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Abstract

Summer mortality is a phenomenon that causes mass die offs of molluscs during the
summer months throughout the world. Summer mortality affected molluscs include many
economical important animals including; oysters, mussels, clams, scallops and abalone.
The condition occurs in both natural and aquaculture environments and represents a
considerable threat towards the aquaculture and fisheries industry world-wide. As a
result, the identification of genetically resistant and heritable traits is considered vital to
sustainability of the industry and wildlife conservation. This thesis aims to identify
whether there is a genetic basis to resilience to summer mortality in greenlip abalone
(Haliotis laevigata).

By utilizing high throughput transcriptome sequencing (RNA-seq) and differential
expression analysis of summer mortality resilient and susceptible abalone (H. laevigata),
this thesis describes the gene expression signatures before, throughout and after summer
mortality events. A de novo detailed transcriptome of H. laevigata was assembled and
annotated. Gene functions indicative of summer mortality resilience in abalone were
identified to play a role in metabolism and immune response related functional
mechanisms (e.g. lysozyme). These gene expression profiles can enable the prediction of
an individual’s susceptibility or resilience to summer mortality and could be utilized to
assess and predict the severity of resilience months prior to a summer mortality event.
These are likely to represent frontloading or pre-preparative genes, with genes distinctly
expressed before, during and after a summer mortality event. Gene expression
differences were also detected between summer mortality susceptible and resilient
abalone throughout a heat stress event. Furthermore gene expression profiles were found
to differ between abalone fed diets that promote low and high survival under summer
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mortality conditions. The gene signatures identified in this thesis can be used in future
research and to develop tests to identify biomarkers, aid in stock selection and breeding
of beneficial heritable traits to combat summer mortality.
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Introduction

What is summer mortality?

‘Summer mortality’ is a term used to describe the sudden, and often unprecedented, mass
mortality of molluscs during the summer season. Molluscs reported to be affected
include oysters (Goulletquer et al., 1998), mussels (Goulletquer et al., 1998), scallops
(Xiao et al., 2005, Zhang & Yang, 1999), clams (Fiori et al., 2004) and abalone
(Vandepeer, 2006). A sudden increase in water temperatures is considered the most
important factor responsible for summer mortality, however temperature alone is not
sufficient enough to explain the severity of mortality events. Complex multifactorial
involvement of several intrinsic and extrinsic factors is known to contribute greatly to
summer mortality (Table 1). Elevated temperature appears to be the most important
extrinsic factor. Food availability and quality (Delaporte et al., 2006, Pernet et al., 2010,
Stone et al., 2014, Tremblay et al., 1998), increased salinity, decreases in dissolved
oxygen and the resulting anoxic conditions (Oliveira et al., 2015) are generally
considered to be contributing factors (Munari, 2011). The prevalence of pathogenic
bacteria and virus’ during these heat stress anomalies has also emerged as a plausible key
component of summer mortality syndrome (Beaz‐Hidalgo et al., 2010, Lacoste et al.,
2001, Liu et al., 2017, Travers et al., 2008). Furthermore, complexities such as how the
environmental factors impact the host, the pathogen and also the host/pathogen
relationship are also considered to have an effect on the severity of summer mortality
(Solomieu et al., 2015).

Life stage has been demonstrated to play a pivotal role in the degree of summer mortality
susceptibility (Lacoste et al., 2001, Stone et al., 2014). Summer mortality susceptibility
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has also been associated with the effort/stress involved in reproduction which is generally
considered to be related to the energetic burden that occurs during spawning and postspawning events (Huvet et al., 2010, Li et al., 2007b, Myrand et al., 2000, Wendling &
Wegner, 2013). The animals condition can then be exacerbated by external factors such
as pathogens (Wendling & Wegner, 2013) and diet deficiencies (Tremblay et al., 1998).
In spawning Pacific oysters (C. gigas), there is a change in the metabolic processes from
carbohydrate storage to carbohydrate metabolism, resulting in depleted glycogen content
and glycogen metabolism (Berthelin et al., 2000). After heat shock, post-spawning C.
gigas also have reduced synthesis of heat shock proteins, reduced levels of glycogen
stores in the mantle tissue and reduced adenylate energy charge, suggesting that there is
lower energy available for metabolic activity (Li et al., 2007b). The cumulative effect of
spawning and heat shock results in reduced haemocyte phagocytosis and hemolymph
antimicrobial activity (Li et al., 2007b). Phagocytosis may also be impaired after
spawning in C. gigas, thus post-spawning molluscs may be more susceptible to the
effects of heat and bacterial stress (Wendling & Wegner, 2013). Correlations have also
been found between disease susceptibility and the maturation and spawning processes of
H. tuberculata, with increased bacterial infection demonstrated after spawning (Travers
et al., 2008). The sensitivity of adult and near adult molluscs pose a considerable risk to
wild mollusc populations and aquaculture industries which have invested time and
resources into growing adult animals that may die before harvest or breeding.
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Table 1. Known variables associated with temperature rises and summer mortality
Classification

Species

Contributing Extrinsic

Contributing

factor

Intrinsic factors

Reference

Haliotis laevigata

Diet

Age

Stone et al. (2014)

Halitois turbulata

Pathogens

Spawning

Travers et al. (2008)

Haliotis laevigata

Diet

Gastropoda, Haliotoidea, Haliotidae

Duong et al. (2016)

Bivalvia, Mytiloida, Mytilidae
Mytilus edulis

Diet

Spawning

Tremblay et al. (1998)

Mytilus galloprovincialis

Water chemistry

Pathogens

Romero et al. (2014)

Crassostrea gigas

Pathogens

Spawning

Wendling and Wegner

Crassostrea gigas

Pathogens

Age

(2013) et al. (2001)
Lacoste

Crassostrea gigas

Diet

Gametogenesis

Delaporte et al. (2006)

Crassostrea gigas

Pathogens

Bivalvia, Ostreoida, Ostreidae

Liu et al. (2017)

Crassostrea gigas

Spawning

Huvet et al. (2010)

Crassostrea gigas

Spawning

(Li et al., 2007b)

Bivalvia, Veneroida, Cyrenoidea
Corbicula fluminea

Water chemistry

Oliveira et al. (2015)

Effects of summer mortality

Molluscs are a vital food resource world-wide and also are of high economic importance
to many countries. In recent years a world-wide shift towards aquaculture and away from
the fishing has occurred. A total of 104 mollusc species are known to have been
registered for farmed production (F.A.O., 2016). Mollusc aquaculture production worldwide in 2015 amounted to 16.4 million tonnes of molluscs (0.3 inland and 16.1
marine/coastal aquaculture) at a value of US$18 billion (F.A.O., 2016). Australian
aquaculture mollusc production in 2015 amounted to 17,216 tonnes valued at US$100
million, with the three predominant animal groups (edible oysters, Pearl oysters and
abalone) accounting for 94% of total value (Savage, 2015). Although small in
comparison to agriculture, the value of these cultured species is extremely important to
regional economies. In 1998, China experienced a 37% drop in production of the
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Zhikong scallop (Chlamys farreri) due to summer mortality, with an estimated loss of
US$360 million (Gosling, 2015). In 2003, Taiwan estimated the abalone (Haliotis
diversicolor supertexta) stock loss due summer mortality at US$11.5 million (Chang et
al., 2005). Summer mortality stands to threaten this vital economic resource. Summer
mortality often impacts breeding adults and is costly to the aquaculture industry, with
wasted time and resources invested into culturing animals that die before they reach
mature sizes. As well as the loss of stock, incidences like summer mortality may be
highly costly to the aquaculture industry due to the need for decontamination of
equipment and facilities that may harbor disease.

Over the past few decades, significant regional variation in the frequency of extreme
oceanic thermal stress anomalies has been recorded (Selig et al., 2010). A record heat
wave was experienced in the European summer of 2003, with surface water temperatures
at least 2-3°C higher than previous summers in the uppermost 15 m of ocean throughout
the coastal and central zones (Sorgente et al., 2007, Sparnocchia et al., 2006). This heat
wave had a devastating effect on the benthic macroinvertebrate species in the
Mediterranean, particularly along the coast of Italy (Garrabou et al., 2009) with molluscs
representing one of the most affected taxa (Munari, 2011). In 2011, the Western
Australia coast experienced a sudden ~3°C increase above the long-term monthly
average. This event was unprecedented and superimposed by the undergoing long term
temperature increase experienced in the region (Pearce & Feng, 2013). The warming
event peaked in March, with recorded increases up to 5°C on ~10m deep rocky reefs
(Wernberg et al., 2013). Many populations of Roe’s abalone (Haliotis roei) were
annihilated and represent one of the most affected species of the event (Pearce & Feng,
2011). Summer mortality events are also not limited to the summer season. In the winter
of 2014, high temperatures and turbidity, and salinity drops were the expected drivers of
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an unprecedented mass mortality event of blue mussels (Mytilius edulis) in a coastal inlet
off the French Atlantic coast (Polsenaere et al., 2017). 9000 metric tonnes of blue
mussels were lost with mortality rates up to 100% recorded on mussel farms (Polsenaere
et al., 2017). With global climate change heralding shifts in abiotic variables such as
temperature, large scale localized stress and mortality events of molluscs are likely to
increase (Helmuth et al., 2002).

Summer mortality preventative measures

Early attempts to manage summer mortality involved methods such as overstocking (to
account for lost stock), transplanting animals out of areas before mortalities occurred,
harvesting early (Hershberger et al., 1984) and feed reduction to maintain water quality
(Vandepeer, 2006). However, these approaches were considered relatively
counterproductive and ultimately resulted in loss of revenue and more advanced methods
of prevention were investigated.

Chemical management of water quality may assist in the management of mortalities.
Limited oxygen availability is known to severely affect mollusc respiration activity at
high temperatures, particularly in summer when water temperatures are higher and
dissolved oxygen levels are lower. Oxygen concentrations need to be maintained at high
levels to avoid hypoxic responses in molluscs, which can cause a reduction in oxygen
consumption and feeding activity, and ultimately result in metabolic depression (Dunphy
et al., 2006, Le Moullac et al., 2007). This is of particular importance to land based
mollusc aquaculture industries where tanks and shallow flow through systems are at risk
of low oxygen concentrations during the summer months.
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Research into acclimatization of animals to more extreme temperatures suggests this can
contribute to combating summer mortality (Falfushynska et al., 2016, Li et al., 2012).
Pre-shock treatments, where animals are exposed to mild abiotic stress exposure prior to
a major stress event may also represent a promising method for combating summer
mortality (Li et al., 2007b). These pre-shock treatments have the potential to invoke
physiological acclimatization and protect against future abiotic stressors and pathogen
infection through increased activity of such stress response mechanism’s such as heat
shock proteins (Sung et al., 2008). For example, sub-lethal heat shock of the bay scallop,
Argopectan irradians irradians, from 20°C to 32°C has been demonstrated to protect the
animals against lethal treatment exposure at 35°C for 7 days after exposure (Brun et al.,
2009). Feeding Artemia larvae with bacterial heat shock proteins has also been found to
provide protection against pathenogenic infection (Sung et al., 2009). Heat shock protein
inducing compounds such as those isolated from the prickly pear (Opuntia ficus indica)
have also been demonstrated to protect Artemia against abiotic stressors (Baruah et al.,
2012).

Diet quality has been shown to be an active participant in preventing mass mortalities of
molluscs. In filter feeding molluscs, such as C. gigas, beneficial algae such as diatoms
have been correlated with energetic reserves and a decrease in disease mortality (Pernet
et al., 2014). In grazing molluscs, such as abalone, macroalgae diets have been
demonstrated to provide higher antioxidant capabilities compared to those fed a
commercial diet (Wan et al., 2004). Such diets are highly effective at preventing mass
mortalities of grazing molluscs, such as abalone, during summer mortality events
(Bansemer et al., 2016, Stone et al., 2014) Additionally, grape seed extract (GSE) has
well documented antioxidant, antimicrobial and anti-inflammatory properties when
ingested (Perumalla & Hettiarachchy, 2011). In abalone GSE has been shown to act as
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an efficient dietary additive to improve productivity and reduce mortality during heat
stress (Duong et al., 2016, Lange et al., 2014).

Genetically driven factors are also considered to play a crucial role in summer mortality
susceptibility (Solomieu et al., 2015). The Pacific oyster (Crassostrea gigas) has become
somewhat of a model organism for summer mortality research, especially when
comparing summer mortality resilient and susceptible families and populations, and the
functional mechanisms that may be responsible for their variation in survival (Fleury &
Huvet, 2012, Fleury et al., 2010, Huvet et al., 2004, Lang et al., 2009, Rosa et al., 2012,
Samain et al., 2007, Schmitt et al., 2013, Segarra et al., 2014b). As well as known
immune, metabolic and stress response processes (Table 2), more complex genetic
interactions such as regulatory transcription (Heare, 2015) and epigenetic processes
(Fréchette et al., 2003) may be a factor in defining summer mortality resilience and
susceptibility. The long-term adaptation of summer mortality affected family
lines/populations may also be tied to past environmental conditions through epigenetic
effects, with environmental factors having the potential to alter heritable changes such as
DNA methylation, histone and chromatin process without changing the corresponding
DNA sequence (Allis & Jenuwein, 2016).

RNA-seq and differential expression

Much of the research into summer mortality genetics has been described through gene
expression methods such as qPCR and microarrays (Table 2). These methods are
frequently used to select and measure target immune response gene sets and classic stress
response genes (Table 2). RNA-seq and whole transcriptomic approaches represent a
relatively novel approach to this area of research. RNA-seq has been demonstrated to
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have advantages compared to qPCR and microarrays (Garber et al., 2011, Wang et al.,
2009). Some of these advantages include enabling the investigation of differential
expression at a broader and more sensitive range, the discovery of new genes and
transcribed regions, and identifying sequence variations such as SNPs and isoforms
(Garber et al., 2011, Wang et al., 2009). RNA-seq also doesn’t require access to known
sequence data, and so is well suited to the analysis of non-model organism
transcriptomes (Wang et al., 2009). RNA-seq can also reveal a snapshot of the presence
and quantity of gene expression within an organism at a specific time (Chu & Corey,
2012). Analysing the expressed genome can enable a detailed insight into functional
mechanisms involved in responding to external stressors (Gracey et al., 2008, Zippay &
Hofmann, 2010). Analysis of gene expression signatures and patterns in susceptible and
resilient molluscs in response to stressful conditions such as rapid temperature spikes can
provide insight into molecular biomarkers of disease resistance. RNA-seq and the
resulting transcriptomic profiling of different traits can then be used to identify simple
sequence repeats and single-nucleotide polymorphism which can also be used in
molecular assisted breeding (Yang et al., 2011a). Applying RNA-seq across multiple
sampling points from the same individual enables powerful investigation of temporal
gene expression profile fluctuations in a changing environment and can be used to
identify the specific signatures and functional mechanisms that differ between groups of
interest (Bendjilali et al., 2017, Fu et al., 2016, Salvo et al., 2014). Differential coexpression analysis is also expected to provide greater accuracy and insight than standard
expression analyses (de la Fuente, 2010). One of the drawbacks with targeted approaches
such as qPCR is that an important gene may still be expressed in the same relative level
within disease susceptible individuals relative to resilient individuals, yet that gene may
function differently based on mutations in the coding region. Furthermore, posttranslational activities can affect the functional aspect of a gene product independent of
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the genes expression level. By investigating genes as networks, these complex
differences unseen by targeted gene expression analysis can be brought to attention
(Zhao et al., 2010).

Genetic functional mechanism of summer mortality resilience and susceptibility

The genetic mechanisms responsible for summer mortality resilience can be investigated
by determining the signatures of functional differences between susceptible and resilient
molluscs. By measuring these differences during, after and prior to a heat stress event, a
detailed system of basal, response and recovery functional mechanisms responsible for
increased resilience could be identified. Studies comparing susceptible and resilient
molluscs have been conducted primarily with bivalves, specifically the Pacific oyster, C.
gigas (Table 2). A meta-analysis of the literature shows that the function of genes
differing between summer mortality resilient and susceptible animals depends on the
tissue sampled (Table 2). For example, studies investigating the gonad tissue identify
genes associated with reproduction to differ between susceptible and resilient families
(Fleury & Huvet, 2012, Huvet et al., 2010).

Gene families associated with immune response and detoxification, such as the heat
shock proteins (HSP’s), might play a role in affecting resilience. HSP’s are common
chaperone molecules that are produced during times of stress to prevent denaturation,
assist folding and remove damaged proteins (Lindquist, 1986, Parsell & Lindquist,
1993). Due to this specific function, HSP’s have been targeted in many summer mortality
related studies as a proxy for stress (Brokordt et al., 2015a, Cellura et al., 2006, Encomio
& Chu, 2005, Li et al., 2007b, Meistertzheim et al., 2009). However, due to the HSP’s
broad response to stress, studies pin-pointing the detailed functional mechanisms
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associated with surviving summer mortality are still being explored. After exposure to
Vibrio sp. bacterial infection and hypoxia, HSP70 production was significantly higher in
susceptible C. gigas individuals, relative to resilient individuals (Samain et al., 2007).
Fleury et al. (2010) also found that HSP70 was significantly up-regulated in summer
mortality susceptible C. gigas oysters preceding and throughout a heat stress event.
HSP70 was also suggested as markers of disease susceptibility in the Eastern oyster,
Crassostrea virginica (Nikapitiya et al., 2014). Lang et al. (2009) however, identified no
difference in HSP70 expression between summer mortality high and low surviving C.
gigas families when exposed to a heat stress event.

The heat shock response, particularly HSP expression is suggested to be accompanied by
increasing metabolic related costs (Helms Cahan et al., 2017). Gene pathways associated
with metabolism have been implicated in summer mortality survival, with an upregulation of metabolism related gene expression pathways demonstrated in susceptible
C. gigas (Huvet et al., 2004) and C. virginica (McDowell et al., 2014). One month prior
to animal mortality, genes encoding for glucose metabolism enzymes have also been
demonstrated to be lowly expressed in susceptible C. gigas infected with a Vibrio sp.
bacterial infection, relative to resilient animals under the same conditions (Samain et al.,
2007). Milan et al. (2016) also observed a dissimilarity in the metabolism related gene
activities of the striped venus clam (C. gallina) from low and high summer mortality
survival sites, and suggested that the susceptible population may possess reduced energy
metabolism or lower feeding activity due to some bacterial or viral infection. Lang et al.
(2009) suggested that opportunistic infection and cell damage maybe the result of
metabolistic exhaustion caused by the elevated immune/stress response reaction in
summer mortality susceptible families.
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The response to reactive oxygen species has also been implicated in a defining
characteristic of summer mortality resilience and susceptibility (Fleury & Huvet, 2012,
Fleury et al., 2010, Samain, 2011). Higher expression of genes such as Catalase and
Superoxide dismutase in resilient C. gigas and their ability to resist or detoxify oxidative
species have been suggested to play a role in summer mortality resilience (Fleury &
Huvet, 2012, Fleury et al., 2010). Fleury et al. (2010) also linked the functional process
of an increased antioxidant activity to the differences in metabolic and reproductive
activity found between summer mortality resilient and susceptible lines. The immune
response to pathogens and pathogen recognition is also an important area of investigation
for defining summer mortality related resilience and susceptibility, however the
intricacies involved in infection responses have proven to be complex. McDowell et al.
(2014) identified several pathogen recognition genes such as cysteine-rich and C1qDC
genes whose expression was aligned with disease resilience, however other pathogen
recognition gene (Fibrinogen-related) expression was aligned with susceptibility, with
the differences suggested to represent the complexities in response time or constitutive
expression patterns between the susceptible and resilient groups. Further research is
required to assess whether many infection related gene expression patterns whose
expression differs between lines of varied disease resistant C. gigas could be interpreted
either as just being a signal of an efficient antiviral response in these individuals, or as a
genuine sign of their susceptibility to infectious replication (Nikapitiya et al., 2014,
Segarra et al., 2014b).

Identifying genetic signatures indicative of summer mortality resilience that can
potentially predict the survival without subjecting animals to stress represents a vital area
of research. Gene signatures present under non-stressed conditions may prepare the
animal to tackle the stress, and such signatures are therefore known as “frontloading”
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(Barshis et al., 2013) or “preparative defense” (Dong et al., 2008) signatures. The genes
involved are generally expressed at higher levels in stress resilient animals prior to a
major stress event. This early high expression is suggested to act as a kind of buffer,
allowing a more rapid response to the stress. Possible frontloading genes affecting
summer mortality in C. gigas has been found to involve some immune response related
genes (Fleury & Huvet, 2012, Fleury et al., 2010, Rosa et al., 2012, Schmitt et al.,
2013). For example, Schmitt et al. (2013) utilised the gene expression signatures of a 42
gene immune related set, as well as sequence polymorphism to distinguish between C.
gigas families with low and high summer mortality survival capacities. Twenty (11 and 9
highly expressed in the resilient and susceptible families, respectively) of these genes
were differentially expressed between the two non-stimulated (not exposed to stress at
the time) families of oyster. Down-regulated gene signatures in more resilient animals
prior to a stress event are thought to enable the up-regulation of other vital stress
response genes prior to or in response to a sudden stress event (Barshis et al., 2013).
These types of gene signatures may explain the differences in summer mortality resilient
and susceptible C. gigas prior to a heat stress event identified by (Fleury et al., 2010),
who suggested that there may be some form of energetic trade-off occurring that reduces
beneficial stress response processes in favour of reproductive processes. Currently, no
investigations directly comparing summer mortality resilient and susceptible gastropod
individuals, families or populations have been under taken.
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Table 2. Gene expression studies comparing summer mortality resilient and susceptible mollusc, families/lines or populations
Classification
Species
Bivalvia, Veneroida, Veneridae
Chamelea gallina
Bivalvia, Ostreoida, Ostreidae
Crassostrea gigas

Gene analysis method

Stock

Stress method

Major Functional Differences

Tissue sampled

Reference

Microarray

Natural high and low mortality
populations, Abruzzo coast, Italy

-

Immune response
Metabolism

Digestive gland

Milan et al. (2016)

Real time PCR

Susceptible and resilient lines (F2) sourced
from a divergent selection experiment,
2002, La Tremblade, France
Two oyster family lines selected for high
and low survival during a summer
mortality event, 2001, France

Vibrio spendidus

Immune Response
Metabolism

Mantle/gonad

Huvet et al. (2004)

Heat stress
Hypoxia stress
Vibrio splendidus
Vibrio aestiarianus
Heat stress

Metabolism

Labial palps

Samain et al. (2007)

Immune response
Metabolism
Reproduction
Detoxification
Reproduction
Antioxidant defense

Gill

Lang et al. (2009)

Gonad

Fleury et al. (2010)

Heat stress

Immune response
Antioxidant defense

Fleury and Huvet
(2012)

Bacterial pathogens
Vibrio splendidus
Vibrio aestiarianus

Immune response
Genetic processing
Metabolism
Cytoskeleton reorganisation
Immune response

Gonad
Gill
Muscle
Hemocytes

Whole frozen
(powder)

Schmitt et al. (2013)

Crassostrea gigas

Real time-PCR – targeted 6
glucose metabolism
enzyme genes

Crassostrea gigas

Microarray & real timeqPCR

Two high and two low-surviving families,
2001-2003, Yaquina Bay estuary, Oregon,
USA

Crassostrea gigas

Real time-PCR &
Microarray

Heat stress

Crassostrea gigas

Microarray

Crassostrea gigas

Digital gene expression
(DGE) & qPCR

Susceptible and resilient lines sourced
from a divergent selection experiment, La
Tremblade, France
Susceptible and resilient lines sourced
from a divergent selection experiment, La
Tremblade, France
High and low infection surviving oysters
sourced from Atlantic oyster farms, France

Crassostrea gigas

qPCR - 42 immune related
gene set targeted approach

-

Crassostrea gigas

Real time-PCR - 5 gene
targeted approach

Crassostrea
virginica

RNA-seq

Two oyster lines selected for high and low
survival during a summer mortality event,
2001, France
Two families of known differential
susceptibility to OsHV-1, MarennesOléron Bay, France
Two families of known differential
susceptibility to the Roseovarius Oyster
Disease, Rutgers University, NJ, USA

Crassostrea
virginica

qPCR-Targeted gene
detection based on
(McDowell et al., 2014)
gene set

Two families of known differential
susceptibility to the Roseovarius Oyster
Disease, Rutgers University, NJ, USA

Bacterial pathogens
Rosevarius crassostreae
and Vibrio tubiashi
Protistan parasite
Perkinsus marinus

Rosa et al. (2012)

Ostreid herpesvirus type
1 (OsHV-1)

Immune response

Mantle

Segarra et al. (2014b)

Bacterial pathogen
Rosevarius crassostreae

Metabolism
Detoxification
Pathogen recognition
Apoptosis
Inflammation
Extra cellular matrix
remodelling
Immune response

Whole body

McDowell et al. (2014)

Whole body
Haemolymph

Nikapitiya et al. (2014)
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Application of molecular resources to combating summer mortality

One of the aims of searching for gene associations with summer mortality resilience is to
identify the functional mechanism responsible for mortality and then use that knowledge
to prevent such mortalities through selective breeding/genetic improvement programs
and population management (Astorga, 2014). Much of the vast improvement in the
agriculture sector over the last several decades has been the result of genetically
improving different breeds and varieties of livestock and crops. Comparatively, the
investigation and development of genetic improvement programs for aquaculture-farmed
species is still in its infancy. Gjedrem et al. (2012) estimated that only ~10% of the
aquaculture production world-wide was the result of genetically improved stocks.
Systematic consideration of the changing climatic and environmental conditions is
needed to develop effective and sustainable genetic improvement programs. Genome
wide selection through the identification of beneficial genomic regions may be essential
to characterize traits that are difficult or costly to measure physically, such as summer
mortality.

Genomic selection has been demonstrated to substantially improve the accuracy and
genetic improvements over that of traditional family based selection methods in
aquaculture systems (Vallejo et al., 2017). Genomic selection utilizes phenotypic data
combined with marker genotypes to predict the breeding values. As well as increasing
the accuracy of selection, genomic selection enables a reduced rate of inbreeding by
allowing the selection of the most elite breeding candidates from a greater number of
families (Daetwyler et al., 2007). Successful marker assisted selection in aquaculture
species has been a fairly recent achievement (Fuji et al., 2007), most likely due to the
high cost of pedigree investigation and the difficulties with tagging minute larvae.
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However, with the rapidly decreasing costs and advancement in high-throughput
sequencing and genomic technology, marker assisted selection and genomic selection
programs are a promising area of investment. The aquaculture industry also has the
advantage of utilizing already developed statistical methods and software packages
developed by the agriculture industry (de los Campos et al., 2013). Ultimately, the
information drawn from the evaluation of genetic stock with markers indicative of
summer mortality resilience can translate to improved yields for culture and fisheries
management.

Haliotis laevigata and the Australian abalone aquaculture industry

The greenlip abalone (Haliotis laevigata) is distributed across Southern Australia from
Western Australia to Victoria and Tasmania and has a optimal temperature of 18.9°C
(Gilroy & Edwards, 1998). The species usually features a distinct green ring around the
base of its foot and has a diet that consists primarily of macroalgae. The greenlip abalone
is one of the two abalone species harvested and cultivated in Australia in large quantities
(the other being the blacklip abalone, Haliotis rubra). Other abalone species of
aquaculture interest in Australia include Haliotis roei (roes’s abalone), Haliotis
conicopora (brownlip abalone), Haliotis asinine (donkey-ear abalone) and Haliotis
scalaris (staircase abalone). The blacklip (male) and greenlip (female) abalone have also
been hybridized (Tiger abalone), with the hybrid combining desirable traits from both
species that are preferred by aquaculture farmers. Greenlip, blacklip and tiger abalone
represent the three primary abalone farmed in Australia (D' Silva, 2003). In Australian,
abalone aquaculture and fisheries production in 2015 amounted to a value of AU$29
million (849 tonnes) and AU$136 million (3 753 tonnes), respectively (Savage, 2015).
To limit costly control measures required to sustain the abalone aquaculture industry into
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the future, investments into suitable breeding programs, and water quality control and
monitoring are required (Morash & Alter, 2016).

By the year 2100, water temperatures of southern Australia are expected to have
increased by ~1°C during August (winter) and up to 3°C during March (summer) with
some regions predicted to be too hot and uninhabitable for blacklip and greenlip abalone
during summer (Russell et al., 2012). Although average temperature rises are likely to be
a major issue, it is the increasing frequency of extreme events (such as temperature
spikes) that may pose the greatest risk going into the future (Morash & Alter, 2016). An
rapid increase of just 1°C has been found to have a significant effect of abalone deaths
associated with summer mortality (Travers et al., 2009). As a result of rising
temperatures and a changing climate, summer mortality events are expected to increase.
For the industry in Australia, the cooling of water flowing into on-shore aquaculture
systems in order to prevent current and future temperature spikes has been considered to
be too costly due to the installation and operating costs of the system. As a result, genetic
management has been suggested as one means to combat the threat (Vandepeer, 2006).
The understanding of the genetic components involved in temperature related stressors
that will enable the identification of target genes within the abalone genome that can be
selected for to increase tolerances to thermal stressors (Morash & Alter, 2016). Research
into the development of selective breeding and genetic improvement programs for the
greenlip abalone has only been of recent interest (Dunstan et al., 2007, Elliott, 2000,
Kube et al., 2007, Liu et al., 2014, Robinson et al., 2010b), however a genetic
investigation specifically aimed at identifying the genetic characteristics of H. laevigata
summer mortality resilience has not been undertaken.
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Thesis overview and research aim

This thesis utilizes differential gene expression through transcriptomic sequencing to
identify genes of importance and interest to combating summer mortality in H. laevigata.
The complete epipodial tentacle transcriptome of H. laevigata is sequenced and
annotated using next generation RNA-seq (Chapter 1). The gene expression signatures of
abalone fed low and high-survival promoting diets throughout a summer mortality event
are investigated (Chapter 2). The gene expression difference of abalone deemed
susceptible and resilient to summer mortality throughout specific time and temperature
points of a summer mortality event are identified (Chapter 3 & 4). The objectives of this
study are to:



Sequence, construct and annotate a de novo abalone transcriptome to enable the
genetic mapping of gene sequencing used in differential gene expression analysis



Evaluate the defining gene expression signatures associated with abalone fed
high-survival promoting diets during heat stress, to determine the survival related
functional mechanism affected by diet enrichment.



Identify pre-stress gene signature profiles in animals deemed susceptible and
resilient to summer mortality that can predict susceptibility to summer mortality
across multiple populations.



Characterize the changes in gene expression occurring in summer mortality
susceptible and resilient animals pre- and post-stress to identify defining
functional differences in the response of animals sourced from multiple
populations throughout a summer mortality event.
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By meeting these objectives, this thesis provides novel insight into the functional genetic
mechanisms underlying abalone resilience and susceptibility to summer mortality. It
describes the gene signature profiles indicative of resilient animals and their genetic
response to stressors, revealing the biological functions that may enable an animal to
cope with summer mortality. In addition, the work presents potential biomarkers that in
the future may assist in genetic management programs of mollusc with a view to prevent
summer mortality syndrome.
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Chapter 1. De novo characterisation of the greenlip abalone transcriptome (Haliotis
laevigata) with a focus on the heat shock protein 70 (HSP70) family

This chapter is published as:

Shiel, B.P., Hall, N.E., Cooke, I.R., Robinson, N.A. and Strugnell, J.M., 2015. De novo
characterisation of the greenlip abalone transcriptome (Haliotis laevigata) with a focus
on the heat shock protein 70 (HSP70) family. Marine biotechnology, 17(1), pp.23-32.
doi:10.1007/s10126-014-9591-y

1.1 Abstract

Abalone (Haliotis) are economically important molluscs for fisheries and aquaculture
industries worldwide. Despite this, genomic resources for abalone and molluscs are still
limited. Here we present a description and functional annotation of the greenlip abalone
(Haliotis laevigata) transcriptome. We present a focused analysis on the heat shock
protein 70 (HSP70) family of genes with putative functions affecting temperature stress
and immunity. A total of ~38 million paired end Illumina reads were obtained, resulting
in a Trinity assembly of 222,172 contigs with minimum length of 200 base pairs and
maximum length of 33 kilobases. 20,702 contigs were annotated with gene descriptions
by BLAST. We created a program to maximise the number of functionally annotated
genes, and over 10,000 contigs were assigned Gene ontologies (GO terms). By using
CateGOrizer, immunity related GO terms for stressors such as heat, hypoxia, oxidative
stress and wounding received the highest counts. Twenty-six contigs with homology to
the HSP70 family of genes were identified. Ninety one putative single nucleotide
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polymorphisms (SNPs) were observed in the abalone HSP70 contigs. Eleven of these
were considered non-synonymous. The annotated transcriptome described in this study
will be a useful basis for future work investigating the genetic response of abalone to
stress.

1.2 Introduction

Abalone (genus Haliotis) have become an increasingly important fishery and aquaculture
resource with high commercial value. The popularity of abalone has led to the decline of
many fisheries through excessive commercial fishing, poaching and recreational catches,
and this has led to an expansion in the culture of abalone (Elliott, 2000). Abalone meat
fetches $10-$50/kilo US, making it a highly profitable product. 98,000 metric tons (mt)
of abalone (from all sources) were supplied globally in 2011 with over 86,000 mt
harvested directly from aquaculture facilities (F.A.O., 2014). China has the largest output
accounting for over 79% of the global abalone aquaculture product (F.A.O., 2014).
Australia has the world’s largest wild catch of abalone accounting for approximately onethird of world abalone fisheries at ~4,384 mt in 2011 (F.A.O., 2014).

Despite the economic importance of abalone, an annotated reference genome sequence
has not yet been constructed and the existing genomic resources for Haliotis are limited.
In fact, there are limited genomic resources for molluscs in general (although see Kocot
et al. (2011) for a recent molluscan phylogenetic study using transcriptomes). Published
genomes are available for only a few mollusc species including Lottia gigantea (limpet)
(Simakov et al., 2013) and Crassostrea gigas (oyster) (Zhang et al., 2012). The small
number of available molluscan genomes partly reflects the fact that molluscan genomes
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tend to be complex, large in size (Albertin et al., 2012) and contain large numbers of
repeated regions (Zhang et al., 2012). The sequencing and assembly of such genomes
remains challenging and relatively expensive. Mitochondrial genomes are available for a
few abalone species including Haliotis rubra (Maynard et al., 2005) and Haliotis
laveigata (Robinson et al., 2016).

Sequencing and assembly of the transcriptome (the expressed genes of an organism) is
less challenging and expensive than whole genome sequencing, and can be used to
compare the gene expression of different tissues and development stages under various
experimental conditions. The development of massively parallel high-throughput
sequencing technology (e.g. Illumina HiSeq) has enabled the sequencing and assembly of
mRNAs represented in a transcriptome without the need for a reference genome (Martin
& Wang, 2011). As transcriptome sequencing avoids intragenic regions and introns it
provides greater coverage per lane of the highly functional part of the protein-coding
genome (Bouck & Vision, 2007). As such, transcriptomes can be useful for annotating
coding single nucleotide polymorphisms (SNPs), discovering transcript isoforms,
identification of regulatory RNAs, characterisation of splice junctions and determination
of the relative abundance of transcripts which can be used for differential expression
analysis between individuals and differing environmental conditions (Rapaport et al.,
2013). Identifying individuals with different gene expression levels or SNP
polymorphisms linked to traits such as increased growth and disease resistance could
increase the rate of genetic improvement achieved by selective breeding programs for
desired aquaculture stocks (Robinson et al., 2008). The polymorphisms identified by
transcriptome sequencing can be linkage mapped (e.g. Baranski et al. (2014)) and may be
found to be linked to, or shown to be the causative mutations, affecting important traits
(e.g. Robinson et al. (2014)).
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Previous work on the abalone transcriptome is limited but has increased in recent years
(Bester-Van Der Merwe et al., 2013, Franchini et al., 2011, Huang et al., 2012, Williams
& Degnan, 2009). Williams and Degnan (2009) and Huang et al. (2012) used
transcriptome sequencing to identify genes that were expressed during early development
of abalone. Franchini et al. (2011) characterised the South African abalone (Haliotis
midae) transcriptome with more then 25 million short reads resulting in more than
20,000 relatively short assembled transcripts. Abalone heat shock protein 70 (HSP70 or
HSPA family) is of particular interest because its expression has been linked to thermal
stress for several abalone species (Cheng et al., 2007, Farcy et al., 2007, Li et al., 2012).
Heat shock proteins are generally classified into their different families (HSP70, HSP90
etc.) based on their molecular mass. HSP70 type molecules include key members of the
HSPs family that are known to respond to thermal stress. They are found in all
multicellular organisms, generally function as molecular chaperones and are vital for
protein folding (Feder & Hofmann, 1999).

Here, we report an annotated transcriptome of the green lip abalone H. laevigata using
RNAseq data from tentacles and haemolymph. We focus our analysis on one particular
family of genes: HSP70 with putative functions affecting temperature stress and
immunity in other species. By comparing our transcriptome to known HSP70 proteins in
other species we also provide insight into the evolution of HSP70s in abalone.
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1.3 Method

1.3.1 Tissue material and RNA extraction

All samples used in this study were collected from individuals from Southern Australian
Seafoods, (later Australian Bight Abalone) in Port Lincoln, South Australia. Samples
were stored in RNAlater (Qiagen) at -80°C prior to RNA extraction. Tissue samples
consisted of epipodial tentacle samples from ten juveniles, a haemolymph sample from a
single juvenile and an epipodial tentacle sample from an adult male abalone. These
samples were chosen as they are used in ongoing research of the abalone transcriptome.
Ancestry of the abalone used could be traced back at least three generations to wild
broodstock sourced originally from the Taylors Landing or Kangaroo Island region,
South Australia (Robinson et al., 2013).

RNA was extracted using a RNeasy® Mini Kit (Qiagen) according to the manufacturer’s
protocols. Tissue samples were disrupted and homogenised using a desktop
homogeniser. RNA quality and quantity was checked on a Bioanalyzer (Agilent
Technologies). Library preparation and 100 base pair (bp) paired-end RNA sequencing
(Illumina HiSeq2000) (1.5 lanes) was outsourced to the Australian Genome Research
Facility (AGRF).

1.3.2 Transcriptome assembly

All RNAseq data was combined for the abalone transcriptome assembly. Due to the large
volume of data, k-mer data normalization, or downsizing, was performed using Trinity
(Grabherr et al., 2011) (version 10.5.2012). Parameters used were: k-mers maximum=30
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and a minimum=2. Assembly was carried out using standard parameters in Trinity. The
Trinity assembly contained alternative spliced sequence variants. By removing the
redundancy of alternative splicing variants (keeping the primary variant), 222,172
contigs, were reduced to 104,885 contigs.

1.3.3 Transcriptome BLAST

Assembled contigs from Trinity were checked for similarity against the GenBank
(Benson et al., 2005) non-redundant protein database using BLAST (Altschul et al.,
1990) taking the top 100 BLAST hits above an E value cut off at 1x10-5 for each
sequence. There were 97,420 gene models in total with 97,107 (N50=1266) primary
sequences run through BLAST. BLAST annotated 20,702 contigs with gene descriptions.

1.3.4 Functional annotation and taxonomic classification

A program was written in the Python language utilizing Biopython and NCBI databases
to summarise and functionally annotate the abalone transcriptome. Source code and
instructions for using the program are available at
https://bitbucket.org/brettshiel/functional-annotator. The program maximises assignment
of Gene Ontologies (GO) for the abalone transcriptome by searching for the best hits
with assigned GO terms (based on the NCBI gene2go database
ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene2go.gz and gene2accession databases
ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene2accession.gz).
Taxonomic classifications for the top hit against each sequence were obtained using the
“Fetch taxonomic representation” tool built into Galaxy (Blankenberg et al., 2010,
Giardine et al., 2005, Goecks et al., 2010). This tool is based on the NCBI taxonomic
database ftp://ftp.ncbi.nih.gov/pub/taxonomy/.
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Higher-level GO terms were determined using CateGOrizer
(www.animalgenome.org/tools/catego/). To determine higher level GO terms, GO
identification for ‘Biological Process’, ‘Molecular Function’ and ‘Cellular Component’
were run through separately and assigned using GOslim GO classification with
consolidated single occurrences (Table 1). Higher-level immune response GO terms were
assigned using Immune System Gene Classes GO classifications (Table 2) and detailed
stress response GO term representation was based on the child GO terms of
“GO:0006950, Stress Response” (Table 3).

1.3.5 HSP70 phylogenetic relationships

As a HSP70 reference set, the list of human HSP70 family sequences were obtained from
NCBI and compared against our transcriptome using tBLASTN to obtain a representative
set of HSP70 proteins found in abalone. Similar to Brocchieri et al. (2008), HSPA12A
and HSPA12B were excluded from this analysis, as their presence would increase the
size and reduce the usefulness of the alignment due to their evolutionary distance. The
abalone HSP70 sequences were then used in a standard protein BLAST within the
mollusc phylum to establish a list of known mollusc HSP70’s in other species. A
multiple sequence alignment of amino acids was then conducted with Geneious 7.0.6
using MAFFT 1.3.3 alignment (Katoh & Standley, 2013). ProtTest version 1.4 (Abascal
et al., 2005) was used to select the model of protein evolution that best fitted the amino
acid alignments (Darriba et al., 2011). Maximum likelihood phylogenetic analysis was
performed using the RAxML software (Stamatakis, 2006) implementing the amino acid
model (RtREV+I+G+F for AIC) selected using ProtTest. Bootstrap values were
generated with 1000 replicates. Figtree v 1.4 (Rambaut, 2012) was used to visualise the
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phylogenetic tree (Figure S1). Brocchieri et al. (2008) was used as a guide to root the
tree.

