLL

B6RB41 | B6RB41_HALDI

BO6RB63 | B6RB63_HALDI

GIHQ39 | GOHQ39_9BIVA

B6RB65 | BoRB65_HALDI

261.3

84.99

125.65

274.88

180.02

103.97

145.73

50.42

101.97

206.68

131.77

89.13

33

19

26

52

43

15

24

19

37

34

36

12

30

36

22

10

28

19

28

13

22

86007

30207

26152

55235

18086

30677

165

86007

30207

26152

55235

18086

30677



Putative 40S ribosomal
protein S18 OS=Haliotis
diversicolor GN=RPS18
PE=2SV=1

Putative 60S ribosomal

protein L3 OS=Haliotis
diversicolor GN=RPL3
PE=2SV=1

Putative Na+/K+-
ATPase alpha subunit
OS=Bathypolypus bairdii
PE=28V=1

Putative polyadenylate-
binding protein 1
(Fragment) OS=Haliotis
diversicolor GN=PABP1
PE=28V=1

Putative ribosomal
protein S25 (Fragment)

OS=Crassostrea gigas

GIK381| GIK381_HALDV

GIK380| GIK380_HALDV

F8V2T8 | F8V2T8_9MOLL

GIK385| GIK385_HALDV

Q70MT3 |Q70MT3_CRAGI

97.29

201.17

128.44

123.35

53.32

68.5

139.66

61.33

48.64

56.89

22

39

15

11

17

27

38

26

14

14

21

13

16

17925

46111

113792

62318

13679

166

17925

46111

113792

62318

13679



PE=2SV=1

Putative tumor suppressor
QM protein OS=Pinctada
martensi PE=2 SV=1

Putative uncharacterized
protein (Fragment)
OS=Haliotis diversicolor

PE=2SV=1

Pyruvate kinase
OS=Crassostrea gigas
GN=pk PE=2 SV=1

QM-like protein
OS=Haliotis diversicolor

supertexta PE=2 SV=1

RAB protein OS=Haliotis
discus discus PE=2 SV=1

RAB1 (Fragment)
OS=Haliotis cracherodii

AS5SHIE9 | ASHIE9_9BIVA

B3TK33|B3TK33_HALDV

QOKHB6 | QOKHB6_CRAGI

B8XW76|B8XW76_HALDV

BO6RB76 | B6RB76_HALDI

ATL3I9| A7L319_HALCR

35.25

159.14

76.02

66.5

167.94

168.9

23.26

109.86

40.5

79.35

148.46

126.66

44

12

22

46

82

13

26

12

21

46

71

14

14

10

14

14

25060

26128

61346

25097

22495

16030

167

25060

26128

61346

25097

22495

16030



PE=2SV=1

Rab7-like protein
OS=Pinctada martensi

PE=2SV=1

Raminin receptor
OS=Haliotis discus discus
PE=2SV=1

Ran-1-prov protein
OS=Haliotis discus discus
PE=2 SV=1

Ras-like GTP-binding
protein RHO OS=Aplysia
californica GN=RHO
PE=2SV=1

Ras-related nuclear
protein
OS=Mizuhopecten
yessoensis GN=Ran

PE=2SV=1

C1KBI9 | C1KBI9_9BIVA

B6RB17|B6RB17_HALDI

B6RB29 | B6RB29_HALDI

P01122 | RHO_APLCA

H1ADR7 |H1ADR7_MIZYE

163.04

179.74

125.53

100.47

99.41

92

142.67

94.97

62.13

86.61

43

27

22

18

16

27

42

37

24

18

10

13

23118

35225

25187

21661

25059

168

23118

35225

25187

21661

25059



Ras-related protein Rab-
1A OS=Haliotis discus
discus PE=2 SV=1

Ras-related protein Rab-2
OS=Lymnaea stagnalis
GN=RAB2 PE=2 SV=1

Rho-like protein
OS=Biomphalaria
glabrata PE=2 SV=1

Ribosomal protein S20
OS=Crassostrea gigas
GN=rps20 PE=4 SV=1

Ribosomal protein S25
OS=Lepidochitona
cinerea PE=4 SV=1

Ribosomal protein S5

OS=Crassostrea gigas
PE=28V=1

B6RB23 | B6RB23_HALDI

Q05975 |RAB2_LYMST

E6Y9IP8 | E6YIPS_BIOGL

Q70MN4 | Q70MN4_CRAGI

E3P7H5| E3P7H5_9MOLL

Q4H451|Q4H451_CRAGI

214.43

199.23

120.3

93.71

61.76

103.57

153.59

84.97

80.6

64.81

62.08

73.8

84

52

24

25

23

16

74

18

25

16

31

12

19

11

18

10

22803

23535

21717

13284

13081

22965

169

22803

23535

21717

13284

13081

22965



Ribosomal protein S7
OS=Aequipecten
irradians PE=2 SV=1

Ribosomal protein S9
OS=Haliotis discus discus
PE=2SV=1

Sarco/endoplasmic
reticulum calcium ATPase
isoform C OS=Pinctada
fucata GN=SERCA
PE=2 SV=1

