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ABSTRACT 

Molecular response of a coral reef fish (Acanthochromis polyacanthus) to climate 

change 

Alison A. Monroe 

 

Marine ecosystems are already threatened by the effects of climate change through 

increases in ocean temperatures and pCO2 levels due to increasing atmospheric CO2. 

Marine fish living close to their thermal maximum have been shown to be especially 

vulnerable to temperatures exceeding that threshold, and even relatively small increases in 

elevated pCO2 levels have led to behavioral impairments with amplified predation risks. 

These ongoing threats highlight the need for further understanding of how these changes 

will impact fish and if any potential for adaptation or acclimation exists. The coral reef 

fish, Acanthochromis polyacanthus, has been well studied in response to singular 

environmental changes both through its phenotype and molecular expression profiles 

within and across generations. However, key questions regarding transgenerational 

heritability and molecular responses to multiple environmental changes have not been 

addressed. 

To further understand A. polyacanthus I examined the mechanisms behind heritability of 

behavioral tolerance to elevated pCO2 in an attempt to determine the maternal and paternal 

contributions to this phenotype. There was a strong impact of parental phenotype on the 

expression profiles of their offspring regardless of environmental exposure. Offspring from 

both parental pairs expressed mechanisms involved in tolerance to ocean acidification 

suggesting this phenotype is reliant on input from both parents. Creation of a new 
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proteomic resource, a SWATH spectral library, delivered a closer examination of the link 

between phenotypic and expression changes. Analysis on different constructed libraries led 

to the use of an organism whole library combined with study specific data to analyze 

proteomic changes in A. polyacanthus under the combined environmental changes of ocean 

acidification and warming. With direct comparisons to transcriptomic changes in the same 

individuals I identified an additive effect of elevated pCO2 and temperature associated with 

decreases in growth and development. However, a strong role of parental identity on the 

expression profiles of offspring reinforced the high genetic variability of this species. This 

thesis provides novel insights into the heritability of phenotypic traits and the molecular 

responses to combined stressors in A. polyacanthus, as well as presenting a new resource 

for proteomic studies in this fish and other non-model species.  
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Chapter 1 

 Introduction 

1.1 Climate change 

The term climate change refers to any change in the Earth’s usual patterns of weather that 

generally occurs over hundreds to millions of years. However, we now use this phrase to 

describe the current global changes occurring since the post-industrial era mostly caused 

by the increases of greenhouses gases (mainly carbon dioxide) in the atmosphere that trap 

heat and increase surface temperatures on Earth. These increasing temperatures set off 

numerous secondary effects on both the weather and climate (IPCC, 2014). Climate change 

has been a leading concern since the late 1980’s when the first Intergovernmental Panel on 

Climate Change (IPCC) was created to assess the current research on climate change, it’s 

possible impacts, and the potential for adaptation to or mitigation of these changes (IPCC, 

1990). Since then scientists have come to the consensus that the current rate of warming is 

primarily caused by changes in the atmospheric composition via anthropogenic emissions 

(greenhouse gases) (IPCC, 2014; Rosenzweig et al., 2008; Walther et al., 2002). Increasing 

surface temperatures worldwide are considered the primary effect of climate change, but 

there are several other indicators, some of which are by-products of the changing 

temperatures: extreme weather events, changes in ocean chemistry (pH and salinity), sea 

level rise, precipitation changes, shrinkage of the polar ice sheets, and glacier retreat (IPCC, 

2014).  

The ocean plays a major role in stabilizing the global climate by absorbing 93% of the 

atmospheric heat and ~25% of the carbon dioxide emitted by the burning of fossil fuels 

(Pörtner et al., 2014). In addition, it provides us with oxygen, protein, and economical value 
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from tourism (Hoegh-Guldberg et al., 2017) yet through anthropogenic climate change we 

are rapidly changing the ocean and effecting this essential resource. Climate models predict 

a rise in ocean temperatures anywhere from 1°C to 4°C by 2100 based on different levels 

of greenhouse gas emissions in the next 100 years (IPCC, 2014). The change in pCO2 in 

the ocean is variable with almost no increase (~450µatm) based on representative 

concentration pathway (RCP) 2.6 and an increase of up to ~1300µatm under RCP 8.5 

(IPCC, 2014).  

In marine environments the focus has mostly been on the effects of rising ocean 

temperatures and ocean acidification caused by increased atmospheric carbon dioxide. 

Certain marine ecosystems face larger threats than others due to their existence in specific 

environments where even small changes can lead to irreversible damage (Hoegh-Guldberg 

et al., 2008; 2017). Coral reef ecosystems are especially vulnerable as many organisms are 

existing close to their upper thermal limits (Habary et al., 2017; Hoegh-Guldberg et al., 

2008). Coral reefs hold some of the largest biodiversity in the world and are economically 

vital to many nations through food, tourism, and coastal protection (Hoegh-Guldberg et al., 

2008); any degradation of these habitats would be ecologically and economically 

devastating.  

1.2 Climate change impacts on fish  

Marine fish face a great challenge from the environmental changes caused by climate 

change. These impacts can be direct via effects on physiological functions or indirect 

through changes in ecosystem dynamics such as predator-prey interactions (Sydeman et 

al., 2015). For marine fish the main environmental factors under investigation are ocean 

warming and ocean acidification. These fish greatly rely on their surrounding environment 
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to regulate internal temperatures but have extensive acid-base ion regulatory mechanisms 

to deal with natural fluctuations in pCO2 levels (Fry, 1971; Heuer & Grosell, 2014). 

Unfortunately, large changes in either of these environmental conditions such as those 

expected by the end of the century can impact optimal rates of physiological processes and 

lead to detrimental effects on growth, reproductive success, metabolism, and behavior 

(Bernal et al., 2018; Munday et al., , 2008; Porteus et al., 2018; Riebesell & Gattuso, 2015; 

Welch & Munday, 2016; Welch et al., 2014). 

Impacts of ocean acidification vary by exposure time and species with measured effects on 

growth, reproductive output, and clutch size (Faria et al., 2018; Miller et al., 2013; Munday 

et al., 2016; Schade et al., 2014). Changes in seawater chemistry have been more closely 

linked to negative behavioral changes via interference with acid-base regulatory processes 

and damaging neural mechanisms in fish (Briffa et al., 2012; Domenici et al., 2012; Ferrari 

et al., 2011; Hamilton et al., 2017; Nilsson et al., 2012; Porteus et al., 2018; Welch et al., 

2014). These impacts on behavior are observed to occur at pCO2 levels between 700 and 

1000µatm, matching up with current end of century prediction following RCP 6.0 

(Clements & Hunt, 2015; IPCC, 2014; Jarrold et al., 2017; Nagelkerken & Munday, 2016). 

Behavioral changes in fish can be measured through behavioral lateralization, a proxy for 

brain function, as well as predation related responses such as activity and boldness tests or 

responses to chemical alarm cues (CAC) (Chivers et al., 2014; Domenici et al., 2012; 

Nilsson et al., 2012; Porteus et al., 2018; Welch et al., 2014). Several studies have shown 

that elevated levels of pCO2 lead to reduced detection of CAC as well as increased boldness 

(Jarrold et al., 2017; Jarrold & Munday, 2018; Porteus et al., 2018; Welch et al., 2014; 

Williams et al., 2019), both of which can lead to increased predation and have far reaching 
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effects on population size and community structure (Chivers et al., 2014; Nagelkerken & 

Munday, 2016). Molecular studies have tied these impairments to alterations in 

neurotransmitter function, specifically in GABAA, that leads to disruptions in acid base 

regulations and ultimately behavioral changes (Hamilton et al., 2017; Nilsson et al., 2012; 

Porteus et al., 2018; Schunter et al., 2016; Williams et al., 2019). Despite these detrimental 

effects ocean acidification will not be the only stressor, therefore it is important to look at 

the effects of climate change as a whole by including impacts of rising temperatures on 

these species.  

Impacts of elevated temperature are generally more consistent across species than the 

changes observed under elevated pCO2. Ocean warming rates above the thermal maximum 

of fishes lead to reductions in aerobic scope, growth rates, reproduction, and survival 

(Donelson et al., 2009; McLeod et al., 2015; Munday et al., 2008; Todd et al., 2008). These 

effects can be seen just 1.5°C above summer maximum temperatures which is the predicted 

temperature rise by 2050 even at the lowest RCP, 2.6 (Donelson et al., 2012; IPCC, 2014; 

Todd et al., 2008). The main physiological effect of elevated temperature is reduced 

capacity for oxygen intake and can lead to reduced growth and impacts on behavioral 

changes including swimming performance (Killen et al., 2014; Pörtner & Farrell, 2008; 

Veilleux et al., 2015). Analysis of gene expression has led to identification of impacted 

mechanisms such as metabolism processes and cellular stress responses under increases in 

temperature (Metzger & Schulte, 2018; Narum & Campbell, 2015; Scott & Johnston, 

2012). 

Few studies have researched how combining these two changes, ocean acidification and 

warming, will impact marine fish. These changes will be occurring simultaneously, so to 
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capture accurate responses to future climate scenarios studies need to investigate the 

interactions of multiple conditions. Research on several fish species have detected both 

synergistic and antagonistic interactions between elevated pCO2 and temperature 

(Domenici et al., 2014; Jarrold & Munday, 2018;Laubenstein et al., 2019; Pimentel et al., 

2014; Riebesell & Gattuso, 2015; Sswat et al., 2018). One recent study has examined the 

molecular pathways impacted by these combined conditions identifying genes associated 

with cellular stress response, immune system processes, and metabolism (Huth & Place, 

2016). The acclimation and adaptation potential to fish under these combined 

environmental changes remains unknown.  

1.3 Acclimation and adaptation 

Fishes ability to acclimate or adapt to changes due to climate change within and across 

generations has become a major focus in recent years. Acclimation through phenotypic 

plasticity is an important response to environmental changes that could aid genetic 

adaptation through selection of existing genetic variation (Chevin et al., 2010; Sunday et 

al., 2014). Studies on acclimation and adaptive potential range from research on fish life 

history traits, to behavior, molecular expression, and most recently epigenetic 

modifications under different future climate scenarios (Allan et al., 2014; Bernal et al., 

2018; Donelson et al., 2012; Murray et al., 2014; Ryu et al., 2018; Schunter et al., 2016; 

Stiasny et al., 2018; Veilleux et al., 2015; Veilleux et al., 2018).  

Under elevated temperature evidence for the restoration of aerobic scope was identified 

when parents and offspring were exposed to temperatures above their thermal maximum 

(Donelson et al., 2012; Veilleux et al., 2015). However, this restoration appears to have 

certain energy trade-offs in this fish leading to a loss of reproductive success after multiple 
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generations of high temperature exposure (Donelson et al., 2016). A recent study has linked 

the restoration of aerobic scope to DNA methylation indicating the role of epigenetics in 

acclimation of fish to ocean warming (Ryu et al., 2018). Other research on 

transgenerational acclimation to future elevated temperatures includes identification of 

growth rate modifications in sheepshead minnow offspring based on parental exposure 

(Salinas & Munch, 2012). Shama et al. (2014) demonstrated that reproductive output relied 

on the temperature experienced by the mother and even had ties to the experience of the 

grandmother. These responses of temperature are highly reliant on the thermal thresholds 

of the specific populations, and those fish living near their thermal maximums such as those 

on coral reefs will have a harder time acclimating and adapting rapidly enough to keep up 

with predicted changes.  

Under elevated pCO2 responses to transgenerational experiments were highly variable 

between species. One study found a compensation for reduced larval survival via parental 

exposure to elevated pCO2 in Atlantic cod, however this result was only identified when 

fish were fed at higher rates suggesting a necessity for surplus food availability to achieve 

this plastic response (Stiasny et al., 2018). In marine sticklebacks transgenerational 

exposure to elevated pCO2 reduced body size and survival as compared to those exposed 

within a generation suggesting that positive effects of pCO2 on life-history traits was 

modified via acclimation (Schade et al., 2014). In coral reef fish one study suggests that 

transgenerational exposure to ocean acidification could negate behavioral impairments 

observed in fish in elevated pCO2 conditions (Allan et al., 2014). However, in another reef 

associated fish no acclimation between generations to olfactory impairments under 

acidification was identified (Welch et al., 2014).  
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Acclimation through phenotypic plasticity and adaptive potential has been identified in fish 

under exposure to future climate change scenarios. However, the traits impacted vary 

significantly between species and exposure conditions. There is also much uncertainty on 

how these phenotypic traits are passed on to their offspring with different studies citing 

maternal and paternal effects, as well as major knowledge gaps in the molecular 

mechanisms underlying acclimation and adaptive potential (Schade et al., 2014; Shama et 

al., 2014).  

1.4 Acanthochromis polyacanthus as a model organism 

Acanthochromis polyacanthus is a spiny damselfish inhabiting coral reefs of the Indo-

Pacific frequently occurring on the Great Barrier Reef (Allen, 1975). It is unique in that it 

is the only species of damselfish that has no pelagic larval dispersal (Allen, 1975). The 

hatched young remain with their parents for months before dispersing as juveniles into the 

surrounding reef (Thresher, 1983). This has created many genetic divergences within its 

geographic range suggesting adaptability of the species to various tropical environments 

(Bay et al., 2006; Munday et al., 2008). The lack of larval dispersal makes A. polyacanthus 

the perfect model organism for multiple generation lab experiments as the natural larval 

behavior can be easily replicated in enclosed aquaria systems. Therefore, the effects of 

climate change in controlled lab settings have been well studied on this fish species 

focusing on behavior, physiology and to some extent molecular processes. 

Responses to exposure to several environmental conditions have been studied in A. 

polyacanthus including increased temperature stress, increased pCO2, fluctuating versus 

static increased pCO2 and increased temperature, and even some combined effects such as 

increased temperature and hypoxia, and increased temperature and food availability (Allan 
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et al., 2014; J. M. Donelson et al., 2012; Jarrold & Munday, 2018; Munday et al., 2008; 

Welch et al., 2014). Under elevated pCO2 conditions A. polyacanthus loses its ability to 

avoid chemical alarm cues and their behavioral lateralization is disrupted. These effects are 

seen in offspring exposed to high pCO2 no matter if the parents were exposed to the same 

condition suggesting an inability to acclimate across generations (Welch et al., 2014). 

However, this fish exhibits an individual variation in response to high pCO2 where a 

portion of wild caught fish are still able to identify the chemical alarm cue and are 

considered tolerant to the effects of ocean acidification (Welch et al., 2014). This olfactory 

tolerance can be passed on to the offspring both through behavior to chemical alarm cues, 

and in certain molecular pathways of the fish’s brain under chronic exposure to elevated 

pCO2 (Schunter et al., 2016; Welch & Munday, 2017). Molecular responses underlying 

this tolerance in the brain appear to be related to changes in circadian rhythm processes 

impacting the regulation of acid-base ions (Schunter et al., 2016). Recent research suggest 

that the tolerant phenotype is paternally heritable within acute exposure to elevated pCO2, 

but the molecular mechanisms behind this heritability remain unknown (Welch & Munday, 

2017). One study has researched the proteomic response of this fish to elevated pCO2, 

however the use of costly labelling methods limited the number of among individual 

comparisons and therefore the statistical power of the analysis (Schunter et al., 2016). 

Despite the shortcomings of this method, several shared proteomic and transcriptomic 

responses were identified ocean acidification suggesting a correlation between these 

molecular levels in A. polyacanthus (Schunter et al., 2016).  

The effects of elevated temperature on this fish species are also well studied. Increases of 

temperature on juveniles and adults have been shown to reduce overall growth rates 
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(Munday et al., 2008). When temperatures are raised just 1.5°C above present day 

temperatures A. polyacanthus shows a steady decline in net aerobic scope suggesting a 

major metabolic cost for these fish (Donelson et al., 2012). However when this fish is 

exposed to +1.5°C or +3°C across a generation they are able to return their metabolic rates 

and therefore aerobic scope to the performance level of the control fish by the second 

generation (Donelson et al., 2012). This rapid transgenerational acclimation could allow 

this species to adapt and persist in temperatures expected by 2050-2100 (IPCC, 2014). 

However, fish exposed to +3.0°C across three generations ceased reproduction suggesting 

that acclimation through aerobic scope may have reproductive trade-offs that could prevent 

this species from surviving long term (Donelson et al., 2016). The main liver genes 

involved in this transgenerational acclimation include metabolic genes as well as immune 

and stress responsive genes (Veilleux et al., 2015). A recent study suggests that epigenetics 

may be the main controller of this acclimation through DNA methylation of specific 

regions related to aerobic scope (Ryu et al., 2018). 