1.3.6 Identification of putative single-nucleotide polymorphisms (SNPs)

The list of abalone HSP70 sequences obtained in the previous step were mapped back to
the transcriptome with putative SNPs identified using mpileup from SAMtools (Robinson
et al., 2011). Positions containing base differences with a coverage depth greater than ten
and minor allele frequency greater than 20% were considered as putative SNPs. Non
synonymous putative SNPs were identified and visualised using the Integrative
Genomics Viewer (IGV version 2.3) (Robinson et al., 2011). Table S2 contains individual
statistics on each putative SNP identified.

1.4 Results and Discussion

1.4.1 Transcriptome analyses

A total of ~38 million 100 bp paired end reads were obtained from transcriptome
sequencing. The Trinity assembly generated 222,172 contigs with a minimum length of
200bp and the maximum length of 33kb. Many of these contigs represent alternative
splice forms that are from fragments of the same gene model. In total, there were 104,885
gene fragments, representing 97,420 different gene models. A total of 6,291 gene models
comprised more than one fragment, but most gene models, 91,129, assembled as one
contig. The number of alternative spliced variants for gene fragments was 23,984,
representing 22,500 gene models with alternative splicing. The total combined length of
all the primary reported gene fragments was 78 MB, with a GC content of 41.3%.
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Analysing the primary sequence of all the gene fragments (104,885 in total) gave an N50
length of 1,313 base pairs with 42,670 fragments greater than or equal to 500bp and
24,042 fragments greater than or equal to 1,000bp (Table S1).

1.4.2 Taxonomy

Over one third (8,858) of the top-BLAST hits were to sequences belonging to the phylum
Mollusca. The next most common group of hits were from phylum Chordata with 5,304
hits (Figure 1a) and largely comprised sequences from model organisms such as humans
and mice. Within the molluscan hits, the majority of top hits were sequences belonging
to the class Bivalvia (Figure 1b), primarily the Pacific oyster (Crassostrea gigas) which
accounted for 7,733 out of the 7,973 mollusc hits. This is because the Pacific oyster is
one of the few molluscs to have a fully sequenced and annotated genome published
(Zhang et al., 2012).

Within the class Gastropoda, the abalone family (Haliotoidea) received the most hits
(Figure 1c). The most common abalone species with homology were Haliotis
diversicolor and Haliotis discus hannai (Figure 1d). H. laevigata (the subject in this
study) was one of the lowest represented members of the abalone family accounting for
only 4% of abalone hits, due to this species being poorly represented in GenBank. The
limited information so far available for molluscs is likely to be missing taxonomically
unique and/or important transcribed sequences (Wang et al., 2011).

1.4.3 Functional classification and annotation

Our functional annotation program was able to annotate more than 10,000 gene
sequences by sequence similarity to functionally annotated genes. It achieved a high
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level of annotation coverage by searching for the closest (by BLAST score) hit that is
also annotated, and which passes a minimum BLAST score criterion. Using this method
enables the transcriptome of many under studied taxonomic groups to be expanded upon
and analysed with a higher level of biological information. This level of information is
difficult to acquire for non-model species due to their evolutionary distance from model
organisms such as the humans, mice or zebra fish. However, although the method
increases the number of genes that can be annotated, some caution is warranted because
many annotations will be based on sequence similarity to genes from taxonomically
distant model organisms.

In total, 10,677 contigs were assigned multiple GO terms. Of these GO terms 29,742,
30,895 and 47,777 were assigned to ‘Cellular component’, ‘Molecular function’ and
‘Biological process’ categories respectively. The top 10 GO terms for each are presented
in Table 1. The highest number of GO terms were classified into ‘Cell’ and
‘Intracellular’ subcategories (in the ‘Cellular component’ category) with the remaining
encoding products involved in many other diverse cellular components. With respect to
‘Molecular function’, the highest number of GO terms were classified into ‘Catalytic
activity’ and ‘Binding’ subcategories. GO terms associated with ‘Development’ and
‘Metabolism’ were the two most common annotated ‘Biological Processes’ (Table 1).
In total, 5,129 contigs were assigned to 81 immune response related GO classes, the most
abundant 10 of which are shown in Table 2. The most frequent immune response
categories allocated were metabolism (1,756), stress response (630) and protein
metabolism (465).

Contigs related to stressors such as heat, hypoxia, oxidative stress and wounding were
the most abundant immunity related annotations in the transcriptome (Table 3). These
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may provide some indication of the importance of these processes to the survival of
abalone in their natural intertidal environment which experiences a wide range of
temperature changes and periodic exposure with the tides.

Table 1. Functional assignment of GO categories. 10 most commonly assigned GO
categories under ‘Cellular Component’, ‘Molecular Function’ and ‘Biological Process’
for the H. laevigata contigs
GO term
GO:0005575
GO:0005623
GO:0005622
GO:0005737
GO:0005634
GO:0005856
GO:0005694
GO:0005886
GO:0016023
GO:0005654

Definition
cellular_component
Cell
Intracellular
Cytoplasm
Nucleus
Cytoskeleton
Chromosome
plasma membrane
cytoplasmic MB vesicle
Nucleoplasm

No. of hits to
contigs
956
840
695
303
180
85
79
71
57
53

% total hits
26.11%
22.94%
18.98%
8.27%
4.92%
2.32%
2.16%
1.94%
1.56%
1.45%

Molecular
Function

GO:0003674
GO:0003824
GO:0005488
GO:0016740
GO:0016787
GO:0005515
GO:0005215
GO:0003676
GO:0004871
GO:0004872

molecular_function
catalytic activity
Binding
transferase activity
hydrolase activity
protein binding
transporter activity
nucleic acid binding
signal transducer activity
receptor activity

2270
1161
653
388
350
341
246
117
112
112

34.99%
17.90%
10.07%
5.98%
5.40%
5.26%
3.79%
1.80%
1.73%
1.73%

Biological
Process

GO:0008150
GO:0008152
GO:0007275
GO:0016043
GO:0030154
GO:0009653
GO:0007154
GO:0006810
GO:0006139
GO:0009058

biological_process
Metabolism
Development
cell organization and biogenesis
cell differentiation
Morphogenesis
cell communication
Transport
nucleobase, nucleoside, nucleotide
and
nucleic acid metabolism
Biosynthesis

6163
1756
1404
776
619
618
605
590
536
513

33.04%
9.41%
7.53%
4.16%
3.32%
3.31%
3.24%
3.16%
2.87%
2.75%

Cellular
Component
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Table 2. Functional assignment of immune related GO classes to H. laevigata contigs
(top 10)
GO term
GO:0008152
GO:0006950
GO:0019538
GO:0009056
GO:0006629
GO:0006915
GO:0009605
GO:0005975
GO:0009719
GO:0016265

Definition
Metabolism
stress response
protein metabolism
Catabolism
lipid metabolism
Apoptosis
response to external stimulus
carbohydrate metabolism
response to endogenous stimulus
Death

No. of hits to
contigs
1756
630
465
269
191
156
136
108
107
106

% total hits
34.24%
12.28%
9.07%
5.24%
3.72%
3.04%
2.65%
2.11%
2.09%
2.07%

Table 3. Number hits for GO terms based on “GO:0006950, Stress Response” in H.
laevigata
GO term
Response to oxidative stress
Response to hypoxia
Response to heat
Response to wounding
Defense response
Cellular response to stress
Response to starvation
Response to osmotic stress
Response to cold
Response to nitrosative stress
Multicellular organismal response
to
stress of response to stress
Regulation
Response to hyperoxia
Response to ischemia
Response to herbicide
Response to water deprivation
Response to anoxia

GO ID
GO:0006979
GO:0001666
GO:0009408
GO:0009611
GO:0006952
GO:0033554
GO:0042594
GO:0006970
GO:0009409
GO:0051409
GO:0033555
GO:0080134
GO:0055093
GO:0002931
GO:0009635
GO:0009414
GO:0034059

Hits
70
51
38
18
12
11
8
7
6
5
5
2
2
2
2
1
1

Example gene description
NADH dehydrogenase
nuclear respiratory factor 1
Heat shock protein 4
nitric oxide synthase 2a, inducible
dorsal, isoform A
mitochondria-eating protein
Lactase
Poly(ADP-ribose) glycohydrolase 1
omega-3 fatty acid desaturase
alcohol dehydrogenase-B2
nitric oxide synthase
cysteine and histidine-rich domaincontaining protein
1 1
thioredoxin
reductase
tumor suppressor p53
vesicular monoamine transporter
Poly(ADP-ribose) glycohydrolase 1
Connective tissue growth factor
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Fig. 1. Taxonomic distribution. (A) Phylum representation, (B) Mollusc representation, (C) Gastropod representation and (D) Haliotis
representation. Category “Other” represents combined lower scoring taxonomic groups

!

Figure 1. Taxonomic distribution. A Phylum representation, B Mollusc representation, C
!

Gastropod representation and D Haliotis representation. Category “Other” represents
combined lower scoring taxonomic groups
31

1.4.4 Genes associated with stress response

Heat is one of the primary stressors increasing the susceptibility of abalone to disease and
results in decreased production in the onshore abalone aquaculture environment.
Therefore functions related to heat response were selected as a primary focus for this
study. Heat shock proteins (HSP) have been found to be up-regulated in a response to
increased temperature in some species including; fish (Narum et al., 2013), oysters
(Zhang et al., 2011a) and abalone (Farcy et al., 2007). The expression of HSPs has also
been found to coincide with response to oxidative stress (Fabbri et al., 2008), cold
temperatures (Li et al., 2012), hypoxia, heavy metal contamination, pollution (Zhang et
al., 2011a) and aestivation in molluscs, and has been suggested to be a vital tool in their
adaptations to survive stressful habitats (Liu & Chen, 2013). HSP70 is an important
member of the heat shock protein family involved in chronic temperature acclimation
and acute response of invertebrates to temperature challenges (Feder & Hofmann, 1999).
In abalone, Li et al. (2012) determined that when chronically exposed to extreme
temperatures, Haliotis discus exhibited a high expression of HSP70 compared to abalone
maintained at favourable conditions. Thermal history also had a significant effect on the
expression of HSP70. Individuals that were cultured at higher temperatures responded
faster and were more sensitive, expressing more HSP70 over time when exposed to high
temperature shock (Li et al., 2012). Twenty-six HSP70 proteins were found within the H.
laevigata transcriptome and aligned to known mollusc HSP70 proteins (Table 4).
Phylogenetic analysis of these proteins resulted in separation of the proteins into six
major groups similar to that found in the human HSP70 phylogenic analysis by
Brocchieri et al. (2008). Group 2 is composed of the mitochondrial proteins for HSPA9.
Group 3 contains mostly hypoxia-up-regulated proteins. Group 4 contains isoforms of
heat shock protein 14 and Group 5 contains heat shock protein 13. Group 7 consists of
hypothetical proteins transcribed from the Lottia gigantea genome and bip-like protein
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from Lymnaea stagnalis (Table 4). Group 6 is the most populated, containing many
proteins that have been studied previously for their effects on heat and stress resilience in
abalone and numerous other mollusc species and other closely related abalone (Cheng et
al., 2007, Farcy et al., 2007).

Table 4. Mollusc HSP70 proteins identified in the abalone transcriptome and SNP’s for
abalone HSP70 sequences (S= synonymous, UTR = Un-translated regions and NS = nonsynonymous)
Evolutionary Group

2(HSPA9)

SNP’s

Contig
*(partial)
comp92792

Mollusc hits

S

UTR

NS

1

2

0

comp392132*

-

-

-

comp244236*

-

-

-

comp167272*

-

-

-

comp101871

15

1

1

comp102742

0

6

0

comp13415*

-

-

-

comp280152*

-

-

-

comp318781*

-

-

-

comp163558*

-

-

-

comp410273*

-

-

-

4(HSPA14)

comp103534

14

2

1

Crassostrea gigas, Lottia gigantean, Aplysia
californica

5(HSPA13)

comp106543

3

2

3

Aplysia californica, Crassostrea gigas, Lottia gigantea

6(HSPA8, HSPA2,
HSPA6, HSPA1L,
HSPA1a, HSPA1b)

comp79549

3

1

0

comp101254

4

5

5

comp93111

2

3

0

comp89276

4

0

0

comp87346*

1

1

0

comp54164*

-

-

-

comp35705*

-

-

-

comp145818*

-

-

-

Argopecten purpuratus, Argopecten irradians,
Azumapecten farreri, Biomphalaria glabrata, Cellana
toreuma, Cyclina sinensis, Crassostrea ariakensis,
Crassostrea gigas, Crassostrea hongkongensis,
Crassostrea madrasensis, Crassostrea virginica,
Cristaria plicata, Deroceras reticulatum, Diplodon
chilensis, Dreissena polymorpha, Haliotis asinine,
Haliotis diversicolor, Haliotis discus hannai, Haliotis
rufescens, Haliotis tuberculata, Laternula elliptica,
Littorina plena, Littorina scutulata, Lottia gigantean,
Lymnaea stagnalis, Meretrix meretrix, Mizuhopecten
yessoensis, Modiolus modiolus, Mytilus
galloprovincialis, Mytilus chilensis, Mytilus coruscus,
Nacella concinna, Ostrea edulis, Paphia undulate,
Perna indica, Perna viridis, Pinctada fucata,
Pomacea canaliculata, Pteria penguin, Ruditapes
decussatus, Sepia officinalis, Sinonovacula constricta,
Solen grandis, Tegillarca granosa

comp99703

6

0

0

comp104182*

1

0

1

comp94682*

2

0

1

comp99091*

1

3

0

comp325662*

-

-

-

comp136401

-

-

-

3(HSPA4,
HSPA4L, HSPH1,
HSPHYOU1)

7(HSPA5)

Mya arenaria, Crassostrea gigas, Lottia gigantean,
Aplysia californica

Lottia gigantean, Aplysia californica, Crassostrea
gigas

Lottia gigantean, Lymnaea stagnalis
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Ninety-one putative SNPs were identified in the abalone HSP70 sequences (Table 4).
The putative SNPs were all identified from regions containing at least 10X coverage and
all had a minor allele frequency of at least 20% (average coverage of 512 and frequency
of 43.7% respectively Table S2). Putative SNPs in these heat shock proteins of potential
functional significance will be validated by genotyping and analysed for allelic
association with resilience /susceptibility to heat stress in future studies. Fifty-four were
synonymous, 26 were within untranslated regions and 11 were non-synonymous. Group
5, consisting of HSPA13, only contained one matching abalone protein (comp106543),
however this protein possessed many putative SNPs, three of which were nonsynonymous. A similar HSPA13 was identified in the Crassostrea gigas genome study
by (Zhang et al., 2012), however its specific function does not appear to be known at this
time. In humans the expression of HSPA13 has been observed to be constantly expressed
and regulation is not affected by exposure to stressors (Brocchieri et al., 2008).
Group 6 has received the most attention in HSP70 protein studies in molluscs evidenced
by the large number of species that have had a HSP70 sequence submitted to NCBI
(Table 4). HSP70 sequences have been identified in Haliotis discus hannai (Cheng et al.,
2007) and Haliotis tuberculata (Farcy et al., 2007). Both of these studies have identified
that HSP70 expression is increased after exposure to thermal stress. Cheng et al. (2007)
further discussed HSP70s expression as inducible and involved in immune response,
suggesting that it may play a part in injury healing.

The HSP70 group that possessed the most non-synonymous putative SNPs was group 6
(five putative SNPs). These putative SNPs were all present on one contig (comp101254).
This protein did not appear to align with any specific human HSP70 in group 6, however
it did appear similar to the HSP70 studied in the zebra mussel Dreissena polymorpha
(ACF37246.1) (Figure S1b). Xu and Faisal (2009) also observed the close phylogenetic
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relationship of this HSP70 between the zebra mussel and abalone species (Haliotis
asinine). This particular HSP70 was detected in the haemocytes and found to play a
major role in early defense mechanisms of the zebra mussel, with induction occurring
within one hour of induced stress. The five non-synonymous putative SNPs recorded in
our abalone sequence are therefore of interest, and warrant further validation and
investigation, as they might result in functional changes to the HSP70 protein affecting
stress resilience in abalone. This categorization of HSP70 annotated transcripts in the
abalone transcriptome will be useful for future investigations into genetic processes
affecting HSP70 expression in abalone, specifically in regards to stress.

1.4.5 Conclusion

In this study, we described the green lip abalone (H. laevigata) transcriptome. We
demonstrated that by using basic programming tools and publicly available software we
could functionally annotate the transcriptome of a non-model organism. Much of the
recent work on abalone transcriptomes has aimed at identifying differential expression
associated with traits of importance for enhancing and maintaining aquaculture
production. Here we add to that by providing a detailed analysis of an abalone
transcriptome, and characterising putative polymorphisms in a highly important protein
(HSP70s). Such polymorphisms may help us to better understand the stress response of
abalone and to select more resilient populations for aquaculture. The transcriptome data
provided will act as a valuable resource for studying mollusc evolution and biology for
the genetic improvement of important aquaculture species.
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1.5 Supplementary material

Figure S1a. Phylogenetic tree analysis of HSP70 proteins in H. laevigata in reference to
the human HSP70 evolutionary groups. Represented in the tree are reference human
HSP70s (denoted ‘HsHSP’), H. laevigata proteins (denoted ‘comp’) and mollusc hits
from BLAST (listed by accession numbers). Mollusc hits were reduced and summarized
by removing known partial proteins and non HSP70 proteins
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Figure S1b. Group 6 (G6) from phylogenetic tree analysis of HSP70 in H. laevigata.
Represented in the tree are reference human HSP70s (denoted ‘HsHSP’), H. laevigata
proteins (denoted ‘comp’) and mollusc hits from BLAST (listed by accession numbers)
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Table S1. Trinity transcriptome assembly statistics
Statistic
Total paired end reads
Number of contigs
Gene models
Gene fragments
Gene models from single
contig
Fragmented
gene models
from multiple
contigs
Gene
models with
alternative
splicing
Gene fragments with
alternative
splicing
Length
of total
primary
fragments
GC
content
N50
Fragments greater than
500bp
Fragments
greater than
1000bp

Result
~38 million 100 bp
222,172
97,420
104,885
91,129
6,291
22,500
23,984
78MB
41.3%
1,313 bp
42,670
24,042
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Table S2. Haliotis laevigata putative HSP70 SNP statistics
Comp

Direction

Position

Reference

Alternate

comp79549_c0_seq1
comp79549_c0_seq1
comp79549_c0_seq1
comp79549_c0_seq1
comp87346_c0_seq2
comp87346_c0_seq2
comp89276_c0_seq1
comp89276_c1_seq1
comp89276_c1_seq1
comp89276_c1_seq1
comp92792_c0_seq1
comp92792_c0_seq1
comp92792_c0_seq1
comp93111_c0_seq1
comp93111_c0_seq1
comp93111_c0_seq1
comp93111_c0_seq1
comp93111_c0_seq1
comp94682_c0_seq1
comp99091_c0_seq2
comp99091_c0_seq2
comp99091_c0_seq2
comp99091_c0_seq2
comp99703_c0_seq1
comp99703_c0_seq1
comp99703_c0_seq1
comp99703_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101254_c0_seq1
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp101871_c0_seq3
comp102742_c0_seq1
comp102742_c0_seq1
comp102742_c0_seq1
comp102742_c0_seq1
comp102742_c0_seq1
comp102742_c0_seq1
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp103534_c0_seq2
comp104182_c0_seq2
comp104182_c0_seq2
comp106543_c0_seq11
comp106543_c0_seq11
comp106543_c0_seq11
comp106543_c0_seq11
comp106543_c0_seq11
comp106543_c0_seq11

forward
forward
forward
forward
reverse
reverse
reverse
reverse
reverse
reverse
forward
forward
forward
reverse
reverse
reverse
reverse
reverse
forward
reverse
reverse
reverse
reverse
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
reverse
reverse
reverse
reverse
reverse
reverse
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward
forward

16
175
475
610
487
939
679
106
202
1311
258
2706
3519
653
1144
1231
1757
2216
845
99
441
451
495
397
730
769
1285
121
228
302
557
777
841
1236
1412
1948
2099
2119
2253
2298
2321
599
623
668
776
791
929
949
1247
1265
1319
1382
1499
1799
2456
2594
2771
3556
101
1766
3138
3618
4036
4278
114
225
333
486
588
643
693
790
820
828
954
978
1083
1218
1257
1464
1530
298
345
379
407
460
594
762
834

C
G
C
T
C
A
C
G
G
A
T
A
G
A
C
T
C
G
G
G
T
A
A
T
T
C
C
G
G
T
G
G
A
T
A
G
C
A
A
T
T
C
A
C
T
T
T
A
G
G
A
T
C
A
G
C
C
T
A
A
G
G
C
C
T
C
C
C
A
C
C
G
C
T
C
G
T
G
A
C
C
T
C
T
C
G
G
T
A

T
A
T
C
A
G
T
T
A
G
G
G
A
T
A
C
G
A
A
A
C
C
T
C
C
T
T
A
A
G
C
T
G
C
T
A
T
G
T
C
G
T
G
T
C
C
C
G
C
C
G
C
T
T
C
G
T
A
C
T
A
A
T
T
A
T
T
A
G
A
T
A
T
C
G
A
C
T
G
G
T
C
A
G
T
A
T
C
T

S/
SN/
UTR
UTR
S
S
S
S
UTR
S
S
S
S
S
UTR
UTR
UTR
UTR
UTR
S
S
S
S
UTR
UTR
UTR
S
S
S
S
UTR
UTR
S
NS
NS
NS
S
S
NS
S
NS
UTR
UTR
UTR
S
S
S
S
S
S
NS
S
S
S
S
S
S
S
S
S
UTR
UTR
UTR
UTR
UTR
UTR
UTR
UTR
S
S
S
S
S
S
NS
S
S
S
S
S
S
S
S
UTR
S
NS
NS
NS
NS
S
S
S

Reference
coverage

Alternate
coverage

5
28
30
30
4456
10
76
60
106
43
285
178
129
125
112
108
68
103
22
21
14
8
8
1511
1931
2205
1850
93
110
133
322
304
408
738
887
1470
1262
1153
647
674
7
85
88
91
97
98
87
90
111
102
86
85
89
110
134
117
188
20
252
112
48
239
91
51
12
22
16
39
14
37
26
18
14
9
20
20
36
23
25
22
22
53
29
33
33
41
32
19
34

6
19
27
25
3315
29
44
51
73
23
144
152
107
64
92
101
79
39
31
9
6
11
4
2106
1478
1338
2681
147
321
206
459
201
239
416
523
955
694
513
1072
301
38
52
72
79
88
84
66
64
89
87
94
100
38
72
142
67
90
50
114
130
288
117
234
31
9
10
13
17
30
12
17
8
7
12
8
10
10
11
8
13
10
48
26
23
26
14
12
14
14

Total high
quality
coverage
11
47
57
55
7771
39
120
111
179
66
429
330
236
189
204
209
147
142
53
30
20
19
12
3617
3409
3543
4531
240
431
339
781
505
647
1154
1410
2425
1956
1666
1719
975
45
137
160
170
185
182
153
154
200
189
180
185
127
182
276
184
278
70
366
242
336
356
325
82
21
32
29
56
44
49
43
26
21
21
28
30
46
34
33
35
32
101
55
56
59
55
44
33
48

Alternate
Frequency
0.55
0.40
0.47
0.45
0.43
0.74
0.37
0.46
0.41
0.35
0.34
0.46
0.45
0.34
0.45
0.48
0.54
0.27
0.58
0.30
0.30
0.58
0.33
0.58
0.43
0.38
0.59
0.61
0.74
0.61
0.59
0.40
0.37
0.36
0.37
0.39
0.35
0.31
0.62
0.31
0.84
0.38
0.45
0.46
0.48
0.46
0.43
0.42
0.45
0.46
0.52
0.54
0.30
0.40
0.51
0.36
0.32
0.71
0.31
0.54
0.86
0.33
0.72
0.38
0.43
0.31
0.45
0.30
0.68
0.24
0.40
0.31
0.33
0.57
0.29
0.33
0.22
0.32
0.24
0.37
0.31
0.48
0.47
0.41
0.44
0.25
0.27
0.42
0.29
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Chapter 2. The effect of commercial, natural and grape seed extract supplemented
diets on gene expression signatures and survival of greenlip abalone (Haliotis
laevigata) during heat stress

This chapter is published as:

Shiel, B.P., Hall, N.E., Cooke, I.R., Robinson, N.A., Stone, A.J. and Strugnell, J.M.,
2017. The effect of commercial, natural and grape seed extract supplemented diets on
gene expression signatures and survival of greenlip abalone (Haliotis laevigata) during
heat stress. Aquaculture, 479, pp.798-807,
https://doi.org/10.1016/j.aquaculture.2017.07.025

2.1 Abstract

Summer mortality is a phenomenon associated with high temperature water spikes that
can result in mass mortalities of abalone and other molluscs. This is a particular concern
for aquaculture industries due to the economic impacts of such events. Diets containing
algal supplements have been suggested as pre-emptive solutions for preventing these
mass mortalities. The same has also been suggested for diets containing grape seed
extract. This is due to their potential as a source of antioxidative compounds, which
reduce the accumulation of harmful reactive oxygen species. This study aimed to identify
functional genes associated with high survival in abalone fed diets high in oxidative
compounds during heat stress. Tentacle transcriptomes of 40 greenlip abalone (Haliotis
laevigata) were investigated to determine the combined effects of differing diets and
temperature on the gene expression responses by abalone. Here we compare the
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functional gene expression changes at 22°C and 25°C in abalone fed common
commercial, live macroalgal (Ulva lactuca) and grape seed extract supplemented
commercial diets as a means to understand the resulting high survival of abalone fed
grape seed extract during heat stress. Twenty-four genes were differentially expressed
between high survival promoting diets (macroalgae or grape seed extract supplemented
commercial) relative to the purely commercial diet. Many of these genes have been
suggested to be involved in antioxidant and innate immunity responses. The
identification of these genes and their functional roles has enhanced our understanding of
processes that contribute to summer stress resilience in abalone. Our study supports the
hypothesis that diet and gene expression signatures may be indicative of the survival
capabilities of abalone when exposed to heat stress.

2.2 Introduction

The high demand for abalone as a luxury food source has caused a decline in wild stocks
globally, but has also stimulated the growth of abalone aquaculture (Cook & Gordon,
2010). The transition of marine and freshwater species to aquaculture can prove
challenging due to the potential increase of stressors, such as increased stock densities,
increased handling of animals and the different climatic or chemical conditions
experienced in the culture environment. Optimizing artificial feeds to replace natural
diets is an additional challenge (Kurmaly et al., 1989) yet is essential due to the
prohibitively high cost of natural diets. The diet composition of commercially important
aquaculture species is vital for growth (Fernandez-Jover & Sanchez-Jerez, 2015),
survival (DeGrandi-Hoffman et al., 2016, Rodney & Confred, 2016), reproductive
success (Kennedy et al., 2016, Rojas et al., 2016) and product quality (Egea et al., 2016,
Megersa et al., 2013).
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Abalone are anatomically and biochemically adapted to digest macroalgae which forms
an essential component of their natural diet in the wild (Garcıa-Carreno et al., 2003). The
use of commercial aquaculture feeds typically result in high growth rates (BautistaTeruel et al., 2003, Fleming et al., 1996), while abalone fed macroalgae diets have varied
growth rates, depending on the algal species used (Naidoo et al., 2006). Macroalgae as an
ingredient in abalone feed has numerous benefits for aquaculture including the promotion
of sustained high feeding activity, optimal health and marketability (Bansemer et al.,
2014). Feed containing macroalgae is also highly effective at preventing mass mortalities
during heat stress events known as “summer mortalities.” (Bansemer et al., 2016, Stone
et al., 2014). However, due to the high costs of growing, harvesting and processing algal
biomasses, compared to the costs of manufacturing commercial feed utilizing alternative
ingredients, the use of algae as a direct feed source is generally confined to the early
nursery life stages (Shields & Lupatsch, 2012).

High water temperature is the key driver of summer mortality, a phenomenon that occurs
in both wild and culture environments during the summer months (Vandepeer, 2006).
Summer mortality is known to be highly complex, partially driven by chemical water
changes associated with increased temperatures (such as lower dissolved oxygen, and
changes in nutritional factors and pH) which are thought to compromise the immune
system and make abalone more vulnerable to infection by bacteria such as Vibrio
(Cardinaud et al., 2015, Vandepeer, 2006). Summer mortality on abalone farms may be
induced by sudden temperature spikes, and may also be exacerbated by a compromised
metabolism, which can result from nutritionally unbalanced diets. This can cause cellular
damage and ultimately death, potentially due to oxidative stress (Stone et al., 2014).
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In general, abalone fed a macroalgae diet have higher antioxidant capabilities compared
to those fed a commercial diet (Wan et al., 2004). Macroalgae have been reported to
exhibit antimicrobial activities (Manivannan et al., 2011, Rattaya et al., 2015, Salvador
Soler et al., 2007) as well as providing an array of beneficial nutrients and compounds
when ingested (Ahn et al., 2002, Chandini et al., 2008, Cruz-Suárez et al., 2010). Given
the high costs of macroalgae, interest has recently turned to trialing the use of food byproducts and herbal extracts as a cost effective dietary supplement to commercial feeds
in animal husbandry (Costa et al., 2013).

Grape seed extract (GSE) is rich in polyphenolic compounds and has well documented
antioxidant, antimicrobial and anti-inflammatory properties when ingested (Perumalla &
Hettiarachchy, 2011). In abalone, GSE has already been shown to act as an efficient
dietary additive to improve productivity and reduce mortality during summer mortality
events (Duong et al., 2016, Lange et al., 2014). However due to the complex nature of
summer mortality and its association with numerous potential stressors, it is difficult to
pinpoint the precise mechanism resulting in the increased survival of abalone.
RNA sequencing (RNA-seq) reveals a snapshot of an organisms gene expression at a
specific time (Chu & Corey, 2012) and has proven to be a useful tool for identifying
important gene pathways affected by different diets in chickens (Li et al., 2014, Xu et al.,
2015), fish (Reyes-Becerril et al., 2013, Yarahmadi et al., 2014), shrimp (Zhang et al.,
2013), oysters (Joubert et al., 2014) and abalone (Wu et al., 2010; Zhang et al., 2010;
Mateos et al., 2012b). For abalone, gene expression analysis has been shown to be an
efficient tool used to study targeted biological pathways involving the effects of dietary
oil (Mateos et al., 2011, Mateos et al., 2012a, Mateos et al., 2012b), zinc (Wu et al.,
2011), selenium (Zhang et al., 2011a), iron (Wu et al., 2010) and α-lipoic acid (Zhang et
al., 2010).
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The aim of this study was to utilize a RNA-seq approach to investigate the interactive
effects of water temperature (heat stress) and diet composition on abalone gene
expression. Differences in gene expression in response to heat stress between abalone fed
live Ulva lactuca or a commercial diet with or without 5% GSE supplementation were
examined. Mechanisms and diet related gene pathways that may be responsible for
promoting abalone survival during a heat stress event are discussed.

2.3 Method

Details of study animals, temperature challenge procedure and resulting survival for
abalone fed commercial and GSE supplemented diets for this study are described in
Duong et al. (2016). Treatment groups of abalone fed a %100 live U. lactuca diet were
run simultaneously alongside the commercial diet treatment groups described in Duong
et al. (2016) under the same conditions.

2.3.1 Experimental treatments and diets

Five treatments were used in this study: (i) commercial diet fed abalone maintained at
22°C, (ii) commercial diet fed abalone maintained at 25°C, (iii) commercial+5%GSE
diet fed abalone maintained at 25°C, (iv) live U. lactuca fed abalone maintained at 22°C
and (v) live U. lactuca fed abalone maintained at 25°C. The “commercial” diet was
provided by Eyre Peninsula Aquafeeds and consisted of Abgrow diet 5 mm chips. The
“commercial+5%GSE” diet consisted of 5% Australian GSE (GSeedEX grape seed
tannin, Tarac Technologies Pty Ltd, Nuriootpa, SA, Australia) formulated into Abgrow
mash as described in Lange et al. (2014). The live U. lactuca was collected from the
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Outer Harbor area of St Vincent Gulf, South Australia. U. lactuca was cultured at South
Australian Research and Development Institute, South Australian Aquatic Science Centre
(SARDI SAASC) under natural light and an ambient photoperiod in 4000-L parabolic
tanks containing sand-filtered seawater, as described by Stone et al. (2014). The live U.
lactuca diet will hereafter be referred to as the “Ulva” diet. All abalone diet treatments
were fed to excess at 16:00 with cleaning and collection of uneaten food performed daily
at 8:30 as detailed in Duong et al. (2016).

2.3.2 Experimental system

Three-year-old greenlip abalone (Haliotis laevigata) were obtained from South
Australian Mariculture (Boston Point, Port Lincoln, South Australia). One month prior to
the experiment, abalone were transferred to 500 L flow through holding tanks at SARDI
with aerated seawater (21°C), photoperiod and fed 5 mm commercial diet chips. Ten
abalone at a time were removed from the holding tanks and interspersed among four
replicate tanks per treatment. The experiment ran for 38 days including a one week
acclimatization period where temperatures were raised by ~1 °C per day from 21°C to
the treatment temperatures of 22°C and 25°C. 22℃was selected as the control
temperature as it is the highest temperature at which no mortalities have been recorded
and is considered an optimal temperature for growth (Lange et al., 2014). Animals that
died throughout the experiment were weighed and recorded and replaced with similar
sized tagged abalone to maintain stocking densities. Abalone replaced throughout the
experiment to maintain stocking densities were not selected for final sampling and RNAseq. The experimental procedure is described in detail in Duong et al. (2016).
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2.3.3 Sampling collection and RNA extraction

On the final day of the experiment, 2-3 epipodial tentacles of two abalone from each of
the treatment tanks were sampled using dissection scissors (four tanks per treatment).
This resulted in eight samples per experimental treatment. Sampling occurred within two
minutes after abalone were removed from the tank. Tentacles were immediately stored in
RNAlater, placed on ice and subsequently stored at -80°C.
Epipodium can be clipped without harming the animal, has been found to be responsible
for up to 14% of oxygen uptake (Taylor & Ragg, 2005) and contains the second largest
volume of haemolymph, second to the kidney (Jorgensen et al., 1984), and therefore,
sampling this tissue enables us to develop practical and non-lethal means for studying the
response of the transcriptome to summer stresses, diets and other factors of importance to
abalone aquaculture. The transcriptome of tissue and haemolymph from the epipodium
has been successfully applied to study the response of abalone to temperature stress
(Liang et al., 2014), the basal gene expression of summer mortality resilient and
susceptible abalone (Shiel et al., 2017b), and to find genes differentially expressed in
association with fast growth in abalone (Choi et al., 2015).

RNA was extracted from epipodial tentacle samples using an RNeasy® Mini Kit
(Qiagen) according to the manufacturer’s protocol “Purification of Total RNA from
Animal Tissue”. Tissue samples were disrupted and homogenized using a desktop
homogenizer (Janke & Kunkel, Ultra-Turrax T25). RNA quality and quantity was
estimated using a Thermo Scientific Nanodrop (2000). Library preparation and 100 base
pair (bp) single-end RNA sequencing (Illumina HiSeq2000) (two lanes) was outsourced
to the Australian Genome Research Facility (AGRF). Gene expression sequence data
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used in this study will be deposited into the NCBI Short Read Archive under Bioproject
PRJNA286263.

2.3.4 Sequence mapping

In the absence of a reference genome for H. laevigata, a de novo transcriptome was
previously assembled as a reference for read mapping and tentacle gene expression
profiling (Shiel et al., 2015). Individual genes for each sample were mapped back to the
transcriptome with the alignment program Bowtie (Version 1.0.0) (Langmead et al.,
2009) as implemented in Trinity (Version 10.5.2012) (Grabherr et al., 2011). Transcript
abundance of de novo assembled genes was calculated using RSEM (Li & Dewey,
2011).

2.3.5 Differential expression

RSEM count data was used as an input to the R package. We utilized the Limma RNAseq differential gene expression method (Smyth, 2005), which uses the Voom module to
transform the data based on observational-level weights derived from the mean-variance
relationship (Ritchie et al., 2015). This method calculates the non-parametric estimates of
mean-variance relationships to estimate weights for a linear model analysis of logtransformed counts (normalized for sequence depth) with the empirical Bayes Shrinkage
of variance parameters. Differential expression analyses were performed to examine the
differences in gene expression between feed and temperature treatments of interest by
first fitting a linear model to estimate the variability in the data with lmFit (Smyth, 2005)
including all five treatments with commercial diet representing the baseline. Grouping of
abalone within tanks was accounted for by including tank as random effect with the
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duplicateCorrelation function within Limma (Smyth, 2005) that estimates a common
value for the intra-duplicate correlation.

Tests for differential expression were performed by constructing the following pairwise
contrasts based on this model (i) Ulva diet at 22°C vs. a commercial diet at 22°C, (ii)
Ulva diet at 25°C vs. a commercial diet at 25°C, (iii) commercial+5%GSE diet at 25°C
vs. a commercial diet at 25°C, (iv) Ulva diet at 22°C vs. an Ulva diet at 25°C, (v)
commercial diet at 22°C at vs. a commercial diet at 25°C. In order to identify genes
showing differential expression, an omnibus test (F-test) was used to analyze the effects
of diet (contrasts i, ii & iii) and the effects of temperature (contrasts iv & v). Genes
differentially expressed were selected by F-test with a 5% false discovery rate (FDR)
(Benjamini & Hochberg, 2000). Multidimensional scaling was used to visualize
relatedness of the experimental groups (control commercial diets versus the GSE
supplemented and Ulva diets). Given a set of expression values for genes under the five
experimental conditions, a matrix of up/down gene signature patterns was constructed
with a comparison of the experimental group means to the global mean (Figure 2). Heat
map was generated in R using the heatmap.2 function (omitting row and dendograms) of
the gplots package (Warnes, 2016).

2.3.6 Functional annotation and key transcript validation

Differentially expressed genes were annotated using the Trinotate pipeline (version 1.1;
http://trinotate.github.io/). Trinotate provides functional annotations for transcriptome
sequences by combining protein prediction (via Transdecoder)
(http://transdecoder.github.io/) and BLAST (Altschul et al., 1990) homology with the
UniProt database, identification of Pfam (Finn et al., 2013) domains using HMMER
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(Finn et al., 2011), prediction of signal peptides using SignalP (Petersen et al., 2011),
transmembrane regions using tmHMM (Krogh et al., 2001) and rRNA using
RNAMMER (Lagesen et al., 2007). Trinotate assigned SwissProt identifiers (Farriol‐
Mathis et al., 2004) to differentially expressed genes. For the genes of interest presented
in this study, if no SwissProt identifier was found, BLAST searches against nonredundant protein and nucleotide databases were attempted (1e-5 threshold). Gene
Ontology (GO) terms were retrieved from QuickGO (Binns et al., 2009). These GO
terms were used to determine the higher-level immune response GO classifications using
CateGOrizer (www.animalgenome.org/tools/catego/) through the Immune System Gene
Classes classification method with consolidated single occurrences.

