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Abstract 
Coral reefs are amongst the most biologically diverse ecosystems on our planet, 

supporting the livelihoods of millions of people globally. Despite their economic and 

ecological importance, human-driven global change is posing a major threat to the 

integrity of coral reefs worldwide. Ocean warming (OW) and ocean acidification (OA), 

both brought on by increased atmospheric CO2, are adversely affecting coral reefs and 

the organisms that inhabit them, particularly those organisms that calcify. Crustose 

coralline algae (CCA) are calcifying red macroalgae that provide essential ecosystem 

functions to coral reefs worldwide. CCA help to build and stabilise the coral reef 

framework and contribute to reef resilience and recovery by inducing the settlement of 

coral larvae to the reef. Previous research has shown CCA to be vulnerable to OW and 

OA, with resulting changes to their physiology and biology (i.e., reductions in 

calcification, abundance, survival). However, research on CCA lags behind other coral 

reef organisms, particularly in terms of their acclimatisation potential and knowledge of 

molecular, cellular, and metabolic processes. Given the known vulnerability of CCA, 

urgent research is required to understand how CCA will respond across molecular and 

physiological levels to global change drivers and this could directly aid in reef 

restoration efforts. 

The first data chapter of my thesis (Chapter 2) provides previously missing 

molecular information for CCA. De novo transcriptomes were compiled for four 

species, Porolithon cf. onkodes, Sporolithon cf. durum, Lithophyllum cf. insipidum, and 

Lithothamnion proliferum, that commonly occur in Australia’s Great Barrier Reef 

(GBR). Analyses of orthologous genes were conducted between CCA species and two 

noncalcifiying red algae, Chondrus crispus and Gracilariopsis chorda. Functional 

enrichment analysis of CCA orthologous proteins revealed a higher-than-expected 

number of sequences in categories relating to regulation of biological and cellular 

processes, such as actin related proteins, heat shock proteins, and adhesion proteins. 

This study allowed me to create reference transcriptomes that can be used in future 

studies investigating molecular responses of CCA to OW and OA and offered insight 

into the evolution of coralline algae.  

In Chapter 3 I investigated the differential physiological and transcriptomic 

responses of two species of CCA, P. cf. onkodes and S. cf. durum, to global change 

drivers (OW and OA). Previous literature investigating the responses of CCA species to 

global change drivers found variable results and these have been largely species-

specific. The two species used in this study have been documented to have contrasting 
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responses to OW and OA. Species-specific responses were seen in both the metabolic 

rate measurements and in the number of differentially expressed genes (DEGs) 

detected, indicating resilience in one species and not in the other. This study was also 

the first to reveal pathways and proteins that are differentially regulated in response to 

global change drivers. This work will help to predict the fate and functioning of 

different CCA species in future ocean conditions.  

Early life history stages of organisms are thought to be more impacted by 

climatic stressors than their adult stages, therefore, I investigated the responses across 

different life history stages of the CCA species S. cf. durum to varying levels of 

temperature and pCO2 (Chapter 4). In this study, I used adults and germlings of their 

first generation (F1). The findings suggest that adult stages of S. cf. durum are largely 

robust to end of century levels of temperature and pH, in terms of their survival and 

metabolic rates, and indicate that adult stages may be able to acclimatise to global 

change. On the other hand, the data show early life history stages of this species are 

highly sensitive to global change stressors with reductions in their survival and growth. 

This could impact the persistence of this species in future oceans.  

How an acclimation history to predicted, future levels of temperature and/or pH 

affects the physiological responses to chronic and acute thermal stress was investigated 

in the last chapter of my thesis (Chapter 5). P. cf. onkodes was acclimated to chronic, 

varying levels of temperature and pH for 6 weeks and then subjected to an acute, 

increasing temperature experiment (+ 4 – 6 ºC). The findings from this study suggest 

that an acclimation history to elevated temperature will reduce the thermal tolerance of 

P. cf. onkodes to withstand anomalous temperature events, which are projected to 

increase in number and severity within this century.  

Overall, the findings of the work described in this thesis have: 1) Made available 

the first comprehensive and annotated de novo transcriptomes for any species of CCA; 

2) shown that physiological and transcriptomic response to global change drivers is 

species specific, with some CCA being more resilient and others not, and identified 

proteins relating to physiological processes that are differentially expressed in response 

to stress; 3) supported the hypothesis that early life history stages of CCA will be more 

impacted by global change drivers than adults of the same species, with possible 

plasticity being seen in adults in response to sustained exposure to stress; and 4) 

determined an acclimation history of elevated temperature will reduce thermal tolerance 

and productivity in CCA. My thesis also provides evidence that more anciently 

diverged genera (e.g., Sporolithon) are physiologically more robust and molecularly less 
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responsive to global change drivers. My thesis demonstrates the strength of 

incorporating molecular, life history stage, and acclimation type approaches to more 

holistically understand the future of a critical group of reef-building organisms under 

global climate change and will ultimately contribute to conservation efforts that are 

currently being made into saving coral reefs worldwide.  
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1.0 General Introduction 
1.1 The Ocean and coral reefs 

The earth and its inhabitants depend on the ocean, which covers 71% of the 

Earth’s surface, contains 97% of the Earth’s water, and provides roughly half of Earth’s 

primary production (IPCC, 2019). Coral reefs are highly productive ecosystems within 

the ocean and have millions of species that primarily or exclusively associate with them 

(Knowlton, 2001; Reaka-Kudla et al., 1996). Although coral reefs only occupy a tiny 

fraction (< 1%) of the world’s oceans, they are amongst the most biologically diverse 

ecosystems on our planet and directly support the livelihood of millions of people 

worldwide (Moberg & Folke, 1999). Coral reefs are structurally complex due to their 

physical shape and the multiplicity of organisms inhabiting them, which make them a 

hotspot for biodiversity (Reaka-Kudla et al., 1996). Amongst the organisms inhabiting 

coral reefs that contribute to their structural complexity are crustose coralline algae 

(CCA). CCA are calcifying, non-geniculate red algae that are highly abundant in 

tropical coral reefs worldwide, occupy much of the hard substrates within coral reef 

ecosystems (Dean et al., 2015). CCA form crusts on substrates and cement together the 

carbonate framework of reefs (Adey, 1998; Steneck, 1986), with their occurrence and 

diversity being positively correlated to the development of true coral reefs (Teichert et 

al., 2020). Although the importance of coral reefs and their inhabitants, and the ocean 

more broadly, is known, they are at risk from an unprecedented rate of atmospheric 

carbon dioxide (CO2) increase due to human activities (IPCC, 2013).  

The ocean acts as a climate regulator, absorbing and storing an immense amount 

of CO2 (Sabine et al., 2004) and heat (Faizal & Rafiuddin Ahmed, 2011). The ocean has 

absorbed about a third of the CO2 emitted from the burning of fossil fuels since the 

Industrial Revolution (IPCC, 2019), and the uptake of atmospheric CO2 has increased 

by about 150% since the 1960s to 2019 (Friedlingstein et al., 2019; Le Quéré et al., 

2018). The capacity of the ocean to absorb, store, and redistribute natural and 

anthropogenic CO2 (Sabine et al., 2004) and thermal energy (Faizal & Rafiuddin 

Ahmed, 2011) dampens the severity of global change in the atmosphere, however, the 

increase in the partial pressure of CO2 (pCO2) in the ocean has caused major changes 

globally that have and will impact marine ecosystems and their inhabitants globally. 

These global changes are predicted to drive decreases in global biomass of marine 

animal communities and their production over the 21st century, with the rate of 

magnitude of decline being exacerbated by climate change and global change.  
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1.2 Global change and the ocean 

The direct absorption of CO2 from the atmosphere by the ocean has given the 

ocean the nickname of “carbon sink” (Sabine et al., 2004). As the ocean draws down 

CO2 from the atmosphere, the dissolved CO2 gas then reacts with water to form 

carbonic acid (H2CO3), which then dissociates by losing hydrogen ions, or protons (H+), 

to form bicarbonate (HCO3-) and carbonate (CO32-) ions (Feely et al., 2009). A small 

increase in H+ leads to a large reduction in pH because pH = -log10[H+] (Doney et al., 

2009). Cumulatively, from 1750 to 2011, the ocean has taken up about ~28% of global 

anthropogenic CO2 emissions, resulting in a decrease of pH across the world’s oceans 

(IPCC, 2013). Since the Industrial Revolution, ocean surface pH has decreased by 0.1 

units, from approximately 8.21 to 8.10, corresponding to an increase of 26% in [H+] 

(IPCC, 2013). The continued decrease in average ocean pH is termed ocean 

acidification (OA) (Orr et al., 2005). Representative concentration pathways (RCPs), 

released by the Intergovernmental Panel on Climate Change (IPCC), project ocean pH 

to decrease between 0.2 – 0.21 (RCP6.0) to 0.30 – 0.32 (RCP8.5) units by the end of the 

21st century (IPCC 2019) (Orr et al., 2005). Decrease in ocean pH is associated with 

changes in seawater chemistry, notably, a decrease in calcium carbonate (CaCO3) 

saturation state (Doney et al., 2009). The decrease in the saturation state of CaCO3 with 

respect to seawater has significant effects on marine calcifiers that will be discussed 

further below.  

As atmospheric CO2 continues to increase, OA will be accompanied by another 

major change in the ocean. As mentioned previously, the ocean not only absorbs CO2 

but also thermal energy, or heat. This process is increasing the average ocean 

temperature, a process termed ocean warming (OW) (Orr, Fabry et al 2005). In a recent 

report from the IPCC in 2019, it was found to be virtually certain that global ocean 

temperatures have increased unceasingly since 1970, resulting in the oceans taking up 

more than 90% of the excess heat in the climate system. It is almost certain that sea 

surface temperature will continue to rise and exceed 1.5 ºC for many decades (Mathias 

et al., 2017), with a high possibility than an increase greater than 2 ºC will occur as 

atmospheric carbon dioxide exceeds 420 ppm and continues to rise. The recent monthly 

average of atmospheric CO2, as measured by Mauna Loa Observatory in Hawaii, has 

exceeded 410 ppm (410.89 ppm) for the first time in 800,000 years (IPCC, 2013). This 

indicates that the COP 21 Paris agreement (UNFCCC, 2015) goal of constraining the 

increase in global average temperatures to well below 2 ºC above pre-industrial levels is 

more than likely improbable. Moreover, it is likely that the rate of ocean warming has 
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more than doubled since 1993, with the greatest amount of warming in the ocean having 

occurred between 0 – 700 m in depth, impacting a wide range of ecosystems falling 

within this range (IPCC, 2019). RCPs 2.6 and 8.5 project global surface temperatures to 

undergo a mean temperature increase of 1.6 – 4.3 ºC, respectively, by the end of the 21st 

century (2081 – 2100) (IPCC, 2019). Additionally, in the tropics and subtropics, near-

term increases in seasonal mean and annual mean temperatures are expected to be larger 

than at mid-latitudes (IPCC, 2013). OW is even more pronounced from the surface of 

the ocean to about 75 m, with warming occurring at a rate of 0.11 ºC per decade from 

1971 to 2010 (IPCC 2013). Within this range lies the most biologically diverse 

ecosystem in the ocean, coral reefs. 

The ocean is not only experiencing the above discussed global change drivers 

(OA and OW), but in addition increases in the number and severity of extreme weather 

events (e.g. heatwaves and anomalous temperature events) are also occurring (IPCC, 

2019). Extreme weather events have led to continued negative changes to ecosystems, 

again predominately in shallower ecosystems, and impacts to biodiversity (Hemraj et 

al., 2020; Hughes et al., 2018; Short et al., 2015). Extreme weather events are predicted 

to increase in duration, frequency, extent, and intensity (maximum temperature) and 

have already doubled since 1982 (IPCC, 2019). Greenhouse gases linked to human 

emissions are driving major changes in our ocean that are occurring concomitantly, 

transitioning our ocean to unprecedented conditions that have not occurred in 800,000+ 

years (UNFCCC, 2015).  

 

1.3 The effects of global change drivers on coral reefs and their inhabitants 

Tropical coral reefs are suggested to be among the most influenced ecosystems 

by global change drivers as the occurrence and severity of these are expected to be most 

pronounced between depths of 0 – 75 m (IPCC, 2013). The average tropical sea surface 

temperatures in summer are typically between 27 – 30 ºC, or higher, and 71% of reefs 

worldwide have experienced warming by 0.25 – 0.75 ºC since the late nineteenth 

century (Hughes et al., 2017a). Warm water coral reef ecosystems are therefore at high 

risk from warming even if emissions of greenhouse gases are reduced and warming is 

limited to an increase of 1.5 ºC (Anton et al., 2020; Hughes et al., 2018; IPCC, 2019). 

Temperature increases above 1.5 – 2.0 ºC will lead to further degradation of coral reefs 

and mass bleaching events, or the whitening of corals due to the expulsion or loss of 

their symbiotic algae (Brown, 1997), (Heron et al., 2016). Recovery of coral reefs from 

bleaching events is slow, more than 15 years in some instances, and it is not always 
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certain (Morri et al., 2015). OW and other anomalous temperature events are the 

primary drivers of bleaching events (Hughes et al., 2017b), moreover, the addition of 

OA increases the challenges on coral reefs, limiting their habitat suitability by inhibiting 

recovery through reduced calcification and increased dissolution. Reduced calcification 

and increased dissolution in coral reefs ultimately leads to enhanced bioerosion and 

therefore habitat loss for other coral reef inhabitants (IPCC, 2019).  

Warm-water coral reefs are inhabited by immobile, calcifying organisms such as 

corals, coralline algae, and sessile, shelled molluscs.  OA-induced changes in seawater 

chemistry have significant negative effects on marine calcifiers (Kroeker et al., 2013). 

These effects have been extensively studied, largely showing a negative effect of 

increased CO2  (Fabricius et al., 2011; Pörtner, 2008), however, the degree of sensitivity 

and magnitude of response to OA varies among taxa (Kroeker et al., 2010), with some 

taxa showing negative, positive, or neutral responses to increased CO2. Additionally, 

sensitivity to acidification can be enhanced when organisms are concurrently exposed to 

elevated temperature and CO2, (Diaz-Pulido et al., 2012; Kroeker et al., 2013; Paganini 

et al., 2014), although in some cases negative effects of acidification can be offset by 

elevated temperatures (Campbell et al., 2016). Thus, it is necessary to examine the 

effects of multiple stressors on marine organisms. Temperature and CO2 combined have 

been found to affect a number of variables in marine calcifiers, including (but not 

limited to) their physiology, mineralogy, and molecular biology (Kawahata et al., 2019; 

Pörtner, 2008). Physiological changes in response to OW and OA have been well 

recorded in marine calcifiers, finding that parameters such as growth rate (Kram et al., 

2016), survival, and overall fitness (Wood et al., 2010) can be reduced. Other 

physiological processes, such as photosynthesis, have been found to be either unaffected 

(Sett et al., 2014), increased (Campbell et al., 2016), or decreased (Reynaud et al., 2003) 

in response to OW and OA. For example, net photosynthesis increased with elevated 

CO2 in the rhodolith (free-living red coralline algae) Phymatolithon lusitanicum, with 

this effect being intensified by the addition of increased temperature (Sordo et al., 

2019). Similarly, a study done on three species from the calcifying green algae genus, 

Halimeda, found that reduced pH (elevated pCO2) alone did not alter photosynthesis, 

but, when temperature was elevated (+2 ºC from control) rate of photosynthesis was 

increased (Campbell et al., 2016). Both studies imply that temperature was the leading 

contributing factor that impacted metabolic rate and could serve to enhance 

performance of some marine calcifiers despite the presence of elevated pCO2.   
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Calcification is an important physiological process for many marine organisms, 

as it plays a role in the stabilisation of body form and function and serves in the 

protection against predators (Pörtner, 2008). For corals, calcification enables the 

building of reef habitats (Pörtner, 2008). OA reduces the saturation state of CaCO3 

minerals, including aragonite and high-Mg calcite, both crucial for calcifying coral reef 

species (Byrne & Fitzer, 2019). Past research suggests that the combined effects of 

increased temperature and pCO2 can have a negative synergistic effect on calcification 

and mineralised tissues (Horvath et al., 2016; Martin & Gattuso, 2009; Reynaud et al., 

2003). Changes in calcification and biomineralisation processes can have an overall 

impact on the composition and integrity of calcified structures, with the integrity of 

shell or skeleton being negatively impacted by elevated temperature and/or acidification 

(Cornwall et al., 2019; Martin & Gattuso, 2009). Dependent on the morphology of the 

calcified structure, environmental change, particularly OA, can have varying effects on 

their calcified structures (Byrne & Fitzer, 2019). Certain calcifying species such as 

coralline red algae, blue mussels, and crustaceans,  have a protective external layer that 

creates a barrier between their shell or skeleton and the environment. This external 

organic layer allows for greater resilience to elevated pCO2 (Ries et al., 2009). 

Structural integrity of shell or skeleton is also dictated by what minerals an organism 

uses to form its calcified structures. Skeletal structures that have a high magnesium 

concentration bound to their calcitic skeleton are more at risk from dissolution than 

structures that have a low magnesium concentration or are primarily calcite or aragonite 

(Andersson et al., 2008).  

 

1.4 Molecular responses to environmental stressors 

The effects of elevated temperature and CO2 extend from the functioning of the 

whole organism down to the cellular and molecular levels (Evans & Hofmann, 2012; 

Padilla-Gamiño et al., 2013). Integrating molecular and cellular level responses into 

whole organism function is a crucial component in understanding and predicting how 

organisms will cope under future climate change scenarios (Cleves et al., 2020; Harvey 

et al., 2014; Jamers et al., 2009; Pörtner, 2008; Schwartz, 2020; van Oppen & Gates, 

2006; van Oppen & Oakeshott, 2020). The use of functional genomics to investigate 

responses to environmental change at the organismal and population level are gaining 

traction (Mitchell-Olds et al., 2008; Stillman & Armstrong, 2015). These approaches are 

proving to be revolutionary in the way we understand physiological adaptation, for 

example we can make interferences into the possible fate of populations under future 
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global change through characterising epigenetic mechanisms (i.e. DNA methylation or 

histone modifications) (Franks & Hoffmann, 2012; Ryu et al., 2018). Within the last ten 

years, studies examining biotic responses to different climate drivers using approaches 

such as RNA-sequencing and measuring differential gene expression have increased  

(Evans & Hofmann, 2012; Stillman & Armstrong, 2015). In one such study using a 

larval stage of the model organism and calcifier, the sea urchin Stronglocentrotus 

purpuratus, it was found that elevated pCO2, 1020 µatm, did not induce a cellular stress 

response, and therefore suggests that S. purpuratus larvae possess additional phenotypic 

plasticity to cope with levels of pCO2 reaching 1020 µatm (Todgham & Hofmann, 

2009). Another study conducted on the model organism and calcifier, the 

coccolithophore Emiliania huxleyi, found changes in functional gene expression of 

genes underpinning physiological responses (i.e. RubisCO, HCO3-, carbonic anhydrase) 

in response to elevated CO2 coupled with elevated temperature (Feng et al., 2020). 

Differential gene expression studies have been conducted primarily on model organisms 

with fewer studies examining the molecular and cellular level responses to climate 

change in non-model organisms. 

Recently, studies have begun applying molecular techniques to examine non-

model organisms and their responses to global change drivers (Goncalves et al., 2017; 

Lee et al., 2018; Matz, 2018). A study conducted on the oyster Saccostrea glomerata 

found that gene expression was altered in response to combined thermal and pH 

stressors, and that the addition of thermal stress may impair the resilience of oysters to 

decreased pH (Goncalves et al., 2017). The use of transcriptomics and gene expression 

profile analyses in a study conducted on the coral Acropora muricata suggested that a 

certain population of A. muricata may maintain physiological resilience to elevated 

temperature through possible pre-existing thermal tolerance obtained through 

fluctuations in their current environment (Lee et al., 2018). Genetic variation could be a 

reservoir of resistance or resilience to climate change, this has been seen in the purple 

sea urchin, S. purpuratus, where substantial genetic change was observed in larvae from 

adults cultured in realistic future CO2 levels (Pespeni et al., 2013).  Linking 

physiological data to gene expression data can give us a deeper understanding of what is 

occurring at a metabolic level in organisms. A study conducted on the coral species A. 

aspera, and their dinoflagellate symbiont, found an upregulation in genes related to 

metabolism (i.e. GAPDH, glycogen phosphorylase, and glycogen synthase) in the coral 

when exposed to elevated pCO2 and maximum temperature, suggesting an increase in 

metabolic processes (Ogawa et al., 2013) in response to the synergistic effect of OA and 
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temperature. Much is understood about the changes in biological processes and 

responses of organisms to environmental stressors, and the addition of using molecular 

techniques to measure responses to environmental change can only add to our 

understanding of variation across other aspects of biological organisation and how 

organisms will ultimately fare in our future oceans. Furthermore, by linking 

physiological and molecular data we can begin to reveal the intracellular mechanisms 

that underpin species-specific responses as well as enable marine organisms to endure 

the inevitable changes in environment resulting from global change.  

 

1.5 Responding to change in future oceans 

Coral reefs are fragile marine environments, confined to less than 1% of the 

ocean floor and inhabited by species that have adapted to a narrow range of 

temperatures in their environment (Rummer et al., 2014), which suggests that coral reef 

species are likely existing close to their thermal tolerance thresholds. Tolerance 

thresholds fall on either side of an organisms physiological tolerance range (as seen on 

either side of performance curves in Figs 1 & 2). Exceeding this range can be 

deleterious and result in negative effects on an organisms performance (Pörtner, 2008). 

It is of fundamental importance to understand how populations and species will respond 

to changing environments, to not only predict their tolerance or resistance to climate 

change but to also gain insight into whether or not they will be able to adapt to future 

ocean conditions. Environmental conditions are shifting rapidly relative to other periods 

in Earth’s history (IPCC, 2013) due to human activities including the burning of fossil 

fuels (Melatunan et al., 2013); however, these changes may still be happening gradually 

enough to allow for species to respond. Species may be able to cope with future climate 

change by shifting their distributions, by genetic adaptation to new environments, or 

through acclimatisation as a plastic response (Császár et al., 2010; Munday et al., 2013; 

Torda et al., 2017; van Oppen et al., 2011; Veilleux et al., 2015). Some species are able 

to shift their geographic distributions to more favourable environments in response to 

unfavourable changes in their current environment (Walther et al., 2002), although, 

there is substantial variability amongst taxa and regions (Sunday et al., 2015). Some 

organisms possess favourable traits, such as swimming ability, reproductive mode and 

latitudinal range size, that allow them to more easily shift their distributions to deal with 

the pressures from climate change (Sunday et al., 2015). Other species do not possess 

favourable traits that allow for shifts in distribution, such as those with limited dispersal 

ability and will therefore be forced to adapt or acclimatise to their future environment, 
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range of that trait. Acclimatisation and acclimation are extensions of an organism’s 

current range, this is known as a plasticity to an environment or laboratory condition, 

respectively, allowing an organism to quickly extend their physiological range in 

response to a stress without shifting the genetic constitution of an entire population. 

Thus, due to the long-term nature of evolutionary adaption, acclimatising through 

plasticity is likely to be crucial in enabling organisms to endure rapid environmental 

change (Donelson et al., 2017). An organism can express different phenotypes from the 

same genome in response to environmental variation (Oostra et al., 2018), this is termed 

phenotypic plasticity, and can refer to alterations to physiology, morphology, life 

history, or behaviour (Munday et al., 2013) and can occur within a generation or 

transgenerationally (transgenerational plasticity). It is possible that species that exhibit 

plastic responses may be able to buffer the immediate effects of global change and 

provide adequate time for genetic adaptation to occur (Chevin et al., 2010; Munday et 

al., 2013), however, much of the past and current research examining the effects of OW 

and OA on marine species has been short-term (days, weeks, or a few months), with 

results largely showing negative biological effects (Kroeker et al., 2013). These short-

term studies do not give us insight into species ability to acclimate through within 

generation plasticity or through transgenerational plasticity. Recently, studies 

examining the effects of long-term (>2 months) exposure to stress have been conducted, 

showing that some species are able to acclimate within a generation or across multiple 

generations (Munday, 2014).  

Ability to acclimatise or acclimate to environmental conditions through 

phenotypic plasticity has been seen in previous studies across a range of organisms, and 

it is possible that phenotypic plasticity can partially or fully ameliorate the adverse 

effects of OW and OA experienced by organisms. Within generation plasticity has been 

recorded in a cold-water coral species exposed to increased pCO2 where calcification 

decreased by 26 – 29% after one week of exposure and then returned to basal levels 

after 6 weeks of exposure, even leading to a slightly enhanced rate of calcification 

(Form & Riebesell, 2012). A study investigating within generation acclimation potential 

to elevated temperature in the marine red macroalgae Gracilaria lemaneiformis, found 

acclimation occurred within three weeks based on respiration and photosynthesis levels 

(Zou & Gao, 2013). Although the potential to acclimatise or acclimate to global change 

drivers seems positive, there may be trade-offs, this was seen in a study conducted on 

tropical reef fish, which are able to acclimate within a generation to increased 

temperature by reducing their resting oxygen consumption in comparison to control 
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fish, however, these same individuals were in poorer physical condition, suggesting that 

despite a species ability to acclimate or exhibit a plastic response, there may still be 

negative impacts caused by environmental change (Donelson et al., 2011). Although 

some studies have shown species have the ability to acclimate through plasticity to 

environmental stress, such as the coccolithophore E. huxleyi (Lohbeck et al., 2012), 

there are studies that have found no or a negative response to OW and OA even if given 

time to exhibit a plastic response (Donelson et al., 2017). The differing molecular 

biology of organisms likely explains observed species-specific responses to global 

change, and could provide insight into the potential for resistance, plasticity, or 

adaptation in species.  

Molecular mechanisms are known to play a role in organisms’ response to biotic 

and abiotic stress and ultimately acclimatisation and/or adaptation of an organism. 

Environmental stressors, like those linked to global change, can induce a wide variety of 

stress responses and adaptations at a molecular level (Sun & Zhou, 2018). Some plant 

species are able to survive successfully in challenging environments, such as those 

brought on by global change, by evolving complex and integrated cellular or 

physiological processes that are controlled by regulatory and function genes (Bashir et 

al., 2019), however, this may be challenging in the future as evolution is a gradual 

process and global change is occurring at a rapid rate. A study done by Thomas et al. 

(2018) in reef-building corals found regulation of certain genes (e.g. transcription 

factors, heat shock proteins, Ras and Rab proteins) could be mechanisms for 

acclimatisation to thermal stress. Another study conducted on corals from different 

environments, variable and less variable thermal environments, found corals from the 

more variable thermal environment to be able to more readily regulate expression of 

environmental stress response genes with greater plasticity in gene expression than the 

less variable thermal environment (Kenkel & Matz, 2016). Additional work is needed 

into the function of gene expression plasticity in response to global change drivers to 

further understand species and populations ability to acclimatise and/or adapt to a 

changing environment, in particular for tropical organisms including reef-building 

coralline algae. 

 

1.6 Crustose coralline algae and their response to global change drivers 

Some species in coral reefs are sessile or benthic, with restricted ability to 

change their geographic distributions, therefore, have limited scope to shift their range 

should their environment become unfavourable due to global climate change. Amongst 
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these sessile coral reef inhabiting organisms are the important reef building algae, 

crustose coralline algae (CCA). CCA provide essential ecosystem functions to coral 

reefs by reef building in their own right (Adey, 1998) and through inducing the 

metamorphosis and settlement of coral larvae (Harrington et al., 2004; Ritson-Williams 

et al., 2009) and other economically important invertebrate larvae (Daume et al., 1999; 

Neo et al., 2009). CCA’s role in facilitating the induction of coral larvae to a reef assists 

reefs to withstand and recover from disturbances (Doropoulos et al., 2012), and can 

therefore mitigate some of the negative impacts from the loss of reef structural 

complexity brought on by anthropogenic or naturogenic disturbances. CCA are also 

fundamental in ecosystems globally, such as maerl or rhodolith beds in temperate 

ecosystems, where they provide substrate and habitat for a diverse community of 

associated organisms (Harvey & Bird, 2008; Jackson et al., 2004; Kamenos et al., 

2004). Despite their ecological importance in coral reefs, and worldwide, much is still 

unknown about CCA, which lag behind other coral reef organisms in terms of 

knowledge on molecular, cellular, and metabolic processes. CCA also have a low 

likelihood of long distance spore, or first reproductive cycle (Figure 1.3), dispersal 

(Padilla, 1984), therefore they have limited scope to shift their range, and populations of 

CCA currently living in warmer regions (e.g., the Northern Great Barrier Reef) could be 

living at or near their thermal maxima (Stillman, 2003), putting them most at risk to 

further ocean warming. Further research is needed into how these abundant, reef 

building algae will response to our future, changing ocean, and whether or not they have 

the ability to acclimatise and/or adapt to a changing environment in order to combat the 

negative effects of global change long term.  
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populations of CCA from acclimating or adapting to future environmental change. 

Conversely, inherited plasticity, or transgenerational plasticity, may ameliorate negative 

effects in early life stages, as was found in a recent study, although when only looking 

at the independent global change driver of OA (Cornwall et al., 2020).  

Throughout their evolutionary history lineages of CCA have persisted and even 

diversified through previous times of elevated CO2 and temperature (Rosler et al., 

2017), notably through the Paleocene-Eocene Thermal Maxima (PETM, 56 mya) and 

the Cretaceous Oceanic Anoxic Events (OAEs, 93 & 120 mya) (Hönisch et al., 2012). 

CCA’s interesting evolutionary history may give us insight into their resistance, 

tolerance, resilience, or plasticity to global change drivers expected to be seen by the 

end of this century, as species that survived these historic events may be more resistant 

or readily able to acclimatise to projected, future, ocean conditions, however, species 

that are more recently diverged may be more susceptible to global change drivers. To 

our knowledge, systematic studies that specifically investigate differences in response to 

global change drivers based on evolutionary history are non-existent in CCA species. 

Studies have proposed advantages based on environmental history, however, where 

certain species of CCA, from high-energy, light environments maintain a mineralogical 

framework (i.e., dolomite-rich) that is more resistant to acidification than the majority 

of other CCA species that have Mg-calcite skeletons (Nash et al., 2012). This structural 

difference may give certain species and individuals an advantage when dealing with 

future environmental change. It is therefore possible that CCA species possess 

advantages based on their evolutionary history, recent environmental history, and 

mineralogical framework that give them a higher capacity to acclimatise and/or adapt to 

predicted, future ocean conditions. Although some potential advantages have been 

identified, the extent to which plasticity and genetic adaptation, and the underlying 

molecular mechanisms that most certainly control these processes, may facilitate 

survival of coralline algae under future climate change scenarios is currently unknown.  

 

1.7 Thesis Aims 

The aim of this thesis is to 1) add valuable molecular information for abundant, tropical 

species of crustose coralline algae (CCA); 2) further understand their responses, across 

multiple levels of biological organisation and life history stages to global change 

drivers, specifically ocean warming and acidification, and 3) investigate the role of 

acclimatisation history and how historical environmental exposure to global change 
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drivers could influence tolerance to thermally stressful events. To achieve the aims of 

this thesis the following specific objectives were addressed: 

• To develop and optimise an RNA extraction protocol for CCA and sequence

high quality transcriptomes for four CCA species.

• To investigate the species-specific physiological and transcriptomic responses of

CCA to global change stressors (specifically elevated temperature and reduced

pH).

• To determine differences in degree of response between different life history

stages to global change stressors.

• To investigate how acclimation history to global change drivers may impact

response to further thermal stress, i.e., anomalous temperature events or

heatwaves.

1.8 Structure of thesis 

This thesis consists of both unpublished and published chapters and is structured as 

follows: Chapters 2, 4, and 5 are published papers and Chapter 3 is an unpublished 

manuscript that is in preparation for submission as a Primary Research Paper in 

Molecular Ecology.  

Chapter 1.  This chapter provides background information necessary to understand the 

relevance and significance of this thesis and introduces the aims of the research. 

Chapter 2. This chapter presents the first ever published de novo transcriptomes for 

any species of CCA and includes an investigation into unique orthologous genes. Four 

species of abundant CCA found in the northern GBR were investigated. An adapted, 

optimised RNA extraction protocol was established, and comprehensive transcriptomes 

were sequenced, assembled and annotated from extracted RNA from each species. 

Protein orthology analysis was conducted between CCA species and two noncalcifiying 

red algae species and the results from this are discussed, offering insights into the 

evolution of CCA. This study provided the reference transcriptomes needed for Chapter 

3 of this thesis and allowed for the identification of candidate genes that may be of 

interest when investigating transcriptomic responses to global change drivers such as 

elevated temperature and reduced pH.  
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Chapter 3. This chapter addressed the hypothesis that species-specific physiological 

responses reflected in their differential transcriptomic responses to global change 

drivers. To test this hypothesis, we used physiological data for two species of CCA, P. 

cf. onkodes and S. cf. durum, and also investigated their transcriptomic responses after 3 

months exposure to varying levels of temperature and pH. The de novo transcriptomes 

assembled from Chapter 2 were used as reference transcriptomes and allowed me to 

assess number of differentially expressed genes (DEGs) of P. cf. onkodes and S. cf. 

durum and the regulation of genes in response to global change drivers. Results from 

this study indicate that physiological and molecular responses are species-specific with 

P. cf. onkodes having a larger response than and S. cf. durum to treatment conditions. 

From our results, we also hypothesise that divergence time may play a role in degree or 

magnitude of response in coralline species. Enrichment and pathway investigations into 

proteins were conducted for P. cf. onkodes DEGs, identifying changes in regulation of 

genes encoding proteins associated with crucial physiological processes such as the 

pentose phosphate pathway, Calvin-cycle, photorespiration, and glycolysis. This study 

provides the first investigation into the molecular responses of CCA to global change 

drivers and ties the responses from a molecular level to physiological level responses.  

 

Chapter 4. This chapter reports on the varied response of different life history stages of 

a slow growing species of CCA, S. cf. durum, to different levels of temperature and 

pCO2. In this chapter, I addressed the hypothesis that early life history stages of S. cf. 

durum will be more sensitive to changes in their environment than the adult life history 

stage. In addition to response across life history stages, I was able to investigate 

response across generations, as I induced the release of spores (F1) from adult S. cf. 

durum (F0) after the adult fragments had spent a month in experimental treatments. This 

brought me to a second hypothesis, that parental environment may marginally mitigate 

the negative effect of elevated temperature and pCO2 on early life history stages. Adult 

S. cf. durum showed no changes in survival or respiration over five months of treatment, 

however average net photosynthesis was supressed in the presence of elevated pCO2, 

suggesting a degree of plasticity or acclimation in adults of this species. On the other 

hand, the first-generation offspring of S. cf. durum experienced a significant decrease in 

survival probability in the combined stressor treatment (elevated temperature and pCO2) 

after 11 weeks in treatment. No significant effect of treatment on survival probability 

was found in the remaining treatments. Significant reduction in average growth was 

seen in offspring from week 7 onwards, with elevated temperature being the primary 
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influencing stressor. Parental environment was not found to play a role in response of 

germlings to temperature or pCO2. This study showed that S. cf. durum adults may be 

largely robust to predicted end of century levels of temperature and pCO2, but also that 

early life history stages are highly sensitive to this degree of change.  