1.5 Molecular methods 

Creating effective conservation strategies requires an understanding of how climate change 

will affect species and their capacity to cope with these changes (Dawson et al., 2011). 

Behavioral and physiological data can give us certain indications of these effects and 

coping mechanisms. However, an integrated approach of combining these observations 

with molecular data will provide a more complete picture of how a species can acclimate 

or adapt to environmental changes. Recent advances in high throughput sequencing have 

made it easier than ever to sequence large amounts of transcriptomic data of non-model 

organisms (Alvarez et al., 2015). With RNAseq we can examine gene expression providing 
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another way to asses phenotypic variation across individuals (Brauer et al., 2017). Using 

this tool we can better understand the molecular basis of behavioral and physiological 

responses under different environmental conditions (Whitehead et al., 2010). Comparative 

expression studies across conditions can identify certain ecologically important genes 

involved in acclimation or adaptation to climate change or other stressors (Brauer et al., 

2017). Linking genes to important phenotypic traits for increased fitness will help us 

predict the potential for a species’ survival and help mitigate the loss of this species in the 

face of climate change.  

Transcriptomics can provide a large amount of information but proteomics provides better 

insight into the translational modifications that have a more direct effect on cellular 

responses (Tang et al., 2015). To determine the accurate molecular mechanisms used by 

an organism when dealing with environmental stressors both the transcriptome and 

proteome are valuable. Similarly, as with high throughput sequencing technologies, 

proteomics techniques have been developing rapidly. Previous methods, known as shotgun 

and targeted proteomics, each had positive and negative aspects of their methodology and 

results. These methods are both considered LC-MS/MS which stands for liquid 

chromatography coupled with tandem mass spectrometry, and are run through the mass 

spectrometer (MS) using a data dependent acquisition (DDA) mode or a selected reaction 

monitoring mode (SRM) (Gillet et al., 2012; Tang et al., 2015). The shotgun method can 

identify more peptides but is not always quantitively accurate (Michalski et al., 2011); 

while targeted proteomics has high reproducibility rates if the proteins in question are 

known but this method is limited in the number of peptides identified (Gillet et al., 2012). 

Both of these methods require costly isotope labelling of each sample for separation after 
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the MS run and for downstream analysis. Due to these limitations a new mass spectrometry 

method has recently been established known as the sequential window acquisition of all 

theoretical spectra (SWATH). This is a label free and relatively cheap method that is run 

through the MS using a data independent acquisition (DIA) mode and uses a spectral 

library composed of DDA MS runs to quantify peptides at the whole proteome level (Gao 

et al., 2017; Gillet et al., 2012; Huang et al., 2015). This method combines the best parts 

of shotgun and targeted proteomics in its ability to identify and quantify thousands of 

proteins in one measurement and has proven to be highly reproducible (Collins et al., 2017; 

Tang et al., 2015). To date few studies have used this method on non-model wild organisms 

with high rates of individuality.  
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 Chapter 2 

Molecular basis of sex-dependent heritability of behavioral tolerance to 

elevated pCO2 in a coral reef fish 

 

2.1 Abstract 

A noticeable effect of ocean acidification on coral reef fishes is an impairment in 

the crucial predator response behavior. In Acanthachromis polyacanthus individual 

variation in both behavior, measured by their reaction to chemical alarm cues, and brain 

transcriptional program were demonstrated, with some individuals displaying more 

tolerance to elevated pCO2 than others. However, little is known about the influence of 

maternal and paternal components of this variation in tolerance to elevated pCO2 on the 

next generation. To investigate maternal and paternal influence of behavioral pCO2 

tolerance in A. polyacanthus we crossed pCO2 tolerant fathers with pCO2 non-tolerant 

mothers and pCO2 tolerant mothers with pCO2 non-tolerant fathers. We then reared their 

offspring at ambient pCO2 (414 µatm) or elevated pCO2 (754 µatm) for 5 months, as well 

as acutely exposed those at ambient levels to elevated pCO2 (754 µatm) for four days prior 

to euthanasia. To investigate the effects of parental behavior on the molecular phenotype of 

the offspring 68 brain transcriptomes were sequenced and differential gene expression was 

analyzed. Analysis revealed a distinct expression profile in offspring from different 

parental pairs across all offspring treatments. The difference in transcriptional program was 

larger (~1000 differentially expressed genes) between offspring with different parental 

combinations than offspring from the same parents but in different environmental 
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conditions. This suggests a strong parental influence on gene expression independent of 

environmental condition. Our results indicate that both parental phenotypes contribute to 

tolerance via expression changes in genes associated with neural plasticity. However, in 

offspring of tolerant mothers this corresponded to a trade-off in decreased growth and 

development. There are also indications that epigenetic mechanisms may play a role in 

heritability of behavioral tolerance and sensitivity to further generations. Individual 

variation and the heritability of that variation will be the key to the survival of this fish in 

future climate change scenarios.  

 

2.2 Introduction 

As atmospheric pCO2 levels increase so does the amount taken up by the ocean, leading to 

detrimental effects throughout the marine environment from the organism to ecosystem 

level caused by ocean acidification (Pörtner et al., 2014). In fish, experiments have shown 

these effects differ between species and can differ in severity across the life stages of a fish 

with the larval stage frequently being the most vulnerable (Kroeker et al., 2013; Munday 

et al., 2016). Increased pCO2 levels have limited effects on both growth rates and 

reproductive success of marine fishes (Faria et al., 2018; Miller et al. 2013; Schade et al. 

2014; Welch & Munday, 2016). Ocean acidification has been more closely linked to 

behavioral effects through interfering with the acid-base regulation processes and affecting 

neural mechanisms used to process information in fishes (Allan et al., 2014; Briffa et al., 

2012; Domenici et al., 2012; Ferrari et al., 2011; Hamilton et al., 2017; Nilsson et al., 2012; 

Welch et al., 2014). These impacts occur at pCO2 levels between 700-1000µatm that 

matches up with the RCP 6.0 prediction for 2100, which is not even the highest possible 
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end of century pCO2 based on current emission levels (Clements & Hunt, 2015; IPCC, 

2014; Jarrold et al., 2017; Nagelkerken & Munday, 2016). Many of these studies focus on 

short term exposure to elevated pCO2 and do not account for genetic variability or the 

adaptive potential of a population. 

Fish use chemical alarm cues (CAC) to detect predation threats and respond to its presence 

by moving away from the chemical and reducing activity (Holmes & McCormick, 2010). 

Under elevated pCO2 conditions juvenile fish often show a decreased avoidance to CAC 

and in some cases an increased attraction failing to associate threats of predation with the 

CAC (Chivers et al., 2014; Ferrari et al., 2011; Porteus et al., 2018; Welch & Munday, 

2017; Welch et al., 2014). The underlying cause of this behavioral change is linked to an 

interference in acid base regulation and subsequent changes in GABAA receptors, major 

inhibitory neurotransmitters in the brain (Chivers et al., 2014; Nilsson et al., 2012). The 

impacts of ocean acidification can also be measured via changes in behavioral lateralization 

(Jarrold et al., 2017; Welch et al., 2014). Alterations in behavior could have significant 

effects on predation and mortality in these juvenile fish as well as further implications for 

community structure and population replenishment (Chivers et al., 2014; Nagelkerken & 

Munday, 2016).  

Recent studies on the coral reef fish, Acanthachromis polyacanthus, suggest that individual 

variation in sensitivity of the behavioral reaction to ocean acidification is heritable between 

generations and could facilitate adaptation (Schunter et al., 2018, 2016; Welch & Munday, 

2017). This sensitivity is tested via the fish’s ability to avoid CACs as well as absolute 

lateralization (Jarrold & Munday, 2018; Laubenstein et al., 2018; Porteus et al., 2018; 

Welch et al., 2014). A portion of wild caught fish were able to identify these CACs under 
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high pCO2 and were considered tolerant to the effects of ocean acidification (Welch et al., 

2014). The molecular signatures of this heritable tolerant or sensitive phenotype in 

offspring was most evident under chronic transgenerational exposure to high pCO2 

(Schunter et al., 2018, 2016) while heritability of the behavioral response was only evident 

when offspring were exposed acutely to high pCO2 (Welch & Munday, 2017). Specific 

genes related to this signature of tolerance include those that regulate the circadian rhythm 

processes and could be creating a phase shift in the circadian clock to better control their 

acid-base regulation (Schunter et al. 2016). Recent evidence suggests that this behavioral 

variation may be passed on paternally through generations, however it is still unknown if 

this heritability is identifiable in transcriptional changes (Welch & Munday, 2017).  

In this study we set out to determine the maternal and paternal influence on the molecular 

signature of behavioral sensitivity of A. polyacanthus offspring to high pCO2. Using the 

experimental set up described by Welch and Munday (2017) we crossed behaviorally 

tolerant mothers with sensitive fathers and behaviorally sensitive mothers with tolerant 

fathers and exposed them and their offspring to chronic ambient pCO2, chronic high pCO2, 

or acute high pCO2. Due to previous research implicating the role of neurotransmitters in 

behavioral changes under elevated pCO2 levels we continued to study the brain. We 

measured genome wide gene expression in 68 individuals, exploring the role of the 

maternal and paternal phenotype in influencing individual offspring expression profiles 

under various pCO2 levels. We also investigated differences in expression between chronic 

and acute exposure to varying pCO2 conditions and how parental identity may play a role 

in tolerance or sensitivity to high pCO2.  

 



 32 

2.3 Materials and Methods 

2.3.1 Experimental design 

Experimental design follows that described in Welch & Munday (2017). Adult A. 

polyacanthus were collected from the Northern Great Barrier Reef in Australia and 

transported back to the aquaria facilities at James Cook University (Townsville, Australia; 

JCU ethics permit A1828). Adults were placed in high CO2 (754 µatm) for 7 days then 

tested for their reaction to chemical alarm cues (CAC) in a 2-channel flume. Their 

sensitivity to high pCO2 was determined by the amount of time spent in in the CAC: 

spending <30% of the time in the CAC was considered tolerant to high pCO2 and 

individuals spending >50% were considered non-tolerant. Adults were then sexed and 

paired for breeding based on their behavioral sensitivity. For the purpose of this experiment 

we focused only on the tolerant male + non-tolerant female (T♂NT♀ ) and non-tolerant 

male + tolerant female (NT♂T♀ ) pairs, however all parental combinations were made for 

the larger experimental design (Schunter et al., 2018; Welch & Munday, 2017). Adult pairs 

were then placed in 40L aquaria at control (414µatm) or high pCO2 (754µatm) for three 

months prior to breeding season. On the day of hatching the offspring were transferred to 

either control or high pCO2 conditions (Figure 2.1). Furthermore, we exposed juvenile fish 

to two additional conditions named control-acute high pCO2 (control-acute) and high 

pCO2- acute high pCO2 (high pCO2-acute) where parents were either kept in control or 

high pCO2 conditions, then in both cases the offspring were put into control conditions and 

four days prior to euthanasia exposed acutely to high pCO2 (Figure 2.1). After five months 

several fish per parental pair were euthanized from 2-3 parental pairs resulting in eight to 

nine individuals from each parental type in each of the four conditions for a total of 68 fish 
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(Supplementary table 2.1). Brains were dissected out and immediately flash frozen in liquid 

nitrogen. These tissues were then kept at -80°C for processing.  

 

 

Figure 2.1 Experimental design showing the creation of breeding pairs, the holding 
conditions for parents and offspring, and the testing conditions prior to euthanasia for the 
offspring. The four conditions from left to right are named control, control-acute, high 
pCO2-acute and transgenerational high pCO2 for the rest of the study. 
 

2.3.2 RNA extraction and preparation 

Whole frozen fish brains were homogenized in RT-plus buffer for 30s using a bead beater 

with single use silicone beads and total RNA was extracted using the AllPrep DNA/RNA 

mini kit following the provided protocol (Qiagen). RNA quantity was determined using a 

Nanodrop then reanalyzed for both the quality and quantity with the Agilent 2100 

Bioanalyzer. Extracted RNA was then sent to the KAUST Bioscience Core Lab (BCL) for 
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library preparation and sequencing. Conversion to cDNA and preparation for Illumina 

sequencing was done using the TruSeq RNA Illumina Library Prep Kit. Samples were 

sequenced on the Illumina HiSeq 2500 paired end at 100bp in KAUST, Saudi Arabia.  

 

2.3.3 Transcript analysis 

Raw reads were quality checked with FastQC (Andrews, 2010) and sequences were 

trimmed using Trimmomatic v0.36 (Bolger et al., 2014) with set parameters including a 

phred score of 33, a minimum length of 40, and removal of the first 13bp of each sequence 

as well as the Illumina adapter sequences. Reads were rechecked in FastQC to check 

quality and determine correct adapter trimming (Supplementary Table 2.1). Sequences 

were then aligned to the Acanthochromis polyacanthus genome using hisat2 v2.1.0 with 

an average successful alignment rate of ~80% (Kim et al., 2015; Lehman et al. in prep). 

SAM output files from mapping were then sorted and converted into bam files using 

SAMtools v1.5. Feature counts (Subreads v1.5.3; Liao et al., 2014) was used to create a 

matrix of raw exon read counts and the gene-id’s provided in the genome annotation. 

Minimum mapping quality was set to 20 and both fragment pairs were required to align to 

the reference.  

The data matrix was then imported into R v3.4.0 and run through the program DESeq2 

(Love et al., 2014) to statistically determine the differential expression between conditions 

and parental pairs. A likelihood ratio test (LRT) was used to determine the interactions 

between the multiple variables as well as the best design formula for further analysis 

(Padj<0.05). This test aids in determining the likelihood of the effect of different variables 

such as conditions and parental identities on expression patterns. Using the best fitting 
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design formula, we then ran the contrast function in DEseq2 to determine differentially 

expressed genes (DEGs) between parental pairs within and among conditions. Significant 

DEGs were evaluated using a q-value < 0.05 and a minimum log 2-fold change of 0.3. All 

graphs were created using the R packages Vegan and ggplot2 (Oksanen et al., 2018; 

Wickham, 2016). 

Gene ontology of each gene was annotated using Blast2Go Pro v4.19 (Gene Ontology 

Consortium; Götz et al., 2008). Enrichment was performed in RStudio v1.1.463 with the 

GO-MWU script that uses a Mann-Whitney U test and a Benjamin-Hochberg correction to 

determine statistical significance (Wright et al., 2015), (scripts available at: 

https://github.com/z0on/GO_MWU). The enrichment test was carried out separately for 

each of the different GO domains using stringent filtering including collapsing redundant 

categories, only selecting those genes represented by more than 5 Go-Terms, and 

employing and FDR cutoff of 0.1. 

 

2.4 Results 

2.4.1 Expression patterns 

The largest difference in the overall expression profiles was identified between all 

conditions due to the separation of acute treatments from the chronic treatments (Figure 

2.2). However, if we look within the chronic and acute treatments there is a stronger 

grouping by parental identity than by condition especially within the chronic treatments 

(Figure 2.3). Despite the strong influence of parental identity and exposure length we 

identified four shared genes differentially expressed across all high pCO2 treatments in 

comparison to control including a glutathione-transferase gene (GSTA1), a gene associated 
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with gluconeogenesis (PCK1), a cytoskeleton associated protein (CKAP2), and a protein-

coupled receptor (GP155). Within the different lengths of exposure to high pCO2 we 

discovered significantly more (1,642) shared differentially expressed genes (DEGs) across 

all acute treatments when compared to control while transgenerational high pCO2 only had 

11 shared DEGs in comparison to control irrespective of parental identity.  

 

Figure 2.2 PCA of all variance stabilized read counts. Parental identity is indicated by 
shape and condition by color.  
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Figure 2.3 PCA of variance stabilized read counts of the top 5,000 genes in a) chronic 
treatments and b) acute treatments. Condition is indicated by color and shape indicates 
parental identity.  
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2.4.2 Influence of parental identity in chronic treatments 

Under the chronic treatments, control and transgenerational high pCO2, we identified more 

differentially expressed genes between offspring from the T♂NT♀ (tolerant father) and 

NT♂T♀ (tolerant mother) parental pairs than between these conditions. In control NT♂T♀ 

versus T♂NT♀ we identified 1,592 significant DEGs and in chronic high pCO2 NT♂T♀ 

versus T♂NT♀ we identified 1,443 significant DEGs. This revealed a clear influence of 

parental phenotype on the expression profile of the offspring when fish were kept 

transgenerationally at the same pCO2 levels. Functionally enriched GO terms included an 

upregulation of neuropeptide activity, developmental growth, and dopamine receptor 

signaling in T♂NT♀ offspring in both control and chronic high pCO2 treatments. 