2.4 Results

2.4.1 Survival

After the 38 day trial, the survival of greenlip abalone fed a commercial diet at 22°C was
85% and was significantly higher than the 40% survival recorded for abalone fed the
same diet at 25°C (n = 40; P < 0.001; Kaplan-Meier; Log-Rank test; Figure 1).
Dissimilarly, the survival of abalone fed commercial+5%GSE diet at 25°C (77.5%) was
not significantly reduced in comparison to the same 22°C commercial diet control
abalone (n = 40; P = 0.402; Kaplan-Meier; Log-Rank test; Figure 1). The survival of
abalone fed an Ulva diet at 22°C was 72.5% and was not significantly less in abalone fed
the same diet at 25°C (52.5%) (n = 40; P = 0.078; Kaplan-Meier; Log-Rank test; Figure
1). Pairwise comparison Log-Rank tests for all treatments available in Figure S1.
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Figure 1. Kaplan-Meier survival curves of greenlip abalone (Haliotis laevigata) fed the
commercial and Ulva diets at 22°C, and the commercial diet, Ulva diet and
commercial+5%GSE diet at 25°C

2.4.2 Differential expressed genes related to diet

Twenty-four genes were found to be differentially expressed (FDR< 0.05) using an F-test
across the three diet and temperature contrasts described in section 2.5 (Table 1).
Average expression of these genes ranged from 2.86 to 11.43 counts per million (log2)
with relatively low fold changes (Table 1). Eighteen of the 24 differentially expressed
genes discovered were assigned a homologous Swissprot gene ID (Table 1). The
remaining six genes were unable to be annotated with a further NCBI non-redundant
BLASTX database search (E value cutoff: 1x10-5). Seventeen of the 18 annotated genes
were assigned Gene Ontology (GO) terms (Table S1). In total, 260 GO terms were
assigned to the differentially expressed genes. Eighty-eight of these GO terms were
assigned to 19 higher immune related classification GO terms (Table S2). A large
majority of the genes have known involvement in metabolism (n=12) and more
specifically protein metabolism (n=7). A smaller proportion of genes were identified to
have known involvement in stress responses (n=5; Table 1).
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Table 1. Differentially expressed genes due to diet. Log2 fold-change from commercial diet controls (C22 & C25) are displayed for Ulva 22°C (U22),
Ulva 25°C (U25) and the commercial+5%GSE diet at 25°C (G25). Adjusted P value corresponds to an F-test across all three of the contrasts for which
Log2 fold-changes are shown. Log2 average CPM (counts per million) of each gene is displayed
Transcript

SwissProt
ID

Protein Description

comp103470_c1

ACT_PLAMG

Actin, adductor muscle

comp96445_c0

EIF3J_XENTR

comp102190_c0

CATA_DROME

Eukaryotic translation
initiation factor 3 subunit
J
Catalase

comp102157_c0

6PGD_HUMAN

comp90124_c0
comp97610_c0

S6A13_MOUSE

comp104372_c1

MARH4_DANRE

comp91191_c0

PSA5_MOUSE

comp87791_c0

ERP29_BOVIN

Endoplasmic reticulum
resident protein 29

comp107321_c1
comp98011_c0
comp97842_c0

PCY2_HUMAN

comp90914_c0

G6PI_PIG

Ethanolamine-phosphate
cytidylyltransferase
Glucose-6-phosphate
isomerase

comp91012_c1

NFAT5_HUMAN

6-phosphogluconate
dehydrogenase,
decarboxylating
Sodium- and chloridedependent GABA
transporter 2
E3 ubiquitin-protein
ligase MARCH4
Proteasome subunit alpha
type-5

Nuclear factor of
activated T-cells 5

Immune Class Gene Ontology
U22 vs. C22

Log2 Fold Change
U25 vs. C25

G25. vs C25

Average
CPM (Log2)

-0.15

Adjusted
P value
(FDR)
0.0474

-

-0.62

-0.55

GO:0008152 - metabolism
GO:0019538 - protein metabolism

-0.56

-0.16

0.24

0.0383

8.27

GO:0005739 - mitochondrion
GO:0006950 - stress response
GO:0008152 - metabolism
GO:0009056 - catabolism
GO:0005975 - carbohydrate metabolism
GO:0008152 - metabolism

-0.37

-0.44

0.22

0.0474

7.95

-0.55

-0.45

-0.13

0.0474

7.50

-

-0.66
-0.65

-0.15
-0.32

0.26
-0.03

0.0474
0.0460

7.45
6.23

GO:0008152 - metabolism
GO:0019538 - protein metabolism
GO:0008152 - metabolism
GO:0009056 - catabolism
GO:0019538 - protein metabolism
GO:0042590 - antigen presentation, exogenous
antigen via MHC class I
GO:0000165 - MAPKKK cascade
GO:0006915 - apoptosis
GO:0006950 - stress response
GO:0008152 - metabolism
GO:0019538 - protein metabolism
GO:0042981 - regulation of apoptosis
GO:0043408 - regulation of MAPKKK cascade
GO:0006629 - lipid metabolism
GO:0008152 – metabolism
GO:0005125 - cytokine activity
GO:0005975 - carbohydrate metabolism
GO:0008152 - metabolism
GO:0009056 – catabolism
GO:0001816 - cytokine production
GO:0006950 - stress response
GO:0008152 - metabolism
GO:0009628 - response to abiotic stimulus

0.70

0.45

-0.02

0.0460

6.21

-0.48

-0.27

-0.14

0.0474

5.96

-0.75

0.24

0.21

0.0474

5.96

-0.32
-0.32
-0.36

-0.30
-0.48
-0.22

-0.13
-0.38
-0.16

0.0474
0.0474
0.0460

5.87
5.61
5.60

-0.49

-0.53

-0.07

0.0474

5.48

0.45

0.57

0.34

0.0474

5.13

11.43
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Transcript

SwissProt
ID

Protein Description

comp77500_c0

BL1S2_XENTR

comp91841_c0

-

Biogenesis of lysosomerelated organelles
complex 1 subunit 2
-

comp104589_c0

MANF_HUMAN

comp35390_c0
comp103377_c0

FACE1_MOUSE

Mesencephalic astrocytederived neurotrophic
factor
CAAX prenyl protease 1
homolog

comp103327_c0

128UP_DROME

comp97852_c0
comp101706_c0

CE051_DANRE

comp101200_c1

ABCA1_MOUSE

comp102246_c1

PATS1_DICDI

GTP-binding protein
128up
UPF0600 protein
C5orf51 homolog
ATP-binding cassette
sub-family A member 1

Probable
serine/threonine-protein
kinase pats1

Immune Class Gene Ontology
U22 vs. C22

Log2 Fold Change
U25 vs. C25

G25. vs C25

Average
CPM (Log2)

-0.20

Adjusted
P value
(FDR)
0.0258

-

-0.45

-0.34

-

-1.00

GO:0006950 - stress response

-1.15

-0.18

-0.32

0.0474

4.57

0.00

-0.11

0.0474

4.40

GO:0008152 - metabolism
GO:0009056 - catabolism
GO:0019538 - protein metabolism
-

0.38
-0.50

0.52
-0.17

0.26
0.10

0.0383
0.0258

4.18
4.17

-0.61

-0.20

-0.09

0.0474

4.01

-

-0.56
-0.61

-0.36
-0.55

-0.42
-0.27

0.0310
0.0474

3.94
3.46

GO:0006629 - lipid metabolism
GO:0006897 - endocytosis
GO:0006909 - phagocytosis
GO:0006950 - stress response
GO:0008152 - metabolism
GO:0009605 - response to external stimulus
GO:0019538 - protein metabolism
GO:0000910 - cytokinesis
GO:0008152 - metabolism
GO:0019538 - protein metabolism

-0.58

-0.08

0.48

0.0474

3.35

-0.85

-0.64

-0.37

0.0474

2.86

4.82
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2.4.3 Gene signature profiling of abalone fed commercial and Ulva diets

The greatest difference in the expression levels of treatments was detected between
abalone fed the Ulva and commercial diet treatments at 22°C. Of the genes that were
differentially expressed, 21 were expressed at significantly lower levels in the Ulva
treatment, while only three genes were expressed at higher levels in abalone fed Ulva
relative to abalone fed the commercial diet (Figure 2). These genes possess a diverse
array of immune class GO terms including involvement in metabolism, stress response
and cell and apoptosis signalling (Table 1).

Many of the gene expression signatures due to differences in diet recorded at 22°C were
maintained in abalone after exposure to heat stress at 25°C (Figure 2; central panel).
Here, 18 genes showed distinct expression signatures between the Ulva and the
commercial diet (Figure 2). Four genes demonstrated higher expression levels in Ulva
fed abalone in comparison to those fed a commercial diet. Three of these genes were
assigned functional immune class GO terms including; involvement in metabolism
(NFAT5_HUMAN, MARH4_DANRE, ERP29_BOVIN), stress response
(ERP29_BOVIN) and apoptosis (ERP29_BOVIN; Table 1). ERP29_BOVIN
demonstrated opposite expression signatures between the commercial and Ulva diets at
22°C (high expression in Ulva, low expression in commercial), expressed in the opposite
manner at 25°C (low expression in Ulva, high expression in commercial; Figure 2).
Notable genes found to be expressed at low levels in abalone fed the Ulva diet relative to
abalone fed the commercial diet at 25°C included; CATA_DROME, G6PI_PIG,
6PGD_HUMAN, PATS1_DICDI, PCY2_HUMAN, BL1S2_XENTR, FACE1_MOUSE,
PSA5_MOUSE, ACT_PLAMG, CE051_DANRE. These genes possess numerous
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immune class GO term functions, primarily including involvement in metabolism, stress
response and cell signalling (Table 1).

Despite their distinct expression differences at 22°C, small to no gene expression
differences due to diet was seen for several genes at 25°C between abalone fed Ulva and
commercial diets (including; 128UP_DROME, MANF_HUMAN, ABCA1_MOUSE and
EIF3J_XENTR; Figure 2). Functional immune class GO terms describe involvement in
stress response (MANF_HUMAN), metabolism (ABCA1_MOUSE, EIF3J_XENTR),
response to stress, external stimuli, and phagocytosis (ABCA1_MOUSE; Table 1).

2.4.4 Gene signature profiling of abalone fed a GSE supplemented diet

Abalone fed a commercial+5%GSE diet expressed 14 genes at higher levels, nine at
lower levels and one (comp107321) at average levels relative to the expression levels of
abalone from the Ulva or commercial diet treatments (Figure 2). The expression profile
of abalone fed a GSE supplemented diet was similar to those abalone treated with both
Ulva and commercial diets at 25°C. Genes expressed at low levels in abalone fed the
GSE supplemented diet, such as 6PGD_HUMAN, PATS1_DICDI, PCY2_HUMAN and
BL1S2_HUMAN demonstrated similar expression levels in abalone fed Ulva diet at
25°C (Figure 2). Functional immune class GO terms assigned to these genes included
involvement in metabolism (PATS1_DICDI, PCY2_HUMAN, 6PGD_HUMAN) and
cytokinesis (PATS1_DICDI; Table1). The high expression level of NFAT5_HUMAN
and ERP29_BOVIN detected in abalone fed the GSE supplemented diet also displayed a
similar expression pattern demonstrated by abalone fed the Ulva diet at 25°C (Figure 2).
Several highly expressed genes in abalone fed the GSE supplemented diet
(FACE1_MOUSE, PSA5_MOUSE, S6A13_MOUSE, ACT_PLAMG and
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CE051_DANRE, CATA_DROME, G6PI_PIG) also demonstrated similar expression
levels in abalone fed the commercial diet at 25°C (Figure 2). Immune class GO terms
assigned to these genes include involvement in metabolism (FACE1_MOUSE,
PSA5_MOUSE, CATA_DROME, G6PI_PIG), antigen presentation (PSA5_MOUSE),
cytokine activity (G6PI_PIG) and stress response (CATA_DROME; Table 1). The low
expression level of MARH4_DANRE was also common between abalone fed the GSE
supplemented diet and abalone fed a commercial diet at 25°C (Figure 2).

Figure 2. Heatmap of gene expression differences between feed and temperature stressed
treatments. The colour comparison represents (log2) gene expression differences in
treatments relative to the total average expression of all treatments. Blue heatmap bars
represent lower expression levels and red bars represent higher expression levels relative
to the average expression of all treatments for each of the 24 genes. Differentially
expressed genes (listed to the right) were ordered by hierarchal clustering of the 22°C
Ulva and commercial diets. Treatments groups are indicated along the bottom track of
the graph
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2.4.5 Differentially expressed genes affected by temperature

Five hundred and twenty-one genes were found to be differentially expressed (FDR<
0.05) using an F-test across the two temperature contrasts between Ulva and commercial
diet fed abalone at 22°C and 25°C (Table S3). Average expression of these genes ranged
from log2(-4.62) up to log2(11.11) counts per million with fold changes ranged between 7.6 and 5.69 (Table S3). Several of these genes such as HSP10 (comp91833_c0), HSPA5
(comp99703_c0), HSP60 (comp73030_c0), and AHSA1 (comp95581_c0) are known to
be involved in the heat shock response of molluscs (Artigaud et al., 2015, Clark et al.,
2008, Falfushynska et al., 2016, Wang et al., 2014), and confirm the degree of heat stress
exposure in this experiment. The expression of these four heat stress response genes were
significantly up-regulated in heat stressed treatments with fold changes ranging from
log2(0.44) up to log2(1.04) (Table S3). HSPA5 was an exception to this general pattern
with a small decrease recorded in expression for heat stressed abalone fed a commercial
diet at 25°C (log2 (-0.2)) (Table S3).

Out of the 521 genes differentially expressed between temperature treatments, two of
these genes (comp102157_c0 and comp87791_c0) were also found to be significantly
differently expressed between diet treatments. Comp102157_c0 (6PGD_HUMAN) was
Down-regulated in abalone at 25°C in both Ulva and commercial diet treatments relative
to their 22°C controls with log2 fold-changes of -0.35 and -0.4, respectively (Table S3).
Comp87791_c0 (ERP29_BOVIN) was Down-regulated in abalone fed a commercial diet
at 25°C relative to abalone at 22°C with log2 fold-changes of -0.21. Contrastingly,
comp87791 (ERP29_BOVIN) expression was significantly up-regulated in abalone fed a
Ulva diet at 25°C relative to abalone at 22°C with log2 fold-changes of 0.78 (Table S3).
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2.5 Discussion

This is the first study to utilize Next-Generation sequencing techniques to undertake a
transcriptome wide (tentacle transcriptome) analysis to investigate the combined effects
of different diets and temperatures on abalone gene expression as a means of identifying
genes associated with increased survival. Results of our RNA-seq and bioinformatic
analyses identified that heat stress had a considerable transcriptomic response with 521
differentially expressed genes associated with differences in temperature. Of greatest
interest in this study were the 24 differentially expressed genes that were influenced by
diet. Many of these gene expression responses were diet specific. Our results demonstrate
that diet could potentially alter the response of the innate immune system before and
during heat stress.

A lower level of expression of differentially expressed genes was detected in abalone
treated with an Ulva diet (generally promoting high survival) compared to abalone fed
commercial feed (resulting in low survival). The comparably low survival of abalone fed
the commercial diet relative to abalone sustained on an Ulva or GSE supplemented diet
during heat stress, may be the result of a compromised immune system even before being
subjected to heat stress. Yarahmadi et al. (2014) suggested that the low expression of
stress response genes and coding proteins in stressful situations is possibly due to an
increased resistance to common unwanted stressors during culture.

2.5.1 Heat shock protein response to temperature

Several commonly identified members of heat stress response gene families were
identified to be differentially expressed between abalone maintained at 22°C and 25°C.
HSP60, HSP10 and AHSAI genes were consistently up-regulated in heat stressed
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abalone fed either a commercial or Ulva diet relative to abalone held at the control
temperature with expression patterns consistent with past heat stress response research of
molluscs (Artigaud et al., 2015, Falfushynska et al., 2016). However the expression of
HSPA5 was higher in abalone fed an Ulva diet in response to heat stress, while lower
levels of expression were found in abalone fed a commercial diet, relative to the 22°C.
HSPA5 (GRP78_CHICK) is a member of the HSP70 family and considered to be
involved in the heat stress response in molluscs (Clark et al., 2008, Wang et al., 2014).

2.5.2 Oxidative response pathways and diet related survival of abalone

Biogenesis of lysosomal organelles complex-1, subunit 2 (BL1S2) was down-regulated
in greenlip abalone fed the Ulva or GSE supplemented diet. BL1S2 is required for the
formation of lysosome-related organelles and plays a role in intracellular vesicle
trafficking. Lysosome membrane proteins are an active contributor to apoptosis signaling
induced by classic stimuli such as oxidative stress (Köbis et al., 2013). Oxidative stress
and reactive oxygen species (ROS) destabilize the lysosomal membrane through lipid
peroxidation (Persson et al., 2003), however, these effects can be neutralized by
antioxidants (Roberg & Ollinger, 1998). As a result, lipid peroxidation is commonly
used as a measure of oxidative stress (Vlahogianni et al., 2007). With both Ulva and
GSE known to provide antioxidants when ingested, the lower expression of BL1S2 in
abalone fed Ulva and GSE supplemented diets suggests an active antioxidant effect. Our
results support those found in similar studies. For example, BL1S2 has been found to be
expressed at significantly lower levels in fit and robust strains of rainbow trout naturally
selected for survival while challenged with pathogen and temperature stress (Köbis et al.,
2013). Similarly to our study, Köbis et al. (2013) acknowledged that nearly all
differentially expressed genes associated with oxidative response pathways showed
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reduced expression in fitter rainbow trout. This suggests that fitter animals, such as
abalone fed antioxidative compounds, may not need to express these genes at high levels.
Abalone fed the commercial diet had higher expression of ethanolamine-phosphate
cytidylyltransferase (PCY2) relative to the Ulva or GSE supplemented diet. PCY2 is the
main regulatory enzyme in the production of phosphatidylethanolamine, which plays a
key role in regulation of cell growth and metabolic homeostasis (Pavlovic & Bakovic,
2013). PCY2 activity has also been linked oxidative stress levels (Basu et al., 2015) and
has previously been found to be up-regulated in livestock and domestic animals
experiencing what is commonly referred to as the “summer slump” (Bhusari et al., 2007).
The summer slump that can occur in livestock and domestic animals is caused by
ingesting long grasses infected with the fungus, Neotyphodium coenophialum, which has
been found to be the cause for symptoms such as hyperthermia and decreases in feed
intake, growth and reproductive fitness (Schmidt & Osborn, 1993). PCY2 has also been
found to be up-regulated in European eels (Anguilla anguilla) from polluted sites
(Baillon et al., 2015). High expression of this gene is generally associated with animals
experiencing a form of stress and so may represent the lower stress threshold of abalone
fed the commercial diet.

The enzyme 6-Phosphogluconate dehydrogenase (6PGD) contributes to antioxidant
protection (Kozar et al., 2000, Puskas et al., 2000). The reaction catalysed by the 6PGD
enzyme produces NADPH, which is an active component in gene pathways for
protecting the cell against oxidant agents (Kukiełka & Cederbaum, 1990, Valderrama et
al., 2006). The down-regulation of this gene in abalone maintained at 25°C relative to
those at 22°C in both Ulva and commercial diet treatments suggests that the activation of
this gene is affected by temperature. The basal expression of this gene however appears
to be affected by diet. The lower expression of 6PGD in abalone fed the Ulva and GSE
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supplemented diet in comparison to the commercial diet suggests that abalone fed the
commercial diet possess a higher physiological demand for oxidative defence or that the
antioxidants in the Ulva and GSE supplemented feeds supress the expression of some
genes otherwise involved in promoting oxidative defence. 6PGD enzyme activity has
been tied to heavy metal exposure in the grass carp (Hu et al., 2013), and high pesticide
use (Ceyhun et al., 2010) and overstocking (Aksakal et al., 2011) in the rainbow trout.
Endoplasmic reticulum resident protein 29 (ERP29_BOVIN) is a member of the
thioredoxin superfamily proteins, which have vital roles in oxidative protein folding (Lu
& Holmgren, 2014). ERP29 expression can be induced by stress and may provide
protection by facilitating the re-folding of denatured or aggregated proteins (Mkrtchiana
et al., 1998). ERP29 has also been found to be induced with exposure to cadmium stress
and is suggested to be part of the immune stress response in the mussel, Mytilus
galloprovincialis (Wu et al., 2016). Interestingly, the expression of ERP29 was found to
to be expressed at lower levels in abalone fed a commercial diet when exposed to heat
stress, yet expressed at higher levels in Ulva fed abalone relative to the unstressed
controls on the same diets. The expression of ERP29 was also comparatively high in
abalone fed the GSE supplemented commercial diet and exposed to heat stress. These
patterns suggest that diets high in antioxidative compounds such as provided by an Ulva
or GSE supplemented diet may provide the potential for abalone to respond to heat stress
with increased expression of potentially vital oxidative defense genes. This may increase
their chance of survival when exposed to stressors such as summer mortality.

Catalase is a key antioxidant enzyme that exists in all aerobic organisms (Klotz &
Loewen, 2003). Catalase (CATA_DROME) expression was down-regulated in Ulva diet
treatments with and without heat stress exposure. The expression of this gene was
significantly higher in abalone fed the purely commercial diet at both the control and heat
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stress exposed treatments. Antioxidant enzymes are known to work as the first line of
defence against free radicals (Roch, 1999). In the antioxidant enzymatic system, catalase
promotes a high degree of resistance to hydrogen peroxide (Zhang et al., 2011b) and is
responsible for breaking down damaging compounds such as hydroxyl radicals,
hypochlororous acid and singlet oxygen into oxygen and water (Anderson, 2001).
Catalase activity has become a common measure of oxidative stress with pathogenic
infection (Zhang et al., 2011b) and exposure to pollution (Damiens et al., 2004, Oliveira
et al., 2007, Vlahogianni et al., 2007) in molluscs. Catalase activity was also recorded to
be higher in Pacific oysters (Crassostrea gigas) exposed to high temperatures relative to
those that were not (Damiens et al., 2004). Considering the known function of catalase in
the antioxidant defence system, the lower expression of the Catalase gene in abalone fed
the Ulva diet in this study supports the idea that a Ulva diet provides some form of
antioxidant defence when ingested (Wan et al., 2004). Interestingly, the expression of
Catalase was relatively higher in abalone fed the GSE supplemented diet compared to
those fed the Ulva and commercial diet treatments. The GSE supplemented diet resulted
in significantly higher survival rates of abalone compared to the other heat stressed
treatments which may suggest that abalone fed this diet may be better equipped to
combat oxidative stress. Considering that the GSE supplemented diet contains both the
regular commercial diet (high in protein and carbohydrate and fat) and a source of
beneficial compounds (such as antioxidants) from the GSE, abalone on this diet may
possess a relatively more complete diet when compared to either the purely commercial
or Ulva diet tested in this study.
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2.5.3 Innate immune response pathways and diet related survival of abalone

Mesencephalic Astrocyte-derived Neurotrophic Factor (MANF_HUMAN) has been
found to be up-regulated by various forms of endoplasmic reticulum stress, with
silencing of MANF rendering cells more susceptible to endoplasmic reticulum stressinduced death and over expression improving cell viability (Apostolou et al., 2008). The
high expression of MANF in both heat stressed Ulva and commercial diet treatments, as
well as in the commercial diet treatment that was not exposed to heat stress, may suggest
a stress reaction. Abalone fed the GSE supplemented diet did not appear to be affected in
the same manner. The comparably lower expression of MANF in the GSE supplemented
abalone may reflect a shift in gene pathways as a result of the supplementation. For
example, different diets in the European sea bass (Dicentrarchus labrax) have been
suggested to change in, or promote, alternate gene pathways involved in innate immune
responses (Geay et al., 2011). It is also possible that abalone on the GSE supplemented
diet may not have experienced the same degree of stress at the molecular level as the heat
stressed Ulva and commercial diet fed abalone, given the high survival rate promoted by
GSE. This same distinction between the three heat stressed groups appears in the
expression signature of ATP-binding cassette sub-family A member 1
(ABCA1_MOUSE) gene. ABCA1 is implicated in convergent functions including lipid
metabolism, inflammation and apoptosis (Schmitz et al., 2000) such as preserving the
viability of macrophages following exposure to oxidized phospholipids and apoptotic
cells (Yvan-Charvet et al., 2010). However ABCA1 has been found to be negatively
affected by external stressors resulting in down-regulation during heat (Tang et al., 2015)
and inflammatory stress, which can result in lipid-mediated injuries in peripheral tissues
(Ma et al., 2008). The gene expression levels of the abalone fed the commercial diet at
22°C compared to the heat stressed abalone fed the commercial diet also suggests
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ABCA1 is Down-regulated with heat stress. However, the response of this gene with
Ulva and GSE supplemented feed treatments do not. The highest level of ABCA1 gene
expression was demonstrated in the GSE supplemented abalone, which suggests they
have a greater ability to maintain this high expression during heat stress and potentially
have an increased ability to preserve macrophages (Yvan-Charvet et al., 2010).
Expression of ABCA1 was low in abalone fed Ulva even though the Ulva diet is known
to promote survival during heat stress (Bansemer et al., 2016, Stone et al., 2014).

The Nuclear factor of activated T-cells 5 (NFAT5_HUMAN) gene is generally
considered to be involved in the immune response during times of osmotic stress
(Cheung & Ko, 2013, Neuhofer, 2010). The high expression of the NFAT5 in the Ulva
and the GSE supplemented treatments along with their high survival rate after heat stress,
may suggest a high immune response capacity. Gene expression analysis of the pearl
oyster (Pinctada fucata) revealed that the NFAT5 genes may also be involved in the
innate immune response to lipopolysaccharide and polyinosinic-polycytidylic acid, and
in the nucleus inserting operation (Huang et al., 2015). NFAT5s increased expression has
also been suggested to play a role in moderating osmotic stress in Atlantic salmon
(Salmo salar) in response to changes between freshwater and seawater environments
(Lorgen et al., 2017). NFAT5 activity has been demonstrated to be related to some
cytokine activity such as that of Interleukin-1beta, which has been linked with the
inhibition of apoptosis during hyperosmolar stress in human cell stress trials (Lee et al.,
2008).

Ulvans are water-soluble sulfated polysaccharides derived from Ulva species of green
seaweed that promote antioxidative effects (Govindan et al., 2012). Ulvans have also
been found to increase the mRNA expression of cytokines such as Interleukin-1beta
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(Berri et al., 2016). Interleukin-1beta stimulates the immune responses by activating
lymphocytes or promoting the release of other cytokines that then activate lymphocytes,
macrophages or NK cells. In a study to describe the immunological benefits of
nucleotide-supplemented turbot (Scophthalmus maximus) feed, Interleukin-1beta was
found to increase its expression significantly in comparison to the control diet and its
high expression was indicative of tissue with high macrophage presence (Low et al.,
2003). High Interleukin-1beta levels were also found to be associated with higher
survival to bacterial challenge after guava leaf supplementation of the diet of rohu carp,
Labeo rohita, (Giri et al., 2015). The high expression of the NFAT5 gene in the abalone
fed Ulva without heat stress, and its continued high expression after heat stress exposure,
suggests NFAT5 could be acting as a frontloading (Barshis et al., 2013) or preparative
defense gene (Dong et al., 2008). Preparative defense genes possess a higher baseline
expression prior to stress and help maintain physiological health by providing a faster
protein level response when stress occurs. While the expression of NFAT5 found in this
study is potentially linked to diets high in antioxidant compounds, and the general
decrease in abalone appetite during heat stress (Bonga, 1997, Stone et al., 2014), the
composition of the abalone diet immediately prior to heat stress may have a more
important influence on survival than what the abalone consumes during the heat stress.

2.5.4 Conclusion

The nutrigenomic approach used here has revealed many genes with related processes
affected by the different diets that may explain variation in survival of abalone during
heat stress. In particular, genes involved in oxidative defense and innate immunity were
influenced by diet. The general down regulation of many of these genes in the Ulva fed
treatments relative to abalone fed the commercial diet may be explained by a high
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resistance to unwanted stressors. This suggests that commercial diets may lack
nutritionally beneficial compounds that boost the immune system. The 5% GSE
replacement diet stimulates several alternate gene pathways involved in immune
response. These pathways may be responsible for Ulva and GSE supplemented feeds
resulting in high survival of greenlip abalone during heat stress. This information may
assist future research to develop cost effective diets for improving the health, survival
and productivity of abalone in aquaculture.
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2.6 Supplementary material

Table S1. GO term annotation to differentially expressed genes
Gene

Biological Process

Cellular Component

Molecular Function

NFAT5_HUMAN

GO:0001816 cytokine production
GO:0003677 DNA binding
GO:0003700 transcription factor activity,
sequence-specific DNA binding
GO:0005515 protein binding
GO:0005634 nucleus
GO:0005654 nucleoplasm
GO:0005737 cytoplasm
GO:0006351 transcription, DNA-templated
GO:0006355 regulation of transcription, DNAtemplated
GO:0006366 transcription from RNA polymerase
II promoter
GO:0006970 response to osmotic stress
GO:0007165 signal transduction
GO:0007588 excretion
GO:0010628 positive regulation of gene expression
GO:0045944 positive regulation of transcription
from RNA polymerase II promoter
GO:0070884 regulation of calcineurin-NFAT
signaling cascade

GO:0005634 nucleus
GO:0005654 nucleoplasm
GO:0005737 cytoplasm

GO:0000978 RNA polymerase II core promoter
proximal region sequence-specific DNA binding
GO:0001077 transcriptional activator activity,
RNA polymerase II core promoter proximal region
sequence-specific binding
GO:0001816 cytokine production
GO:0003677 DNA binding
GO:0003700 transcription factor activity,
sequence-specific DNA binding
GO:0005515 protein binding

MARH4_DANRE

GO:0016567 protein ubiquitination

GO:0000139 Golgi membrane
GO:0004842 ubiquitin-protein transferase activity
GO:0005794 Golgi apparatus
GO:0005795 Golgi stack
GO:0005802 trans-Golgi network
GO:0008270 zinc ion binding
GO:0016020 membrane
GO:0016021 integral component of membrane

GO:0004842 ubiquitin-protein transferase activity
GO:0005794 Golgi apparatus
GO:0005795 Golgi stack
GO:0005802 trans-Golgi network
GO:0008270 zinc ion binding
GO:0016020 membrane
GO:0016021 integral component of membrane
GO:0016567 protein ubiquitination
GO:0016874 ligase activity
GO:0046872 metal ion binding
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Gene

Biological Process

Cellular Component

Molecular Function

ERP29_BOVIN

GO:0000187 activation of MAPK activity
GO:0001934 positive regulation of protein
phosphorylation
GO:0006457 protein folding
GO:0006886 intracellular protein transport
GO:0009306 protein secretion
GO:0010628 positive regulation of gene expression
GO:0010629 negative regulation of gene
expression
GO:0050709 negative regulation of protein
secretion
GO:1902235 regulation of endoplasmic reticulum
stress-induced intrinsic apoptotic signalling
pathway

GO:0005783 endoplasmic reticulum
GO:0005788 endoplasmic reticulum lumen
GO:0009986 cell surface
GO:0016020 membrane
GO:0042470 melanosome
GO:0070062 extracellular exosome

GO:0005524 ATP binding
GO:0016887 ATPase activity

128UPDROME

-

-

GO:0000166 nucleotide binding
GO:0005525 GTP binding

MANF_HUMAN

GO:0006986 response to unfolded protein
GO:0008083 growth factor activity
GO:0008150 biological process

GO:0005634 nucleus
GO:0005576 extracellular region

GO:0008083 growth factor activity
GO:0008150 biological process
GO:0044822 poly(A) RNA binding

ABCA1_MOUSE

GO:0002790 peptide secretion
GO:0006497 protein lipidation
GO:0006810 transport
GO:0006911 phagocytosis, engulfment
GO:0007040 lysosome organization
GO:0007186 G-protein coupled receptor signaling
pathway
GO:0007584 response to nutrient
GO:0008203 cholesterol metabolic process
GO:0010875 positive regulation of cholesterol
efflux
GO:0015914 phospholipid transport
GO:0016197 endosomal transport
GO:0030301 cholesterol transport
GO:0030819 positive regulation of cAMP
biosynthetic process
GO:0032367 intracellular cholesterol transport
GO:0032489 regulation of Cdc42 protein signal
transduction
GO:0033344 cholesterol efflux
GO:0033700 phospholipid efflux
GO:0034380 high-density lipoprotein particle
assembly

GO:0005794 Golgi apparatus
GO:0005886 plasma membrane
GO:0005887 integral component of plasma
membrane
GO:0009897 external side of plasma membrane
GO:0009986 cell surface
GO:0016020 membrane
GO:0016021 integral component of membrane
GO:0030139 endocytic vesicle
GO:0034364 high-density lipoprotein particle
GO:0043231 intracellular membrane-bounded
organelle
GO:0045121 membrane raft
GO:0045335 phagocytic vesicle
GO:0048471 perinuclear region of cytoplasm

GO:0000166 nucleotide binding
GO:0005102 receptor binding
GO:0005215 transporter activity
GO:0005515 protein binding
GO:0005524 ATP binding
GO:0005548 phospholipid transporter activity
GO:0008509 anion transmembrane transporter
activity
GO:0016887 ATPase activity
GO:0017127 cholesterol transporter activity
GO:0019905 syntaxin binding
GO:0031267 small GTPase binding
GO:0034185 apolipoprotein binding
GO:0034186 apolipoprotein A-I binding
GO:0034188 apolipoprotein A-I receptor activity
GO:0042626 ATPase activity, coupled to
transmembrane movement of substances
GO:0051117 ATPase binding
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Gene

Biological Process

Cellular Component

Molecular Function

GO:0034616 response to laminar fluid shear stress
GO:0038027 apolipoprotein A-I-mediated
signaling pathway
GO:0042157 lipoprotein metabolic process
GO:0042158 lipoprotein biosynthetic process
GO:0042493 response to drug
GO:0042632 cholesterol homeostasis
GO:0043691 reverse cholesterol transport

EIF3J_XENTR

GO:0001731 formation of translation preinitiation
complex
GO:0002181 cytoplasmic translation
GO:0006412 translation
GO:0006413 translational initiation
GO:0006446 regulation of translational initiation

GO:0005737 cytoplasm
GO:0005852 eukaryotic translation initiation factor
3 complex
GO:0016282 eukaryotic 43S preinitiation complex
GO:0033290 eukaryotic 48S preinitiation complex

GO:0003743 translation initiation factor activity

CATA_DROME

GO:0003007 heart morphogenesis
GO:0006979 response to oxidative stress
GO:0007568 aging
GO:0008340 determination of adult lifespan
GO:0035206 regulation of hemocyte proliferation
GO:0038001 paracrine signaling
GO:0042542 response to hydrogen peroxide
GO:0042744 hydrogen peroxide catabolic process
GO:0045471 response to ethanol
GO:0055114 oxidation-reduction process
GO:0072593 reactive oxygen species metabolic
process
GO:0098869 cellular oxidant detoxification

GO:0005739 mitochondrion
GO:0005777 peroxisome

GO:0004096 catalase activity
GO:0004601 peroxidase activity
GO:0016209 antioxidant activity
GO:0016491 oxidoreductase activity
GO:0020037 heme binding
GO:0046872 metal ion binding
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Gene

Biological Process

Cellular Component

Molecular Function

G6PI_PIG

GO:0001525 angiogenesis
GO:0006094 gluconeogenesis
GO:0006096 glycolytic process

GO:0005576 extracellular region
GO:0005615 extracellular space
GO:0005737 cytoplasm

GO:0004347 glucose-6-phosphate isomerase
activity
GO:0005125 cytokine activity
GO:0016853 isomerase activity

6PGD_HUMAN

GO:0006098 pentose-phosphate shunt
GO:0009051 pentose-phosphate shunt, oxidative
branch
GO:0019322 pentose biosynthetic process
GO:0019521 D-gluconate metabolic process
GO:0055114 oxidation-reduction process

GO:0005634 nucleus
GO:0005737 cytoplasm
GO:0005829 cytosol
GO:0070062 extracellular exosome

GO:0004616 phosphogluconate dehydrogenase
(decarboxylating) activity
GO:0016491 oxidoreductase activity

PATS1_DICDI

GO:0000281 mitotic cytokinesis
GO:0006468 protein phosphorylation
GO:0006470 protein dephosphorylation
GO:0007264 small GTPase mediated signal
transduction
GO:0016310 phosphorylation
GO:0035176 social behaviour

GO:0042641 actomyosin

GO:0000166 nucleotide binding
GO:0004672 protein kinase activity
GO:0004674 protein serine/threonine kinase
activity
GO:0004721 phosphoprotein phosphatase activity
GO:0005524 ATP binding
GO:0005525 GTP binding
GO:0016301 kinase activity
GO:0016740 transferase activity

PCY2_HUMAN

GO:0006629 lipid metabolic process
GO:0006646 phosphatidylethanolamine
biosynthetic process
GO:0008654 phospholipid biosynthetic process
GO:0009058 biosynthetic process

GO:0005575 cellular_component
GO:0005789 endoplasmic reticulum membrane

GO:0003824 catalytic activity
GO:0004306 ethanolamine-phosphate
cytidylyltransferase activity
GO:0016740 transferase activity
GO:0016779 nucleotidyltransferase activity

BL1S2_XENTR

GO:0008089 anterograde axonal transport
GO:0031175 neuron projection development
GO:0032418 lysosome localization
GO:0048490 anterograde synaptic vesicle transport

GO:0005737 cytoplasm
GO:0005815 microtubule organizing center
GO:0005856 cytoskeleton
GO:0043234 protein complex
GO:1904115 axon cytoplasm

FACE1_MOUSE

GO:0006508 proteolysis
GO:0006998 nuclear envelope organization
GO:0030327 prenylated protein catabolic process
GO:0071586 CAAX-box protein processing

GO:0005634 nucleus
GO:0005637 nuclear inner membrane
GO:0005783 endoplasmic reticulum
GO:0005789 endoplasmic reticulum membrane
GO:0016020 membrane
GO:0016021 integral component of membrane
GO:0070062 extracellular exosome

GO:0004222 metalloendopeptidase activity
GO:0008233 peptidase activity
GO:0008237 metallopeptidase activity
GO:0016787 hydrolase activity
GO:0046872 metal ion binding
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Gene

Biological Process

Cellular Component

Molecular Function

PSA5_MOUSE

GO:0002479 antigen processing and presentation
of exogenous peptide antigen via MHC class I,
TAP-dependent
GO:0006508 proteolysis
GO:0006511 ubiquitin-dependent protein catabolic
process
GO:0051603 proteolysis involved in cellular
protein catabolic process

GO:0000502 proteasome complex
GO:0005634 nucleus
GO:0005654 nucleoplasm
GO:0005737 cytoplasm
GO:0005829 cytosol
GO:0005839 proteasome core complex
GO:0019773 proteasome core complex, alphasubunit complex
GO:0070062 extracellular exosome

GO:0004175 endopeptidase activity
GO:0004298 threonine-type endopeptidase activity
GO:0008233 peptidase activity
GO:0016787 hydrolase activity

S6A13_MOUSE

GO:0006810 transport
GO:0006836 neurotransmitter transport
GO:0007268 chemical synaptic transmission
GO:0015812 gamma-aminobutyric acid transport
GO:0055085 transmembrane transport

GO:0005886 plasma membrane
GO:0005887 integral component of plasma
membrane
GO:0016020 membrane
GO:0016021 integral component of membrane
GO:0043005 neuron projection
GO:0070062 extracellular exosome

GO:0005328 neurotransmitter:sodium symporter
activity
GO:0005332 gamma-aminobutyric acid:sodium
symporter activity
GO:0015293 symporter activity
GO:0042165 neurotransmitter binding

ACT_PLAMG

-

GO:0005737 cytoplasm
GO:0005856 cytoskeleton

GO:0000166 nucleotide binding
GO:0005524 ATP binding

CE051_DANRE

-

-

-
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Table S2. Assignment of GO terms to higher Immune Class Terms
Higher Immune
Class GO terms
GO:0008152

Definitions

Assigned GO Terms

metabolism

GO:0019538

protein metabolism

GO:0006950

stress response

GO:0000187 GO:0001731 GO:0001934 GO:0002181 GO:0006094 GO:0006096
GO:0006098 GO:0006351 GO:0006355 GO:0006366 GO:0006412 GO:0006413
GO:0006446 GO:0006468 GO:0006470 GO:0006497 GO:0006508 GO:0006511
GO:0006629 GO:0006646 GO:0008203 GO:0008654 GO:0009051 GO:0009058
GO:0010628 GO:0010629 GO:0016310 GO:0016567 GO:0019322 GO:0019521
GO:0030327 GO:0030819 GO:0042157 GO:0042158 GO:0042744 GO:0045944
GO:0051603 GO:0055114 GO:0071586 GO:0072593
GO:0000187 GO:0001731 GO:0001934 GO:0002181 GO:0006412 GO:0006413
GO:0006446 GO:0006468 GO:0006470 GO:0006497 GO:0006508 GO:0006511
GO:0016567 GO:0030327 GO:0051603 GO:0071586
GO:0006970 GO:0006979 GO:0006986 GO:0034616 GO:0042542 GO:1902235

GO:0009056

catabolism

GO:0006096 GO:0006511 GO:0030327 GO:0042744 GO:0051603

GO:0005975

carbohydrate metabolism

GO:0006094 GO:0006096 GO:0019322 GO:0019521

GO:0006629

lipid metabolism

GO:0006629 GO:0006646 GO:0008203 GO:0008654

GO:0006915

apoptosis

GO:1902235

GO:0009628

response to abiotic stimulus

GO:0006970

GO:0006897

endocytosis

GO:0006911

GO:0005739

mitochondrion

GO:0005739

GO:0006909

phagocytosis

GO:0006911

GO:0009605

response to external stimulus

GO:0007584

GO:0000165

MAPKKK cascade

GO:0000187

GO:0005125

cytokine activity

GO:0005125

GO:0000910

cytokinesis

GO:0000281

GO:0043408

regulation of MAPKKK cascade

GO:0000187

GO:0001816

cytokine production

GO:0001816

GO:0042590

antigen presentation, exogenous
antigen via MHC class I
regulation of apoptosis

GO:0002479

GO:0042981

GO:1902235

Figure S1. Pairwise comparison of treatment survival
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Table S3. Differentially expressed genes associated with temperature. Log2 fold-change from 22°C Ulva and commercial diet treatments relative to
25°C Ulva and commercial diet treatments (C22vsC25 & U22vsU25). Adjusted P value corresponds to an F-test across all two of the contrasts for
which Log2 fold-changes are shown. Log2 average CPM (counts per million) of each gene is displayed
Gene

Log2 Fold Change

Log2 Fold Change

Average

F

P.Value

adj.P.Value

comp100011_c0
comp100032_c0
comp100041_c0
comp100094_c0
comp100133_c0
comp100225_c0
comp100260_c1
comp100269_c0
comp100321_c1
comp100385_c1
comp100412_c0
comp100494_c0
comp100504_c2
comp100523_c0
comp100569_c0
comp100575_c0
comp100578_c0
comp100620_c0
comp100635_c0
comp100650_c0
comp100696_c0
comp100723_c1
comp100752_c0
comp100791_c0
comp100825_c0
comp100854_c0
comp100890_c0
comp100907_c1
comp100967_c0
comp100992_c0
comp100999_c0
comp101029_c0
comp101033_c0
comp101107_c0
comp101188_c0
comp101210_c0
comp101314_c3
comp101336_c0
comp101378_c0
comp101405_c0
comp101413_c0
comp101545_c0
comp101575_c0
comp101582_c3
comp101624_c0
comp101645_c0
comp101708_c1
comp101836_c0
comp101844_c0
comp101851_c0
comp101858_c2
comp101940_c1
comp102075_c0
comp102075_c1
comp102134_c0
comp102157_c0
comp102270_c2
comp102294_c0
comp102305_c0
comp102313_c0

C22vsC25
-0.89
-0.27
-0.21
-0.48
-0.53
-0.79
-0.13
-0.3
-0.74
-0.68
-0.36
-0.2
0.64
-0.82
1.06
0.58
-0.26
-0.87
-0.57
-0.09
-0.33
-0.76
-0.34
-0.33
-0.48
0.08
-0.33
-0.7
0.42
0.88
-0.76
-0.3
-0.45
-0.29
-0.45
-0.17
0.08
-0.5
-0.29
-1.12
-1.92
-0.36
-0.57
-0.34
0.14
-0.34
-0.24
-0.36
0.56
-0.43
-0.9
-0.91
-0.4
-0.25
-0.68
-0.45
-0.38
-1.2
-0.36
-0.01