 

Chapter 5. This chapter investigates how a history of exposure to varying acclimation 

temperatures and pH levels impacts the physiological responses of P. cf. onkodes to 

chronic and acute thermal stress. It was hypothesised that a history of exposure to 

elevated temperature and reduced pH will cause additive pressure during an acute, 

increasing temperature event, and this will result in reduced O2 production and 

increased skeletal dissolution. By measuring net photosynthesis at acclimation 

temperature after six weeks in treatments of ambient levels of temperature and/or pH, or 

elevated levels of temperature and/or reduced pH, different responses to chronic stress 

could be assessed. No effect on average net photosynthesis was observed in any of the 

treatments after 6 weeks of acclimation. However, when an acute, increasing 

temperature experiment was conducted following the chronic stress experiment, relative 

changes in O2 production from ambient temperature to 33 ºC were recorded. There was 

a significant effect of acclimation temperature on the relative amount of O2 produced, 

with elevated temperature treatments experiencing a more rapid decline in O2 

production with increasing temperature. This study demonstrates that acclimation 

history may impact the ability of this species to tolerate anomalous temperature events, 

such as heatwaves, that are expected to increase in number and severity during this 

century.  

 

Chapter 6. Provides a discussion of my thesis work and what it has added to our 

existing knowledge on CCA and their responses to global change drivers. This chapter 

also discusses emergent patterns found from the research conducted in this thesis, the 

implications of my research, suggestions on future directions, and final conclusions of 

my thesis.  
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Chapter 2: De novo transcriptome assembly for four species of crustose coralline 

algae and analysis of unique orthologous genes 

 

2.1 Abstract 

Crustose coralline algae (CCA) are calcifying red macroalgae that reef build in their 

own right and perform essential ecosystem functions on coral reefs worldwide. Despite 

their importance, limited genetic information exists for this algal group. De novo 

transcriptomes were compiled for four species of common tropical CCA using RNA-

seq. Sequencing generated between 66 and 87 million raw reads. Transcriptomes were 

assembled, redundant contigs removed, and remaining contigs were annotated using 

Trinotate. Protein orthology analysis was conducted between CCA species and two 

noncalcifying red algae species from NCBI that have published genomes and 

transcriptomes, and 978 orthologous protein groups were found to be uniquely shared 

amongst CCA. Functional enrichment analysis of these ‘CCA-specific’ proteins showed 

a higher than expected number of sequences from categories relating to regulation of 

biological and cellular processes, such as actin related proteins, heat shock proteins, and 

adhesion proteins. Some proteins found within these enriched categories, i.e. actin and 

GH18, have been implicated in calcification in other taxa, and are thus candidates for 

involvement in CCA calcification. This study provides the first comprehensive 

investigation of gene content in these species, offering insights not only into the 

evolution of coralline algae but also of the Rhodophyta more broadly.  

 

2.2 Background 

Crustose coralline algae (CCA) are calcifying red algae that form crusts on 

marine substrates worldwide, from polar regions to the tropics, and from intertidal 

zones to deep below the photic zone (Littler et al., 1985; Steneck, 1986). CCA are 

particularly abundant in tropical reefs, occupying much of the hard substrates within 

coral reef ecosystems (Dean et al., 2015). Tropical CCA are key players in contributing 

to the global carbon cycle (McCoy & Kamenos, 2015) and provide various ecosystem 

functions, such as contributing to the structural complexity of coral reefs by building 

and cementing the carbonate framework (Adey, 1998), and inducing the metamorphosis 

and settlement of coral larvae (Harrington et al., 2004; Ritson-Williams et al., 2009) and 

other economically and ecologically important invertebrates (Daume et al., 1999). 

Furthermore, CCA assist coral reefs to withstand and recover from disturbances 



 19 

(Doropoulos et al., 2012), and can therefore mitigate some of the negative impacts from 

the loss of reef structural complexity brought on by anthropogenic and naturogenic 

disruptions. 

 Coralline algae evolved from a red algal ancestor in the Early Cretaceous and 

began to diversify during the Early Miocene (Aguirre et al., 2010) (Fig. 2.1). Coralline 

algae are unique amongst other red algae species due to the type of calcium carbonate 

used in this group (Nash et al., 2011), and their ability to calcify within cell walls 

(Borowitzka & Larkum, 1987). Coralline algae produce high magnesium calcite crystals 

generally oriented radially perpendicular to the cell wall as well as crystals oriented 

parallel to the wall in the interfilament region (Adey et al., 2013; Borowitzka & 

Larkum, 1987), and their calcification process is considered to be an “organic matrix-

mediated process” 12. In contrast, the calcification process of other calcifying algae 

species, such as Halimeda spp., is considered to be “biologically induced”, occurring 

primarily outside the cell (Borowitzka & Larkum, 1987). Calcification in coralline algae 

can be considered, to some extent, to be cellularly regulated, and is somewhat similar to 

the calcification process of coccolithophores which is thought to be an extreme example 

of “organic matrix-mediated” calcification or “biologically controlled” calcification 

(Borowitzka & Larkum, 1987; Brownlee & Taylor, 2004). Studies have also found the 

calcification process in coralline algae and coccolithophores to be linked to unusual 

polysaccharides (Bilan & Usov, 2001). The production and maintenance of these 

calcified skeletons is what allows CCA to play such a crucial role across tropical coral 

reefs and sets them apart from other calcifying algal species (Littler & Littler, 1984). 

Coralline algae have been found to also upregulate the pH of their calcifying 

fluid/medium during calcification (Cornwall et al., 2017). Due to the uniqueness of 

calcification in coralline algae, and their importance in general, there is a need for 

molecular mechanistic studies on coralline algae (McCoy & Kamenos, 2015). The use 

of molecular studies could lead to an understanding of the independent evolution of 

calcification in coralline algae, as well as an understanding of how these calcified 

organisms persisted and diversified during times of previously high pCO2 and 

temperature (Aguirre et al., 2000). 
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Figure 2.1. Phylogenetic tree for the phylum Rhodophyta. Inset depicts the relationship 

of CCA species from different orders within the Corallines group. Phylogenetic tree for 

Rhodophyta based on Freshwater et al. (1994); Pueschel and Cole (1982); Ragan et al. 

(1994); Saunders and Bailey (1997). Tree for CCA is adapted from Aguirre et al. (2010) 

& Rösler et al. (2017). Node labels on inset tree of CCA species depict evolutionary 

time in millions of years.  

 

An appreciation of the importance of CCA and the services they provide, and their 

sensitivity to climate change impacts, has led to a number of studies into their biology 

(Diaz-Pulido et al., 2012), calcification (Cornwall et al., 2017; Martin & Gattuso, 2009), 

phylogeny (Aguirre et al., 2000; Rosler et al., 2017), and physiology (Noisette et al., 

2013; Ordoñez-Alvarez et al., 2018). However limited molecular information (genomes, 

transcriptomes, gene expression profiles, or proteomes) exists for these species. This 

knowledge gap greatly limits our ability to fully understand whole organism function 

and the responses of this group of red algae to pressing environmental issues, such as 

changes in their environment brought on by human-induced change (e.g. ocean 

acidification and warming or declining water quality). The sequencing of genomes 

and/or transcriptomes provides essential information for the elucidation of the 

mechanisms that underpin physiological and biological traits and responses. Although 

sequencing has become more readily accessible (Mardis, 2008; Stillman & Armstrong, 

2015), genomes and annotated transcriptomes for many environmentally and 

economically important species are unavailable. ‘Omics’ studies are lacking in algae in 

general (Jamers et al., 2009), with minimal genomic information available in algae 

when compared to land plants (Zhang et al., 2012) or other phyla. Only 51 whole 

genomes are available for green algae, 3 for brown algae, and 9 for red algae, compared 
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to the 672 for chordates, the 400 for arthropods, and the 345 for vascular plants (Table 

2.1). A similar trend is seen for transcriptomes (Table 2.1). For coralline algae no 

complete genomes or transcriptomes have been published, however, mitochondrial 

(Gabrielson et al., 2018; Kim et al., 2015; Williamson et al., 2016) and plastid genomes 

(Lee, J.M. et al., 2018) have been sequenced for some species. Therefore, there is a 

major knowledge gap in our understanding of the molecular landscape of coralline 

algae.  

 

Table 2.1. Number of published whole genomes and assembled transcriptomes for 

different taxa. Data taken from NCBI, as of February 2019. Transcriptome data taken 

from NCBI’s Transcriptome Shotgun Assembly Sequence Database and is most likely 

an overestimate as duplication of species is not taken into account. 

 

In the present study, we generated transcriptomes for four species of tropical CCA: 

Porolithon cf. onkodes, Sporolithon cf. durum, Lithothamnion cf. proliferum, and 

Lithophyllum cf.  insipidum, hereinafter referred to as Porolithon, Sporolithon, 

Lithothamnion, and Lithophyllum, respectively. These species were collected in the 

Great Barrier Reef, Australia, and were selected because they are common and 

abundant in tropical reefs and belong to different evolutionary lineages in the coralline 

algae (sensu lato). To ensure inclusion of stress-response genes within our 

transcriptomes we included samples taken after exposing the CCA to combined and 

independent increased temperature and decreased pH treatments. Orthology inferences 

were conducted to identify putative orthologous genes between these CCA species and 

other red algae for which genomic or transcriptomic data was available. A number of 

orthogroups appear unique to CCA, and inference of the likely functions of these genes 

provides insight into the evolution of these important reef-builders. This study provides 

a valuable framework for understanding the molecular biology of CCA and insight into 

genes potentially involved in important processes in CCA, such as calcification. 

Additionally, we hope this study will facilitate future research into the molecular 

responses and vulnerability of CCA to future environmental change.  

   

  Whole Genomes Assembled Transcriptomes 

Chordates 672 642 

Arthropods 400 1442 

Vascular plants 345 877 

Green Algae 51 20 

Brown Algae 3 42 

Red Algae 9 36 

Coralline Algae 0 0 
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2.3 Results and Discussion 

2.3.1 De novo transcriptome assembly.  

The current study presents novel transcriptome assemblies for four species of 

crustose coralline algae (CCA): Sporolithon, Lithothamnion, Porolithon, and 

Lithophyllum. RNA-seq libraries for each species were generated from pooled RNA 

extracted from one individual reproductive adult from each of the different treatment 

conditions (n = 6) (refer to Methods & Supplementary Methods 1). Sequencing of these 

libraries produced between 66 – 87 million paired-end reads per species (n = 4). 

Variability was found across species when comparing assembly statistics (Table 2.2). 

Lithothamnion contained the fewest raw reads, which equated into the fewest assembled 

transcripts. Lithophyllum had a similar number of raw reads to Lithothamnion but had 

significantly more assembled transcripts. Sporolithon and Porolithon were most similar 

in their number of raw reads and assembled transcripts in comparison to the other two 

species. Clustering of redundant transcripts using CD-Hit reduced contig numbers by 

16-27% (Table 2.2). Mean contig length was not significantly different between species, 

but was variable, ranging from 498 – 694 base pairs (bp), and N50 values ranged 

between 602-1147 bp (Table 2.2). These assembly statistics are comparable to those of 

transcriptomes from other red algal species such as Pyropia seriata (Im et al., 2015), 

Porphyra umbilicalis (Chan et al., 2012), and Porphyra purpurea (Chan et al., 2012), 

except the assembly of Lithophyllum which had a much lower N50 value indicating a 

more fragmented assembly. Read representation within each assembly, assessed by 

mapping raw reads for each species against their respective de novo transcriptomes 

(RMBT%), was high (94% or above). Variability in number of assembled transcripts 

and their resulting summary statistics may be due to collection of individual crusts at 

different reproductive stages for each species. Lithophyllum is reproductive year-round, 

and the samples taken likely possessed numerous gametangial and/or tetrasporangial 

conceptacles. Sporolithon and Porolithon were just coming into their reproductive time 

of year and likely had fewer reproductive structures, whereas Lithothamnion probably 

had the fewest number of reproductive structures as it has been found to be primarily 

reproductive in summer months (pers. obs.).  
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Table 2.2. Summary statistics for Sporolithon, Porolithon, Lithothamnion, and 

Lithophyllum de novo transcriptome assemblies. N50 statistic denotes the length of 

contigs which cover 50% of the transcriptome. RMBT% is the percentage of reads that 

mapped back to the transcriptome. GC% represents the percentage or content of 

guanine-cytosine within the transcriptome.  

 
  Sporolithon Porolithon Lithothamnion Lithophyllum 

 

Raw reads 81,176,680 87,281,439 66,119,011 64,651,990 
 

Contigs, with Jaccard Clip 231,324 163,784 54,557 306,668 
 

Contigs after CDHIT clustering  185,481 118,126 45,633 233,751 
 

Mean length (bp) 589.1 584.72 693.59 498 
 

N50 (bp) 862 788 1147 602 
 

RMBT % 95.22% 97.25% 98.68% 94.07% 
 

GC % 42.42% 44.53% 49.02% 46.92% 
 

 

2.3.2 Quality assessment of transcriptomes.  

The quality of each transcriptome was assessed using the Benchmarking Universal 

Single-Copy Ortholog (BUSCO) assessment tool (Simão et al., 2015). CCA de novo 

transcriptomes were compared against whole genome protein data from the noncalcified 

red algal species, Chondrus crispus and Gracilariopsis chorda, from the orders 

Gigartinales and Gracilariales, respectively (Fig. 2.1). BUSCO analysis of the four CCA 

transcriptomes showed that, out of the 303 near-universal single-copy eukaryote 

orthologs, between 87% and 93% complete sequences and 4% to 7% fragmented or 

partial sequences were detected (Table 2.3). Additionally, only between 3% and 7% of 

near-universal genes were classified as missing in the CCA transcriptomes, indicating 

high quality and good coverage. BUSCO analysis run on the reference genome proteins 

of the two noncalcifying red algae species returned similar measures of completeness, 

however, as expected for a curated genomic dataset, had a higher percentage of 

complete single-copy orthologs (73.90% to 88.80%), and a lower percent of duplication 

(2.60% to 3%). A higher percentage of missing BUSCOs was found in C. crispus 

(15.60%) when compared to the four CCA species, whereas, G. chorda had a similar 

percentage missing as Lithophyllum (Table 2.3). Three BUSCOs, EOG09370A22 

(encoding a glycosyl transferase), EOG09370KWF (encoding a Per1-like gene), and 

EOG09370VTP (encoding a GPI mannosyltransferase) were found to be missing across 

all red algal species compared here, including the four CCA species. The absence of 

these genes from the transcriptomes of the 4 CCA species and the genomes of the 2 

noncalcified red algal species may indicate that these genes were lost in the evolution of 

Rhodophyta. Additionally, there was one BUSCO, EOG09370JW6, missing across all 

CCA species, but present in the other noncalcifying red algae species. This gene, 
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encoding for an elongator complex protein 4 (ELP4), is highly conserved in eukaryotes. 

It is part of a multi-subunit complex that interacts with elongating RNA polymerase II 

and is believed to facilitate transcription (Defraia & Mou, 2011), additionally, ELP4 

plays a role in transfer RNA (tRNA) modification (Glatt et al., 2012). The elongator 

complex has also been tied to development and responses to biotic and abiotic stresses 

in plants (Defraia & Mou, 2011).  In another study examining the elongator function in 

Arabidopsis thaliana, it was suggested that the elongator complex could influence 

mechanisms that produce carbon assimilates and the importation of sucrose (Falcone et 

al., 2007). The absence of the gene in all CCA transcriptomes generated here may 

indicate that it has been lost from the Corallines lineage entirely. Although many 

physiological states were sampled when collecting data for CCA it is possible that some 

genes may be missing from these assembled transcriptomes. Determination of the 

complete gene complement of these species, and confirmation of proposed gene losses, 

will require whole genome sequencing approaches. 

 

Table 2.3. BUSCO results from the de novo transcriptomes of four species of CCA 

compared to the whole genome data of two species of noncalcifying red algal species, 

C. crispus and G. chorda. 

            

 Coralline Non-coralline 

BUSCO statistic Sporolithon   Porolithon  Lithothamnion  Lithophyllum 

C. 
crispus 

G. 
chorda 

Complete 

BUSCOs 278 (92%) 265 (88%) 264 (87%) 281 (93%) 

234 

(77%) 

278  

(91%) 

Complete - single-

copy BUSCOs 99 (33%) 185 (61%) 222 (73%) 110 (36%) 

226 

(75%) 

269  

(88%) 

Complete - 

duplicated 

BUSCOs 179 (59%) 80 (26%) 42 (14%) 171 (56%) 8 (3%) 9 (3%) 

Fragmented 

BUSCOs 15 (5%) 17 (6%) 22 (7%) 11 (4%) 25 (8%) 10 (3%) 

Missing BUSCOs 10 (3%) 21 (7%) 17 (6%) 11 (4%) 44 (15%) 15 (4%) 

 
 
2.3.3 Orthofinder analysis.  

Orthofinder was used to perform protein orthology analysis across red algae 

species using predicted proteins from the CCA transcriptomes generated here as well as 

those from the publicly available genomes of C. crispus and G. chorda. Given the high 

number of duplicated transcripts identified within transcriptomes via the BUSCO 

analysis, identification of orthologous sequences was conducted using translations of 

the single longest isoform of each Trinity gene from respective CCA transcriptomes. 
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This resulted in a dataset that was less redundant, but also less complete (5% to 11% 

missing BUSCOs from this dataset compared with 3% to 7% previously).  

 2,375 orthogroups (genes derived from a common ancestral gene) were shared 

across all red algal species examined in this study (Fig. 2.2). 978 orthogroups were 

found to be CCA-specific, whereas only 223 were found to be shared between the other 

red algal species, C. crispus and G. chorda, to the exclusion of CCA. The low number 

of unique orthogroups found between these two species of fleshy macroalgae may relate 

to their phylogenetic relationship (these two species are from different, distantly related 

orders, whereas the CCA species are from closely related orders), or may reflect the use 

of protein sequences derived from transcriptomes vs proteins predicted from whole 

genome data. Lithophyllum had the most orthogroups in common with other species of 

CCA, this is probably due to the larger number of transcripts in the Lithophyllum 

dataset, whereas Lithothamnion had the fewest transcripts and therefore had fewer 

orthogroups common with the other species (Fig. 2.2).  

 

Figure 2.2. Plot visualising shared and unique orthologous protein groups across four 

species of crustose coralline algae, Lithophyllum, Sporolithon, Porolithon, and 

Lithothamnion, and two species of noncalcified red algae, G. chorda and C. crispus. 

Plot at the top shows the number of orthogroups found in the species indicated in the 

schematic below. Shared orthogroups across all red algae species are highlighted in 
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purple, across only CCA species in red, and across only the noncalcifying red algal 

species in blue. Orthologous proteins were identified with Orthofinder and plotted using 

the R package, UpsetR (Conway et al., 2017). Any relationships with < 15 orthogroups 

were omitted. 

 

2.3.4 Enrichment analysis. 

Enriched CCA-specific genes. 

The genes found within the CCA-specific orthogroups are likely novel to the 

CCA lineage or represent expansions and diversification of ancestral algal gene 

families, and potentially reflect unique aspects of CCA biology with respect to 

noncalcified red algae. To evaluate these further an analysis was conducted to detect 

enrichment of putative functional categories within these CCA-specific orthogroups. 

Gene Ontology (GO) category enrichment was assessed against the whole transcriptome 

annotation, obtained from Trinotate v 3.1.1 (Bryant et al., 2017). Overrepresentation of 

‘biological process’ GO categories within the CCA-specific orthogroups was assessed 

via the Cytoscape (Shannon et al., 2003) plugin BiNGO (Heymans et al., 2005) using 

the complete transcriptome annotation for each CCA species as reference. Orthogroups 

that were found to be significantly (p < 0.01) overrepresented were further examined by 

extracting sequences from these families and submitting them to BLASTP (NCBI), 

using an e-value cutoff of 1e-3, to identify conserved domains and to indicate possible 

protein function (hypothesised via homology). GO categories such as the ‘regulation of 

transport’, ‘adhesion’, ‘supramolecular fibre organisation’, ‘regulation of actin 

cytoskeleton organisation’, and ‘regulation of cellular component organisation’ were 

found to be enriched in CCA-specific orthogroups (Table 2.4). A number of these 

categories were related (e.g., several involve actin) and are the result of enriched genes 

having multiple functional annotations. Only genes that had significant BLAST hits to 

other proteins were investigated further, as many of the genes within these categories 

appeared to be unique to CCA. It is notable that no categories related to 

biomineralisation or calcification were found to be enriched; this may reflect a different 

mode of biomineralisation of CCA to that of other, better studied organisms (e.g., 

polysaccharide mediated mineralisation as opposed to the protein-based matrix 

mediated mineralisation of vertebrates, molluscs and echinoderms). Although many of 

the genes that fell within these functionally enriched categories produced no significant 

hits in BLAST searches against NCBI’s nr database (and likely represent CCA-specific 

genes, or, possibly, contamination), a number appear to be members of larger gene 
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families. Phylogenetic analysis was performed on these genes to provide further insight 

into their evolution and potential function. 

 

Table 2.4. GO categories enriched across all CCA-specific orthogroups. Values 

represent adjusted p value (< 0.01).  

      

 GO Term Category Description Sporolithon Porolithon Lithothamnion Lithophyllum 
GO:00322

71 

Regulation of protein 

polymerisation 
2.08E-04 1.16E-04 5.07E-07 1.59E-04 

GO:00308

33 

Regulation of actin filament 

polymerisation 
1.13E-03 7.65E-03 6.85E-07 1.06E-04 

GO:00300

36 
Actin cytoskeleton organisation 4.76E-04 1.33E-06 1.42E-06 7.13E-06 

GO:00974

35 

Supramolecular fibre 

organisation 
4.76E-04 1.14E-04 1.66E-06 8.87E-06 

GO:00329

56 

Regulation of actin cytoskeleton 

organisation 
6.05E-03 1.33E-06 1.06E-04 1.92E-04 

GO:00432

54 

Regulation of protein complex 

assembly 
4.45E-03 1.04E-04 3.29E-06 9.11E-03 

GO:00514

93 

Regulation of cytoskeleton 

organisation 
4.76E-04 2.71E-05 6.82E-06 3.39E-04 

GO:00511

28 

Regulation of cellular 

component organisation 
9.94E-05 2.96E-04 6.82E-06 3.25E-03 

GO:00070

10 
Cytoskeleton organisation 1.52E-04 1.70E-14 9.90E-06 6.59E-24 

GO:00510

49 
Regulation of transport 2.08E-04 2.37E-03 5.18E-06 2.18E-09 

GO:00071

55 
Adhesion 9.09E-03 1.11E-05 2.94E-05 1.51E-15 

GO:00300

29 
Actin filament-based process 1.13E-03 1.81E-04 1.99E-06 1.02E-05 

 

‘Regulation of transport’ related genes. 

There were multiple orthogroups within the ‘regulation of transport’ category 

that were found to be overrepresented across the coralline species. One of these 

orthogroups contained sequences that contained a zinc finger domain, a domain 

previously undescribed in corallines. Zinc finger-like proteins have been found in other 

red algae species, such as the extremophilic unicellular species Galdieria sulphuraria 

(BioProject: PRJNA13023) (Schönknecht et al., 2013), Cyanidioschyzon merolae 

(BioProject: PRJNA28057) (Nozaki et al., 2007), and C. crispus (Collén et al., 2013). A 

phylogenetic tree was constructed for zinc finger type proteins, revealing that the CCA 

protein is most similar to a CCHC-type zinc finger domain protein found in G. 

sulphuraria and that proteins of this type are likely ancestral for red algae, but may have 

been lost in a number of lineages such as C. crispus and G. chorda (Fig. 2.3). Zinc-

finger domains bind DNA, RNA, protein and/or lipid substrates, with the CCHC-type 

primarily acting in RNA or single-stranded DNA binding (Clay & Nelson, 2005). Three 

of the four CCA zinc-finger proteins possessed a CCHC zinc finger domain, indicating 
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kinases, specifically serine/threonine protein kinases (STKs). Therefore, it is likely that 

if these two sequences were full, they would have the conserved STK domain. This 

gene family appears to have undergone expansions in the CCA lineage, with between 3-

6 genes present in each species (Fig. 2.4). The phylogenetic tree displays the 

relationship of CCA STKs to those of other eukaryotic species, including algae, plants, 

and protists. The length of the branches for some of the CCA sequences suggests that 

these genes are evolving rapidly in CCA, and may also explain why the CCA sequences 

do not always clade together or with other red algae species. However, support values 

within this tree are generally low, making reconstruction of evolutionary history 

difficult. CCA STK-related genes maintained the conserved domains (200-450) that are 

characteristic of STKs (Snyders & Kohorn, 1999). STKs in plants are described to act 

as a “central processor unit”, accepting information from receptors that sense 

environmental conditions and other external factors, and then act to convert those 

signals into appropriate responses or outputs, such as changes in metabolism, cell 

growth and division, and gene expression (Hardie, 1999). The number of genes within 

the STK family could suggest an important role for phosphorylating serine/threonine or 

phosphoserine/threonine signalling in CCA. An analogous situation occurs in the 

unicellular green alga Chlamydomonas reinhardtii, where the high number (28) of 

putative tyrosine kinases relates to the importance of phosphotyrosine signalling in this 

taxon (Wheeler et al., 2008). STKs have only been described in two other multicellular 

red algal species, with G. chorda only having one protein identified as an STK. 

However, the widespread red algal species C. crispus has a large number of possible 

STKs in its genome, suggesting this protein family could be important for species that 

live in variable environments, allowing them to have a more advanced system in 

responding and reacting to external factors and environmental conditions.  
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Figure 2.4. Best scoring maximum likelihood phylogenetic analysis of serine/threonine 

protein kinase-like sequences. Midpoint rooted tree, with bootstrap values < 50 

removed. Scale bar indicates the branch length for 2.0 aa substitutions. CCA names are 

shown in bolded red and other noncalcifying red algae species are in blue. Incomplete 

sequences that were found within the enriched category but did not have 

serine/threonine protein kinase-like conserved regions are marked with a *.  

 

Six genes across the four species were found to form a supported clade 

exhibiting similarity to glycosyl hydrolase family 18-like (GH18) proteins (Fig. 2.5). 

The GH18 gene family is previously undescribed in corallines and is generally 

undescribed in red algae species, although similar proteins from other red algal species 

contain GH18 conserved regions (PXF42839.1 G. chorda, CDF36488.1 C. crispus). In 

initial phylogenetic analyses the CCA sequences formed a well-supported clade that 

was not sister to other red algal GH18 proteins (data not shown). Although these 

noncalcifying red algae (fleshy, temperate species) are phylogenetically and 

physiologically distant from the CCA investigated here, meaning that, due to functional 

divergence, their sequences may not always form monophyletic clades, noncalcifying 

red algal GH18 sequences were used as queries in BLAST searches against the 

transcriptomes of the four species of CCA to determine if additional GH18 sequences 

were present. Two additional GH18 sequences were identified from Sporolithon with e-

values of 0.0 and were added to the analysis (denoted with •, Fig. 2.5). These two 

sequences grouped with the other red algal sequences with high support, whereas the six 

CCA GH18 sequences identified in the enrichment analysis formed a separate clade. It 

therefore appears that GH18 sequences have duplicated within the CCA lineage, with 

the duplicates perhaps evolving different functions. Proteins within the GH18 family 

have been proposed to play a role in polysaccharide processing (Sawhney et al., 2016) 

and can be active chitinases (Funkhouser & Aronson, 2007). Chitin has been described 

among the polysaccharides of a coralline alga species, Clathromorphum compactum, 

which is an arctic and subarctic species (Rahman & Halfar, 2014). These chitin 

containing polysaccharides might be important molecules in the calcification process of 

this species, with the chitin providing additional strength and protection to the calcified 

skeleton of C. compactum, therefore making it more resilient to the negative effects of 

ocean acidification, or the decrease in ocean pH (Rahman & Halfar, 2014). GH18 

proteins have also been linked to the biomineralization process in the pearl oyster, 

Pinctada fucata (Liu et al., 2012), raising the possibility that enriched GH18 like 
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proteins in CCA may similarly play a role in their biomineralization process. It is 

noteworthy that novel glycosyl hydrolases may be present in CCA whereas, from 

BUSCO results, highly conserved glycosyl transferases are missing across CCA and 

other red algal species compared here. This indicates that polysaccharide metabolism 

may be highly modified within the Rhodophyta.  





 34 

Figure 2.5. Best scoring maximum likelihood phylogenetic analysis of GH18 like 

sequences. The clade containing homologous chitinase related proteins from the 

bacterium Serratia marcescens was used as the outgroup. Bootstrap values < 50 

removed. Scale bar indicates the branch length for 0.9 aa substitutions. CCA names are 

shown in bolded red and other noncalcifying red algae species are in blue. • denotes 

additional CCA GH18 sequences that were not found within the ‘enriched’ category.  

 

‘Supramolecular fibre organisation’ related genes. 

The category ‘supramolecular fibre organisation’ was found to be 

overrepresented in the CCA-specific orthogroups. When investigated further, sequences 

within this category were found to be actin-related proteins (ARPs) or heat shock 

proteins (HSPs). A tree was constructed with conventional actin genes (obtained from 

NCBI) and different families of ARPs from different species (Fig. 2.6), using ARP 1, 2, 

3, and 4 sequences from the evolutionary analysis of the actin family in Goodson and 

Hawse (2002). Albeit with low support, it was found that most ‘CCA-specific’ proteins 

from this family were most closely related to ARP2, however, one protein from 

Lithothamnion was placed within the ARP3 clade. ARPs are found in other red algae 

species; however, few ARP2 sequences have been found, and no ARP3. Conventional 

actin in Florideophyceae has been reported to have undergone a duplication event, 

which is possibly linked to the complexity of thallus organisation and modes of 

reproduction for this class of algae (Hoef-Emden et al., 2005). Corallines belong to the 

class Florideophyceae, however no conventional actins were found within their 

transcriptomes. It is possible that the duplication of ARPs within this lineage created 

functional redundancy, leading to the loss of conventional actins in CCA, alternatively, 

conventional actins may be present in CCA genomes but not expressed in the stages 

sampled here.  
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CCA HSP90 gene family appears to have undergone significant gene duplication events 

in comparison to other red algae (Fig. 2.7), and that some duplications likely occurred 

after the divergence of the four CCA lineages (for example, in Lithothamnion and 

Sporolithon, the two earliest-diverging coralline lineages investigated). HSP90 family 

members have gone through multiple duplication events throughout their evolution and 

subsequent losses, and can be found throughout different components of a cell (Chen et 

al., 2006). In initial phylogenetic analyses all CCA HSP90 sequences fell within a well-

supported clade of cytosolic HSP90 sequences, whereas noncalcified red algae also 

possessed chloroplastic and endoplasmic reticulum HSP90 genes (data not shown). To 

determine whether additional HSP90 sequences were present in CCA transcriptomes, 

the chloroplast HSP90-5 sequence from G. chorda (PXF42095.1) was used as a query 

in a BLAST search against the transcriptomes from the four species of CCA. With an e-

value cutoff of 1e-80, 3 – 12 additional HSP90 genes per CCA species were identified, 

including three from Lithophyllum and one from Porolithon that grouped with 

chloroplastic HSP90s, and two from Lithophyllum and one from Porolithon that 

grouped with endoplasmic reticulum HSP90s in the phylogenetic analysis (Fig. 2.7). 

Only 2 sequences were found both within the enriched category of ‘supramolecular 

fibre organisation’ sequences, and by protein BLAST on the CCA transcriptomes. 

Overall, there has been extensive duplication of cytosolic HSP90 genes in the CCA 

species investigated here, most of which likely occurred prior to the diversification of 

these lineages. These duplications could be linked to the evolutionary history of these 

algae, having persisted during times of previous elevated temperature (Rosler et al., 

2017). It is also possible that some of the duplications, particularly more recent ones, 

could be associated with adaptation to particular habitat types (i.e. reef flats or intertidal 

zones). 
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proteins common to all eukaryotes are involved in fundamental cellular functions (e.g. 

transcription ribosomal transport, DNA repair, and protein degradation) (Whittaker & 

Hynes, 2002). VWA domain proteins in plants and fungi are intracellular, whereas an 

expansion event in other eukaryotes resulted in large numbers of extracellular VWA 

domain proteins (Whittaker & Hynes, 2002). The functions of these extracellular VWA 

domain proteins include cell adhesion and protein-protein interactions, however in 

molluscs extracellular VWA proteins have been implicated in the formation of calcium 

carbonate shells (Johnson & Hofmann, 2017; Liu et al., 2012). VWA domain proteins 

from CCA appear to form their own, well supported clade away from other intracellular 

sequences used in this tree (Fig. 2.8). Most CCA sequences were found to be partial or 

incomplete, however, one CCA sequence was found to be full-length and is predicted to 

be secreted, through signal peptide analysis (denoted with * in Fig. 2.8). Although the 

majority of CCA sequences were found to be incomplete, the sequences grouped 

together with the predicted extracellular CCA sequence, therefore it is likely that these 

enriched sequences are all extracellular (Fig. 2.8). Therefore, it is possible, that 

extracellular VWA domain proteins in CCA may have evolved independently in 

corallines and play a similar role to that of extracellular VWA proteins in other marine 

calcifiers. 
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2.4 Conclusions 

The ability for coralline algae to deposit high Mg calcite in their cell walls is 

unique within red algae, as are the intricate calcium carbonate skeletons that allow them 

to play crucial roles across tropical coral reefs worldwide. From the investigation into 

the transcriptomes generated in this study, we provide insight into what sets CCA apart 

from other red algal species, that is, the large number of genes relating to regulation of 

transport, supramolecular fibre organisation, adhesion, and potentially calcification (e.g. 

actin related genes and GH18). Our study also offers insights not only into the evolution 

of coralline algae but more broadly of the red algae (e.g. by confirming the loss of genes 

in the group). The role of CCA on tropical reefs is integral to reef survival, yet prior to 

this study, there was limited molecular information for corallines and no complete 

molecular information for any species of CCA. CCA may be crucial when it comes to 

the longevity of coral reefs in the face of future environmental change due to their 

ability to cement and support the carbonate framework of reefs, and for the settlement 

of important coral reef larvae. This study provides a foundation for future studies of 

gene expression and function in CCA.  

 

2.5 Methods 

2.5.1 Algae collection.  

Fragments of CCA ranging in size from 4 cm2 to 6 cm2 were collected from sites 

within the lagoon of Lizard Island (Great Barrier Reef, Australia) on SCUBA using a 

hammer and chisel. Care was taken when collecting to minimise any impact on the reef, 

and collection was spread out across reefs. Species from low light environments, 

Sporolithon cf. durum and Lithothamnion cf. proliferum, were collected at around 7 m 

depth from reefs between Bird Islet and Lizard Head. Porolithon cf. onkodes and 

Lithophyllum cf. insipidum were collected from the reef crest, >3 m depth, between 

South Island and Palfrey Island. A total of 18 individuals from each species were 

collected over three days, avoiding collection of highly visibly epiphytised fragments. 