Mechanisms such as spectrin binding, mismatch repair, and RNA splicing were identified 

as significantly upregulated in offspring of NT♂T♀ parents.  

 When comparing conditions within the parental groups offspring of NT♂T♀ parents had 

a greater number of DEGs than T♂NT♀ parents in the control versus transgenerational 

high pCO2 condition comparison (264 vs 68 DEGs). Only eleven of these genes were 

shared between offspring of the two parental groups, including upregulation of GSTA1 a 

gene known to protect cells from reactive oxygen species and a cytoskeleton related gene 

(CKAP2). A far greater number of genes were uniquely differentially expressed in 

offspring of the NT♂T♀ (199) and T♂NT♀ (53) parental groups between control and 

transgenerational high pCO2. Genes significantly differentially expressed in the NT♂T♀ 

offspring included several related to growth (TNNT3, MYSS, MLRV). GO enrichment 

revealed upregulation of the circadian rhythm pathway as well as circadian regulation of 

gene expression in offspring from the NT♂T♀ parents, the involved genes were circadian 
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repressors PER3, CIART, and HT7R (Supplementary data 2.12). Unique differentially 

enriched pathways in offspring of T♂NT♀ parents comprised of down regulation of 

reactive oxygen species biosynthesis and the H4 histone complex as well as up regulation 

of axon development in the transgenerational high pCO2 condition (Supplementary data 

2.13).  

 

2.4.3 Influence of parental identity in acute treatments 

Under the acute exposure treatments significantly less differentially expressed genes were 

found within conditions and between parental pairs than in the chronic treatments. Only 

272 DEGs were identified between offspring of T♂NT♀ (tolerant father) and NT♂T♀ 

(tolerant mother) parents in the control-acute treatment and 270 DEGs in the high CO2-

acute treatment (Supplementary data 2.10 and 2.11). There was a strong common response 

to the acute treatments versus control regardless of the parental condition or parental 

identity that consisted of 1642 DEGs (Figure 2.4). We identified enriched GO terms from 

these shared genes including regulation of ossification, collagen binding, neurotransmitter 

receptor activity, and GABA receptor activity (Figure 2.5). GABA related genes included 

KCC1, NXPH1 and 2, several solute carriers specializing in GABA transport, and GAD2 

involved in GABA catalysis. Carbonic anhydrase genes (CH4, 8, 10, and 15) were also 

differentially expressed across all acute conditions compared to control. A circadian 

rhythm activator (RORa and b) involved in length and stability of the clock was highly 

upregulated across all acute treatments in comparison to control. Parental identity aside, 

offspring exposed to acute treatments after their parents were kept at elevated pCO2 levels 

(high CO2-acute; ~2500 unique genes) had a vastly unique transcriptomic response as 
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compared to those whose parents were kept at control conditions (control-acute; ~550 

unique genes). HCN genes (1,2, and 4) were uniquely upregulated in high CO2-acute 

condition versus control as compared to the control-acute condition. Unique pathways 

enriched in the high-CO2-acute condition included protein methyltransferase activity, 

voltage-gated ion channel activity, and regulation of microtubule cytoskeleton organization 

(Supplementary data 2.16 and 2.17).  

 

 

Figure 2.4 Unique and shared differentially expressed genes in the acute exposure 
conditions compared to the control condition for offspring from both T♂NT♀ and NT♂T♀ 
parental pairs.  
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Figure 2.5 Graph of significantly enriched GO terms between all conditions compared to 
control, within parental pairs. Color indicates the delta rank statistic from the GO-MWU 
enrichment while bubble size indicates FDR. GO terms associated with upregulated genes 
are considered positive while those related to down regulated genes are negative. 
  

Within each parental pair we identified large numbers of shared DEGs (~600) comparing 

control to the two acute treatments (Figure 2.4). In offspring of T♂NT♀ parents solute 

carrier genes involved in GABA transport were both up (S6A11 and S6A13) and down 

(SC6A1) regulated in acute conditions while in NT♂T♀ offspring these genes were only 

up regulated (SC6A1 and S6A11) in acute exposure to high pCO2. In offspring of NT♂T♀ 

parental pairs highly upregulated genes (FDR<0.05; based on log2fold change) in the acute 
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conditions included glutamate related genes NMD3B and GRIK2, as well as genes related 

to neuron plasticity, growth, and development (AMIGO1, GFRA2, CDK5R1). Most genes 

down regulated in NT♂T♀ acute conditions were related to development and growth such 

as TNNI2, TNNC2, MYSS, ACTA1, and ACTN3. Pathways unique to the offspring of 

NT♂T♀ parental pairs were nervous system development, serine family biosynthesis, and 

RNA methylation (Supplementary data 2.14 and 2.16). Offspring of T♂NT♀ parents under 

acute conditions had upregulation of genes related to synaptic plasticity (MPDZ) and 

inhibition of synaptic development (IGSF9B). We also identified ANK1 (a cytoskeleton 

gene) and fibroblast genes (FGF6 and FGF14) involved in cell proliferation and nervous 

system development. Down regulated genes including transcriptional repressors (HES5 

and 6) as well as NEUROG1 involved in transcriptional regulation and cell differentiation 

were identified in offspring of T♂NT♀ parents. Also identified as down regulated were a 

histone binding gene (NASP), a gene involved in immunity and cell death (PERF), and one 

involved in DNA repair (PAF15). These genes corresponded to unique GO terms such as 

histone binding, ATPase activity, hydrogen transport, and microtubule polymerization 

enriched in offspring of T♂NT♀ parents under acute elevated pCO2 exposure 

(Supplementary Data 2.15 and 2.17).  

 

2.5 Discussion 

Parental phenotype shapes the transcriptomic response of this fish in both chronic and acute 

exposure to elevated pCO2 as well as under control pCO2 levels. Within the chronic 

exposures we found almost a 10-fold increase in the number of significantly expressed 

genes between parental pairs compared to the response between control and 
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transgenerational elevated pCO2. Based on this research and previous transgenerational 

experiments on A. polyacanthus it appears that parental phenotypes have a strong effect on 

the expression profiles of their offspring regardless of environmental conditions (Schunter 

et al., 2016, 2018).  

When offspring and parents were kept in elevated pCO2 conditions for the entire 

experiment we discovered several genes and pathways previously identified in this fish 

under similar pCO2 exposures. In the NT♂T♀ offspring genes and pathways related to 

circadian rhythm regulation were upregulated in chronic elevated pCO2 as compared to 

control. These included repressors such as PER3, CIART, and HT7R that were previously 

found upregulated in offspring of tolerant parents in the same condition (Schunter et al., 

2016). Circadian rhythm genes are closely tied to ion-regulatory adjustments and the ability 

of tolerant offspring to make changes in the circadian clock could lead to greater flexibility 

of ion-control and avoidance of maladaptive reactions to elevated pCO2 (López-Patiño et 

al. 2011; Schunter et al., 2016; Zhang & Kay, 2010). This suggests that in chronic 

treatments offspring of tolerant mothers (NT♂T♀) react in similar ways to offspring of 

fully tolerant parental pairs. This shared response of a circadian rhythm shift is considered 

an important component in fish regulatory adjustments to elevated pCO2 across a 

generation. The fact that we only see it in offspring of maternally tolerant parents suggest 

that the heritability of this adjustment is passed on through the mother’s phenotypic traits. 

Within the comparison of transgenerational elevated pCO2 versus control we also found 

several genes and pathways related to tRNA, a necessity for translation into proteins, 

upregulated in both offspring of T♂NT♀ and NT♂T♀ pairs. Previous research found this 

response to be unique to sensitive parental pairs (Schunter et al., 2016) counteracting the 
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discovery above. This suggests that the maternal and paternal contribution to the tolerance 

or sensitivity of their offspring to transgenerational high pCO2 may not be sharply defined 

and may even differ between traits.  

In this study we observed that under more stressful conditions such as acute exposure to 

elevated pCO2 the effect of parental identity on expression profiles weakens. The decrease 

in significant differential gene expression between parental phenotypes is likely due to an 

intense cellular response to the shock of acute exposure to elevated pCO2. This population 

wide stress response then detracts from the observed molecular variation based on parental 

phenotype. By comparing acute and transgenerational exposures we were able to identify 

the differences in long-term and short-term responses to ocean acidification. Under acute 

exposure to elevated pCO2 we found a general common response regardless of parental 

condition or phenotype in the upregulation of GABA receptor activity and neurotransmitter 

receptor pathways (Figure 2.5). GABA receptors play a pivotal role in acid-base regulation 

by controlling neuronal gradients of Cl- and HCO3- (Nilsson et al., 2012). It has been 

suggested that exposure to high pCO2 in marine fish causes them to regulate their acid-

base imbalance via HCO3- accumulations to avoid acidosis, which leads to alterations in 

GABA receptor function and could be the cause of the observed behavioral impairments 

(Nilsson et al., 2012; Porteus et al., 2018; Schunter et al., 2018; Williams et al., 2019). 

Genes identified from the GABA signaling pathway across all acute treatments included 

KCC1, a chloride transporter linked to GABA receptor excitation in developing brains and 

similarly altered in juvenile salmon exposed to increased pCO2 (Delpire, 2000; Williams 

et al., 2019). NXPH1 and 2 involved in glycoprotein encoding were also upregulated in all 

acute treatments. These genes are important to short-term neuronal plasticity and are 
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connected to GABA receptor expression (Born et al., 2014; Schunter et al., 2018). Changes 

in GABA processes have previously been associated with within generation responses to 

pCO2 (Porteus et al., 2018; Schunter et al., 2018; Williams et al., 2019) and our research 

supports this claim as GABA related genes and pathways were only found uniquely 

expressed in acute treatments. We also identified carbonic anhydrase genes involved in 

acid-base regulation particularly in the excretion of HCO-3 (Gilmour & Perry, 2009). The 

large expression changes across all acute conditions appear to be driven by changes in acid-

base regulation, leading to GABA alterations. Upregulation of carbonic anhydrase genes 

indicate an attempt at restoration of acid-base regulation despite the impacts of acute stress.  

Heritability of tolerance to increased pCO2 was only found behaviorally in the acute 

exposure conditions (Welch & Munday, 2017), therefore we set out to find if a molecular 

response correlated with the observed behavioral response between offspring of different 

parental pairs. Overall patterns within the parental pairs pointed to an upregulation of genes 

and pathways associated with neuron plasticity and development, as well as glutamate 

related genes in the NT♂T♀ offspring and downregulation of muscle growth associated 

genes across both acute conditions. Glutamate is a key part of GABA synthesis as well as 

other neurotransmitter pathways and upregulation of these genes could be part of a 

compensatory mechanism along with neuronal plasticity in the face of short-term increases 

in pCO2 (Porteus et al., 2018; Schunter et al., 2018; Williams et al., 2019). Down regulation 

of growth associated genes suggests a negative impact of elevated pCO2 on development 

in juvenile fish and is consistent with previous research (Baumann et al., 2012; Heuer & 

Grosell, 2014; Stiasny et al., 2016). As we found this in the offspring of and non-tolerant 

male and tolerant female offspring (NT♂T♀) it suggests that neural plasticity used to 
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compensate for changes in seawater chemistry and lead to tolerant phenotypes may be 

passed through the maternal line. However, negative growth rates could have impacts 

beyond behavior for this fish throughout its life and into further generations, and suggests 

a trade-off between compensation to acidification and other important cellular processes.  

In offspring of T♂NT♀ parents we identified up regulated genes associated with synapse 

plasticity and structural development in the cell (ANK1, FGF6, FGF14), while genes 

related to transcript regulation and histone binding were down regulated. Cellular structure 

plasticity and synapse plasticity are directly related to neuronal plasticity, suggesting that 

offspring of T♂NT♀ parents also have compensatory neural mechanisms in reaction to 

acute increases in pCO2 based on the upregulation of cytoskeleton and fibroblast genes 

(Zapara et al., 2000). As in this study histone and transcriptional repression were found to 

be down regulated in the previous study by Schunter et al. (2018) in offspring of fully 

tolerant parents under acute conditions. Histones control chromatin dynamics and also play 

a part in gene expression by regulating transcription (Feil & Fraga, 2012). Decreases in 

repression of transcription and histone binding leads to increases in gene expressions 

suggesting both a genetic and epigenetic control of parental phenotype on the offspring’s 

expression profile in response to elevated pCO2. These results indicate that tolerant male 

and non-tolerant female (T♂NT♀) parental pairs are also able to pass on neural plasticity 

and therefore offsetting negative effects of acidification through the paternal phenotype. 

However, unlike in the offspring of tolerant females we found a correlation between 

histone modifications in offspring of fully tolerant parents and male and non-tolerant 

female (T♂NT♀) parents suggesting that tolerant male individuals may be passing on 

epigenetic modifications to cope with ocean acidification.  
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Based on these observations it appears that the parental influence in sensitivity level to 

elevated pCO2 cannot be absolutely attributed to one parent or the other in regards to 

transcriptional expression. Both the mother and father passed on a tolerance to ocean 

acidification through neuronal plasticity and in some cases circadian rhythm regulation. 

Although maternal and paternal influence is a growing research field, few studies have 

attempted to distinguish the separate parental contributions in transgenerational 

experiments (Guillaume et al., 2016). In the marine stickleback maternal influences were 

present in growth rates and genetic covariance under elevated temperatures (Shama et al., 

2014) but in wild salmon a correlation between telomere length and paternal growth was 

identified (McLennan et al., 2016). It appears that parental contributions may vary between 

species as well as between specific traits. There also may be non-genetic (epigenetic) 

mechanisms at work here as evinced through changes in histone regulators and methylation 

pathways and a previous study on A. polyacanthus citing the role of DNA methylation in 

transgenerational acclimation to increased temperatures (Ryu et al., 2018). Further research 

is necessary to determine the exact maternal and paternal influence but it is clear from this 

research that parental phenotype has a strong impact on gene expression profiles of their 

offspring under future climate scenarios.  

Beyond maternal and paternal contributions our complex experimental design gave us the 

opportunity to study the effect of parental exposure to elevated pCO2 on the response of 

their offspring under acute exposure to elevated pCO2 (high pCO2-acute condition). 

Juvenile fish from the high pCO2-acute condition had a large unique response in 

comparison to the control-acute fish. This response included many HCN genes upregulated 

in high pCO2-acute conditions versus control. These genes play a critical role in membrane 
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excitability and generation of membrane potential oscillations leading to alterations in 

signal modulation when upregulated under elevated pCO2 (He et al., 2014; Williams et al., 

2019). This could help in compensating for disruptions in the GABA signaling pathways 

caused by ocean acidification and may be a modification passed down to the offspring due 

to the parental exposure to elevated pCO2. Pathways enriched only in this condition 

included microtubule cytoskeleton organization and voltage-gated ion channel activity. 

Changes in cytoskeleton organization, related to microtubule genes, can aid in neuronal 

plasticity and counteract the cellular effects of elevated pCO2 exposure (Mukherjee et al., 

2013). The other unique pathway identified was protein methyltransferase activity 

suggesting that epigenetic modifications could be a part of this transfer of information in 

regards to elevated pCO2 survival from parent to offspring.  