U22vsU25
-1.87
-0.4
-0.3
-0.54
-0.8
-0.43
-0.75
-0.74
-0.36
-0.47
-0.31
-0.3
0.57
-1.06
0.35
0.25
-0.31
-1
-0.88
0.89
-0.48
-1.17
-0.41
-0.36
-0.62
0.69
-0.28
-0.35
0.35
0.55
-0.52
-0.25
-0.66
-0.6
-0.41
-0.17
0.38
-0.71
-0.1
-1.79
-2.08
-0.19
-0.43
-0.29
0.28
-0.24
-0.47
-0.55
1.03
-0.24
-0.6
-1.02
-0.37
-0.44
-0.75
-0.35
-0.48
-0.91
-0.27
0.45

CPM (Log2)
3.73
6.53
3.98
4.94
3.56
6.27
4.84
7.75
2.99
5.83
2.81
5.77
3.08
6.43
3.39
4.63
4.9
3.61
4.96
2.17
7.8
1.85
6.9
7.61
6.02
4.61
5.92
5.75
3.48
2.41
4.82
5.67
3.13
2.98
8.24
6.6
3.89
3.72
4.88
3.11
4.83
5.71
6.47
6.11
4.15
6.06
5.81
3.14
4.6
4.7
1.68
7.14
5.58
5.46
4.48
7.5
5.42
4.42
6.08
4.31

10.96
17.05
9.39
10.72
20.45
14.43
11.24
9.67
11.62
11.91
10.32
23.63
10.5
14.69
10.69
9.35
13.29
9.56
14.63
11.84
13.33
9.51
14.35
13.18
19.98
10.25
15.15
9.55
11.56
9.14
11.91
9.5
15.17
12.26
16.1
10.36
11.05
11.61
11.5
9.99
16.69
10.15
9.63
12.64
9.9
13.04
10.1
9.77
11.78
14.08
10.21
10.54
9.47
16.1
21.14
9.92
11.75
11.45
9.53
9.25

1.80E-04
5.40E-06
5.00E-04
2.10E-04
9.80E-07
2.20E-05
1.50E-04
4.10E-04
1.20E-04
9.90E-05
2.70E-04
2.30E-07
2.40E-04
1.90E-05
2.10E-04
5.10E-04
4.30E-05
4.40E-04
2.00E-05
1.00E-04
4.20E-05
4.60E-04
2.30E-05
4.60E-05
1.20E-06
2.80E-04
1.50E-05
4.40E-04
1.20E-04
5.80E-04
9.90E-05
4.60E-04
1.50E-05
8.00E-05
8.90E-06
2.60E-04
1.70E-04
1.20E-04
1.30E-04
3.30E-04
6.50E-06
3.00E-04
4.20E-04
6.30E-05
3.50E-04
5.00E-05
3.10E-04
3.80E-04
1.10E-04
2.70E-05
2.90E-04
2.30E-04
4.70E-04
9.00E-06
7.10E-07
3.50E-04
1.10E-04
1.30E-04
4.50E-04
5.40E-04

2.60E-02
3.20E-03
4.60E-02
2.90E-02
1.40E-03
8.00E-03
2.40E-02
4.10E-02
2.10E-02
1.90E-02
3.30E-02
5.40E-04
3.10E-02
7.20E-03
2.90E-02
4.60E-02
1.20E-02
4.30E-02
7.40E-03
1.90E-02
1.20E-02
4.40E-02
8.20E-03
1.20E-02
1.40E-03
3.30E-02
6.00E-03
4.30E-02
2.10E-02
4.90E-02
1.90E-02
4.40E-02
6.00E-03
1.70E-02
4.30E-03
3.20E-02
2.50E-02
2.10E-02
2.20E-02
3.60E-02
3.80E-03
3.40E-02
4.10E-02
1.50E-02
3.80E-02
1.20E-02
3.40E-02
4.00E-02
2.00E-02
8.80E-03
3.40E-02
3.00E-02
4.40E-02
4.30E-03
1.20E-03
3.80E-02
2.00E-02
2.20E-02
4.30E-02
4.70E-02

Protein GI

SwissProt ID

E value

313104034

TRI36_HUMAN

3.00E-09

74797443
1730092
327488246
148887357
44887862

DNA2_ACAPL
CASP7_HUMAN
FUCO_BRAFL
CIC_MOUSE
DAZP2_RAT

9.00E-92
3.00E-36
0
1.00E-71
6.00E-12

292495059
327478567
14916526

TRIPB_HUMAN
PAR14_HUMAN
ACH10_HUMAN

4.00E-93
4.00E-23
1.00E-56

400624

S6A13_RAT

0

75047044

DUOX2_PIG

0

134047776
119530
56749668
74843302

G6PD1_MOUSE
PDIA4_HUMAN
ST38L_HUMAN
GELS2_LUMTE

0
0
0
2.00E-144

122136032

ATF3_BOVIN

1.00E-11

1170586
74964969

IQGA1_HUMAN
MIG17_CAEEL

0
7.00E-19

82182459
82234820

DOXA1_XENLA
WIPI3_XENLA

6.00E-57
0

2851658
81910608

YIHQ_ECOLI
NUAK1_MOUSE

0
2.00E-122

21363035

TNF13_MOUSE

9.00E-13

1703290
189046130
109940080
118572723

AMRP_MOUSE
SC5A9_DANRE
FRM4A_MOUSE
SOCS7_HUMAN

1.00E-47
0
0
3.00E-54

50401204

ORCT_DROME

5.00E-137

20981679

6PGD_HUMAN

0

74739557
81876946

PPIP1_HUMAN
PCYXL_MOUSE

9.00E-57
8.00E-84
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Gene

Log2 Fold Change

Log2 Fold Change

Average

F

P.Value

adj.P.Value

Protein GI

SwissProt ID

E value

comp102322_c0
comp102326_c0
comp102349_c1
comp102352_c0
comp102378_c0
comp102491_c1
comp102495_c1
comp102694_c0
comp102732_c0
comp102760_c0
comp102772_c0
comp102775_c0
comp102839_c0
comp102867_c0
comp102911_c0
comp102984_c0
comp102984_c1
comp103009_c0
comp103053_c0
comp103092_c0
comp103144_c0
comp103170_c0
comp103189_c0
comp103274_c0
comp103417_c0
comp103448_c1
comp103476_c0
comp103514_c0
comp103551_c0
comp103570_c0
comp103582_c1
comp103639_c0
comp103683_c2
comp103771_c1
comp103924_c2
comp103969_c0
comp103984_c1
comp103987_c1
comp104112_c0
comp104181_c0
comp104189_c1
comp104320_c0
comp104324_c0
comp104335_c0
comp104347_c0
comp104350_c1
comp104367_c0
comp104368_c2
comp104382_c0
comp104401_c0
comp104533_c0
comp104594_c0
comp104597_c0
comp104597_c2
comp104736_c0
comp104740_c0
comp104829_c0
comp104874_c0
comp105048_c1
comp105066_c0
comp105095_c0
comp105142_c2
comp105288_c1
comp105342_c0
comp105407_c0
comp105416_c0
comp105421_c0
comp105470_c1
comp105478_c0
comp105479_c0
comp105494_c0

C22vsC25
-0.06
-0.2
-0.69
-0.6
1.02
-0.39
-0.67
-0.23
-0.58
0.93
-0.46
0.56
0.63
-0.26
0.31
-0.58
-0.65
0.39
-0.25
-0.29
-0.53
-0.19
0.16
-0.19
-1.05
-0.58
-0.24
-0.59
-0.5
-0.14
-0.4
-0.43
-0.34
-0.33
0.52
1.02
-0.71
-0.32
-0.16
-0.13
-0.08
-0.4
0.66
-0.28
-0.38
-0.57
-1.21
-0.29
-0.88
1.27
-0.37
-1.27
-0.3
-0.26
-0.36
-0.42
0.54
0.65
0.44
-0.81
0.3
-0.54
1.16
-0.25
-0.33
-0.36
0.31
-0.3
-0.3
0.44
-0.69

U22vsU25
0.66
-0.21
-0.17
-0.7
0.63
-0.38
-0.74
-0.41
-0.7
0.94
-0.29
0.6
0.56
-0.33
0.85
-0.7
-0.85
0.52
-0.39
-0.21
-0.73
-0.29
0.9
-0.23
-1.4
-0.3
-0.26
-0.51
-0.68
-0.35
-0.85
-0.51
-0.57
-0.61
0.51
1.1
-0.89
-0.46
-0.21
-0.21
-0.28
-0.73
0.71
-0.29
-0.93
-0.29
-1.69
-0.4
-0.93
1.21
-0.73
-0.93
-0.38
-0.54
-0.41
-0.53
0.57
0.91
0.74
-1.56
0.62
-0.58
0.55
-0.16
-0.3
-0.67
0.48
-0.31
-0.19
0.12
-0.77

CPM (Log2)
3.58
7.27
5.87
3.98
2.48
6.71
3.73
6.21
4.6
2.04
5.94
4.65
1.61
5.38
4.54
6.35
6.37
5.03
6.54
6.94
7.65
6.05
4.26
5.39
8.06
3.8
3.69
5.76
5.88
5.96
6.44
9.04
3.69
2.81
3.31
4.67
0.66
3.9
5
4.43
4.58
3.64
5.61
5.59
5.93
3.8
2.12
6.93
3.72
4.39
2.97
5.53
7.61
7.35
6.89
4.46
0.68
5.2
3.59
2.28
3.49
3.93
4.17
5.33
4.88
2.85
3.02
7.18
4.75
6.01
6.59

10.96
11.05
9.14
21.36
16.94
15.18
26.25
12.73
16.48
10.38
17.88
10.79
10.66
10.35
26.37
36.86
33.78
10.14
11.84
11.07
9.58
11.92
12.95
10.73
20.5
10.15
11.62
10.6
19.8
12.26
10.29
10.34
10.6
22.77
14.89
9.49
9.2
15.35
10.11
13.22
9.65
13.68
9.19
11.52
25.5
17.2
12.09
15.67
17.46
9.12
9.91
12.64
10.1
10.19
12.84
10.97
10.62
10.74
9.29
11.56
10.17
13.5
9.93
9.34
11.7
16.31
11.05
9.1
9.19
11.93
20.5

1.80E-04
1.70E-04
5.80E-04
6.40E-07
5.70E-06
1.50E-05
7.40E-08
6.00E-05
7.30E-06
2.60E-04
3.50E-06
2.00E-04
2.20E-04
2.60E-04
7.00E-08
1.40E-09
4.10E-09
3.00E-04
1.00E-04
1.70E-04
4.40E-04
9.80E-05
5.30E-05
2.10E-04
9.60E-07
3.00E-04
1.20E-04
2.20E-04
1.30E-06
8.00E-05
2.70E-04
2.60E-04
2.20E-04
3.40E-07
1.70E-05
4.60E-04
5.60E-04
1.30E-05
3.10E-04
4.50E-05
4.20E-04
3.40E-05
5.70E-04
1.30E-04
1.00E-07
5.00E-06
8.90E-05
1.10E-05
4.40E-06
5.90E-04
3.50E-04
6.40E-05
3.10E-04
2.90E-04
5.60E-05
1.80E-04
2.20E-04
2.00E-04
5.30E-04
1.20E-04
3.00E-04
3.80E-05
3.50E-04
5.10E-04
1.10E-04
8.00E-06
1.70E-04
6.00E-04
5.60E-04
9.80E-05
9.60E-07

2.60E-02
2.50E-02
4.90E-02
1.10E-03
3.40E-03
6.00E-03
2.20E-04
1.40E-02
3.90E-03
3.20E-02
2.70E-03
2.80E-02
2.90E-02
3.30E-02
2.20E-04
1.50E-05
2.90E-05
3.40E-02
1.90E-02
2.50E-02
4.20E-02
1.90E-02
1.30E-02
2.90E-02
1.40E-03
3.40E-02
2.10E-02
3.00E-02
1.50E-03
1.70E-02
3.30E-02
3.30E-02
3.00E-02
6.60E-04
6.60E-03
4.40E-02
4.80E-02
5.70E-03
3.40E-02
1.20E-02
4.10E-02
1.00E-02
4.80E-02
2.20E-02
2.70E-04
3.10E-03
1.80E-02
5.10E-03
2.90E-03
5.00E-02
3.80E-02
1.50E-02
3.40E-02
3.40E-02
1.40E-02
2.60E-02
3.00E-02
2.90E-02
4.70E-02
2.10E-02
3.40E-02
1.10E-02
3.70E-02
4.60E-02
2.00E-02
4.10E-03
2.50E-02
5.00E-02
4.80E-02
1.90E-02
1.40E-03

74753465
75061130
82180144

HIG1A_HUMAN
FCN2_BOVIN
STYXB_XENLA

2.00E-19
5.00E-37
1.00E-79

729704
341942209
17367172

HEXP_LEIMA
PAR14_MOUSE
FUCTA_DROME

1.00E-34
2.00E-42
1.00E-40

74749674
374110733

TMM26_HUMAN
KSYK_CHICK

8.00E-56
4.00E-153

292495039
166989902

STK35_HUMAN
ERI3_BOVIN

2.00E-32
1.00E-74

81868436
74731522
45477220
75018546

PI16_MOUSE
MTER1_HUMAN
SLIT3_RAT
AT1B1_CAEEL

1.00E-43
2.00E-72
1.00E-14
2.00E-56

85542049
3122965
75057901

HMCN1_HUMAN
THTR_HUMAN
RABEK_BOVIN

5.00E-11
5.00E-51
3.00E-96

126215718
122132330

HECW2_HUMAN
GFPT2_BOVIN

0
6.00E-20

311033498

CUBN_HUMAN

1.00E-14

81899352
74705367
112805
50400673
74868771

VWC2_MOUSE
LORF2_HUMAN
5HT1R_DROME
ABI2_HUMAN
CYFIP_DROME

2.00E-10
2.00E-11
7.00E-102
8.00E-21
0

3914339
75026999
269849756

PIAP_PIG
RN_DROME
LRP4_HUMAN

2.00E-32
3.00E-87
1.00E-79

122135714
85541076

DNJA2_BOVIN
DOK3_MOUSE

1.00E-169
5.00E-09

75041166

VPS72_PONAB

3.00E-75

116248564
109892510

PAR15_HUMAN
LHPL3_HUMAN

9.00E-21
4.00E-73

82082193
124056472

MBOA2_CHICK
KIFC3_MOUSE

4.00E-119
0

449081286

CAN9_RAT

2.00E-153

147742924
51338793
74728154
122145064

APLF_BOVIN
LYAG_MOUSE
GLBL2_HUMAN
EEPD1_BOVIN

5.00E-08
4.00E-148
5.00E-171
8.00E-130

296452898

SC5A8_HUMAN

3.00E-104
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comp105495_c0
comp105553_c0
comp105615_c0
comp105634_c0
comp105639_c0
comp105666_c0
comp105700_c0
comp105703_c4
comp105748_c0
comp105761_c0
comp105791_c1
comp105846_c0
comp105859_c1
comp105891_c1
comp105913_c1
comp105979_c0
comp106019_c0
comp106088_c1
comp106128_c0
comp106142_c0
comp106158_c0
comp106322_c0
comp106324_c1
comp106359_c0
comp106365_c0
comp106440_c0
comp106444_c1
comp106461_c0
comp106478_c0
comp106514_c0
comp106536_c1
comp106596_c0
comp106610_c0
comp106634_c0
comp106717_c0
comp106750_c0
comp106810_c1
comp106872_c0
comp106892_c0
comp106904_c0
comp106978_c1
comp107015_c0
comp107063_c0
comp107105_c0
comp107162_c1
comp107164_c0
comp107183_c0
comp107203_c1
comp107299_c0
comp107321_c0
comp109216_c0
comp22280_c0
comp24204_c0
comp34800_c0
comp44895_c0
comp46278_c0
comp47819_c0
comp47883_c0
comp49029_c0
comp49174_c0
comp50459_c0
comp51185_c0
comp51214_c0
comp52005_c0
comp56457_c0
comp57607_c0
comp62098_c0
comp63139_c0
comp63962_c0
comp64179_c0
comp64181_c0

C22vsC25
-0.41
-0.62
-1.94
-0.43
-0.61
-0.32
-0.64
-1.99
-0.53
-0.82
-0.41
-0.79
-0.02
-1.03
-0.41
-0.53
-0.4
-0.33
-0.19
-0.21
0.62
-0.63
-0.36
-0.26
-0.25
-0.73
0.8
-0.53
0.28
-0.26
-0.76
-0.89
-0.3
-0.63
-0.24
-0.32
-0.82
-0.38
-0.84
-1.2
-0.81
-0.55
-0.81
-0.74
-0.54
-0.25
-1.29
-0.92
-0.77
-0.72
-0.39
-0.5
-1.27
0.48
-0.29
0.99
-1.21
-0.03
-7.6
-0.66
-1.33
-0.69
1.29
-0.57
-3.16
5.69
-0.75
0.42
-0.51
0.3
-0.47

U22vsU25
-0.27
-0.63
-0.51
-0.48
-0.48
-0.42
-0.57
-1.46
-1.12
-0.63
-1.46
-1.1
-1.83
-0.51
-0.29
-0.29
-0.18
-0.46
-0.52
-0.44
0.69
-0.65
-0.27
-0.19
-0.32
-0.9
1.81
-0.79
0.27
-0.28
-1.02
-0.55
-0.39
-0.8
-0.64
-0.78
-0.96
-0.52
-0.62
-1.58
-1.12
-0.64
-1.11
-1.03
-0.59
-0.56
-0.98
-0.25
-0.91
-0.69
-0.61
-0.36
-1.41
0.6
-0.45
1.09
-3.79
-0.34
-7
-0.34
-0.95
-1.2
-0.47
-0.97
3.94
3.19
-0.45
0.85
-0.36
0.45
-0.39

CPM (Log2)
7.62
6.57
3.12
11.11
2.55
3.96
8.48
3.18
5.24
2.88
2.1
5.15
-0.09
4.88
8.01
4.35
5.94
6.13
10.22
6.55
2.72
6.28
7.58
5.73
8.04
5.49
7.49
6.28
2.61
5.66
8.18
7.01
7.31
7.6
3.52
4.87
8.53
3.51
2.34
6.11
5.05
5.74
6.18
5.91
5.09
6.79
5.08
4.85
8.12
7.64
2.8
5.3
0.05
4.67
5.39
5.34
3.02
5.36
-4.62
5.65
2.94
3.44
1.56
3.62
-1.27
-2.8
1.68
3.61
3.97
2.16
4.95

10.95
13.89
9.83
18.17
9.84
14.42
30.88
21.29
13.27
9.11
13.35
10.62
9.1
9.11
13.59
10
9.2
12
11.83
18.74
9.14
17.55
15.58
9.21
9.81
9.43
9.15
17.25
10.23
10.2
20.18
15.2
13.75
29.42
10.61
17.52
13.46
9.72
12.83
9.67
10.51
15.91
15.14
10.26
13.26
16.29
20.18
10.94
17.42
24
9.66
9.37
10.74
17.78
11.12
23.02
13.07
11.5
9.32
10.39
16.4
10.1
10.63
11.18
10.49
9.7
9.36
9.98
12.5
9.53
12.57

1.80E-04
3.10E-05
3.70E-04
3.00E-06
3.70E-04
2.30E-05
1.20E-08
6.60E-07
4.40E-05
6.00E-04
4.20E-05
2.20E-04
6.00E-04
6.00E-04
3.60E-05
3.30E-04
5.60E-04
9.30E-05
1.00E-04
2.30E-06
5.80E-04
4.20E-06
1.20E-05
5.60E-04
3.70E-04
4.80E-04
5.80E-04
4.90E-06
2.80E-04
2.90E-04
1.10E-06
1.50E-05
3.30E-05
2.10E-08
2.20E-04
4.20E-06
3.90E-05
4.00E-04
5.70E-05
4.10E-04
2.40E-04
9.90E-06
1.50E-05
2.80E-04
4.40E-05
8.10E-06
1.10E-06
1.80E-04
4.50E-06
1.90E-07
4.10E-04
5.00E-04
2.00E-04
3.70E-06
1.60E-04
3.00E-07
4.90E-05
1.30E-04
5.20E-04
2.60E-04
7.60E-06
3.10E-04
2.20E-04
1.60E-04
2.40E-04
4.00E-04
5.00E-04
3.30E-04
6.90E-05
4.50E-04
6.60E-05

2.60E-02
9.40E-03
3.90E-02
2.50E-03
3.90E-02
8.00E-03
6.30E-05
1.10E-03
1.20E-02
5.00E-02
1.20E-02
3.00E-02
5.00E-02
5.00E-02
1.10E-02
3.60E-02
4.80E-02
1.90E-02
1.90E-02
2.00E-03
4.90E-02
2.90E-03
5.30E-03
4.80E-02
3.90E-02
4.50E-02
4.90E-02
3.10E-03
3.40E-02
3.40E-02
1.40E-03
6.00E-03
1.00E-02
9.90E-05
3.00E-02
2.90E-03
1.10E-02
4.10E-02
1.40E-02
4.10E-02
3.10E-02
4.60E-03
6.00E-03
3.30E-02
1.20E-02
4.10E-03
1.40E-03
2.60E-02
3.00E-03
4.90E-04
4.10E-02
4.60E-02
2.90E-02
2.70E-03
2.50E-02
6.40E-04
1.20E-02
2.20E-02
4.60E-02
3.20E-02
4.00E-03
3.40E-02
3.00E-02
2.50E-02
3.10E-02
4.10E-02
4.60E-02
3.60E-02
1.50E-02
4.30E-02
1.50E-02

Protein GI

SwissProt ID

E value

82186590
1171748
74871720
81170641

LITAF_XENTR
NOTC1_DANRE
TENA_DROME
PCFT_DANRE

5.00E-09
1.00E-23
5.00E-15
5.00E-57

82104993

LITAF_CHICK

3.00E-28

75070341

ISLR_PONAB

3.00E-14

85542049
56404957

HMCN1_HUMAN
SC5A7_HUMAN

9.00E-60
0

74843302
296434507
7387588

GELS2_LUMTE
FLNB_HUMAN
KLF6_RAT

2.00E-134
3.00E-96
2.00E-70

82176382
122142874
82175533

BIR7A_XENLA
CLCA1_HORSE
BLNK_CHICK

7.00E-32
4.00E-118
1.00E-14

82186590
17380387

LITAF_XENTR
NOTCH_DROME

1.00E-22
3.00E-64

160409991
13124458
81883074
1703311

MEG10_XENTR
PLD1_MOUSE
SHC1_RAT
ANNU_SCHAM

0
3.00E-133
8.00E-117
1.00E-123

75017411

FGFR2_DUGJA

3.00E-40

78190475
158514044
62903518

HYAL1_RAT
LGR4_MOUSE
TLR4_PIG

2.00E-72
2.00E-14
2.00E-22

118572302

EPHA2_MACFA

5.00E-40

218526416
1706768
20140785

DOK3_CHICK
FBN1_BOVIN
TLR21_CHICK

1.00E-13
1.00E-54
4.00E-21

75074852
47116772

CUBN_CANFA
LPHN3_HUMAN

5.00E-64
4.00E-56

341940688
73920744

FAT4_MOUSE
PTP10_DROME

3.00E-105
3.00E-81

46395928

C209E_MOUSE

8.00E-06
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Gene

Log2 Fold Change

Log2 Fold Change

Average

F

P.Value

adj.P.Value

comp64243_c0
comp64251_c0
comp64532_c0
comp64627_c1
comp65051_c0
comp65575_c0
comp70189_c0
comp70817_c0
comp71168_c1
comp71510_c0
comp71565_c0
comp71981_c0
comp72305_c0
comp72499_c0
comp72511_c0
comp73030_c0
comp73489_c0
comp74993_c0
comp75188_c0
comp75384_c0
comp75444_c0
comp75840_c0
comp76315_c0
comp76326_c0
comp76542_c0
comp77042_c0
comp77268_c0
comp77284_c0
comp77359_c0
comp78062_c0
comp78098_c0
comp78190_c0
comp78240_c0
comp78288_c0
comp78390_c0
comp78506_c1
comp78549_c0
comp78714_c0
comp78768_c0
comp78833_c0
comp78860_c0
comp78910_c0
comp79082_c0
comp79151_c0
comp79209_c0
comp79256_c0
comp79327_c0
comp79473_c0
comp79510_c0
comp80356_c0
comp80421_c0
comp80566_c0
comp80774_c0
comp80784_c2
comp80816_c0
comp80859_c0
comp81043_c0
comp81150_c0
comp81189_c0
comp81206_c0
comp81300_c0
comp81330_c0
comp82157_c0
comp82260_c0
comp82272_c0
comp82360_c0
comp82410_c0
comp82540_c0
comp82572_c0
comp82638_c0
comp82838_c0

C22vsC25
-0.35
-0.37
0.08
-0.68
-0.39
0.83
-0.38
-0.48
-0.63
-0.39
1.14
-0.14
0.9
-0.38
0.32
0.39
-0.44
0.96
-0.31
-1.26
-0.23
1.01
-0.19
-0.29
-0.54
-0.41
-1.11
-0.46
-1.02
-0.99
-0.44
1.02
0.79
-0.34
-0.74
-0.27
-0.42
-0.47
-0.75
0.49
0.35
0.33
-0.31
-0.53
-0.3
0.33
-1.58
0.61
-0.31
-1.08
0.38
0.57
-0.31
-0.34
-0.17
1.39
-0.41
-0.26
-0.64
-1.33
0.36
-0.35
-0.12
0.53
-0.44
-0.55
0.65
-0.67
-0.97
-0.38
-0.36

U22vsU25
-0.79
-0.28
0.88
-1
-0.35
0.56
-0.68
-0.64
-0.22
-0.39
1.52
-1.09
0.28
-0.31
0.23
1.04
-0.31
0.51
-0.46
-1.23
-0.5
0.82
-0.28
-0.27
-1.17
-0.31
-1.07
-0.22
-0.55
-1.77
-0.49
0.65
0.76
-0.7
-0.76
-0.29
-0.45
-0.48
-0.64
0.46
1.01
0.75
-0.54
0.01
-0.39
0.25
-0.72
0.23
-0.43
-1.49
0.24
0.43
-0.5
-0.59
-0.55
1.42
-0.28
1.36
-0.62
-0.68
0.25
-0.78
-0.35
0.48
-0.67
-0.66
0.59
-0.31
-1.51
-0.42
-0.87

CPM (Log2)
5.5
5.05
1.92
2.82
7.12
2.33
4.79
4.02
3.57
4.81
3.76
5.47
2.99
5.27
4.68
4.31
6.06
6.28
6.88
2.63
5.34
2.71
5.51
5.85
3.23
2.9
0.84
5.14
1.4
2.59
3.74
2.24
1
2.4
2.42
4.73
5.17
3.62
4.56
1.92
4.35
1.97
4.35
6.75
7.05
7.73
7.24
1.68
5.7
2.91
4.2
2.67
3.49
5.09
5.57
2.67
3.85
2.91
4.89
4.25
3.08
4.37
4.13
5.42
2.48
5.34
7.67
4.83
2.06
5.95
7

9.64
10.34
9.36
13.31
10.41
9.78
11.03
9.75
10.88
20.26
10.18
10.22
11.85
11.67
9.16
13.57
11.79
11.1
19.43
18.65
11.17
9.14
10.15
10.32
9.33
10.53
9.64
11.4
11.63
9.6
9.45
14.2
9.26
10.28
13.69
15.21
21.58
11.14
9.94
9.8
16.64
10.49
11.64
9.68
16.61
19.77
9.16
11.62
11.09
9.72
10.59
9.66
10.38
13.1
11.43
43.43
9.12
15.81
18.4
19.24
9.42
10.61
11.44
9.12
13.32
19.68
10.15
9.33
13.57
13.7
12.47

4.20E-04
2.70E-04
5.00E-04
4.30E-05
2.50E-04
3.80E-04
1.70E-04
3.90E-04
1.90E-04
1.10E-06
2.90E-04
2.90E-04
1.00E-04
1.10E-04
5.80E-04
3.70E-05
1.10E-04
1.60E-04
1.60E-06
2.40E-06
1.60E-04
5.80E-04
3.00E-04
2.70E-04
5.10E-04
2.30E-04
4.20E-04
1.40E-04
1.20E-04
4.30E-04
4.70E-04
2.60E-05
5.40E-04
2.80E-04
3.40E-05
1.50E-05
5.80E-07
1.60E-04
3.40E-04
3.80E-04
6.70E-06
2.40E-04
1.20E-04
4.10E-04
6.80E-06
1.40E-06
5.80E-04
1.20E-04
1.60E-04
4.00E-04
2.30E-04
4.10E-04
2.60E-04
4.80E-05
1.30E-04
1.70E-10
5.90E-04
1.00E-05
2.70E-06
1.80E-06
4.80E-04
2.20E-04
1.30E-04
5.90E-04
4.30E-05
1.40E-06
3.00E-04
5.10E-04
3.70E-05
3.40E-05
7.00E-05

4.10E-02
3.30E-02
4.60E-02
1.20E-02
3.20E-02
4.00E-02
2.60E-02
4.00E-02
2.70E-02
1.40E-03
3.40E-02
3.40E-02
1.90E-02
2.10E-02
4.90E-02
1.10E-02
2.00E-02
2.50E-02
1.70E-03
2.10E-03
2.50E-02
4.90E-02
3.40E-02
3.30E-02
4.60E-02
3.00E-02
4.10E-02
2.20E-02
2.10E-02
4.20E-02
4.40E-02
8.50E-03
4.70E-02
3.30E-02
1.00E-02
6.00E-03
1.10E-03
2.50E-02
3.70E-02
3.90E-02
3.80E-03
3.10E-02
2.10E-02
4.10E-02
3.80E-03
1.50E-03
4.90E-02
2.10E-02
2.50E-02
4.10E-02
3.00E-02
4.10E-02
3.20E-02
1.20E-02
2.20E-02
3.70E-06
5.00E-02
4.80E-03
2.30E-03
1.70E-03
4.50E-02
3.00E-02
2.20E-02
5.00E-02
1.20E-02
1.50E-03
3.40E-02
4.60E-02
1.10E-02
1.00E-02
1.50E-02

Protein GI

SwissProt ID

E value

353558883

TRIM2_AILME

2.00E-09

150383505
12644042

KCY_XENTR
CH60_DROME

3.00E-75
0

6225821
74721317

NUPR1_RAT
SSUH2_HUMAN

1.00E-12
2.00E-51

311033486

NELL1_HUMAN

4.00E-108

74635900

FKBP2_YARLI

6.00E-42

380865378
31077009

DUOX_DROME
SIVA_MOUSE

0
1.00E-11

81917719

NUFP1_MOUSE

1.00E-48

6094377

N2F1A_DANRE

0

23396857

SERFL_DROME

7.00E-09

119388826

TFPT_RAT

2.00E-10

74848739

TM2D1_DICDI

4.00E-11

391738008
117391

AMO_PINMG
RLBP1_HUMAN

1.00E-166
2.00E-72

122063213
193806614
231741

CALM_PATSP
RIAD1_HUMAN
CCND2_HUMAN

2.00E-49
3.00E-28
2.00E-92

584723
67460413

ACTP_ACACA
ATF7_MOUSE

3.00E-08
9.00E-09

152032351

METRL_XENLA

6.00E-28
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Gene

Log2 Fold Change

Log2 Fold Change

Average

F

P.Value

adj.P.Value

Protein GI

SwissProt ID

E value

comp82954_c0
comp82977_c0
comp83050_c0
comp83294_c0
comp83311_c0
comp83448_c0
comp83517_c0
comp83715_c0
comp83968_c0
comp84101_c0
comp84256_c0
comp84267_c0
comp84301_c0
comp84553_c0
comp84553_c1
comp84878_c0
comp84933_c0
comp85225_c0
comp85502_c0
comp85543_c0
comp86011_c1
comp86259_c0
comp86516_c0
comp86786_c0
comp87033_c0
comp87054_c0
comp87055_c0
comp87062_c0
comp87063_c0
comp87067_c0
comp87387_c0
comp87512_c0
comp87580_c0
comp87583_c0
comp87590_c0
comp87590_c1
comp87690_c0
comp87791_c0
comp87826_c0
comp87977_c0
comp88068_c0
comp88175_c0
comp88267_c0
comp88284_c0
comp88450_c0
comp88914_c1
comp88924_c0
comp89046_c0
comp89124_c1
comp89205_c0
comp89318_c0
comp89325_c0
comp89346_c0
comp89642_c0
comp89789_c0
comp89823_c0
comp89917_c0
comp89937_c0
comp89972_c0
comp90058_c0
comp90111_c0
comp90144_c0
comp90144_c1
comp90163_c0
comp90226_c2
comp90230_c0
comp90275_c0
comp90390_c1
comp90420_c0
comp90491_c0
comp90541_c1

C22vsC25
0.33
-1.08
-0.23
-0.48
2.34
-0.39
-0.79
-0.25
-1.5
-0.4
-0.31
-0.37
-0.26
-0.51
-0.37
-0.46
0.39
2.39
-0.35
-0.3
0.34
-0.18
2.79
0.21
0.84
0.15
0.29
-0.68
1.35
-0.55
-0.17
0.24
-0.4
-0.18
-0.46
-0.62
-0.3
-0.21
0.3
-0.46
-0.56
-0.11
0.43
-0.33
1.13
-0.68
-0.95
-0.35
-0.22
0.37
-0.14
-0.42
-0.21
-0.21
0.93
-0.76
-0.44
0.81
-0.7
-0.21
-0.53
-0.34
-0.3
-0.67
-1.42
0.71
-0.13
-0.87
-0.91
-0.3
-0.78

U22vsU25
0.32
-0.9
-0.18
-0.34
2.02
-0.21
-0.62
-0.43
-1.67
-0.29
-0.61
-0.5
-0.65
-0.57
-0.57
-0.59
0.32
2.71
-0.39
-0.6
0.36
-0.55
-0.05
0.4
0.8
0.56
0.87
-0.71
1.3
-0.86
-0.45
0.73
-0.63
-0.37
-0.4
-0.58
-0.72
0.78
0.58
-0.43
-0.77
-0.31
0.28
-0.92
1.19
-0.45
-0.41
-0.68
-0.19
0.6
-0.25
-0.38
-0.28
-0.21
0.88
-0.84
-0.3
1.21
-0.55
-0.37
-0.73
-0.35
-0.31
-0.37
-1.07
0.1
-0.18
-1.13
-1.1
-0.21
-0.58

CPM (Log2)
4.01
3.67
3.66
8.77
1.62
5.33
5.09
5.34
4.13
9.8
3.97
8.12
4.69
4.81
4.82
5.13
2.23
2.18
5.3
4.17
9.19
5.63
2.82
2.23
4.34
1
3.95
1.96
2.66
4.11
3.44
1.25
6.75
8.85
4.98
4.81
8.4
5.96
1.96
9.24
4.43
5.4
2.49
2.46
3.51
6.56
3.1
5.23
5.63
4.93
5.92
7.08
7.03
7.6
6.51
5.23
4.77
2.43
1
7.19
4.6
9.84
10.99
3.34
3.66
2.97
6.16
7.24
0.97
4.96
2.48

10.22
13.22
9.29
16.56
9.26
10.67
16.14
9.75
12.61
23.05
12.56
18.83
10.43
12.48
12.62
9.13
9.36
14.74
19.1
11.95
16.09
14.53
9.36
9.34
35.56
9.52
10.5
13.47
11.78
28.75
9.26
11.95
12.72
18.1
10.99
14.22
12.32
16.21
10.78
26.91
12.3
10.23
10.51
9.12
9.38
11.03
14.1
17.35
12.51
26.93
10.17
15.66
12.02
9.32
14.9
12.27
9.48
9.44
9.61
11.86
9.9
15.42
18.98
12.13
13.31
12.57
10.91
13.28
20.02
11.37
9.89

2.90E-04
4.50E-05
5.30E-04
7.00E-06
5.40E-04
2.10E-04
8.70E-06
3.90E-04
6.50E-05
3.00E-07
6.70E-05
2.20E-06
2.50E-04
7.00E-05
6.40E-05
5.90E-04
5.00E-04
1.90E-05
1.90E-06
9.70E-05
9.00E-06
2.10E-05
5.00E-04
5.10E-04
2.20E-09
4.50E-04
2.40E-04
3.90E-05
1.10E-04
2.70E-08
5.40E-04
9.60E-05
6.00E-05
3.10E-06
1.80E-04
2.50E-05
7.70E-05
8.40E-06
2.00E-04
5.60E-08
7.80E-05
2.80E-04
2.40E-04
5.90E-04
5.00E-04
1.70E-04
2.70E-05
4.60E-06
6.90E-05
5.60E-08
2.90E-04
1.10E-05
9.30E-05
5.20E-04
1.70E-05
8.00E-05
4.60E-04
4.80E-04
4.30E-04
1.00E-04
3.50E-04
1.30E-05
2.00E-06
8.70E-05
4.30E-05
6.60E-05
1.80E-04
4.40E-05
1.20E-06
1.40E-04
3.50E-04

3.40E-02
1.20E-02
4.70E-02
3.90E-03
4.70E-02
2.90E-02
4.30E-03
4.00E-02
1.50E-02
6.40E-04
1.50E-02
2.00E-03
3.20E-02
1.50E-02
1.50E-02
4.90E-02
4.60E-02
7.00E-03
1.80E-03
1.90E-02
4.30E-03
7.70E-03
4.60E-02
4.60E-02
1.90E-05
4.30E-02
3.10E-02
1.10E-02
2.00E-02
1.20E-04
4.70E-02
1.90E-02
1.40E-02
2.50E-03
2.60E-02
8.50E-03
1.60E-02
4.30E-03
2.80E-02
2.00E-04
1.60E-02
3.40E-02
3.10E-02
5.00E-02
4.60E-02
2.60E-02
8.80E-03
3.00E-03
1.50E-02
2.00E-04
3.40E-02
5.10E-03
1.80E-02
4.70E-02
6.60E-03
1.70E-02
4.40E-02
4.50E-02
4.20E-02
1.90E-02
3.80E-02
5.60E-03
1.90E-03
1.70E-02
1.20E-02
1.50E-02
2.60E-02
1.20E-02
1.40E-03
2.30E-02
3.80E-02

24212196

RT18A_MOUSE

3.00E-23

296434532

HPSE_HUMAN

3.00E-107

55977856

IAP1_DROME

3.00E-29

13633865

RHOA_MOUSE

1.00E-115

1709428

OAZ1_MOUSE

2.00E-34

82185557

CNFNA_XENLA

1.00E-18

48474478

HSC20_MOUSE

2.00E-40

122140306

XBP1_BOVIN

2.00E-32

171704533
75040232

MR30_CONMR
GL8D1_BOVIN

1.00E-48
6.00E-93

121957141

TOE1_BOVIN

4.00E-113

90103518

RCL1_HUMAN

8.00E-167

3122413

LAP4A_HUMAN

1.00E-36

62906845
143811387

IF_HUMAN
ERP29_BOVIN

2.00E-10
6.00E-50

296453033

WBS27_HUMAN

3.00E-24

71153416
50403767

XKR6_HUMAN
IMPL2_DROME

7.00E-44
3.00E-21

2493382
75536771
27734581
57013837
1172773

CP24A_MOUSE
Y381_RICFE
SSBP3_HUMAN
GLU2B_MOUSE
PURA_MOUSE

4.00E-93
9.00E-19
1.00E-93
5.00E-119
6.00E-76

124057315

PLS2_BOVIN

3.00E-63

232141

GNAS_LYMST

0

81914816
311033498

PDK1L_MOUSE
CUBN_HUMAN

5.00E-27
8.00E-14

548445

PPM1B_RAT

0

75061867

SH3Y1_PONAB

4.00E-103
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Protein GI

SwissProt ID

E value

comp90662_c0
comp90715_c0
comp90738_c0
comp90749_c1
comp90761_c0
comp90780_c0
comp90823_c0
comp90873_c1
comp90879_c0
comp90952_c0
comp90986_c0
comp90987_c0
comp91016_c0
comp91074_c0
comp91106_c0
comp91121_c0
comp91154_c0
comp91154_c1
comp91188_c0
comp91363_c0
comp91675_c0
comp91731_c0
comp91763_c0
comp91766_c1
comp91833_c0
comp91837_c0
comp91937_c0
comp91968_c0
comp91990_c0
comp92008_c0
comp92026_c0
comp92106_c0
comp92191_c0
comp92207_c0
comp92287_c0
comp92334_c0
comp92348_c0
comp92370_c0
comp92406_c0
comp92566_c0
comp92615_c0
comp92797_c0
comp92807_c0
comp92845_c0
comp92867_c0
comp92883_c0
comp92989_c0
comp93160_c0
comp93335_c0
comp93338_c0
comp93392_c0
comp93397_c0
comp93411_c0
comp93579_c0
comp93621_c1
comp93641_c0
comp93655_c0
comp93696_c0
comp93713_c0
comp93812_c0
comp93841_c1
comp93965_c0
comp94040_c0
comp94048_c1
comp94058_c0
comp94081_c0
comp94110_c0
comp94129_c0
comp94202_c0
comp94228_c0
comp94232_c0

C22vsC25
-0.99
-0.33
-0.53
-0.32
0.25
-0.23
-0.01
-0.94
-0.95
-0.39
-0.48
0.38
-0.46
0.55
-0.33
-0.34
-0.68
-0.82
0.04
0.33
-0.76
0.55
-0.26
-0.46
0.68
0.12
0.23
-0.47
-1.1
-0.28
-0.38
-0.88
-0.2
-0.66
-0.78
-0.28
-0.28
-0.25
-0.39
-0.32
-0.65
-1.23
-0.27
1.63
-3.21
0.11
-0.2
-0.64
-0.18
-1.61
0.52
-0.48
-0.2
-0.31
0.28
-0.52
-0.21
2.05
-0.5
-0.31
-0.5
1.37
0.4
-0.14
-0.28
-0.49
-0.34
-0.24
-0.48
-0.34
0.22