All fragments were thoroughly cleaned, by using a scrubbing brush and razor 

underneath a microscope, of epiphytes directly after collection and twice more before 

sampling for molecular analysis.    

To ensure the most comprehensive transcriptomes possible and the utility of this 

dataset for future investigation of CCA response to environmental change, samples 

were either taken directly after collection from the field, after maintenance for 2.5 

weeks under altered pH and temperature conditions, or after maintenance for 3 weeks 
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under common-garden conditions (see Appendix I, Table A1.1). Treatments were 

conducted at Lizard Island Research Station (LIRS) on Lizard Island from September 

2017 to October 2017. The experiment ran for 2.5 weeks, from September to October 

2017. All four species of CCA were used within the treatments.  

 

2.5.2 Molecular sampling.   

Prior to sampling, each fragment of algae was thoroughly rinsed with filtered 

seawater and blotted with a kimwipe to remove bacterial film (Gómez-Lemos et al., 

2018), and then scraped using new, sterile razors into a pre-labelled 1.5 mL 

microcentrifuge tube containing 1mL of RNAlater. Care was taken to only remove the 

top, pigmented, living layer of the CCA, avoiding epiphytes, endolithic algae (which do 

not penetrate the pigmented layer of the algae and rather sit within the unpigmented 

CaCO3 skeleton), and to eliminate cross contamination between species and treatments. 

Tubes containing CCA material in RNAlater were then kept at -20 ºC at LIRS until 

being transported on ice to a -20 ºC freezer at Griffith University where they were 

stored until further analysis. CCA host an array of epibionts, and although care was 

taken in sampling, it is possible that there was some residual contamination. 

 

2.5.3 RNA extraction.  

RNA was extracted from CCA samples using a modified TRIzol® RNA 

extraction protocol from Invitrogen. CCA samples were removed from RNAlater and 

then homogenised in Trizol (1 mL) at room temperature for 6 mins at 30 Hz using a 

QIAgen TissueLyser. After the initial 3 mins of homogenisation, samples were 

removed, placed on ice for 5 mins, and then homogenised for the remaining 3 mins. 

Further processing followed the manufacturer’s protocol, using bromochloropropane for 

phase separation, and high-salt solution for precipitation. RNA pellets were resuspended 

in DNase/RNase-free distilled water (20 µl). Total RNA quantity was determined 

spectrophotometrically using Invitrogen Qubit® Broad Range RNA kit. RNA yield 

ranged from 5.36 ng RNA/µl to 800 ng RNA/µl. Presence of contaminating DNA was 

checked randomly in samples using an Invitrogen Qubit® DNA High Sensitivity kit and 

returned readings “too low for detection”.  

 

2.5.4 Library construction and sequencing.  

RNA samples from all conditions (treatments, field, common garden) were 

pooled for each species (n = 4) prior to sequencing library construction. When pooling 
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samples, similar quantities from each sample was added to the pool (i.e. samples that 

resulted in high yields were diluted down to match lower yielding samples). Total RNA 

quantity of pooled samples was checked using the Qubit® to ensure a value of at least 

20 RNA/µl; final concentrations for Sporolithon, Porolithon, Lithothamnion, and 

Lithophyllum were 25.4 RNA/µl, 38.6 RNA/µl, 24.4 RNA/µl, and 35.6 RNA/µl, 

respectively. Quality of pooled RNA was tested using the 4200 TapeStation System. 

Once RNA was checked, pooled RNA samples (60 µl) were then precipitated and sent 

to Macrogen, Inc (Seoul, South Korea) for cDNA library preparation using a TruSeq 

Stranded mRNA LT Sample Prep Kit. The kit used to prepare libraries uses oligo-dT 

beads to capture RNA species containing polyadenylated tails, therefore minimal 

bacterial sequences should be present in the resulting transcriptomes. Individually 

barcoded libraries were sequenced using 100 bp paired-end reads on an Illumina HiSeq 

2500 to generate between 87M and 66M raw reads per library, with GC content ranging 

from 45 – 48%.  

 

2.5.5 Transcriptome assembly and optimisation.   

All bioinformatic analyses were performed on Griffith University’s High 

Performance Computer Cluster “Gowonda”. Quality control was performed on the raw 

sequence data using FastQC (v 0.11.3, Babraham Bioinformatics). Raw sequences were 

aligned to assembled transcripts using bowtie (Langmead et al., 2009) (v 2-2.0.2) and 

assembled with Trinity (Haas et al., 2013) (v 2.4.0) using the default parameters and 

enabling trimmomatic (Bolger et al., 2014), to quality trim reads, jaccard clip (which is 

used for compact genomes), and without normalisation of the reads. To remove 

redundant transcripts, highly similar sequences were clustered using CD-Hit (Fu et al., 

2012) (v 4.6.6) using a nucleotide identity threshold of 0.95. To assess assembly 

completeness, BUSCO (Benchmarking Universal Single-Copy Orthologs) (Simão et al., 

2015) (v 3.6.1) and the eukaryota_odb9 dataset were used to compare transcriptomes 

against highly conserved eukaryote orthologs selected from OrthoDB (Zdobnov et al., 

2017) (v 9.1). Results from BUSCO were compared against whole genome data from 

the noncalcifying red algae Chondrus crispus (PRJNA193762) (Collén et al., 2013) and 

Gracilariopsis chorda (PRJNA361418) (Lee, J. et al., 2018). 

Annotation of the transcriptomes was conducted using Trinotate v 3.1.1 (Bryant 

et al., 2017), which performed sequence homology searching against the SwissProt 

database (Apweiler et al., 2004) by BLAST (Altschul et al., 1990), Pfam database (Finn 
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et al., 2015) by hmmscan (Finn et al., 2011), and association with Gene Ontology (GO) 

terms (Ashburner et al., 2000).  

 

2.5.6 Gene ontology and enrichment analysis.  

All four transcriptomes contained a large number of redundant transcripts. To 

reduce this, Transdecoder was first used to identify the single best copy of each 

transcript, as determined by Transdecoder (http://transdecoder.github.io) using the -

single_best_orf command. The dataset containing the single best copy of each transcript 

was then further filtered to obtain the single longest isoform per Trinity gene. 

Orthofinder (Emms & Kelly, 2015) (v 2.2.3) was then used with this dataset to identify 

orthologous genes/proteins across CCA species and the whole genome protein data 

from two other noncalcifying red algae species C. crispus and G. chorda. Unique and 

shared orthogroups were identified using the micropan (Snipen & Hovde Liland, 2018) 

(v 1.2), dplyr (Wickham et al., 2019) (v 0.8.0.1), and tibble (Müller et al., 2019) (v 

2.1.1) packages within RStudio (v 1.1.456) and visualised using the R package UpSetR 

(Conway et al., 2017).  

 Enrichment analysis of CCA-specific orthogroups identified from the orthology 

analysis was conducted using the Cytoscape (Shannon et al., 2003) (v 3.7.1) plugin 

BiNGO (Heymans et al., 2005). This was carried out using a hypergeometric statistical 

test on GO categories from ‘biological processes’, set with a p value of 0.01. The 

annotation files for each species of CCA were used, and only groups that were found to 

be enriched across all CCA species were investigated further.  

 

2.5.7 Phylogenetic analysis.  

Proteins within enriched categories were analysed via BLASTP (Altschul et al., 

1990) and homology searching within the HMM database (Finn et al., 2011). For 

sequences returning eukaryotic BLAST hits with significant e-values (1e-3) on NCBI’s 

nonredundant database, once conserved protein regions and associated potential 

functions were identified, related genes from other species were downloaded from 

NCBI, focusing predominately on top BLAST hits and supplemented with other algal or 

plant groups. In some instances (phylogenetic analysis of GH18 and HSP90) sequences 

from other red algae that maintained similar conserved regions were blasted against the 

transcriptomes of the four species of CCA and sequences that had e-values close to 0.0 

were also used in the phylogenetic trees.  Sequences were aligned in AliView (Larsson, 

2014) (v 1.23) and phylogenetic analysis was performed using RAxML (Stamatakis, 
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2006) (v 8.2.11) with automatic model selection and 100 nonparametric bootstrap 

replicates. Protein trees were visualised using FigTree (Rambaut, 2006) (v 1.4.4).  

 

2.6 Data availability.  
Raw data has been deposited in NCBI under BioProject PRJNA518156. The 

Transcriptome Shotgun Assembly Fasta files have been deposited at 

DDBJ/EMBL/GenBank under the accession numbers GHIN00000000, GHIO00000000, 

GHIP00000000, and GHIV00000000 for Sporolithon cf. durum, Porolithon cf. 

onkodes, Lithothamnion cf. proliferum, and Lithophyllum cf. insipidum, respectively.  
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Chapter 3: Transcriptomic stability or lability explains sensitivity to climate 

stressors in coralline algae 

 

Abstract 3.1 

Crustose coralline algae (CCA) are calcifying red macroalgae crucial to tropical 

coral reefs because they cement together the reef framework. Previous research into the 

responses of CCA to ocean warming (OW) and ocean acidification (OA) have found 

reductions in calcification rates and survival, with magnitude of effect being species-

specific. Responses of CCA to OW and OA could be linked to evolutionary divergence 

time and/or their underlying molecular biology, the role of either being unknown in 

CCA. Here I show Sporolithon durum, a species from an earlier diverged lineage that 

exhibits low sensitivity to climate stressors, had little change in metabolic performance 

and did not significantly alter the expression of any genes, showing a stable 

transcriptomic profile when exposed to temperature and pH perturbations. In contrast, 

Porolithon onkodes, a species from a recently diverged lineage, and a major coral reef 

builder, reduced photosynthetic rates and had a labile transcriptomic response with over 

400 significantly differentially expressed genes in response to experimental treatments, 

with differential regulation of genes relating to physiological processes. I suggest earlier 

diverged CCA may be resistant to OW and OA conditions predicted for 2100, whereas 

taxa from more recently diverged lineages with demonstrated high sensitivity to climate 

stressors may have limited ability for acclimatisation.  

 

3.2 Introduction 

   Uncertainties associated with global change have presented challenges for 

predicting the persistence of species in the ocean. Transcriptomic profiling allows for 

investigation of molecular responses of organisms to stressors and can be informative in 

indicating mechanisms for resistance or adaptation (Mohr & Schopfer, 1995) such as 
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tolerance (Debiasse & Kelly, 2016; Raju et al., 2018; Whitehead et al., 2010) and 

plasticity (Debiasse & Kelly, 2016), or can indicate sensitivity (Debiasse & Kelly, 

2016; Raju et al., 2018; Whitehead et al., 2010). Resistance and adaptation as responses 

to climate stressors can be measured at a molecular level with transcriptomics and can 

be seen through transcriptomic plasticity (i.e., shifting expression profile of 

transcriptome) or as a muted or dampened transcriptomic response (Debiasse & Kelly, 

2016; Rivera et al., 2021). Phenotypic plasticity is a possible response to a changing 

environment, with the transcriptome being a phenotype that responds to environmental 

cues (Debiasse & Kelly, 2016; Oostra et al., 2018), however, plasticity does not always 

indicate acclimatisation or adaptive strategy (Grether, 2005). Environmental stressors 

can destabilise the transcriptome causing differential regulation of genes. This 

transcriptomic lability can be indicative of a deleterious stress outcome (Bita et al., 

2011; Debiasse & Kelly, 2016; Fielding & Evans, 1996; Gaspar et al., 2020). 

Conversely, a muted or dampened transcriptional response, which I refer to as 

transcriptomic stability, can indicate resistance (Bay & Palumbi, 2017; Debiasse & 

Kelly, 2016; Rivera et al., 2021). Transcriptomic stability as a means for resistance to 

stressors has been documented in both gymnosperms [pines (Fielding & Evans, 1996; 

Gaspar et al., 2020)] and angiosperms [tomato plants (Bita et al., 2011) and Arabidopsis 

thaliana (Raju et al., 2018)]. However, the prevalence of transcriptomic stability vs 

lability has not been investigated in one of the most important group of coral reef 

organisms, crustose coralline algae (CCA). This may be particularly critical for 

understanding the molecular and cellular responses of marine algae to climate stressors 

and is of particular interest for those algae that play crucial ecological roles on coral 

reefs (Teichert et al., 2020). 

CCA are important marine organisms because of their significance as ecosystem 

engineers [e.g., construction of coral reefs and maerl beds (Nelson, 2009)], their 
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positive role in ecological reef resilience by inducing settlement or coral larvae 

(Doropoulos et al., 2012), and their contribution to the global carbon cycle (Van Der 

Heijden & Kamenos, 2015). Some CCA genera have persisted and diversified through 

times of elevated temperature and pCO2/reduced pH that equal or surpass levels 

projected for the year 2100 (Hönisch et al., 2012; IPCC, 2019; Peña et al., 2020). One 

could speculate that the evolutionary environmental histories of some genera of CCA 

would result in inherent resistance to OW and OA, compared with recently diverged 

genera that have not been exposed to levels of seawater temperature and pCO2/pH that 

are more extreme than current ocean conditions (Hönisch et al., 2012; Peña et al., 2020). 

Previous experiments have found CCA to be negatively impacted by OW and OA 

(Diaz-Pulido et al., 2012; Kuffner et al., 2007), however, there is obvious variability in 

type and magnitude of response that seems to be species-specific. Whether this 

variability relates to divergent evolutionary histories remains unexplored. From 

previous literature, earlier diverging lineages tend to be more resistant to OW and OA 

(Bergstrom et al., 2020; Page & Diaz-Pulido, 2020), whereas more recently diverged 

genera seem to be more sensitive (Bergstrom et al., 2020; Diaz-Pulido et al., 2012; 

Martin & Gattuso, 2009; Peña et al., 2020) (Fig. 3.1a,b, Table A2.1). Investigating the 

molecular basis of these responses could reveal the mechanisms by which resistance is 

obtained and facilitate comparisons between species with differing evolutionary 

histories.   

To do this, I exposed two divergent species, Sporolithon cf. durum and 

Porolithon cf. onkodes, to differing levels of temperature and pH, selected to reflect 

both current conditions and those projected for year 2100 (IPCC, 2019). Experiments 

were conducted for 3 months. The following treatments were used: control (“control”: 

27.2 ºC and 8.0 pH), elevated temperature (“T”: 29.5 ºC and 8.0 pH), reduced pH 

(“pH”: 27.2 ºC and 7.7 pH), and combined stressors (“T+pH”: 29.5 ºC and 7.7 pH). 
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Physiological responses were measured, and RNA sequencing analysis was used to 

investigate transcriptomic stability or lability as a means to propose resistance or 

sensitivity in CCA. Transcriptomic response expression data was validated through RT-

qPCR (see Methods). 

3.3 Results 

  The more recently diverged species, P. onkodes, showed transcriptomic lability, 

with 473 differentially expressed genes (DEGs) after 3 months in experimental 

treatments. S. durum, the earlier diverged lineage, had 0 DEGs, which I propose equates 

to transcriptomic stability. The transcriptional response in P. onkodes was only 

observed under the combined stressor treatment (T+pH; Fig. 3.1, Table A2.3), only one 

gene (containing a lipoxygenase domain) was differentially expressed between the 

control and a single-stressor treatment (pH). The transcriptomic findings reflected 

physiological results, in which S. durum was proposed to be resistant to OW and OA in 

terms of survival and metabolic rates [Chapter 4 of this thesis (Page & Diaz-Pulido, 

2020)], whereas net photosynthesis of P. cf. onkodes was significantly negatively 

affected under the combined treatment of T+pH (ANOVA, F1,16= 4.782, p = 0.046, Fig. 

A2.1, Table A2.2). The nature of the molecular response to OW and OA was unknown 

in CCA, but, as shown here, likely underlies potential resistance or susceptibility. My 

study demonstrates that transcriptional response is also species-specific, and the 

observed transcriptional stability or lability could be related to divergence time of CCA 

species.  
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Figure 3.1 Variable responses of species from different orders of CCA to global 

change stressors from previous literature (a,b) and the current experiment (c,d). a, 

Phylogenetic tree, adapted from Peña et al. (2020), showing different species across 

orders of CCA and their estimated divergence time (x axis). Species names are colour 

coded to show direction of response to elevated temperature + reduced pH; red - 

significant negative response; green - significant positive response; blue - no significant 

effect. Data was obtained from 9 studies (Table A2.1). b, Graphical representation of 

response of species from phylogenetic tree (Fig. 3.1a). Response is displayed as average 

relative change per species. Points are colour coded to show direction of response to 

elevated temperature + reduced pH; red - significant negative response; green - 

significant positive response; blue - no significant effect. Asterisks signify results from 

studies using Pulse-Amplitude-Modulation fluorometry to indicate photosynthesis, 

whereas all other studies directly measured dissolved O2 in seawater.  from studies used 

in the reconstruction. c, Table of differentially expressed genes (DEGs) detected in 

pairwise comparisons from edgeR analyses across four treatments, control (27.2 ºC and 

8.0 pH), T (29.5 ºC and 8.0 pH), pH (27.2 ºC and 7.7 pH), and T+pH (29.5 ºC and 7.7 

pH), for S. cf. durum and d, P. cf. onkodes. 
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The transcriptional response of P. onkodes likely reveals the molecular 

mechanisms underlying the observed physiological response to stress. 133 DEGs were 

uniquely found in the T+pH vs control comparison, and 27 were commonly 

differentially expressed across all treatments when compared to T+pH (Fig. 3.2a). 

Functional overrepresentation analysis of the 133 DEGs revealed biological processes 

relating to catabolism and metabolism of polysaccharides, plastid organisation, and 

phospholipid biosynthesis, with the latter two containing largest number of transcripts, 

4 and 5 respectively. 17 transcripts were related to processes involving carbohydrates 

and lipids. Carbohydrates, specifically polysaccharides, have been suggested to play a 

role in the calcification process of CCA by acting as a matrix for calcification in their 

primary cell wall (Bilan & Usov, 2001). Changes in calcification rates observed in 

previous studies (Diaz-Pulido et al., 2012; Martin & Gattuso, 2009; Qui-Minet et al., 

2019) could potentially be explained by alterations of expression of these transcripts, 

with negative implications for reef formation and stability. An alternative hypothesis 

would be that these transcripts could be involved in floridean starch formation or the 

accumulation of carbohydrates and lipids under physiological stress, which has been 

observed in previous studies (Ben Hlima et al., 2019; Karsten et al., 1993). Transcripts 

found across all T+pH comparisons were primarily overrepresented in biological 

functions relating to carbon acquisition and metabolism, suggesting the combination of 

elevated temperature and reduced pH results in changes to crucial, primary physical and 

chemical processes in P. onkodes.  
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Figure 3.2 Unique and common differentially expressed genes found in pairwise 

comparisons between different experimental treatments. a, Venn diagram of DEGs 

found in pairwise comparisons for P. cf. onkodes for all treatments compared to the 

T+pH treatment. 27 common transcripts were found to be differentially expressed 

across all comparisons. b, Terminal nodes of overrepresented biological processes of 

the 133 transcripts that were found to be uniquely DE between the control treatment 

(27.2 ºC and 8.0 pH) and the T+pH treatment (+2.3 ºC and -0.3 pH units). Graph 

displays biological processes (y-axis) and number of transcripts per process (x-axis). c, 

Terminal nodes of overrepresented biological processes of the 27 shared transcripts that 

were found to be commonly differentially expressed across all comparisons. Graph 

displays biological processes (y-axis) and number of transcripts per process (x-axis). 

 

 Transcriptomic lability in P. onkodes was further observed in the patterns of 

differentially regulated genes within the T+pH treatment (Fig. 3.3a). Upregulated 

transcripts (130) were overrepresented in biological functional groups related to 

photorespiration, glycine metabolism, the reductive pentose-phosphate cycle, 
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chloroplast organisation, and nucleotide-excision repair (Fig. 3.3b). Downregulated 

transcripts (99) were involved in biological functional groups related to the following 

mitochondrial processes: protein processing, positive regulation of membrane potential, 

stress-induced fusion, positive regulation of DNA replication, and calcium ion transport 

(Fig. 3.3c). Mitochondria are the powerhouses of eukaryotic cells and a growing area of 

plant research involves linking mitochondrial function and composition to 

environmental stress response (Jacoby et al., 2012; Liberatore et al., 2016). My finding 

of overrepresentation of mitochondrial-related processes in downregulated genes 

supports a role for mitochondria in the stress response and physiological processes of P. 

onkodes. Downregulation could be indicative of a negative effect on physiological 

processes, as was suggested in Antarctic algae in response to heat stress (Hwang et al., 

2008).  
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Figure 3.3 Patterns of differentially regulated gene expression across Porolithon cf. 

onkodes experimental treatments. a, The T+pH treatment results in significantly 

upregulated and downregulated transcripts when compared to other treatments (heatmap 

of log2-fold-change FDR values < 0.05). Experimental treatments are labelled at the 

bottom of the heatmap. Two main clusters corresponding primarily to upregulated 

(cluster 1) and downregulated (cluster 2) transcripts in the T+pH treatment are evident. 

b, Overrepresented biological processes (terminal nodes; corrected p-values < 0.05) 

within cluster 1 transcripts include metabolism and catabolism, response to stimuli 

(biotic and abiotic), and regulation. Circle size indicates frequency of the gene ontology 

(GO) term in the UniProt database; colour indicates significance, on log10 p value scale. 

Axes have no intrinsic meaning; however, semantically similar GO terms remain 

closely together in the plot. c, Biological processes corresponding to terminal nodes 

from overrepresentation analysis of transcripts found in cluster 2 include mitochondrial 

processes, chorion development, and immune response. 

 

A large proportion (51 of 130) of the transcripts that were found to be 

upregulated in the T+pH treatment encoded enzymes, and many of these are known 
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components of the phosphate pentose pathway (PPP). This indicates that crucial 

metabolic processes of P. onkodes are affected by the synergistic effects of OW and 

OA. To visualise this, the proposed cellular locations of a subset of proteins encoded by 

transcripts from significantly enriched terminal biological processes from this study are 

visualised in Fig. 3.4 (all proteins listed in Appendix Table A2.3). Enzymes involved in 

the non-oxidative branch of the PPP were downregulated, whereas enzymes involved in 

the oxidative branch of the PPP were both downregulated (G6PDH and 6PGL) and 

upregulated (6PGDH). All differentially expressed enzymes involved in glycolytic 

reactions were upregulated (Fig. 3.4, Table A2.4). Enzymes involved in Calvin-cycle 

specific reactions that were present included PRK (significantly upregulated) and 

RuBisCO (downregulated, but not significantly). Two proposed thylakoid membrane 

proteins (cytochrome b6f and PGR5) were significantly upregulated; both of these 

proteins play a role in photosynthesis with involvement in either or both photosystem 

complexes. The mitochondrial proteins stomatin-2 and chaperone protein dnaJ were 

significantly downregulated; generally, upregulation of genes involved in protective 

stress responses (dnaJ) can facilitate a faster and more efficient response (Rivera et al., 

2021). Collectively, these results indicate that global change drivers have a significant 

impact on the energy cycle of P. cf. onkodes. Enzymes involved in photorespiration 

were upregulated. Simultaneously, I found O2 production decreased. I propose that 

reallocation of energy to photorespiration resulted in a decrease in the efficiency of 

photosynthesis and this was observed in the decrease in the rate of net 

photosynthesis/average O2 production (Figure A2.1).  
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Figure 3.4 Conceptual model of the cellular pathways affected by global change 

stressors in Porolithon cf. onkodes. Conceptual model shows proposed subcellular 

locations of differentially expressed genes (DEGs) and proposed pathway involvement. 

Expression levels of proteins and enzymes are based on results from differential 

expression and functional overrepresentation analyses of transcripts within clusters 1 

and 2 from Fig. 3.3a. Red open circles denote significant (FDR < 0.05) upregulation and 

blue solid circles significant downregulation under the T+pH treatment. Grey squares 

denote transcripts that were found within the P. onkodes transcriptome and within 

edgeR differential expression analysis but were not found to be differentially expressed. 

* signify proteins that could have other subcellular localisations based on database 

[UniProt (Apweiler et al., 2004) and COMPARTMENTS] investigations. Enzymes 

encoded by transcripts from this study were found in the Calvin-cycle (orange), 

glycolysis (purple), and the pentose phosphate pathway, both the oxidative (green) and 

nonoxidative branch (blue), with these pathways being proposed to occur within the 

plastid/chloroplast of the algae. Definitions of abbreviations for proteins are found in 

Table A2.5.  HCO3- and CO2 are proposed to enter into the cell and directly used as a 

substrate for photosynthesis and calcification. Conceptual model was created with 

BioRender.com.  
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3.4 Discussion 

I propose that evolutionary history likely plays a role in resistance and 

susceptibility to stress amongst CCA species. To my knowledge, systematic studies that 

have specifically investigated differences in responses to stressors in the context of 

evolutionary history are lacking, however from the physiological studies available I 

suggest that divergence time could play a role in response (Fig. 3.1a,b). Studies from 

other taxa also support this hypothesis. A review discussing temperature tolerance in 

terrestrial plants indicated a more tolerant species, Arabidopsis thaliana, had a muted 

transcriptional response compared with a less tolerant species, Sorghum bicolor (Raju et 

al., 2018). Interestingly, these two species have divergent evolutionary histories, with 

the Arabidopsis genus having diverged ~43 mya (Beilstein et al., 2010) and the lineage 

containing S. bicolor estimated to have diverged between 3.9 – 2.4 mya (Liu et al., 

2014). Tolerance shown through transcriptomic stability or a muted transcriptomic 

response has been further documented in killifish that have evolved in high pollution 

conditions (Whitehead et al., 2010). These findings are congruent with my hypothesis 

that evolutionary history may be a contributing factor to species-specific responses to 

stress. I propose that divergent evolutionary history may be an important driver behind 

the suggested resistance of S. durum to OA and OW, indicated in this study by 

transcriptomic stability and supported by prior studies (Page & Diaz-Pulido, 2020). On 

the other hand, the transcriptomic lability and negative effect of OW and OA on the 

physiology of P. onkodes suggests its overall sensitivity, which I propose is related to 

its more recent divergence. Future studies should continue to investigate the role of 

evolutionary history in response to climate stressors by systematically testing other 

possible contributing factors such as acclimatisation history and environmental history.  
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This study is the first to reveal differentially expressed genes and pathways that 

underpin physiological responses of CCA to stressors, and to implicate genes involved 

in crucial chemical and physical processes (i.e., PPP, glycolysis, Calvin-cycle, and 

photorespiration). I propose that the differing transcriptional responses of CCA to 

global change drivers provides an explanation into the species-specific responses of 

CCA observed in previous studies. My study shows a polarised transcriptomic response 

to climate stressors in coralline algae grown under identical experimental conditions, 

which is further supported by differences in physiological response. I suggest 

transcriptomic plasticity or lability, as seen in P. onkodes, is indicative of susceptibility 

to global change drivers, whereas transcriptomic stability, as seen in S. durum, is 

indicative of resistance in CCA taxa. Although it may be argued plasticity is an 

expression of adaptation, that is not always the case (Grether, 2005) and at times 

plasticity can be maladaptive or not contribute to increased resistance in an organism 

(Debiasse & Kelly, 2016; Grether, 2005). The findings from my study have 

implications for coral reef ecology worldwide. My results indicate that P. cf. onkodes, 

an abundant and significant reef-building species, may be negatively affected by 

predicted global change, with consequences for the distribution of the species and its 

contribution to the reef cementation and ecological resilience. In contrast, other tropical 

CCA species such as S. durum, although not currently major reef builders, may have the 

potential to thrive under predicted OW and OA scenarios.  

3.5 Methods 

3.5.1 Algae collection and experimental treatments 

The two species used in this study were Sporolithon cf. durum and Porolithon 

cf. onkodes. These two species were chosen for the following reasons: 1) They are 

abundant, reef building species, with P. onkodes being the primary reef building species 

in the Great Barrier Reef (GBR), Australia; 2) S. durum and P. onkodes have been 
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found to have different sensitives to global change drivers from previous studies (Diaz-

Pulido et al., 2012; Page & Diaz-Pulido, 2020); 3) S. durum and P. onkodes come from 

genera with different evolutionary divergence times (Peña et al., 2020); and 4) they are 

two of the only four CCA species that currently have sequenced transcriptomes (Page et 

al., 2019).  

Adult fragments, ~3 cm2, of CCA from the species Sporolithon cf. durum and 

Porolithon cf. onkodes were collected from lagoonal and reef crest sites surrounding 

Lizard Island, GBR, Australia. S. durum was collected between 7 – 9 m of depth and P. 

onkodes in depths no deeper than 3 m. Algal fragments were entirely crustose and were 

collected using hammer and chisel on SCUBA. Care was taken during collections to 

minimise impact on reef and distribute collections out over a wide area. After 

collection, algae fragments were transported to Lizard Island Research Station (LIRS) 

and held in an outdoor, flow through tank, maintaining similar seawater conditions to 

those measured at collection sites. All fragments were identified morphologically and 

anatomically, and representative samples have been stored in A/Prof Guillermo Diaz-

Pulido’s herbarium at Griffith University. Fragments were thoroughly cleaned of 

epiphytes within 24 hours of collection. Fragments that appeared to be very epiphytised 

(identified by large presence of burrowing worm holes and/or overabundance of 

epiphytic algae) were returned to collection sites. Fragments (n = 20 per species) were 

kept in control aquarium conditions for seven days at ambient temperature (26 ºC), pH 

(8.00), salinity (35 ppt), and natural light (30 – 50 µmol quanta m-2 s-1 for S. durum and 

140 µmol quanta m-2 s-1 for P. onkodes) prior to being placed into experimental 

treatments. Light was measured using an underwater quantum sensor LI-192 connected 

to a light meter LI-250 (LI-COR, USA).  

Following the seven-days in common garden, fragments of CCA were exposed 

to 3 months of “control” (27.2 ºC, 8.0 pH/450 µatm pCO2), “T” (29.5 ºC, 8.0 pH/450 
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µatm pCO2), “pH” (27.2 ºC, 7.7 pH/1000 µatm pCO2), or “T+pH” (29.5 ºC, 7.7 

pH/1000 µatm pCO2) treatments. Elevated temperature and pCO2 levels were selected 

to closely mimic future increases in temperature and pCO2 expected by the end of this 

century under the representative concentration pathway (RCP) 8.5 (IPCC, 2019). In 

treatments where temperature and/or pCO2 were manipulated, levels were increased 

over 7 days reaching a 2.5 ºC increase in temperature and 0.3 unit decrease in pH (~ 

1000 µatm pCO2). Temperature was maintained using titanium heaters (EcoPlus, Aqua 

Heat, 300 W), which were placed within each sump and were set to the desired 

temperature. Small 50 W glass heaters (Aqua One®) were placed in respective 

experimental tanks to correct for any heat loss when water moved from sump to 

experimental tanks. Temperature was adjusted daily across all treatments to mimic 

ambient temperature based on season (publicly available data from Australian Institute 

of Marine Science https://weather.aims.gov.au/#/station/1166) and +2.5 ºC for elevated 

temperature treatments. pH/pCO2 was controlled by pH controllers (AquaController, 

Neptune Systems, USA) that injected either pure CO2 or ambient air into header sumps 

until set value was reached. Flow to each experimental tank was adjusted in the morning 

and evening, maintaining a flow rate of around 20 L hr-1, which allowed for complete 

turnover in experimental tanks twice an hour. Submersible water pumps (Aqua One® 8 

W) were placed in each experimental tank to ensure adequate water flow. Mortality and 

changes in health were monitored and recorded throughout the experiment. 

 

3.5.2 Physiological measurements  

Photosynthesis and respiration were measured for P. onkodes (pink morph) 

following techniques used in Page and Diaz-Pulido (2020). Physiological data for S. 

durum was obtained from Page and Diaz-Pulido (2020) in which similar treatments of 

elevated temperature and pCO2 were used however, conducted over a longer period of 
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time (5 months versus 3 months in the current experiment). Physiological measurements 

of P. onkodes were normalised to surface area obtained through aluminium foil 

technique (Marsh Jr, 1970). 

 

3.5.3 Seawater chemistry 

Temperature and seawater pH (measured on total scale, pHT) were measured 

twice per day, at 08:00 and 15:00 in each experimental tank using a pH electrode with 

integrated temperature probe (Mettler Toledo, InLab Routine Pro) attached to a pH 

meter (Mettler Toledo, SevenGo Duo SG98). The pH electrode was calibrated on the 

total scale using Tris-HCl buffers (Dickson et al., 2007). Salinity was measured once a 

day using a conductivity meter (Mettler Toledo, SevenGo Pro). Total alkalinity (AT) 

was measured every 3 days for the first week of the experiment, and then every 6 – 7 

days following using potentiometric titration on an automatic titrator (Mettler Toledo, 

T50) following standard operating procedures 3b (Dickson et al., 2007). pHT, AT, 

temperature, and salinity were used to calculate the remaining carbonate chemistry 

variables using the seacarb package version 3.2.12 (Gattuso et al., 2019) in the 

statistical software R version 3.5.1 (Table A2.6). High-Mg calcite was calculated for a 

16.4% MgCO3, following method described in Diaz-Pulido et al. (2012).  

 

3.5.4 Sampling and RNA extraction  

Fragments of CCA were thoroughly cleaned prior to sampling for molecular 

analysis. Each fragment was examined under a microscope and all epiphytes, as far as 

possible, were removed. Directly before molecular sampling CCA were rinsed with 

filtered seawater and RNAlater® and then blotted with a kimwipe to remove bacterial 

film, following similar methods detailed in Page et al. (2019). Only the top, pigmented 

layer of the CCA fragments was collected under a microscope using sterile razors and 
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placed directly into RNAlater®. Care was taken to avoid collection of any endolithics 

when obtaining samples. Samples were left at 4 ºC for 24 hrs and then transferred to -20 

ºC prior to being transported to Griffith University for analysis. RNA extraction 

procedure followed the method detailed in Page et al. (2019). RNA quality and quantity 

were checked spectrophotometrically using an Invitrogen Qubit® Broad Range RNA 

kit. RNA yield ranged from 10.4 to 340 ng /µl. One RNA sample of S. durum yielded 

an undetectable amount of RNA and therefore was not used for further analyses. A 

random selection of samples, 2 – 3 samples from each treatment and species, were 

tested using the 4200 Tapestation System to ensure RNA quality and absence of 

degradation and contamination.  