Between all these conditions and parental phenotypes, we were able to identify a small 

shared response to elevated pCO2 in both acute and chronic exposure. PCK1 is a controller 

for gluconeogenesis and has also been found to be highly upregulated in a previous study 

on the effects of ocean acidification on A. polyacanthus (Schunter et al., 2016). Significant 

increases in glucose have been associated with several species of fish exposed to many 

environmental challenges including changes in pCO2 and could be a common cost of stress 

in fish (Polakof et al., 2012). CKAP2 was also upregulated across all elevated pCO2 

conditions when compared to control and is an important gene that encodes cytoskeleton 

proteins and stabilizes microtubules. This fits within the theme of most of our results 

suggesting that changes in cytoskeleton organization lead to neuronal plasticity and 

indicate an attempt to counteract the observed behavioral effects of ocean acidification 

(Mukherjee et al., 2013; Williams et al., 2019).  
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By combining a unique and complex experimental design with genome wide gene 

expression analysis we were able to identify effects of parental phenotypes on expression 

patterns of their offspring at end of century pCO2 levels. We confirmed the role of GABA 

neurotransmitters in short-term response to ocean acidification as well as the role of 

circadian rhythm regulation under transgenerational exposure to elevated pCO2. We also 

discovered unique responses under acute exposure to ocean acidification depending on the 

environmental conditions of the parents. Despite no clarity on the influence of the maternal 

or the paternal phenotype on gene expression in their offspring, we discovered that parental 

phenotype is highly important in shaping the expression profile of A. polyacanthus under 

any environmental condition.  
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2.7 Supplementary material 

Supplementary data files 2.1 and 2.2 containing data tables 2.1-2.11 and 2.12-2.17 

respectively are archived and available via the KAUST library.  
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3.1 Abstract 

Quantitative proteomics via mass spectrometry can provide valuable insight into molecular 

and phenotypic characteristics of a living system. Recent mass spectrometry developments 

include data-independent acquisition (SWATH/DIA-MS), an accurate, sensitive, and 

reproducible method for analyzing the whole proteome. The main requirement for this 

method is the creation of a comprehensive spectral library. New technologies have emerged 

producing larger and more accurate species-specific libraries leading to a progressive 

collection of proteome references for multiple molecular model species. Here, for the first 

time, we set out to compare different spectral library constructions using multiple tissues 

from a coral reef fish to demonstrate its value and feasibility for non-model organisms. We 

created a large spectral library composed of 12,553 protein groups from liver and brain 

tissues. Via identification of differentially expressed proteins (DEPs) under fish exposure 

to environmental stressors we validated the application and usefulness of these different 

spectral libraries. Successful identification of significant DEPs from different 

environmental exposures occurred using the library with a combination of DIA+DDA data 

as well as both tissue types. Further analysis revealed expected patterns of significantly 

upregulated heat shock proteins in a dual condition of ocean warming and acidification 

indicating the biological accuracy and relevance of the method. This study provides the 

first reference spectral library for a coral reef fish and for a non-model organism. It 

represents a useful guide for the future building of accurate spectral library references in 

non-model organisms allowing the discovery of ecologically relevant changes in the 

proteome. 
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3.2 Introduction 

Proteomics provides insight into complex biological mechanisms and cellular phenotypes 

by measuring the presence and abundance of proteins controlling the execution of 

molecular processes (Aebersold & Mann, 2016; Y. Liu, Beyer, & Aebersold, 2016). The 

possible post-translational modifications inferred from proteomics can have a stronger 

correlation to phenotypic observations than transcriptomics, although the technology to 

quantify the proteome lags behind that of the transcriptome (Y. Liu et al., 2016; Tang et 

al., 2015). In the past decade proteomic techniques have been developing rapidly, 

especially those dealing with quantitative proteomics. Previously, quantitative methods 

were defined in two categories: shotgun and targeted, each with different strengths and 

weaknesses. The shotgun method identifies more peptides, but has reduced quantitative 

accuracy and reduced reproducibility due in part to the necessity for prefractionation prior 

to liquid chromatography mass spectrometry (LC-MS) analysis (Michalski, Cox, & Mann, 

2011). These methods also require costly chemical labelling that increases data processing 

times. Targeted proteomics (S/MRM), on the other hand, is better for reproducibility if the 

proteins in question are known. However, this method is limited in the number of 

measurements and therefore peptides found (Gillet et al., 2012).  

Sequential window acquisition of all theoretical spectra (SWATH/DIA-MS) is a newer 

method that combines the strengths of shotgun and targeted proteomics (Gillet et al., 2012). 

SWATH/DIA-MS is a label free and relatively cheap mass spectrometry method using data 

independent acquisition (DIA) combined with proteome wide spectral libraries created 

from data-dependent acquisition (DDA) methods against which the fragment ion maps of 

the DIA method are aligned (Gao et al., 2017; Gillet et al., 2012; Huang et al., 2015). Using 
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the sequential isolation window acquisition has achieved high fragment ion specificity and 

the ability to identify and quantify thousands of proteins in one measurement (Gillet et al., 

2012; Tang et al., 2015). Recent studies have also shown high reproducibility of results 

when using the same cell cultures across different labs as well as different computational 

software (Collins et al., 2017; Navarro et al., 2016). Most SWATH/DIA-MS studies to date 

have used model organisms such as mice, humans, zebrafish, or yeast with high quality 

genomic resources and little biological variation to great success (Blattmann et al., 2019; 

Braccia, Espinal, Pini, De Pietri Tonelli, & Armirotti, 2018; Bruderer et al., 2015; Collins 

et al., 2017; Krasny et al., 2018; Rosenberger et al., 2014; Zhang et al., 2019). A recent 

study has looked into the heat stress response of broiler chickens (Gallus gallus 

domesticus) and found significant changes across the proteome in ecologically relevant 

proteins with ties to heat stress responses (Tang et al., 2015). Despite this being a non-

model organism, over generations it was kept in controlled conditions and lacks the natural 

variation of wild organisms. The above qualities of SWATH-MS suggest that it is an ideal 

method to quantify peptides at the proteome level across large numbers of biological 

samples with high quality reproducible results, and also an impactful way to understand 

complex mechanistic and phenotypic differences in particular in non-model organisms 

which usually lack genomic and proteomic resources. Currently, however, it is still 

unknown how effective it will be at identifying protein expression differences in wild 

populations with intrinsic individual variation.  

The key to the SWATH/DIA-MS method is the creation of a high-quality spectral library 

against which to measure peptide quantities in the DIA data of the samples of interest. This 

reference can provide a standardized set of protein identifications making it easier to 
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compare proteomes across experiments and laboratories (Blattmann et al., 2019; 

Rosenberger et al., 2017). Although study-specific libraries are easier to create, in the long 

run a large spectral library is more beneficial to the future studies of an organism by 

reducing the cost of sample preparation and measurement time. However, it has been 

understudied whether any loss of information comes from using a study-specific versus a 

general spectral library. Larger libraries require more stringent cut-offs to control the false 

discovery rate (FDR) that could lead to a loss of ecologically relevant information, while 

study-specific libraries could restrict identification at the proteome level due to the smaller 

reference (Blattmann et al., 2019; Rosenberger et al., 2017). 

The SWATH/DIA-MS method provides the technological advances needed to study the 

whole proteome of non-model organisms. Due to the high biological variability of 

individuals from non-model or even wild organisms a greater number of biological 

replicates are required to establish statistical significance when studying changes in 

expression (Todd, Black, & Gemmell, 2016). This method’s reductions in cost and sample 

preparation time allow for the quantification of that required high number of individual 

samples. Also, the creation of a reference library erases the need for all compared samples 

to be injected in the mass spectrometer as one, creating the ability to compare a larger 

number of individuals and/or treatments. Due to this increased sample size and the 

proteome-wide exploration we may be able to determine ecologically relevant differences 

in protein expression both at the individual and population levels for any organism. In order 

to examine the usefulness of different SWATH libraries we turned to a commonly used 

non-model fish Acanthachromis polyacanthus. Most research in the past decade has 

focused on its behavioral and physiological changes under different environmental 
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conditions, with a more recent focus on transcriptomic and epigenetic modifications 

(Jarrold & Munday, 2018; Schunter et al., 2016; Welch, Watson, Welsh, McCormick, & 

Munday, 2014). To date, the majority of the molecular studies on coral reef fish have 

focused on the liver and brain tissue due to the physiological effects on metabolism and 

aerobic scope under heat stress, and the behavioral effects under ocean acidification 

respectively (Bernal et al., 2018; Schunter et al., 2016; Veilleux et al., 2015). Only one 

previous study has measured the changes in protein expression: the method used was 

iTRAQ labelled shotgun proteomics of pooled samples hence not allowing for the 

comparison between many individuals or treatments (Schunter et al., 2016). The creation 

of a SWATH library for this fish will increase ecologically relevant proteomic studies by 

cutting the cost, reducing overall preparation and quantification times, and allowing for 

accurate and reproducible measurements of the proteome across high numbers of 

individuals.  

Here we created several spectral libraries to evaluate the performance of a study-specific 

versus a large species-specific library for the non-model fish A. polyacanthus. We focused 

on liver and brain tissues due to previous studies demonstrating the effects on these tissues 

by climate change stressors. Recent approaches have created spectral libraries composed 

of the combined DDA runs, previously used to create the libraries, with the experiment-

specific targeted DIA runs (Gandhi et al., 2017). Our aim is to investigate the utility of this 

new combined library method in the identification of peptides via targeted DIA-MS, using 

a complex experimental design of fish exposed to multiple climate change stressors. This 

manuscript provides a first reference library in a non-model fish species, as well as a guide 

on the efficiency, cost-effectiveness, and utility of this method in creating future 
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proteomics references in non-model organisms aiming to evaluate genome-wide and 

ecologically relevant differential protein expression. 

 

3.3 Methods 

3.3.1 Fish Rearing and Tissue Dissection 

Acanthochromis polyacanthus offspring were reared in several different conditions 

(Supplementary Figure 3.1). These include control conditions (29°C, 400µatm), elevated 

pCO2 (750µatm or 1000µatm), elevated temperature (31°C), and combined elevated 

temperature and elevated pCO2 (31°C, 1000µatm) (Jarrold & Munday, 2018; Welch et al., 

2014). All experiments were undertaken at James Cook University following the 

university’s animal ethics guidelines (Ethics committee permits: A1828, A2210). Fish 

were euthanized between 3-5 months of age. Brain and liver tissues of the fish were 

dissected out and snap frozen in liquid nitrogen, then kept at -80°C for further processing.  

 

3.3.2 Protein extraction and digestion 

Total protein was extracted using the Qiagen All prep mini kit (Qiagen) after elution 

through the RNA spin column. The flow-through liquid was transferred to a new Eppendorf 

tube with 3.5 µl of Halt protease inhibitor cocktail (Thermo Fisher Scientific) and kept on 

ice. The liquid was then split in half between two Eppendorf tubes (~250 µl in each) and 

1000 µl of cold acetone was added to each tube. After 30 minutes on ice all tubes were 

centrifuged at 4°C for 10 minutes. The samples were then moved to the fume hood and all 

the liquid was removed via pipetting. Samples were left to dry for 10 minutes and the 

resulting protein pellet was stored at -80°C for further processing. Protein pellets were 
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resuspended in 8 M urea buffer combined with protease inhibitor (Promega)  and purified 

using the chloroform-methanol precipitation method (Wessel & Flügge, 1984). The 

resulting pellet was then resuspended in 8 M UA buffer (8 M urea in 0.1 M Tris/HCl pH 

8.5) and sonicated. From this, the protein quantity was measured using the Micro BCA 

protein assay kit (Thermo Fisher Scientific) and a SpectraMax microplate reader.  

For the spectral library preparation 800 µg of total protein was combined from across all 

experimental conditions. This was done separately for liver and brain samples. During 

individual sample quantification 20 µg of protein extract from each biological replicate 

was used for both liver (n = 47) and brain (n = 49) samples.  Protein alkylation, reduction, 

and digestion were done using the Filter Aided Sample Preparation (FASP) protocol 

(Wisniewsk et al., 2009). Following digestion with trypsin, samples were desalted using 

C18 filter pipette tips (Agilent) or a reversed-phase C18 Sep-Pak cartridge (Cat. 

WAT023590; Waters Corp.) containing an oligo R3 reversed-phase resin (Cat. 1133903; 

Applied Biosystems) depending on protein quantity. Elution from both the C18 cartridge 

and pipette tip was done using 75% acetonitrile (ACN) in 0.1% trifluoracetic acid (TFA) 

and all samples were subsequently dried in a SpeedVac (Thermo Fisher Scientific).  

For individual sample quantification with DIA-MS all samples were resuspended in 15 µl 

of the buffer 3% acetonitrile (ACN) in 0.1% formic acid (FA). Samples were then 

quantified using a NanoDrop (Thermo Fisher Scientific) and the amount of buffer was 

adjusted to normalize the concentration amount of each sample for injection. Indexed 

retention time (iRT) standards (Biognosys) were added to each prepared sample prior to 

the mass spec run at a 3:10 ratio (v/w).  
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3.3.3 High pH reversed phase HPLC fractionation for spectral library preparation 

For the spectral library preparation, samples were resuspended in 15 µl of Buffer A (0.1% 

FA). All protein derived from fish samples were combined in one tube and topped up with 

buffer A for a total volume of 85 µl. For this and all following steps brain library and liver 

library preparation were done separately but using the same methods. High pH reversed 

fractionation was achieved by attaching a XBridge Peptide BEH C18 column (Cat. 

186003570; Waters Corp.) to an Accela liquid chromatography system (Thermo Scientific) 

using the HPLC application. A 135-min gradient at constant 300 nL/min was designed as 

follows: The gradient was established using mobile phase A (0.1% FA in H2O) and mobile 

phase B (0.1% FA, 95% ACN in H2O): 2.1%-5.3% B for 5 min, 5.3%-10.5% for 15 min, 

10.5%-21.1% for 65 min, 21.1%-31.6% B for 13 min, 31.6%-94.7% B for 6  min, 94.7% 

for 6 min, and 4.7% B for 15-min column conditioning. A total of 110 fractions were 

collected then reduced to ~50µl using a SpeedVac system (Thermo Fisher Scientific). 

Fractions were pooled into 25 groups by combining different parts of the gradient and dried 

with a SpeedVac system (Thermo Fisher Scientific). The dried peptides were resuspended 

in 0.1% FA and 3% ACN in water and protein quantity measured at A280 via NanoDrop 

(Thermo Fisher Scientific). Concentrations were normalized across all fractions and iRT 

(Biognosys) standards were added to each fraction at a 1:10 (v/w) ratio in preparation for 

the mass spectrometer. 

 

3.3.4 LC/MS-MS acquisition  

An Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific) was attached to 

an Ultimate 3000 UHPLC (Thermo Fisher Scientific) for both data dependent acquisition 
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(DDA) and data independent acquisition (DIA) analysis. Peptides were injected and eluted 

through a 50 cm EASY-Spray column PepMap RSLC C18 (Cat. ES803; Thermo Fisher 

Scientific) with a 135-min gradient at constant 300 nL/min kept at 40°C. The gradient was 

established using mobile phase A (0.1% FA in H2O) and mobile phase B (0.1% FA, 95% 

ACN in H2O): 2.1%-5.3% B for 5 min, 5.3%-10.5% for 15 min, 10.5%-21.1% for 70 min, 

21.1%-31.6% B for 18 min, ramping from 31.6% to 94.7% B in 2 min, maintaining at 

94.7% for 5 min, and 4.7% B for 15-min column conditioning. For introduction into the 

MS an electrospray potential of 1.9 kV was used and the ion tube temperature was set to 

270°C. General MS settings included default charge state of 3, application mode set to 

standard for peptide, and an EASY-IC was used for internal mass calibration in both MS1 

and MS2 ions.  

For DDA analysis the MS was set to profile mode with a resolution of 120,000 (at 200 m/z) 

and a full MS scan (375-1400 m/z range) was obtained. Other settings included 30% RF 

lens, 3 seconds between master scans, ion accumulation time of 100 milliseconds with a 

target value of 4e5, activation of MIPS (monoisotopic peak determination of peptide), and 

an isolation window of 1.6 m/z for ions. The ions carrying charges from 2+ to 5+ and 

measured above an intensity threshold of 5 e4 and were selected for fragmentation using 

higher energy collision dissociation (HCD) at 30% energy. Dynamic exclusion was used 

after 1 event for 10 s with a mass tolerance of 10 ppm. 

In DIA-MS analysis a high energy collision dissociation (HCD) fragmentation method was 

used with a quadruple isolation window of 25 m/z. Precursor mass range was set to 400-

1200 m/z for each injection. HCD was set to 30% and the mass defect was 0.9995. MS2 
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was run with a scan range of 350-1500 m/z, at a resolution of 30,000, maximum 

injection time of 100 milliseconds, and a target value of 1e6.  

 

3.3.5 Spectral library generation  

DDA raw files were processed and the library generated with Spectronaut Pulsar X 

(Version 12, Biognosys) using default settings. A false discovery rate of 0.01 was set at all 

levels (peptide, protein, and peptide spectrum match (PSM)). Peptides with a minimum 

length of 7 and maximum of 52 were allowed, along with a maximum of two missed 

cleavages. Digest type was set to specific and defined as Trypsin/P. Peptide identity was 

achieved via sequence alignment against the A. polyacanthus proteome with 36,741 entries. 