U22vsU25
-2.44
-0.3
-0.9
-0.26
1
-0.44
0.68
-0.73
-0.79
-0.29
-0.39
0.23
-0.27
0.46
-0.43
-0.32
-0.45
-0.48
0.75
0.88
-0.33
0.59
-0.34
-0.8
0.86
0.31
0.44
-0.47
-1.45
-0.51
-0.69
-0.47
-0.56
-0.84
-0.51
-0.46
-0.36
-0.34
-0.53
-0.31
-0.57
-1.35
-0.51
1.9
-3.08
0.47
-0.49
-0.46
-0.3
-1.18
0.11
-0.61
-0.21
-0.36
0.37
-0.97
-0.29
1.69
-0.27
-0.54
-0.29
1.21
0.46
-0.43
-0.25
-0.44
-0.5
-0.18
-0.45
-0.21
0.49

CPM (Log2)
-0.94
4.09
1.18
4.93
1.66
3.23
1.5
4.81
1.72
5.02
3
4.8
4.83
6.51
4.56
5.51
3.65
3.37
5.26
4.95
3.15
2.52
5.83
4.77
4.97
4.38
4.76
5.94
0.09
6.28
5.63
1.89
3.33
5.35
3.59
6
3.62
6.78
2.81
6.26
4.36
6.49
5.56
7.45
2.67
2.87
5.79
3.44
5.36
3.74
10.71
5.06
5.84
5.39
3.35
8.54
5.53
2.45
8.01
5.64
3.76
2.83
2.41
5.34
4.24
5.76
6.27
4.22
2.8
4.73
2.3

9.49
11.02
10.48
9.42
10.64
9.68
10.26
13.33
11.62
9.71
14.12
12.16
9.85
11.34
9.67
12.53
17.24
18.24
12.53
9.9
11.4
17.59
12.89
14.89
13.57
9.28
10.29
10.77
16.49
11.39
10.71
9.31
9.72
17.77
9.27
11.78
12.48
10.69
11
13.57
10.12
17.99
20.97
9.61
26.21
14.39
9.26
14.06
17.08
9.23
9.71
10.56
16.67
9.81
12.19
17.87
11.46
20.47
13.96
12.61
10.06
48.56
12.72
11.15
13.35
9.39
11.05
12.27
10
10.98
10.6

4.60E-04
1.70E-04
2.40E-04
4.80E-04
2.20E-04
4.10E-04
2.80E-04
4.20E-05
1.20E-04
4.00E-04
2.70E-05
8.50E-05
3.60E-04
1.40E-04
4.10E-04
6.80E-05
4.90E-06
2.90E-06
6.80E-05
3.50E-04
1.30E-04
4.10E-06
5.50E-05
1.70E-05
3.70E-05
5.30E-04
2.70E-04
2.00E-04
7.30E-06
1.40E-04
2.10E-04
5.20E-04
4.00E-04
3.70E-06
5.30E-04
1.10E-04
7.00E-05
2.10E-04
1.70E-04
3.70E-05
3.00E-04
3.30E-06
7.70E-07
4.30E-04
7.50E-08
2.30E-05
5.40E-04
2.80E-05
5.30E-06
5.50E-04
4.00E-04
2.30E-04
6.60E-06
3.70E-04
8.30E-05
3.50E-06
1.30E-04
9.80E-07
2.90E-05
6.50E-05
3.20E-04
3.90E-11
6.00E-05
1.60E-04
4.20E-05
4.90E-04
1.70E-04
7.90E-05
3.30E-04
1.80E-04
2.20E-04

4.40E-02
2.60E-02
3.10E-02
4.50E-02
2.90E-02
4.10E-02
3.30E-02
1.20E-02
2.10E-02
4.10E-02
8.80E-03
1.70E-02
3.90E-02
2.30E-02
4.10E-02
1.50E-02
3.10E-03
2.50E-03
1.50E-02
3.80E-02
2.20E-02
2.90E-03
1.30E-02
6.60E-03
1.10E-02
4.70E-02
3.30E-02
2.80E-02
3.90E-03
2.20E-02
2.90E-02
4.70E-02
4.10E-02
2.70E-03
4.70E-02
2.00E-02
1.50E-02
2.90E-02
2.60E-02
1.10E-02
3.40E-02
2.60E-03
1.20E-03
4.20E-02
2.20E-04
8.10E-03
4.70E-02
8.80E-03
3.20E-03
4.80E-02
4.10E-02
3.00E-02
3.80E-03
3.90E-02
1.70E-02
2.70E-03
2.20E-02
1.40E-03
9.20E-03
1.50E-02
3.50E-02
1.70E-06
1.40E-02
2.50E-02
1.20E-02
4.60E-02
2.50E-02
1.70E-02
3.60E-02
2.60E-02
3.00E-02

82174581
82188700
21542300

FUCL4_ANGJA
GAREM_DANRE
RHBL3_HUMAN

2.00E-12
4.00E-08
2.00E-93

20141421

DHC24_HUMAN

0

81879838
121740
61211702

RM37_MOUSE
MGST1_HUMAN
B3GT1_MOUSE

6.00E-50
1.00E-41
1.00E-37

122131723

NUD14_BOVIN

8.00E-63

3023425

CALCR_RABIT

2.00E-93

3041717

PYGM_HUMAN

0

20140871

MLXPL_HUMAN

5.00E-46

21263461

CH10_ORYLA

2.00E-42

400042

STIP1_HUMAN

0

205831469
166218983
30172885

CLCA4_HUMAN
MOT10_DANRE
CERK1_HUMAN

3.00E-13
1.00E-128
1.00E-46

209573002

LRP12_PONAB

5.00E-11

62286957
1351090

KPRS4_SPIOL
SOX2_CHICK

2.00E-109
1.00E-66

2498194

TPPP_BOVIN

4.00E-14

82179351
68837285
82091801
62901076

F210A_XENLA
BDH_RAT
CRY1_SYLBO
RAB4B_DANRE

2.00E-36
5.00E-69
0
2.00E-136

190359326
218563488

GAREL_MOUSE
ATP9B_BOVIN

2.00E-07
0

2497570
82241816
2497238
317373539

EGL15_CAEEL
MIO_DANRE
BIRC2_HUMAN
PRDX5_HUMAN

4.00E-07
0
6.00E-17
6.00E-50

81898584
341940619
12585543
123916379
269969671

T161B_MOUSE
5HT4R_MOUSE
ZN208_HUMAN
SOX14_DANRE
ST6B1_MOUSE

1.00E-145
9.00E-67
5.00E-25
2.00E-63
7.00E-38

81873696

S35D3_MOUSE

3.00E-31
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comp94379_c0
comp94511_c0
comp94554_c0
comp94580_c0
comp94880_c0
comp94884_c0
comp94896_c0
comp94941_c2
comp94960_c0
comp94975_c0
comp95041_c0
comp95064_c0
comp95158_c0
comp95214_c0
comp95275_c0
comp95408_c0
comp95417_c0
comp95426_c0
comp95447_c0
comp95514_c0
comp95538_c0
comp95550_c0
comp95581_c0
comp95677_c0
comp95729_c0
comp95843_c0
comp95916_c0
comp95930_c0
comp96274_c0
comp96280_c0
comp96377_c1
comp96407_c0
comp96410_c0
comp96479_c0
comp96534_c0
comp96587_c0
comp96649_c0
comp96739_c0
comp96851_c1
comp96899_c0
comp96934_c0
comp97016_c0
comp97022_c0
comp97055_c0
comp97130_c2
comp97145_c0
comp97161_c3
comp97209_c0
comp97209_c1
comp97230_c1
comp97452_c0
comp97457_c0
comp97490_c0
comp97509_c1
comp97519_c0
comp97549_c0
comp97664_c0
comp97686_c0
comp97828_c0
comp97841_c0
comp97877_c0
comp97938_c1
comp97957_c2
comp97974_c0
comp97998_c0
comp98143_c0
comp98218_c0
comp98301_c0
comp98337_c0
comp98339_c0
comp98410_c0

C22vsC25
-0.43
-0.15
-0.49
0.55
0.28
-0.27
-0.35
0.36
-2.06
-0.1
-0.43
-0.29
-0.18
-0.64
-0.93
-0.41
-0.4
-0.36
0.87
-0.9
-0.51
-0.43
0.44
1.88
-0.38
-0.89
-0.92
-0.38
0.19
-0.42
-0.49
0.26
-1.74
-0.55
-0.27
-0.32
-0.28
-0.52
-0.31
0.82
-0.4
-1.14
0.17
-0.54
-0.26
-0.42
0.37
-0.4
-0.37
-0.56
-1.18
-0.27
-0.39
0.28
-0.19
-0.52
-0.42
0.38
-0.28
0.08
-0.41
-0.43
-0.45
-0.64
-0.58
0.18
-0.32
-0.69
-0.23
-0.58
-0.98

U22vsU25
-1.08
-0.41
-0.86
0.26
0.84
-0.29
-0.52
0.06
-1.63
-0.36
-0.41
-0.3
-0.37
-0.35
-1.07
-0.42
-0.9
-0.81
1.28
-0.68
-0.66
-0.24
0.49
2.55
-0.39
-0.58
-0.55
-0.25
0.56
-0.99
-0.75
0.39
-0.96
-0.52
-0.19
-0.45
-0.43
-0.47
-0.46
1.03
-0.8
-0.98
0.35
-0.58
-0.25
-0.47
0.62
-0.74
-0.56
-0.49
-1.4
-0.25
-0.57
0.42
-0.27
-0.29
-0.43
0.53
-0.33
-0.96
-0.58
-0.39
-0.66
-0.18
-0.23
1.16
-0.53
-0.6
0.66
-0.28
-1.58

CPM (Log2)
1.14
6.72
4.66
1.99
3.51
7.72
4.14
4.59
1.84
5.7
4.8
3.34
4.09
6.76
2.67
4.06
2.57
6.28
6.96
4.15
7.17
3.78
3.76
2.93
2.32
5.22
2.7
10.34
2.82
2.43
5.28
2.18
2.42
3.45
8.03
8.47
5.41
4.34
5.87
5.32
2.85
5.5
4.53
9.57
4.77
6.45
5.38
5.19
4.97
5.02
2.37
5.65
4.44
2.46
5.73
3.37
5.23
2.76
1.52
3.16
3.55
6.49
5.32
3.76
4.97
2.06
6.57
0.9
3.65
3.91
-0.7

14.21
17.07
15.34
9.36
11.55
16.11
11.17
9.29
10.98
9.49
19.25
9.25
9.1
10.26
9.6
9.16
10.68
10.05
12.22
11.22
15.53
15.03
18.03
10.32
10.43
13.09
11.82
12.47
10.58
16.53
15.38
11.43
10.18
15.94
9.56
9.75
10.92
10.84
11.56
10.48
14.05
10.07
12.22
32.63
11.29
11.79
9.59
14.06
14.12
10.24
9.19
11.34
14.27
10.31
9.64
9.21
22.78
11.51
9.31
10.2
12.13
11.46
11.2
11.88
12.3
9.92
11.21
9.95
11.04
13.14
9.88

2.50E-05
5.40E-06
1.30E-05
5.00E-04
1.20E-04
8.90E-06
1.60E-04
5.30E-04
1.80E-04
4.60E-04
1.80E-06
5.40E-04
6.00E-04
2.80E-04
4.30E-04
5.80E-04
2.10E-04
3.20E-04
8.20E-05
1.50E-04
1.20E-05
1.60E-05
3.30E-06
2.70E-04
2.50E-04
4.90E-05
1.00E-04
7.00E-05
2.30E-04
7.10E-06
1.30E-05
1.30E-04
2.90E-04
9.80E-06
4.40E-04
3.90E-04
1.80E-04
1.90E-04
1.20E-04
2.40E-04
2.80E-05
3.20E-04
8.20E-05
6.20E-09
1.50E-04
1.10E-04
4.30E-04
2.80E-05
2.70E-05
2.80E-04
5.60E-04
1.40E-04
2.50E-05
2.70E-04
4.20E-04
5.60E-04
3.30E-07
1.30E-04
5.20E-04
2.90E-04
8.70E-05
1.30E-04
1.50E-04
1.00E-04
7.80E-05
3.50E-04
1.50E-04
3.40E-04
1.70E-04
4.70E-05
3.60E-04

8.50E-03
3.20E-03
5.70E-03
4.60E-02
2.10E-02
4.30E-03
2.50E-02
4.70E-02
2.60E-02
4.40E-02
1.70E-03
4.70E-02
5.00E-02
3.30E-02
4.20E-02
4.90E-02
2.90E-02
3.50E-02
1.70E-02
2.40E-02
5.30E-03
6.30E-03
2.60E-03
3.30E-02
3.20E-02
1.20E-02
2.00E-02
1.50E-02
3.00E-02
3.90E-03
5.70E-03
2.20E-02
3.40E-02
4.60E-03
4.30E-02
4.00E-02
2.60E-02
2.70E-02
2.10E-02
3.10E-02
8.80E-03
3.50E-02
1.70E-02
3.80E-05
2.30E-02
2.00E-02
4.20E-02
8.80E-03
8.80E-03
3.40E-02
4.80E-02
2.30E-02
8.40E-03
3.30E-02
4.10E-02
4.80E-02
6.60E-04
2.20E-02
4.70E-02
3.40E-02
1.70E-02
2.20E-02
2.40E-02
1.90E-02
1.60E-02
3.70E-02
2.40E-02
3.70E-02
2.60E-02
1.20E-02
3.80E-02

Protein GI

SwissProt ID

E value

116241348
74660547
135191

EHMT2_HUMAN
UBC12_KLULA
SYWC_HUMAN

1.00E-09
5.00E-23
9.00E-33

44887684

AKT5_ARATH

9.00E-10

187471089
120050

CPVL_MOUSE
FGFR3_HUMAN

4.00E-149
3.00E-08

74758773
30923239

PKHG7_HUMAN
GFPT1_MOUSE

4.00E-68
0

1168684
134310

BP10_PARLI
SCP1_BRALA

1.00E-19
3.00E-07

13124003

AHSA1_HUMAN

8.00E-106

20141353

GSTA4_MOUSE

1.00E-52

378522303
68565629
81898417

PRRT2_MOUSE
NUDT3_RAT
CD029_MOUSE

3.00E-12
3.00E-59
1.00E-172

130405

POL3_DROME

3.00E-75

14286138
296452967
121993808
81881554

NRG_DROME
SC6A5_HUMAN
CDC42_DROPS
ECHD3_MOUSE

0
0
5.00E-106
2.00E-125

206729886

PCDH9_HUMAN

8.00E-115

1706611

EFTU_HUMAN

0

82125357

TM104_CHICK

1.00E-163

141475
20137527

YTX2_XENLA
AAAS_HUMAN

3.00E-33
3.00E-153

21431947

YSNK_CAEEL

5.00E-06

32172436

NEDD4_MOUSE

0

97536681
81905617
45477126

M3K2_HUMAN
SAPC2_MOUSE
RLGPB_HUMAN

3.00E-152
2.00E-27
0

141475

YTX2_XENLA

9.00E-20

161789050
61216648

HTRL_ECOLI
RTP1_MOUSE

9.00E-07
4.00E-11

81901546
215274207

TDIF2_MOUSE
ODP2_HUMAN

2.00E-54
5.00E-171

12643401
75074852
171769535

S39A7_MOUSE
CUBN_CANFA
SVEP1_MOUSE

4.00E-101
1.00E-74
6.00E-17
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Protein GI

SwissProt ID

E value

comp98432_c0
comp98471_c0
comp98507_c0
comp98513_c0
comp98557_c3
comp98627_c0
comp98662_c0
comp98909_c1
comp98964_c0
comp99053_c0
comp99121_c0
comp99199_c0
comp99217_c0
comp99230_c1
comp99304_c2
comp99366_c0
comp99376_c0
comp99379_c0
comp99515_c0
comp99554_c0
comp99612_c0
comp99655_c0
comp99669_c0
comp99694_c0
comp99703_c0
comp99784_c0
comp99813_c0
comp99828_c0
comp99828_c1
comp99850_c0
comp99859_c0
comp99859_c2
comp99920_c1
comp99930_c0
comp99995_c0

C22vsC25
0.1
-0.1
-2.11
-0.31
-0.18
-0.14
-0.4
-0.64
-0.49
-0.53
0.53
-0.67
-0.59
-1.15
-0.33
-0.5
-0.34
-0.74
-0.5
-0.35
-0.48
-0.08
-1.7
-0.78
-0.2
-0.48
1.43
-1.39
-0.61
-0.28
-1.4
-1.43
-0.67
-0.89
-0.35

U22vsU25
0.7
-0.46
-1.41
-0.4
-0.36
-0.63
-0.59
0.08
-0.33
-0.43
0.45
-1.29
-0.17
-0.86
-0.29
-0.5
-0.5
-0.54
-0.63
-0.32
-0.79
0.71
-1.26
-0.83
0.87
-0.94
1.22
-0.69
-0.34
-0.28
-3.94
-3.81
-1.02
-1.61
-0.41

CPM (Log2)
2.19
7.22
1.23
7.2
6.61
4.35
3.29
3.25
5.28
6.39
2.34
4.16
3.55
6.49
3.29
4.15
6.29
8.19
7.59
6.61
5.11
2.02
3.26
5.24
7.3
1.12
2.7
3.47
3.27
2.87
2.8
3.89
6
1.31
2.61

14.14
10.22
11.11
12.74
13.03
12.52
15.65
15.27
14.87
14.27
10.19
14.44
10.16
9.22
10.98
20.26
9.52
12.57
9.28
11.15
12.74
9.64
17.62
19.25
10.04
9.65
42.13
13.95
10.71
9.34
13.89
13.15
14.32
10.55
9.66

2.60E-05
2.90E-04
1.60E-04
6.00E-05
5.10E-05
6.80E-05
1.10E-05
1.40E-05
1.80E-05
2.50E-05
2.90E-04
2.20E-05
3.00E-04
5.50E-04
1.80E-04
1.10E-06
4.50E-04
6.60E-05
5.30E-04
1.60E-04
6.00E-05
4.20E-04
4.00E-06
1.80E-06
3.20E-04
4.20E-04
2.50E-10
3.00E-05
2.10E-04
5.10E-04
3.10E-05
4.70E-05
2.40E-05
2.30E-04
4.10E-04

8.80E-03
3.40E-02
2.50E-02
1.40E-02
1.30E-02
1.50E-02
5.10E-03
5.90E-03
6.60E-03
8.40E-03
3.40E-02
8.00E-03
3.40E-02
4.80E-02
2.60E-02
1.40E-03
4.30E-02
1.50E-02
4.70E-02
2.50E-02
1.40E-02
4.10E-02
2.90E-03
1.70E-03
3.50E-02
4.10E-02
3.70E-06
9.20E-03
2.90E-02
4.60E-02
9.40E-03
1.20E-02
8.30E-03
3.00E-02
4.10E-02

83305922
20139749

TIM50_DANRE
S26A5_MERUN

2.00E-99
2.00E-122

81342453

YNGK_BACSU

2.00E-105

81903022
75151723
476007228

RP25L_MOUSE
KATAM_ORYSJ
PTLH_STRAW

4.00E-38
9.00E-27
7.00E-10

109896150
380865486
148887357
75071591
118574274
75335042
182705256

UBXN6_BOVIN
SREC2_HUMAN
CIC_MOUSE
PC11X_PIG
MA2B1_HUMAN
CML11_ARATH
DHGL_DROPS

7.00E-06
2.00E-09
2.00E-35
2.00E-111
0
3.00E-26
8.00E-77

20137612
13124605

CCS_HUMAN
TNF13_HUMAN

2.00E-73
3.00E-07

4033392
162416207
122102848

GRP78_CHICK
LRC38_MOUSE
HEY_DROME

0
1.00E-10
2.00E-17

82182078
257096787

CPTP_DANRE
SPG20_BOVIN

1.00E-46
5.00E-92

21264519
81170634
21263380

SC6A3_MOUSE
NPSR1_MOUSE
ALG6_HUMAN

5.00E-130
4.00E-14
9.00E-163
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Chapter 3. Epipodial tentacle gene expression and predetermined resilience to
summer mortality in the commercially important greenlip abalone, Haliotis
laevigata

This chapter is published as:

Shiel, B.P., Hall, N.E., Cooke, I.R., Robinson, N.A. and Strugnell, J.M., 2017. Epipodial
tentacle gene expression and predetermined resilience to summer mortality in the
commercially important greenlip abalone, Haliotis laevigata. Marine
biotechnology, 17(2), pp.191-205. doi: 10.1007/s10126-017-9742-z

3.1 Abstract

‘Summer mortality’ is a phenomenon that occurs during warm water temperature spikes
that results in the mass mortality of many ecologically and economically important
molluscs such as abalone. This study aimed to determine whether the baseline gene
expression of abalone before a laboratory induced summer mortality event was
associated with resilience to summer mortality. Tentacle transcriptomes of 35 greenlip
abalone (Haliotis laevigata) were sequenced prior to the animals being exposed to an
increase in water temperature - simulating conditions which have previously resulted in
summer mortality. Abalone derived from three source locations with different
environmental conditions were categorized as susceptible or resistant to summer
mortality depending on whether they died or survived after the water temperature was
increased. We detected two genes showing significantly higher expression in resilient
abalone relative to susceptible abalone prior to the laboratory induced summer mortality
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event. One of these genes was annotated through the NCBI non-redundant protein
database using BLASTX to an anemone (Exaiptasia pallida) Transposon Ty3-G Gag Pol
Polyprotein. Distinct gene expression signatures were also found between resilient and
susceptible abalone depending on the population origin, which may suggest divergence
in local adaptation mechanisms for resilience. Many of these genes have been suggested
to be involved in antioxidant and immune related functions. The identification of these
genes and their functional roles have enhanced our understanding of processes that may
contribute to summer mortality in abalone. Our study supports the hypothesis that prestress gene expression signatures are indicative of the likelihood of summer mortality.

3.2 Introduction

Over the past few decades, mass mortality of economically important molluscs, such as
abalone (Vandepeer, 2006), oysters (Cotter et al., 2010), mussels (Mallet et al., 1990)
and scallops (Xiao et al., 2005), has been reported during the summer months at a range
of locations around the world. These events are known as ‘summer mortalities’ and they
occur in both wild and aquaculture environments. During the summer of 2011, water
surface temperatures along the coast of Western Australia were recorded to be more than
3°C above the long-term monthly average (Pearce & Feng, 2011). This event resulted in
widespread mortality across many species in coastal areas, with the Roe’s abalone
(Haliotis roei) being the most adversely affected species in the area. Mass mortalities of
H. roei occurred along the entire coast, with many populations reported to be completely
wiped out due to the prolonged heat stress (Pearce & Feng, 2011).
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High water temperature is a key driver of summer mortality and has been linked with
outbreaks of infections such as the Vibrio sp. bacteria (Romalde et al., 2014, Vezzulli et
al., 2010) and the oyster herpes virus (Dégremont, 2011) which are known to play a
contributing role in these mass mortalities. Vibrio harveyi, an infection common to
abalone, has recently been shown to have a fast acting immunosuppressive effect,
reducing the effective response of haemocytes in the European abalone H. tuberculata
(Cardinaud et al., 2015). Higher water temperatures are known to result in chemical
changes in water quality (elevated ammonia, changes to pH, lower dissolved oxygen and
nutritional factors) which compromise the immune system and make species more
vulnerable to mass mortality from diseases such as those caused by Vibrio sp.
(Vandepeer, 2006).

An increase of only 1°C in temperature has been demonstrated to have a highly
significant impact on mortalities (Travers et al., 2009) and climate change is therefore
expected to lead to an increased frequency and severity of summer mortality. Adaptation
of abalone to climate change could be difficult if whole populations are subjected to short
high temperature spikes above their optimal range (Vosloo & Vosloo, 2010). The
optimal and critical thermal maximum temperatures for growth of H. laevigata are
18.3°C and 27.5°C respectively (Gilroy & Edwards, 1998).

The susceptibility of adult molluscs to summer mortality in aquaculture can result in
large economic losses due to wasted time and resources. The value (e.g. growth and
quality) of surviving animals can also be impaired (Morash & Alter, 2016). Age is
known to be an important factor for molluscs when investigating their reaction to
stressors brought on by climate change (Clark et al., 2013). Adult molluscs are known to
be more susceptible to the effects of summer mortality than juveniles (Travers et al.,
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2009). When exposed to increased temperatures, the survival rate of two year-old H.
laevigata has been demonstrated to be significantly higher than when compared to three
year-old H. laevigata (Stone et al., 2014). The timing and energetic requirements of
reproduction are suggested to be important factors in determining resistance to summer
mortality, with resistant oyster lines known to possess slow gametogenesis and
diminished reproductive potential (Huvet et al., 2010). By studying the differential gene
expression patterns of the gonads between summer mortality resilient and susceptible
Pacific oyster (Crassostrea gigas), it has been suggested that the need to invest in
reproduction may be resulting in energy trade-offs from important processes such as
antioxidant defence, which can result in oxidative stress and mortality (Fleury et al.,
2010).

Investigation into resistance to summer mortality has determined that 45% of the
variance between the resilient and susceptible strains observed occurs between families
(Dégremont et al., 2005) with high heritability (Dégremont et al., 2007). As a result,
selective breeding has been considered an effective method to reduce the losses caused
by summer mortality. However, due to the complex dynamics of summer mortalities,
selection of breeding stocks cannot be simply based on field trials.

A detailed description of molecular and cellular events leading to summer mortality is
unavailable due to the complexities and speed of the phenomenon. Molecular methods
have the potential to illuminate the basis of summer mortality and explore how the
increase in temperature affects the physiology of molluscs. High throughput genomic
approaches have been instrumental in improving knowledge on the genetic basis of
resistance to stressors (Maor‐Landaw et al., 2014, Zinta et al., 2014) and infectious
diseases (Caboche et al., 2014). Sequencing of the transcriptome allows for

83

determination of gene expression signatures, which can then be used as markers for
physiological status and health.

“Frontloading” (Barshis et al., 2013) or “preparative defence” (Dong et al., 2008) are
terms recently used to describe genes enabling an individual to maintain physiological
health, by providing a faster protein level response during stress. These genes are thought
to normally have a higher baseline expression in heat-resilient individuals compared to
heat-susceptible under ambient temperature. Several molecular chaperones and
antioxidant genes have been identified to be more highly expressed in southern
populations of the marine snail, Chlorostoma funebralis under ambient temperatures, in
comparison to northern populations (Gleason & Burton, 2015). The authors suggested
that the pre-adaption to heat stress contributes to the higher thermal tolerance of southern
populations. The specific actions of genes with a lower baseline expression in heat
resilient individuals are unclear. However, Barshis et al. (2013) suggested that they
might represent a different type of frontloading, with their limited expression having
direct effects on the expression of other vital stress-response genes. To date there has
been no study that has specifically analysed the gene expression differences between
summer mortality susceptible and resilient abalone preceding a heat spike event.
Differential gene expression has recently been investigated in an attempt to predict oyster
resilience and susceptibility to summer mortality in C. gigas. Several studies have
focused on gene expression in the haemolymph, and have identified a range of gene
functions involved in the process, including genes involved in immune response,
metabolism (Taris et al., 2009), cell death, lysosomal proteolysis and cellular assembly
and organization (Chaney & Gracey, 2011). Deteriorating oyster health and associated
gene expression changes have also been found to occur weeks rather than days before the
summer mortality event (Chaney & Gracey, 2011). The gene expression differences
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identified between resilient and susceptible oysters before stress can be maintained after
stress, independent of their physical response to bacterial infection (Rosa et al., 2012,
Taris et al., 2009). Similar trends have also been identified when utilizing the gonad
tissue of C. gigas, with many of the differentially expressed genes identified before a
summer mortality event, continuing to differentiate susceptible and resilient lines after
the temperature rises (Fleury et al., 2010).

If differences in the level of gene expression before heat stress is applied are found to be
heritable, it could be possible to use gene signatures to predict the genetic value of an
individual in terms of its level of summer mortality resilience, without subjecting
candidate breeding animals to the stress (Robinson et al., 2008). By breeding from
unstressed individuals with the highest genetic value within families, it should be
possible to achieve higher rates of genetic improvement for this trait than would
otherwise be possible. Gene expression signatures could then be used in the future to
identify and dispose of spat or juveniles that are more susceptible to summer mortality so
that resources are not wasted on their production.

The aim of this study was to characterise the gene expression patterns of abalone resilient
and susceptible to summer mortality before any heat stress was applied. By utilizing gene
expression data of abalone taken several months before a summer mortality event, we
investigate the potential to identify frontloading or preparative gene signatures indicative
of resilient abalone long before an impending stress event. We included abalone sourced
from three different populations in order to examine universal and population specific
gene expression patterns. The transcriptional frontloading of stress related genes found to
be associated with the resilience of abalone to summer mortality, could be used to
develop tests in the future to advise farmers about which animals are more likely to
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survive and thrive over the summer months and also to inform restocking efforts of wild
populations.

3.3 Method

3.3.1 Abalone source

All abalone used in this study were collected from Southern Australian Seafoods, later
Australian Bight Abalone (ABA) in Port Lincoln, South Australia. Ancestry of the
abalone used in this study could be traced back at least three generations to wild
broodstock sourced originally from Farm Beach (34°24´19.50´´ S 135°20´52.6´´ E) and
Elliston (33°37´16.53´´ S 134°50´01.38´´ E), South Australia (Figure 1). The broodstock
were sourced from reefs of approximately 5m and 30m depth at Farm Beach and
Elliston, respectively. A maximum temperature of 26.8°C and 24.5°C was recorded for
Farm Beach and Elliston, respectively during 23/11/2006-13/12/2007 with data loggers
(Logitech) positioned nearby (Elliston - 33°34´ 38.8´´ S, 134 °48´ 24.0´´ E, water depth
14-20; Farm Beach – 34°26´ 35.2´´ S, 135 ° 21´ 20.3´´ E, water depth 10-15m). The reefs
at Elliston were comparatively deeper and cooler while those at Farm Beach were
shallower and reached higher temperatures. A third group of abalone utilized in this
study consisted of animals selectively domesticated based on their faster growth rate by
ABA (referred to in this study as the “Aquaculture” population). The origin of these
abalone could be traced back to broodstock sourced originally from the region of
Taylor’s Landing and Kangaroo Island, South Australia (Robinson et al., 2013) (Figure
1).
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Figure 1. Abalone broodstock sourced from Elliston, Farm Beach, and the Taylor’s
Landing and Kangaroo Island region in South Australia, Australia

3.3.2 Sampling and heat challenge test experiment

We have designed an experiment to test summer mortality based on an actual summer
mortality event that occurred on farm (Australian Bight Abalone, South Australia) in
November 2009, consisting of a sharp increase of 4°C over a three week period which
resulted in a significant stock loss. In order to assess whether gene expression patterns
prior to heat stress were related to summer mortality resistance, RNA was extracted from
abalone six months prior to and throughout a heat stress trial. Abalone gene expression
was measured a considerable time before the heat stress trial in order to be able to look
for signatures of resilience to summer stress occurring in young abalone long before an
impending stress event.
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A previous study on oysters utilized a pre-drilled hole in the shell as a means for
inserting a needle and sampling the adductor muscle haemolymph (Wendling et al.,
2014). However, abalone are haemophylic and the continuous insertion of needles into an
abalone over the trial was expected to have a detrimental effect on abalone health. Tissue
and haemolymph from the epipodium has been demonstrated to respond to heat stress
through the expression of heat shock proteins in abalone (Liang et al., 2014), therefore
epipodial tentacles are deemed an appropriate tissue for the purpose of this transcriptome
study It is likely that epipodial tentacles are bitten or damaged by predators on a regular
basis and thus it was believed that sampling of these would create minimal stress to
animals. Furthermore the tentacles are believed to have a chemosensory function
(Wanichanon et al., 2004), acting as a sensory organ for chemical signals from the
environment.

In February 2012 at the ABA aquaculture facility, abalone weight and length were
measured and an epipodial tentacle sample of each abalone was collected. Abalones used
in this trial were spawned in 2009. In June 2012 the abalone were stocked in aquaria at
the Port Lincoln Marine Science Centre, South Australia (Figure 2). Weight and length
were measured and abalone were stocked into 16 tanks with a tank capacity of 60 L.
Tanks were filled to half capacity, stocked with 10 abalone each and acclimatized to
conditions at ~18°C for five days. The water quality parameters including temperature
and dissolved oxygen were recorded once per day. Abalone health was monitored each
day after the acclimatization period over the duration of the experiment. Any abalone
recorded to be moribund or dead were removed from aquaria, sampled, and frozen (-80
°C). On day six the heaters for each tank were set to 19°C. Water quality (temperature
and dissolved oxygen) was recorded twice per day from this point. On day nine, heaters
were raised to 20°C. On day 18 the heaters were turned down to 18.5°C following the

88

sample collection. Mortalities throughout the experiment were recorded up to day 75 of
the experiment, with the last mortalities recorded on day 56 (Figure 2). The results from
the epipodial tentacle samples taken after temperatures were increased (i.e. on days 5, 13
and 18) will be the subject of further study focusing on differential gene expression
during heat stress and are outside the scope of this study. The present study focuses on
differential expression prior to heat stress. Abalone that survived the heat trial
experiment and remained alive after the 75 day period were deemed to be “resilient”.
Abalone that survived after day 18 but died before day 75 were considered to be
“susceptible”. Following the rapid increase in temperature and two weeks of heat stress
60 abalone died (deemed susceptible abalone) (Figure 2), as expected for a summer
mortality event.

Figure 2. Summer mortality experimental design and result. The blue line indicates the
number of abalone still alive through experiment. The red line indicates the approximate
temperature each day through the trial. The x-axis displays the time in days. The trial was
run up to day 75, with the last mortality recorded on day 56
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3.3.3 RNA extraction and sequencing

Abalone selected for RNA sequencing where sourced from 6 tanks. Each tank contained
abalone from multiple populations. The survived/deceased ratio for the ‘Aquaculture’,
Farm Beach and Elliston populations in these six tanks was 22:8, 11:5 and 5:6,
respectively (57 abalone in total). Three additional abalone in these tanks could not be
identified after the heat trial due to tag loss.

Thirty-five abalone from these six tanks were selected for sequencing. These abalone
comprised a relatively even number of resilient and susceptible individuals (16 and 19
respectively), and were representative of each of the source locations. The ‘Aquaculture’
population consisted of seven resilient and seven susceptible abalone. The Elliston
population consisted of five resilient and six susceptible abalone, while the Farm Beach
population consisted of four resilient and six susceptible abalone. The sex of the abalone
was unable to be determined as the animals were immature.

Total RNA was extracted from epipodial tentacle samples collected six months prior to
stress tests using an RNeasy® Mini Kit (Qiagen) according to the manufacturer’s
protocols. Tissue samples were disrupted and homogenised using a desktop homogenizer
(Janke & Kunkel, Ultra-Turrax T25). RNA quality and quantity was estimated using a
Thermo Scientific Nanodrop (2000). Quality control and sequencing was outsourced to
the Australian Genome Research Facility (AGRF). The quality of the RNA was assessed
with an Agilent 2100 Expert Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA),
using the Eukaryote Total RNA Nano assay according to the manufacturer's instructions.
All samples had RNA Integrity Number (RIN) value equal to or greater then 9.6. Library
preparation and 100 base pair (bp) single-end RNA sequencing (Illumina HiSeq2000)
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was conducted on 30 samples (SRA SRP072967). Library preparation and 100 base pair
(bp) paired-end RNA sequencing (Illumina HiSeq2000) was conducted on six samples
(SRA SRP072967, with R1 used in differential expression analysis). On average ~9.1
million 100bp single end reads per sample were obtained from sequencing. The
minimum and maximum read coverage across samples was 6.2 and 13.8 million reads,
respectively.

3.3.4 Sequence mapping and differential expression

In the absence of a reference genome for H. laevigata we generated a de novo assembled
transcriptome to use as a reference for read mapping and tentacle gene expression
profiling (Shiel et al., 2015). To test for differential gene expression, individual sequence
reads for each sample were mapped back to the assembled transcriptome with the
alignment program Bowtie (Version 1.0.0) (Langmead et al., 2009) as implemented in
Trinity (Version 10.5.2012) (Grabherr et al., 2011). Total counts were determined for
each gene model by counting the number of reads aligning to each gene model while
avoiding multiple counting for reads that mapped to more than one isoform (Gene
expression sequence data used in this study will be deposited into the NCBI Short Read
Archive under Bioproject PRJNA286263). Count data was then used as input for the R
package EdgeR (Robinson et al., 2010a) which tests for differential expression based on
a negative binomial distribution. Tests for differential expression were performed
pairwise between different groups of susceptible and resilient abalone. Genes were
deemed significantly differentially expressed if they had a Benjamini Hochberg adjusted
P-value (FDR) < 0.05 which accounts for multiple testing (Benjamini & Hochberg,
2000). Four differential expression analyses were performed to examine the differences
in gene expression between susceptible and resilient abalone prior to a summer mortality
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event: (I) all susceptible vs. all resilient (II) susceptible vs. resilient Elliston sourced
abalone, (III) susceptible vs. resilient ‘Aquaculture’ sourced abalone and (IV) susceptible
vs. resilient Farm Beach sourced abalone. Weight, length or growth rate were tested for
association with stress resistance but since no relationship was found these factors were
not included in the analysis model in the interest of parsimony. Family groups (two broad
family groups exist for each source location, Figure S1 & S2) and fitness groups
(susceptible or resilient) were both included as factors in a general linear model for each
location.
Design = Family Group + Fitness Group

These respective analyses examine gene expression differences prior to a summer
mortality event under unstressed conditions to identify gene signatures indicative of
resilient abalone across all three populations and those that are specific to a single
population. A consensus list of differentially expressed genes was then generated from
the results of each analysis. When family one from Elliston (all offspring of which were
recorded as susceptible to summer mortality) was removed from the overall analysis
there was little effect on the results of the analysis (73% of the same genes found to be
significantly differentially expressed, FDR<0.05).

3.3.5 Functional annotation and key transcript validation

The abalone transcriptome was annotated using the Trinotate pipeline (version 1.1)
(http://trinotate.github.io/). Trinotate provides functional annotations for transcriptome
sequences by combining protein prediction (via Transdecoder
(http://transdecoder.github.io/) BLAST (Altschul et al., 1990) homology with the
UniProt database, identification of Pfam (Finn et al., 2013) domains using HMMER
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(Finn et al., 2011), prediction of signal peptides using SignalP (Petersen et al., 2011),
prediction of transmembrane regions using tmHMM (Krogh et al., 2001) and prediction
of rRNA using RNAMMER (Lagesen et al., 2007). SwissProt (Farriol‐Mathis et al.,
2004) identifiers assigned by Trinotate were used to label differentially expressed genes.
If no SwissProt ID was found, genes that could not be assigned a SwissProt ID were
annotated using BLASTX (1e-5 threshold) against the C. gigas genome.
Further annotations of key differentially expressed genes (comp59699 and comp25540)
were explored with BLAST searches against non-redundant protein and nucleotide
databases. BLASTX results for these sequences were BLAST back to our transcriptome
to confirm the alignment. These genes were then validated by aligning reads to the
assembly using Bowtie2 (Langmead & Salzberg, 2012) to check for misassembly or
large variation in read coverage. These two sequences were also further investigated with
a BLASTN “somewhat similar sequence” search for top hit, no E value cut-off.

3.4 Results

3.4.1 Annotation

Sixty-nine different genes were determined to be differentially expressed in naïve
susceptible and resilient abalone (prior to the challenge test), the majority of which were
population specific. Of these, twenty-six genes were matched to known proteins with a
Swissprot ID, an additional five genes were matched to different known or predicted
sequences based on the C. gigas genome using BLASTX and another gene was matched
to a similar sequence from the NCBI non-redundant protein database using BLASTX
(Figure 3).
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Figure 3. List of genes differentially expressed between susceptible and resilient abalone
(FDR<0.05). Abbreviations: Log2CPM = Average Log counts per million, Log2FC = Log
Fold Change, S = Susceptible abalone, R= Resilient. Heat map: “red” indicates a high
average expression, “white” indicates moderate average expression and “blue” indicates
a low average expression in resilient and susceptible groups. Gene names and
descriptions primarily annotated from SwissProt identifiers and secondarily from NCBI
using BLASTX (see method). (*) Genes appear in the results of multiple analyses’. (P)
Predicted BLAST annotations
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3.4.2 Gene signatures for resistance detected before the heat challenge test

Differential expression analysis between resilient and susceptible abalone from all
locations identified two genes up-regulated in resilient abalone prior to the challenge test
(Figure 3). Comp25540 could not be assigned any significant annotation. No similar
sequences could be identified in the NCBI non-redundant protein database using
BLASTX, regardless of significance cutoff. The most significant hit assigned by
BLASTN was to a Haliotis diversicolor genomic DNA, BAC clone: 002_c14
(LC027314.1, E value: 0.11, Query cover: 3%, Identity: 91%, Aligned region length:
3063-3097). Only one of these genes (comp25540) was also significantly differentially
expressed in an analysis of a specific location, that of the ‘Aquaculture’ population. The
second gene identified (comp59699_c0) was assigned as a Transposon Ty3-g Gag
Polyprotein (KXJ12096.1, E value: 2e-06, Query cover: 35%, Identity: 35%, Aligned
region length: 780-898) gene from the anemone Exaiptasia pallida (LogFC 5.28, FDR =
2.48E-03). The most significant hit assigned by BLASTN was to a Haliotis diversicolor
genomic DNA, BAC clone: 006_rep_c2415 (LC027343.1, E value: 4e-07, Query cover:
12%, Identity: 71%, Aligned region length: 3395-3533, 3781-3895, 3282-3330).
Overall the gene signatures associated with resilience to the heat challenge showed more
differences than similarities in the three sampled populations. Two genes were found to
be up-regulated in resilient abalone with ancestors derived from Farm Beach (warm
water location). One showed some similarity to an uncharacterized protein from C. gigas
(Log2FC 8.04, FDR=7.73E-03), the other was identified as an EGF-like domain and was
significantly up-regulated in resilient abalone (Log2FC 8.40, FDR = 7.73E-03). This gene
had the highest read count out of the 69 differentially expressed genes and was also
recorded to have one of the highest fold change differences between susceptible and
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resilient abalone in this study (Figure 3). The two significant differentially expressed
genes identified from Farm Beach were not significant in the two other populations.
Eight differentially expressed genes were identified among abalone with ancestors
sourced from the ‘Aquaculture’ population (Figure 3). Three genes were found to be upregulated and five were found to be down-regulated in resilient abalone. Four of these
genes could be annotated. Heat shock protein 70 B2 (HSP74) (Log2FC 3.59, FDR =
4.24E-02) and the Sterile Alpha Motif Domain (SAMD9) (Log2FC 4.12, FDR = 1.18E03) genes were significantly up-regulated in resilient abalone. SAMD9 had no significant
expression pattern difference in both Farm Beach and the ‘Aquaculture’ populations. An
Apoptosis inhibitor (VF193) gene was found to be down-regulated in resilient
‘Aquaculture’ abalone (Log2FC -2.22, FDR = 1.44E-02) (Figure 3).