Small nuclear
ribonucleoprotein D2-like
protein OS=Chlamys
farreri PE=4 SV=1

Splicing factor
arginine/serine-rich 4
OS=Haliotis diversicolor

supertexta PE=2 SV=1

QS8ITA9| QSITA9_AEQIR

A9ILM]J6| A9LM]J6_HALDI

B2KKR2 | B2KKR2_PINFU

Q8MUE3 | Q8SMUE3_9BIVA

E6Y227|E6Y2Z7_HALDV

69.01

120.99

37.55

57.6

138.2

57.59

83.42

68.91

46.82

50.39

38

31

14

35

18

28

22

12

10

10

22359

22348

110388

13677

18398

170

22359

22348

110388

13677

18398



Thioredoxin peroxidase 1
OS=Haliotis discus discus
PE=2SV=1

Transgelin OS=Haliotis
discus discus PE=2 SV=1

Triosephosphate
isomerase (Fragment)
OS=Haliotis rufescens

PE=2SV=1

Tropomyosin 4
(Fragment) OS=Haliotis
asinina PE=2 SV=1

Troponin OS=Haliotis
discus discus PE=2 SV=1

Ubiquitin
OS=Crassostrea
hongkongensis

GN=UbL40 PE=2 SV=1

BING693 | BING693_HALDI

BORB35|B6RB35_HALDI

Q45Y86| Q45Y86_HALRU

Q7YZR1|Q7YZR1_HALAI

BO6RB46 | B6RB46_HALDI

D2XEBO | D2XEBO_CRAHO

80.03

169.35

175.51

156.4

43.03

153.91

121.81

107.69

138.04

112.62

31.71

117.23

10

47

36

56

18

48

28

20

33

64

15

59

12

11

10

11

11

27961

20766

22629

12349

19455

14744

171

27961

20766

22629

12349

19455

14744



Vacuolar H+-ATPase
(Fragment) OS=Ilyanassa 096703|096703_9CAEN
obsoleta PE=2 SV=1

Visual G-protein beta
subunit OS=Loligo pealeii QO6TQF6|Q6TQF6_LOLPE
PE=2SV=1

Voltage-dependent anion
channel 2-like protein

D7RP02|D7RP02_HALDV
OS=Haliotis diversicolor

PE=2 SV=1

141.01

138.6

186.74

81.45

82.43

105.45

52

20

38

44

25

30

13

11

11

14015

37309

30632

172

14015

37309

30632



B3 - Peaks search supplementary information

Supplementary information for the Peaks searches, de novo searches and Peaks quantitative
workflow for both iITRAQ experiments have been uploaded to online cloud storage

services, and are available via either of the following links:

Via Dropbox:

http://tinyutl.com/18q8e¢7m

Via Microsoft OneDrive:

http://1drv.ms/1jtI3B5
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B4 - Supplementary CLC workbench figures

Box Plot
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Figure B-10: Box plot showing mean and dispersion of original expression values for
iTRAQ experiment 1 before quantile normalisation.
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Figure B-11: Box plot showing mean and dispersion of quantile normalised expression
values for iTRAQ experiment 1
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Box Plot
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Figure B-12: Box plot showing mean and dispersion of original expression values for
iTRAQ experiment 2 before quantile normalisation.
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Figure B-13: Box plot showing mean and dispersion of quantile normalised expression
values for iTRAQ experiment 2
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B5 - Hsp70d, G6P1D and GSTO1 western blot loading controls
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Figure B-14: Ponceau S total protein stains of protein transferred electrophoretically onto
nitrocellulose membrane for the purposes of western blot hybridisation in order to detect and
quantify the expression of A) Hsp70 B) G6PID and C) GSTO1 in abalone haemocytes during
exposure to acute heat stress. These images were used as loading controls for the first biological

replicate performed. From left to right the lanes are: molecular weight marker, 0, 30, 90, 180,
molecular weight marker.
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Figure B-15: Ponceau S total protein stains of protein transferred electrophoretically onto
nitrocellulose membrane for the purposes of western blot hybridisation in order to detect
and quantify the expression of A) Hsp70 B) G6P1D and C) GSTO1 in abalone haemocytes
during exposutre to acute heat stress. These images were used as loading controls for the

second biological replicate performed. From left to right the lanes are: molecular weight
marker, 0, 30, 90 and 180.