Default library filters in Spectronaut include ion mass to charge from 300-1800 Da, as well 

as minimum relative intensity of 5%, and a minimum amino acid ion length of two. Three 

to six fragment ions per precursor peptide were used in the library and iRT calibration 

required an R-squared minimum of 0.8.  

A second library was generated for both liver and brain by processing all DDA and DIA 

runs together in Spectronaut Pulsar X. All settings were the same as above including the 

protein database used to search for peptide identities. To create a ‘complete’ library 

(combining both tissues) for A. polyacanthus brain and liver libraries were merged using 

the combine library function in Spectronaut Pulsar X. 

 

3.3.6 Quantitative Analysis of biological samples 

DIA data were then loaded into the Spectronaut Pulsar X (Version 12, Biognysos) software 

and mapped against the generated spectral libraries leading to protein and peptide 
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identification and quantification. Default settings of the program were applied for analysis 

including: estimation of FDR using a 0.01 q-value cutoff for precursors and proteins; 

peptide quantity measurement determination using the mean of one-three best peptides; 

quantitation calculated using the area of extracted ion chromatogram (XIC) at MS2 level; 

excluding duplicate assays. Upon completion peptide quantities for all samples (n=47 liver, 

n=49 brain) were exported as a data matrix containing all non-redundant protein 

identifications for further analysis.  

Data matrices were loaded into the program Perseus v1.6.2.1 (Tyanova et al., 2016). Data 

was filtered by using a cutoff of at least 80% valid values in at least one condition. Protein 

group quantities were then log2 transformed to establish a normalized distribution and 

missing values were inferred using the normal distribution setting in Perseus. Differential 

abundance between conditions was inferred statistically using a multiple-sample test 

(ANOVA) with a permutation-based FDR at 0.05 (250 randomizations, no group 

preservations). Significant differences between each of the four conditions was determined 

using a Tukey’s post-hoc test (FDR<0.05) in Perseus. Protein names and functions were 

identified with the A. polyacanthus genome annotation.  

 

3.4 Results  

3.4.1 Spectral Library 

The key to the SWATH/DIA-MS analysis is the availability of a high-quality spectral 

library for the organism in question. To achieve this, we used samples from an experiment 

covering exposure to elevated temperature and elevated pCO2 as well as different tissues 

dissected from our organism Acanthochromis polyacanthus. Equal amounts of protein 
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from each condition and each tissue were used to prevent bias in the library representation. 

We combined a range of protein preparation protocols to ensure both better quality and 

quantity peptides prior to mass spectrometry. This included purification via 

methanol/chloroform to remove non-proteins, an FASP protocol which improved quality 

and yield, and desalting using cartridges with both C18 filters and R3 material to minimize 

protein loss. We then used the newer Orbitrap Fusion mass spectrometry platform that has 

been shown to identify more peptides than other systems (Zhang et al., 2019). Lastly, the 

new genome developed recently for A. polyacanthus gave us a high-quality database of 

protein coding genes to search against for spectral library generation. 

Based on the above optimal workflow we created six different spectral libraries to test our 

hypothesis. In each library we were able to identify a large number of peptides and proteins, 

and as expected the highest identification was discovered in the combined tissue library 

(Figure 3.1). The resulting spectral libraries contained anywhere from 49,136 to 103,022 

proteotypic peptides and 8,273 to 12,553 protein groups which equates to a 22% to 35% 

coverage of all the protein coding genes (Table 3.1). Consistent with full tryptic peptide 

properties, most identified peptides were 8-18 amino acids in length in all libraries.  
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Figure 3.1 Graph of overlapping protein groups between different spectral libraries. The 
majority of protein identifications are all included in the combined libraries.  
 

 

Table 3.1 Size of the different libraries created. Proteotypic peptides are those that uniquely 
identify a single protein. DDA= Data dependent acquisition, DIA= Data independent 
acquisition 

  Liver 

DDA 

Brain 

DDA 

Combined 

DDA 

Liver 

DDA+DIA 

Brain 

DDA+DIA 

Combined 

DDA+DIA 

# of injections 25 25 50 72 74 146 

Protein groups 10,825 8,901 12,084 10,541 8,273 12,553 

Peptides 

(Proteotypic) 

102,888  

(82,909) 

69,662 

(52,385) 

130,310 

(103,022) 

98,475 

(79,547) 

65,302 

(49,136) 

126,866 

(100,224) 

Precursors 134,369 84,599 170,650 131,912 83,214 170,918 
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3.4.2 DIA/SWATH-MS for the discovery of ecologically relevant molecular processes 

To determine the utility of these various spectral libraries we compared the proteomes of 

liver and brain tissue from A. polyacanthus exposed to different environmental conditions 

against each of the different libraries (Supplementary Figure 3.2). Using DDA+DIA 

libraries resulted in a significant increase in identified precursors and protein groups for 

both liver and brain samples (Figure 3.2). Approximately 3,300-4,100 protein groups were 

identified in brain depending on the library specificity and ~2,900 to 3,100 protein groups 

identified in liver. A higher data completeness was revealed when using the DDA+DIA 

libraries versus the DDA libraries correlating to the overall number of protein groups found 

when using the different libraries (Table 3.2).  

 
Figure 3.2 a and b represent the comparison of brain DIA samples against different 
libraries. c and d show comparisons of liver DIA samples from different conditions against 
different libraries. Full profiles indicated in gray represent proteins found across all DIA 
samples (liver samples are highly variable), sparse proteins represented in blue are those 
proteins found in at least one DIA sample.  
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Table 3.2 Data completeness and median CV’s of both liver and brain DIA runs compared 
against all library types. DIA= data independent acquisition, DDA= data dependent 
acquisition, CV= coefficients of variance 
 

There was little difference between the number of precursors and protein groups identified 

between the tissue-specific DDA+DIA library and the combined DDA+DIA library in both 

liver and brain. Furthering the case that a comprehensive species library combined with 

experiment-specific DIA runs can lead to no significant loss of identification as compared 

to the tissue-specific spectral library as long as it contains the targeted DIA tissue. By 

incorporating the DIA samples into the spectral library we are able to bolster the number 

of peptides represented in the library that could be found in the sample content which leads 

to fewer chances of false discovery without limiting the proteome coverage. To measure 

Liver DIA samples Data completeness Median CVs 

Liver DDA library 50.60% 23.1% 

Liver DDA+DIA library 62.60% 31.4% 

Brain DDA library 54.50% 22.2% 

Brain DDA+DIA library 55.30% 25.6% 

Combined DDA Library 45.0% 22.4% 

Combined DDA+DIA library 60.40% 31.4% 

Brain DIA samples Data completeness Median CVs 

Brain DDA library 57.30% 15.2% 

Brain DDA+DIA library 77.10% 21.2% 

Liver DDA library 56.7% 14.8% 

Liver DDA+DIA library 56.40% 16.8% 

Combined DDA Library 50.10% 14.9% 

Combined DDA+DIA library 67.70% 20.9% 
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variability across samples and between replicates we used the median coefficient of 

variation (CV) that represents the ratio of the standard deviation to the mean. CVs were 

higher in the DDA+DIA libraries than the DDA libraries for both liver (~31% vs 23%) and 

brain (~20% vs 15%) (Table 3.2). Liver samples also had a small number of full profiles 

which refer to protein groups and precursors that are found across all DIA samples queried 

(Figure 3.2). Lack of full profiles compared to sparse profiles reveals a high variability 

between samples and is expected due to the high complexity of our experiment’s design.  

Tissue specificity might be an issue for the proteome analysis of non-model organisms. 

Notably, when running the targeted DIA samples of one tissue against the spectral library 

of a different tissue, precursor identification decreased by an average of 43% in the liver 

DIA samples and ~55% in the brain DIA samples (Figure 3.2). This indicates that a species-

specific spectral library must contain protein samples from all targeted tissues or risk 

decreasing protein group identification by up to ~75% depending on the quality of the 

spectral library.  

 

3.4.3 Differential Expression and functional analysis 

An important function of the spectral library is to examine how well it can identify 

biologically and ecologically relevant differentially expressed proteins in a DIA-MS 

targeted analysis. Here we are able to show the definite usefulness of an experiment-

specific DIA+DDA library. No unique differentially expressed proteins (DEPs) were 

discovered using the combined DDA library in any comparison or tissue (Figure 3.3). 

Despite having a significant amount of shared identified proteins, using the tissue-specific 

DDA+DIA libraries and the combined DDA+DIA libraries both identified high amounts 
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of unique proteins (27% and 13% respectively for the brain, and 28% and 16% for the 

liver). This analysis made it clear that using a combined DDA library is insufficient for the 

identification of DEPs; when analyzing highly variable samples the library must have some 

specificity (tissue or study related).  

  

 

Figure 3.3 Venn diagrams of overlapping and unique differentially expressed proteins 
(DEPs) identified using different spectral libraries for both brain (a) and liver (b) targeted 
DIA analysis. Significant differential expression analyzed across all four conditions was 
calculated via ANOVA (FDR<0.05). 
 
 

Higher numbers of statistically significant differentially expressed proteins were uniquely 

identified in the tissue specific DDA+DIA library in both liver and brain analysis (~27.5% 

of all identified DEPs). One main goal of this study was to determine if a “whole organism” 

library could identify sufficient ecologically relevant DEPs as compared to a tissue-specific 

library. In order to determine if the reduced number of unique proteins led to any loss in 

ecologically relevant protein identifications, we looked deeper at the function of the DEPs 

identified using all library types (Supplementary data 3.1). As our DIA experiment was 

designed to examine the stress response of a fish to dual climate change stressors (ocean 

warming and acidification) we examined the significant DEPs for those related to cellular 
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stress in fish. These included proteins related to the heat shock response (HSP), a well-

documented expression change seen in fish exposed to elevated temperatures (Basu et al., 

2002), cytochrome related genes involved in oxidative stress, and several other previously 

identified stress response genes in marine fish representing protein degradation and cell 

death. In Figure 4 we see the combined DDA libraries provided the least identifications of 

the complex cellular stress response identified by the other libraries. Furthering the 

necessity of the inclusion of experiment-specific DIA runs in the spectral library, especially 

when combining tissues. In DDA+DIA libraries we see little difference between the 

differential expression in the combined and tissue-specific identifications (Figure 3.4). This 

suggests that using a whole organism library (including several tissues or body parts) is 

sufficient to identify important changes in the entire proteome when a non-model organism 

is exposed to varying environmental conditions.  

 
Figure 3.4 Heatmap of differentially expressed stress related proteins in different library 
comparisons, values refer to differences based on Tukey’s post hoc test after an ANOVA 
test of significance (FDR<0.05). a) those identified in brain DIA targeted analysis and b) 
those identified in liver analysis. Thick lines indicate separations between proteins related 
to shared functions. 
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3.5 Discussion 

Recent technological advances in proteomics have turned mass spectrometry into a 

mainstream analytical tool with ecological applications (Aebersold & Mann, 2016). 

SWATH/DIA-MS is one of the first to allow for a big data approach to proteomics via its 

ability to create large data matrices containing accurately measured proteins across various 

samples with minimal missing values (Aebersold & Mann, 2016). Here we are able to 

present one of the first applications of this method to examine ecologically relevant 

changes in protein expression in a non-model organism. As the limitation of this method is 

the quality of the spectral library we examined the utility of different library compositions 

to determine the most useful, both in overall protein identification and in the statistical 

analysis of differential expression (Krasny et al., 2018). We are able to show that while a 

tissue-specific library approach yields the highest data completion there is no loss of 

ecologically relevant information when using an organism level library, as long as that 

library contains study-specific data. This is especially important when working with small 

organisms, such as during developmental or larval stages where the biological material is 

usually limited. Further studies using non-model organisms can be confident that a whole 

organism approach to a spectral library will lead to successful differential expression 

analysis as well as promote future proteomic studies in the non-model species.  

The spectral library generation is the most laboratory intensive and time-consuming part 

of the SWATH/DIA-MS methodology as it requires fractionation prior to mass 

spectrometry. However, once an organism-specific library is created future studies can use 

this reference cutting down on costs and lab time. Using a tissue-specific library led to a 

greater number of identifications at the peptide and protein level when querying samples 
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of that same tissue, but when we compared the liver DIA samples to the brain-specific 

library or vice versa we discovered a significant loss in data completeness and protein 

identification. Therefore, unless one tissue will always be the focus in an organism, a 

comprehensive species-specific library will be more useful to future proteomic studies than 

a tissue-specific one.  

We also undertook the first study to quantify the usefulness of adding study-specific DIA 

data to the spectral library in a non-model organism. A previous study suggested the utility 

of this method in lab curated cancer cells with positive results in increases of protein 

identifications (Gandhi et al., 2017). We discovered that the addition of study-specific DIA 

data in the creation of the spectral library, especially at the whole organism level, increased 

the identification of protein groups and peptides significantly. Creating a base organism 

level DDA spectral library then adding DIA specific runs to tailor that library to a specified 

experiment can lead to the best results of both a study-specific and whole organism library 

(Gandhi et al., 2017).  

To validate the created spectral libraries, we used DIA samples from a complex 

experimental design with approximately twelve individuals from each of four different 

conditions. As the experiment was set up to identify the reaction of this fish to the dual 

climate stressors of ocean acidification and ocean warming, we searched the differentially 

expressed proteins for those related to common stress responses in fish. Proteins related to 

cellular stress were found in every brain and liver analysis using different library types. 

However, a more complex stress responses was identified using tissue-specific and study-

specific (DIA+DDA) libraries. In particular we were only able to identify changes between 

the combined condition and the elevated temperature condition when using DDA+DIA 
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libraries (Supplementary Data 1). This was a very small change consisting of less than five 

proteins but when using the DDA libraries the identification of any proteins between these 

conditions was lost. Proteins identified as part of the cellular stress response included up 

regulation of HSPs, a common indicator of stress related to abiotic and biotic factors in fish 

and other organisms (Basu et al., 2002; Huth & Place, 2016). We also identified several 

cytochrome proteins involved in oxidative and metabolic processes, and associated with 

thermal stress responses in salmon (Akbarzadeh et al., 2018). SEPRH, FKBP, and RAS 

related proteins have also been previously identified as significantly expressed in marine 

fish under stress (Chen et al., 2018; Evans & Somero, 2009; Liu et al., 2016). With these 

methods we are able to identify expected changes in relevant molecular pathways 

previously recognized as being associated with environmental stress responses in fish.  

Our in-depth approach into the utility of different spectral libraries provides new insights 

into the use of SWATH/DIA-MS on non-model organisms and in complex experimental 

designs with high individual variation. We were able to identify up to 4,000 protein groups 

and up to 253 differentially expressed proteins using this method. Within the differentially 

expressed proteins we successfully identified many proteins related to stress responses in 

fish, confirming the ability of this method to identify ecologically relevant pathways when 

examining individuals exposed to varying environmental conditions. We provide the first 

proof-of-concept for the use of SWATH/DIA-MS in non-model organism from a wild, 

non-lab bred population. These results contribute to our better understanding of proteome 

changes in our own study organism, A. polyacanthus, as well as providing analytical data 

to encourage the use of this method in further ecological based proteome studies of any 

non-model organisms.  
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3.7 Supplementary material 

The mass spectrometry DDA and DIA proteomics data acquired during this experiment 

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository 

with the dataset identifier PXD017605 (Perez-Riverol et al., 2019).  

Supplementary data file 3.1 has been archived and is available via the KAUST library.  

 

 

 

 
Supplementary figure 3.1 Experimental design of samples used in both DDA analysis for 
spectral library generation and targeted DIA analysis for library validation and differential 
expression 
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Supplementary figure 3.2 Graph showing the overlap of protein groups identified during 
targeted DIA analysis of a) brain and b) liver tissues against different spectral libraries 
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Chapter 4 

Ocean warming rather than acidification shapes the transcriptomic and 

proteomic response of a coral reef fish 

 

4.1 Abstract 

Climate change will drive variations in fitness landscapes in organisms across different 

environmental factors and therefore it is important to understand how organisms will react 

to combined environmental changes. Some of the main changes, such as ocean warming 

and acidification could interact antagonistically or synergistically, potentially alleviating 

certain effects on organisms or making them substantially worse. In the coral reef fish, the 

spiny damselfish (Acanthochromis polyacanthus), the effects of each of these conditions 

have been individually studied impacting their behavior, metabolism, growth, and survival. 