Thirty-four genes were found to be up-regulated and 25 down-regulated in resilient
abalone whose ancestors were sourced from Elliston. Twenty-five of the fifty-nine
differentially expressed genes identified in the Elliston population could be annotated.
Thirteen of these twenty-five were up-regulated and twelve were down-regulated in
resilient abalone (Figure 3). The Ankyrin repeats (Log2FC 4.68, FDR=4.36E-07), Sodium
and chloride-dependent glycine transporter (Log2FC 4.64, FDR = 4.75E-02) and the Gprotein signaling related gene (Log2FC 3.20 FDR= 2.29E-02) were all significantly upregulated in the resilient Elliston abalone. Although the pattern was weaker and not
significant in the ‘Aquaculture’ and Farm Beach populations, the gene signature patterns
were relatively consistent across resilient abalone (Figure 3). The flavin reductase
(NADPH) (Log2FC 2.04, FDR = 3.37E-02), Glucuronosyltransferase (Log2FC 1.79,
FDR=3.84E-02) and HARBI1 related gene (Log2FC 9.81, FDR = 4.75E-02) were also all
up-regulated in resilient Elliston abalone. The Farm Beach analysis suggested the same
trend towards up-regulation in resilient abalone for these genes, however the
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‘Aquaculture’ population show the opposite trend (up-regulation in susceptible abalone).
The kyphoscoliosis peptidase isoform was significantly up-regulated in resilient abalone
from Elliston (Log2FC 7.42 FDR=1.32E-02). Genes associated with two types of Dynein
heavy chains and the gene related to the protection of telomeres had reduced expression
in resilient Elliston abalone ([Log2FC -2.07, FDR=2.88E-02], [Log2FC -2.37,
FDR=1.10E-02], [Log2FC -1.52, FDR=4.67E-03] respectively), however the opposite
trend was observed for Farm Beach, where up-regulation was detected in resilient
abalone. CD109 antigen (Log2FC -2.26, FDR=4.75E-02), Calumenin (Log2FC -1.70,
FDR=1.95E-02), Sulfotransferase (Log2FC -1.84, FDR=1.26E-02) and the Toll-like
receptor gene (Log2FC -3.03, FDR=3.63E-02) were all down-regulated in resilient
Elliston abalone. Similar gene trends were found in both ‘Aquaculture’ and Farm Beach
populations, however they were not significant (Figure 3).

3.4.3 Family effect

To gain insight into the specific patterns in gene expression occurring at a closely related
family level we investigated gene expression signatures of a small group with ancestry to
the Elliston population (Figure 4). Detailed gene expression signature patterns are
difficult to interpret when displayed across all samples and differentially expressed genes
at once (Figure 5). Comparing the resilient individuals within these closely related
abalone identifies groups of genes that appear to correlate with whether an individual
may be resilient or susceptible to the effects of summer mortality (Figure 4). Genes in
clades B and C demonstrated similar gene expression patterns between the resilient
individual (R269) (in clade 1) and its resilient cousins in clade 2. Notably the susceptible
siblings had a different gene expression profile to their resilient sibling R269. For
example, differential gene expression is observed between susceptible and resilient
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abalone in genes related to Ankyrin repeat domains (ANR65 HUMAN) and a sodium
and chloride dependent glycine transporters (SC6A9 XENLA). These two genes are
significantly up-regulated in resilient compared to susceptible abalone. In direct siblings,
the expression pattern of these two genes appears to be representative of resilient and
susceptibility. Furthermore these two genes possessed a similar gene signature pattern
(up-regulation in resilient abalone) across both the ‘Aquaculture’ and Farm Beach
populations. However the differential expression within these two populations was not
significant (Figure 3).
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Figure 4. Heatmap of the 59 genes significantly differentially expressed between
susceptible and resilient abalone from a closely related group with Elliston ancestry
(Figure S1 & S2). Tree labels indicate direct family sibling groups: (1) three direct
siblings, (2) three direct siblings and one half sibling (tag# 42). Abalone labels are
indicated on the bottom axis indicating condition (S=Susceptible, R =Resilient) and
abalone ID. Family relationships of all individuals are indicated in Figure S1
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Figure 5. Gene expression heatmap of all 70 significantly differentially expressed genes
for all abalone. Abalone labels are indicated on the bottom axis indicating location
(S=‘Aquaculture’, E =Elliston, F = Farm Beach), condition (S=Susceptible, R
=Resilient), Tank # during experimental heat trial and abalone ID
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3.5 Discussion

Across all populations, two genes were found to be differentially expressed between
summer mortality resilient and susceptible abalone six months before being subjected to
a heat stress event. Both of these genes were significantly up-regulated in resilient
abalone in comparison to susceptible abalone. One of these genes was annotated as the
Transposon Ty3-G Gag Pol polyprotein based on homology to a protein from the
anemone E. pallida. When each population was analyzed separately, we identified 68
genes that were each differentially expressed between resilient and susceptible abalone
for particular source locations. These genes could potentially be responsible for mounting
preparative defenses prior to stress exposure and summer mortality or potentially
resulting in the activation of cascading downstream molecular pathways. These gene
signatures may also reflect historical environmental conditions. Tissue and haemolymph
from the epipodium has been used by previous studies to measure the transcriptomic
response of abalone exposed to temperature stress (Liang et al., 2014). The presence of
differentially expressed genes identified in our study between heat stress resilient and
susceptible abalone also suggests the epipodium tissue, specifically that of the tentacles,
is a valid tissue to use for transcriptomic analysis of heat stressed abalone.

3.5.1 Universal genes up-regulated and predetermined summer mortality resilience

When all resilient and susceptible abalone were analysed together, two differentially
expressed genes were identified that were significantly up-regulated in resilient abalone
before exposure to stress. One of these genes could not be annotated in the NCBI nonredundant protein database using BLASTX (no E-value cutoff). This suggests that this
gene could be abalone specific, and as yet unknown due to the abalone being a non-
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model organism. The second gene identified in this analysis was assigned a significant
match to a Transposon Ty3-G Gag-Pol Poly-protein gene in the anemone (E. pallida).
Although this transcript shares a region of around 140 AA with a sea anemone
transposon, direct homology with a confirmed Ty3-G Gag-pol protein could not be
established. It is difficult to say for sure that it is a transposon without access to a H.
laevigata genome. The transcript has no clear dominant reading frame and has stop
codons in the same frame as the Ty3-G BLAST alignment. This suggests that while it
may still be associated with transposon activity its precise function is unlikely to be the
same as Ty3-G. Transposable elements are capable of altering the function of genes with
which they become associated through insertion into different positions in the genome.
Transposable elements have also been suggested to have a role in epigenetic and adaptive
response to environment and stress (Slotkin & Martienssen, 2007). No information is
currently available for the function of transposable elements in abalone. Similar
transposable elements have been shown to be induced by environmental stressors
including temperature in the black tiger shrimp (Penaeus monodon) and were suggested
to have stress specific regulation and have the potential to be used as effective
biomarkers (de la Vega et al., 2007). However no specific mutagenic activity or function
of these elements could be suggested without further sequencing or characterization (de
la Vega et al., 2007). Even if these elements do not result in direct transposition, they
may still have a significant effect on the physiological status by affecting the regulation
of surrounding genes (Krasnov et al., 2005). The Ty3 gene pathway has been studied in
many taxa including yeast (Menees & Sandmeyer, 1996), mammals (Volff, 2009), fungi,
plants, insects (Miller et al., 1999), fish and starfish (Britten et al., 1995). Ty3 pathway
transposition has the potential to dramatically alter gene function and genome structure
(Kumar & Bennetzen, 1999). The dose and duration of heat and copper stress is
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positively correlated with the ability of such transposable elements to reshape the
genome of fungal plant pathogens, leading to adaptation (Chadha & Sharma, 2014).
The sets of differentially expressed genes between susceptible and resilient abalone were
distinct between locations/populations when they were analyzed separately. The
functions of these genes vary but all genes that could be identified appear to have a basic
function that may be relevant to stress resilience. The Ankyrin repeats, sodium and
chloride-dependent glycine transporter and G-protein signaling related genes were all
significantly up-regulated in resilient Elliston abalone, with a similar trend found for the
other two populations. A similar gene to the sodium and chloride-dependent glycine
transporter was found to be differentially expressed in the Pacific oyster (C. gigas) in
low salinity environments and has been suggested to be involved in hypo-osmotic
adaptation (Meng et al., 2013). Proteins that contain Ankyrin repeats are sometimes
known to be associated with immune responses (Voronin & Kiseleva, 2008) and genes
involved with the regulation of G-protein signaling pathways play a major role in cellular
responses to extracellular stimuli (De Vries et al., 2000). The naturally high expression
of such genes in resilient abalone in comparison to susceptible abalone may play a role in
enhancing preparatory defense mechanisms (Dong et al., 2008), potentially enabling the
resilient abalone to respond, cope with, or recover from the sudden stress brought on by a
sharp increase in water temperature.

3.5.2 Universal genes down-regulated and predetermined summer mortality resilience

The specific actions of genes with a lower baseline expression in heat stress resistant
individuals are not well studied. CD109 antigen, Calumenin, Sulfotransferase and Tolllike receptor genes were all significantly down-regulated in resilient Elliston abalone,
with the same general pattern seen in both ‘Aquaculture’ and Farm Beach populations.
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Similar to our findings, high expression of a CD109 antigen precursor has previously
been found to be associated with C. gigas susceptible to summer mortality (Fleury et al.,
2010). The expression pattern of Toll-like receptor genes is triggered by the recognition
of microbial signal transduction pathways, assisting the innate immune system in
detecting the invasion of microbial pathogens (Takeda & Akira, 2005). Calumenin genes
play a role in homeostasis, particularly in endoplasmic reticulum stress alleviation and
high expression has been correlated with a significant reduction in apoptosis in stressed
cells (Lee & Kwon, 2013). The mechanisms regulating expression of Sulfotransferase
1C2 are relatively unknown, however sulfonation likely plays an important role in the
detoxification processes (Gamage et al., 2006). The function of these genes are all related
in some way to maintaining cellular health, which suggests that low level of expression
of these genes is required to maintain fitness or that these genes are part of a downstream
cascade of effects associated with higher resilience. An alternative explanation is that the
down regulation of these genes in resilient abalone may allow the up-regulation of other
vital stress response genes for reducing or fighting stress.

3.5.3 Population Differences

Considering that this species of abalone possesses a pelagic larval stage of ~1 week
(McShane, 1992), it is possible that each of these source populations could have low
connectivity along the southern coast of Australia. Metapopulation structure of H.
laevigata has been suggested previously (Brown & Murray, 1992). Recently, Miller et
al. (Miller et al., 2014) studied the connectivity of H. laevigata throughout South East
Australia and found that there was strong genetic structure (metapopulation structure)
throughout the region. They suggested that a 135km distance was an effective barrier to
larval dispersal, with populations largely maintained by self-recruitment within a 30km
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area. The three source locations discussed in this study are subjected to different
environments conditions. The Farm Beach coast is shallow, usually receiving only very
low swell or wind waves, and is sheltered by 100 m wide sand flats that can produce
warmer water. The Elliston coast consists of rocks and reefs with deep colder waters
close to the shore. The ‘Aquaculture’ population had been subjected to an undocumented
degree of selection for size, and was sourced from regions of the coastline off Kangaroo
Island and Taylor’s landings, South Australia. The three original sources of the abalone
lines were separated by ~ 100km, and, given the geographical spread and topology of the
coastline, it is possible that a combination of low gene flow, and/or strong local selection
pressures, may be resulting in the distinct gene signatures identified in this study. It is
also possible that long-term adaptation to the environmental conditions of origin may
have been due to epigenetic effects, whereby environmental stimuli changes DNA
methylation, histone, chromatin and/or other heritable changes affecting gene expression,
without the underlying DNA sequence being altered (Moghadam et al., 2015).
Research into mussels with differing osmotic resistance capabilities has suggested that
the differences between mussels from different regions is more likely the result of local
adaptation than just the result of neutral genetic differences between populations (Landes
et al., 2015), or that local adaptation at least plays a major role (Riginos & Cunningham,
2005). However, it is difficult to determine whether the differences between the sample
populations in this study are a result of local adaptation or just genetic differences
brought on by isolation and drift. When populations inhabit a heterogeneous
environment, selective pressures on a trait such as stress or disease resilience could differ
across the species range. However, the detection of local adaptation is difficult when
studying gene expression signatures because demographic history (population expansion,
division and bottlenecks), in the absence of natural selection, could also cause differences
in gene expression signatures. By utilizing RNA-seq to sequence the mantle
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transcriptome and conduct a single nucleotide polymorphism (SNP) analysis of the red
abalone (H. rufescens) from a range of different environments, Wit and Palumbi (2013)
showed that the selection of some genes related to hypoxia resistance and response to
heat and pathogens did differ between abalone sourced from differing geographic
locations as a result of differing selective pressures along the California coast. However,
further study of genetic variation in populations along the southern Australian coast
would be needed to determine if such selective pressures exist for H. laevigata.
Varying levels of connectivity at different spatial scales have been shown to generate
variation in disease resistance, with a higher diversity of resistant phenotypes resulting in
higher levels of resistance at the population level (Laine et al., 2011). This phenomenon,
where spatial connectivity in the metapopulation promotes genetic variability, may
provide H. laevigata populations with the diverse armory of genotypes needed to survive
the impending effects of increased temperature with climate change. Each of the genes
that are differentially expressed in the populations in this study may be associated with
different functions, and different preparative defence strategies, that benefit each
population under specific local conditions.

3.5.4 Farm Beach population

Only two differentially expressed genes were identified between susceptible and resilient
abalone. The EGF-like domain gene was highly up-regulated in resilient abalone and is
one of the most highly differentially expressed genes in this study, as well as having the
highest read count of all genes differentially expressed. The function of EGF-like
domains are not completely understood, however they have been suggested to play a role
in apoptotic cell removal during inflammation (Park et al., 2008). Up-regulation of this
gene could prepare abalone to better resist or tolerate the stresses associated with the
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higher summer temperatures encountered in the Farm Beach environment by leading to
the rapid removal of dead or dying cellular material.

3.5.5 Aquaculture population

The ‘Aquaculture’ population was originally sourced from a colder water location,
however it was subject to several generations of selection for favourable traits for
increased growth in the farm environment. Two identifiable genes (Heat Shock Protein
70 B2 and the Sterile Alpha Motif Domain) were found to be up-regulated in resilient
abalone. Sterile Alpha Motif Domains are known to be responsible for regulating cell
proliferation and apoptosis (Li et al., 2007a), and have been indicated to have an
inflammatory response to tissue injury (Chefetz et al., 2008). Apoptosis inhibitor 193R
was also significantly up-regulated in susceptible ‘Aquaculture’ abalone. In similar
studies, apoptosis inhibitors show higher expression when oysters are infected with
herpes virus (Segarra et al., 2014a), which has coincided with mass mortalities during the
summer months (Friedman et al., 2005).

Almost all organisms react to thermal stress by increasing the expression of heat shock
proteins, an evolutionarily conserved mechanism for maintaining cellular homeostasis
during inflammatory response, noxious stimuli, toxins and free radicals (Lindquist,
1986). HSP70 has been the focus of many studies involving summer mortality and
thermal stress in abalone for several years (Brokordt et al., 2015b, Cheng et al., 2007,
Farcy et al., 2007, Li et al., 2012). Interestingly the HSP70 identified in this study only
demonstrated a pre-adaptive signature in the resilient ‘Aquaculture’ abalone. This may be
due to HSPs being energetically expensive with their expression potentially trading off
energy allocations for growth and reproduction (Hofmann & Somero, 1995, Somero,
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2002). Li et al. (2012) found that abalone cultured at higher temperatures responded
faster and were more sensitive, expressing more HSP70 over time when exposed to high
temperature shock.

3.5.6 Elliston population

Elliston represents a comparatively cool water source population. This location also
showed the greatest number of differentially expressed genes between susceptible and
resilient abalone. The genes up-regulated in resilient abalone are diverse in function and
appear to suggest an involvement in toxin or oxidative stress response. NADPHdependent flavin reductase activity may be required for a response to heat shock and
genotoxic stress in animals (Kwasnicka et al., 2003). HARBI1 has been found to be upregulated in fathead minnows (Pimephales promelas) under stress and is suggested to be
involved in oxidative metabolism, oxidative stress, apoptosis and immune function
processes (Wiseman et al., 2013). Glucuronosyltransferase is heavily involved in the
pathway for foreign material removal in the body which includes toxins, pharmaceuticals
and endogenous substances (Goerres et al., 2006). These genes all displayed the same
general expression pattern in Farm Beach abalone, but did not exhibit the same pattern in
the ‘Aquaculture’ population.

Kyphoscoliosis peptidase related genes have been associated with muscle growth and
muscle hypertrophy (Miao et al., 2015), and were exclusively up-regulated in Elliston
resilient abalone. Fast growth rates, gonadal development and spawning are suggested to
coincide with susceptibility to summer mortality in young oysters, possibly due to their
high physiological and energetic demand (Cotter et al., 2010). These molluscs may be
weakened by reproductive activity making them more vulnerable to disease. However,
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the negative correlation between summer mortality resilience and reproductive effort
does not directly imply there are energetic trade-offs between reproductive effort and
resilience, as bacterial and viral pathogens may be the foremost cause of mortalities
(Huvet et al., 2010). Selection for summer mortality resilient molluscs has not
demonstrated to result in an inadvertent selection for slower or faster growth rates in
other studies (Dégremont et al., 2010, Dégremont et al., 2007).

Some of the genes found to be up-regulated in susceptible Elliston abalone appear to play
roles in maintaining cell function under oxidative stress. The up-regulation of genes
associated with the protection of telomeres in susceptible abalone suggest that telomeres
were at risk, with oxidative stress known to cause exponential telomere shortening
(Richter & von Zglinicki, 2007). Progressive telomere shortening can lead to
chromosome instability and the deterioration of cellular function. Dyneins assist in
axonemal transport and are critical to maintain axonemal integrity, and have been found
to be negatively affected by oxidative stress through reactive oxygen species, and linked
to neurodegenerative diseases (Fang et al., 2012). The up-regulation of these genes in
susceptible abalone might suggest that these highly expressed axonemal and telomere
defense genes may come at an energetic cost to the animal, and may contribute to their
eventual susceptibility to summer mortality.

3.5.7 Conclusion

The ability to predict summer mortality susceptibility and resilience appears to be
complex as few species-wide or even population wide-gene signatures were detected. A
significant outcome of this study is the identification of genes that may highlight
important areas of interest for future study, such as transposable elements and their
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potential role in epigenetic systems. Our data supports the hypothesis that summer
mortality resilience could be partly influenced by pre-stress gene expression differences
that prime an animal’s physiology so that it can respond faster and more effectively to
summer mortality events. As the analysis of differential expression was performed using
a non-lethal method of tentacle sampling, we were able to sample naïve animals before
the stress challenge, and look for associations between baseline gene expression
signatures and resilience or susceptibility to heat stress. This non-lethal method could
also allow us to sample, test and possibly provide the ability to make predictions about
the susceptibility of animals before the occurrence of the stress. This would be of
significant value to the abalone aquaculture industry. With impending threats such as
climate change, the genes identified in this study could also be incorporated into largescale management programs for coastal systems aimed at conservation and restocking of
wild abalone and other summer mortality affected animals by identifying populations at
risk.
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3.6 Supplementary material

Figure S1. Pedigree information and family groups of Elliston, Farm Beach and
‘Aquaculture’ locations/populations. Elliston and Farm Beach are stock bred in an
aquaculture farm environment (ABA) from field-sourced abalone parents. ‘Aquaculture’
family groups have ancestors sourced from Kangaroo Island and the Taylor’s Landing
region, South Australia. “D” signifies abalone that died during the heat trial experiment
and therefore were deemed susceptible to summer mortality.
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Table S1. Top significant SwissProt hits for differentially expressed genes
comp
comp100140_c0
comp100812_c1
comp101254_c0
comp101317_c1
comp102187_c0
comp102307_c1

Best.GeneNames
ZCWPW2
yajO
HSP70B2
slc6a9
Nwd1
IIV6-193R

Best.GIs
74740233
3915950
1170377
190410910
172046158
33302608

Best.SPIDs
ZCPW2_HUMAN
YAJO_ECOLI
HSP74_ANOAL
SC6A9_XENLA
K1239_MOUSE
VF193_IIV6

Best.EVALs
4.00E-20
5.00E-55
0.00E+00
1.00E-148
5.00E-95
4.00E-12

Description
Zinc finger CW-type PWWP domain protein 2
Uncharacterized oxidoreductase YajO
Heat shock protein 70 B2
Sodium- and chloride-dependent glycine transporter 1
NACHT and WD repeat domain-containing protein 2
Apoptosis inhibitor 193R

comp102980_c0 DNAH5
comp103803_c0 pol

116241343 DYH5_HUMAN
110282984 POL_FOAMV

0
2.00E-06

Dynein heavy chain 5, axonemal
Pro-Pol polyprotein

comp104314_c0
comp105782_c0
comp107042_c0
comp107307_c0
comp107328_c0
comp32926_c0
comp80721_c0
comp84608_c0
comp86148_c0
comp86782_c0
comp87244_c1
comp88885_c0
comp89220_c0
comp90034_c0
comp93489_c0
comp94600_c0
comp95019_c0
comp95089_c0

12229966
549160
71153739
363583286
47605852
117949389
116241343
50400825
62903518
28201900
341941771
122064954
205640301
29427539
374110557
2494178
1706870
224487710

4.00E-46
4.00E-93
9.00E-89
3.00E-13
0.00E+00
1.00E-111
0
5.00E-48
3.00E-22
6.00E-08
9.00E-25
6.00E-49
2.00E-31
7.00E-21
8.00E-09
0.00E+00
3.00E-12
8.00E-44

Sulfotransferase 1C2
UDP-glucuronosyltransferase 2C1
Sterile alpha motif domain-containing protein 9
Ankyrin repeat domain-containing protein 65
Mitofusin-2
CD109 antigen
Dynein heavy chain 5, axonemal
Protection of telomeres protein 1
Toll-like receptor 4
Stonustoxin subunit alpha
Receptor-type tyrosine-protein phosphatase mu
Regulator of G-protein signaling 22; Short=RGS22
Zinc finger protein 99
Tyrosine-protein phosphatase Lar-like
EGF-like domain-containing protein 1
DNA polymerase subunit gamma-1
Flavin reductase (NADPH)
Calumenin

SULT1C2
UGT2C1
SAMD9
ANKRD65
Mfn2
CD109
DNAH5
POT1
TLR4
NA
Ptprm
RGS22
ZNF99
ptp-3
NA
POLG
BLVRB
RCN2

ST1C2_RABIT
UD2C1_RABIT
SAMD9_HUMAN
ANR65_HUMAN
MFN2_MOUSE
CD109_HUMAN
DYH5_HUMAN
POTE1_CHICK
TLR4_PIG
STXA_SYNHO
PTPRM_MOUSE
RGS22_HUMAN
ZNF99_HUMAN
LAR_CAEEL
ELDP1_LOTGI
DPOG1_CHICK
BLVRB_HUMAN
CALU_RABIT

Species
Homo sapien
Escherichia coli
Anopheles albimanus
Xenopus laevis
Mus musculus
Invertebrate iridescent
virus 6 (IIV-6)
Homo sapien
Human spumaretrovirus
(SFVcpz(hu))
Oryctolagus cuniculus
Oryctolagus cuniculus
Homo sapien
Homo sapien
Mus musculus
Homo sapien
Homo sapien
Gallus gallus
Sus scrofa
Synanceia horrida
Mus musculus
Homo sapien
Homo sapien
Caenorhabditis elegans
Lottia gigantean
Gallus gallus
Homo sapien
Oryctolagus cuniculus

Table S2. Top functional significant BLASTX hits to the oyster (Crassostrea gigas)
genome for differentially expressed genes
comp
comp100140_c0
comp100812_c1
comp101254_c0
comp101317_c1
comp102187_c0
comp102980_c0
comp103803_c0
comp104314_c0
comp106323_c0
comp107042_c0
comp107307_c0
comp107328_c0
comp165393_c0
comp32926_c0
comp49337_c0
comp80721_c0
comp84608_c0
comp86148_c0

Description

Max
score
PREDICTED: uncharacterized protein LOC105335639 isoform X1 149
[Crassostrea gigas]
PREDICTED: probable voltage-gated potassium channel subunit
394
beta [Crassostrea gigas]
PREDICTED: heat shock protein 70 B2-like [Crassostrea gigas]
1026

Total
score
149

Query
cover
22%

E value

Ident

Accession

3.00E-38

37%

XP_011437922.1

394

62%

7.00E-132

55%

XP_011450710.1

1026

81%

0

79%

XP_011435905.1

PREDICTED: sodium- and chloride-dependent GABA transporter
1-like isoform X1 [Crassostrea gigas]
PREDICTED: NACHT and WD repeat domain-containing protein
1-like [Crassostrea gigas]
PREDICTED: dynein heavy chain 5, axonemal-like isoform X7
[Crassostrea gigas]
PREDICTED: uncharacterized protein LOC105323737 isoform X1
[Crassostrea gigas]
PREDICTED: sulfotransferase family cytosolic 1B member 1-like
[Crassostrea gigas]
PREDICTED: kyphoscoliosis peptidase-like isoform X1
[Crassostrea gigas]
PREDICTED: sterile alpha motif domain-containing protein 9-like
[Crassostrea gigas]
PREDICTED: uncharacterized protein LOC105330422 [Crassostrea
gigas]
PREDICTED: mitofusin-2-like isoform X2 [Crassostrea gigas]

92.4

92.4

77%

4.00E-22

45%

XP_011434867.1

862

1148

68%

0

47%

XP_011444520.1

2946

2946

77%

0

85%

XP_011448836.1

77.4

154

45%

6.00E-32

40%

XP_011421129.1

150

150

72%

1.00E-42

39%

XP_011420695.1

83.2

287

66%

3.00E-16

53%

XP_011414010.1

790

846

58%

0

34%

XP_011448942.1

45.1

45.1

15%

7.00E-05

40%

XP_011430394.1

89

89

9%

3.00E-17

41%

XP_011449174.1

PREDICTED: uncharacterized protein LOC105322266 [Crassostrea 102
gigas]
PREDICTED: CD109 antigen-like isoform X5 [Crassostrea gigas] 644

193

73%

1.00E-43

27%

XP_011419209.1

644

91%

0

63%

XP_011444700.1

PREDICTED: myosin heavy chain, non-muscle-like isoform X5
[Crassostrea gigas]
PREDICTED: dynein heavy chain 5, axonemal-like isoform X8
[Crassostrea gigas]
PREDICTED: protection of telomeres protein 1-like [Crassostrea
gigas]
PREDICTED: toll-like receptor 4 [Crassostrea gigas]

52.4

52.4

53%

3.00E-06

24%

XP_011440672.1

1024

1024

99%

0

77%

XP_011448838.1

417

417

74%

3.00E-134

38%

XP_011442438.1

134

134

85%

5.00E-32

25%

XP_011422119.1

PREDICTED: receptor-type tyrosine-protein phosphatase alpha-like 117
[Crassostrea gigas]
PREDICTED: regulator of G-protein signaling 22-like isoform X7 227
[Crassostrea gigas]
PREDICTED: zinc finger protein 37 homolog [Crassostrea gigas]
306

169

99%

1.00E-29

37%

XP_011455798.1

227

26%

2.00E-61

45%

XP_011413768.1

306

40%

9.00E-89

45%

XP_011452010.1

63.9

63.9

46%

1.00E-12

36%

XP_011451918.1

1170

1170

82%

0

54%

XP_011433469.1

187

187

24%

1.00E-54

53%

XP_011435341.1

comp95089_c0

PREDICTED: uncharacterized protein LOC105345484 [Crassostrea
gigas]
PREDICTED: DNA polymerase subunit gamma-1-like isoform X2
[Crassostrea gigas]
PREDICTED: uncharacterized protein At2g34460, chloroplasticlike [Crassostrea gigas]
PREDICTED: calumenin-like isoform X2 [Crassostrea gigas]

230

230

59%

2.00E-70

44%

XP_011413831.1

comp97949_c0

PREDICTED: putative nuclease HARBI1 [Crassostrea gigas]

66.6

153

21%

1.00E-11

64%

XP_011432496.1

comp87244_c1
comp88885_c0
comp89220_c0
comp92088_c0
comp94600_c0
comp95019_c0
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Table S3. Top BLASTN “somewhat similar sequence” search results for comp25540
and comp59699 differentially expressed genes
comp

Description

comp25540_c0 Haliotis diversicolor genomic DNA, BAC clone: 002_c14

Max score Total score Query cover E value
50

comp59699_c0 Haliotis diversicolor genomic DNA, BAC clone: 006_rep_c2415 68

Ident

Accession

50

3%

0.11

91%

LC027314.1

167

12%

4.00E07

71%

LC027343.1
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Chapter 4. Gene expression differences between abalone that are susceptible and
resilient to summer mortality throughout a heat wave event

This chapter is “In Prep” for submission to Global Change Biology:

4.1 Abstract

The frequency of marine heat waves is expected to increase in occurrence and severity.
These sudden increases in water temperature can lead to large mortality events in
mollusc communities during the summer months (known as “summer mortality”). Rapid
increases in water temperature are known to be the primary driver of summer mortality
events, however they have a complex cause, and additional intrinsic and/or extrinsic
factors are also required to cause a summer mortality event. Variability in survival to
summer mortality events exists in populations with some individuals appearing to be
susceptible whilst others are resilient. However, the molecular basis for this difference is
poorly understood. In order to understand the defining signatures and functional
mechanisms affecting summer mortality survival we analysed the gene expression
profiles of greenlip abalone (Haliotis laevigata) determined to be susceptible and
resilient to laboratory induced summer mortality both prior to and at three time points
throughout a heat stress event. We detected 487 genes that were significantly
differentially expressed between resilient and susceptible abalone. Among them, 28 were
differentially expressed consistently over all three time points and an additional 26 genes
were differentially expressed throughout two of the three heat stress trial sampling
points. Interestingly, these 54 genes also demonstrated a similar relative expression level
difference between resilient and susceptible abalone in samples that were collected six
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months prior to the heat stress event. These are likely to represent frontloading or prepreparative genes. Three distinct co-expression networks incorporating these genes were
also identified. The most informative transcriptomic differences between resilient and
susceptible abalone throughout the heat stress trial were associated with metabolism (e.g.
Mitofusin 1) and immune process (e.g. Multiple epidermal growth factor-like domain 10,
Lysozyme) related activities. Gene expression profiles indicative of summer mortality
resilience in abalone were identified. These gene expression signatures can enable the
prediction of an individual’s susceptibility or resilience to summer mortality and could
be utilized to assess and predict the severity of population resilience months prior to a
summer mortality event. These findings have future application in assisting the
management of wild populations of abalone severely affected by or at risk of summer
mortality as well as aiding stock selection for the aquaculture industry, both of which
will increase in importance with global climate change. Through the comparison of
individuals that were resilient and susceptible to summer mortality this study also
revealed potential functional mechanisms that may enable resilient individuals to endure
heat wave events.

4.2 Introduction

As the climate changes, the persistence of ecologically and economically important
species will largely depend on the ability of local populations to adapt (Sanford & Kelly,
2011). Where stressors are unwavering, relatively frequent and build gradually in
intensity, organisms can adapt and survive (Palumbi et al., 2014). However, stochastic
events such as those produced by climate change can alter these natural disturbance
regimes and have devastating effects on the inhabitants (Przeslawski et al., 2005). Heat

115

waves, typically defined as a three to five day period with an increase greater than 3°C
above the normal maximum or mean temperature, are expected to increase in frequency
and severity (Meehl & Tebaldi, 2004). Heat waves alter natural disturbance regimes and
have devastating effects on rocky shore inhabitants (Przeslawski et al., 2005).
Mass mortalities of many mollusc families including oysters (Cotter et al., 2010),
scallops (Xiao et al., 2005), mussels (White et al., 2015) and abalone (Vandepeer, 2006)
have been documented to have occurred world-wide in the summer months. Termed
‘summer mortality’, the most severe events occur during unprecedented heat waves such
as those experienced in Europe in 2003 (Sorgente et al., 2007) and Australia in 2011
(Pearce & Feng, 2011). The latter event resulted in the annihilation (loss of >99.9%) of
populations of Roe’s abalone (Haliotis roei) located at the base of the Zuytdorp Cliffs
near Kalbarri along the Northern extent of its distribution on the Western Australian
coast (Pearce & Feng, 2011).

Although a rise in water temperature is understood to be a necessary precursor of
summer mortality, it is a complex phenomenon with bacterial activity increasingly being
considered as a key driver (Romalde et al., 2014). High water temperatures compromise
the immune system and make molluscs more vulnerable to infection by bacteria such as
Vibrio (Cardinaud et al., 2015, Ding et al., 2015, Vandepeer, 2006). Recent studies of the
specific physiological response to summer mortality have implicated energy metabolism
and oxidative stress as major contributing factors (Lin et al., 2017). Adult molluscs are
also generally more severely affected by summer mortality than juveniles (White et al.,
2015) which has been linked to depleted energy reserves as a result of the spawning
effort (Li et al., 2007b, Wendling & Wegner, 2013). The multifactorial drivers of
summer mortality were demonstrated by Wendling and Wegner (2013) who showed that
temperature, pathogen infection and reproductive effort each account for less than 15%
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of resulting mortalities in Pacific oyster (Crassostrea gigas). However the combination
of these three factors resulted in a mortality rate higher then 50%.
Genetic resilience to summer mortality, and genetic resistance to related bacterial
infections, have been demonstrated in bivalves (Dégremont et al., 2005, Dégremont et
al., 2007, Delaporte et al., 2007, Hara et al., 2004). However the specific functional
mechanisms responsible for genetic resilience are still largely unknown. Potential
methods of summer mortality prevention may include; pre-shock/acclimatization to more
extreme temperatures (Brun et al., 2009), use of antioxidant rich diets (Lange et al.,
2014), genetic improvement programs (Astorga, 2014), and large scale water chemistry
management for variables such as temperature and dissolved oxygen.

Analysis of the expressed genome enables detailed insight into functional mechanisms
involved in responding to external stressors (Gracey et al., 2008, Zippay & Hofmann,
2010) as the regulation of gene expression is an important genetic component affecting
quantitative traits (Schadt et al., 2005). Next generation RNA-sequencing (RNA-seq) has
emerged as a cost-effective and powerful tool to sequence and analyze gene expression
(Garber et al., 2011). By providing broad, sensitive and unbiased genome coverage of
transcript expression, RNA-seq has enabled the capture and discovery of novel
transcribed regions in the genomes of non-model organisms (Li & Li, 2014, Qian et al.,
2014) and has revealed a snapshot of the presence and quantity of gene expression within
an organism at a specific time (Chu & Corey, 2012). Applying RNA-seq across multiple
sampling points from the same individual enables powerful investigation of temporal
gene expression profile fluctuations in a changing environment and can be used to
identify the specific signatures and functional mechanisms that differ between groups of
interest (Bendjilali et al., 2017, Fu et al., 2016, Salvo et al., 2014). Furthermore
including samples of the same individuals collected prior to applying an environmental
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stressor can be used to detect pre-preparative or frontloading genes (Barshis et al., 2013,
Dong et al., 2008, Shiel et al., 2017b) which are those that are differentially expressed in
stress or disease resilient individuals (relative to more susceptible individuals) prior to a
stress event. These signatures of expression may represent ideal candidates for trait
selection programs.

Abalone are an environmentally and economically important resource that are impacted
by summer mortality. Although the transcriptomic response of abalone to summer
mortality related factors such as temperature and bacterial infection has been explored
(Cheng et al., 2007, Farcy et al., 2007, Li et al., 2012), the defining genomic signatures
and broad functional characteristics that determine summer mortality related resilience in
abalone are still not well understood (Cheng et al., 2007, Meistertzheim et al., 2014,
Shiel et al., 2017b, Travers et al., 2010).

To identify the gene expression signatures indicative of summer mortality resilience in
abalone, three distinct populations of abalone (Halitois laevigata) were subjected to a
simulated summer mortality event. Detailed differential expression gene analysis, coexpression analysis and transcriptomic characterization was conducted between abalone
deemed summer mortality resilient and susceptible after a heat stress trial. From the gene
expression data (RNA-seq) it was possible to quantify the gene expression differences
between resilient and susceptible abalone throughout, and prior to, the heat stress trial, as
well as provide insight into the functional genetic mechanisms responsible for summer
mortality resilience.
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4.3 Method

4.3.1 Animal source

Abalone used in this research experiment were sourced from Southern Australian
Seafoods (previously Australian Bight Abalone) in Port Lincoln, South Australia.
Ancestry of the abalone used in this study could be traced back at least three generations
to wild broodstock sourced originally from Farm Beach (34°24´19.50´´ S 135°20´52.6´´
E) and Elliston (33°37´16.53´´ S 134°50´01.38´´ E), South Australia (Figure 1). A third
group of abalone utilized in this study consisted of animals selectively domesticated
based on their faster growth rate (referred to in this study as the “Aquaculture”
population). Detailed descriptions of locations are available in Shiel et al. (2017b).

Figure 1. Abalone broodstock sourced from Elliston, Farm Beach, and the Taylor’s
Landing and Kangaroo Island region in South Australia, Australia.
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4.3.2 Tissue sampling and heat challenge experiment

Experimental trial conditions were based on an actual summer mortality event that
occurred on an abalone farm (Australian Bight Abalone, South Australia) in November
2009. This event consisted of a sharp increase of 4°C over a three week period which
resulted in significant mortality to abalone stocks.

Abalone utilised in this study were derived from a 2009 spawning event. Abalone were
stocked into 16 aquaria each with a capacity of 60 L (10 abalone per tank) at the Port
Lincoln Marine Science Centre, South Australia (Figure 2) in June 2012 and weight and
length were recorded (Day 0). Aquaria were filled to half capacity and the animals
acclimatized to conditions at ~18°C (average maximum of ~18.5°C) over a period of five
days. Water temperature and dissolved oxygen were recorded once per day for each
aquaria. Any abalone recorded to be moribund or dead were removed from aquaria,
sampled, and frozen (-80°C). Epipodial tentacle samples of each abalone were collected
on day 5, 13 and 20 throughout the trial. Six days after stocking, the water heaters for
each aquaria were set to 19°C (Day 6). Water quality parameters were recorded twice per
day from this point. On day nine, water heaters were set to 20°C and on day 15,
temperatures were raised to 21°C. On day 18 the heaters were turned down to ~18.5°C
following the final tentacle sample collection. Mortalities throughout the experiment
were recorded up to day 75 of the experiment, with the last mortalities recorded on day
56 (Figure 2). Abalone that survived the experiment and remained alive after the 75 day
period were deemed to be “resilient”. Abalone that survived after day 18 but died before
day 75 were considered to be “susceptible”. Sixty susceptible abalone died following the
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rapid increase in temperature and two weeks of heat stress (Figure 2) as expected for a
summer mortality event.

Epipodial tentacle samples of the same abalone used in this trial were also previously
sampled in February 2012 at the SAS aquaculture facility. Weight and length were also
recorded at this time. Naïve resilient and susceptible abalone sampled from this point in
time have been analyzed in a previous differential gene expression analysis (Shiel et al.,
2017b). The mobility of these sampled animals in a slab tank was also recorded at this
time (Robinson et al., 2013). This sample event will be referred to hereafter as the
“February” time point.
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Figure 2. Summer mortality experimental design and result. The black line indicates abalone mortality throughout the experiment. The red line
indicates the approximate water temperature each day throughout the trial. The x-axis displays the time in days. The last mortality recorded on day 56,
with the trial run up to day 75. Days 1-5 experienced ~18°C with an average daily maximum of ~18.5°C presented in the graph. Figure adapted from
Shiel et al. (2017b).
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4.3.3 RNA extraction and sequencing

Abalone selected for RNA sequencing were sourced from six tanks. Each tank contained
abalone from each location. Thirty-five abalone were selected for sequencing with a
relatively even number of resilient and susceptible individuals (16 and 19 respectively).
The resilient/susceptible ratio for the ‘Aquaculture’, Farm Beach and Elliston
populations was 22:8, 11:5 and 5:6, respectively (57 abalone in total). Three additional
abalone in these tanks could not be identified after the heat trial due to tag loss. From the
35 abalone selected for sequencing 14 were from the ‘Aquaculture’ population (seven
resilient and susceptible abalone each), 11 were from Elliston (five resilient and six
susceptible abalone) and 10 were from Farm Beach (four resilient and six susceptible
abalone). The sex of abalone was unable to be determined as the animals were immature.