 

3.5.5 cDNA synthesis and library preparation 

All samples were diluted to reach a concentration of 25 ng/µl in 4.5 µl total 

volume prior to cDNA synthesis and library preparation. cDNA synthesis and library 

preparation followed single-cell sequencing (CEL-Seq2) protocols detailed in 

Hashimshony et al. (2016); (2012). Each sample (n = 39) was annealed to a specific 

primer that was designed with an anchored polyT, a unique barcode (6 bp), a unique 

molecular identifier (UMI) (increased to 7 bp), the 5’ Illumina adapter, and a T7 

promoter. 1 µl of an external RNA control developed by the External RNA Controls 

Consortium (ERCC), Ambion® 4456740, at 1:10,000 dilution was added to each 

sample to control for variation in RNA expression that could be attributed to factors 

such as quality of starting material, platform or user error, and level of cellularity and 

RNA yield. mRNA was converted into DNA using SuperScript® II for cDNA synthesis 

and samples were pooled and then cleaned using AMPure XP® beads. Quality and 

concentration of RNA and DNA were checked throughout CEL-Seq2 protocol to ensure 
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good quality and quantity both by Qubit® and Tapestation System. Final DNA 

concentration for the pooled library was 15.6 ng/µl.  

3.5.6 Sequencing 

The pooled library was submitted to Ramaciotti Centre for Genomics, 

University of New South Wales, NSW, Australia. The library was cleaned up at 

Ramaciotti using AMPure XP® beads and passed additional quality control on both 

TapeStation and qPCR. Customised sequencing was performed on a single lane of an 

Illumina NovaSeq 6000, sequencing 26 bp on read 1, and 100 bp on read 2. A technical 

issue was identified for one sample for P. onkodes, and this sample was not considered 

in downstream analyses after sequencing.  

 

3.5.7 Sequence and differential expression analyses 

Bioinformatic analyses were performed on Griffith University’s High 

Performance Computer Cluster, “Gowonda”, and statistical analyses and visualisations 

were performed using the statistical software R (v 3.6.1)(R Core Team, 2014). Raw data 

were returned from Ramaciotti and processed using the Illumina BCL2FASTQ 

software, using default settings but with a minimum trimmed read length of 15. Quality 

control was performed on the FastQ files using FastQC (v 0.11.3, Babraham 

Bioinformatics). Reference transcriptomes were created using transcriptomes for P. 

onkodes and S. durum (Page et al., 2019). PolyA sequences were removed from 

reference transcriptomes using prinseq (Schmieder & Edwards, 2011). ERCC 

sequences, without polyA’s, were appended to the transcriptome files. Bowtie indices 

were generated using bowtie (Langmead et al., 2009) v 2 – 2.0.2. The resulting FASTA 

files were used to generate files mimicking gene transfer format (gtf) files following 

protocol laid out in McDougall et al. (2021). These “fake” gtf files were then used in the 

publicly available CEL-Seq-pipeline (https://github.com/yanailab/CEL-Seq-pipeline).  
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Demultiplexed reads were mapped against the reference transcriptomes and read counts 

per transcript were generated. Samples that had less than 900,000 demultiplexed reads 

and had less than ~ 40% mapped reads were removed from further analyses (n = 2 for 

P. onkodes) (Table A2.7). Counts were imported into R (v 3.6.1) and corrected to 

account for the possibility of transcripts getting the same UMI. To correct for this and to 

convert UMI counts to transcript numbers the binomial method outlined in Grün et al. 

(2014) was used. Transcripts were filtered using a cut-off of 5 counts per transcript 

across all samples to remove transcripts with very low counts.  

Differential gene expression analysis for each species was performed using the 

Bioconductor software package edgeR, v 3.16.8 (Robinson et al., 2010). Negative 

binomial (NB) generalised linear models (GLMs) were fitted to transcript counts and 

common dispersions (0.169 and 0.293 for P. onkodes and S. durum, respectively) were 

estimated (Robinson et al., 2010). A design matrix of the experiment was used for 

analysis to identify expression in response to treatment. Quasi-likelihood (QL) F-tests 

were used in determining differential expression using default settings and the 

parameter ‘robust=TRUE’ to identify genes that were outliers from the mean-NB 

dispersion trend. Pairwise comparisons were conducted on specified constructed 

parameters (i.e., treatments) where genes that exhibited positive or negative log-fold 

changes were identified. Differentially expressed genes (DEGs) between treatments 

with a false discovery rate (FDR) cut-off of 5% and a log2-fold-change, looking at 

significantly expressed genes above a log2-fold-change of log2 (i.e., a fold-change of 

1.2), were extracted and the datasets concatenated to use for downstream analyses and 

visualisations. FDR correction was applied using the Benjamini-Hochberg method on 

the p-values (Robinson et al., 2010). Count data were also analysed with DESeq2 (Love 

et al., 2014) and pairwise comparisons were made to further validate edgeR analysis, 

DEG results were not significantly different between the two forms of analyses and S. 
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durum still presented no significantly DEGs. To investigate DE expression further in S. 

durum, however, I used non-FDR corrected p-values to look at expression (Figure 

A2.3).  

 Visualisation of DEGs was performed using variance stabilising transformed 

(vst) counts from edgeR. Principal component analyses were performed for each species 

to explore the variation in DEGs within species (Figure A2.2). Heatmaps were 

constructed for DEGs from each species using the R package pheatmap (v 1.0.12) 

(Kolde, 2015). An FDR cut-off of 0.05 was used when creating the heatmap. Functional 

overrepresentation analysis of differentially expressed transcripts was performed in the 

Cytoscape (Shannon et al., 2003) plugin BiNGO (Heymans et al., 2005), where 

hypergeometric tests of gene ontology (GO) categories, specifically “biological 

process”, were used, with the annotated transcriptome of P. onkodes as a ‘background’, 

and a p-value (Benajmini-Hochberg FDR correction) cut-off of 0.01. BiNGO also 

allowed for identification of terminal node biological processes. REVIGO (Supek et al., 

2011) was used to summarise and visualise gene ontology terms obtained from 

enrichment analysis. 

Similarity searches for DEGs were conducted using NCBI’s (National Center 

for Biotechnology Information) Basic Local Alignment Search Tool (BLAST) (Altschul 

et al., 1990) using the default e-value cut-off of 0.01. In order to identify KEGG 

pathway components I used the KEGG Mapper – Reconstruct Pathway tool (Kanehisa 

et al., 2016). KEGG annotations were obtained for all expressed and differentially 

expressed genes for each species using previous KEGG annotations from previously 

annotated transcriptomes (Page et al., 2019). Proposed cellular locations and pathway 

involvement of DEGs used in Fig. 3.4 were based on BLASTX similarity searches and 

KEGG Mapper Reconstruction results. Subcellular localisations were obtained through 
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BLASTX and further checked on the subcellular localisation database, 

COMPARTMENTS (https://compartments.jensenlab.org/). 

 

3.5.8 RT-qPCR validation of expression results from CEL-Seq analysis 

For qPCR validation of CEL-Seq edgeR expression analysis, reference genes 

and genes of interest (GOI) were chosen from edgeR normalised reads data. To obtain 

reference genes, I used a coefficient variation (CV) model to assess the degree of 

variation for each gene from edgeR normalised reads data (Zeng et al., 2016). To 

calculate the CV, I found the ratio of the standard deviation to the mean of each gene, 

high CVs indicate more variation in expression of a gene, whereas low CVs indicate 

low variation. Reference genes were chosen if CV < 0.47 and also had a low standard 

deviation, and GOIs were chosen by looking for the highest CVs. Additionally, I 

performed reciprocal BLAST analyses with the transcriptomes of S. durum and P. 

onkodes to find orthologues of reference genes that have been used with other species of 

red algae (i.e., the fleshy, red alga Pyropia haitanensisi), such as ß-tubulin and ubiquitin 

conjugating enzyme (UBC), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Li et al., 2014). GAPDH was only used as a reference gene for S. durum as it was 

found to have a low CV, however, GAPDH was used as a GOI for P. onkodes because 

it was found to be significantly differently expressed, with a high CV. Primers for GOIs 

were obtained from exploring P. onkodes edgeR data for highly, differentially expressed 

genes with large CVs, and then performing reciprocal blast in the S. durum 

transcriptome to find orthologues. Once genes were selected, primer sets were designed 

for reference genes and GOIs using Primer3 (Rozen & Skaletsky, 2000).  

To test and optimise primer sets, cDNA was synthesised using Superscript III 

reverse transcriptase (Invitrogen™) from DNase treated RNA of S. durum and P. 

onkodes and pooled for each species. Pooled cDNA was used as a template for PCR. 
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PCRs using a thermal gradient (55 ºC – 65 ºC) were conducted to test primers and 

identify optimal annealing temperatures of primer sets. PCRs were run with 0.5 µL of 

forward and reverse primer (2.5 µM), 4.5 µL QuantiNova SYBR® Green PCR Master 

Mix, 3.5 µL DNase/RNAse-Free H2O (PCR grade), and 1 µL cDNA pooled template 

(1:30 dilution). The thermal profile for PCR was 95 ºC for 2 min, followed by 60 cycles 

of 95 ºC for 5 s, thermal gradient (55 ºC – 65 ºC) for 30 s, and 60 ºC for 10 s. PCRs 

were assessed by gel electrophoresis on a 2.5% agarose gels.  

Subsequent RT-qPCR (CFX96 TouchTM, Real-Time PCR Detection System, 

Bio-Rad) validation of reference genes and GOI was performed (Table A2.8). Optimal 

dilution for each gene, primer efficiencies, and coefficient of determination (R2) were 

obtained from serial dilutions of standard curves for each primer set (Table A2.8). The 

thermal profile for RT-qPCR was 95 ºC for 2 min, followed by 60 cycles of 95 ºC for 5 

s, annealing temperature for specific primer set (identified from PCR) for 30 s, and 60 

ºC for 10 s, followed by a melt curve (65 ºC to 95 ºC in 0.5 ºC increments for 5 s at each 

increment). RT-qPCR was then run for sample expression analysis. No template 

controls were included for each primer set and each sample and reactions were carried 

out in technical and biological triplicates. Suitable reference genes were calculated 

using geNorm (Vandesompele et al., 2002) based on geometric means to determine 

which reference candidates would be used as reference for expression analysis. 

Expression analysis was carried out in BioRad’s CFX Maestro Software, log2 ∆∆Ct 

values (relative expression) for each sample were calculated and p values obtained to 

assess significant differential expression across treatments and individuals (Figures 

A2.4 & A2.5), values were normalised to reference genes and predetermined 

efficiencies of each primer were entered based on standard curves (Table A2.8).  
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3.5.9 Systematic review of previous research and phylogenetic tree reconstruction  

 A systematic search for studies that investigated the metabolic responses of 

species of CCA to elevated temperature and ocean acidification (in combination) was 

conducted. The literature search was performed in the databases Google Scholar and 

Web of Science using keywords or topic codes such as ‘crustose coralline algae’ or 

‘coralline algae’ in combination with ‘photosynthesis, metabolic rates, ocean 

acidification, ocean warming, elevated temperature, reduced pH, elevated pCO2, global 

change or climate change’. I focused on studies that measured photosynthesis using a 

similar methodology as that used in the current study and in Page and Diaz-Pulido 

(2020), however, as there were limited studies that fit my criteria, I supplemented the 

dataset with studies that used pulse amplitude modulated (PAM) fluorometry to 

determine photosynthetic capacity (Table A2.1). The mean values of net photosynthesis 

or PAM fluorescence in the control and combined stressor treatments were obtained 

from publicly available datasets or, if results were only graphically represented, the 

built-in ruler and grids in Adobe Acrobat Pro DC v 2021.001.20138 (Adobe©) were 

used to obtain numerical values. Mean percent difference was calculated between 

control and the combined stressor treatment of elevated temperature and pCO2/reduced 

pH for each study (Table A2.1). The absolute values of the percent differences were 

used in graphical representation. If studies manipulated other variables (i.e., nutrients or 

light), the control conditions for those variables were used. If studies measured over 

seasons, the average values from control and combined were taken across seasons. 

Mean percent differences were graphically represented adjacent to a reconstructed 

phylogenetic tree displaying species found in this review. The phylogenetic tree was 

adapted from Peña et al. (2020).  
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3.5.10 Statistical analyses for physiological data 

Physiological data was analysed in R (v 3.6.1). Data were tested for normality 

through graphical analyses of residuals, using QQ normality plots. Data were log 

transformed if they did not meet normality. Two-way ANOVAs were run for 

photosynthesis and respiration data using temperature and pH as fixed factors. If a 

significant interaction between treatments was identified, ANOVAs were followed by 

Tukey’s HSD post hoc pairwise comparisons.  

 

3.6 Data availability 

The datasets generated for this study can be found at 

https://osf.io/2nkr4/?view_only=08620a44c3534723b94e1c5c9bdd3bb0.  
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Chapter 4: Plasticity of adult coralline algae to prolonged increased temperature 

and pCO2 exposure but reduced survival in their first generation. 

4.1 Abstract 

Crustose coralline algae (CCA) are vital to coral reefs worldwide, providing 

structural integrity and inducing the settlement of important invertebrate larvae. CCA 

are known to be impacted by changes in their environment, both during early 

development and adulthood. However, long-term studies on either life history stage are 

lacking in the literature, therefore not allowing time to explore the acclimatory or 

potential adaptive responses of CCA to future global change scenarios. Here, we 

exposed a widely distributed, slow growing, species of CCA, Sporolithon cf. durum, to 

elevated temperature and pCO2 for five months and their first set of offspring (F1) for 

eleven weeks. Survival, reproductive output, and metabolic rate were measured in adult 

S. cf. durum, and survival and growth were measured in the F1 generation. Adult S. cf.

durum experienced 0% mortality across treatments and reduced their O2 production 

after five months exposure to global stressors, indicating a possible expression of 

plasticity. In contrast, the combined stressors of elevated temperature and pCO2 resulted 

in 50% higher mortality and 61% lower growth on germlings. On the other hand, under 

the independent elevated pCO2 treatment, germling growth was higher than all other 

treatments. These results show the robustness and plasticity of S. cf. durum adults, 

indicating the potential for them to acclimate to increased temperature and pCO2. 

However, the germlings of this species are highly sensitive to global stressors and this 

could negatively impact this species in future oceans, and ultimately the structure and 

stability of coral reefs. 

4.2 Introduction 

Coral reefs depend on a multiplicity of organisms to ensure their success. 

Crustose coralline algae (CCA) are integral inhabitants of coral reef ecosystems, 

building and stabilising the carbonate framework of coral reefs by deposition of calcium 

carbonate (CaCO3) (Adey, 1998; Littler, 1972), providing food to herbivorous fish and 

invertebrate grazers (Adey, 1998; Steneck & Dethier, 1994), and inducing the 

settlement of coral larvae and other invertebrate larvae (Daume et al., 1999; Harrington 

et al., 2004; Ritson-Williams et al., 2009). CCA’s part in facilitating the induction of 

coral larvae to a reef give them a crucial role in helping coral reefs withstand and 
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recover from disturbances, and therefore their overall resilience to future changes in our 

oceans (Doropoulos et al., 2012; Harrington et al., 2004).  

Coral reefs, which have already experienced warming and are predicted to 

experience more (Hoegh-Guldberg et al., 2007), are among the most threatened 

ecosystems by environmental changes brought on by the increase in atmospheric CO2, 

namely the increase in ocean temperature, also termed ocean warming (OW), and ocean 

acidification (OA), both of which threaten key, calcifying species that make up the 

framework of reefs, such as CCA. The responses of CCA to changes in their 

environment are variable, having been found to be mostly either vulnerable or 

insensitive to both increasing ocean temperature and/or OA (Comeau et al., 2016; 

Johnson et al., 2014; Kuffner et al., 2007; Ordoñez-Alvarez et al., 2014). CCA secrete 

the most soluble polymorph of CaCO3, high Mg-calcite (Nash & Adey, 2017) and their 

process of calcification is suggested to be biologically induced rather than controlled 

(Nash et al., 2019), and therefore are thought to be particularly sensitive to changes in 

seawater carbonate chemistry that occur with OA (Cornwall et al., 2019; Diaz-Pulido et 

al., 2012; Hofmann & Bischof, 2014; Johnson & Carpenter, 2018; McCoy & Kamenos, 

2015). In saying this, however, there are examples of CCA taxa that are well adapted to 

extreme environments, such as the freshwater CCA Pneophyllum cetinaensis (Žuljević 

et al., 2016), and the arctic-subarctic Clathromorphum genus (Adey et al., 2013; 

Rahman & Halfar, 2014), which is able to calcify under dark conditions (Nash et al., 

2013). Moreover, some CCA taxa, particularly those from high energy environments, 

have areas of the thallus which are rich in dolomite, resulting in lower dissolution rates 

under high-CO2 treatment (Diaz-Pulido et al., 2014; Nash et al., 2013). Increases in 

pCO2 have been found to negatively affect the abundance and community structure of 

CCA (Kuffner et al., 2007; Ordoñez-Alvarez et al., 2014). While, when examining the 

photophysiology of CCA, the effect of pCO2 on metabolic rate (e.g. net photosynthesis, 

gross photosynthesis, and respiration) shows species of adult CCA studied to be largely 

insensitive (Comeau et al., 2016; Johnson et al., 2014), although there is considerable 

variability across taxa. No change or increase in O2 production in response to increased 

pCO2 in algae may be attributed to the presence of carbon concentrating mechanisms or 

CCMs (Cornwall et al., 2017b). A study on the CCA species Porolithon onkodes found 

gross photosynthesis and respiration to be unaffected by increased pCO2 but net 

photosynthesis was negatively affected by increased pCO2 (Johnson et al., 2014). 

Another study found no effect of pCO2 on net photosynthesis, gross photosynthesis, or 

respiration (Comeau et al., 2016). The combined effects of increased temperature and 
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OA have been found to decrease calcification (Johnson & Carpenter, 2012) and increase 

mortality and dissolution (Diaz-Pulido et al., 2012) in adult CCA species.  

Much of the work on CCA and environmental change has been done with adult 

algae, with fewer studies investigating the combined and independent effects of 

increased temperature and pCO2 on early life history stages (i.e. spores and germlings). 

Early life history stages of organisms are thought to be the most influenced by changes 

in their environment (Byrne, 2011; Fabricius et al., 2015). Our knowledge on offspring 

or early life history stages of CCA is limited and variable, with studies finding early life 

history stages to be highly susceptible to combined stressors of increases in temperature 

and OA (Bradassi et al., 2013; Cumani et al., 2010; Guenther et al., 2017; Ordoñez-

Alvarez et al., 2017; Ordoñez-Alvarez et al., 2018) or largely unaffected by pCO2 when 

it is an independent stressor (Padilla-Gamiño et al., 2016). A more recent study even 

suggests CCA can gain tolerance to OA over multiple generations (Cornwall et al., 

2020). A study done examining the combined and independent effects of increased 

temperature, pCO2, and irradiance on germination success of the CCA species 

Porolithon cf. onkodes found elevated pCO2 was the main driver behind a reduction in 

the rate of spore germination and a higher rate of abnormalities in developing spores, 

with the magnitude of the effect being enhanced by elevated temperature (Ordoñez-

Alvarez et al., 2017). Increased pCO2 also resulted in reduced vertical and marginal 

growth of germlings (Ordoñez-Alvarez et al., 2017). However, an increase in pCO2 was 

found to increase gross photosynthesis and respiration of germlings from P. cf. onkodes 

(Ordoñez-Alvarez et al., 2018). When the effect of elevated pCO2 was studied on the 

germlings from another species of coralline algae, Phymatolithon lenormandii, an 

increase in mortality and abnormalities were found under more acidic conditions, with 

as little as a 0.1 pH unit change negatively impacting both survival and development 

(Bradassi et al., 2013). Population persistence of macroalgae rely on spores settling and 

adhering onto substratum, to continue the algal lifecycle. In a study done by Guenther et 

al. (Guenther et al., 2017), reduced pH, or the increase of pCO2, resulted in a 40 – 52% 

delay in spore attachment and weakened the attachment strength in the coralline alga 

species, Corallina vancouveriensis. The previously mentioned studies examined 

shorter-term exposure (1 month or less) to OW and OA, either in combination or 

independently, and found mostly negative responses over a number of genera. However, 

a recent study looking at the independent effect of OA on a species of CCA, 

Hydrolithon reinboldii, found that this species can gain tolerance to OA alone over 

multiple generations (Cornwall et al., 2020), which suggests it’s possible for other 
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species of CCA and corallines alike to exhibit resistance or transgenerational 

acclimation to OA. It is unknown, however, if and how increased temperature will 

negate this, and whether other species show similar outcomes.  

Here, our study sought to examine the potential for a widely distributed, slow 

growing, reef building species of CCA, Sporolithon cf. durum (Sporolithon hereafter), 

to acclimate to global change related stressors across lifecycles. Although Sporolithon is 

not one of the major reef building species of CCA in tropical reefs, like, but not limited 

to, P. onkodes (Adey, 1998), Sporolithon is an important reef benthic component 

(Steneck, 1986) (pers. obsv) and a dominant coralline alga of rhodolith beds in the 

topics and subtropics, particularly in mid-to deep water environments (Darrenougue et 

al., 2013; Davies et al., 2004; Marshall et al., 1998). Sporolithon spp. mineralise high 

Mg-calcite within their cell walls like the primary reef building CCA species (Nash et 

al., 2019). Therefore, furthering our knowledge on the responses of Sporolithon to 

elevated temperature and OA (Cornwall et al., 2017a) is not only relevant to, but vital 

for understanding the effects of such stressors on benthic reef communities more 

broadly and those species that function to cement the framework of coral reefs. Ability 

to acclimate to environmental conditions through phenotypic plasticity has been seen in 

previous studies across a range of organisms, partially or fully ameliorating the negative 

effects of increased temperature and pCO2 (Cornwall et al., 2020; Munday, 2014; 

Rodriguez-Romero et al., 2015). In this study, we present data on the performance of 

adults (survival and metabolic rates, and reproductive output) and their F1 germlings 

(growth and survival) from the species Sporolithon exposed to increased temperature 

and pCO2 over five months and eleven weeks, respectively. Long-term ocean warming 

(OW) and OA experiments (months to years) are less common than short-term exposure 

(days to weeks) experiments (Comeau et al., 2019; Tambutté et al., 2015), therefore, the 

longevity of this experiment enables us to examine the acclimatory potential of this 

species. It was hypothesised that pCO2 would negatively affect the growth and survival 

of the germlings and this negative effect would be enhanced by increased temperature. 

The order that Sporolithon belongs to, Sporolithales, has basal evolutionary origins 

having diverged and persisted during times of elevated temperature and pCO2 (relative 

to current levels) (Aguirre et al., 2010; Hönisch et al., 2012; Peña et al., 2020), due to 

this, it was hypothesised that the adult S. cf. durum, although a more recently diverged 

species from the genus Sporolithon, would acclimate more readily than their germlings 

to prolonged exposure to increased temperature and pCO2, resulting in low mortality 

and no effect on metabolic rate across all treatments.  
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4.3 Materials and methods 

4.3.1 Ethics statement 

A permit was obtained for the described study from the Great Barrier Reef 

Marine Park Authority (Permit number G18/41291.1). All collections (i.e. species 

collected and collection sites) were in accordance with this permit. No protected species 

were sampled during this study and care was taken when collecting algae to minimise 

any impact on the reef.  

4.3.2 Algae collection 

Adult, reproductive fragments of Sporolithon were collected from reefs (14º 41’ 

16.4112” S, 145º 27’ 55.7784” E) surrounding Lizard Island, Great Barrier Reef (GBR), 

Australia, in January 2018. Fragments of Sporolithon (~4 cm2) were collected on 

SCUBA using hammer and chisel at ~7 - 9 m depth. The fragments of Sporolithon 

collected were totally crustose and occurred in a stable, low light environment (~30 – 50 

µmol photons m-2 s-1). Fragments were brought back to Lizard Island Research Station 

(LIRS) and kept in common garden in a flow through, 300 L tank in an outdoor 

aquarium space. Flow through water was supplied from LIRS aquarium system where 

water is taken from intake plumbing on the reef, immediately in front of LIRS, and 

filtered upon entrance into the common garden tanks. Each fragment was checked for 

reproductive structures, or sori (Harvey et al., 2005), which are indicative of the 

tetrasporophytic reproductive stage for Sporolithon. The surface area of each fragment 

that had sori on it was kept as consistent as possible (verified and noted for each 

fragment under a microscope), allowing, to the best of our abilities, for similar number 

of reproductive structures per fragment (~30 – 40% of surface area covered by sori). 

Non-reproductive fragments, and those fragments that did not have 30 – 40% of their 

surface area covered by sori, were returned to the reef they were collected from. 

Reproductive fragments (n = 50) were thoroughly, but gently, cleaned of epiphytes 

under a microscope using a soft brush and razor blade at LIRS and then transported to 

the aquatics laboratory at Griffith University. Sporolithon were transported in 

individually sealed plastic bags filled (50%) with food grade O2. Fragments within each 

bag were individually wrapped in a lab napkin dampened in seawater. After transport, 

algae were placed immediately into a common garden tank at a constant 27 ºC, 8.0 pH, 

and salinity of 35, mimicking seawater conditions at collection site. Seawater used here 

was obtained from the Gold Coast Seaway (explained further in Materials and methods 
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section Experimental setup). Two circulating pumps (Aqua One® 8 W) provided 

adequate water movement in the acclimation tank. Light, measured using underwater 

quantum sensor LI-192 connected to the light meter LI-250A (LI-COR), was kept 

around 30 µmol photons m-2 s-1, again, mimicking irradiance levels at collection site (30 

– 50 µmol photons m-2 s-1), which were measured using the underwater quantum sensor

LI-192 on a 20 m diving cable connected to the light meter LI-250A (LI-COR). Adult

fragments of Sporolithon were allowed to acclimate for 14 days before being placed 

into experimental treatments. During this time, fragments were again thoroughly 

cleaned and checked for epiphytes under a microscope, and presence of reproductive 

structures (sori) was checked using a dissecting microscope towards the end of the 14 

days of acclimation. Adult fragments that were most similar in size and crust area 

occupied by sori were placed into individual, independent experimental tanks after 14 

days in common garden. 

4.3.3 Experimental setup 

To address the effect of increased temperature and pCO2 on the reproductive 

output, survival, and metabolic processes of adults, and the survival and growth of F1 

germlings of the CCA Sporolithon we exposed adults and germlings to a multifactorial 

laboratory experiment in a purpose-built aquatics laboratory at Griffith University’s 

Nathan Campus. An indoor, 4-header sump (200 L) recirculating seawater system with 

44 (4 L) individual treatment tanks was set up in the aquatics laboratory at Griffith 

University. 44 fragments of Sporolithon were allocated into one of 44 individual, 

independent treatment tanks. 3000 L of filtered (5 µm filter) seawater was brought in 

from the Gold Coast, Seaway, collected on an incoming high tide (Gold Coast, 

Australia) every two weeks and stored in a primary header/holding tank with two, 3000 

L hr-1 circulating pumps to ensure adequate water movement. Seawater in the primary 

header/holding tank was kept at 27 ºC, 35 ppt salinity, and had a pH of ~8.0.  Partial 

water changes on the experimental system (3/4 header sump volume) were done every 

five days to ensure ambient nutrient levels (Lewis, 2016), while complete water changes 

on the experimental system were done every 15 days. pH, salinity, temperature, and 

alkalinity were measured prior to water changes and after water changes at the 

beginning of the experiment and no significant difference was found between the 

values. Water moved from the primary holding tank into the four header sumps was 

adjusted to respective treatment condition before being pumped (Pond One® 

Pondmaster 3600) into the 44 independent treatment tanks through separate inflow 
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tubes for each tank (Fig. A3.1). Temperature and pCO2 were regulated in the header 

sumps at ambient (27 ºC, pH 8.0; ~400 µatm), high temperature + ambient pCO2 (29 ºC, 

pH 8.0; ~400 µatm), ambient temperature + high pCO2 (27 ºC, pH 7.7; ~1000 µatm), 

and high temperature + high pCO2 (29 ºC, pH 7.7; ~1000 µatm). In treatments where 

temperature and pCO2 were manipulated, they were gradually increased over seven 

days to reach target values, ultimately that of 0.3 units below a pH of 8.0 and +2.0 ºC 

ambient temperature, relating to levels predicted by the IPCC under the RCP8.5 

scenario for end of century levels (IPCC, 2013).  pH was controlled by the use of pH-

controllers (AquaController, Neptune Systems, USA) that injected either pure CO2 or 

ambient air into the header sumps until desired value was reached. Temperature was 

maintained and manipulated by use of titanium heaters (EcoPlus, Aqua Heat, 300 W) 

within each sump that were set to desired temperature (27 ºC or 29 ºC). Flow to each 

individual treatment tank was maintained at 12 L h-1 allowing for water circulation. A 

small, submersible pump (Aqua One® 6 W) was placed in each treatment tank as well to 

allow for adequate water movement. LED lights (MarsAqua 300 W LED, Full 

Spectrum) provided a 12 h light: 12 h dark photoperiod. During light period, levels were 

kept at ~30 µmol photons m-2 s-1. Light was measured every other day using the 

underwater quantum sensor LI-192 connected to a light meter LI-250 A (LI-COR, 

USA). Adult CCA were kept in their respective treatments for two weeks and examined 

under a microscope every third day to ensure reproductive structures were still there and 

spore release hadn’t occurred, which was determined through the lack of visible settled 

germlings on the experimental tanks and microscopic confirmation of sori still on adult 

fragments. After two weeks in treatment, each adult fragment was placed on a single 

gridded, transparent acrylic plate, one plate per treatment tank, n = 11, for a total of 44 

acrylic plates (8 cm2, slightly sanded to increase substrate rugosity) and continued to be 

examined for another two weeks. Adults were kept in treatment for five months; 

mortality and health were monitored throughout the experiment. After one month in 

treatment, adults were induced to release spores, this way obtaining individuals of the F1 

(method explained in Materials and methods section Induction of spore release).  

4.3.4 Carbonate chemistry 

Seawater pH was on the total scale (pHT) and was measured twice daily (08:00 

and 17:00) in all independent treatment tanks and header sumps for the first two months 

of the experiment and once daily for the remainder of the experiment using a portable 

pH meter (Mettler Toledo, SevenGo Duo SG98) paired with a pH electrode with 
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integrated temperature probe (Mettler Toledo, InLab Routine Pro) that was calibrated to 

the total scale (pHT) using Tris-HCl buffers (Dickson et al., 2007) across five 

temperatures ranging from 26 ºC to 30 ºC. Total alkalinity (AT) was measured every 

three days for the first three weeks of the experiment and then every week for the 

remainder of the experiment using open-cell potentiometric titrations (Mettler Toledo, 

T50) following standard practices (SOP) 3b (Dickson et al., 2007). Salinity was 

measured daily using a conductivity meter (Mettler Toledo, SevenGo pro) and adjusted 

with deionised (DI) water. PHT, AT, temperature, and salinity were used to calculate the 

carbonate chemistry parameters daily using the Seacarb package version 3.2.12 

(Gattuso et al., 2019) in the statistical computing program, R version 3.5.1 (Table 

A3.1). High Mg-calcite saturation state was calculated for a 16.4% MgCO3 following 

method from Diaz-Pulido et al. (Diaz-Pulido et al., 2012).  

4.3.5 Induction of spore release 

After the adult fragments of Sporolithon were in their respective treatment for 

one month (February – March 2018), we induced the release of spores (F1) following an 

adapted method described in Ordoñez-Alvarez et al. (Ordoñez-Alvarez et al., 2017). To 

ensure we could quantify total reproductive output of adults and have germlings in 

experimental seawater throughout development (i.e. from their gametogenesis in the 

adult thalli through to spore release, settlement, germination, and growth over 11 

weeks) it was important adult fragments stay in treatment tanks at all times. Therefore, 

we increased the temperature across the entire system, four header sumps plus the 44 

treatment tanks, by 2 ºC and doubled the light intensity (60 µmol photos m-2 s-1) for four 

hours, the pCO2/pH was kept stable at respective treatment levels. After this period, 

light was returned to ambient and temperatures were returned to their respective 

treatment levels. The following day, the acrylic plate underneath each individual adult 

fragment was checked for spores/germlings. About half of the adults (n = 22) released 

spores following temperature and irradiance shock, resulting in either five or six 

successful individual tanks for each treatment that contained one acrylic plate with 

settled germlings. The adults that did not release spores were removed from treatments 

and sacrificed. Adults that successfully released spores were moved into separate 

treatment tanks so as to not further release spores onto the acrylic plates. All acrylic 

plates containing spores/germlings were immediately photographed (Fig. A3.2) using a 

camera (DP27 colour camera, Olympus Corporation) attached to an Olympus 

stereomicroscope system (SZX16). An area on each acrylic plate containing six 
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germlings was identified to be followed for average growth and survival measurements, 

resulting in 5 – 6 individual tanks (n = 5 – 6) per treatment.  

4.3.6 Spore, germling, and adult measurements 

Number of spores released from each adult was recorded (Fig. 4.1). 24 hours 

after initial induction, adults were removed from tanks containing acrylic plates. Plates 

were then placed in a shallow dish containing respective treatment water and 

photographed using previously mentioned camera and stereomicroscope setup. This was 

done only once so as to not recount already released spores or spores that might have 

been released after initial inductions. Photographs were then analysed using imageJ 

software (v 1.15s National Institutes of Health, USA) and the number of spores per 

acrylic plate were counted and recorded.  

Germling survival and growth rates were measured throughout the experiment 

every week, from the 18th of March till the 1st of June 2018 (11 weeks). Both 

measurements were done on the same day over the 11 weeks of the experiment. 

Survival was recorded weekly through changes in colour (i.e. pigmented to white). 

Germling growth rate was estimated via imaging a marked area containing six 

individuals per acrylic plate per treatment tank weekly (Fig. A3.3), starting with T0 and 

ending at T11. Images were then processed in imageJ by finding the area of each 

germling and then averaging these values to get a mean growth rate per treatment tank 

(n = 5 – 6).  Care was taken initially to choose germlings that settled what we 

considered an adequate distance apart to avoid coalescence, or the merging of two or 

more germlings to form one algal crust. Some abnormalities were observed in growth, 

but this was not quantified.  

To estimate health and fitness of adults compared to offspring, we measured 

their metabolic rates. After five months, adults were removed from treatments (n = 6) to 

measure O2 production and respiration on all individuals (N = 24). To determine O2 

production, adults were removed from tanks about 3 hrs into the 12-hr photoperiod. 

Each fragment was placed into individual, acrylic incubation chambers (~150 mL). 

Chambers were placed in a water bath to maintain constant temperature during 

incubations and above a magnetic stir plate. Chambers were equipped with a 

temperature sensor (Pt100), a PreSens dipping O2 optode (DP-PSt3) and stir bar to 

ensure water movement throughout incubation. Percent O2 was measured every minute 

over 2 hrs with the dipping O2 optodes connected to a 10-channel trace O2 meter (OXY-

10 SMA trace, G2, PreSens, Germany). O2 sensors were calibrated every morning prior 



 

to measurements to 100% O2 (DI water bubbled with air) and 0% O2 obtained through 

addition of sodium dithionite (Na2S2O4) to DI water. Irradiance was kept similar to 

irradiance held throughout the experiment, 30 µmol photons m-2 s-1. A chamber 

containing no fragment of CCA was included in each incubation to serve as a blank. 

Respiration was measured after incubating fragments of CCA for 1 hr in total darkness. 