These effects have also been examined at the molecular level in this fish through alterations 

in gene expression and epigenetic modifications. To investigate the combined effects of 

elevated temperature and ocean acidification on a coral reef fish we exposed juvenile 

damselfish to singular and combined near-future predicted environmental conditions for 

eleven weeks. Phenotypic changes were tested (life history traits, fitness, behavior) and the 

molecular pathways behind them were identified via transcriptomic and proteomic analysis 

of both liver and brain tissues. Our results suggest that elevated temperature drives the 

observed transcript and protein expression changes on fundamental molecular pathways 

under combined elevated temperature and pCO2, which correlates with the measured 

phenotypic traits. Our findings indicate that A. polyacanthus shows a strong cellular stress 
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response shared between elevated temperature and combined conditions consisting of 

changes in heat shock proteins, cell proliferation, and metabolic processes. Results also 

suggest a decrease in development and motor activity as an effect attributed to elevated 

pCO2 in the combined condition. This indicates that additive effects of elevated 

temperature and pCO2 do exist in A. polyacanthus leading to decreased growth rates and 

activity. However, parental genotypes also play a strong role in the measured response to 

climate change, creating a potential for adaptive selection in future generations. 

 

4.2 Introduction 

The ocean plays a major role in stabilizing the global climate by absorbing ~93% of the 

atmospheric heat and ~25% of the atmospheric carbon dioxide (Pörtner et al., 2014). 

Through anthropogenic climate change the ocean is rapidly changing most notably through 

rising temperatures and ocean acidification (Rosenzweig et al., 2008). Climate models 

predict a rise in ocean temperatures anywhere from 1°C to 4°C by 2100 based on different 

emission pathways and an increase of pCO2 up to ~1300µatm from the current ~450µatm 

(IPCC, 2014). Marine organisms are already threatened by these changes, forcing many 

species to acclimate and adapt to survive (Hoffmann & Sgró, 2011). In particular, warm 

water coral reef ecosystems face significant challenges from environmental changes as 

many organisms already live at their thermal limits (Hoegh-Guldberg et al., 2017). 

Predictions show that these habitats are quickly degrading and could disappear as early as 

2040 (Fisher et al., 2015; Hoegh-Guldberg et al., 2017). This decline and potential loss of 

coral reefs ecosystems will be detrimental as they provide a habitat for at least 25% of 

marine life (Hoegh-Guldberg et al., 2017). 
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Ocean acidification and ocean warming have wide ranging impacts beyond habitat 

destruction for coral reef fishes. These include impacts such as behavioral impairment, 

reproductive success, growth, and changes in metabolic rates (Cattano et al., 2018; 

Laubenstein et al., 2018; Munday et al., 2017). Marine fish are ectotherms, relying on the 

environment around them to regulate their body temperature (Fry, 1971). Coral reefs 

provide specific environmental conditions leading to fish adapted to narrow ranges of 

temperature, salinity, and pCO2. Ocean warming, even at a rate of 1°C, and ocean 

acidification can impact these fishes optimal rates of physiological processes (Habary et 

al., 2017; Munday et al., 2008; Nagelkerken & Munday, 2016; Riebesell & Gattuso, 2015). 

Fishes are able to adjust to small fluctuations in pH via tight regulation of acid-base ions 

(Heuer & Grosell, 2014). However, more recent studies have shown that the increased 

energetic cost of this control under highly elevated pCO2 conditions as well as specific 

effects on neural mechanisms suggest these organisms are more susceptible than previously 

thought (Gobler et al., 2018; Nilsson et al., 2012; Welch et al., 2014).  

Evidence based experimental manipulation of one environmental condition suggests that 

coral reef fish might be able to acclimate or adapt to these changing environmental 

conditions but the responses are highly variable depending on the exposure condition, the 

time exposed, and the species of fish studied (Domenici et al., 2012; Donelson et al., 2012; 

Habary et al., 2017; Munday et al., 2017; Welch et al., 2014). Under conditions of elevated 

pCO2 many fish experience behavioral impairment with consequences on predator-prey 

interactions, habitat selection, and competition (Clements & Hunt, 2015; Nagelkerken & 

Munday, 2016). In marine fish there is also evidence for negative effects of ocean 

acidification on growth and survival (Gobler et al., 2018; Murray et al., 2014; Stiasny et 



 85 

al., 2016). However, these responses differ significantly across species with several fish 

experiencing different sensitivities to elevated pCO2 (Cattano et al., 2017; Ferrari et al., 

2011; T. Laubenstein et al., 2018; Munday et al., 2011; Watson et al., 2018). Recent studies 

have begun analyzing the molecular mechanisms behind the behavioral impairment cause 

by elevated pCO2. Behavioral changes appear to be related to GABAA neurotransmitter 

function, disruption in the acid-base regulation of these fishes, as well as possible 

epigenetic regulations (Hamilton et al., 2017; Hamilton et al., 2014; Nilsson et al., 2012; 

Schunter et al., 2018, 2016; Williams et al., 2019).  

The response of marine fish to elevated temperature is more consistent across species than 

that of elevated pCO2. Ocean warming negatively impacts fish when they experience 

temperatures exceeding their thermal optimum through decreases in aerobic scope, 

swimming capacity, growth, survivorship, and reproductive output (Donelson et al., 2009; 

McLeod et al., 2015; Munday et al., 2008; Todd et al., 2008). Reduced capacity for oxygen 

intake (aerobic scope) is a main concern for fish exposed to elevated temperatures and can 

lead to several behavioral changes including swimming performance and competitive 

ability (Killen et al., 2014; Pörtner & Farrell, 2008; Veilleux et al., 2015). Molecular 

mechanisms associated with temperature stress include energy metabolism, cellular stress 

response, and heat shock proteins (Metzger & Schulte, 2018; Narum & Campbell, 2015; 

Scott & Johnston, 2012).  

Despite recent increases in climate change studies little is known about the combined effect 

of elevated pCO2 and temperature on marine fish. The few studies that have researched this 

question found varying degrees of effects across marine species with the environmental 

conditions acting both antagonistically and synergistically on responses (Domenici et al., 
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2014; Jarrold & Munday, 2018;Laubenstein et al., 2019; Pimentel et al., 2014; Riebesell & 

Gattuso, 2015; Sswat et al., 2018). Only one study has looked into the molecular pathways 

effected by altering these two conditions simultaneously in fish using the notothenioid 

Pagothenia borchgrevinki (Huth & Place, 2016). They discovered a stress response to both 

conditions in this fish related to immune system processes, cell proliferation and death, 

energy metabolisms, and cellular response to stress that was strongest after short term 

exposure (7 days; Huth & Place, 2016). However, this is cold-acclimated fish living in the 

Southern Ocean and could have different mechanisms to dealing with increased 

temperatures as compared to coral reef fish that are often living close to their thermal limits. 

Due to the variation in effects of combined stressors at the physiological and behavioral 

level more studies need to be carried out using combined stressors as well as different 

species from varying habitats to elucidate the general molecular mechanisms effected by 

climate change.  

Acanthochromis polyacanthus is a spiny damselfish inhabiting coral reefs of the Indo-

Pacific frequently occurring on the Great Barrier Reef and is the only known species of 

damselfish that has no pelagic larval dispersal (Allen, 1975). This has created genetic 

divergences within its geographic range suggesting adaptability of the species to various 

tropical environments (Bay et al., 2006; Munday et al., 2008). When exposed to elevated 

pCO2 conditions A. polyacanthus is primarily effected through behavioral impairments 

(Welch et al., 2014). However, this response is highly individualized both in the fish 

response to chemical alarm cues and how that response is expressed in its brain 

transcriptomic profile (Schunter et al., 2018, 2016; Welch et al., 2014). At the 

transcriptional level responses to ocean acidification in the brain were tied to ion-regulation 
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adjustment and a common cost of this stress appeared to involve serine, glycine, and 

glucose metabolism (Schunter et al., 2018). Elevated pCO2 has a common effect on 

olfactory cues and neurotransmitters in fishes, hence the focus on the transcriptomic 

profiles of the brain. The response of A. polyacanthus to elevated temperature has been 

widely studied over the past decade. Main impacts are on growth, survival, reproductive 

output, metabolic rates, and aerobic scope (Bernal et al., 2018; Donelson & Munday, 2012, 

2015; Donelson et al., 2016). At the transcriptomic level we observed differential 

expression in stress response genes, metabolic pathways, and immune responses when 

these fish are exposed to elevated temperatures (Bernal et al., 2018; Veilleux et al., 2015, 

2018). As energy homeostasis and metabolism pathways are a large part of acclimation to 

increased temperatures in all fish these molecular studies have focused on liver tissue. 

Two recent studies observed the impacts of combined elevated temperature and pCO2 in 

A. polyacanthus on its life history traits, behavior and physiology (Jarrold & Munday, 

2018; Laubenstein et al., 2019). Elevated pCO2 affected behavioral lateralization as well 

as feeding strikes after exposure to chemical alarm cues (CAC). These effects produced 

similar results in both the elevated pCO2 condition and the combined condition 

(Laubenstein et al., 2019). Elevated temperature decreased survival and overall growth 

when fish were exposed to elevated temperature yielding the same results when exposed 

to the single stressor or with the addition of elevated pCO2 (Jarrold & Munday, 2018). This 

suggests that in these measured traits there were no combined effects of ocean acidification 

or ocean warming on A. polyacanthus. Depending on the trial or measurement one stressor 

or the other dominated the negative response of the fish to these conditions. The responses 

matched results from previous studies on A. polyacanthus researching the impacts of single 
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stressors such as reduced behavioral lateralization under exposure to elevated pCO2 and 

decreases in survival and growth under elevated temperature conditions (Munday et al., 

2008; Welch et al., 2014).  

Here we set out to determine the molecular mechanisms driving these changes in both the 

individual conditions and the combined conditions, and how they differ in the coral reef 

fish, A. polyacanthus, with the aim of understanding tradeoffs within a possible end of 

century climate. In this study we chose to look at both brain and liver tissue as these were 

used in previous studies regarding pCO2 and temperature changes. This is the first look at 

changes in the brain transcriptome based on ocean warming and changes in the liver 

transcriptome based on ocean acidification in A. polyacanthus. We reared fish at four 

different conditions including 1) control and the single environmental change of 2) elevated 

pCO2 alone, 3) elevated temperature alone and the combined treatments of 4) elevated 

pCO2 and temperature over eleven weeks from the day of hatching. We elucidated the 

molecular responses to these different environmental conditions through genome-wide 

gene and protein expression. By combining these two omics measurements we achieve a 

more in depth look into the molecular mechanisms of the responses of this fish to climate 

change and start to untangle the molecular mechanisms behind multiple climate related 

conditions.  

 

4.3 Materials and methods 

4.3.1 Experimental design 

The experimental design and conditions follow those described in Jarrold and Munday 

(2018). Adult A. polyacanthus were collected from Bramble Reef (Great Barrier Reef, 
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Australia) in July 2015 and transported to aquaria in James Cook University (Townsville, 

Australia). These adults were placed as breeding pairs in 60L tanks kept at conditions 

matching their collection location. They were maintained at ambient pCO2 levels 

(~490µatm) and temperature was slowly ramped up over several weeks to 29°C in 

December 2016 to induce breeding. Eggs were allowed to develop under the care of their 

parents in these control conditions. On the day after hatching juveniles were transported to 

the National Sea Simulator (SeaSim) Facility at the Australian Institute of Marine Science 

(AIMS) (Cape Cleveland, Australia). Offspring clutches from 2 parental pairs were used 

in this experiment and each clutch was split between four conditions: 1. control temperature 

(29°C), control pCO2 (450µatm) 2. Control temperature (29°C), elevated pCO2 (1000µatm) 

3. elevated temperature (31°C), control pCO2 (450µatm) 4. Elevated temperature (31°C) 

and elevated pCO2 (1000µatm) (Figure 4.1). Juveniles were kept in these conditions for 

eleven weeks post-hatching date. At eleven weeks fish were euthanized, weighed and their 

lengths were measured to determine differences in life history characteristics (JCU ethics 

permit A2210). Fish were euthanized at the same time of day (over three hours) for two 

consecutive days due to the discovery of circadian rhythm related effects of elevated pCO2 

on this fish in previous studies (Schunter et al., 2018, 2016). Livers and brains were 

dissected from twelve fish from each condition for a total of 48 individuals. The brain and 

liver tissues were flash frozen in liquid nitrogen immediately after dissection and stored at 

-80°C for processing. 
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Figure 4.1 Experimental design showing the four different conditions the juveniles were 
kept in post hatching 
 

4.3.2 RNA extraction and preparation 

Whole frozen tissues were homogenized in RT-plus buffer for 30s using a bead beater with 

single use silicone beads and total RNA was extracted from brains using the AllPrep 

DNA/RNA mini kit (Qiagen) and from livers using the AllPrep DNA/RNA micro kit 

(Qiagen) due to the small size of the tissue. The latter protocol was modified to use 50% 

ethanol when the sample was added to the RNA spin column as recommended in the 

Qiagen handbook when extracting RNA from liver tissue. RNA quantity was determined 

using a Nanodrop then reanalyzed for both the quality and quantity with the Agilent 2100 

Bioanalyzer and a Qubit 2.0 fluorometer. Conversion to cDNA and preparation for 

Illumina sequencing was done using the TruSeq RNA Illumina Library Prep Kit (KAUST 

29°C 31°C

450 µatm 450 µatm1000 µatm 1000 µatm

Control Elevated pCO2 Elevated Temp Combined

Wild caught 
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Bioscience Core Lab (BCL), Saudi Arabia). Samples were sequenced by the KAUST BCL 

on the Illumina Hiseq 4000 paired end at 150bp in KAUST, Saudi Arabia.  

 

4.3.3 Transcript expression analysis 

Raw reads were quality checked with FastQC (Andrews, 2010) and sequences were 

trimmed using Trimmomatic v0.36 (Bolger et al., 2014) with set parameters including a 

phred score of 33, a minimum length of 40, and removal of the first 13bp of each sequence 

as well as the Illumina adapter sequences. Reads were rechecked in FastQC to check 

quality and determine correct adapter trimming (Supplementary data 4.1). Sequences were 

then aligned to the Acanthochromis polyacanthus genome using hisat2 v2.1.0 with an 

average alignment of ~87% for brain and ~91% for liver (Kim et al., 2015; Lehman et al. 

in prep). SAM output files from mapping were then sorted and converted into bam files 

using SAMtools v1.5. Feature counts (Subreads v1.5.3; Liao et al., 2014) was used to create 

a matrix of the exon read counts and the gene-id’s provided in the genome annotation. 

Minimum mapping quality was set to 20 and both fragment pairs were required to align to 

the reference.  

Two data matrices were created, one each for liver and brain samples, then imported into 

RStudio v1.1.463 and run through the program DEseq2 (Love et al., 2014) to statistically 

determine the differential expression between conditions. Counts were pre-filtered using a 

code that required each row (gene) in the matrix to have 6 or more samples with 5 or more 

read counts. A likelihood ratio test (LRT) was used to determine differentially expressed 

transcripts (DETs) between different models for DEseq2 to analyze (Padj<0.05). This 

helped us determine the likelihood of the effect of elevated temperature and pCO2 on gene 
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expression as well as the effect of individuals from different families and tanks on 

expression patterns. Using the best fitting model with parental identity as a batch effect we 

then ran the contrast function in DEseq2 to determine differentially expressed genes 

(DETs) between the four different environmental conditions. Significant DETs were 

evaluated using a q-value<0.05 and a minimum log 2-fold change of 0.3. All graphs were 

created using the R packages Vegan and ggplot2 (Kolde, 2015; Oksanen et al., 2018; 

Wickham, 2016). 