Total RNA was extracted from 140 epipodial tentacle samples (35 abalone from each of
four time points) using an RNeasy® Mini Kit (Qiagen) according to the manufacturer’s
protocols. Tissue samples were disrupted and homogenised using a desktop homogenizer
(Janke & Kunkel, Ultra-Turrax T25). RNA quality and quantity was estimated using a
Thermo Scientific Nanodrop (2000). Quality control and sequencing was outsourced to
the Australian Genome Research Facility (AGRF). The quality of the RNA was assessed
with an Agilent 2100 Expert Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA),
using the Eukaryote Total RNA Nano assay according to the manufacturer's instructions.
All samples had RNA Integrity Number (RIN) value equal to or greater than 9.1. Library
preparation and 100 base pair (bp) single-end RNA sequencing (Illumina HiSeq2000)
was conducted on 116 samples (29 abalone sampled across four time points). The
average read coverage of these samples was ~9.3 million reads. Minimum and maximum
read coverage across these samples was ~8 and ~13.8 million reads, respectively. Library
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preparation and 100 base pair (bp) paired-end RNA sequencing (Illumina HiSeq2000)
was conducted on 24 samples (three resilient and three susceptible abalone sampled
across four time points) with R1 used in differential expression analysis. Sequence data
deposited into Sequence Read Archive SRP072967. The average paired-end read
coverage of these samples was ~7.3 million reads. Minimum and maximum read
coverage across these samples was ~6.2 and ~8.3 million reads, respectively.

4.3.4 Sequence mapping

In the absence of a reference genome for H. laevigata a de novo assembled transcriptome
was generated as a reference for read mapping and tentacle gene expression profiling
(Shiel et al., 2015). To test for differential gene expression, individual sequence reads for
each sample were mapped back to the assembled transcriptome with the alignment
program Bowtie (Version 1.0.0) (Langmead et al., 2009) as implemented in Trinity
(Version 10.5.2012) (Grabherr et al., 2011). Total counts were determined for each gene
model by counting the number of reads aligning to each gene model while avoiding
multiple counting for reads that mapped to more than one isoform.

4.3.5 Differential expression

The Limma RNA-seq differential gene expression method was utilized in this study
(Smyth, 2005). Limma uses the Voom module to transform the data based on
observational-level weights derived from an empirically estimated mean-variance
relationship (Ritchie et al., 2015). This allows count data to be analysed using the same
flexible linear modelling framework implemented in Limma for microarray studies. The
framework is particularly useful for the complex experimental design in this study since
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correlation between repeated measures can be estimated using data across all genes.
Differential expression analyses were performed to determine the differences in gene
expression between resilient and susceptible abalone throughout the experimental heat
trial. Multiple sampling of the same abalone throughout the heat trial was accounted for
by including each individual abalone as a blocking factor. Location of origin, tank
number and an interaction between time (equivalent to temperature) and condition
(resilient or susceptible) were accounted for in the design matrix. Weight, length or
growth rate were tested for association with stress resistance but since no relationship
was found these factors were not included in the analysis model in the interest of
parsimony.
Design = Location+Tank+Time:Condition

The contrast matrix was designed to measure differential expression between heat stress
resilient and susceptible abalone using separate t-tests at (i) 18°C, (ii) 20°C and (iii)
21°C. Additionally, a consolidated comparison (iv) was performed via a t-test comparing
differential expression between resilient and susceptible abalone across all time points
(18°C + 20°C + 21°C). The Benjamini Hochberg procedure was used to adjust p-values
to control for multiple testing. A threshold of (adjusted P value < 0.05) was used, which
equates to a 5% false discovery rate (FDR). A consensus list of differentially expressed
genes was then generated from the results of each analysis. Genes that were found to be
differentially expressed in at least two of the three time points throughout the heat stress
trial were deemed “genes of interest”. Heat maps were generated in the R package
‘heatmap3’ (Zhao et al., 2014) with a value of 0.001 added to the expression levels
(mean counts per million) to avoid taking the log2 of zero.
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4.3.6 Co-expression Analysis

Co-expression gene network analyses utilize large transcriptomic level expression data to
cluster genes with correlated expression profiles. Often these genes cluster together as
they are involved in similar biological or regulatory pathways (D’haeseleer et al., 2000).
By analysing gene expression data across experimental groups and biological samples we
can ascertain further biological meaning with the addition of phenotype correlation and
functional annotations (Zinkgraf et al., 2017). The Petal package in R was used to
determine co-expression networks for the genes of interest using standard parameters
(Petereit et al., 2016). Co-expression networks were constructed based on the most
differentially expressed genes of the consolidated analysis between resilient and
susceptible abalone. An arbitrary adjusted P value of < 0.3 was selected to incorporate
the minimum numbers of genes required to construct the network matrix. Informative coexpression networks were deemed those containing at least five genes of interest and
possessing a network density of 0.9 – 1.0, to prioritize a more dense/tightly connected
network (Petereit et al., 2016).

4.3.7 Functional annotations

The abalone transcriptome was annotated using the Trinotate pipeline (version 1.1)
(http://trinotate.github.io/). Trinotate provides functional annotations for transcriptome
sequences by combining protein prediction (via Transdecoder
(http://transdecoder.github.io/) BLAST (Altschul et al., 1990) homology with the
UniProt database, identification of Pfam (Finn et al., 2013) domains using HMMER
(Finn et al., 2011), prediction of signal peptides using SignalP (Petersen et al., 2011),
prediction of transmembrane regions using tmHMM (Krogh et al., 2001) and prediction
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of rRNA using RNAMMER (Lagesen et al., 2007). SwissProt (Farriol‐Mathis et al.,
2004) identifiers assigned by Trinotate were used to assign names to differentially
expressed genes. Gene ontology enrichment analysis was conducted with topGO (Alexa
& Rahnenfuhrer, 2010) and the classic method of Fisher’s exact test. Enrichment
analysis was based off significantly differentially expressed genes. Hierarchical
clustering based off genes with p < 0.01 (Fisher’s test). Further annotation was conducted
on the genes of interest and additional genes identified through the co-expression
network analysis utilizing the top functional annotated hits determined by BLASTX to
the non-redundant protein database (E-Value Hit Filter 1e-5). If no significant BLASTX
matches were found, BLASTN searches to the nucleotide databases were conducted to
assign functional annotation (E-Value Hit Filter 1e-5). Gene Ontology (GO) term
assignment was determined for SwissProt gene annotations by the PANTHER
classification system (Mi et al., 2013) and QuickGO (Binns et al., 2009).

4.3.8 Abalone movement and summer mortality resilience

The distance travelled before and after tentacle sampling was measured for the abalone
used in this study (Robinson et al., 2013). In order to determine whether animal
movement was related to heat stress susceptibility we used the nlme package in R
(Pinheiro et al., 2017) to construct a mixed effects model. In this model the repeated
measurement of distance travelled for each abalone was accounted for by modelling
sampling time as a random effect nested within animal.

4.3.9 Frontloading and preparative gene signature investigation
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The same abalone in this experimental trial were also sampled six months prior and
analyzed separately to determine predictive gene expression differences between naive
summer mortality resilient and susceptible abalone groups (Shiel et al., 2017b). Utilizing
the gene expression data from this previous study, we compare the average gene
expression of summer mortality resilient and susceptible abalone six months apart to
determine the extent of potential frontloading or preparative gene expression signatures
in this study.

4.3.10 HSP70 characterization

Utilizing the transcripts representative of HSP70 (Shiel et al., 2015) and the RNA-seq
gene expression count data utilized in this study, average HSP70 expression for abalone
throughout the heat stress trial study was investigated to confirm the degree of heat stress
exposure and stress. Genes representative of HSP70 were found to generally increase as
expected with the temperature challenge experiment, with the highest expression of
HSP70 transcripts recorded at 21°C. No significant difference in HSP70 expression
between resilient and susceptible abalone was found (Figure S1 & Figure S2).

4.4 Results

4.4.1 Differential expression

66, 81 and 55 genes were found to be differentially expressed in susceptible and resilient
abalone sampled at 18°C, 20°C and 21°C, respectively (Table 1). The consolidated
analysis of all three time/temperature points combined produced 480 differentially
expressed genes. All but seven differentially expressed genes identified in the separate
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time point analyses were also found to be differentially expressed in the consolidated
time analysis. Therefore, 487 unique differentially expressed genes were identified
between resilient and susceptible abalone (Table 1). Transposase activity was the most
significantly enriched term identified by the gene ontology enrichment analysis based on
genes differentially expressed between summer mortality resilient and susceptible
animals (Figure 3). Other highly enriched terms included; oxireductase activity, iron ion
binding, tetrapyrrole binding and heme binding (Figure 3). One hundred and twenty-one
of the differentially expressed genes were assigned a SwissProt identifier (Table S1) with
63 and 58 of these Swissprot annotated genes up-regulated and down-regulated in
resilient abalone, respectively. Investigation of these 121 genes identified the most
common GO annotations assigned were associated with metabolic processes, catalytic
activity and cell parts within the three major categories of gene ontology (biological
process, molecular function and cellular component, respectively) (Figure 4). Within the
biological process category; genes involved in metabolic and developmental process
were more commonly up-regulated in susceptible animals relative to resilient, while
biological regulation and immune process related genes were more commonly upregulated in resilient animals relative to susceptible.

Table 1. Differentially expressed genes between heat stress resilient abalone relative to
susceptible abalone collected throughout a heat stress trial sampled at 18°C, 20°C and
21°C
Differentially Expression

18°C

20°C

Consolidated Time Analysis

Total
Unique
Genes

21°C

Genes
Down-regulated

30

43

21

233

237

Up-regulated

36

38

34

247

250

487
Consolidated Time Analysis (all timepoint samples of resilient abalone vs. all time point samples of susceptible abalone)
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Figure 3. Hierarchical gene ontology enrichment analysis of the 487 differentially
expressed genes between summer mortality resilient and susceptible abalone, relative to
the transcriptome. Increasing colour from yellow to red represents increasing
significance levels (p-value). Squares boxes display the significantly enriched gene
ontology functions (p < 0.01). Contents of each shape contain; GO term, description, pvalue, ratio (genes annotated/genes annotated in whole transcriptome).
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Figure 4. Gene ontology analysis of differentially expressed genes in heat stress resilient
abalone relative to heat stress susceptible abalone. (a) Molecular function, (b) Cellular
component, (c) Biological process, from the 121 Swissprot annotations available from
the total 487 differentially expressed genes identified.

Twenty-eight genes were differentially expressed consistently across all three
time/temperature points and 54 genes were differentially expressed in at least two of the
three time points (Figure 5). Of the 28 genes consistently differentially expressed
throughout all three sampling points of the heat trial, 18 of these genes were up-regulated
and 10 were down-regulated in resilient abalone relative to susceptible abalone (Table 2).
Of the 54 genes differentially expressed in at least two of the three sampling points of the
heat trial, 31 genes were up-regulated and 23 were down-regulated in resilient abalone
relative to susceptible abalone (Table 2).

131

Figure 5. Number of differentially expressed genes identified between resilient and
susceptible abalone sampled at 18°C, 20°C and 21°C throughout the heat stress trial.
Venn diagram crossover areas represent the number of genes commonly differentially
expressed in two or more time/temperature points

BLASTX provided annotation for 12 of the 54 genes of interest differentially expressed
between resilient and susceptible abalone (Table 2, Table S2). BLASTN provided an
additional six functional annotations to genes unable to be annotated by BLASTX (Table
2 & Table S3). The differentially expressed gene with the highest average expression
(counts per million (CPM)) throughout the heat trial (comp94919_c0, with an average
expression of 269.59 CPM) was annotated by BLASTX as a Peroxidasin homolog). The
genes with largest expression differences in resilient abalone relative to susceptible were
comp88081_c0 (average expression: 0.86 CPM, log2FC: 3.15, 3.02, 3.20 at 18°C, 20°C,
21°C, respectively) and comp80621_c0 (average expression: 0.24 CPM, log2FC: -2.95, 3.51, -3.39 at 18°C, 20°C, 21°C, respectively). These two genes were not functionally
annotated. The genes with largest expression differences (log2 fold change) in resilient
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abalone relative to susceptible that could be functionally annotated were comp97949_c0
(putative nuclease HARBI1) with an average expression of 0.37 CPM and a log2 fold
change of 2.94, 2.79, 3.01 at 18°C, 20°C, 21°C, respectively, and comp54491_c0
(Lysozyme) with an average expression of 0.49 CPM and a log2 FC: of-3.18, -2.20 and 2.06 at 18°C, 20°C and 21°C, respectively.

4.4.2 Co-expression

Three distinct co-expression networks were identified within the 54 genes that were
differentially expressed in at least two of the three sampling points throughout the heat
trial (Figure S3). Networks 1 and 2 were up-regulated co-expression networks in resilient
abalone and network 3 genes are up-regulated in susceptible abalone. The maximum
expression of a gene in co-expression gene networks 1, 2 and 3 was ~300, ~40 and ~8
CPM, respectively. Networks 1, 2 and 3 consisted of 16, 10 and 6 genes in total,
respectively. Thirteen, five and six differentially expressed genes of interest (out of 54)
reside within Networks 1, 2 and 3, respectively (Table 2, Table S4, Table S5 & Figure
S3). Gene Ontology analysis of the co-expression gene networks demonstrates the
potential functional pathway with involvement in phagocytosis, apoptosis and muscle
signaling (Network 1), and mitochondrial activity (Network 2). Co-expression gene
network 3 genes were expressed in limited amounts (<10 cpm) and were unable to be
functionally annotated (Table 2 & 3).

Genes within these three co-expression networks displayed only small reactions to
temperature over time, relative to the difference in expression between resilient and
susceptible animals (Figure 6). Generally for these genes, changes in gene expression
over the temperature gradient did not appear to be severe, with potentially only small
increases or decreases in gene expression occuring alongside increasing heat stress. The
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most common pattern of gene expression in co-expression network 1 was a slight
decrease in gene expression with increased heat stress over time. Resilient individuals
expressed these genes significantly higher relative to susceptible animals throughout all
three time points of the trial. Within gene network 1, only one gene (comp89233_c12,
average CPM < 1) appeared to demonstrate an increase in expression as heat stress
increased for resilient animals. In susceptible animals, the expression of the same gene
did not appear to differ with increasing heat stress (Figure 6). Gene expression in coexpression network 2 was accompanied by a slight increase in gene expression with
increased heat stress over time. Only one of these genes (comp109874_c0) was
expressed at significantly higher levels in resilient individuals relative to susceptible
animals throughout all three time points of the heat trial (log2 fold change of 1.94, 1.95,
1.99 at 18°C, 20°C, 21°C, respectively) (Figure 6). Genes within co-expression network
3 were expressed significantly lower in resilient animals relative to susceptible animals,
throughout all three time points of the heat stress trial. Generally these genes were
expressed at the highest levels when exposed to 20°C and 21°C, suggesting a heat stress
response (Figure 6).
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Table 2. Annotation, expression and gene network assignment of the 54 genes differentially expressed in at least two out of the three time/temperature
sampling points of the heat trial.
Gene

Gene Annotations

comp106373_c0

BLASTX-PREDICTED: Multiple epidermal
growth factor-like domains protein 10
[Crassostrea gigas] (XP_011455897.2)

18°C Analysis

20°C Analysis

21°C Analysis

Consolidated Analysis

Average
CPM

Log2FC
2.04

P.adj
1.76E-03

Log2FC
2.17

P.adj
4.26E-04

Log2FC
1.97

P.adj
7.18E-03

Log2FC
6.18

P.adj
4.33E-07

comp101445_c0

1.5

8.81E-04

1.51

4.93E-04

1.6

1.08E-03

4.61

1.14E-07

14.05

comp98392_c0

2.69

1.06E-03

2.99

1.03E-04

3.01

2.41E-03

8.69

1.74E-07

2.87

comp97806_c0

1.88

1.80E-02

2.28

1.69E-03

2.05

2.21E-02

6.22

1.57E-05

1.86

2.73

8.12E-04

2.68

7.13E-04

2.63

5.65E-03

8.04

4.33E-07

1

comp88081_c0

3.15

8.23E-04

3.02

9.99E-04

3.16

6.20E-03

9.33

1.65E-06

0.86

comp82918_c0

2.6

1.87E-03

3.03

7.44E-05

2.51

9.48E-03

8.13

9.31E-07

0.64

comp91427_c0

BLASTX-PREDICTED: Uncharacterized
protein LOC107339678 [Acropora digitifera]
(XP_015760469.1)

20.01

comp91260_c0

BLASTN-PREDICTED: Clupea harengus
proline rich Gla (G-carboxyglutamic acid) 1
(prrg1), mRNA (XM_012821884.1)

2.84

1.48E-04

2.96

4.10E-05

2.54

6.20E-03

8.34

1.66E-07

0.6

comp105347_c0

BLASTN-Haliotis discus hannai
metallothionein (MT) gene, complete cds
(KT895223.1)

2.21

6.57E-03

2.12

6.28E-03

1.62

FDR>0.05

5.95

6.75E-05

0.44

comp86059_c2

2.88

1.59E-03

2.6

5.05E-03

2.49

1.74E-02

7.97

1.20E-05

0.41

comp82750_c2

2.53

3.34E-03

2.62

1.87E-03

2.44

1.36E-02

7.59

5.43E-06

0.35

comp86059_c1

1.56

FDR>0.05

1.95

2.28E-02

1.96

4.89E-02

5.47

5.18E-04

0.27

comp86059_c0

2.09

2.54E-02

2.13

1.80E-02

1.99

FDR>0.05

6.22

1.39E-04

0.26

comp89233_c1

1.18

FDR>0.05

1.91

5.95E-03

2.11

5.30E-03

5.19

6.50E-05

0.17
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Gene

Gene Annotations

18°C Analysis

20°C Analysis

21°C Analysis

Consolidated Analysis

Average
CPM

comp109874_c0

Log2FC
1.94

P.adj
1.60E-02

Log2FC
1.95

P.adj
1.35E-02

Log2FC
1.99

P.adj
1.56E-02

Log2FC
5.88

P.adj
1.79E-05

comp100125_c0

2.72

3.89E-02

2.87

1.83E-02

2.48

FDR>0.05

8.08

1.59E-04

0.2

comp59699_c0

BLASTX-Transposon Ty3-G Gag-Pol
2.47
polyprotein [Exaiptasia pallida] (KXJ12096.1)

3.16E-02

2.52

2.25E-02

2.4

FDR>0.05

7.39

1.04E-04

0.15

comp23039_c0

BLASTN-Haliotis discus discus signal
transducer and activator of transcription 5
(STAT5) gene, complete cds (KT336367.1)

1.99

FDR>0.05

2.16

2.63E-02

2.19

4.48E-02

6.34

1.59E-04

0.13

comp67284_c0

2.17

1.49E-02

1.83

FDR>0.05

2.08

2.94E-02

6.08

7.70E-05

0.13

comp88198_c0

-1.19

3.48E-02

-1.47

1.39E-03

-1.19

3.70E-02

-3.85

1.57E-05

1.32

comp95310_c0

-1.7

4.65E-02

-1.62

4.73E-02

-1.98

1.32E-02

-5.3

6.51E-05

0.61

comp86239_c0

-1.97

1.49E-02

-1.74

2.63E-02

-1.5

FDR>0.05

-5.21

1.19E-04

0.41

comp105891_c0

-1.93

1.91E-02

-2.27

9.07E-04

-2.13

7.18E-03

-6.33

2.23E-06

0.17

comp165041_c0

-1.64

FDR>0.05

-1.92

8.32E-03

-1.86

1.96E-02

-5.42

3.59E-05

0.14

comp34406_c0

-1.71

1.59E-03

-1.63

2.04E-03

-1.63

6.39E-03

-4.97

5.57E-07

0.12

0.2

comp94919_c0

BLASTX-PREDICTED: Peroxidasin homolog -2
[Tyto alba] (XP_009974077.1)

3.37E-02

-1.88

4.71E-02

-2.08

2.54E-02

-5.97

8.62E-05

269.59

comp107069_c0

BLASTX-PREDICTED: Protein TFG-like
[Limulus polyphemus] (XP_013783863.1)

1.26

1.60E-02

1.07

FDR>0.05

1.26

2.36E-02

3.59

7.70E-05

4.1

comp102914_c0

-1.49

FDR>0.05

-1.57

2.25E-02

-1.62

2.36E-02

-4.69

6.75E-05

3.21

comp107008_c0

1.53

3.16E-02

1.68

8.32E-03

1.8

7.18E-03

5.01

1.79E-05

2.45

comp103433_c0

1.28

FDR>0.05

1.45

1.42E-02

1.47

1.69E-02

4.2

6.62E-05

2.03

-1.87

1.45E-02

-1.7

1.62E-02

-1.22

FDR>0.05

-4.79

1.52E-04

1.6

comp106280_c0

BLASTX-Transposon TX1 uncharacterized
149 kDa protein [Exaiptasia pallida]
(KXJ06207.1)
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Gene

Gene Annotations

comp75214_c0
comp86022_c0

BLASTX-PREDICTED: Beta-1,3galactosyltransferase 5-like [Limulus
polyphemus] (XP_013789853.1)

comp80684_c0

18°C Analysis

20°C Analysis

21°C Analysis

Consolidated Analysis

Average
CPM

Log2FC
-1.14

P.adj
FDR>0.05

Log2FC
-1.32

P.adj
1.37E-02

Log2FC
-1.41

P.adj
9.20E-03

Log2FC
-3.87

P.adj
2.89E-05

-1.77

1.59E-03

-1.82

4.26E-04

-1.54

1.36E-02

-5.14

5.46E-07

0.87

1.8

FDR>0.05

2.04

2.44E-02

2.23

1.46E-02

6.07

1.22E-04

0.49

1.08

comp54491_c0

BLASTX-Lysozyme [Haliotis diversicolor]
(AOX15710.1)

-3.18

1.48E-04

-2.2

4.71E-02

-2.06

FDR>0.05

-7.45

3.59E-05

0.49

comp84349_c0

BLASTX-PREDICTED: Fibronectin type 3
and ankyrin repeat domains protein 1
[Scleropages formosus] (XP_018604795.1)

-2.27

4.65E-02

-2.29

2.25E-02

-2.41

2.34E-02

-6.97

6.75E-05

0.4

comp84162_c0

BLASTN-PREDICTED: Canis lupus familiaris -2.03
polymerase (RNA) II (DNA directed)
polypeptide A, 220kDa (POLR2A), mRNA
(XM_852751.4)

4.65E-02

-1.47

FDR>0.05

-2.44

2.45E-02

-5.94

8.51E-04

0.37

comp97949_c0

BLASTX-PREDICTED: Putative nuclease
HARBI1 [Crassostrea gigas]
(XP_019922737.1)

2.94

1.80E-02

2.79

2.25E-02

2.74

4.76E-02

8.47

7.54E-05

0.37

comp92034_c0

BLASTX-Endonuclease-reverse transcriptase
[Danaus plexippus] (EHJ70865.1)

-1.82

1.00E-04

-1.83

4.10E-05

-1.69

1.08E-03

-5.34

3.92E-09

0.34

-2.49

3.55E-03

-2.39

3.34E-03

-1.89

FDR>0.05

-6.77

1.41E-05

0.33

FDR>0.05

1.69

1.39E-03

1.54

1.36E-02

4.49

2.47E-05

0.31

comp103259_c2
comp95983_c0

BLASTN-Haliotis diversicolor hemocyanin
1.26
isoform 1 (H1) gene, partial cds (GQ352369.1)

comp74277_c0

-2.2

3.10E-02

-1.97

3.43E-02

-1.78

FDR>0.05

-5.95

2.33E-04

0.3

comp79755_c0

-2.27

4.37E-03

-2.27

2.25E-03

-1.38

FDR>0.05

-5.91

3.59E-05

0.25

comp80621_c0

-2.95

6.57E-03

-3.51

2.80E-04

-3.39

2.41E-03

-9.85

3.14E-07

0.24

comp90501_c0

1.18

FDR>0.05

1.72

3.24E-02

1.95

1.46E-02

4.84

5.02E-04

0.2
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Gene

Gene Annotations

18°C Analysis

20°C Analysis

21°C Analysis

Consolidated Analysis

Average
CPM

comp70253_c0

Log2FC
2.59

P.adj
1.48E-04

Log2FC
2.85

P.adj
1.21E-05

Log2FC
2.72

P.adj
4.73E-04

Log2FC
8.17

P.adj
3.92E-09

comp104237_c3

2.06

3.16E-02

2.07

2.25E-02

2.16

2.36E-02

6.29

6.51E-05

0.19

comp80273_c0

-1.41

FDR>0.05

-1.81

4.51E-03

-1.88

8.08E-03

-5.11

2.16E-05

0.17

comp79347_c0

2.11

1.80E-02

2.03

2.25E-02

2.42

6.39E-03

6.56

1.57E-05

0.16

comp25540_c0

2.49

1.22E-02

2.5

8.56E-03

2.47

1.88E-02

7.45

1.57E-05

0.16

comp63984_c0

-2.08

5.61E-03

-1.72

3.45E-02

-1.87

2.36E-02

-5.67

2.37E-05

0.15

-1.71

3.68E-03

-1.41

2.99E-02

-1.38

FDR>0.05

-4.51

3.31E-05

0.15

2.05

1.22E-02

1.97

1.62E-02

2.06

1.56E-02

6.09

1.79E-05

0.13

-1.53

9.26E-03

-1.36

2.52E-02

-1.2

FDR>0.05

-4.09

7.77E-05

0.11

comp37938_c0

BLASTX-PREDICTED: Uncharacterized
protein LOC107337209 [Acropora digitifera]
(XP_015757812.1)

comp118494_c0
comp74025_c0

BLASTN-Haliotis discus discus goose-type
lysozyme gene, complete cds (JX912535.1)

0.2

Colours represent the three different co-expression networks groupings; Gene Network 1 (green), Gene Network 2 (orange), Gene Network 3 (purple). Gene descriptions primarily
annotated from BLASTX and secondarily from functional BLASTN hits (see method). Abbreviations: Log2FC refers to the gene expression count fold change in heat stress resilient
abalone relative to susceptible. P.adj refers to the adjusted P value. Average CPM refers to the average counts per million across samples.
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Table 3. Total Gene ontology assigned to co-expression networks. Colours represent the 3 different co-expression networks. Gene Network 1 (green),
Gene Network 2 (orange), Gene Network 3 (purple).
Co-expression Gene
Network

Molecular Function

Cellular Component

Biological Process

1

GO:0001849 complement component C1q binding
GO:0005044 scavenger receptor activity

GO:0001891 phagocytic cup
GO:0005886 plasma membrane
GO:0016020 membrane
GO:0016021 integral component of membrane
GO:0016323 basolateral plasma membrane
GO:0042995 cell projection

GO:0006898 receptor-mediated endocytosis
GO:0006909 phagocytosis
GO:0007155 cell adhesion
GO:0007517 muscle organ development
GO:0014719 skeletal muscle satellite cell activation
GO:0014816 skeletal muscle satellite cell differentiation
GO:0014841 skeletal muscle satellite cell proliferation
GO:0034109 homotypic cell-cell adhesion
GO:0043652 engulfment of apoptotic cell
GO:0043654 recognition of apoptotic cell
GO:0048641 regulation of skeletal muscle tissue development
GO:0051147 regulation of muscle cell differentiation
GO:0055001 muscle cell development
GO:1902742 apoptotic process involved in development

2

GO:0000166 nucleotide binding
GO:0003924 GTPase activity
GO:0005525 GTP binding
GO:0016787 hydrolase activity

GO:0005739 mitochondrion
GO:0005740 mitochondrial envelope
GO:0005741 mitochondrial outer membrane
GO:0016020 membrane
GO:0016021 integral component of membrane
GO:0031306 intrinsic component of mitochondrial
outer membrane
GO:1904115 axon cytoplasm

GO:0006697 ecdysone biosynthetic process
GO:0007005 mitochondrion organization
GO:0007029 endoplasmic reticulum organization
GO:0008053 mitochondrial fusion
GO:0008344 adult locomotory behavior
GO:0010636 positive regulation of mitochondrial fusion
GO:0019896 axonal transport of mitochondrion
GO:0034389 lipid particle organization
GO:0034976 response to endoplasmic reticulum stress
GO:0070584 mitochondrion morphogenesis
GO:0090140 regulation of mitochondrial fission

3

-

-

-
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Figure 6. Co-expression gene network activity over the duration of the heat stress
trial in resilient and susceptible abalone (average counts per million (CPM)). In each
graph, heat stress resilient abalone are denoted by the red square data points and lines
and susceptible abalone are denoted by the green round data points and lines.

140

4.4.3 Abalone movement and summer mortality resilience

Abalone susceptible to summer mortality were generally found to be more active in
the movement trials, moving the furthest distances from their original locations.
However, the association of movement with resilience was non-significant (p =
0.0556) (Figure 7).

4.4.4 Gene expression signatures and frontloading genes

The relative gene expression (resistant/susceptible) for the 54 genes differentially
expressed during the heat stress trial were of similar direction and order of magnitude
as in resistant and susceptible animals sampled in February prior to the heat stress
trial (Figure 8). This suggests frontloading or preparative gene expression is
occurring.

Figure 7. Boxplot of distance moved from starting grid (centimetres, adjusted for the
direction of movement against/with water flow) for summer mortality resilient (R)
and susceptible (S) abalone across three experimental treatment trials. Sampling stress
(tentacle clipping) was inflicted either immediately before the trial (T), more than 24
hours prior to the trial (T24) or not inflicted (NT).
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Figure 8. Heat maps based on the expression differences of resilient and susceptible
abalone for the 54 genes of interest. “R” and “S” represent resilient and susceptible
abalone groups, respectively. Gene name colours represent the three different coexpression network groupings; Gene Network 1 (green), Gene Network 2 (orange),
Gene Network 3 (purple).
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4.4.5 Population gene expression signatures

Gene expression profiling of the three source populations separately also revealed the
same indicative patterns among resilient and susceptible abalone between February
and June sampling points (Figure 9 & 10). Although there is some variation between
populations, the gene expression differences of the most highly expressed genes
between resilient and susceptible abalone within each population, are relatively
consistent. For example; comp106373_c0 (Multiple epidermal growth factor-like
domains protein 10) is expressed at higher levels in abalone originating from the Farm
Beach location in comparison to the Elliston and ‘Aquaculture’ populations, however
the expression difference between resilient and susceptible abalone across all
populations is still present (Figure 9). There appears to be more variation in the
resilient gene expression signatures for genes that are down-regulated in resilient
animals, relative to susceptible (Figure 10).

Figure 9. (next page) Location gene expression comparison of differentially
expressed genes up-regulated in resilient abalone relative to susceptible by source
location (average CPM >1). In each graph, heat stress resilient abalone are denoted by
the red square data points and lines and susceptible abalone are denoted by the green
round data points and lines. Columns 1, 2 and 3 represent gene expression from the
‘Aquaculture’, Elliston and Farm Beach populations, respectively. X-axis represents
the mean counts per million (CPM) ± 1 SEM.
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Figure 10. Location gene expression comparison of differentially expressed genes
down-regulated in resilient abalone relative to susceptible by source location (average
CPM >1). In each graph, heat stress resilient abalone are denoted by the red square
data points and lines and susceptible abalone are denoted by the green round data
points and lines. Columns 1, 2 and 3 represent gene expression from the
‘Aquaculture’, Elliston and Farm Beach populations, respectively. X-axis represents
the mean counts per million (CPM) ± 1 SEM).
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4.5 Discussion

In this study gene expression signatures indicative of summer mortality resilience,
that were consistent across three populations, were identified. Fifty-four of these
genes have the potential to be used to predict the resilience of abalone up to sixmonths prior to a summer mortality event. Many of these genes of interest were also
found to be involved in three distinct co-expression gene networks, suggesting these
genes may be controlled by the same transcriptional regulatory program or included
as members of the same functional pathway (D’haeseleer et al., 2000). Functional
gene annotation also highlighted the potential processes and functional mechanisms
that may be responsible for high survival rates in summer mortality resilient abalone.
The complete GO analysis of all differentially expressed genes identified in this study
identified differences in metabolism, development, immunity and biological
regulation processes between resilient and susceptible animals. This study represents
the first co-expression gene network analysis associated with summer mortality
resilience in abalone.

4.5.1 Genes implicated in affecting energy and cellular metabolism

The functional annotation of genes identified in this study that could distinguish
summer mortality resilient and susceptible animals was limited, and reflects the
paucity of annotated genome data for abalone and closely related molluscs in publicly
accessible databases. However this may also represent a lack of seldom expressed
genes in publicly available databases as many of these genes had low levels of
expression. Research into co-expression networks of non-model organisms are still in

146

their infancy and yet have proven to be particularly useful for deducing detailed
functional gene annotation of seldom-researched organisms and genes of interest (Li
et al., 2007b, Xu et al., 2014).
Twenty-eight genes significantly differentially expressed between resilient and
susceptible abalone throughout the entire heat stress trial were identified as useful
biological markers of summer mortality resilience. Similar expression signatures for
these genes in resilient and susceptible animals were also detected up to six months
prior to the heat stress event and may represent “frontloading” or “preparative
defense” gene expression signatures. This suggests that the expression levels of these
genes could be used to predict summer mortality resilience. Many of the genes have
functions implicated which affect energy processes and cellular metabolism. The
allocation of energy resources to the immune response has previously been shown to
greatly influence bacterial resistance in oysters (Huvet et al., 2004). In this study, coexpression analysis implicated Mitofusin-1 isoform X2 expression to be highly
interconnected with the differentially expressed genes within gene network two (upregulated in resilient abalone). Mitofusin 1 is essential for mitochondrial fusion
reactions and is heavily implicated in GTP-binding activity (Ishihara et al., 2004),
which suggests a potential difference in mitochondrial processes between resilient and
susceptible animals.

Genes expressed at considerably lower levels in resilient animals compared to
susceptible, like many of those found in this study, may represent a complex type of
frontloading, where the limited expression of some genes potentially has an indirect
effect on the expression of important stress response genes (Barshis et al., 2013).
Beta-1,3-galactosyltransferase, which catalyses the transfer of sugars to receptor sites
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(Breton et al., 2006), may be involved in “trade-off frontloading” in H. laevigata with
expression of this gene limited in resilient abalone, relative to susceptible. Although
not statistically significant, summer mortality susceptible abalone were also generally
more active (moving greater distances) than summer mortality resilient abalone.

Together these results suggest that the quantitative effect of the differential expression
of many of these genes is resulting an overall metabolic dissimilarity between
resilient and susceptible abalone, and may play a role in the survival capabilities of
abalone in response to summer mortality related stressors. Tolerance to high
temperatures and low dissolved oxygen concentrations has also been found to be
associated with genetic differences affecting genes such as those involved in aerobic
metabolism and ATP processes in wild populations of H. laevigata along the
Australian coast (Sandoval-Castillo et al., In press). Furthermore, Milan et al. (2016)
suggested that infection from bacteria or virus’ may be responsible for the variation in
energy metabolism between a summer mortality afflicted population and a control
population of the saltwater clam (Chamelea gallina). Although susceptibility to
bacterial or viral infection was not a focus of this study, it is possible that that it was a
factor in results, and may warrant further future investigation.

Therefore, the results of this and other previous studies point to differences in the
energy investment strategies adopted by animals that are associated with resilience to
stresses such as those endured by abalone during summer heat wave conditions. This
suggests that overall levels of metabolic activity before and during the stress event
affect the availability and diversion of energy into important stress response
processes, and consequently, the ability of animals to cope with stress.
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4.5.2 Genes implicated in immune and stress response

Co-expression gene network 1 included some of the most highly expressed genes
identified in this study. All of these genes were up-regulated in resilient abalone
relative to susceptible, and may represent effective targets for future resilient trait
selection programs. Functional annotation of genes in this network was limited. Gene
ontology assignment of the genes in this network suggests potential involvement of
the network in phagocytosis and apoptotic cell recognition and engulfment.
Comp106373_c0 and comp101445_c0 are two of the most highly expressed upregulated genes that were indicative of summer mortality with demonstrated gene
expression signatures relatively consistent across all three populations. Variation in
genes that potentially enhance the immune response of abalone have been linked to
higher temperature tolerances (Wit & Palumbi, 2013), including an EGF-like domain
(Wit & Palumbi, 2013). Our results found that two EGF-like domain containing
proteins (EGF-like protein comp107069_c0 and multiple epidermal growth factor-like
domain 10, MEG10, comp106373_c0) were significantly up-regulated in resilient
compared to susceptible abalone throughout the heat stress trial. The basal expression
level of Multiple EGF-like domain 10 in the hemocytes has previously been
suggested to be included in a 14-gene survival signature, demonstrated to predict
Pacific oyster, C. gigas, survival when challenged with Vibrio infection (Rosa et al.,
2012). Functionally, the phagocytosis of apoptotic cells has been found to be impaired
in MEG10 deficient mice (Iram et al., 2016), and if the function of MEG10 was
similar in abalone, resilient abalone with higher expression of MEG10 would have a
heightened ability to manage phagocytotic processes during stress. MEG10 has also
been found to cooperate together with ATP-binding cassette sub-family A member 1
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(ABCA1) in phagocytosis processes (Hamon et al., 2006). Although ABCA1 was not
identified in this study, it has previously been identified to be significantly upregulated in abalone fed a grape seed extract supplement (Shiel et al., 2017a), a diet
demonstrated to significantly increase the survival capabilities of abalone to a heat
stress event (Lange et al., 2014).The management and efficiency of apoptosis and
phagocytosis processes may be important factors affecting summer mortality
resilience.

As well as the genes identified in the co-expression gene networks, several other
differentially expressed genes may provide insight into the immune and stress
response mechanisms that can result in summer mortality resilience. HARBI1
(comp97949_c0) has been found to be up-regulated in fathead minnows when
exposed to stress, suggesting an involvement in immune function processes, oxidative
metabolism, oxidative stress or apoptosis (Wiseman et al., 2013). The up-regulation
of this gene in resilient abalone throughout the heat trial may demonstrate a higher
capability of anti-oxidative and immune related processes that increase an
individual’s potential survival in the face of summer mortality.

Peroxidasin (BLASTX predicted from comp94919_c0) is believed to be a
multifunctional protein that participates in the consolidation of extracellular matrix
and the removal and the destruction of cells that have undergone programmed cell
death (Nelson et al., 1994) and may be associated with the wider function of
peroxidases to scavenge reactive oxygen species (Tindall et al., 2005). Peroxidasin
has been found to be up-regulated in coral (Montastraea faveolata) when exposed to
thermal stress and is suggested to play an important role in their thermal stress
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response (De Salvo et al., 2008, Polato et al., 2010, Voolstra et al., 2009).
Interestingly the sequence polymorphism of Peroxiredoxin (a similar antioxidative
enzyme) has also been found to be significantly higher in lines of C. gigas that have a
high summer mortality survival rate (Schmitt et al., 2013) and possibly under
selective effects of environmental stress (David et al., 2007). Peroxidasin was found
to be significantly higher expressed in summer mortality susceptible abalone
throughout the heat trial and the overall maximum expression of this gene recorded at
the peak of the heat stress trial (21°C), may also suggest this gene plays an important
role in the thermal stress response of abalone. The comparably lower expression of
this gene in summer mortality resilient abalone throughout the heat stress trial may
then also suggest a decreased requirement for this genes expression in “fitter” summer
mortality resilient abalone.

The lower expression of lysozyme in resilient abalone throughout the heat stress trial
and six-months prior may be indicative of a lower immunological requirement,
relative to susceptible abalone. Lysozymes are primarily an innate defense protein
known to digest the cell walls of bacteria (Jolles, 1995). Lysozymes may play a role
in immunomodulation (Sava et al., 1994) and have also been shown to demonstrate
antimicrobial characteristics independent of their ability to break down bacterial cell
walls (Nash et al., 2006). Lysozyme is produced during the process of phagocytosis
with reduced lysozyme activity suggesting reduced phagocytosis activity. In this case,
resilient abalone expressing this gene significantly lower than susceptible abalone
may suggest a lower requirement for phagocytotic processes in resilient abalone.
Lysozymes have been characterized in the eastern oyster (Crassostrea virginica)
where they were also demonstrated to possess the ability to inhibit bacterial growth
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(Xue et al., 2004) and in the flat oyster (Ostrea edulis) they have been under
investigation for their potential ability to indicate parasitic infection (Cronin et al.,
2001). In the clam (Mya arenaria), lysozyme is one of the most important lytic agents
in the immune system, acting against numerous species of Gram-positive and Gramnegative bacteria (Cheng & Rodrick, 1974). Lysozyme gene expression has also been
shown to be complex, with lysozyme expression differentiating between different
bacterial infections in the haemolymph of the mussel (Mytilus galloprovincialis) (Li
et al., 2008). In the disk abalone (Haliotis discus discus), lysozyme activity has been
found to be induced following bacterial and viral challenges while demonstrating lytic
and anti-bacterial activity, indicating its involvement in the immune responses of
abalone to protect it from invaders (Bathige et al., 2013). In this study, the high
expression of this lysozyme in susceptible abalone may indicate an already high level
of bacterial activity in the animal prior to heat stress, and may be a reliable indicator
of an animal’s susceptibility to summer mortality.

The immune related and stress response genes identified in this study potentially
represent key summer mortality resilience indicators. However what is unclear is
whether these immune and stress response gene signatures are functionally
responsible for summer mortality resilience or whether they are merely just correlated
to “fitter” more resilient abalone.