Respiration was measured over the following hour using the same method as O2 

production, but, CCA were kept in dark during measurements. O2 production and 

respiration measurements were adjusted from a blank and normalised to ash-free dry 

weight (Noisette et al., 2013) of each fragment.  

4.3.7 Data analyses 

All data were analysed using the statistical computing program, R (v 3.5.1). 

Germling response data were tested for normality and variance using QQ normality 

plots. Photosynthesis, or O2 production, and respiration data of adults were tested for 

normality using Shapiro Wilk’s tests and Levene’s test for homoscedasticity. If data 

were found not to be normal, it was log transformed to meet assumptions of normality. 

Two-way ANOVAs with temperature (2 levels, 27 and 29 ºC) and pCO2 (2 levels, ~400 

and 1000 µatm) set as fixed factors (Underwood, 1997), were run on data to determine 

effect of treatment and their interactions on response variables. When a significant 

interaction was found between elevated temperature and pCO2 a t-test was performed to 

calculate the differences between treatments. To analyse survival, the survival R 

package (v 2.44-1.1) was used in R, which uses the non-parametric Kaplan-Meier 

estimator to estimate survival function and the Fleming-Harrington G-rho family to 

compare survival curves. Kruskal-Wallis chi-squared tests were done to test significant 

differences in survival probability across treatments.  

4.4 Results 

4.4.1 Reproductive output 

There was no significant effect of increased temperature or pCO2 (low pH) on 

the reproductive output of adult Sporolithon (p > 0.05, Table A3.2, Fig. 4.1).  



 

Figure 4.1 Effects of temperature and pCO2 (pH) on the reproductive output of adult 

Sporolithon after one month in treatment conditions. Each bar represents mean number 

of spores released for each treatment ± SE (standard error) for n = 5 – 6. 

4.4.2 Germling survival 

There was a significant decrease in survival probability amongst Sporolithon 

germlings (F1) after exposure to the combined treatment of elevated temperature and 

pCO2 after 11 weeks when compared to all other treatments (Kruskal Wallace Chi-

squared = 13.5, p < 0.01, Table 4.1). No significant effect on survival probability was 

found between the remaining treatments of ambient, increased temperature, or elevated 

pCO2 (Table 4.1, Fig. 4.2).  

Table 4.1 Germling survival probability and R statistical analysis of survival using 

Kruskal-Wallis rank sum tests to determine significant differences in survival at varying 

treatment conditions.  
Treatment Observed deaths Expected deaths (O-E)2 (O-E)2 V-1 Chi2 d f. = 3 Sig. 

pH 8.0 + 27 ºC 16 18.61 6.76 0.52 n.d. n.s.
pH 8.0 + 29 ºC 13 22.40 88.36 6.09 n.d. n.s.
pH 7.7 + 27 ºC 20 19.50 0.25 0.02 n.d. n.s.
pH 7.7 + 29 ºC 28 16.50 132.25 11.14 13.50 ** 

n.d. there is no Chi-squared value because there were no differences in observed mortality across
treatments. ** < 0.01.



 

Figure 4.2 Survival probability of Sporolithon germlings over the duration of the 

experiment (11 weeks) across temperature and pCO2 (pH) treatments. Solid lines 

represent mean values, and dotted lines represent 95% confidence intervals. The asterisk 

indicates a statistically significant difference at p < 0.05.  

4.4.3 Germling growth 

Growth of germlings, through changes in area, was measured every seven days 

throughout the entirety of the experiment. After one week in treatment, there was a 

reduction in average area under the elevated temperature and pCO2 treatment, however, 

this was not significant (F1,20= 0.001, p = 0.976, Table 4.2, Fig. 4.3). Mean area was not 

significantly impacted by a stressor until week seven, where increased temperature 

significantly reduced, ~20% decrease, the growth of germlings under the high pCO2 

treatment (F1,19= 4.928, p = 0.039, Table 4.2, Fig. 4.3). A significant effect of 

temperature on average growth was seen at week eight (F1,19= 4.606, p = 0.045, Table 

4.2, Fig. 4.3), again with about a 20% reduction. At week 11, temperature again was 

found to be the leading influencing stressor, but its effect significantly depended on the 

level of pCO2 (i.e. a significant interaction between temperature and pCO2, F1,15= 0.029, 



 

p = 0.007, Table 4.2, Fig. 4.3). Here, elevated temperature caused the largest decline in 

germling size but only in the high pCO2 treatment (reduction of ~40%) (t-test; t = 2.6, p 

= 0.036).  

Table 4.2 Results of two-way analyses of variance (ANOVA) to test the effects of 

increased temperature and pCO2 (decreased pH) on the average growth of Sporolithon 

germlings. 
Time point Source of variation Df MS F p 
Week 2 Temperature 1 0.043 1.735 0.482 

pCO2 1 0.013 0.516 0.205 
Temperature * pCO2 1 0.000 0.001 0.976 
Residuals 20 0.025 

Week 3 Temperature 1 0.190 1.860 0.319 
pCO2 1 0.107 1.047 0.189 
Temperature * pCO2 1 0.190 1.865 0.188 
Residuals 20 0.102 

Week 4 Temperature 1 0.037 0.515 0.348 
pCO2 1 0.067 0.924 0.481 
Temperature * pCO2 1 0.039 0.540 0.471 
Residuals 20 0.072 

Week 5 Temperature 1 0.150 4.076 0.117 
pCO2 1 0.101 2.732 0.060 
Temperature * pCO2 1 0.019 0.529 0.477 
Residuals 20 0.037 

Week 6 Temperature 1 0.062 1.650 0.105 
pCO2 1 0.109 2.911 0.215 
Temperature * pCO2 1 0.030 0.796 0.384 
Residuals 20 0.038 

Week 7 Temperature 1 0.133 4.928 0.039* 
pCO2 1 0.041 1.528 0.232 
Temperature * pCO2 1 0.001 0.020 0.889 
Residuals 19 0.027 

Week 8 Temperature 1 0.005 4.606 0.045* 
pCO2 1 0.169 0.147 0.706 
Temperature * pCO2 1 0.001 0.002 0.964 
Residuals 19 0.037 

Week 9 Temperature 1 0.016 0.612 0.446 
pCO2 1 0.014 0.544 0.472 
Temperature * pCO2 1 0.009 0.338 0.570 
Residuals 16 0.026 

Week 10 Temperature 1 0.046 1.811 0.200 
pCO2 1 0.019 0.758 0.399 
Temperature * pCO2 1 0.001 0.020 0.890 
Residuals 15 0.026 

Week 11 Temperature 1 0.194 6.758 0.020* 
pCO2 1 0.025 0.881 0.363 
Temperature * pCO2 1 0.278 9.697 0.007** 
Residuals 15 0.029 

MS = mean square, df = degrees of freedom, F = F-ratio. Note: T-test testing the effect of temperature 
within elevated pCO2 at week 11 showed p = 0.0362; while the effect of temperature was not significant 
within ambient pCO2 (p = 0.061). * < 0.05, ** < 0.01. 



 

Figure 4.3 The percent growth of Sporolithon germlings across temperature and pCO2 

(pH) treatments from week to week over 11 weeks. Each bar represents mean % growth 

from each treatment at each time point ± SE. Data were log transformed to meet 

normality.  

4.4.4 Adult metabolic rate and survival 

The mean metabolic rates (O2 production and respiration) were measured on 

adult fragments of Sporolithon after five months in treatment. Sporolithon mean rates of 

O2 production varied between 1.74 and 2.30 µmol O2 g-1 h-1, and respiration values 

ranged from 4.23 to 3.25 µmol O2 g-1 h-1 consumed. O2 production decreased with 

increasing pCO2 (lowering pH, Table 4.3, Fig. 4.4), and the effect of pCO2 on 

photosynthesis was found to be significant (F1,18 = 9.56, p = 0.006, Table 4.3). 

Temperature did not have an effect on O2 production (F1,18 = 0.439, p > 0.05, Table 

4.3), and there was no interactive effect between increased temperature and pCO2 (F1,18 

= 0.671, p > 0.05, Table 4.3). There was no effect of treatment on respiration rates of 

Sporolithon (p > 0.05, Table 4.3, Fig. 4.4).  



 

Table 4.3 Results of two-way ANOVA for the effects of temperature and pCO2 (pH) on 

the metabolic rates of adult fragments of Sporolithon after 5 months in treatment.  
Oxygen production (µmol O2 g-1 h-1) Respiration (µmol O2 g-1 h-1) 

Two-way ANOVA Df MS F p MS F p 
Temperature 1 0.056 0.439 0.516 3.026 1.830 0.192 
pCO2 1 1.217 9.560 0.006** 0.495 0.299 0.591 
Temperature * pCO2 1 0.085 0.671 0.423 0.113 0.068 0.796 
Residuals 18 0.127 1.654 

Oxygen produced or consumed (µmol O2 g-1 h-1) was normalised to the ash-free dry weight of individual 
fragments, n = 5 – 6. 

Figure 4.4 Effects of temperature and pCO2 (pH) on the mean O2 production and 

consumption (respiration rate) of adult Sporolithon after five months in treatment. Each 

bar represents mean O2 produced or consumed ± SE, n = 5 – 6.  

Survival in adults was not impacted by increased temperature, pCO2, or the 

combination of the two after five months in treatment. There were no observed deaths 

throughout or at the end of the five months.  



 

4.5 Discussion 

Our study shows a contrasting response in life history stages to environmental 

stressors, with adult Sporolithon being remarkably resistant and early life history stages 

being very sensitive to OW and OA. These data contribute essential knowledge to 

understanding the longer-term effects of global change stressors across lifecycles of an 

important and abundant species of CCA and investigates the potential for acclimation in 

adult Sporolithon and survivorship and growth of germlings of the first generation (F1). 

Adult Sporolithon ultimately did well throughout the entirety of this experiment, 

showing no mortality, no significant change in reproductive output or respiration, and 

photosynthesis was slightly decreased in response to increased pCO2 (low pH). The 

results from the adult Sporolithon support the hypothesis that this species is robust, and 

the divergence time of the genus of Sporolithon, and more broadly the family, may play 

a role in this (Aguirre et al., 2010; Hönisch et al., 2012; Peña et al., 2020). The slight 

decrease in O2 production in response to increased pCO2 without any impact on 

survivorship indicates a potential acclimatory or plastic response to new CO2 conditions 

(Drake et al., 1997; Sage, 1994).  

The success of adult life stages is dependent on the health of their earlier life 

history stages. Here, the response of Sporolithon germlings to global change variables 

may present an issue for their subsequent life history stages. There were strong and 

complex interactions between temperature and pCO2. In fact, elevated pCO2 may 

benefit growth, compared to low pCO2, but, when combined with elevated temperature, 

there was a strong interaction leading to reduced survival and growth under the 

combined environmental stressors. Although the genus Sporolithon is not a primary reef 

builder, they have a similar calcification process to reef building CCA species (e.g. 

Nash et al. (Nash et al., 2019)) and are important members of the benthic community in 

tropical reefs, and the negative response of the germlings to combined environmental 

stressors may impact some essential functions of CCA in coral reefs under future global 

change scenarios.  

4.5.1 Adult survival & metabolic rates 

After five months of exposure to elevated temperature and pCO2, adults of 

Sporolithon survived and remained visibly healthy, with no thallus mortality observed, 

across all treatments. However, O2 production was significantly reduced under the high 

pCO2 treatments at both ambient and high temperature, with an average reduction of 

25.22%. The lack of mortality and the reduction in O2 production may be interpreted as 
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a plastic or possibly an acclimatory response to prolonged exposure to elevated pCO2, 

in which the alga downregulates the photosynthetic activity without significant 

implication for survivorship  (Sage, 1994; Tissue et al., 1993). This response has been 

commonly observed in terrestrial plants, particularly when plants experience nutrient 

limitation (Sage, 1994; Tissue et al., 1993). Photosynthetic acclimation to elevated CO2 

may be attributed to an overabundance of additional carbohydrates that photosynthesis 

in elevated CO2 provides, suppression of nitrogen assimilation, or at elevated CO2 a 

reallocation of resources occurs within the photosynthetic apparatus, requiring less 

Rubisco for photosynthesis (Bloom et al., 2012; Drake et al., 1997; Gamage et al., 2018; 

Sage, 1994). Like in terrestrial plants, nutrients may have played a role in the 

acclimatory response of Sporolithon to prolonged increased pCO2, and had nutrients 

been added, we may have seen a “positive” or increase in metabolic rate instead of a 

“negative” or acclimatory response (as seen in terrestrial plants) (Bloom et al., 2012; 

Tissue et al., 1993), however, this hypothesis needs experimental testing. This is a 

realistic possibility as anthropogenic nutrification is occurring on reefs due to increased 

agricultural runoff and changing land-use (Knowlton, 2001; Wiedenmann et al., 2013). 

We acknowledge there are more ways of acclimation to increased pCO2, however, 

suppression of O2 production, seen in this study, in response to prolonged pCO2 

exposure in Sporolithon is likely their acclimatory response, similar to terrestrial plants, 

in which resources and activities are modulated in order to benefit the plant (Gamage et 

al., 2018; Long et al., 2004; Sage, 1994; Tissue et al., 1993).  

If observing only the effect of pCO2 on the O2 production of species of coralline 

algae, contrasting responses have been seen, where elevated pCO2 alone hasn’t 

influenced significant changes in O2 production. This was observed in the tropical CCA 

species, P. onkodes, after 14 days in treatment there was no effect of elevated pCO2 on 

stable environment samples (Johnson et al., 2014). A lack of strong response was also 

seen in three temperate coralline algae species when exposed to increasing pCO2 

(Noisette et al., 2013). Sporolithon reacted conversely to the above studies, showing a 

decrease in net production driven by increased pCO2, most likely as an acclimatory 

response to sustained increased pCO2. The CCMs most likely present in Sporolithon, 

like in many other macroalgae (Cornwall et al., 2012; Diaz-Pulido et al., 2016; Raven et 

al., 2017), may also play a role in why a positive response, or increase in 

photosynthesis, was not seen in adult Sporolithon. Algae maintaining high affinity 

CCMs are predicted to not respond to or benefit considerably from increased pCO2 in 

terms of metabolic processes (Cornwall et al., 2017b). Ultimately, the lack of mortality 



 

and decrease in photosynthesis suggests this species of CCA is quite robust and able to 

acclimate to changes in their environment (e.g. increased temperature and pCO2), 

suggesting a positive outlook for their persistence and function in coral reef ecosystems 

under future global change scenarios. 

4.5.2 Reproductive output 

Reproductive output is an essential fitness measurement across organisms and a 

reduction in this process could negatively impair the persistence of species. However, in 

this study reproductive output was not found to be significantly influenced by 

experimental treatment, with only a slight increase in mean number of spores released 

under the most stressful treatment (high temperature + high pCO2) when compared to 

the ambient treatment. To our knowledge, no past studies have looked into the 

reproductive output of CCA after exposure to warming and acidification, however, 

reproductive output from other calcifying macroalgae (Cornwall et al., 2014) and 

seagrasses (Koch et al., 2013; Palacios & Zimmerman, 2007) has been measured in 

response to OA. For a species of coralline algae, Arthrocardia corymbosa, altered pH 

did not significantly alter reproductive output (Cornwall et al., 2014). Elevated pCO2 

has been found to increase reproductive output of seagrass (Koch et al., 2013; Palacios 

& Zimmerman, 2007), and it is suspected that seagrass will be impacted by the 

interaction of elevated temperature and pCO2 (Koch et al., 2013). The slight increase of 

number of spores in the combined high temperature and pCO2 treatment could have 

been a stress response and final push to release as many spores as possible after the 

additional stress of a temperature spike to induce spore release. CCA can reproduce 

asexually or sexually and maintain different reproductive structures based on this. For 

Sporolithon the asexual (tetrasporophytic) reproductive structures, sori, are much 

smaller than the general conceptacle, or asexual reproductive structure on other CCA 

species (Townsend et al., 1995), which are sometimes even visible by the naked eye 

(Harvey et al., 2005). Due to their small size and the differing amount of area sorus take 

up on each individual crust (Townsend et al., 1995), there was likely variability from 

adult to adult in each treatment and that may have influenced the variable response in 

reproductive output across treatments. Although the sori area was kept as constant as 

possible, large variability was inevitable. Additionally, there is no, non-invasive way to 

count the number of sori that contain tetraspores. We acknowledge the limitation in 

completely quantifying reproductive output by measuring number of spores released, 

and this should be further investigated. Despite the limitations and the variability 



 

observed in Sporolithon spore release across treatments, reproductive output was not 

negatively influenced by temperature and/or CO2 factors, suggesting that the 

reproductive process is robust to warming and acidification.  

4.5.3 Germling survival & growth 

The sensitivity of the early life history stages to the combined effects of 

environmental change stressors supports multiple studies that have found early life 

history stages to be more vulnerable to global change stressors than adults of the same 

species (Byrne, 2011). In the current study, high pCO2 in combination with increased 

temperature resulted in a significant decrease in both survival probability and germling 

growth, consistent with past studies on the germination success and growth of 

germlings from the CCA Porolithon cf. onkodes (Ordoñez-Alvarez et al., 2017).  

Coralline algae species differ in their responses to environmental change 

(Comeau et al., 2016; Johnson et al., 2014; Kuffner et al., 2007; Ordoñez-Alvarez et al., 

2014) and this is most likely consistent across their different lifecycles as well. 

Similarly, other early life history stages of different taxa are highly sensitive to 

exposure to elevated temperature and pCO2, with reduction in survival found in the 

juvenile bivalve, Argopecten irradians, after 45 days in treatment (Talmage & Gobler, 

2011), and a total die off in the larvae of the brittle star, Ophiothrix fragilis, at reduced 

pH (7.9 and 7.7) after only 8 days in treatment (Dupont et al., 2008). Early life history 

stages of the coral Porites panamensis (Anlauf et al., 2011) and the tropical sea hare 

Stylocheilus striatus (Armstrong et al., 2017) had reduced growth under simultaneous 

high temperature and pCO2. Responses of early life history stages of Sporolithon found 

in the current study suggest a similarly found (Anlauf et al., 2011; Armstrong et al., 

2017; Dupont et al., 2008; Talmage & Gobler, 2011) sensitivity to environmental 

change that could ultimately impact their persistence in future oceans. 

Decreased growth rate in our Sporolithon germlings, particularly under 

combined high temperature and pCO2, could be linked to skeletal dissolution, as 

documented in other CCA species (Ordoñez-Alvarez et al., 2017) and a variety of 

marine calcifiers across life history stages (Byrne, 2011; Miles et al., 2007; Wood et al., 

2010). Skeletal dissolution may be partially explained by undersaturation of seawater 

with respect to high Mg-calcite under high pCO2 and high temperature (Table A3.1, Ω 

high Mg-calcite = 0.79), although the high pCO2 but low temperature treatment also had 

a Ω high Mg-calcite < 1, yet germlings experienced comparable growth rates to ambient 

pCO2. Declined Ω high Mg-calcite in the calcifying fluid (as induced by low pH) has 



 

also been proposed to influence calcification in adult Sporolithon (Cornwall et al., 

2017a) and may be a possibility in our experimental germlings. It is also worth 

considering the influence of not only the carbonate chemistry (i.e. omega) of the 

experimental seawater and calcifying fluid on germling calcification and growth, but 

also the interactions of the germlings with the benthos. Germlings were grown on an 

acrylic substrate in the laboratory environment, whereas, in the field germlings would 

most likely be growing on porous carbonate substrate with diverse endolithic and 

epilithic algal communities that modify carbonate chemistry via metabolic processes. 

Past studies have found substrate to not be critical for CCA community structure 

(Kennedy et al., 2017), however, if substrate plays a role in germling calcification and 

growth in the presence of lowered pH has not been investigated and it is possible that 

the carbonate substrate in the field could act as a buffer to changes in carbonate 

chemistry surrounding the germling. It is important to note that under all treatments, 

there was mortality and reductions in growth rate. However, the survival probability 

was still significantly reduced in the combined stressor treatment, whereas the other 

treatments maintained similar survival probability. Additionally, this can be said with 

growth, seeing a significant increase under increased pCO2 and a significant decrease in 

the combined stressor treatment. The negative response of the F1 germlings to the 

combined stressor treatment suggests a moderately low likelihood for Sporolithon 

germlings to exhibit a plastic or an acclimatory or adaptive response to combined future 

environmental changes, in turn greatly reducing the success of the offspring of this 

species in future oceans. However, the results in the present study somewhat contradict 

findings from a multigenerational study done with CCA species H. reinboldii, where 

juvenile resistance to OA was found, recorded as a lessening of difference in growth 

across generations (Cornwall et al., 2020). In this study, the second-generation of CCA 

grew 56.1% more slowly across OA treatments relative to the ambient/control 

treatment, whereas the final generation (7) had only a 0.6% difference in growth when 

comparing OA treatments to the ambient/control treatment, indicating that sustained 

exposure to OA across multiple generations enables H. reinboldii to gain a tolerance 

(Cornwall et al., 2020). The current study suggests that Sporolithon germlings may not 

be able to exhibit resistance to global change stressors, unlike juveniles of H. reinboldii 

(Cornwall et al., 2020), however, our results may have been more similar should this 

study have been conducted over multiple generations, and only investigating the 

response to OA. Alternatively, differences in germling responses between H. reinboldii 



 

and Sporolithon may be attributed to species-specific optima for calcification and 

growth (Cornwall et al., 2017a).  

The data in this study suggest that temperature is a critical factor influencing 

survival and growth of Sporolithon germlings. On the other hand, the increase of pCO2 

in isolation of the increase in temperature (i.e. in ambient temperature conditions) 

enhanced germling growth. As indicated earlier, however, when combined with 

increased temperature, growth was significantly decreased. Increased pCO2 at ambient 

temperature has been found to positively affect growth of some algal species (Kübler et 

al., 1999), possibly by alleviating CO2 limitation of photosynthesis, or downregulation 

of CCMs (Cornwall et al., 2017b). On the other hand, studies have shown negative 

growth responses of some coralline algal species to elevated pCO2 at ambient 

temperature (e.g. P. cf. onkodes recruits/germlings (Ordoñez-Alvarez et al., 2018) and 

Arthrocardia corymbose (Roleda et al., 2015)). In our study, temperature played a role 

in decreasing growth, which has been previously observed in a temperate species of 

coralline algae (Yoshioka et al., 2020). However, in a study with a tropical CCA 

species, P. cf. onkodes, temperature had a positive effect on growth rate (Ordoñez-

Alvarez et al., 2017). The differences in responses to the independent stressors of 

temperature and pCO2 between P. cf. onkodes and Sporolithon could be attributed to a 

number of reasons including differences between the divergence times of these genera 

(Peña et al., 2020; Rösler et al., 2017), their habitat preferences (Huisman et al., 2009), 

or other unknown factors. The genus Sporolithon diverged during previous times of 

high temperature and CO2, possibly suggesting that if more CO2 is present, Sporolithon 

germlings will positively respond as energy usage for CO2 uptake is reduced and the 

germlings are able to utilise the additional CO2 instead of relying on CCMs. Of course, 

increased growth would be highly dependent on temperature (and possibly nutrients as 

discussed earlier), but it is likely that this increased growth may be realised in habitats 

exposed to comparatively lower temperatures and light regimes, such as relatively deep-

water reefs. Our study illustrates the considerable variability in germling responses to 

global change among CCA species (e.g. P. onkodes (Ordoñez-Alvarez et al., 2017; 

Ordoñez-Alvarez et al., 2018), H. reinboldii (Cornwall et al., 2020), P. lenormandii 

(Bradassi et al., 2013)). 

4.5.4 Concluding remarks 

The results from this study show polarising responses from adult Sporolithon 

and their F1 germlings to increased temperature and pCO2, suggesting life history stage 



 

plays an important role in resilience to global change variables and ability to exhibit a 

plastic response. Adult Sporolithon were largely resilient to increased temperature and 

pCO2 suggesting a robust potential for acclimation, whereas the results from the F1 

germling growth and survival suggest that the germlings of Sporolithon are more 

sensitive to changes in their environment. The mechanisms explaining the different 

acclimatory response between life history stages are not well understood, but may be 

related to 1) variable carbon uptake physiologies (e.g. with germlings lacking or having 

low affinity CCM as growth increased under high pCO2 alone); 2) variable skeletal 

mineralogy (e.g. nature, composition, or skeletal protection by living tissue); 3) 

different composition and/or quantities of cell-wall organic constituents, or 4) different 

nutrient requirements. In particular, CCA tissue organisation varies throughout 

ontogenesis (Adey, 1965; Chamberlain, 1983) and it is likely that different tissues that 

develop following germination to the formation of adult, thick crusts may have different 

susceptibilities to pH reduction. For example, CCA spores mainly germinate developing 

a basal hypothallial tissue (Adey, 1965) and recent studies show the hypothallus of a 

number of CCA species has different mineralogy from mature (perithallial) tissue (e.g. 

in Phymatolithon, perithallial cell walls have mean 13.4 mol% MgCO3 while the 

hypothallus has 17.1 mol% MgCO3) (Nash & Adey, 2017), and this may influence 

early germling development. There is very little information on Sporolithon germination 

(Chihara, 1974) and further work should elucidate the contribution of these processes to 

the different responses to climate stressors between life history stages of CCA. 

Our study also suggests a mechanism by which adult Sporolithon is able to cope 

with ocean acidification and warming conditions. A decline in O2 production (with no 

thallus mortality) is a possible indicator of an acclimatory response in this species, and 

this observation has not been documented previously in other coralline algae (Comeau 

et al., 2019; Martin & Gattuso, 2009), but is common in some terrestrial plants (Drake 

et al., 1997; Sage, 1994). Although there may be a positive outlook for adult 

Sporolithon to acclimate and possibly eventually adapt to future ocean conditions, the 

sensitivity of Sporolithon germlings to combined environmental stressors complicates 

this species persistence in future oceans. A previous study showed OA considerably 

reduced net calcification of S. durum rhodoliths, suggesting adults of this species may 

also be sensitive to pH decline (Cornwall et al., 2017a). Although we did not measure 

calcification in our Sporolithon, the negative net calcification rate (i.e. dissolution) 

observed in the rhodoliths could have been due to the use of this growth form (i.e. 

rhodoliths, as opposed to crusts), which have considerable internal porosity, potentially 



 

facilitating skeletal dissolution. Future studies are needed to determine the effects of 

OW and OA on gross and net calcification of Sporolithon to obtain a more complete 

picture of the adult’s sensitivity to climate stressors. Our study began as a novel attempt 

to conduct a multi-generational study with a slow growing, reef building species of 

CCA. However, multiple generations were not achieved (cf. Cornwall et al. (2020)), 

therefore, the experiment was adapted to look at the long-term effects of global change 

factors across lifecycles. Acclimation history of adults prior to collection may have 

played a role in responses seen in this study, therefore future studies are necessary to 

more fully compare response to global change across life history stages. These future 

studies should also further investigate the adaptation potential of this slow growing, 

ancient group of CCA, specifically looking at the possibility for gained tolerance to 

both increasing temperature and OA.  
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Chapter 5: Acclimation history of elevated temperature reduces the tolerance of 

coralline algae to additional acute thermal stress 

5.1 Abstract 

Increasing atmospheric CO2 is driving major environmental changes in the ocean, such as 

an increase in average ocean temperature, a decrease in average ocean pH (ocean 

acidification, or OA), and an increase in the number and severity of extreme climatic events 

(e.g., anomalous temperature events and heatwaves). Uncertainty exists in the capacity for 

species to withstand these stressors occurring concomitantly. Here, we tested whether an 

acclimation history of ocean warming (OW) and OA affects the physiological responses of 

an abundant, reef-building species of crustose coralline algae (CCA), Porolithon cf. 

onkodes, to chronic and acute thermal stress. To address this, we exposed algae to varying 

temperature and pH levels for six weeks and this chronic treatment experiment was 

followed by an acute exposure to an anomalous temperature event (+4 – 6 ºC from 

acclimation temperature). Net photosynthetic rate was negatively affected across all 

treatments by increasing temperature during the acute temperature event, however, algae 

acclimated to the control temperature were able to maintain photosynthetic rates for +4 ºC 

above their acclimation temperature, whereas algae acclimated to elevated temperature 

were not. Average relative change in O2 produced resulted in a 100 – 175% decrease, with 

the largest decrease found in algae acclimated to the combined treatment of elevated 

temperature and reduced pH. We conclude that acclimation to chronic global change 

stressors (i.e., OW and OA) will reduce the tolerance of P. cf. onkodes to anomalous 

increases in temperature, and this may have implications for reef building processes. 

 

5.2 Introduction 

Global change and increasing atmospheric CO2 are driving multiple marine environmental 

changes such as ocean warming (OW) and ocean acidification (OA), which are both 

predicted to be major threats to marine organisms and ecosystems globally (Doney et al., 

2012; Poloczanska et al., 2013). OW and OA can negatively impact phenological events, 

physiological processes of organisms, and their overall distributions (Doney et al., 2012; 

Poloczanska et al., 2013). Alongside OW and OA, the number and severity of extreme 

climatic events (e.g., heatwaves and anomalous temperature events) are projected to 
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increase, which have been found to have significant negative ecological impacts on species 

and ecosystems more broadly (Wernberg et al., 2016; Smale et al., 2019).  

Tropical species inhabiting coral reef ecosystems are particularly susceptible to 

thermal stress as many reef organisms already exist at or near their upper thermal tolerance 

limit (Baker et al., 2008; Lough et al., 2018) and this could be exacerbated by ocean 

warming (OW) in recent decades (Hoegh-Guldberg et al., 2007; Kroeker et al., 2020). 

Studies investigating the effects of warming on coral reef macroalgae are limited however 

(Pakker et al., 1995; Bennett et al., 2018; Cornwall et al., 2019), with even fewer 

experiments examining the effects of warming on reef-building crustose coralline algae 

(CCA) (Cornwall et al., 2019). CCA are a group of calcifying, red macroalgae that are the 

cement of reefs, aiding in building and maintaining the carbonate framework of coral reefs 

worldwide (Adey, 1998). To date, many OW studies on CCA have been done over short 

durations (Vásquez-Elizondo and Enríquez, 2016) and/or have not coupled warming with 

additional stressors such as ocean acidification (OA) (Anton et al., 2020) and subsequent 

anomalous temperature events, like heatwaves (Cornwall et al., 2019). From the current 

literature, we know that tropical coralline algae are likely less robust than fleshy 

macroalgae living in the same environment (Anton et al., 2020) and potentially equally or 

sometimes more robust than corals living in the same environment (Kornder et al., 2018; 

Cornwall et al., 2019; Anton et al., 2020). Furthermore, we know that increasing 

temperatures, even without the addition of global change drivers, can cause decreases in 

physiological processes, such as calcification and photosynthesis (Vásquez-Elizondo and 

Enríquez, 2016; Schubert et al., 2019). Despite the current knowledge on the responses of 

CCA to global change drivers both in isolation and in combination, it is still not known 

whether an acclimation history of OW and OA plays a role in the physiological responses 

of coralline algae to chronic and acute thermal stress.  

 The aim of this study was to investigate how acclimation history impacts the ability 

of a reef building species of CCA, Porolithon cf. onkodes, hereinafter, P. onkodes, to 

tolerate sudden, acute increases in temperature. Global change drivers, such as OW and 

OA, have been found to variably impact processes of coralline algae (Johnson and 

Carpenter, 2012; Kim et al., 2020; Page and Diaz-Pulido, 2020), however, how the 

acclimation history of these stressors will impact plasticity to additional acute stressors is 

less understood. In this study, P. onkodes was held under constant  temperature and/or pH 
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conditions that reflect IPCC global predictions, specifically the representative concentration 

pathway (RCP) 8.5 (IPCC 2013), or present day control conditions for 6 weeks. After the 

6-week acclimation period P. onkodes fragments were subjected to an acute temperature 

stress (+1 ºC hr-1 until 33 ºC) whilst percent oxygen (O2) was monitored, and 

calcification/dissolution was estimated as proxies for physiological stress. CCA as a group 

have been found to be variably, but largely negatively impacted under combined stressors 

of OW and OA (Martin and Gattuso, 2009; Brodie et al., 2014; Hofmann and Bischof, 

2014; Scherner et al., 2016), therefore, it was hypothesized that a history of exposure to 

these two stressors will cause additive pressure during an acute warming event, and 

therefore result in decreased O2 production and increased skeletal dissolution. 

5.3 Materials and Methods  

CCA fragments, ~ 3cm * 3 cm in size, of the orange color morph of P. onkodes, were 

collected in October 2018 from the reef flat area of Yonge Reef (14º37’32.1”S, 

145º38’06.2”E), Great Barrier Reef (GBR), Australia between 1 and 3 m depth. After 

collection, CCA fragments were brought back to Lizard Island Research Station (LIRS) and 

kept in an outdoor, flow-through, common garden aquarium at constant temperature (~ 

27.2ºC), pH (8.0), and salinity (35 ppt), similar to seawater parameters measured at 

collection site. Seawater at LIRS is pumped from the reef lagoon into header tanks and then 

gravity fed into the aquarium system. Algae were thoroughly cleaned of epiphytes within 

24 hours of their collection. All fragments were examined under a dissecting microscope to 

ensure all were the same species based on morphological identification. Exposed calcium 

carbonate skeleton was sealed using Coral Glue® (Ecotech Marine). Light at collection site 

was between 520 – 650 µmol quanta m-2 s-1 at ~ 3 m depth (~ 14:00). Within the 

experimental tanks, unshaded natural light ranged from 100 – 200 µmol quanta m-2 s-1 

dependent on time of day. 