Gene ontology of each gene was annotated using Blast2Go Pro v4.19 (Gene Ontology 

Consortium; Götz et al., 2008). Enrichment was performed in RStudio v1.1.463 with the 

GO-MWU script that uses a Mann-Whitney U test and a Benjamin-Hochberg correction to 

determine statistical significance (Wright et al., 2015), (scripts available at: 

https://github.com/z0on/GO_MWU). Input includes the log p- adjusted values of all genes 

identified (not just the significant ones) in each contrast computed in DESeq2. Those 

determined as upregulated are given a positive log p-value while those down regulated are 

given a negative p-value. The enrichment test was carried out separately for each of the 

different GO domains using stringent filtering including collapsing redundant categories, 

only selecting those genes represented by more than 5 Go-Terms, and employing and FDR 

cutoff of 0.1. For KEGG analysis the A. polyacanthus genome was annotated to the KEGG 

database using the online server KAAS (Moriya et al., 2007). The search parameters were 

as follows: BLAST search program, bi-directional best hit (BBH), and manual selection of 

organisms for the genes data set (Danio rerio). With this method a total of 15,349 genes 

were annotated with a K number. Differentially expressed genes with an identified K 

number were then imported into the KEGG mapper search & color pathway tool. Search 
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mode was run as organism specific using Danio rerio as the reference organism. Identified 

enriched KEGG pathways were compared across conditions, tissues, and between the 

proteome and transcriptome. 

 

4.3.4 Protein extraction  

Proteins were extracted using the Qiagen All prep mini kit (Qiagen) after elution through 

the RNA spin column. The flow through liquid was transferred to a new Eppendorf tube 

with 3.5µl of protease inhibitor (Halt cocktail, Thermo Fisher Scientific) and kept on ice. 

The liquid was then split in half between 2 Eppendorf tubes (~250µl in each) and 1000µl 

of cold acetone was added to each tube. After 30 minutes on ice all tubes were centrifuged 

at 4°C for 10 minutes. The samples were then moved to the fume hood and all the liquid 

was removed via pipetting. Samples were left to dry for 10 minutes and the resulting protein 

pellet was stored at -80°C for further processing.  

 

4.3.5 Sample Preparation 

Protein pellets were resuspended in 8M urea buffer combined with protease inhibitor 

(Promega) and purified using the chloroform-methanol precipitation method (Wessel & 

Flügge, 1984). The resulting pellet was then resuspended in 8M UA buffer and sonicated. 

From this the protein quantity was measured using the Micro BCA protein assay kit 

(Thermo Fisher Scientific) and a SpectraMax microplate reader.  

For DIA/MS quantification 20ug of protein extract from each biological replicate was used. 

Protein alkylation, reduction, and digestion were done using the Filter Aided Sample 

Preparation (FASP) protocol (Wisniewski, Zougman, Nagaraj, Mann, & Wi, 
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2009).Following digestion with trypsin samples were desalted using a C18 filter pipette 

tips (Agilent) or a reversed-phase C18 Sep-Pak cartridge (Cat. WAT023590; Waters 

Corp.), containing an oligo R3 reversed-phase resin (Cat. 1133903; Applied Biosystems) 

depending on protein quantity. Elution from both the C18 cartridge and pipette tip was 

done using 75% ACN and 0.1%TFA and all samples were subsequently dried in a 

SpeedVac (Thermo Fisher Scientific).  

For quantification with SWATH MS a data independent acquisition (DIA) all samples were 

resuspended in 15ul of the buffer 3%ACN, 0.1%FA in miliQ water. Samples were then 

quantified using a NanoDrop (Thermo Fisher Scientific) and the amount of buffer was 

adjusted to normalize the concentration amount of each sample for injection. Indexed 

retention time (iRT) standards (Biognosys) were added to each prepared sample prior to 

the mass spec run at 3:10 ratio (v/w).  

 

4.3.6 LC/MS-MS acquisition in DIA/SWATH-MS 

Prior to DIA/SWATH-MS, peptides were separated on a similar nLC system as for DDA, 

but connected to a 50 cm EASY-Spray column PepMap RSLC C18 (Cat. ES803; Thermo 

Fisher Scientific) at a flow rate of 300 nl/min, and over the same 75-min gradient used in 

DDA. The nLC system was coupled to a Fusion Lumos Orbitrap mass spectrometer 

(Thermo Fisher Scientific). The sample was introduced into the MS through an EASY-

Spray ion source with an electrospray potential of 1.9 kV and ion transfer tube temperature 

at 275 °C. Full MS scan (400-1200 m/z range) was acquired at a resolution of 60,000 in 

profile mode, maximum injection time of 20 ms and target value of 5x e5. The instrument 

was set in DIA mode with optimized quadrupole settings for 32 precursor ion selection 
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windows (each 25 Da wide) over the precursor mass range. Fragmentation by HCD was 

set at 30%, dd-ms2 resolution at 30,000, maximum injection time of 50 ms, and a target 

value of 2xe5. 

 

4.3.7 Proteome expression analysis 

DIA data were then loaded into the Spectronaut Pulsar X software and mapped against the 

A. polyacanthus DDA+DIA combined tissue spectral library (Chapter 3) leading to protein 

and peptide identification and quantification. Default settings of the program were applied 

for analysis including: estimation of FDR using a 0.01 q-value cutoff for precursors and 

proteins; peptide quantity measurement determination using the mean of 1-3 best peptides; 

quantitation calculated using the area of extracted ion chromatogram (XIC) at MS2 level; 

excluding duplicate assays. Upon completion protein group quantities for all samples were 

exported as a data matrix for further analysis.  

Data matrices were loaded into the program Perseus v1.6.2.1 (Tyanova et al., 2016) and 

filtered by using a cutoff of at least 70% valid values in at least one condition. Protein 

group quantities were then log2 transformed to establish a normalized distribution and 

missing values were inferred using a normal distribution. Principal component analysis and 

Pearson’s hierarchical clustering was performed on normalized protein counts using an 

ANOVA with an FDR cutoff of 0.01. Post-hoc test for overall differences between 

conditions. Differential abundance between contrasting conditions was inferred 

statistically using a two-sided t-test with a permutation-based FDR at 0.05 and a fold 

change cutoff of >1.6 and < -1.6 (250 randomizations).  

Gene ontology enrichment was performed as above for the transcripts using GO-MWU in 

RStudio V1.1.436 (Wright et al., 2015). Log adjusted p-values were obtained from the t-
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test performed between each condition in Perseus. Differentially expressed proteins with 

an identified K number after mapping to the KEGG annotation mentioned above were 

imported into the KEGG mapper search & color pathway tool. Search mode was run as 

organism specific using Danio rerio as the reference organism. Significantly enriched 

pathways were compared between conditions, tissues, as well as the proteome and 

transcriptome.  

 

4.4 Results  

4.4.1 Expression analysis and importance of parental influence 

Paired end mRNA sequencing of all samples (47 liver and 48 brain tissues) yielded an 

average of 50.7 million reads that decreased to 46.8 million reads post quality trimming 

(Supplementary Table 4.1). When analyzing differential expression, the highest number of 

genes was derived from those treatments with elevated temperature while treatments with 

elevated pCO2 had little influence on gene expression (Table 4.1). However, parental 

identity of the fish had a much greater impact on its expression profile than the condition 

in which it was raised as seen in the principle component analysis (PCA) where the 

individuals’ group by parents rather than condition (Figure 4.2, Table 4.1). 
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Table 4.1 Differentially expressed genes and proteins (FDR<0.05) based on parental 
identity and overall conditions. Transcripts determined via a likelihood ratio test (LRT), 
and proteins determined via ANOVA. 
 

Figure 4.2 PCA of normalized read counts using a variance stabilized transformation (vst) 
in a) brain samples and b) liver samples 
 

Using the latest proteomics technique, we identified a total of 3,185 protein groups (PGs) 

from 46 liver samples and 3,306 protein groups from the 48 brain samples. Proteomic and 

transcriptomic expression were measured from the same individuals to investigate the 

direct link between these molecular processes. Data completeness for the liver samples was 

60.4% and the median coefficient of variation (CV) for the experiment was 31.4% while 

in the liver these values were 67.7% and 20.9% respectively. After filtering 3,043 PGs 

remained in the brain and 2,727 PGs in the liver. The same pattern was found as in the 

Brain 
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All 
Conditions 

Elevated 
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Elevated 
Temperature  

Transcripts 5,369 477 1 845  
Proteins 509 253 0 441 

Liver       
Transcripts 7,242 1,820 3 1,374  

Proteins 756 89 5 115 
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transcriptome with parental identity having a greater effect on overall protein expression 

than condition (Figure 4.3, Table 4.1). This confirms that this bias due to parental identity 

is a true biological difference rather than one due to technical errors. We also observed 

higher numbers of differentially expressed proteins (DEPs) attributed to those individuals 

exposed elevated temperatures versus those exposed to elevated pCO2 just as in the 

transcriptomes (Table 4.1). By comparing only the differentially expressed proteins we are 

able to see clustering based on condition with elevated temperature grouping closer to the 

combined condition and elevated pCO2 grouping with control condition (Figure 4.4). 

 

 

Figure 4.3 PCAs of normalized protein counts using log2fold normalization in a) brain 
samples and b) liver samples 
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Figure 4.4 PCAs of significant differentially expressed proteins between all conditions 
based on ANOVA (FDR<0.05) in a) brain and b) liver.  
 

4.4.2 Elevated pCO2 influences on expression 

We identified several unique genes and pathways within the comparison of elevated pCO2 

versus combined conditions as compared to control conditions. Although control and 

elevated pCO2 cluster closely in the PCAs there appears to be a specific effect of elevated 

pCO2 on the molecular responses of these juvenile fish compared to those raised in control 

conditions (Figure 4.4). In the liver we identified 767 unique differentially expressed 

transcripts (DETs) and 26 unique differentially expressed proteins (DEPs) to the elevated 

pCO2 condition compared to combined (Figure 4.5). Specific genes associated with ocean 

acidification included upregulation of a circadian rhythm activator (BMAL1) and down 

regulation of a circadian rhythm repressor (CIART) in the elevated pCO2 condition. We 

also identified a GABA transport gene (S6A11) as down regulated in elevated pCO2. In the 

DEPs a serine protease (KLK8) as well as several cytochrome genes (CP2J2 and 6) were 

highly upregulated in comparison to combined in the elevated pCO2 condition. Out of these 

identifications only two genes (SERPH and PYGM) were shared between the transcriptome 

and the proteome. Therefore, we used shared GO terms and KEGG pathways to identify 

a)

Control

Elevated temperature

Elevated pCO2

Combination

b)
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overall molecular mechanisms driving the expression changes under elevated pCO2 

conditions. DNA modification and cytoskeletal organization were upregulated in elevated 

pCO2 while regulation of transport, fibroblast growth receptor binding, and unfolded 

protein binding were significantly down regulated (Supplementary data 4.12 and 4.17). 

KEGG pathways uniquely differentially enriched in the liver under elevated pCO2 were 

cellular senescence, glycolysis/gluconeogenesis, various types of N-glycan biosynthesis, 

as well as several carbohydrate metabolism pathways (Table 4.2).  
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Figure 4.5 Unique and overlapping differentially expressed (DE) genes and proteins. All 
comparisons are those differentially expressed when compare to the combined condition.  
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Table 4.2 Top ten pathways enriched in both the proteome and the transcriptome based on 
significantly differentially expressed genes and proteins. Identified using the Danio rerio 
database in the KEGG pathway mapper tool.  
 

In the brain, 67 unique DETs and 64 DEPs were found between elevated pCO2 and 

combined (Figure 4.5). This unique response included upregulation of GABA transporter 

genes (S6A13 and 11) as well as genes associated with neural cell adhesion and therefore 

Up-regulated Down-regulatedDE genes DE genesDE proteins DE proteins

Brain combination vs control

Protein processing in 
endoplasmic reticulum 3 5 metabolic pathways 11 9

metabolic pathways 4 11 Tight junction 2 1

Insulin signaling pathway 1 3 Apoptosis 1 1

Lysine degradation 3 1 RNA transport 5 1
Endocytosis 2 8 Ribosome 7 7

MAPK signaling pathway 1 3 Purine metabolism 1 2

Spliceosome 1 1 Base excision repair 2 2
Cellular senescence 1 2 Carbon metabolism 2 3

Apoptosis 2 2 Glycolysis / 
Gluconeogenesis 2 2

Calcium signaling pathway 1 2 Citrate cycle (TCA cycle) 2 1

metabolic pathways 3 7 metabolic pathways 7 19
Protein processing in 
endoplasmic reticulum 4 2 PPAR signaling pathway 3 3

MAPK signaling pathway 2 1 Fatty acid metabolism 2 2
Endocytosis 2 2 Fatty acid degradation 2 2
NOD-like receptor signaling 
pathway 3 1 Peroxisome 1 3

Fatty acid metabolism 1 1 Ferroptosis 1 1
Fatty acid elongation 1 1 Endocytosis 3 3
Necroptosis 1 2 Purine metabolism 1 2
Progesterone-mediated 
oocyte maturation 1 1 Autophagy - animal 2 1

Focal adhesion 1 1 Arachidonic acid 
metabolism 1 2

Up-regulated Down-regulatedDE genes DE genesDE proteins DE proteins

Brain combination vs elevated pCO2

Up-regulated Down-regulatedDE genes DE genesDE proteins DE proteins

Liver combination vs control

metabolic pathways 60 14 metabolic pathways 32 7

Oxidative phosphorylation 31 1 Focal adhesion 6 1

Cardiac muscle contraction 7 1 Fatty acid metabolism 3 1

Protein processing in 
endoplasmic reticulum 4 5 Arachidonic acid metabolism 1 1

Apoptosis 4 1 Drug metabolism - other 
enzymes 1 2

Necroptosis 3 1 Metabolism of xenobiotics by 
cytochrome P450 1 2

carbon metabolism 6 2 Drug metabolism -
cytochrome P450 1 1

Purine metabolism 3 1 ECM-receptor interaction 1 1

Spliceosome 3 1 Lysine degradation 2 1

Biosynthesis of amino acids 3 2 Steroid hormone biosynthesis 1 1

metabolic pathways 59 7 metabolic pathways 45 7

necroptosis 6 3 Drug metabolism - other 
enzymes 3 2

Biosynthesis of amino acids 6 1 Peroxisome 4 1
Carbon metabolism 7 2 Apoptosis 3 1

Cellular senescence 7 1 Various types of N-glycan 
biosynthesis 3 1

Glycolysis / Gluconeogenesis 5 1 Linoleic acid metabolism 1 1
Protein processing in endoplasmic 
reticulum 7 5 Arachidonic acid metabolism 1 1

Pyrimidine metabolism 4 1 Drug metabolism - cytochrome 
P450 1 1

Starch and sucrose metabolism 5 1 Metabolism of xenobiotics by 
cytochrome P450 1 1

Insulin signaling pathway 3 1 Steroid hormone biosynthesis 1 1

Up-regulated Down-regulatedDE genes DE genesDE proteins DE proteins

Liver combination vs elevated pCO2

Up-regulated Down-regulated
DE genes DE genes

Liver combination vs temperature

Protein processing in endoplasmic 
reticulum 1 Insulin signaling pathway 1

metabolic pathways 1
RNA degradation 1
Nicotinate and nicotinamide 
metabolism 1
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brain development (L1CAM and NCHL1). Microtubule related genes (MTCL1 and 

MARE1) were also differentially expressed between combined and elevated pCO2. Again, 

few genes (9) were identified in both the proteome and the transcriptome but through GO 

and KEGG analysis we identified many shared mechanisms between these two molecular 

levels. GO terms associated with these DEGs included an upregulation of chromosome 

condensation, DNA replication initiation, and electron transport chain, while calcium 

channel activity, regulation of neurotransmitter levels, and MAP kinase phosphatase 

activity were all downregulated in elevated pCO2 (Supplementary data 4.15 and 4.19). 

Unique enriched KEGG pathways associated with ocean acidification in the brain included 

ferroptosis, necroptosis, NOD-like receptor signaling pathway, and focal adhesion (Table 

4.2)  

 

4.4.3 Influences of elevated temperature on expression 

There was little difference in identified DEGs between the combined condition and 

elevated temperature condition consisting of only 20 significant DETs in the liver samples 

(Figure 4.5). Just seven of these genes were unique to this comparison and included two 

genes involved in growth and development (DES and MSTN1) upregulated in elevated 

temperature as well as down regulation of an ubiquitin-protein ligase involved in immune 

signaling (RNF19B). Unique GO terms included an upregulation of DNA methylation or 

demethylation, motor activity, and negative regulation of translation in elevated 

temperature (Supplementary data 4.13). Down regulated GO terms associated with the 

identified DETs were chaperone binding and protein localization to the endoplasmic 

reticulum (Supplementary data 4.13). Few KEGG pathways were exclusively identified 
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from this comparison in the liver, only insulin signaling and RNA degradation were 

upregulated in elevated temperature (Table 4.2). In the brain transcriptome and both brain 

and liver proteomes no DEGs were identified in elevated temperature versus combined 

condition indicating that the molecular mechanisms altered in the combined treatment are 

almost completely identical to those in the elevated temperature condition (Figure 4.5).  