177



- =2
- -
Ko -

=

Figure B-16: Ponceau S total protein stains of protein transferred electrophoretically onto
nitrocellulose membrane for the purposes of western blot hybridisation in order to detect
and quantify the expression of A) Hsp70 B) G6P1D and C) GSTO1 in abalone haemocytes
during exposure to acute heat stress. These images were used as loading controls for the
third biological replicate performed. From left to right the lanes are: molecular weight
marker, 0, 30, 90 and 180.
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Figure B-17: Ponceau S total protein stains of protein transferred electrophoretically onto
nitrocellulose membrane for the purposes of western blot hybridisation in order to detect
and quantify the expression of A) Hsp70 B) G6P1D and C) GSTO1 in abalone haemocytes
during exposutre to acute heat stress. These images were used as loading controls for the
fourth biological replicate performed. From left to right the lanes are: molecular weight
marker, 0, 30, 90 and 180.
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B6 - Real Time PCR supplementary information

RNA quality control:

Figure B-18: 1.2% agarose/formaldehyde RNA gels showing quality of RNA used for cDNA
conversion and qPCR reactions performed in Chapter 4. Lanes from left to right are RNA
isolated from haemocytes sampled from abalone at time points 0, 15, 30, 45, 60 and 120 minutes
during exposure to acute thermal stress. Gel A is RNA from biological replicate 1, Gel B from
biological replicate 2 and Gel C from biological replicate 3.
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Real Time PCR standard curves:
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Figure B-19: A representative standard curve generated for calreticulin gene specific
primers and using serially diluted pooled cDNA as a template. Standard curves were
generated using the Rotor-Gene™ 6000 (Corbett Life Sciences) by qPCR as described in
Chapter 4.
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Figure B-20: A representative standard curve generated for ribosomal protein 128
(reference gene) gene specific primers using serially diluted pooled cDNA as a template.
Standard curves were generated using the Rotor-Gene™ 6000 (Corbett Life Sciences) by
qPCR as described in Chapter 4.
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Real Time PCR melt curves:

Figure B-21: A representative melt curve for the qPCR product generated using gene
specific primers for calreticulin as described in Chapter 4. Melt curve was generated using
the Rotor-Gene™ 6000 (Corbett Life Sciences).

Figure B-22: A representative melt curve for the qPCR product generated using gene
specific primers for ribosomal factor L28 (reference gene) as described in Chapter 4. Melt
curve was generated using the Rotor-Gene™ 6000 (Corbett Life Sciences).
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Reference gene selection:

The reference ribosomal factor 1.28 was stably expressed for the duration of the exposure
to heat shock, according to MIQUE guidelines (Bustin et al., 2009). The real time qPCR
reaction efficiencies for both the reference gene and gene of interest are shown along with
M and R® values for the standard curves and melt analysis of the PCR product. Figure
B-23 shows the average Ct values of ribosomal factor L28 obtained from three technical
replicates assayed at each time point for each biological repeat (n=3). The average Ct value
within each biological replicate did not differ by more than 5 Ct points across all time
points. Furthermore, the reference gene did not cross the threshold point later than 30

cycles for any time point in any biological replicate.
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Average Ct
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Figure B-23: Average Ct values for ribosomal factor L28 during exposure to acute heat
shock as determined by real time qPCR. Based on its stable expression under
experimental conditions, ribosomal factor 128 was selected as the reference gene for this
study.
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B7 - Calreticulin western blot loading controls
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Figure B-24: Ponceau § total protein stains of protein transferred electrophoretically onto
nitrocellulose membrane for the purposes of western blot hybridisation in order to detect
and quantify the expression of calreticulin in abalone haemocytes during exposure to acute
heat stress. From left to right, the lanes are: molecular weight marker, 0, 30, 60, 120, 180
and 24h samples. Images represent loading controls used in A) biological replicate 1, B)
biological replicate 2 and C) biological replicate 3.
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