After CCA were acclimated in the common garden, ambient conditions, fragments 

were allocated to treatment tanks. Four experimental treatments were targeted and used 

during this experiment: ambient control (27.2 ºC and pH 8.0; 450 µatm pCO2), reduced 

pH/elevated pCO2 (27.2 ºC and pH 7.7; 1000 µatm pCO2), elevated temperature (29.5 ºC 

and pH 8.0; 450 µatm pCO2), and the combined treatment of elevated temperature and 

reduced pH/elevated pCO2 (29.5 ºC and pH 7.7; 1000 µatm pCO2). The experimental setup 

included an outdoor, flow-through, 4-header sump (275 L each) system and twenty 32 L 
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individual treatment tanks, allocated randomly to the four experimental treatments. Each 

header tank was supplied constantly with water from the reef lagoon and water from 

treatment sumps was continuously pumped into respective treatment tanks using 

Pondmaster 3600 Fountain Pumps (Pond One®). Light was provided naturally and 

measured daily, around 12:00, using an underwater quantum sensor LI-192 connected to a 

light meter LI-250 (LI-COR, USA), averaging about 140 µmol quanta m-2 s-1. In treatments 

where temperature and/or pH were manipulated, levels were increased over seven days, 

ultimately reaching a 0.3 unit decrease in pH (~1000 µatm pCO2) and a 2.3 ºC increase in 

temperature, relating to levels predicted by the IPCC under RCP8.5 scenario for end of 

century levels (IPCC 2019). P. onkodes fragments were held at constant experimental 

treatments for six weeks. pH was regulated by the use of pH-controllers (AquaController, 

Neptune Systems, USA) that injected either pure CO2 or ambient air into the header sumps 

until desired value was reached. To obtain equivalent, desired pH value the offset for each 

of the Neptune Systems pH probes (one probe per treatment and offset accordingly after 

each measurement) was calculated from values obtained from a pH meter (Mettler Toledo, 

SevenGo Duo SG98) paired with a pH electrode with integrated temperature probe (Mettler 

Toledo, InLab Routine Pro) calibrated on total scale (pHT) using Tris-HCl buffers (Dickson 

et al., 2007). pHT and temperature were measured twice daily (08:00 and 15:00) in each 

experimental tank and sump. Salinity was measured daily using a conductivity meter 

(Mettler Toledo, SevenGo Pro). Temperature was maintained and manipulated by use of 

titanium heaters (EcoPlus, Aqua Heat, 300 W) within each sump and small 50 W glass 

heaters (Aqua One®) within respective experimental tanks that were set to desired 

temperature. Temperature was adjusted daily to mimic ambient temperature based on 

season (publicly available data from Australian Institute of Marine Science 

https://weather.aims.gov.au/#/station/1166) and +2.3 ºC was added in addition to the 

adjusted seasonal temperature for elevated temperature treatments. Flow to each 

experimental tank was maintained at a rate of 20 L hr-1, allowing for complete turnover of 

the experimental tanks twice per hour. A submersible water pump (Resun® SP-1100 8 W) 

provided additional water movement within each experimental tank. Total alkalinity (AT) 

was measured every 3 days, water was collected around 09:00, for the first week of the 

experiment, and then every 6 days following the initial week. AT was determined through 

potentiometric titration on an automatic titrator (Mettler Toledo, T50) following standard 

operating procedures (SOP) 3b (Dickson et al., 2007). AT, pHT, temperature, and salinity 
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were used to calculate the remaining carbonate chemistry parameters using the seacarb 

package version 3.2.12 (Gattuso et al., 2019) in R (Table A4.1). High Mg-calcite saturation 

state was calculated for a 16.4% MgCO3 following Diaz-Pulido et al. (2012). CCA 

mortality or changes in health (identified as a paling or bleaching of the pigmented layer) 

were monitored throughout the 6-week experiment. 

 After six weeks of acclimation, or preconditioning, to temperature and pH 

treatments, we tested the role of acclimation history on the response of P. onkodes to acute 

thermal stress by conducting short-term temperature experiments. Five fragments of P. 

onkodes from each of the four treatments were thoroughly cleaned under a microscope 48 

hrs prior to incubations and then were gently brushed 2 hrs before incubations to remove 

epiphytes from surface of algae. Fragments were placed into sealed, acrylic, incubation 

chambers (~150 mL) filled with respective OW and OA treatment water (n = 5). Chambers 

were placed within a water bath on top of a magnetic stir plate. Light was maintained at 140 

µmol quanta m-2 s-1 (MarsAqua 300 W LED, Full Spectrum), which was the average daily 

light intensity during the 6-week experiment. Temperature of the water bath was controlled 

via an immersion circulating heater (CORIO CD, Julabo). Each chamber was equipped 

with a magnetic stir bar to ensure water movement throughout incubation, a temperature 

sensor (Pt100), and a PreSens dipping O2 optode (DP-PSt3). Optodes were connected to a 

10-channel trace O2 meter (OXY-10 SMA trace, G2, PreSens, Germany). O2 sensors were 

calibrated prior to every incubation to 0% O2, obtained through addition of sodium 

dithionite (Na2S2O4), and 100% O2 seawater, obtained through bubbling water with air. 

Before beginning the acute warming experiment, algae were held at acclimation 

temperature for 30 minutes and dissolved O2 was measured to establish O2 production after 

6-weeks in acclimation treatment. Once these values were obtained, temperature was 

lowered to closest whole number (i.e., 27 ºC or 29 ºC dependent on acclimation 

temperature treatment) and algae were allowed to acclimate again for 30 minutes before 

beginning the acute warming experiment. Temperature was then increased by 1 ºC hr-1 (a 

rate of about 0.017 ºC min-1). Dissolved O2 and temperature were continuously measured 

and recorded every minute throughout the incubation. Incubations lasted up to 6 hours to 

allow for an ending temperature of 33 ºC within the incubation chambers from respective 

acclimation temperature. Temperature data on reef crest sites and surrounding reef 

environments have recorded temperatures of over 33 ºC or an increase of over +4 ºC within 
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a daily cycle (Lough, 1998). Therefore, the maximum temperature of heating during this 

experiment allowed for an environmentally realistic temperature maximum for a day on a 

reef flat or crest in the Northern GBR. A seawater blank with no CCA was run with each 

incubation and used for normalization in data analysis. All incubations were started at the 

same time every day to ensure no diurnally caused differences in photosynthetic output and 

calcification. Net photosynthesis (NP) was calculated as follows:  

!" = ("#!×	&)
(()) ,               

 (1) 

where sO2 is the slope of the linear regression line for change in O2 versus time (µmol L-1 

h-1) at each measurement temperature, V is the volume of the incubation chamber (L), and 

SA is the surface area (cm2) determined through aluminum foil technique (Marsh Jr, 1970). 

CCA net calcification (gn, µmol CaCO3 cm-2 h-1) was estimated using the TA 

anomaly technique (Smith and Key, 1975; Schneider and Erez, 2006; Anthony et al., 2013; 

Cohen et al., 2017). Prior to the start of the incubations, seawater was sampled from the 

experimental tanks (initial AT) and directly from incubation chambers at the end of each 

acute temperature experiment (final AT). Totaling two AT samples (initial AT and final AT) 

for each individual and blank seawater chamber. Seawater samples were filtered through 20 

µm filters into titration cups (47 – 55 mL of sample) and immediately processed through 

potentiometric titration. Net calcification was estimated based on the difference in AT 

(∆AT), which was normalized to the density of seawater at sampling temperatures (i.e. 27.2 

ºC, 29.5 ºC, or 33 ºC) after the incubations, assuming AT was solely affected by 

calcification and dissolution processes, and for every 1 mol of CaCO3 precipitated, AT is 

reduced by 2 molar equivalents (Chisholm and Gattuso, 1991), 
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where V is the volume of the incubation chamber (L), ∆t is the time between initial AT and 

final AT (h), and S is the surface area of the CCA (cm2). Changes in AT ranged from 18.33 – 

572.20 µeq-L. 

 All data were analyzed in the statistical software R v3.6.1. The absolute value of O2, 
or net photosynthesis, at acclimation temperatures (27.2 ºC and 29.5 ºC), and net 

calcification data were analyzed by two-way ANOVA (with pH and temperature treatments 

as main factors and fragments as replicates, n = 4 – 5). Although there was no mortality in 

any of the treatments, one sample is missing from the elevated temperature and reduced pH 

treatment due to a faulty O2 probe. Net photosynthesis and calcification data were tested for 

normality using Shapiro Wilk’s and Levene tests for homoscedasticity. Linear mixed effect 

model residuals were tested for normality through graphical analyses of residuals, using 

QQ normality plots. All data met tests of normality. 

 Relative change in O2 was calculated by taking the starting, absolute O2 value at 

respective acclimation temperature and subtracting that value from each following 

measurement during the acute warming experiment. To find the variation of the relative 

change in O2 production at each ramp temperature due to acclimation treatment a linear 

mixed effects model was used with a random intercept. Acclimation temperature and pH 

were set as fixed factors/effects and sample as the random effect, which allowed for 

variation of sample effects across ramping temperatures. The linear mixed effect model was 

done using the lme function from the nlme package (v3.1.141) (Pinheiro et al., 2013) in R 

and if significant differences were detected, Tukey’s pairwise tests were conducted using 

the glht function from the Multcomp package (v1.4.10 ) (Hothorn et al., 2016). 

 

5.4 Results 

After 6 weeks in acclimation treatments, net photosynthesis, or O2 production (µmol O2 

cm-2 h-1), was measured on adult fragments of P. onkodes. At the end of the 6-week 

acclimation period, no significant effect of acclimation temperature, pH, or the interaction 

of the two (ANOVA, p = 0.427, p = 0.102, p = 0.105, respectively, Table A4.2, Figure 5.1) 

was found. Absolute values of mean O2 production ranged from 1.17 – 4.84 µmol O2 cm-2 

h-1 in samples acclimated to the control temperature of 27.2 ºC and ranged from 1.80 – 6.61 
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µmol O2 cm-2 h-1 in samples acclimated to elevated temperature of 29.5 ºC (Table A4.2, 

Figure 5.1).  

Figure 5.1. Average net photosynthesis (µmol O2 cm-2 h-1) of Porolithon cf. onkodes after a 
6-week acclimation period to constant, experimental levels of temperature and/or pH (27.2 
ºC or 29.5 ºC and pH 8.0 or 7.7). Each bar is mean O2 production per treatment ± standard 
error (SE). n = 4 – 5. Blue bars equate to control temperature, 27.2 ºC, and yellow hued 
bars to elevated temperature, 29.5 ºC, with pH treatment shown as different shades within 
temperature treatment. p values for the effect of temperature (T), pH, and the interaction 
between temperature and pH (T*pH) are listed from Table A4.2 within the figure. 
 

O2 production of P. onkodes across all treatments was adversely affected by the 

acute warming experiment (Table 5.1, Figure 5.2). Ramp temperature significantly affected 

the relative change in O2, with O2 primarily decreasing across all treatments during the 

acute temperature experiment (Figure 5.2). The decline in O2, on average a 0.530 µmol O2 

cm-2 h-1 decrease with each degree of temperature increase, from starting acclimation 

temperature to the ending ramp temperature of 33 ºC can be attributed to ramp temperature 

(Table 5.1). There was a significant effect of acclimation temperature on O2 production at 

particular ramp temperatures, seen in a steeper slope of O2 production in the elevated 

acclimation temperature treatments than control temperature treatments, irrespective of pH 
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treatment (Figures 5.2 & A4.1). The slope for the elevated temperature treatment was 42% 

higher/steeper than that of the control treatment (Figure A4.1). Acclimation pH 

independently and in combination with elevated acclimation temperature and/or ramp 

temperature did not have a significant effect on the relative change of O2 during the acute 

temperature experiment (Table 5.1).  

Table 5.1. Summary of statistical information from a linear mixed effects model with a 
random intercept on the relative change of O2 production during the acute warming 
experiment. Significant results from linear mixed effect model are bolded. Comparison 
column obtained through slope comparison, with a flatter slope relating to less significant 
relative change in O2 than a steeper slope (Figures 5.2 & A4.1). C (control/ambient 27.2 
ºC) and H (high 29.5 ºC).  
 

Relative change in O2 production (µmol O2 cm-2 h-1) 
Factor Value df t-value P Comparison 
Ramp temperature -0.530 89 -7.263 <0.001  
Acclimation temperature 18.401 15 3.992 0.001  
pH -2.472 15 -0.775 0.449  
Ramp temperature * acclimation temperature -0.590 89 -3.991 <0.001 C > H  
Ramp temperature * pH 0.091 89 0.873 0.385  
Acclimation temperature * pH -9.298 15 -1.453 0.165  
Ramp temperature * acclimation temperature * pH 0.325 89 1.579 0.118   
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Figure 5.2. Relative change in average O2 produced by fragments of Porolithon cf. 
onkodes from mean, respective acclimation treatment temperature, panel (A) acclimated at 
27.2 ºC for 6 weeks, (B) acclimated at 29.5 ºC for 6 weeks. O2 begins at “0” or the starting 
average O2 per acclimation temperature. Each point is the mean, relative change of O2 ± 
standard error (SE) for each treatment at each ramp temperature. n = 4 – 5. Blue points 
equate to control temperature, 27.2 ºC, and yellow hued points to elevated temperature, 
29.5 ºC, with pH treatment shown as different shades and shapes within temperature 
treatment.  
 
 Average CCA net calcification ranged from 0.90 to 1.35 µmol CaCO3 cm-2 h-1 

(Table 5.2). There was no significant effect of the temperature or pH treatment on net 

calcification (ANOVA, p = 0.079, p = 0.402, respectively, Table A4.3, Figure A4.2). 

 

Table 5.2. Summary of average net calcification (µmol CaCO3 cm-2 h-1) results from 
Porolithon cf. onkodes samples. Calcification was estimated by using the alkalinity 
anomaly technique. Results are shown as average for each treatment ± standard error (SE). 

Treatment Average net calcification (µmol CaCO3 cm-2 h-1) 
27.2 ºC + 8.0 pH 1.18 ± 0.06 
29.5 ºC + 8.0 pH 0.90 ± 0.22 
27.2 ºC + 7.7 pH 1.35 ± 0.19 
29.5 ºC + 7.7 pH 0.94  0.16 
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5.5 Discussion 

An acclimation history of elevated temperature may exacerbate the adverse effects of acute 

increases in temperature on CCA productivity. Our study provides insight into the role of 

OW and OA acclimation history in the thermal tolerance of an abundant and important 

species of reef-building coralline algae. Extreme climatic events such as rapid temperature 

increases (e.g., heat waves) are predicted to occur more frequently in future oceans with 

increasing atmospheric CO2 (Oliver et al., 2018) and are expected to have global impacts 

on marine ecosystems (Smale et al., 2019). Our findings show steady increases in 

temperature, only a few degrees above their summer average temperature, result primarily 

in decreases in amount of O2 produced by P. onkodes. The degree of effect was largely 

dependent on the temperature P. onkodes was acclimated to, with those kept under elevated 

temperature (~2.3 ºC above ambient control temperature) experiencing a more rapid loss of 

performance in terms of O2 production. This study provides information on how this 

species of calcifying algae will fair in future oceans and sheds light on how increasing 

average ocean temperatures will play a role in the response of reef-forming species to 

acute, anomalous increases in temperature.  

 Exposure to chronic elevated temperature and/or reduced pH had a minimal effect 

on average O2 production when measured at a static acclimation temperature. These results 

are in line with some studies on tropical coralline algae, where reduced pH (Comeau et al., 

2016) or the combination of elevated temperature and reduced pH (Page and Diaz-Pulido, 

2020) had little to no effect on O2 production. On the other hand, there are also studies that 

have documented decreased photosynthetic rates in P. onkodes under high temperature and 

low pH in the southern GBR (Anthony et al., 2008), although this may have been due to the 

increased mortality in their experimental individuals (Diaz-Pulido et al., 2012). The final 

average O2 production data from the chronic acclimation temperature experiment suggest 

this algae population is largely robust to static, chronic changes in their environment, even 

possibly benefitting from a combination of elevated temperature and reduced pH, where O2 

production was higher (5.07 – 44.86%) when compared to all other treatments, however not 

significantly. These results did not persist after P. onkodes was exposed to the acute 

warming experiment at the end of the 6-week acclimation.  

A history of elevated temperature appeared to exacerbate the effects of acute 

thermal stress on P. onkodes. This response was predicted, as elevated, experimental 
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acclimation temperature was expected to be an additive stressor when followed by an acute 

warming event. High temperature stress is understood to inhibit the photosynthetic 

apparatus and therefore photosynthetic processes (Mathur et al., 2014). There was a ~125% 

total relative decrease in O2 production from starting acclimation temperature (27 ºC) to 33 

ºC for P. onkodes acclimated to control temperature. In the individuals acclimated to 

elevated temperature, this relative decrease was ~100% for the elevated temperature at 

control pH and ~175% for the elevated temperature at reduced pH. The treatment of 

reduced acclimation pH combined with elevated temperature seemingly intensified the 

alga’s negative response to the acute warming experiment. Interestingly, P. onkodes 

acclimated to elevated temperature at control pH had the smallest relative change compared 

to other treatments, however, the slope of this change was 42% higher than the control 

temperature treatment, with an R2 of 0.99 compared to an R2 of 0.74, respectively. The 

steeper slope and higher R2 value of the elevated temperature treatment is most likely 

linked to their acclimation history of elevated temperature, in which further increases in 

temperature resulted in a steady, unbroken reduction in O2. This result of a long-term 

increase in temperature followed by a short-term heatwave-like experiment inducing a 

reduction in physiological rates has been seen previously in species of temperate articulated 

coralline algae (Rendina et al., 2019), but has not been documented for tropical reef-

building corallines.  

 pH played a marginal role in magnifying the level of reduction in O2 production 

resulting from increased acclimation temperature. This was seen most prominently when 

comparing the control treatment to the reduced pH treatment, where a reduction in pH 

resulted in a 12.4% larger decrease in O2 production compared to the control pH treatments. 

This finding supports a meta-analysis that found CO2 enrichment reduces photosynthesis in 

calcifying algae by 28% on average (Kroeker et al., 2013), however, this result only took 

into account three species of CCA out of the eight studies used to calculate this result. 

Some CCA specific studies have found elevated pCO2/reduced pH can increase 

photosynthesis (Semesi et al., 2009; Noisette et al., 2013; Ordoñez-Alvarez et al., 2018), 

therefore it was expected in the current study that an acclimation history of elevated 

pCO2/reduced pH might partially mitigate the physiological stress incurred by an acute 

warming event (Koch et al., 2013). Our experiment, however, demonstrated that reduced 

pH slightly exacerbated the negative effect of acute thermal stress on coralline algae.  
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P. onkodes never consumed O2 faster than it was produced across any of the 

treatments. This result suggests some level of tolerance to acute, thermally stressful events 

both in current and future oceans. Additionally, unlike previous studies conducted with 

other calcifiers (Diaz-Pulido et al., 2012; Prada et al., 2017; Anderson et al., 2019), 

survivorship was not impacted amongst our algae. Our findings of O2 consumption never 

overtaking O2 production and no mortality are supported by previous work done on a 

tropical, Atlantic species of CCA, Neogoniolithon, that was exposed to elevated 

temperatures of 34 ºC, where positive net photosynthesis was maintained and no mortality 

occurred at elevated temperature, suggesting this species has a high thermal tolerance 

(Anderson, 2006). Our findings suggest that P. onkodes is able to largely withstand chronic, 

elevated levels of temperature up to +2.3 ºC and an increase in CO2 of about 600 µatm 

(from current levels), although further, rapid and acute temperature increases may cause 

considerable physiological stress to the algae.  

 O2 production results from the acute warming experiment suggest that acclimation 

history, particularly thermal, plays a role in the level of reduction seen in this specific 

physiological process, however, is this also seen in other crucial physiological processes of 

CCA? Data presented here did not show a significant effect of treatment condition on 

average net calcification. Temperature appeared to have more of an effect than pH on 

calcification in this study, with a marginal decrease in average net calcification under 

elevated temperature treatments. Although this result was not significant, it does support O2 

production findings from this study that temperature, not pH, has a larger impact on 

physiological processes of P. onkodes. These data suggest that, at least after a period of six 

weeks and following an acute increase in temperature, this population of P. onkodes is 

largely able to maintain net calcification rates. Calcification and dissolution values found in 

this study were comparable with previous studies that manipulated environmental 

parameters using CCA species from the GBR (Diaz-Pulido et al., 2012) and elsewhere 

(Martin and Gattuso, 2009). Results from studies measuring calcification after exposure to 

increased temperature and/or increased pCO2/decreased pH vary (Martin and Gattuso, 

2009; Diaz-Pulido et al., 2012; Vásquez-Elizondo and Enríquez, 2016; McNicholl et al., 

2020). In coralline algae taxa, calcification can decrease significantly when temperature 

thresholds are crossed (Vásquez-Elizondo and Enríquez, 2016; Cornwall et al., 2019) and 

with elevated temperature and pCO2 (Martin and Gattuso, 2009). In a Southern GBR 
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population of P. cf. onkodes, calcification decreased under reduced pH levels, with this 

result being enhanced when combined with increased temperature (Diaz-Pulido et al., 

2012). The population of P. onkodes examined in the current study responded differently 

from this Southern GBR population. It is possible that the difference in response of these 

two populations is due to the acute temperature stress the algae were exposed to at the end 

of the acclimation period and/or slightly different experimental conditions or varying 

techniques to measure net calcification (e.g., buoyant weight vs TA anomaly).  

In conclusion, our findings suggest thermally stressful events such as acute, 

anomalous increases in temperature or heatwaves can induce different ecophysiological 

responses compared to those occurring from chronic (sustained), constant environmental 

changes, and understanding these responses could be more informative than those 

responses resulting from constant conditions (McCoy and Widdicombe, 2019). The wide 

thermal gradient that P. onkodes occupies may give them existing plasticity or tolerance to 

thermal stress, at least to constant levels of elevated temperature, however, when P. 

onkodes is further exposed to an acute, increase in temperature, this plasticity or tolerance 

does not persist. Future work into existing thermal tolerance, thermal limits, and standing 

genetic variation of populations of P. onkodes could generate illuminating data on 

phenotypes with different thermal tolerances and optima (Somero, 2010). This information 

could give us further insight into the fate of critical reef-building species in the face of rapid 

global change. 
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Chapter 6 General discussion 
6.1 Unravelling the response of CCA to global change drivers 

The uncertainties surrounding the response of marine ecosystems and organisms 

to climatic variability and global change are driving concern regarding the persistence 

of species in our ocean and the survival of coral reefs. Coral reef ecosystems are being 

challenged in current oceans mainly by ocean warming, ocean acidification and extreme 

climatic events (Hughes et al., 2018) with their overall resilience expected to be lowered 

by both elevated temperature and reduced pH in future oceans (Anthony et al., 2011). 

The inhabitants of coral reefs have been found to be largely negatively impacted by 

global change drivers, with reductions in survival, calcification (Armstrong et al., 2017; 

Prada et al., 2017), and alterations to metabolic rates (Reynaud et al., 2003), amongst 

others. CCA have been found to negatively, but at times variably, respond to global 

change drivers, with similar reductions in survival and calcification as seen in other 

coral reef species (Cornwall et al., 2019; Diaz-Pulido et al., 2012; McCoy & Kamenos, 

2015). Variation in response to OW and OA can be species-specific in CCA, with a 

recent review suggesting some coralline algae are likely to be both resistant (i.e., having 

limited change in response to disturbance) and resilient (i.e., being able to adjust and 

recover from disturbance) [sensu Connell et al. (2016)] to the impacts of global change, 

whereas others are not (Cornwall et al., 2019). This thesis sought to investigate the 

responses of this important group of reef building, calcifying, red macroalgae, CCA, 

across levels of biological organisation, from cellular to whole organism function, and 

across different life history stages, to global change drivers/stressors. Investigating new 

areas of research on how CCA will respond to global change stressors is fundamental in 

order to understand their persistence in future oceans, and it is also of broader biological 

interest due to their importance to coral reefs and their place in future reef restoration 

and conservation work.  

 Studies investigating coralline algae response to OW and/or OA have been 

conducted over large number of species and different geographic locations (Anton et al., 

2020; Comeau et al., 2016; Cornwall et al., 2020; Fabricius et al., 2015; Martin et al., 

2013; Ordoñez-Alvarez et al., 2014; Ordoñez-Alvarez et al., 2018; Scherner et al., 

2016). The results from such studies on CCA, and also articulated coralline algae, have 

been variable, with studies seeing a negative effect of OW and/or OA on survival, 

calcification, spore adhesion, adult and early life history stage growth, and metabolic 

rates in adults and early life history stages (Diaz-Pulido et al., 2012; Guenther et al., 

2017; Martin et al., 2013; Ordoñez-Alvarez et al., 2018). Other studies have found no 
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impact or even an increase to metabolic rates (Comeau et al., 2016; Ordoñez-Alvarez et 

al., 2018), suggesting plasticity or gained tolerance (Cornwall et al., 2020). The variable 

responses of CCA to OW and OA suggests there may be differences in the underlying 

molecular biology of CCA and it’s possible that some CCA species will be more 

resistant to global change drivers. Prior to my work, there was no published 

transcriptomic information for any species of CCA and therefore we could not begin to 

understand the possible underlying differences in molecular biology that may give them 

a higher or lower capacity for tolerance, resistance, resilience, or adaptation. 

Furthermore, the differences in response to global change drivers between life history 

stages of CCA had not been assessed, with studies focused on single life history stages 

(Cornwall et al., 2020; Diaz-Pulido et al., 2012; Ordoñez-Alvarez et al., 2017; Ordoñez-

Alvarez et al., 2018; Roleda et al., 2015), when we know that in other taxa life history 

stages respond differently to stressors (Byrne, 2011; Przeslawski et al., 2015). The role 

of varying evolutionary history (e.g., divergence before, during, or after previous times 

of OW and OA) and/or more recent acclimatisation history in a species’ resistance, 

resilience, tolerance, plasticity, and adaptation has not been systematically assessed for 

CCA. The addition of transcriptomic information from evolutionarily different species 

of CCA was therefore needed to enable a comprehensive assessment of the 

physiological and molecular responses of CCA to OW and OA.  

By combining molecular, physiological, biological, evolutionary and 

acclimation history data, I was able to add crucial, previously lacking, and potentially 

misunderstood information on how CCA will respond to global change. The integrative 

approach of my thesis allowed me to:  

(i) provide the first comprehensive investigation into CCA transcriptomes 

(Chapter 2);  

(ii) ascertain that species-specific responses of CCA to OW and OA not only 

occur at a physiological level (which has been seen in previous studies), but also occur 

at a transcriptomic level (Chapters 3 & 4);  

(iii) propose that the underlying molecular mechanisms of stress response in 

CCA drives species-specific responses (Chapter 3);  

(iv) suggest that divergent evolutionary history likely has a role in resistance to 

OW and OA (Chapter 3); and  

(v) demonstrate that acclimation to predicted future ocean conditions in OW/OA 

sensitive species may lower their tolerance to further environmental stress.  
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The cumulative work from my thesis (Table 6.1) demonstrates the necessity of 

taking an integrative approach to understanding the response of CCA to global change. 

Not only do we need to understand the underlying molecular biology of these 

organisms, but we also need to relate their molecular biology to their physiology to 

better comprehend their differential responses to global change drivers. Using 

transcriptomic analysis, we can assess cellular pathways and the associated 

proteins/enzymes that may be specifically responding to certain stressors in some 

species, whereas are not in others. We can then make better predictions into the 

resistance and resilience of species based on these underlying molecular changes 

because we now have a more holistic understanding of whole organism response, across 

multiple organismal layers. In this thesis, we observed a decline in photosynthetic rate 

(i.e., physiology) of P. cf. onkodes and also found the expression of genes relating to 

photorespiration to be upregulated and other enzymes relating to this process to be 

differentially regulated, therefore showing that transcriptomic data has directly 

improved our understanding of the physiology of CCA. We must also take into account 

life history stage, evolutionary history, and acclimation/acclimatisation history of CCA, 

and acknowledge that these are contributing factors to their overall tolerance, plasticity, 

and resistance. My work will facilitate future physiological and molecular work with 

CCA and potentially other important coral reef species as well.  
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Table 6.1  Summary of the chapters from this thesis, including stressors tested (varying 
levels of temperature and pCO2/pH), species used, species evolutionary divergence time 
in millions of years ago (mya), where species were collected on the reef (Collection 
location), measurements taken, and main findings or contributions from each chapter. 

Chapter 
Number 

Stressor 
tested Species Divergence 

time 
Collection 
location Measurements Findings 

2 None 

Porolithon cf. 
onkodes 

Sporolithon 
cf. durum 

Lithophyllum 
cf. insipidum 

Lithothamnion 
proliferum 

~20.4 mya                
 
~137 mya                     

 
~ 27 mya                    

 
~65 mya 

Reef crest, < 3 m            
 

Deeper reef, 7m  
 

Reef crest, < 3 m            
 

Deeper reef, 7m   

de novo 
assembly of 
transcriptomes, 
enrichment and 
phylogenetic 
analyses 

1) Identification 
of novel genes          
2) CCA are 
different to each 
other and from 
other 
noncalcifying red 
algae                                           
3) insight into 
evolution of 
coralline algae 
and Rhodophyta                                                       
4) Foundation for 
future studies 

3 OW 
and OA 

Porolithon cf. 
onkodes 

Sporolithon 
cf. durum 

~20.4 mya              
 

~137 mya   

Reef crest, < 3 m             
 

Deeper reef, 7m 

Net 
photosynthesis, 
respiration, and 
differential 
expression and 
regulation of 
genes  

1) Response to 
global change is 
species specific at 
physiological and 
molecular level                                      
2) Transcriptomic 
response 
indicative of 
plasticity, 
resistance, or 
adaptation             
3) Differential 
regulation of 
genes involved in 
crucial 
physiological and 
biological 
processes in 
response to 
stressors 

4 OW 
and OA 

Sporolithon 
cf. durum* ~137 mya Deeper reef, 7m 

Adults: 
Metabolic 
rates, 
reproductive 
output, and 
survival              
Offspring: 
Survival and 
growth 

Adults: No 
change to survival          
and suppression 
of O2 production 
with elevated 
pCO2 indicates 
plasticity or 
acclimation                                  
Offspring: 
Sensitivity found 
in offspring with 
reduced survival 
and growth rate in 
response to 
stressors 

5 

OW, 
OA, 
and 

acute 
thermal 
stress 

Porolithon cf. 
onkodes ~20.4 mya Reef crest, < 3m 

Net 
photosynthesis/
O2 production 
and 
calcification/ 
dissolution 

1) Acclimation 
history to elevated 
temperature 
lowers tolerance 
to additional 
thermal stress                      
2) O2 production 
is maintained after 
6-weeks exposure 
to acclimation in 
treatments 

     *Two life history stages, adults (F0) and their first-generation offspring (F1)  
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6.2 Implications 
Key findings in this thesis have implications for the understanding and 

conservation of coral reef systems in terms of the longevity and persistence of CCA on 

coral reefs under future ocean conditions. A recent study found a strong correlation 

between presence of CCA and the formation of true coral reefs throughout the last 150 

million years, with the formation of true reefs increasing with CCA diversity and cooler 

ocean temperature (Teichert et al., 2020). CCA are reef contributors, cementing and 

stabilising the framework of coral reefs (Adey, 1998; Steneck, 1986) and contribute 

largely in inducing the settlement and metamorphosis of coral larvae to the reef 

(Doropoulos et al., 2012; Harrington et al., 2004; Ritson-Williams et al., 2009). CCA 

are recognisably integral parts of coral reefs, throughout their past and for their future 

persistence. CCA are not only fundamental for coral reefs, but they are also critically 

important for temperate systems such as maerl and rhodolith beds, by providing 

substrate and supporting diverse communities of associated organisms (Jackson et al., 

2004; Kamenos et al., 2004). Key findings from this thesis suggest resistance in some 

species, and not in others, this could impact the overall formation and success of reefs.  

The major reef building species on the GBR, P. cf. onkodes, showed a larger and 

more adverse response to global change drivers, which could indicate that reef structure 

will suffer under future global change. A positive finding from my thesis was the 

overall resistance of S. cf. durum to levels of temperature and pH projected to be seen 

by 2100 (IPCC, 2013), which I suggest to be largely attributed to their evolutionary 

history. In future reefs, we could see more anciently diverged taxa, such as S. cf. durum 

or L. proliferum (Peña et al., 2020), becoming more prolific on reefs, possibly replacing 

the function or ecological niche of more sensitive species on reefs (Cadotte et al., 2012). 

It is unlikely, however, that the functional role of P. cf. onkodes in reef building would 

be replaced by S. cf. durum, as S. cf. durum is an intermediate to low light alga and 

would not tolerate the high light intensity of the shallow, reef crest (Littler, 1973). 

Although the resistance of S. cf. durum could be a positive outcome for future reef 

persistence, in some form, it indicates that overall diversity of CCA on coral reefs will 

be adversely impacted, as we now know some species will be able to persist in future 

oceans and others will most likely not. A decrease in diversity of CCA would 

negatively impact the overall health of coral reefs, with implications to their structure 

and stability (Adey, 1998; Steneck, 1986), their formation (Teichert et al., 2020), and 

resilience to and recovery from disturbances (Doropoulos et al., 2012; Harrington et al., 

2004). CCA also provide food to grazers and herbivorous fish and a decrease in their 
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diversity could negatively impact those species that feed on them (Adey, 1998; Steneck 

& Dethier, 1994).  

The findings from the molecular studies conducted in this thesis have substantial 

implications for the use of CCA in reef restoration work because these results add 

previously missing biological information which will promote more effective 

management and preservation strategies. CCA act to induce the settlement of corals to 

the reef (Harrington et al., 2004; Ritson-Williams et al., 2009), therefore are being 

considered in reef restoration work in order to recruit coral larvae onto artificial reefs or 

to rehabilitate damaged reefs. The transcriptomic data of CCA presented in my thesis 

add another level of complexity and an improvement to our understanding of the 

physiology of these important reef contributing species and how they will respond to a 

rapidly changing environment. Transcriptomic results of this study link phenotypic, 

physiological results (i.e., changes or lack of changes in photosynthetic rates) to actual 

changes at the cellular level (i.e., differential regulation of genes relating to 

physiological processes such as photosynthesis), ultimately improving our 

understanding of CCA as these transcript/molecular level changes cannot be inferred by 

typical phenotypic assessments. These data will enable biologists to acquire a better 

understanding of coral reef ecosystems more broadly. Reef restoration work will benefit 

from the knowledge that some CCA species may be more resistant [sensu Connell et al. 

(2016)] to environmental change, both at the molecular and physiological level, than 

other species. Careful selection of target species could save resources and improve the 

efficiency of reef restoration work.  

 

6.3 Future directions: Where do we go from here?  
This thesis shows that there are still gaps in our knowledge of the molecular and 

cellular biology, development, and physiology of CCA, particularly in response to 

global change drivers. Given the ecological and economical importance of this group of 

algae, future research should be conducted and can build off the research and findings 

from this thesis.  
Currently, there are still only 4 transcriptomes for CCA species (Page et al., 

2019), the underlying molecular biology of CCA could explain much of the variability 

in response we have observed across species, as I have suggested previously, therefore, 

having only 4 sequenced transcriptomes is not adequate to fully understand why we see 

this variability across species. Additionally, having increased transcriptomic taxon 

sampling across similar and different habitats and the CCA phylogenetic tree could 
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provide further insight into the evolution of corallines and help us to assess and identify 

underlying mechanisms of certain physiological processes that are unique to corallines 

and important for their success, such as calcification. Although the work from my thesis 

proposed some candidate genes that could be involved in the calcification process, 

future genetic analyses specifically targeting this process in CCA is needed, as the 

molecular process governing calcification in coralline algae is currently unknown (Nash 

et al., 2019). As calcification is a unique and crucial process of coralline algae (Martone 

et al., 2010; Nash et al., 2019), and one of CCA’s major contributions to coral reefs, 

future investigation focusing on this process at a molecular level would be of great 

interest, particularly when investigating response to global change drivers. Using ‘omics 

techniques (e.g., transcriptomics and proteomics) we could identify genes and proteins 

that control calcification in corallines and understand how these genes or proteins are 

directly impacted by warming or acidification, which again would help us to make 

predictions into long term reef stability and health.  