 

4.4.4 Changes in molecular mechanisms under combined conditions  

In the liver approximately 1,500 DETs were identified between combined and the other 

three conditions (control, elevated pCO2, and elevated temperature), while only 89 DEPs 

were identified between combined and elevated pCO2 and control (Figure 4.5). Several 

genes were found to be consistently upregulated in the combined condition including heat 

shock proteins (HSPs) (HS74L, DJNB1, HSP70, HSP90, HSP40, and CH60) and genes 

related to an immune stress response in fish (DDT4L, SERPH, CD276). Few transcripts 

and proteins identified the same differentially expressed genes in the combined condition 

as compared to the other three condition. Most of these shared genes were either HSPs or 

other cellular stress associated genes indicating the ability of our methods to identify these 

important indicators at multiple molecular levels. Despite the small number of shared 

genes, we identified many GO terms and KEGG pathways enriched in the combined 

condition in both the proteome and transcriptome analysis. Shared GO terms upregulated 

in the combined condition included oxidoreductase activity, ATP synthase activity, 

immune system processes, protein folding, and electron transport chain (Supplementary 

data 4.11, 4.12, 4.16, 4.17). Cellular components significantly enriched in the liver in 

combined condition were the ribosome, the ATP synthase complex, and the mitochondrial 
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respiratory chain. Several KEGG pathways were uniquely differentially enriched in the 

liver combined condition such as an up regulation of necroptosis, carbon metabolism, and 

biosynthesis of amino acids. Shared KEGG pathways identified in down-regulated genes 

included drug metabolism, arachidonic acid metabolism, and steroid hormone biosynthesis 

(Table 4.2) 

When comparing combined condition against elevated pCO2 and control conditions in the 

brain we identified a total of 171 DETs and 212 DEPs (Figure 4.5). Similarly to liver 

expression we found several HSPs consistently upregulated in combined condition 

(HSP7C, H90A1, DNJA4, DNJA1, DNJB1, CH60). Down-regulated genes in combined 

when compared to the other two conditions included a muscle growth marker (TNNI2) and 

a growth arrest gene (GAS1). Another gene associated with protein folding (FKBP4) and 

several RAS related genes (RAB2A, RAB3B) that control cell growth and death were also 

upregulated in the combined condition. Among the down-regulated genes in the combined 

condition we observed several cytochrome associated genes (COX41, CX6C1, COX6A) 

involved in metabolic processes. We identified several shared mechanisms between the 

proteome and the transcriptome through GO enrichment including changes in calcium 

channel activity, hydrolase activity, histone modification, regulation of transport and 

regulation of neurotransmitter levels in the brain combined condition (Supplementary data 

4.14, 4.15, 4.18, 4.19). In the brain we identified shared significantly enriched cellular 

components such as the secretory granule, the calcium channel complex, and the LINC 

complex. KEGG pathways identified in the brain combined condition included an 

upregulation of MAPK signaling pathways as well as endocytosis and a down-regulation 

of purine metabolism (Table 4.2).  
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Several genes were shared between brain and liver tissues in the combined condition when 

compared to control and elevated pCO2 including multiple HSPs, a gene associated with 

mitochondrial calcium channels (SMDT1) and an immune system biomarker (SNTG1). 

Protein processing in the endoplasmic reticulum, a pathway associated with cellular stress 

and apoptosis and highly associated with HSPs, was always identified as up-regulated 

regardless of tissue or comparison indicating a shared molecular response to the combined 

condition. Another common response to the combined treatment in both liver and brain 

were genes corresponding to metabolic pathways and processes. These were found to be 

highly enriched in both up and down regulated genes across KEGG and GO enrichment.  

 

4.5 Discussion 

Here we set to test, for the first time in our study species, the effect of combined elevated 

pCO2 and temperature via the use of multiple molecular levels and direct comparisons 

between single and multiple conditions. We discovered that the main driver of changes to 

the transcriptional and translational programming in the combined condition are due to the 

effects of elevated temperature over elevated pCO2. This response is also seen in the 

phenotypic results from a published study using the same experimental design where it was 

discovered that independent effects of elevated temperature reduced growth rates and 

survival, as well as significantly decreased routine activity and boldness (Jarrold & 

Munday, 2018). By analyzing brain and liver tissue from the same individuals we were 

able to elucidate tissue and organism specific pathways in response to the combined 

condition. The main reaction in both tissues corresponded to genes involved in the common 

cellular stress response (CSR) in fish such as heat shock proteins and cell proliferation and 
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death (Huth & Place, 2016; Jeffries et al., 2014; Kültz, 2005; Veilleux et al., 2018). 

However, there were also tissue specific responses with the liver expressing more immune 

response genes and metabolic related pathways, while the brain had higher expression of 

cell proliferation and signaling related pathways.  

Heat shock proteins are considered a main molecular indicator of stress. These chaperones 

help maintain protein integrity or if too damaged remove them via proteolysis but induction 

is energetically costly resulting in expression only when organisms are under extreme 

stress (Feder & Hofmann, 1999). Due to the high energetic costs HSPs are usually 

differentially expressed in acute stress experiments, and experiments with multiple time 

point sampling often find a decrease in HSP expression as time progresses (Huth & Place, 

2016; Narum & Campbell, 2015). Previous studies on A. polyacanthus using both acute 

and long-term sampling strategies failed to find a significant amount of differentially 

expressed HSPs (Bernal et al., 2018; Veilleux et al., 2018, 2015). In our study after 77 days 

of exposure to within century predictions of elevated temperature and elevated pCO2 we 

found many genes from different HSP families upregulated in liver and brain, in both the 

proteome and transcriptome. This suggests that these combined stressors cause a long term 

cellular stress response in juvenile A. polyacanthus that is more severe than any previous 

studies researching the effects of only elevated temperature on this fish (Bernal et al., 2018; 

Veilleux et al., 2015).  

Under severe stress cell proliferation often slows to allow for DNA repair and conservation 

of resources (Huth & Place, 2016; Kültz, 2005). We see this in the combined condition 

through the downregulation of growth genes (TNNI2 and GAS1) and the up regulation of 

cellular senescence and MAPK signaling pathways. Cellular stress leads to reduction in 
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cellular proliferation because energy is allocated to the repair and maintenance of cells 

rather than growth leading to the observed phenotypic responses of decreased growth and 

survival in the combined condition in our partner study (Jarrold & Munday, 2018). 

Additionally, we see many genes upregulated in the combined condition that are implicated 

in necroptosis and apoptosis indicating cellular damage caused by elevated temperature, 

and most likely part of the signaling pathway leading to decreases in cellular proliferation 

(Table 4.2). These processes are likely responsible for the reduced survival of A. 

polyacanthus observed by Jarrold &Munday (2018) under combined and elevated 

temperature conditions.  

Exposure to the combined condition resulted in high enrichment of the molecular pathways 

involved in metabolism. Increases in metabolic activity are expected in organisms exposed 

to environmental stress as cellular stress responses and repair mechanisms are energetically 

costly (Liu et al., 2016). ATP-derived energy production was identified in several GO-

terms (ATP synthase and electron transport chain) and KEGG pathways (glycolysis and 

oxidative phosphorylation) as upregulated in the combined condition in the liver 

confirming the need for extra energy under extreme stress. Changes in lipid metabolism 

are often expected in organisms exposed to heat stress due to their control over the integrity 

and composition of the cellular membrane (Hochachka & Somero, 2014; Liu et al., 2016). 

In the liver and brain samples we found several pathway associated with lipid metabolism 

down-regulated in the combined condition especially when compared to the elevated pCO2 

condition (Table 4.2). This suggests that elevated temperature drives the change in lipid 

metabolism in this study in comparison to elevated pCO2. Often the fluidity of the cellular 

membrane through upregulation of lipid metabolism indicates acclimation to stress 
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(Hochachka & Somero, 2014; Liu et al., 2016). However, in this study those genes and 

pathways were down regulated under combined conditions indicating a lack of 

compensatory mechanisms to elevated temperature via lipid metabolism changes.  

Identification of DEGs between the elevated temperature and combined condition only 

occurred in the liver transcriptome in this study. This comparison allowed us to identify 

gene and pathways effected by elevated pCO2 in the combined condition. A lack of 

expression changes between these two conditions suggests that fish exposed to the 

combined condition are reacting in the same way to fish exposed to elevated temperature, 

and therefore elevated pCO2 has little to no effect in the combined condition. The few 

changes we observed in the liver included an upregulation of growth genes under elevated 

temperature, as well as an upregulation of DNA methylation or demethylation processes 

and motor activity when compared to combined. These changes suggest that an additive 

response to combined elevated pCO2 and elevated temperature may inhibit growth and 

reduce activity levels. Epigenetic changes may also be involved in this fish’s response to 

the combined condition in comparison to elevated temperature. DNA methylation is 

already known to play an important role in acclimation to elevated temperature across 

generations and could have a strong role when dealing with multiple stressors (Ryu et al., 

2018).  

The only physiological or behavioral effect linked to elevated pCO2 levels in our partner 

study was a significant reduction in absolute lateralization which is consistent with 

previous studies on A. polyacanthus (Jarrold et al., 2017; Jarrold & Munday, 2018). In the 

singular stressor of elevated pCO2 versus the combined condition we observed differential 

expression of two circadian rhythm related genes (BMAL1 and CIART) in the liver, an 
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identified response in the brain of this fish when exposed to similar pCO2 levels (Schunter 

et al., 2016, 2018). GABA transporters, microtubule related genes, neuronal development 

and neurotransmitter pathways were altered under elevated pCO2 in the brain and to some 

extent the liver. Therefore we do see an expected response related to behavioral impairment 

in fish under ocean acidification as described in previous research (Porteus et al., 2018; 

Schunter et al., 2018; Williams et al., 2019) but this response is not identified in the 

combined condition, suggesting that the large transcriptomic response to elevated 

temperature negates any transcriptional changes involved in behavioral impairments 

caused by elevated pCO2. This is the first research identifying the effects of elevated pCO2 

on liver transcriptional expression in A. polyacanthus and we identified similar impacted 

pathways as in the brain such as differential expression of circadian rhythm regulators and 

GABA transporters. These pathways are associated with the behavioral changes seen in 

fish under ocean acidification and suggest that these impacts are results of more than just 

alterations in the brain.  

Furthermore, we observed that parental identity has a strong impact on the overall 

transcriptomic and proteomic profiles of this fish suggesting a possibility of future 

adaptation to climate change through heritability of more tolerant phenotypes. Adaptive 

potential of a population is dependent upon its genetic variability and the fact that we see 

high variability between offspring of different parents captured from the same reef is 

promising. In previous studies on A. polyacanthus parental phenotype has played a strong 

role in how this fish reacts to elevated pCO2 at the phenotypic and molecular level, but we 

have never seen this strong of an effect between offspring of specific parental pairs 

(Schunter et al., 2018, 2016; Welch et al., 2014). In the measured traits reported in Jarrold 
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& Munday (2018) no life history or physiological effects were found between offspring of 

different parental pairs. Either the present molecular changes between offspring families 

altered untested traits or it is purely a molecular bias between parental pairs. This bias may 

have hindered our ability to detect the full response of this fish to future climate change 

scenarios. In light of this discovery future studies will need to include offspring from more 

families in the molecular analysis to avoid any statistical bias due to parental identity.  
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4.7 Supplementary material 

Supplementary data files 4.1 and 4.2 corresponding to data tables 4.1-4.10 and 4.11-4.19 

have been archived and are available via the KAUST library 
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Chapter 5 

 Conclusion 

Climate change research is important in understanding if and how species will withstand 

future environmental conditions. As we build up knowledge of these environmental 

changes, we can begin to predict future ecosystem impacts and make more informed 

conservation strategies. An integrated approach of physiological and behavioral data 

combined with molecular data provides a more complete picture of how species and 

communities will change. This thesis focused on the use of molecular tools to elucidate the 

mechanisms behind phenotypic changes under future climate scenarios in a coral reef fish. 

Specifically, we present research on how they react to the combined conditions of ocean 

acidification and ocean warming as well as how they might acclimate to these altered 

conditions through future generations. We also provide a new proteomics resource for 

further studies using the latest proteomic technique on a non-model organism, the spiny 

damselfish Acanthochromis polyacanthus.  

A complex experimental design using parental phenotypes as well as acute and chronic 

pCO2 exposures was used to elucidate how behavioral tolerance to pCO2 is passed to their 

offspring in chapter two. The transcriptomic responses of the offspring were measured to 

determine the maternal and paternal contributions to behavioral tolerance. We confirmed 

the role of GABA neurotransmitter alterations in the response of fish to short-term elevated 

pCO2 exposures as well as the response of circadian rhythm regulators under chronic 

exposure. Although we were unable to definitively assign this heritability of behavioral 

tolerance to one parent it is clear that parental phenotype has a strong impact on the 
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molecular profile of its offspring and individual variation of susceptibility will play a strong 

role in the adaptive potential of this species to future climate change scenarios.  

Although transcriptomic data provides significant information on changes in expression, 

proteomics has a closer relationship to post-transcriptional modifications directly affecting 

an organism’s phenotype. However, techniques for analyzing the whole proteome currently 

lag behind the advancements in transcriptomics. A recent mass spectrometer method 

named sequential window acquisition of all theoretical spectra (SWATH-MS) is one of the 

first to provide accurate and reproducible identifications of peptides at the proteome level. 

In chapter three, analysis on the utility of different SWATH libraries in the quantification 

of peptides across various individuals was assessed for a non-model organism. The 

generation of an organism wide library combined with study specific data led to high rates 

of identification and will cut down on time consuming lab processes and costs for further 

studies in the same organism. This is the first study combining DDA (data-dependent 

acquisition) and DIA (data-independent acquisition) mass spectrometry runs into a spectral 

library to increase protein identification in a non-model species. Validation of this method 

was done using the experimental design of chapter four to identify ecologically relevant 

proteins associated with stress under future climate change scenarios involving increased 

temperature and pCO2. Several molecular pathways related to cellular stress and previously 

associated with marine fish under thermal stress or future ocean acidification levels were 

identified using this method. Indicating its usefulness in the study of ecologically relevant 

changes in the proteome of a non-model, wild population.  

In chapter four the resource derived from chapter three was used alongside next-generation 

sequencing technologies to obtain whole proteomes and whole transcriptomes from the 
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same fish for direct comparison under various climate change related conditions. This 

novel research on the effect of combined elevated pCO2 and temperature on a coral reef 

fish revealed important molecular pathways differentially expressed between combined 

and singular conditions. Results signified that most changes in the proteomic and 

transcriptomic profiles were due to elevated temperature over pCO2. Strong changes in 

cellular stress and metabolic pathways associated with elevated temperature implied a high 

cost of the combined condition on the cellular functions of A. polyacanthus. Reduced 

growth rates appeared to be the only additive effect of exposure to combined elevated 

temperature and pCO2 identified in this experiment. 

As in chapter one, parental identity had a strong role in the transcriptional and translational 

program of their offspring. However, no testing was carried out on the parents in this 

experiment so it is unclear if the observed expression changes are due to any phenotypic 

traits. This confirms the importance of parental identity on the molecular response of its 

offspring and has an adaptive potential via selection of existing genetic variation. Further 

research into the genetic material passed to these offspring could yield interesting results 

relating to transgenerational acclimation and adaptation.  

Further molecular research on A. polyacanthus will need to include more parental 

variability in order to avoid any bias based on parental pairs. Interesting questions were 

raised from this dissertation regarding the heritability of traits that could lead to further 

research into maternal and paternal impacts, especially at the epigenetic level. The 

availability of a comprehensive organism level SWATH spectral library will promote 

future proteomic studies on this fish due to the reduced time and cost and provides a large 

amount of proteomic changes under climate change against which others can compare 
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future research. This data provides an in depth look at the individual contributions of 

elevated temperature and pCO2 on this fish. Concluding that while temperature drives most 

of the molecular response, pCO2 does add a negative impact furthering the need for studies 

focused on multiple stressors to achieve accurate representations of responses to future 

environmental changes.  

 

 