4.5.3 Stress and transposable element expression

Comp59699_c0 (predicted as Transposon Ty3-G Gag-Pol polyprotein) and
comp23039_c0 (Predicted as the Halitotis discus discus Signal transductor and
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activator of transcription 5 (STAT5) gene) were also found to be involved in coexpression network 2. Previously, STAT5 has been suggested to be involved in
maintaining innate immune responses in H. discus discus in response to bacterial and
viral challenges (Bathige et al., 2016). Transposon activity has also been suggested to
be involved in predetermining summer mortality resilience (Shiel et al., 2017b).
Transposase activity was also found to be the most enriched molecular function
within the differentially expressed genes identified in this study. Furthermore, an
association to transposon activity has also been suggested through the downregulations of comp106280_c0 (predicted as Transposon TX1 uncharacterized 149
kDa protein) in resilient abalone. As part of the Gag-proteins, Transposon Ty3-G
Gag-Pol polyproteins acts as a virus-like element that enables the insertion of new
DNA into the new target site (Levin & Moran, 2011). By insertion into different
positions within a genome, transposable elements such as Transposon Ty3-G have the
ability to alter the function of genes that they are associated with, and have been
suggested to enhance genetic diversity (Levin & Moran, 2011). Stress has been
highly implicated in the activation of transposable elements and its role in epigenetic
and adaptive response (Levin & Moran, 2011, Slotkin & Martienssen, 2007) which
supports a hypothesis by McClintock (1984) who proposed that transposition may
increase host survival by creating genetic diversity in the face of environmental
challenges. The function of transposable elements in abalone is currently still
unknown. However, even if these elements do not result in direct transposition in
abalone, they may still have a significant effect on physiological status by
contributing to the regulation of surrounding genes (Krasnov et al., 2005) and can
potentially be used as biomarkers after further sequencing, investigation and
characterization (de la Vega et al., 2007).
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4.5.4 Population variation

The relative differences in the gene signatures of resilient and susceptible abalone
from different populations identified in this study may be due to differential selective
pressures caused by differences in the frequency and severity with which the ancestral
locations were subjected to thermal stress events (Kenkel & Matz, 2016). The
environmental conditions of the abalone source locations are known to differ. Farm
Beach is generally considered to be subjected to warm water due to the presence in
this area of shallow, low swell 100 m wide sand flats, while the Elliston location
consists of deeper cool water with many rocks and reefs. There is mounting evidence
for metapopulation structure for H. laevigata (Brown & Murray, 1992) and high
connectivity throughout the H. laevigata species range (Miller et al., 2014, SandovalCastillo et al., In press). Genes with functions affecting adaptation to temperature and
oxygen concentration are under intense local selective pressures (Sandoval-Castillo et
al., In press). Similar selective pressures are believed to have influenced variation in
loci related to energy metabolism, hypoxia, and resistance and response to heat and
pathogens in the red abalone (Halitois rufescens) along the California coast (Wit and
Palumbi (2013). These studies showed that natural local populations of temperate
abalone have adapted to function optimally under a range of temperature and oxygen
conditions, and along with our study, indicate the presence of substantial genetic
variation in the wild fishery and farmed populations that could be utilized as a basis
for selective breeding to improve the resilience of summer mortality.
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4.5.5 Conclusions

Here we performed RNA-seq to compare transcriptome-wide tentacle gene expression
to identify potential molecular pathways and predictive gene signatures associated
with resilience to summer mortality. By sourcing abalone with ancestral origin from
three distinct geographic areas along the South Australian coast, we were able to
identify the gene expression profiles that were indicative of summer mortality
resilience throughout all three source populations. Under a simulated summer
mortality event, differential expression of 54 genes was detected between resilient and
susceptible abalone before and during the time course of the stress. Many of these
“frontloading” or “pre-preparative” genes had annotations associated with energetic
and immune response processes. We suggest that these pre-stress gene signatures,
which were found across multiple populations, are either associated with, or affect,
the ability of abalone to survive summer mortality events. The gene signatures
identified in this study have the potential to be used as predictive tools for assessing
susceptibility to summer mortality. Such predictive tools could be used to assist
population and stock management programs. Our investigation has provided broad
insights into potential processes influencing resilience to summer mortality, processes
that may enable molluscs to persist in the face of an increasing number of heat waves
as the result of climate change. Genes identified in this study are suggested to be
involved in providing summer mortality resilience through transcriptional evidence
(differential expression) and sequence homology. Further study and investigation is
required to fully confirm the functional role of these genes in abalone and the wider
mollusc phylum.
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4.6 Supplementary material

Figure S1. Key HSP70 gene transcript expression of abalone throughout the heat
stress trial (average counts per million)
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Figure S2. Key HSP70 gene transcript expression of summer mortality resilient and
susceptible abalone from each source location, throughout the heat stress trial
(average CPM). In each graph, heat stress resilient abalone are denoted by the red
square data points and lines and susceptible abalone are denoted by the green round
data points and lines
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Table S1. Differentially expressed gene SwissProt assignment and annotation
Transcript
comp100274_c0
comp100296_c0
comp100514_c0
comp100602_c0
comp100727_c1
comp100810_c0
comp101019_c0
comp101317_c1
comp101499_c1
comp101764_c0
comp101843_c0
comp102164_c0
comp102187_c0
comp102366_c0
comp102594_c0
comp102640_c0
comp102666_c0
comp102905_c0
comp102918_c0
comp103118_c0
comp103221_c0
comp103221_c1
comp103287_c0
comp103726_c0
comp103749_c0
comp103762_c0
comp103899_c0
comp104377_c0
comp104419_c0
comp104455_c0
comp104658_c0
comp104956_c0
comp104992_c1
comp105097_c0
comp105381_c0
comp105383_c0
comp105738_c0
comp106029_c0
comp106242_c0
comp106249_c0
comp106297_c0
comp106373_c0
comp106443_c0
comp106594_c0
comp106848_c0
comp106935_c0
comp107069_c0
comp107143_c0
comp107255_c0
comp107286_c0
comp107308_c0
comp107315_c0
comp112132_c0
comp16849_c0
comp188607_c0
comp47332_c0
comp54491_c0
comp65956_c0
comp69732_c1
comp69931_c1
comp70954_c0
comp73893_c0
comp78193_c0
comp78316_c0
comp79709_c0
comp81737_c0
comp81998_c0
comp82106_c0

Name
TTLL5
CNTNAP2
Megf11
Nisch
IFI44
Cdc42
ZNF862
slc6a9
N4BP2
SGSH
Lrriq1
ZFYVE16
Nwd1
Ttll4
CHRNB3
Harbi1
tapt1
TDRD7
NXNL2
tc1a
FAT4
Ft
yfbL
NA
ITIH2
cyp1a1
POL
SCARF1
Otk
YRK
Saci_1252
ANKRD28
GNPTG
SCARF1
SLFNL1
WBP2
Scarf1
GIMAP7
FGFR
HARBI1
CYP1A5
Megf10
Parp14
RTase
X-element\ORF2
CYP3A24
GIMAP7
ORF
Gimap4
SCARF1
Ncam1
Birc3
ANGPTL2
nas-36
Mrc1
ANKRD50
LYZ1
Marf
Nxpe2
Nxpe4
K02A2.6
CYP3A24
Klrb1a
CalpA
MIMI_R617
TEK
SULT1C2
Parp14

GI
172045823
17433089
160409991
205829312
224471836
122068024
182639178
190410910
145559498
1711493
322510118
296453075
172046158
85541058
2506128
81913518
182701376
82179403
74747736
141446
172046149
13124727
3183579
464864
229462889
6225204
130407
311033530
263505344
462471
76363482
332278249
172045950
311033530
143585411
25091539
81862273
55976538
74821978
119368340
3913310
81891469
25453331
74821373
74825508
2493370
55976538
75559686
38372262
311033530
127859
464864
13626119
18314342
341940970
254763437
259016325
47605850
123784039
71153006
1353154
2493370
128357
19863009
82000396
730946
12229959
341942209

SP_ID
TTLL5_MOUSE
CNTP2_HUMAN
MEG10_XENTR
NISCH_RAT
IFI44_HUMAN
CDC42_AEDAE
ZN862_HUMAN
SC6A9_XENLA
N4BP2_HUMAN
SPHM_HUMAN
LRIQ1_HUMAN
ZFY16_HUMAN
K1239_MOUSE
TTLL4_MOUSE
ACHB3_HUMAN
HARB1_MOUSE
TAPT1_MOUSE
TDRD7_XENTR
NXNL2_HUMAN
TC1A_CAEEL
FAT4_HUMAN
FAT_DROME
YFBL_ECOLI
TCB1_CAEBR
ITIH2_HUMAN
CP1A1_PLAFE
POL4_DROME
SREC_HUMAN
PTK7_DROWI
YRK_CHICK
Y1252_SULAC
ANR28_HUMAN
GNPTG_BOVIN
SREC_HUMAN
SLNL1_HUMAN
WBP2_HUMAN
SREC_MOUSE
GIMA7_HUMAN
FGFR_HALRO
HARB1_BOVIN
CP1A5_CHICK
MEG10_MOUSE
Y995_THETN
RTBS_DROME
RTXE_DROME
CP3AO_SHEEP
GIMA7_HUMAN
POL_CYLCV
GIMA4_RAT
SREC_HUMAN
NCAM1_RAT
TCB1_CAEBR
ANGL2_HUMAN
NAS35_CAEEL
MRC1_MOUSE
ANR50_HUMAN
LYSC_TRISI
MARF_DROME
NXPE2_MOUSE
NXPE4_RAT
YRD6_CAEEL
CP3AO_SHEEP
KLRBA_RAT
CANA_DROME
YR617_MIMIV
TIE2_BOVIN
ST1C2_HUMAN
PAR14_MOUSE

E value
0.00E+00
3.00E-30
2.00E-14
4.00E-142
1.00E-05
6.00E-81
3.00E-22
1.00E-148
8.00E-06
0.00E+00
6.00E-83
2.00E-13
5.00E-95
5.00E-25
4.00E-69
7.00E-59
1.00E-180
1.00E-12
4.00E-36
6.00E-06
1.00E-10
4.00E-15
1.00E-08
5.00E-18
2.00E-110
4.00E-82
6.00E-12
1.00E-13
3.00E-07
3.00E-61
6.00E-18
3.00E-18
1.00E-80
7.00E-22
4.00E-31
9.00E-42
2.00E-13
4.00E-33
4.00E-30
7.00E-52
5.00E-95
4.00E-34
2.00E-16
2.00E-39
5.00E-14
2.00E-121
8.00E-30
4.00E-10
6.00E-07
3.00E-10
2.00E-22
8.00E-40
2.00E-08
3.00E-69
1.00E-20
2.00E-13
2.00E-21
4.00E-13
9.00E-07
5.00E-12
2.00E-26
4.00E-46
6.00E-09
6.00E-25
8.00E-15
1.00E-12
2.00E-33
1.00E-05
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Transcript
comp82147_c0
comp82754_c0
comp83382_c0
comp83399_c0
comp83531_c0
comp84349_c0
comp84795_c0
comp84976_c0
comp85125_c1
comp85143_c0
comp85523_c0
comp86022_c0
comp86200_c0
comp87058_c0
comp87994_c0
comp87995_c0
comp88638_c0
comp88735_c0
comp89351_c0
comp89826_c0
comp90993_c0
comp91366_c0
comp91551_c0
comp92243_c1
comp92873_c0
comp93282_c0
comp93771_c0
comp93960_c0
comp93999_c0
comp94535_c0
comp94919_c0
comp95095_c0
comp95148_c0
comp95170_c0
comp95580_c0
comp95620_c0
comp95727_c0
comp96038_c0
comp96152_c0
comp96253_c0
comp97272_c0
comp97385_c1
comp97387_c0
comp97454_c0
comp97618_c0
comp98405_c0
comp98457_c0
comp98470_c0
comp98616_c0
comp98779_c0
comp99009_c0
comp99188_c1
comp99267_c0

Name
HARBI1
TBXAS1
MRPL52
pol
tbk1
FANK1
SULT1B1
ACRC
ASB2
MEGF10
NA
B3galt1
PTPRT
Celsr3
PUB4
NA
TPMT
CHRNA10
Dolpp1
FUT11
CPN2
MIMI_R617
RELN
Ebp
CYP12A2
ORF68
Drip
Lrrc71
SLC17A5
ZNFX1
pan-1
ANKRD50
CYP2C30
TRIM55
LCC5
lamtor4
Harbi1
RTase
Impa1
INTS9
ascc3
Parp14
Galnt11
AIFM3
AKR1
NA
MAP2K7
gag
NPC1
slc51a
RTEL1
YNG2
DYNC2LI1

GI
74732341
254763392
124053356
130635
82235865
116241361
57013083
74732669
20531999
74716908
464865
61211702
317373592
22095544
62287507
41713045
122142572
68052380
45476979
82211831
334302917
82000396
296452988
18203122
3913339
75544569
32469580
81905043
2506896
23821814
45477282
254763437
5921950
81175035
18281739
123885737
205831681
74821373
44888968
119371246
385178702
341942209
51316059
74732608
357529564
464865
6831583
120799
8134591
82181093
229462743
74637634
122138665

SP_ID
HARB1_HUMAN
THAS_HUMAN
RM52_BOVIN
POL_IPMA
TBK1_XENLA
FANK1_HUMAN
ST1B1_CHICK
ACRC_HUMAN
ASB2_HUMAN
MEG10_HUMAN
TCB2_CAEBR
B3GT1_MOUSE
PTPRT_HUMAN
CELR3_RAT
PUB14_ARATH
PEPM_MYTED
TPMT_BOVIN
ACH10_CHICK
DOPP1_MOUSE
FUT11_CHICK
CPN2_HUMAN
YR617_MIMIV
RELN_HUMAN
EBP_RAT
C12A2_MUSDO
Y068_OSHVF
AQP_HAEIX
LRC71_MOUSE
YLD2_CAEEL
ZNFX1_HUMAN
SLIT1_MOUSE
ANR50_HUMAN
CP2CU_RABIT
TRI54_MOUSE
LAC5_TRAVI
LTOR4_DANRE
HARB1_RAT
RTBS_DROME
IMPA1_RAT
INT9_HUMAN
ASCC3_CHICK
PAR14_MOUSE
GLT11_MOUSE
AIFM3_HUMAN
AKR1_NAUCC
TCB2_CAEBR
MP2K7_HUMAN
GAGJ_DROME
NPC1_PIG
OSTA_DANRE
RTEL1_HUMAN
YNG2_CANGA
DC2L1_BOVIN

E value
2.00E-06
1.00E-12
3.00E-23
3.00E-06
8.00E-76
3.00E-09
3.00E-19
1.00E-51
2.00E-06
1.00E-08
1.00E-08
6.00E-32
2.00E-21
4.00E-31
4.00E-06
5.00E-171
1.00E-14
2.00E-51
1.00E-75
1.00E-140
1.00E-07
2.00E-24
0
6.00E-68
4.00E-53
6.00E-35
9.00E-35
1.00E-84
8.00E-104
2.00E-06
3.00E-12
4.00E-19
1.00E-67
2.00E-12
5.00E-58
1.00E-21
2.00E-18
1.00E-14
1.00E-83
0.00E+00
0
2.00E-43
2.00E-21
0.00E+00
2.00E-13
6.00E-17
5.00E-178
6.00E-10
0
1.00E-42
6.00E-92
1.00E-15
2.00E-127
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Table S2. BLASTX annotation of differentially expressed genes of interest
Transcript

Description

comp94919_c0

PREDICTED: peroxidasin
homolog [Tyto alba]
PREDICTED: multiple
epidermal growth factor-like
domains protein 10
[Crassostrea gigas]
PREDICTED: protein TFGlike [Limulus polyphemus]
Transposon TX1
uncharacterized 149 kDa
protein [Exaiptasia pallida]
PREDICTED:
uncharacterized protein
LOC107339678 [Acropora
digitifera]
PREDICTED: beta-1,3galactosyltransferase 5-like
[Limulus polyphemus]
lysozyme [Haliotis
diversicolor]
PREDICTED: fibronectin
type 3 and ankyrin repeat
domains protein 1
[Scleropages formosus]
PREDICTED: putative
nuclease HARBI1
[Crassostrea gigas]
endonuclease-reverse
transcriptase [Danaus
plexippus]
Transposon Ty3-G Gag-Pol
polyprotein [Exaiptasia
pallida]
PREDICTED:
uncharacterized protein
LOC107337209 [Acropora
digitifera]

comp106373_c0

comp107069_c0
comp106280_c0

comp91427_c0

comp86022_c0

comp54491_c0
comp84349_c0

comp97949_c0

comp92034_c0

comp59699_c0

comp37938_c0

Max
score
61.6

Total
score
61.6

Query
cover
49%

E value

Identity

Accession

1.00E-06

29%

XP_009974077.1

224

966

45%

4.00E-61

44%

XP_011455897.2

135

135

8%

2.00E-29

55%

XP_013783863.1

45.8

87

7%

5.00E-08

46%

KXJ06207.1

337

337

48%

5.00E-100 42%

XP_015760469.1

157

157

39%

2.00E-40

36%

XP_013789853.1

218

218

55%

2.00E-69

81%

AOX15710.1

66.6

66.6

10%

5.00E-08

36%

XP_018604795.1

65.1

157

20%

2.00E-08

67%

XP_019922737.1

52.4

92.8

15%

1.00E-09

49%

EHJ70865.1

60.5

60.5

35%

2.00E-06

35%

KXJ12096.1

123

123

99%

7.00E-32

50%

XP_015757812.1
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Table S3. BLASTN annotation of differentially expressed genes of interest
Gene

Description

comp100125_c0

Haliotis diversicolor genomic
DNA, BAC clone:
006_rep_c2415
Haliotis discus hannai DNA,
microsatellite marker Awb074
Haliotis discus hannai
metallothionein (MT) gene,
complete cds
Haliotis diversicolor genomic
DNA, BAC clone: 001_rep_c980
Haliotis rubra clone 2.5
microsatellite VNTR sequence
Haliotis discus hannai clone
CH1244 microsatellite sequence
Haliotis discus discus signal
transducer and activator of
transcription 5 (STAT5) gene,
complete cds
Austrocochlea porcata isolate
02_7P_08 calmodulin gene,
intron
Haliotis diversicolor lysozyme
(LysC) mRNA, complete cds
Haliotis diversicolor genomic
DNA, BAC clone:
006_rep_c2415
Haliotis discus discus goose-type
lysozyme gene, complete cds
PREDICTED: Canis lupus
familiaris polymerase (RNA) II
(DNA directed) polypeptide A,
220kDa (POLR2A), mRNA
Haliotis diversicolor
microsatellite HUHD04
sequence
Haliotis midae microsatellite
HmNR268R sequence
Haliotis diversicolor clone
Hdi464 microsatellite sequence
PREDICTED: Clupea harengus
proline rich Gla (Gcarboxyglutamic acid) 1 (prrg1),
mRNA
Haliotis discus hannai DNA,
microsatellite marker Hd715
Zebrafish DNA sequence from
clone DKEY-16H19 in linkage
group 6, complete sequence
Haliotis diversicolor hemocyanin
isoform 1 (H1) gene, partial cds
Haliotis diversicolor clone
Hdi353 microsatellite sequence

comp102914_c0
comp105347_c0

comp106280_c0
comp106373_c0
comp107069_c0
comp23039_c0

comp37938_c0

comp54491_c0
comp59699_c0

comp74025_c0
comp84162_c0

comp86239_c0

comp88081_c0
comp89233_c1
comp91260_c0

comp91427_c0
comp92034_c0

comp95983_c0
comp97806_c0

Max
score
205

Total
score
481

Query
cover
28%

E value

Accession

3.00E-48

Ident
ity
74%

78.8

78.8

4%

3.00E-10

78%

AB177933.1

120

120

65%

1.00E-22

76%

KT895223.1

69.8

69.8

3%

2.00E-07

76%

LC027297.1

123

123

6%

9.00E-24

83%

AF194955.1

116

116

6%

1.00E-21

69%

GU995404.1

80.6

80.6

32%

1.00E-10

68%

KT336367.1

64.4

64.4

43%

8.00E-06

69%

HQ625355.1

464

464

59%

2.00E-126

85%

KU886543.1

68

68

12%

6.00E-07

71%

LC027343.1

98.7

98.7

8%

4.00E-16

83%

JX912535.1

69.8

137

29%

2.00E-07

81%

XM_852751.4

129

129

96%

2.00E-25

70%

FJ607686.1

147

147

29%

8.00E-31

78%

EF512273.1

138

138

42%

4.00E-28

77%

HQ650264.1

75.2

75.2

12%

4.00E-09

86%

XM_012821884.1

111

111

3%

6.00E-20

88%

AB178074.1

71.6

71.6

7%

5.00E-08

76%

BX936436.13

71.6

71.6

12%

5.00E-08

87%

GQ352369.1

87.8

87.8

15%

7.00E-13

77%

HQ650438.1

LC027343.1

Table S4. Significant Vicinity Network (VN) Summary
VN
1
2
3

VN size (# genes)
16
10
6

Genes of interest
13
5
6

Density
1
0.93
1

161

Table S5. Total co-expression gene network lists and annotations
Gene
comp101445_c0
comp105347_c0
comp106373_c0

Name

GI

Megf10

81891469

SwissProt
SP_ID

MEG10_MO
USE

BLASTX
Total score
Query cover

E value

Identity

Accession

PREDICTED: multiple epidermal growth 224
factor-like domains protein 10
[Crassostrea gigas]

966

45%

4.00E-61

44%

XP_011455897.2

pol-like protein [Biomphalaria glabrata]

72

72

27%

1.00E-09

31%

ABN58714.1

PREDICTED: uncharacterized protein
LOC107339678 [Acropora digitifera]

337

337

48%

5.00E-100

42%

XP_015760469.1

hypothetical protein
140
LOTGIDRAFT_166878 [Lottia gigantea]
Transposon Ty3-G Gag-Pol polyprotein 60.5
[Exaiptasia pallida]
PREDICTED: mitofusin-2-like isoform 101
X1 [Crassostrea gigas]

214

43%

7.00E-47

42%

XP_009062597.1

60.5

35%

2.00E-06

35%

KXJ12096.1

101

99%

7.00E-22

33%

XP_011449173.1

E value

Description

4.00E-34

comp49786_c0
comp82750_c2
comp82918_c0
comp86059_c0
comp86059_c1
comp86059_c3
comp88081_c0
comp89233_c1
comp89233_c2
comp91260_c0
comp91427_c0

Max score

comp97806_c0
comp98392_c0
comp100125_c0
comp109874_c0
comp110898_c0
comp168164_c0
comp195348_c0
comp23039_c0
comp47742_c0
comp59699_c0
comp65956_c0

Marf

47605850

MARF_DRO 4.00E-13
ME

comp67284_c0
comp105891_c0
comp165041_c0
comp34406_c0
comp86239_c0
comp88198_c0
comp95310_c0
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Figure S3. Normalized expression values of co-expression networks throughout time/temperature stress for resilient (right 4 columns) and susceptible
(left four columns) abalone. Each line shade represents a different gene within each network
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General discussion and conclusion

Thesis overview

In this thesis, next generation RNA-seq and differential gene expression analyses were
used to investigate the underlying functional relationships and genetic mechanisms
associated with variation in summer mortality resilience across abalone populations and
individuals. These collective investigations represent the most extensive genetic
sampling effort undertaken to determine the underlying functional processes involved in
abalone summer mortality resilience. Differential expression analyses of transcriptomic
sequences from resilient/susceptible individuals identified through experimental heat
trials were used to investigate the defining genetic characteristics of individuals from
multiple H. laevigata populations and sources from the South Australian coast. Baseline
gene expression measured up to six months prior to a heat stress event were found to be
indicative of an animal’s ability to survive a summer mortality event. Diet was also
demonstrated to effect gene expression signatures that may be responsible for higher
survival rates in abalone. The gene expression signatures highlight functional
mechanisms that may determine summer mortality resilience. The findings have future
applications in assisting the management of stock selection for the aquaculture industry
and could assist in the management and conservation of wild populations, both of which
will increase in importance with global climate change.

In Chapter one, high-throughput sequencing data from H. laevigata RNA was assembled
into a reference transcriptome and functionally annotated. Using this reference
transcriptome, highly represented gene ontologies were identified and variation in HSP70
family genes was analyzed to find SNPs. Chapter two demonstrated the effects of diets
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known to promote high survival when exposed to heat stress on the abalone
transcriptome. Distinct gene expression signatures were discovered that represent
functional differences promoted by diets high in anti-oxidative compounds, relative to a
commercial diet commonly utilized in aquaculture facilities. Functional annotations of
these gene expression signatures support the hypothesis that anti-oxidative and innate
immunity processes promoted by diet quality may contribute to summer mortality
resilience. Chapter three demonstrated the potential of basal gene expression signatures
to predict summer mortality survival six months in advance of a summer mortality event.
The expression of transposable elements was implicated in the underlying functional
mechanisms promoting summer mortality resilience. In Chapter four, the same animals
demonstrated gene expression signatures indicative of summer mortality resilience
throughout a summer mortality event. Three distinct gene expression networks
demonstrated the potential functional aspects associated with summer mortality
resilience. Functional processes that promote summer mortality resilience throughout a
summer mortality event in Chapter four were identified to be primarily associated with
metabolism or immune related process.

Many of the gene expression signatures indicative of summer mortality resilience
throughout this thesis did show some variation depending on the source location along
the South Australian coast, particularly in Chapter three. However many of the
differences between populations of H. laevigata may be the result of environmental
factors and adaptation to historical local conditions (Miller et al., 2014, Wit & Palumbi,
2013). The differences in the gene signatures of resilient and susceptible abalone from
different populations identified in this study may be due to the variation in selective
pressures associated with the frequency and severity with which ancestral locations were
subjected to thermal stress events (Kenkel & Matz, 2016). The local populations of these
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temperate abalone indicate genetic variation that may be highly valuable to the fisheries
and farmed abalone industries to utilize as a basis for selective breeding programs to
improve the resilience of stocks to summer mortality. These findings compliment the
findings of (Milan et al., 2016) who also utilized RNA-seq to identify distinguishing
gene expression profiles from populations of C. gallina clams differing in summer
mortality resilience. Depending on the potential physiological trade-offs involved in
summer mortality resilience, some populations and family lines of molluscs may have
the potential for higher survival and ultimately already harbor the genetic make-up
required to protect natural populations of molluscs from heat stress events in rapidly
changing aquatic environments.

Gene signatures indicative of summer mortality resilience were not identical between the
investigations (Chapters two, three and four) undertaken in this thesis. Each chapter
focused on different time points (Chapters three and four), or the influence of different
diets (Chapter two), and it may be that different functional mechanisms are more or less
responsible for increased resilience to summer mortality depending on these factors. The
differences in gene signatures identified between high and low- survival abalone on
different diets did not mimic the gene signatures that distinguish resilient and susceptible
abalone at their basal gene expression signatures prior to or during a summer mortality
event. However, there are similarities both in broad functional categories, and in specific
gene/gene pathway signatures that suggest similar underlying factors responsible for
summer mortality resilience.

From the transcriptomic analysis conducted in Chapter one, heat, hypoxia, oxidative
stress and wounding related gene descriptions were found to be the most abundant
immunity related processes in the transcriptome. Heat shock proteins, commonly
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investigated as a means of measuring stress response in abalone (Brokordt et al., 2015b,
Cheng et al., 2007, Farcy et al., 2007, Li et al., 2012) were not consistently found to be
differentially expressed between summer mortality resilient and susceptible abalone
throughout or prior to heat stress. Several heat shock proteins (e.g. HSP70, HSP60 and
HSP10) were identified to respond to an increase in temperature stress (Chapter two and
four), however the response of these genes did not appear to significantly differ between
all resilient and susceptible abalone. An exception to this pattern was identified in
Chapter three where, when analysed separately, abalone from the ‘Aquaculture’ sourced
population were found to differ significantly in their expression of HSP70 B2, with
resilient abalone expressing this gene significantly higher relative to susceptible abalone
six months prior to a summer mortality event. Interestingly, the expression of HSP70 B2
in resilient abalone sourced from the ‘Aquaculture’ population was also much higher
then abalone sourced from the wild populations of ‘Elliston’ and ‘Farm Beach’. Abalone
cultured at high temperatures are known to express more heat shock proteins over time
(Li et al., 2012). Although, abalone examined in Chapters three and four were all raised
in the same aquaculture environment, ancestors of abalone from the ‘Aquaculture’
population have been domesticated in an aquaculture environment for a greater number
of generations compared to that of the ‘Elliston’ and ‘Farm Beach’ populations. The
differences between summer mortality affected populations in this thesis may be the
result of past environmental conditions through genetic or epigenetic effects. Epigenetic
changes have been shown to be associated with adaptation to different ancestral
environmental conditions (Moghadam et al., 2015). Through epigenetics, environmental
factors have the potential to alter heritable changes in an individual without changing the
corresponding DNA sequence by instead promoting changes in DNA methylation,
histone or chromatin processes (Allis & Jenuwein, 2016).
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During heat stress in the Asian clam (Corbicula fluminea), heat shock responses such as
the over expression of heat shock proteins have been suggested to be prioritized over
antioxidant response, resulting in oxidative damage to tissues (Falfushynska et al., 2016).
If the same is true for abalone, it may explain why expression signatures of genes such as
heat shock proteins were not consistently identified as a defining characteristic of
summer mortality resilience in this thesis, and why the expression of genes involved in
oxidative response consistently differs between resilient and susceptible abalone. All
three chapters investigating the defining gene signatures of summer mortality resilience
and susceptibility found that genes with antioxidative functions (such as HARBI1,
Peroxidasin and PCY2) were associated with variation in summer mortality resilience.
Chapter 2 also suggested that antioxidative related functions, and their effect on summer
mortality resilience, may be impacted by the animals’ diet. Many of the antioxidative
function related genes were down-regulated in abalone fed either an Ulva or grape seed
extract supplemented diet (high survival treatments) which may suggest an active
antioxidant effect. Diets containing antioxidative compounds such as those found in Ulva
or grape seed extract may provide some form of antioxidant defense when ingested (Wan
et al., 2004). The prevalence of antioxidative functions identified in this thesis suggests
that a low oxygen condition is a key component affecting abalone during a summer
mortality event.

Pre-exposing animals to higher, but non-lethal temperatures has previously been
suggested as a method of promoting high survival during more extreme temperatures
(Bernabò et al., 2011, Brun et al., 2009). The same method may be appropriate for
promoting summer mortality resilience through small temperature shock in abalone. As
demonstrated in Chapters 3 and 4, many defining gene expression signatures of resilient
and susceptible abalone are detectable prior to a summer mortality event (up to six
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months in some cases). If these gene expression signatures are functional, and at least
partly responsible for promoting high survival in an animal during a summer mortality
event, identifying if these “fitter” gene expression profiles can be induced may be highly
valuable to combating summer mortality. As demonstrated in Chapter 2, the same “preexposure” concept may also apply to diet. Whereby providing an animal with a high
quality diet prior to a summer mortality event, the animal may be better suited to
response to extreme stress. This may be particularly useful method for abalone, whose
appetites are known to decrease when exposed to heat stress (Bonga, 1997, Stone et al.,
2014).

Chapter 4 identified MEG10 to be significantly up-regulated in summer mortality
resilient abalone through a heat stress event. Chapter 2 identified ABCA1, as a gene
significantly up-regulated in abalone fed a high survival promoting grape seed extract
supplemented diet. MEG10 and ABCA1 are known to actively cooperate together in
phagocytotic processes (Hamon et al., 2006). Although these genes were identified
through different experiments investigating summer mortality survival, the finding that
both of these genes are up-regulated in resilient abalone suggests that the management of
phagocytotic processes may influence abalone survival during a summer mortality event,
and that these processes may be partly influenced by diet. These patterns also indicate
that several gene signatures indicative of summer mortality resilience are detectable six
months apart, both prior to and throughout a summer mortality event. This suggests these
gene signatures may be stable and reliable measures of determining summer mortality
resilience in young abalone.

In Chapter four, summer mortality resilient and susceptible abalone were suggested to
differ in their metabolism allocation. Although not statistically significant, susceptible
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abalone also appeared to be much more active (moving a greater distance) then resilient
abalone. Furthermore, gene expression of genes such as Mitofusin 1 (essential for
mitochondrial fusion reactions and implicated in affecting GTP-binding activity (Ishihara
et al., 2004)) were found to differ between resilient and susceptible abalone. A metabolic
dissimilarity between abalone of varying summer mortality resilience has also previously
been suggested with genetic differences affecting genes involved in aerobic metabolism,
and ATP processes in wild populations of H. laevigata from geographic regions differing
in temperature and dissolved oxygen (Sandoval-Castillo et al., In press). Energy
allocation as a factor in summer mortality resilience has been suggested previously,
although much of the research has associated this energetic trade-off with reproduction
(Fleury et al., 2010, Huvet et al., 2010). The results of transcriptomic investigations
throughout this thesis suggest that metabolic differences, possibly other than those
associated with reproductive activity, may be responsible in part for the variation in
summer mortality resilience of abalone.

In Chapter 4, gene network 2 (suggested to be involved in mitochondrial processes
through co-expression analysis) contained one of the primary genes (comp59699_c0,
Transposon Ty3-g polyprotein) identified in Chapter 3 to distinguish summer mortality
resilient abalone based on its comparatively high expression relative to susceptible
abalone six months prior to a heat stress event. Transposon Ty3-G Gag-Pol polyprotein
acts as a virus-like element that enables the insertion of new DNA into the new target site
(Levin & Moran, 2011). Transposition of the Ty3 pathway has the potential to
dramatically alter gene function and genome structure (Kumar & Bennetzen, 1999). The
position of transposable elements in the genome has been associated with epigenetic or
adaptive response through promoting regulatory changes and sequence diversity (Levin
& Moran, 2011, Slotkin & Martienssen, 2007) which can then promote survival
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(McClintock, 1984). For example, Chadha and Sharma (2014) demonstrated that the
dose and duration of heat and copper stress is positively correlated with the ability of
such transposable elements to reshape the genome of fungal plant pathogens and promote
adaptation. Although the function of transposable elements in abalone is unknown, it is
interesting that the level of expression of these genes is associated with variation in
summer mortality resilience. The specific tissue and location of transposable element
insertion in the genome can effect its expression (Borie et al., 2002). The involvement of
transposable elements in modulating the stress response of abalone is an interesting
question that warrants further investigation.

Limitations

A major limitation in this thesis was the ability to functionally annotate differentially
expressed genes. The genetic based component of this thesis would have greatly
benefited from the availability of a reference genome for H. laevigata, or any abalone
species. As detailed in Chapter 1, not even 50% of the most significant BLAST hits to
abalone transciptome sequences were to the phylum Mollusca, within the mollusc hits,
>90% of the sequence matches were to the class Bivalvia. Furthermore, only 4% of the
abalone (Haliotis) sequence matches were to the study species, H. laevigata. The limited
availability of genomic, metagenomic, epigenomic, transcriptomic and proteomic
resources in gastropods, is a major factor in the functional annotations that can be applied
to majority of the differential expressed genes of importance identified in this thesis.
Functional studies of specific gene families such as transposable elements within abalone
would also greatly enhance the functional characterization of genes.
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Genomes of major mollusc species such as Lottia gigantea (limpet) (Simakov et al.,
2013), Crassostrea gigas (oyster) (Zhang et al., 2012) and Octopus bimaculoides
(octopus) (Albertin et al., 2015) have been published and represent some of the first of
their kind. Mollusc genomes tend to be complex and large in size (Albertin et al., 2012).
They have also been found to contain large numbers of repeated regions (Zhang et al.,
2012). The sequencing and assembly of such genomes still remains relatively
challenging and expensive. These combined factors may explain the small number of
published and publicly available mollusc genomes.

The investigation of disease process in marine bivalve molluscs using genomic tools,
although still quite limited, has proved highly beneficial to the research area (GómezChiarri et al., 2015). The whole genome sequencing of the Pacific oyster (C. gigas)
publicised an enriched and diverse set of stress response genes (Zhang et al., 2012),
which has led to an in-depth investigation into potential stress adaptation mechanisms
such as alternate splicing (Huang et al., 2016). With additional resources such as those
available for the oyster, gene descriptions within this thesis could be much more
confident and comprehensive in regards to function, and ultimately increase the
understanding of summer mortality resilience in this commercially and ecologically
important abalone species, and the global climate change associated threats they face.

Future research

With the changing climate, extreme water temperature fluctuations are expected to
increase in frequency and severity (Meehl & Tebaldi, 2004). The research presented in
this thesis has high significance to the aquaculture industry in the face of climate change.
The understanding and knowledge of beneficial genetic traits and functional mechanisms
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identified here can be incorporated into management strategies required to mitigate the
impacts of summer mortality events on-farm.

The supplementation of diets with Ulva luctuca or grape seed extract, was demonstrated
in this thesis to enable the increased survival of abalone when challenged with heat
stress. This thesis demonstrated through functional gene expression analyses that the
high survival rates caused by these diets may be the result of the high anti-oxidative
compound content of these plant and macroalgae products. The costs associated with
producing macroalgae as a major component of the abalone diet in aquaculture programs
is high, however supplements like grape seed extract may enable the increase in feed
quality to be efficiently implemented into practice. Through future gene expression
profiling, further research may also enable the identification of other supplements that
produce a similar functional response as Ulva or grape seed extract.

Suitable fishery and aquaculture practices usually include the frequent monitoring of
water quality and animal conditions, and utilizing knowledge of “dangerous”
environmental conditions and factors affecting susceptibility implemented into timed
harvesting approaches (Elston & Ford, 2011). Marker assisted breeding programs can
also be developed to enhance summer mortality resilience in mollusc aquaculture
through the identification of heritable SNPs associated with resilience. To combat
summer mortality, these methods require in-depth screening and monitoring of traits and
functional mechanisms potentially associated with resilience to summer mortality related
stressors as well as the development of biological tests for enhancing resilience to such
stressors. The evaluation of these features over multi-generational studies can reveal if
the identified traits are genetically heritable. By repeating large scale stress experiments
on abalone stocks, including juveniles and adults, and screening for gene expression
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signatures identified in this thesis, genetic parameters can be estimated within a breeding
program to reveal the interrelationships between desirable traits such as growth and
disease/stress tolerance. Utilizing genomic selection and marker assisted selection
technologies into breeding programs will require long-term management with regenotyping and re-sequencing required periodically to incorporate more beneficial traits
and maintain a high level of accuracy in trait selection estimates (Nguyen, 2015).

The identification and enhancement of “fitter” genotypes will ultimately be essential for
the sustainability of mollusc aquaculture and conservation efforts, safeguarding their
economical and ecological value in the face of summer mortality related stressor,
exacerbated by intensifying climate changes. The transcriptomic sequencing such as that
undertaken in this thesis avoids intragenic regions and introns and focuses specifically on
the highly functional part of the protein-coding genome (Bouck & Vision, 2007). By
utilizing transcriptomics, this thesis provides a starting point for annotating coding single
nucleotide polymorphisms (SNPs) and the identification of regulatory RNAs. Future
spin-off research using this data might discover important transcript isoforms, and
characterize splice junctions (Rapaport et al., 2013). The polymorphisms identified by
transcriptome sequencing can also be linkage mapped (Baranski et al., 2014) and may be
found to be linked to, or shown to be the causative mutations, affecting important traits
(Robinson et al., 2014). Chapter 1, identified SNPs associated with HSP70 in H.
laevigata, which when identified genome wide represent a useful resource in whole
genome selection programs (Wiggans et al., 2016). Identifying individuals with different
gene expression levels or SNP polymorphisms linked to traits such as increased growth
and disease resistance could increase the rate of genetic improvement achieved by
selective breeding programs for desired aquaculture stocks (Robinson et al., 2008).
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Selective breeding is a vital tool for improving the yields and disease resistance of crops
and livestock. The use of genetic markers in selection is seen as a key tool to ensure and
monitor the sustainability of wild populations of animals, aquaculture and the fisheries
industry (Romana-Eguia et al., 2015). However, the use of expression based markers has
received limited attention, recently utilized in environmental monitoring by determining
hazardous environmental conditions, such as metal concentrations in water (Quirós et al.,
2007) and nitrogen concentrates in crop fertilizers (Yang et al., 2011b). Expression based
markers have also proved useful in assessing meat quality (Damon et al., 2013) and may
have the ability to assess the effects of climatic conditions and stress events (Kenkel et
al., 2014). Expression based biomarkers may also have the ability to quantify the
intensity of stress currently being experienced and can potentially provide insight into
future outcomes of a stress event with minimal sampling (Kenkel et al., 2014). By
utilizing the frontloading or preparative gene expression signatures indicative of summer
mortality resilience identified in this thesis, an expression based biomarker system could
enable the rapid evaluation of stress conditions and allow the prioritization of time and
resources to populations or stocks of abalone most at risk. The use of protein or RNA
expression markers specifically in selective breeding is a promising area of recent
research (Simonian et al., 2009). Guarna et al. (2016) utilized expression markers linked
to hygienic behaviours in the European honey bee (Apis mellifera) by conducting a three
generational experiment to maintain bee stocks with disease resistance. No detectable
loss of other desirable traits such as honey production were found and the expressionbased marker assisted selection method was found to be as good or better than classic
selection methods (Guarna et al., 2016). Expression based marker selection was used due
to the complexity of multiple traits effecting hygienic behavior in bees, and so may

175

translate well when dealing with the multiple factors affecting summer mortality
resilience in molluscs.

With the knowledge, understanding and molecular resources of summer mortality related
functional mechanisms provided by this thesis, the potential for genomic preventative
measures of summer mortality in gastropods has advanced, and with further research,
could enable the start of genomic selection programs for summer mortality resilience in
gastropods. Genetic qualities associated with an individuals’ ancestral/location history as
well as gene function associated with immune defense and metabolism appear to play a
key role in affecting the resilience of abalone to summer mortality.
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