 Ocean warming and acidification are known to variably, but largely negatively, 

affect CCA (Cornwall et al., 2019; McCoy & Kamenos, 2015), however, the molecular 

mechanisms that underpin physiological responses are largely unknown. The third 

chapter of my thesis was not able to fully untangle whether responses were a result of 

resistance, resilience, plasticity, or adaptation. It is likely that this question could be 

addressed if the study were expanded to include a wider range of phylogenetically-

informative species, and to incorporate intra-specific variation in reef habitat [e.g., 

Johnson et al. (2014)]. It will also be important to address transcriptomic response 

across different life history stages to global change drivers. Additional ‘omics 

approaches may also enable us to pinpoint the pathway of response. For example, 

analysis of the metabolome can be coupled with transcriptomics and can further our 

knowledge of regulatory mechanisms involved in metabolic processes and has the 

potential to reveal environmental adaptation and a more holistic understanding of 

organisms response to environmental change (Guo et al., 2020; Sardans et al., 2011). 

The addition of ‘omics approaches must be coupled with experiments that will help to 

disentangle such complexities as the roles of environmental history or acclimatisation 

and genetic adaptation. ‘Omics approaches would likely be too variable and not useful 

without first delineating species of CCA and the genetic structure of local populations 

(e.g., populations of the same species along the GBR). Once this is accomplished, 

experiments should be run to obtain samples from multiple populations (similar and 

varying habitats), offspring, and different ploidy samples. Both traditional phenotypic 
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(e.g., growth rates, development, metabolic rates, thermal limits) and ‘omics (e.g., 

metabolomic, proteomic, transcriptomic, lipidomic) datasets should be incorporated to 

gain a more comprehensive whole organism response. Obtaining population genetic 

structure and taking an integrative approach in addressing CCA response to global 

change would help to disentangle whether the CCA response is due to resistance, 

plasticity, or adaptation to experimental treatments, which could benefit future 

conservation efforts by identifying species that are resistant to global change and/or 

those that are able to exhibit a plastic response and could eventually adapt. Resulting 

changes in management from this knowledge could be choosing species to be used in 

reef restoration work that are both resistant to global change variables and that act as 

coral settlement inducers and reef builders.  

 Exposure to global change drivers over multiple generations can result in species 

gaining tolerance or potentially genetic adaptation, and this has been documented in a 

species of CCA, where after 6 generations the negative affect of OA on calcification 

disappeared (Cornwall et al., 2020). Gained tolerance over multiple generations to 

global change drivers could be attributed to modifications at the molecular level, such 

as DNA methylation and histone modifications, which can both be triggered by an 

individual’s environment and play important roles in plasticity and acclimation as they 

can be heritable (Boyko et al., 2010; Eirin-Lopez & Putnam, 2018; van Oppen et al., 

2015). Challenging environments have been documented to induce modifications in 

vascular plants, with these modifications able to reset to basal levels once the stress is 

relieved, however, some of these modifications persist and can be inherited across 

generations (Boyko et al., 2010; Chinnusamy & Zhu, 2009; Eirin-Lopez & Putnam, 

2018). In terrestrial plants exposed to abiotic stressors histone modifications and DNA 

methylation have been shown to regulate stress-responsive gene expression and be 

carried forward into subsequent generations as ‘stress-memory’ (Chinnusamy & Zhu, 

2009), and can result in increased tolerance in the progeny of plants exposed to stress 

(Boyko et al., 2010). In the common reef fish, Acanthochromis polyacanthus, a possible 

link between DNA methylation and transgenerational acclimation to climate change 

was found in a study by (Ryu et al., 2018). Although gained tolerance has been 

documented in CCA (Cornwall et al., 2020), epigenetics has not been investigated and 

future studies addressing transgenerational acclimation of CCA should also address the 

epigenetic landscape of such acclimation by investigating DNA methylation and histone 

modifications. Epigenetic mechanisms have been investigated in microalgae [see review 

by Bacova et al. (2020)] with these mechanisms leading to flexibility in response to 



 117 

abiotic stress. This work is crucial in answering the persistence of CCA and their future 

generations under global change.  

 Molecular modifications can be induced by environmental exposure history 

through epigenetic mechanisms, therefore, it’s likely that history, whether it be recent 

acclimatisation history or evolutionary history, may play a role in CCA’s response to 

global change. Latitudinally and/or thermally separated populations of a species may 

differ genetically in their tolerance (i.e., thermal tolerance or tolerance to pH 

variability), making some populations more likely to persist under predicted future 

ocean conditions. The more tolerant populations would possibly be able to shift into 

new locations currently occupied by sensitive conspecific populations (Somero, 2010), 

hopefully taking over the sensitive populations role in ecosystems and providing 

stability (Cadotte et al., 2012). Research into pre-existing or local adaptation should be 

conducted on CCA investigating geographically different populations of the same or 

similar species responses to global change drivers. In saying this, however, some 

species of CCA most likely have low levels of gene flow and dispersal of offspring, 

because unlike corals (Baird et al., 2009) or other broadcast spawners (Evans & 

Lymbery, 2020), some species of CCA have spores that are negatively buoyant and 

non-motile (Santelices, 1990). The potential for low levels of gene flow could be 

beneficial, as local adaptation would occur more readily due to less chance for gene 

swamping and replacing of locally adaptive genes to maladaptive genes (Tigano & 

Friesen, 2016). Although this may be beneficial in CCA’s current environments, they 

could experience trade-offs in future oceans under predicted global change ultimately 

weakening their future persistence (Thomas et al., 2018). Low levels of gene flow due 

to short-distance dispersal could also implicate low genetic diversity, which could 

contribute to lower fitness and adaptation potential of CCA (Noreen et al., 2013; Sexton 

et al., 2011; Torda et al., 2013). There is very limited data on spore dispersal of CCA, so 

investigation into the molecular biology of different populations and linking genetic 

data with physiological data of different populations could help us to understand spore 

dispersal in general, as well as the implications low level gene flow in CCA, and 

whether it is beneficial or not. Integrating physiological and molecular approaches also 

will help us to understand how populations of CCA will respond to global change 

variables and help us to identify favourable genes or traits that may underlie their 

resistance and future persistence in future oceans.  
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6.4 Conclusions 
Despite growing concern over the current and future state of tropical coral reefs 

worldwide, it is evident that key reef inhabitants (such as crustose coralline algae) are 

understudied. There are still considerable gaps in our knowledge of the molecular 

biology of coralline algae and how they will continue to provide essential functions, 

such as cementation and reef recovery and resilience, to coral reefs under changing 

ocean conditions. Crustose coralline algae are an integral part of coral reefs worldwide, 

and global change across the ocean is inducing variable responses in CCA. Certain 

species of CCA have shown a level of resistance to global change, whereas others have 

not, implying the short-lived future of less resistant species under projected global 

change. This thesis represents a significant contribution to our understanding of CCA 

and their responses to changing ocean conditions. We are now further to a more 

comprehensive, whole organism understanding of how CCA will response to global 

change which can more broadly be indicative of persistence and stability of coral reef 

ecosystems under global change. Certain species of CCA are hypothesised to be more 

resistance to changing environments, therefore management and conservation strategies 

can optimise work with target species. This thesis also provides temperature levels that 

can be used for predicting and responding to the impacts of climate change, which is 

crucially important information for reef managers. The findings of this thesis emphasise 

the need to reduce global emissions of carbon dioxide to maintain the health of coralline 

algae and the functioning of coral reefs as well as are of direct relevance to the design of 

conservation strategies that will have an impact on coral reef preservation and 

rehabilitation.  
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APPENDIX I 
Supplementary information for Chapter 2 – De novo transcriptome assembly for four 

species of crustose coralline algae and analysis of unique orthologous genes. 
 
A1.1 Experimental setup.  

In order to obtain a full profile of genes expressed during natural conditions and 

altered environmental conditions, we subjected the CCA fragments to a 2.5-week multi 

factorial experiment, manipulating temperature and CO2. An outdoor 2-header sump 

(275 L each) system with twelve 10 L individual treatment tanks was set-up in the 

outdoor laboratory space at LIRS. pCO2 was regulated in the two header sumps at 

ambient (pH 8.10; ~ 400 µatm) and high (pH 7.70; ~1200 µatm) levels and each 

individual treatment tank at either ambient (27ºC) or high (+ 1.5ºC) temperature. The 

high pCO2 and temperature levels represent RCP6.0 scenario for predicted end of 

century levels (IPCC 2013). Three individual tanks were allocated for each temperature 

and pCO2 combination. Temperature levels were regulated within each treatment tank 

using 50W Eheim aquarium heaters (EHEIM, Deizisau, Germany). Seawater pH/pCO2 

was controlled by injection of pure CO2 gas controlled by a pH sensor (Aquarium 

Controller Evolution, Aquatronica, Reggio Emilia, Italy) within each header sump. 

Water from the sumps was then distributed (12 L hr-1) to one of twelve treatment tanks 

matching respective temperature treatment. Each 10 L treatment tank contained one 

individual from each of the four species used during this study. Temperature and pCO2 

were gradually increased over 48 hours until target temperature (+ 1.5ºC) and pH (7.75) 

were reached. Following that, individuals were held at constant experimental treatment 

conditions for two weeks. Algae fragments were gently brushed every 4 – 5 days to rid 

them of epiphytes. Mortality or changes in health were monitored throughout the 2.5 – 

weeks. 

 

A1.2 Seawater measurements.  
Salinity and temperature were measured daily by use of a conductivity meter 

(SevenGo, Mettler Toledo). pH was measured every 30 s within the sumps using a 

temperature compensated, pH electrode (inPro4501VP, Mettler Toledo) that was 

calibrated to NBS buffers. pH was monitored within the treatment tanks using an NBS 

calibrated portable pH meter and electrode (Plug & Play glass pH electrode, Mettler 

Toledo). Irradiance was measured every other day, with average light level values in 

shaded regions of the tanks at ~ 30 µmol photons m-2 s-1 and for the non-shaded areas of 
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the tanks at ~ 200 µmol photons m-2 s-1. Alkalinity samples were taken twice during the 

experiment, by collecting water samples every 6 hours for 24 hours. Samples were 

collected from every treatment tank and sump and preserved by adding 20 µl of HgCl2. 

Total alkalinity was measured by potentiometric titrations(Allan, Miller et al. 2014). 

Samples were run in triplicate or further until a maximum of 1% error was reached 

between each replicate. Seawater carbonate chemistry (Table A1.1) was determined 

using CO2SYS v. 2.1(Pierrot, Lewis et al. 2006) with the dissociation constants of 

Mehrbach et al. 1973 (Mehrbach, Culberson et al. 1973) refit by Dickson & Millero 

(1987) (Dickson and Millero 1987). 

 

Table A1.1. Values (means ± SE) for carbonate chemistry parameters for each 
treatment over the course of the 2.5-week experiment. Treatments ACOAT, ACOHT, 
HCOAT, and HCOHT equate to ambient CO2 and ambient TºC, ambient CO2 and 
+1.5ºC, elevated CO2 and ambient TºC, and elevated CO2 and +1.5ºC, respectively. pH 
is on NBS scale, ΩCa is equal to the saturation state of calcite, and ΩAr is equal to the 
saturation state of aragonite. N = 16.  

Treatment ACOAT ACOHT HCOAT HCOHT 

Temp (ºC) 27.13 ± 0.050 28.66 ± 0.110 26.95 ± 0.110 28.57 ± 0.100 

Salinity (psu) 34.88 ± 0.050 35.09 ± 0.040 34.94 ± 0.040 35.12 ± 0.030 

pH 8.19 ± 0.004 8.18 ± 0.004 7.76 ± 0.003 7.76 ± 0.005 

TA (µmol kg-1) 2369.55 ± 8.670 2357.52 ± 7.170 2363.57 ± 6.900 2367.65 ± 7.460 

pCO2 (µatm) 406.26 ± 4.401 410.71 ± 4.700 1281.17 ± 11.080 1283.09 ± 15.350 

Ωca 5.66 ± 0.050 5.81 ± 0.060 2.46 ± 0.020 2.62 ± 0.030 

ΩAr 3.75 ± 0.030 3.87 ± 0.040 2.63 ± 0.010 1.75 ± 0.020 
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Figure A2.3. A heatmap of differentially expressed genes from Sporolithon cf. durum 
based on p values < 0.05, without FDR adjustment. Heatmap shows expression of genes 
in S. cf. durum, however, these were not significant. Treatment labels correspond to the 
following treatments: control (27.2 ºC and 8.0 pH), T (29.5 ºC and 8.0 pH), pH (27.2 ºC 
and 7.7 pH), and T+pH (29.5 ºC and 7.7 pH).  
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Table A2.2. Results of two-way analysis of variance (ANOVA) for the effects of 
temperature and pH (pCO2) on the metabolic rates of Porolithon cf. onkodes (from the 
current experiment) and Sporolithon cf. durum (data acquired from Page & Diaz-Pulido, 
2020).  

  Oxygen produced (µmol O2 cm-2 h-1) Oxygen consumed (µmol O2 cm-2 h-1) 

Porolithon 
cf. onkodes 

Two-way ANOVA Df MS F p         MS         F         p 
Temperature 1 0.073 4.443 0.054 0.015 0.294 0.595 
pH 1 0.000 0.000 0.988 0.021 0.405 0.534 
Temperature * pH 1 0.078 4.782 0.046 0.204 3.938 0.065 
Residuals 16 0.016     0.052     

Sporolithon 
cf. durum 

Temperature 1 0.056 0.439 0.516 3.026 1.830 0.192 
pH 1 1.217 9.560 0.006 0.495 0.299 0.591 
Temperature * pH 1 0.085 0.671 0.423 0.113 0.068 0.796 
Residuals 18 0.127     1.654     

*Oxygen produced or consumed was normalised to surface area (cm2) for P. cf. onkodes and to the ash-
free dry weight (g) of individual fragments for S. cf. durum.  

 

Table A2.3. Table of all significantly (FDR < 0.05), differentially expressed genes 
(DEGs) from pairwise comparisons of experimental treatments from EdgeR analysis for 
Porolithon cf. onkodes. Table includes P. cf. onkodes gene identifiers and values for log 
expression fold changes (logFC), log counts per million (logCPM), F statistic, p value, 
false discovery rate (FDR; p adjusted by the Benjamini-Hochberg procedure) for 
pairwise comparisons of each treatment combination. Treatment comparisons are listed 
as follows: control (27.2 ºC + 8.0 pH), T (29.5 ºC + 8.0 pH), pH (27.2 ºC + 7.7 pH), and 
T+pH (29.5 ºC + 7.7 pH). 

Porolithon cf. onkodes genes logFC logCPM F p FDR Treatment comparison 
DN75899_c0_g2_i3 -4.463 3.027 36.399 0.000 0.018 control*pH 
DN72803_c1_g1_i1 -1.253 4.975 14.910 0.001 0.047 control*T+pH 
DN73048_c0_g1_i1 -1.267 5.281 14.813 0.001 0.047 control*T+pH 
DN73153_c0_g1_i2 -1.300 4.659 15.446 0.001 0.041 control*T+pH 
DN72055_c0_g5_i2 -1.307 7.296 18.435 0.000 0.028 control*T+pH 
DN75053_c1_g1_i1 -1.323 5.753 16.681 0.001 0.035 control*T+pH 
DN74340_c0_g2_i1 -1.351 5.207 16.276 0.001 0.036 control*T+pH 
DN75673_c1_g1_i1 -1.387 8.007 19.913 0.000 0.023 control*T+pH 
DN74545_c0_g2_i1 -1.388 5.460 18.265 0.000 0.028 control*T+pH 
DN72063_c1_g1_i2 -1.515 5.391 14.703 0.001 0.048 control*T+pH 
DN75668_c3_g1_i1 -1.541 6.209 18.601 0.000 0.027 control*T+pH 
DN71310_c0_g2_i2 -1.566 4.643 14.688 0.001 0.048 control*T+pH 
DN74215_c1_g1_i1 -1.574 4.574 16.684 0.001 0.035 control*T+pH 
DN69741_c0_g2_i1 -1.596 6.468 16.767 0.001 0.035 control*T+pH 
DN70627_c0_g2_i2 -1.650 5.001 16.214 0.001 0.037 control*T+pH 
DN94996_c0_g1_i1 -1.715 3.597 15.684 0.001 0.040 control*T+pH 
DN71208_c0_g1_i2 -1.721 4.395 14.426 0.001 0.049 control*T+pH 
DN73766_c0_g2_i1 -1.725 6.456 15.970 0.001 0.038 control*T+pH 
DN70252_c0_g2_i1 -1.725 4.786 15.732 0.001 0.039 control*T+pH 
DN76119_c0_g1_i4 -1.726 5.631 16.491 0.001 0.035 control*T+pH 
DN74815_c1_g1_i1 -1.738 5.494 18.473 0.000 0.028 control*T+pH 
DN60498_c0_g1_i1 -1.765 4.679 14.499 0.001 0.049 control*T+pH 
DN76604_c1_g2_i3 -1.772 5.224 19.956 0.000 0.023 control*T+pH 
DN72121_c0_g2_i1 -1.773 4.471 14.345 0.001 0.049 control*T+pH 
DN75710_c0_g1_i1 -1.802 3.676 14.550 0.001 0.049 control*T+pH 
DN75710_c0_g1_i6 -1.802 3.676 14.550 0.001 0.049 control*T+pH 
DN75253_c0_g2_i3 -1.807 4.949 15.820 0.001 0.039 control*T+pH 
DN74316_c0_g1_i2 -1.811 5.395 16.875 0.000 0.035 control*T+pH 
DN74316_c0_g1_i5 -1.811 5.395 16.875 0.000 0.035 control*T+pH 
DN74008_c2_g1_i1 -1.821 5.063 19.091 0.000 0.026 control*T+pH 
DN70084_c0_g1_i2 -1.824 5.332 15.446 0.001 0.041 control*T+pH 
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DN72725_c0_g3_i2 -1.839 6.016 14.883 0.001 0.047 control*T+pH 
DN72578_c0_g5_i1 -1.847 6.163 21.688 0.000 0.018 control*T+pH 
DN70483_c0_g1_i2 -1.873 5.308 21.885 0.000 0.018 control*T+pH 
DN72336_c0_g1_i3 -1.886 6.341 19.356 0.000 0.026 control*T+pH 
DN72336_c0_g1_i4 -1.932 6.358 21.023 0.000 0.019 control*T+pH 
DN75223_c3_g4_i2 -1.939 3.729 16.012 0.001 0.037 control*T+pH 
DN71071_c0_g2_i1 -1.975 7.075 16.204 0.001 0.037 control*T+pH 
DN71732_c0_g3_i1 -1.976 4.251 14.288 0.001 0.050 control*T+pH 
DN76215_c0_g2_i1 -1.984 4.038 19.702 0.000 0.024 control*T+pH 
DN70418_c0_g2_i2 -1.985 4.319 28.077 0.000 0.009 control*T+pH 
DN72545_c0_g1_i1 -1.992 4.702 19.924 0.000 0.023 control*T+pH 
DN61764_c0_g1_i1 -2.031 3.670 18.336 0.000 0.028 control*T+pH 
DN71939_c0_g6_i1 -2.035 5.224 30.530 0.000 0.007 control*T+pH 
DN72323_c1_g3_i1 -2.116 6.735 16.932 0.000 0.035 control*T+pH 
DN72678_c3_g2_i1 -2.138 3.836 20.445 0.000 0.021 control*T+pH 
DN70500_c0_g1_i1 -2.146 6.033 37.400 0.000 0.003 control*T+pH 
DN70682_c0_g2_i2 -2.151 4.156 16.611 0.001 0.035 control*T+pH 
DN70900_c0_g2_i1 -2.160 4.959 14.851 0.001 0.047 control*T+pH 
DN71927_c0_g4_i1 -2.169 4.711 16.857 0.000 0.035 control*T+pH 
DN69330_c0_g2_i1 -2.210 3.463 18.163 0.000 0.029 control*T+pH 
DN76335_c0_g2_i1 -2.216 4.563 16.928 0.000 0.035 control*T+pH 
DN71958_c0_g2_i1 -2.234 5.358 15.955 0.001 0.039 control*T+pH 
DN71638_c0_g1_i1 -2.236 4.135 16.866 0.000 0.035 control*T+pH 
DN73932_c0_g2_i3 -2.277 5.968 23.092 0.000 0.017 control*T+pH 
DN67372_c0_g2_i1 -2.334 4.173 14.959 0.001 0.046 control*T+pH 
DN73385_c0_g1_i5 -2.345 3.603 20.939 0.000 0.019 control*T+pH 
DN74877_c1_g1_i1 -2.385 6.842 21.216 0.000 0.019 control*T+pH 
DN74466_c0_g2_i1 -2.386 6.695 17.005 0.001 0.035 control*T+pH 
DN72364_c0_g1_i2 -2.387 3.909 16.552 0.001 0.035 control*T+pH 
DN76886_c0_g1_i1 -2.393 4.857 38.392 0.000 0.003 control*T+pH 
DN74899_c1_g1_i1 -2.412 4.047 16.533 0.001 0.035 control*T+pH 
DN67372_c0_g2_i2 -2.429 4.008 14.376 0.001 0.049 control*T+pH 
DN74986_c0_g1_i1 -2.452 3.933 29.039 0.000 0.008 control*T+pH 
DN74892_c0_g4_i1 -2.475 3.662 17.647 0.000 0.031 control*T+pH 
DN76247_c0_g1_i2 -2.509 4.330 32.301 0.000 0.006 control*T+pH 
DN69886_c0_g2_i1 -2.521 5.258 26.324 0.000 0.012 control*T+pH 
DN73385_c0_g1_i2 -2.537 3.555 23.833 0.000 0.017 control*T+pH 
DN73611_c0_g3_i1 -2.562 4.751 19.673 0.000 0.024 control*T+pH 
DN72515_c1_g2_i2 -2.583 4.350 18.179 0.000 0.029 control*T+pH 
DN70577_c1_g3_i1 -2.626 5.040 42.076 0.000 0.002 control*T+pH 
DN75881_c0_g1_i3 -2.641 3.630 22.063 0.000 0.018 control*T+pH 
DN70344_c0_g1_i2 -2.662 5.263 46.250 0.000 0.002 control*T+pH 
DN71816_c0_g1_i2 -2.710 4.821 19.082 0.000 0.026 control*T+pH 
DN74961_c0_g1_i3 -2.723 3.856 15.857 0.001 0.038 control*T+pH 
DN75667_c0_g1_i2 -2.755 4.754 16.823 0.001 0.035 control*T+pH 
DN76955_c3_g1_i1 -2.766 3.815 20.892 0.000 0.019 control*T+pH 
DN75143_c0_g2_i1 -2.773 3.718 19.844 0.000 0.023 control*T+pH 
DN74365_c0_g1_i1 -2.777 4.780 22.366 0.000 0.018 control*T+pH 
DN75582_c0_g4_i2 -2.784 3.612 20.977 0.000 0.019 control*T+pH 
DN75582_c0_g4_i1 -2.807 3.623 21.142 0.000 0.019 control*T+pH 
DN72649_c1_g2_i2 -2.821 7.060 50.807 0.000 0.002 control*T+pH 
DN73854_c3_g3_i2 -2.827 3.258 15.791 0.001 0.039 control*T+pH 
DN74365_c0_g1_i2 -2.869 4.946 23.177 0.000 0.017 control*T+pH 
DN73277_c1_g3_i2 -2.879 4.045 18.003 0.000 0.029 control*T+pH 
DN74152_c0_g1_i4 -2.879 4.018 21.982 0.000 0.018 control*T+pH 
DN74711_c1_g3_i1 -2.899 5.671 44.969 0.000 0.002 control*T+pH 
DN72898_c0_g1_i2 -2.969 4.100 29.811 0.000 0.007 control*T+pH 
DN73638_c0_g1_i4 -2.999 4.096 14.941 0.001 0.048 control*T+pH 
DN74466_c0_g1_i1 -3.040 4.256 16.922 0.001 0.035 control*T+pH 
DN74466_c0_g1_i4 -3.040 4.256 16.922 0.001 0.035 control*T+pH 
DN71569_c1_g1_i4 -3.088 3.687 23.478 0.000 0.017 control*T+pH 
DN70562_c0_g1_i1 -3.155 6.176 17.662 0.001 0.036 control*T+pH 
DN75042_c0_g2_i1 -3.292 4.915 62.626 0.000 0.001 control*T+pH 
DN67622_c0_g1_i3 -3.353 4.250 18.525 0.000 0.029 control*T+pH 
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DN67622_c0_g1_i2 -3.375 4.270 18.760 0.000 0.028 control*T+pH 
DN73115_c1_g3_i1 -3.555 5.769 43.682 0.000 0.002 control*T+pH 
DN71318_c0_g5_i1 -3.662 3.331 22.552 0.000 0.018 control*T+pH 
DN71318_c0_g5_i2 -3.662 3.331 22.552 0.000 0.018 control*T+pH 
DN77029_c1_g1_i1 -4.056 5.898 18.519 0.001 0.035 control*T+pH 
DN74502_c6_g1_i1 -4.320 8.366 26.194 0.000 0.017 control*T+pH 
DN68277_c0_g1_i1 -4.334 3.637 28.233 0.000 0.009 control*T+pH 
DN67734_c4_g1_i1 -4.481 6.985 24.118 0.000 0.019 control*T+pH 
DN64192_c0_g3_i1 -4.547 3.884 18.101 0.000 0.033 control*T+pH 
DN73115_c1_g2_i5 -4.750 5.663 28.007 0.000 0.013 control*T+pH 
DN75208_c4_g1_i1 6.641 4.879 18.472 0.001 0.036 control*T+pH 
DN77001_c2_g1_i1 6.219 5.535 17.860 0.001 0.039 control*T+pH 
DN68368_c0_g1_i1 6.105 4.603 18.024 0.001 0.038 control*T+pH 
DN76337_c0_g1_i4 5.881 3.383 28.204 0.000 0.017 control*T+pH 
DN72310_c0_g1_i2 5.717 3.950 23.623 0.000 0.026 control*T+pH 
DN75689_c0_g1_i1 5.624 4.832 16.174 0.001 0.049 control*T+pH 
DN75208_c4_g2_i5 5.597 4.174 23.944 0.000 0.018 control*T+pH 
DN75208_c4_g2_i2 5.591 4.171 23.928 0.000 0.018 control*T+pH 
DN66515_c0_g2_i1 5.402 4.420 26.454 0.000 0.017 control*T+pH 
DN66515_c0_g2_i2 5.352 4.544 24.873 0.000 0.018 control*T+pH 
DN72114_c1_g1_i2 5.329 3.818 19.586 0.001 0.037 control*T+pH 
DN71837_c1_g1_i2 5.281 3.681 27.347 0.000 0.013 control*T+pH 
DN61197_c0_g1_i1 5.255 3.908 20.356 0.000 0.028 control*T+pH 
DN70672_c0_g2_i1 5.132 3.496 17.382 0.001 0.037 control*T+pH 
DN68120_c0_g1_i2 5.076 5.034 27.129 0.000 0.017 control*T+pH 
DN71837_c1_g1_i9 5.014 3.791 24.980 0.000 0.017 control*T+pH 
DN67878_c0_g1_i3 4.867 3.915 56.674 0.000 0.001 control*T+pH 
DN76337_c1_g1_i1 4.685 3.938 22.375 0.000 0.020 control*T+pH 
DN68120_c0_g1_i1 4.621 4.279 28.867 0.000 0.012 control*T+pH 
DN80068_c0_g1_i1 4.424 3.734 35.263 0.000 0.005 control*T+pH 
DN72270_c0_g1_i1 4.281 6.816 16.203 0.001 0.049 control*T+pH 
DN72382_c0_g1_i2 4.184 5.361 18.125 0.001 0.037 control*T+pH 
DN61166_c0_g1_i1 4.161 5.363 42.693 0.000 0.002 control*T+pH 
DN73681_c3_g3_i1 4.123 3.373 26.358 0.000 0.012 control*T+pH 
DN72986_c0_g1_i1 4.115 4.261 19.252 0.000 0.030 control*T+pH 
DN104239_c0_g1_i1 4.034 3.564 22.978 0.000 0.018 control*T+pH 
DN64633_c0_g2_i1 4.009 7.151 32.525 0.000 0.007 control*T+pH 
DN68491_c0_g1_i1 3.893 8.094 49.481 0.000 0.002 control*T+pH 
DN74914_c0_g2_i1 3.632 4.265 35.636 0.000 0.004 control*T+pH 
DN74914_c0_g2_i2 3.632 4.265 35.636 0.000 0.004 control*T+pH 
DN74914_c0_g2_i3 3.632 4.265 35.636 0.000 0.004 control*T+pH 
DN67627_c0_g1_i1 3.516 5.169 16.030 0.001 0.049 control*T+pH 
DN71040_c0_g2_i2 3.481 4.933 15.857 0.001 0.049 control*T+pH 
DN68823_c0_g1_i1 3.392 6.945 19.278 0.000 0.033 control*T+pH 
DN69588_c0_g1_i2 3.298 7.945 15.702 0.001 0.049 control*T+pH 
DN73462_c0_g1_i1 3.244 5.142 30.735 0.000 0.007 control*T+pH 
DN76453_c1_g2_i3 3.111 3.616 23.634 0.000 0.017 control*T+pH 
DN69809_c0_g2_i1 3.099 4.018 17.262 0.001 0.036 control*T+pH 
DN73960_c0_g1_i5 2.994 3.639 15.183 0.001 0.049 control*T+pH 
DN75462_c2_g1_i2 2.991 4.727 16.376 0.001 0.040 control*T+pH 
DN75067_c0_g4_i1 2.962 4.678 18.462 0.000 0.030 control*T+pH 
DN75032_c2_g1_i1 2.921 8.028 25.025 0.000 0.017 control*T+pH 
DN74638_c0_g6_i3 2.841 3.794 27.105 0.000 0.011 control*T+pH 
DN69090_c0_g1_i1 2.838 3.317 17.596 0.000 0.032 control*T+pH 
DN52947_c0_g1_i1 2.798 4.277 26.312 0.000 0.012 control*T+pH 
DN69654_c0_g4_i1 2.791 4.519 14.978 0.001 0.048 control*T+pH 
DN76453_c1_g2_i2 2.790 3.460 16.076 0.001 0.037 control*T+pH 
DN75257_c0_g3_i1 2.779 8.763 26.462 0.000 0.012 control*T+pH 
DN71239_c0_g1_i2 2.766 8.382 18.853 0.000 0.030 control*T+pH 
DN74965_c0_g4_i1 2.762 6.152 29.994 0.000 0.007 control*T+pH 
DN69090_c0_g1_i2 2.755 3.330 16.880 0.000 0.035 control*T+pH 
DN64605_c0_g2_i1 2.744 7.760 39.556 0.000 0.003 control*T+pH 
DN74638_c0_g6_i2 2.683 3.742 21.666 0.000 0.018 control*T+pH 
DN75761_c0_g1_i1 2.641 3.779 15.847 0.001 0.040 control*T+pH 
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DN76994_c6_g1_i1 2.630 3.714 29.855 0.000 0.007 control*T+pH 
DN68840_c0_g1_i4 2.630 6.379 38.114 0.000 0.003 control*T+pH 
DN70300_c0_g1_i7 2.621 4.470 15.421 0.001 0.044 control*T+pH 
DN69818_c0_g1_i2 2.596 4.784 19.312 0.000 0.026 control*T+pH 
DN94516_c0_g1_i1 2.565 3.844 16.978 0.000 0.035 control*T+pH 
DN72104_c2_g4_i2 2.543 4.750 17.514 0.000 0.035 control*T+pH 
DN69480_c0_g2_i1 2.527 8.967 29.763 0.000 0.007 control*T+pH 
DN70529_c0_g2_i1 2.495 5.120 31.618 0.000 0.007 control*T+pH 
DN71650_c0_g1_i2 2.458 4.143 17.560 0.000 0.032 control*T+pH 
DN70529_c0_g2_i2 2.457 5.104 31.284 0.000 0.007 control*T+pH 
DN70771_c6_g1_i1 2.432 9.382 15.588 0.001 0.043 control*T+pH 
DN75002_c0_g1_i2 2.432 3.567 14.792 0.001 0.047 control*T+pH 
DN69654_c0_g3_i1 2.426 5.461 19.331 0.000 0.026 control*T+pH 
DN72104_c2_g4_i1 2.407 4.847 17.411 0.000 0.035 control*T+pH 
DN69480_c0_g2_i2 2.401 8.374 23.592 0.000 0.017 control*T+pH 
DN93776_c0_g1_i1 2.394 4.028 24.301 0.000 0.016 control*T+pH 
DN74171_c3_g1_i1 2.332 3.750 18.438 0.000 0.028 control*T+pH 
DN72836_c0_g1_i1 2.322 4.419 15.768 0.001 0.039 control*T+pH 
DN72116_c0_g3_i2 2.303 6.787 34.264 0.000 0.005 control*T+pH 
DN75002_c0_g1_i4 2.294 4.315 19.062 0.000 0.026 control*T+pH 
DN71960_c0_g1_i1 2.288 3.512 21.907 0.000 0.018 control*T+pH 
DN72089_c0_g3_i2 2.286 8.896 29.688 0.000 0.007 control*T+pH 
DN76693_c0_g2_i2 2.258 6.196 24.291 0.000 0.016 control*T+pH 
DN71415_c0_g1_i2 2.250 5.294 17.551 0.000 0.032 control*T+pH 
DN71415_c0_g1_i1 2.244 5.289 17.332 0.000 0.033 control*T+pH 
DN71368_c0_g1_i3 2.232 5.906 17.156 0.001 0.035 control*T+pH 
DN67197_c0_g2_i1 2.227 6.634 21.222 0.000 0.019 control*T+pH 
DN69846_c0_g1_i5 2.227 7.636 23.165 0.000 0.017 control*T+pH 
DN69846_c0_g1_i2 2.226 7.636 23.128 0.000 0.017 control*T+pH 
DN66755_c0_g1_i1 2.221 6.475 19.341 0.000 0.026 control*T+pH 
DN67339_c0_g1_i1 2.182 6.748 21.322 0.000 0.019 control*T+pH 
DN69532_c0_g1_i2 2.177 8.507 28.062 0.000 0.009 control*T+pH 
DN69021_c0_g3_i1 2.128 3.763 14.440 0.001 0.049 control*T+pH 
DN66308_c0_g1_i2 2.106 4.786 17.142 0.000 0.034 control*T+pH 
DN72674_c5_g2_i1 2.100 3.825 18.104 0.000 0.029 control*T+pH 
DN76115_c4_g1_i1 2.091 7.833 20.725 0.000 0.020 control*T+pH 
DN73046_c0_g2_i1 2.056 10.601 15.631 0.001 0.040 control*T+pH 
DN75969_c0_g1_i1 2.056 9.132 16.013 0.001 0.037 control*T+pH 
DN74003_c0_g1_i1 2.047 6.801 22.701 0.000 0.018 control*T+pH 
DN76246_c1_g3_i3 2.003 9.003 21.083 0.000 0.019 control*T+pH 
DN67122_c0_g1_i2 1.989 5.474 22.343 0.000 0.018 control*T+pH 
DN67122_c0_g1_i1 1.986 5.473 22.303 0.000 0.018 control*T+pH 
DN70768_c0_g1_i2 1.947 4.177 20.978 0.000 0.019 control*T+pH 
DN76636_c1_g4_i1 1.941 4.925 20.110 0.000 0.023 control*T+pH 
DN74722_c0_g1_i4 1.922 3.423 16.593 0.001 0.035 control*T+pH 
DN68436_c0_g1_i1 1.915 8.489 16.909 0.000 0.035 control*T+pH 
DN76537_c0_g1_i1 1.875 10.735 16.491 0.001 0.035 control*T+pH 
DN69576_c0_g1_i2 1.864 5.505 16.126 0.001 0.037 control*T+pH 
DN69086_c0_g1_i4 1.803 5.843 21.705 0.000 0.018 control*T+pH 
DN71905_c0_g1_i1 1.793 5.512 19.633 0.000 0.024 control*T+pH 
DN71871_c2_g5_i1 1.788 4.326 20.365 0.000 0.021 control*T+pH 
DN69818_c0_g2_i1 1.786 3.683 14.709 0.001 0.048 control*T+pH 
DN74157_c0_g2_i1 1.781 4.143 18.906 0.000 0.026 control*T+pH 
DN71905_c0_g1_i3 1.769 5.519 18.911 0.000 0.026 control*T+pH 
DN76627_c1_g1_i1 1.763 5.775 21.085 0.000 0.019 control*T+pH 
DN75145_c0_g1_i1 1.752 6.721 25.907 0.000 0.012 control*T+pH 
DN66580_c0_g1_i1 1.749 4.734 15.381 0.001 0.041 control*T+pH 
DN73514_c0_g3_i2 1.744 3.636 14.599 0.001 0.048 control*T+pH 
DN76620_c5_g2_i3 1.728 6.631 14.450 0.001 0.049 control*T+pH 
DN75958_c0_g1_i8 1.685 3.476 16.859 0.000 0.035 control*T+pH 
DN75267_c0_g2_i2 1.650 6.555 15.123 0.001 0.044 control*T+pH 
DN69229_c0_g1_i1 1.612 7.705 18.660 0.000 0.027 control*T+pH 
DN75019_c2_g3_i1 1.593 4.537 15.023 0.001 0.045 control*T+pH 
DN71936_c1_g1_i1 1.589 5.562 19.313 0.000 0.026 control*T+pH 
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DN70059_c1_g2_i1 1.550 5.129 21.686 0.000 0.018 control*T+pH 
DN74534_c1_g2_i1 1.511 7.495 17.835 0.000 0.030 control*T+pH 
DN76314_c1_g3_i2 1.506 3.879 14.798 0.001 0.047 control*T+pH 
DN67884_c0_g1_i1 1.496 8.346 18.764 0.000 0.027 control*T+pH 
DN76582_c0_g1_i1 1.456 8.860 14.633 0.001 0.048 control*T+pH 
DN75843_c0_g4_i3 1.369 5.803 16.488 0.001 0.035 control*T+pH 
DN71125_c0_g2_i2 1.314 8.313 18.936 0.000 0.026 control*T+pH 
DN71125_c0_g2_i1 1.314 8.314 19.025 0.000 0.026 control*T+pH 
DN72227_c0_g4_i1 1.062 7.548 14.499 0.001 0.049 control*T+pH 
DN72055_c0_g5_i2 -1.559 7.296 25.035 0.000 0.021 T*T+pH 
DN109050_c0_g1_i1 -1.664 4.533 19.507 0.000 0.039 T*T+pH 
DN70577_c1_g3_i1 -1.692 5.040 22.797 0.000 0.030 T*T+pH 
DN69992_c0_g1_i7 -1.777 5.599 20.268 0.000 0.036 T*T+pH 
DN69992_c0_g1_i9 -1.777 5.599 20.268 0.000 0.036 T*T+pH 
DN69992_c0_g1_i10 -1.782 5.601 20.358 0.000 0.036 T*T+pH 
DN69992_c0_g1_i3 -1.782 5.601 20.358 0.000 0.036 T*T+pH 
DN69992_c0_g1_i4 -1.782 5.604 20.472 0.000 0.036 T*T+pH 
DN69992_c0_g1_i5 -1.782 5.604 20.472 0.000 0.036 T*T+pH 
DN74815_c1_g1_i1 -1.818 5.494 20.892 0.000 0.036 T*T+pH 
DN70418_c0_g2_i2 -1.834 4.319 27.346 0.000 0.020 T*T+pH 
DN74986_c0_g1_i1 -1.856 3.933 21.346 0.000 0.035 T*T+pH 
DN75042_c0_g2_i1 -1.906 4.915 30.039 0.000 0.014 T*T+pH 
DN69886_c0_g2_i1 -1.945 5.258 19.994 0.000 0.037 T*T+pH 
DN76247_c0_g1_i2 -2.014 4.330 25.620 0.000 0.020 T*T+pH 
DN70084_c0_g1_i2 -2.046 5.332 19.502 0.000 0.039 T*T+pH 
DN61764_c0_g1_i1 -2.101 3.670 20.908 0.000 0.036 T*T+pH 
DN76886_c0_g1_i1 -2.157 4.857 33.848 0.000 0.009 T*T+pH 
DN73115_c1_g3_i1 -2.319 5.769 26.720 0.000 0.020 T*T+pH 
DN70344_c0_g1_i2 -2.367 5.263 39.146 0.000 0.005 T*T+pH 
DN74481_c13_g2_i1 -2.376 3.346 22.705 0.000 0.030 T*T+pH 
DN72898_c0_g1_i2 -2.481 4.100 25.975 0.000 0.020 T*T+pH 
DN72209_c0_g2_i1 -2.786 4.823 19.647 0.000 0.041 T*T+pH 
DN73277_c1_g3_i2 -2.846 4.045 18.599 0.000 0.046 T*T+pH 
DN68277_c0_g1_i1 -2.941 3.637 19.617 0.000 0.039 T*T+pH 
DN74711_c1_g3_i1 -3.088 5.671 49.813 0.000 0.002 T*T+pH 
DN74877_c1_g1_i1 -3.154 6.842 33.239 0.000 0.009 T*T+pH 
DN75582_c0_g4_i2 -3.154 3.612 27.250 0.000 0.020 T*T+pH 
DN75582_c0_g4_i1 -3.176 3.623 27.415 0.000 0.020 T*T+pH 
DN72649_c1_g2_i2 -3.319 7.060 66.327 0.000 0.001 T*T+pH 
DN69441_c0_g3_i1 -3.470 3.802 22.995 0.000 0.029 T*T+pH 
DN76222_c0_g1_i1 -3.562 7.427 27.402 0.000 0.020 T*T+pH 
DN70036_c1_g1_i2 -3.626 7.181 27.338 0.000 0.020 T*T+pH 
DN70036_c1_g1_i3 -3.629 7.180 27.720 0.000 0.020 T*T+pH 
DN74502_c6_g1_i1 -3.953 8.366 23.760 0.000 0.034 T*T+pH 
DN74098_c0_g1_i1 -3.990 4.680 25.459 0.000 0.023 T*T+pH 
DN64192_c0_g3_i1 -4.614 3.884 19.512 0.000 0.046 T*T+pH 
DN67878_c0_g1_i3 4.448 3.915 46.296 0.000 0.002 T*T+pH 
DN64633_c0_g2_i1 4.197 7.151 35.720 0.000 0.009 T*T+pH 
DN73681_c3_g3_i1 3.974 3.373 24.718 0.000 0.022 T*T+pH 
DN61166_c0_g1_i1 3.374 5.363 25.774 0.000 0.020 T*T+pH 
DN68491_c0_g1_i1 3.046 8.094 31.041 0.000 0.013 T*T+pH 
DN64605_c0_g2_i1 3.009 7.760 48.160 0.000 0.002 T*T+pH 
DN70529_c0_g2_i1 2.773 5.120 40.484 0.000 0.004 T*T+pH 
DN70529_c0_g2_i2 2.746 5.104 40.530 0.000 0.004 T*T+pH 
DN75257_c0_g3_i1 2.654 8.763 24.268 0.000 0.023 T*T+pH 
DN76620_c5_g2_i3 2.583 6.631 33.685 0.000 0.009 T*T+pH 
DN71650_c0_g1_i2 2.571 4.143 18.997 0.000 0.044 T*T+pH 
DN68436_c0_g1_i1 2.521 8.489 28.796 0.000 0.017 T*T+pH 
DN73403_c0_g1_i2 2.478 4.131 21.620 0.000 0.034 T*T+pH 
DN72116_c0_g3_i2 2.429 6.787 37.904 0.000 0.005 T*T+pH 
DN76620_c5_g3_i1 2.368 8.631 20.974 0.000 0.036 T*T+pH 
DN76115_c4_g1_i1 2.331 7.833 25.610 0.000 0.020 T*T+pH 
DN74965_c0_g4_i1 2.212 6.152 18.481 0.000 0.048 T*T+pH 
DN68840_c0_g1_i4 2.171 6.379 25.596 0.000 0.020 T*T+pH 
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DN73445_c2_g3_i2 2.042 4.907 25.620 0.000 0.020 T*T+pH 
DN73364_c2_g1_i7 2.019 3.571 20.559 0.000 0.036 T*T+pH 
DN71981_c0_g1_i5 2.008 5.335 21.721 0.000 0.034 T*T+pH 
DN69846_c0_g1_i5 2.007 7.636 18.724 0.000 0.046 T*T+pH 
DN69846_c0_g1_i2 2.007 7.636 18.701 0.000 0.046 T*T+pH 
DN71981_c0_g1_i9 1.961 5.227 22.282 0.000 0.031 T*T+pH 
DN72089_c0_g3_i2 1.873 8.896 20.131 0.000 0.036 T*T+pH 
DN76627_c1_g1_i1 1.857 5.775 23.775 0.000 0.025 T*T+pH 
DN70834_c0_g2_i1 1.849 4.110 20.111 0.000 0.036 T*T+pH 
DN72506_c3_g7_i1 1.842 6.685 21.963 0.000 0.033 T*T+pH 
DN69532_c0_g1_i2 1.825 8.507 19.783 0.000 0.038 T*T+pH 
DN69229_c0_g1_i1 1.750 7.705 22.538 0.000 0.030 T*T+pH 
DN72724_c1_g1_i3 1.422 8.425 20.368 0.000 0.036 T*T+pH 
DN71125_c0_g2_i1 1.362 8.314 20.467 0.000 0.036 T*T+pH 
DN71125_c0_g2_i2 1.359 8.313 20.273 0.000 0.036 T*T+pH 
DN89281_c0_g1_i1 -1.405 4.774 15.485 0.001 0.049 pH*T+pH 
DN70500_c0_g1_i1 -1.516 6.033 19.193 0.000 0.034 pH*T+pH 
DN76895_c2_g1_i4 -1.547 5.174 19.122 0.000 0.034 pH*T+pH 
DN76886_c0_g1_i1 -1.557 4.857 16.612 0.001 0.040 pH*T+pH 
DN75668_c3_g1_i1 -1.570 6.209 17.484 0.000 0.035 pH*T+pH 
DN74340_c0_g2_i1 -1.610 5.207 18.520 0.000 0.034 pH*T+pH 
DN70577_c1_g3_i1 -1.630 5.040 17.518 0.000 0.035 pH*T+pH 
DN72578_c0_g5_i1 -1.679 6.163 16.958 0.000 0.039 pH*T+pH 
DN70627_c0_g2_i2 -1.680 5.001 15.247 0.001 0.050 pH*T+pH 
DN72063_c1_g1_i2 -1.687 5.391 15.913 0.001 0.046 pH*T+pH 
DN70483_c0_g1_i2 -1.733 5.308 16.178 0.001 0.044 pH*T+pH 
DN70344_c0_g1_i2 -1.742 5.263 20.574 0.000 0.029 pH*T+pH 
DN72654_c1_g1_i1 -1.774 5.873 16.870 0.000 0.039 pH*T+pH 
DN76706_c0_g2_i2 -1.825 6.765 29.462 0.000 0.016 pH*T+pH 
DN69992_c0_g1_i4 -1.844 5.604 17.956 0.000 0.034 pH*T+pH 
DN69992_c0_g1_i5 -1.844 5.604 17.956 0.000 0.034 pH*T+pH 
DN69992_c0_g1_i7 -1.876 5.599 18.329 0.000 0.034 pH*T+pH 
DN69992_c0_g1_i9 -1.876 5.599 18.329 0.000 0.034 pH*T+pH 
DN72336_c0_g1_i3 -1.880 6.341 18.040 0.000 0.034 pH*T+pH 
DN69992_c0_g1_i10 -1.880 5.601 18.407 0.000 0.034 pH*T+pH 
DN69992_c0_g1_i3 -1.880 5.601 18.407 0.000 0.034 pH*T+pH 
DN72649_c1_g2_i2 -1.914 7.060 25.694 0.000 0.017 pH*T+pH 
DN74711_c1_g3_i1 -1.915 5.671 21.297 0.000 0.027 pH*T+pH 
DN74215_c1_g1_i1 -1.927 4.574 19.421 0.000 0.034 pH*T+pH 
DN71939_c0_g6_i1 -1.947 5.224 23.680 0.000 0.020 pH*T+pH 
DN70418_c0_g2_i2 -1.960 4.319 22.805 0.000 0.022 pH*T+pH 
DN75042_c0_g2_i1 -1.994 4.915 26.899 0.000 0.017 pH*T+pH 
DN72336_c0_g1_i4 -2.010 6.358 20.859 0.000 0.029 pH*T+pH 
DN72919_c0_g1_i1 -2.032 5.536 16.804 0.000 0.039 pH*T+pH 
DN72323_c1_g3_i1 -2.091 6.735 15.751 0.001 0.048 pH*T+pH 
DN71119_c0_g4_i1 -2.180 5.165 16.461 0.001 0.041 pH*T+pH 
DN76119_c0_g1_i4 -2.244 5.631 23.142 0.000 0.022 pH*T+pH 
DN74877_c1_g1_i1 -2.252 6.842 18.591 0.000 0.034 pH*T+pH 
DN76215_c0_g2_i1 -2.338 4.038 19.436 0.000 0.034 pH*T+pH 
DN76335_c0_g2_i1 -2.349 4.563 15.438 0.001 0.050 pH*T+pH 
DN72898_c0_g1_i2 -2.363 4.100 17.482 0.000 0.035 pH*T+pH 
DN70252_c0_g2_i1 -2.380 4.786 21.037 0.000 0.028 pH*T+pH 
DN75126_c0_g1_i3 -2.435 3.841 17.322 0.000 0.036 pH*T+pH 
DN73115_c1_g3_i1 -2.466 5.769 23.966 0.000 0.020 pH*T+pH 
DN69528_c0_g1_i3 -2.493 4.938 15.268 0.001 0.050 pH*T+pH 
DN69966_c0_g1_i1 -2.511 5.307 21.031 0.000 0.028 pH*T+pH 
DN74316_c0_g1_i2 -2.728 5.395 25.863 0.000 0.017 pH*T+pH 
DN74316_c0_g1_i5 -2.728 5.395 25.863 0.000 0.017 pH*T+pH 
DN71816_c0_g1_i2 -2.738 4.821 16.901 0.000 0.039 pH*T+pH 
DN76882_c0_g3_i1 -2.813 4.220 15.481 0.001 0.049 pH*T+pH 
DN74152_c0_g1_i4 -3.177 4.018 19.365 0.000 0.034 pH*T+pH 
DN72515_c1_g2_i2 -3.196 4.350 18.208 0.000 0.034 pH*T+pH 
DN72209_c0_g2_i1 -3.305 4.823 18.647 0.000 0.034 pH*T+pH 
DN68277_c0_g1_i1 -3.420 3.637 15.258 0.001 0.050 pH*T+pH 
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DN73090_c0_g4_i1 -3.892 3.470 16.572 0.001 0.040 pH*T+pH 
DN74481_c13_g2_i1 -3.951 3.346 23.518 0.000 0.022 pH*T+pH 
DN71924_c0_g4_i1 -4.086 3.589 15.312 0.001 0.050 pH*T+pH 
DN69330_c0_g2_i1 -4.211 3.463 24.831 0.000 0.018 pH*T+pH 
DN74502_c6_g1_i1 -4.238 8.366 24.008 0.000 0.026 pH*T+pH 
DN70164_c0_g1_i3 8.456 5.036 37.250 0.000 0.017 pH*T+pH 
DN70292_c0_g2_i1 7.753 4.915 35.952 0.000 0.015 pH*T+pH 
DN75208_c4_g1_i1 7.725 4.879 24.994 0.000 0.027 pH*T+pH 
DN77001_c2_g1_i1 7.510 5.535 26.042 0.000 0.025 pH*T+pH 
DN71581_c0_g2_i3 7.161 4.999 20.081 0.000 0.035 pH*T+pH 
DN68002_c1_g1_i1 7.063 4.619 20.883 0.000 0.034 pH*T+pH 
DN68002_c1_g1_i2 7.063 4.619 20.883 0.000 0.034 pH*T+pH 
DN71581_c0_g2_i1 6.930 4.855 20.383 0.000 0.035 pH*T+pH 
DN71581_c0_g2_i2 6.930 4.855 20.383 0.000 0.035 pH*T+pH 
DN67735_c0_g1_i1 6.652 6.749 24.127 0.000 0.029 pH*T+pH 
DN71230_c0_g2_i1 6.436 3.682 27.505 0.000 0.018 pH*T+pH 
DN72914_c0_g1_i3 6.360 4.247 27.684 0.000 0.020 pH*T+pH 
DN75208_c4_g2_i5 6.267 4.174 28.148 0.000 0.017 pH*T+pH 
DN75208_c4_g2_i2 6.267 4.171 28.221 0.000 0.017 pH*T+pH 
DN76337_c0_g1_i4 5.838 3.383 21.430 0.000 0.034 pH*T+pH 
DN70672_c0_g2_i1 5.803 3.496 19.462 0.000 0.034 pH*T+pH 
DN71837_c1_g1_i2 5.197 3.681 20.044 0.000 0.034 pH*T+pH 
DN71837_c1_g1_i9 5.135 3.791 20.783 0.000 0.034 pH*T+pH 
DN72986_c0_g1_i1 4.908 4.261 24.208 0.000 0.025 pH*T+pH 
DN76337_c1_g1_i1 4.862 3.938 19.304 0.000 0.034 pH*T+pH 
DN69508_c0_g1_i1 4.770 4.017 18.812 0.000 0.039 pH*T+pH 
DN74791_c0_g1_i2 4.724 4.078 23.601 0.000 0.027 pH*T+pH 
DN74791_c0_g1_i5 4.516 3.872 20.314 0.000 0.034 pH*T+pH 
DN73681_c3_g3_i1 4.374 3.373 25.001 0.000 0.018 pH*T+pH 
DN61166_c0_g1_i1 4.228 5.363 42.663 0.000 0.004 pH*T+pH 
DN67878_c0_g1_i3 4.175 3.915 31.619 0.000 0.013 pH*T+pH 
DN64633_c0_g2_i1 4.117 7.151 33.725 0.000 0.013 pH*T+pH 
DN71415_c0_g1_i1 3.931 5.289 60.956 0.000 0.001 pH*T+pH 
DN71415_c0_g1_i2 3.931 5.294 61.259 0.000 0.001 pH*T+pH 
DN63304_c0_g1_i1 3.728 3.832 22.479 0.000 0.026 pH*T+pH 
DN73462_c0_g1_i1 3.727 5.142 43.926 0.000 0.004 pH*T+pH 
DN69654_c0_g4_i1 3.572 4.519 24.245 0.000 0.020 pH*T+pH 
DN75098_c1_g1_i1 3.448 4.142 20.563 0.000 0.034 pH*T+pH 
DN53031_c0_g1_i1 3.411 3.663 18.609 0.000 0.034 pH*T+pH 
DN72529_c0_g1_i2 3.340 4.171 20.795 0.000 0.033 pH*T+pH 
DN70756_c0_g5_i1 3.298 7.239 27.048 0.000 0.017 pH*T+pH 
DN75243_c2_g1_i1 3.226 4.641 18.783 0.000 0.035 pH*T+pH 
DN75243_c2_g1_i2 3.226 4.641 18.783 0.000 0.035 pH*T+pH 
DN75462_c2_g1_i2 3.224 4.727 17.631 0.001 0.040 pH*T+pH 
DN75257_c0_g1_i1 3.122 4.980 17.808 0.001 0.039 pH*T+pH 
DN72887_c1_g1_i1 3.104 4.845 19.859 0.000 0.034 pH*T+pH 
DN69844_c0_g1_i1 3.095 5.834 28.367 0.000 0.017 pH*T+pH 
DN72887_c1_g1_i3 3.094 5.504 18.795 0.000 0.035 pH*T+pH 
DN71784_c0_g1_i3 3.090 7.356 16.651 0.001 0.050 pH*T+pH 
DN71784_c0_g1_i7 3.090 7.364 16.967 0.001 0.049 pH*T+pH 
DN76316_c1_g1_i6 3.081 3.774 23.000 0.000 0.022 pH*T+pH 
DN72887_c1_g1_i2 3.071 5.353 20.108 0.000 0.034 pH*T+pH 
DN77131_c0_g1_i1 3.020 3.798 27.645 0.000 0.017 pH*T+pH 
DN73364_c2_g1_i7 2.978 3.571 43.459 0.000 0.004 pH*T+pH 
DN72943_c0_g3_i1 2.963 4.527 18.027 0.000 0.037 pH*T+pH 
DN74914_c0_g2_i1 2.919 4.265 17.598 0.000 0.035 pH*T+pH 
DN74914_c0_g2_i2 2.919 4.265 17.598 0.000 0.035 pH*T+pH 
DN74914_c0_g2_i3 2.919 4.265 17.598 0.000 0.035 pH*T+pH 
DN69935_c1_g2_i1 2.915 3.900 18.767 0.000 0.034 pH*T+pH 
DN72887_c1_g2_i2 2.873 5.831 18.808 0.000 0.035 pH*T+pH 
DN73421_c0_g3_i1 2.790 5.226 20.705 0.000 0.033 pH*T+pH 
DN68749_c0_g1_i1 2.789 4.345 27.777 0.000 0.017 pH*T+pH 
DN68491_c0_g1_i1 2.787 8.094 25.439 0.000 0.017 pH*T+pH 
DN68840_c0_g1_i4 2.741 6.379 40.236 0.000 0.004 pH*T+pH 
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DN76636_c0_g1_i1 2.687 3.638 15.631 0.001 0.048 pH*T+pH 
DN75257_c0_g3_i1 2.672 8.763 24.515 0.000 0.019 pH*T+pH 
DN67817_c0_g1_i2 2.647 4.310 18.534 0.000 0.034 pH*T+pH 
DN67817_c0_g1_i1 2.647 4.298 18.237 0.000 0.034 pH*T+pH 
DN76248_c0_g5_i1 2.607 4.126 26.371 0.000 0.017 pH*T+pH 
DN76047_c1_g2_i2 2.598 5.021 17.216 0.001 0.040 pH*T+pH 
DN71784_c0_g1_i5 2.590 4.060 17.408 0.000 0.035 pH*T+pH 
DN76693_c1_g1_i2 2.584 4.377 31.317 0.000 0.013 pH*T+pH 
DN75163_c1_g1_i6 2.580 4.102 21.286 0.000 0.027 pH*T+pH 
DN71784_c0_g1_i6 2.578 4.139 18.539 0.000 0.034 pH*T+pH 
DN72421_c3_g1_i1 2.569 5.666 26.730 0.000 0.017 pH*T+pH 
DN64605_c0_g2_i1 2.549 7.760 33.270 0.000 0.011 pH*T+pH 
DN63905_c0_g2_i2 2.523 4.335 18.553 0.000 0.034 pH*T+pH 
DN71628_c0_g2_i1 2.507 4.048 26.851 0.000 0.017 pH*T+pH 
DN72210_c3_g2_i14 2.490 3.608 15.830 0.001 0.047 pH*T+pH 
DN70771_c6_g1_i1 2.477 9.382 16.153 0.001 0.047 pH*T+pH 
DN67122_c0_g1_i1 2.467 5.473 33.938 0.000 0.011 pH*T+pH 
DN67122_c0_g1_i2 2.467 5.474 33.881 0.000 0.011 pH*T+pH 
DN76693_c0_g2_i2 2.422 6.196 27.277 0.000 0.017 pH*T+pH 
DN74217_c0_g1_i1 2.390 4.263 15.901 0.001 0.046 pH*T+pH 
DN74867_c0_g1_i3 2.379 5.903 22.254 0.000 0.025 pH*T+pH 
DN69654_c0_g3_i1 2.363 5.461 16.163 0.001 0.046 pH*T+pH 
DN69480_c0_g2_i1 2.348 8.967 25.584 0.000 0.017 pH*T+pH 
DN69480_c0_g2_i2 2.267 8.374 20.766 0.000 0.029 pH*T+pH 
DN74867_c0_g1_i5 2.266 5.352 19.819 0.000 0.033 pH*T+pH 
DN72089_c0_g3_i2 2.220 8.896 27.789 0.000 0.017 pH*T+pH 
DN69576_c0_g1_i2 2.204 5.505 23.652 0.000 0.020 pH*T+pH 
DN74965_c0_g4_i1 2.178 6.152 17.168 0.000 0.038 pH*T+pH 
DN71566_c0_g1_i1 2.162 5.609 16.716 0.001 0.041 pH*T+pH 
DN69995_c0_g1_i1 2.097 4.078 18.374 0.000 0.034 pH*T+pH 
DN73723_c0_g2_i3 2.079 4.489 15.321 0.001 0.050 pH*T+pH 
DN76158_c0_g2_i1 2.035 5.535 20.751 0.000 0.029 pH*T+pH 
DN69349_c0_g1_i2 2.023 7.687 16.084 0.001 0.046 pH*T+pH 
DN69349_c0_g1_i1 2.021 7.687 16.044 0.001 0.046 pH*T+pH 
DN70079_c0_g2_i1 1.998 4.179 16.862 0.000 0.039 pH*T+pH 
DN70777_c0_g1_i2 1.989 4.354 16.872 0.000 0.039 pH*T+pH 
DN69532_c0_g1_i2 1.980 8.507 23.035 0.000 0.022 pH*T+pH 
DN58924_c0_g1_i1 1.961 4.961 27.093 0.000 0.017 pH*T+pH 
DN71905_c0_g1_i1 1.907 5.512 20.151 0.000 0.032 pH*T+pH 
DN71905_c0_g1_i3 1.875 5.519 19.238 0.000 0.034 pH*T+pH 
DN72350_c5_g1_i1 1.861 4.488 18.186 0.000 0.034 pH*T+pH 
DN67710_c0_g1_i3 1.816 9.161 18.140 0.000 0.034 pH*T+pH 
DN69229_c0_g1_i1 1.815 7.705 23.609 0.000 0.020 pH*T+pH 
DN70254_c0_g1_i4 1.772 5.896 15.297 0.001 0.050 pH*T+pH 
DN70671_c0_g1_i3 1.765 4.703 15.680 0.001 0.048 pH*T+pH 
DN73521_c0_g1_i1 1.755 4.665 19.299 0.000 0.034 pH*T+pH 
DN69905_c0_g1_i1 1.724 6.365 15.311 0.001 0.050 pH*T+pH 
DN73336_c0_g2_i2 1.694 5.633 20.032 0.000 0.032 pH*T+pH 
DN76627_c1_g1_i1 1.690 5.775 18.801 0.000 0.034 pH*T+pH 
DN67239_c0_g1_i4 1.646 8.086 15.776 0.001 0.047 pH*T+pH 
DN64934_c0_g1_i1 1.627 4.380 17.424 0.000 0.035 pH*T+pH 
DN73538_c1_g1_i4 1.588 4.802 19.795 0.000 0.033 pH*T+pH 
DN69086_c0_g1_i4 1.569 5.843 15.478 0.001 0.049 pH*T+pH 
DN71946_c0_g3_i1 1.525 4.423 15.296 0.001 0.050 pH*T+pH 
DN70538_c1_g1_i1 1.430 5.654 16.555 0.001 0.040 pH*T+pH 
DN76842_c1_g1_i3 1.339 5.804 20.208 0.000 0.032 pH*T+pH 
DN71125_c0_g2_i1 1.325 8.314 18.893 0.000 0.034 pH*T+pH 
DN71125_c0_g2_i2 1.325 8.313 18.805 0.000 0.034 pH*T+pH 
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Table A2.4. Table of all proteins found to belong to terminal node biological processes 
from functional enrichment analysis. Table contains transcript/protein ID, top BLASTX 
similarity search result, proposed cell location based on BLASTX similarity search, 
expression pattern of transcript/protein based on ANOVA-like test in EdgeR comparing 
all treatment combinations, cluster of heatmap (Fig. 3a), description of terminal node 
biological process obtained through enrichment analysis, and whether or not the 
transcript/protein was found to be unique to a specific biological process. All BLASTX 
hits were with red algae unless otherwise specified within table. 

Transcript 
/protein ID 

BLASTX 
similarity 
result 

Proposed cell 
location 

Expression 
pattern 

Heatmap 
cluster 

Description of 
biological process 

Unique 
to 
process 

DN72649_
c1_g2_i2 

phospho-
ribulokinase chloroplast upregulated 1 

detection of biotic 
stimulus, 
heterocycle 
biosynthetic 
process, reductive 
pentose-phosphate 
cycle, photosystem 
II assembly, 
chloroplast 
organisation, shoot 
system 
morphogenesis, 
regulation of 
hydrogen peroxide 
metabolism, 
regulation of 
protein 
dephosphorylation, 
regulation of plant-
type hypersensitive 
response, response 
to chitin 

N 

DN74711_
c1_g3_i1 

green algae 
hit, 
Trebouxia 
2Fe-2S 
ferredoxin-
like 

 upregulated 1 

heterocycle 
biosynthetic 
process, reductive 
pentose-phosphate 
cycle 

N 

DN70344_
c0_g1_i2 

6-
phosphogluc
onate 
dehydro-
genase 
NAD-
binding 
domain-
containing 
protein 

cytosol upregulated 1 valine catabolic 
process Y 

DN74502_
c6_g1_i1 

serine-
pyruvate 
amino-
transferase 

 upregulated 1 glycine metabolic 
process Y 

DN74877_
c1_g1_i1 

glyceralde-
hyde-3-
phosphate 
dehydro-
genase 

chloroplast upregulated 1 

heterocycle 
biosynthetic 
process, reductive 
pentose-phosphate 
cycle, negative 
regulation of 
telomere 
maintenance, 
nucleotide-excision 

N 
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repair, DNA 
incision,3’-to lesion 

DN76886_
c0_g1_i1 

soybean hit, 
putative 
oxido-
reductase 

 upregulated 1 valine catabolic 
process Y 

DN70418_
c0_g2_i2 

PsbB 
mRNA 
maturation 
factor Mbb1 

chloroplast upregulated 1 

heterocycle 
biosynthetic 
process, 
photosystem II 
assembly, 
chloroplast 
assembly, shoot 
system 
morphogenesis, 
regulation of 
protein 
dephosphorylation 

N 

DN75582_
c0_g4_i1 

fructose-
bisphosphat
e aldolase 

 upregulated 1 glycolytic process Y 

DN75582_
c0_g4_i2 

fructose-
bisphosphat
e aldolase 

 upregulated 1 glycolytic process Y 

DN74152_
c0_g1_i4 

zinc finger 
protein 771, 
C2H2-type 

 upregulated 1 
heterocycle 
biosynthetic 
process 

Y 

DN71318_
c0_g5_i1 

hyper-
polarisation-
activated 
voltage-
gated 
potassium 
channel 

 upregulated 1 
regulation of 
vitamin metabolic 
process 

Y 

DN71318_
c0_g5_i2 

hyper-
polarisation-
activated 
voltage-
gated 
potassium 
channel 

 upregulated 1 
regulation of 
vitamin metabolic 
process 

Y 

DN74481_
c13_g2_i1 

putative 
plastid 1-
deoxy-D-
xylulose 5-
phosphate 
reducto-
isomerase 

 upregulated 1 
phospholipid 
biosynthesis, 
response to cold 

N 

DN70500_
c0_g1_i1 

transcription 
factor YY2  

 upregulated 1 
heterocycle 
biosynthetic 
process 

Y 

DN74098_
c0_g1_i1 

fructose-1,6-
bisphosphat
e aldolase 

chloroplast upregulated 1 glycolytic process Y 

DN75667_
c0_g1_i2 

phospho-
glycerate 
kinase 

chloroplast upregulated 1 
reductive pentose-
phosphate cycle, 
glycolytic process 

N 

DN74365_
c0_g1_i1 

pyridoxal 
kinase 

 upregulated 1 phospholipid 
biosynthesis Y 

DN74365_
c0_g1_i2 

pyridoxal 
kinase 

 upregulated 1 phospholipid 
biosynthesis Y 

DN74961_
c0_g1_i3 

glycerate 
translocator chloroplast upregulated 1 

photorespiration, 
glycolate 
transmembrance 
transport, 

N 
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chloroplast 
assembly 

DN71927_
c0_g4_i1 

stem-loop 
binding 
protein of 41 
kDa b 

chloroplast upregulated 1 
chloroplast 
organisation, 
response to cold 

N 

DN67734_
c4_g1_i1 

glycine 
dehydro-
genase 

mitochondrio
n upregulated 1 glycine metabolic 

process Y 

DN71816_
c0_g1_i2 

bacterial hit, 
GNAT fam 

 upregulated 1 
heterocycle 
biosynthetic 
process 

Y 

DN75856_
c1_g1_i1 

triose-
phosphate/ 
phosphate 
translocator 

chloroplast upregulated 1 cobalamin 
metabolism Y 

DN73854_
c3_g3_i2 

cytochrome 
b6-f 
complex 
iron-sulfur 
subunit 

chloroplast upregulated 1 

detection of biotic 
stimulus, 
photosystem II 
assembly, shoot 
system 
morphogenesis, 
regulation of 
hydrogen peroxide 
metabolism 

N 

DN72323_
c1_g3_i1 

serine 
hydroxy-
methyl-
transferase 

mitochondrio
n or cytosolic upregulated 1 

photorespiration, 
glycine metabolic 
process, response 
to cold 

N 

DN70627_
c0_g2_i2 

putative 
trans-
criptional 
regulatory 
protein 

 upregulated 1 
heterocycle 
biosynthetic 
process 

Y 

DN70900_
c0_g2_i1 

lysophospho
-lipid acyl-
transferase 

 upregulated 1 phospholipid 
biosynthesis Y 

DN73638_
c0_g1_i4 

ABC 
transporter 
B family 
member 5 

 upregulated 1 
regulation of 
protein 
dephosphorylation 

Y 

DN73611_
c0_g3_i1 

PGR5-like 
protein 1B chloroplast upregulated 1 

heterocycle 
biosynthetic 
process 

Y 

DN76651_
c3_g2_i3 

green algae 
hit, 
glyceralde-
hyde-3-
phosphate 
dehydro-
genase 

 upregulated 1 

reductive pentose-
phosphate cycle, 
glycolytic process, 
negative regulation 
of telomere 
maintenance, 
nucleotide-excision 
repair, DNA 
incision,3’-to 
lesion, cellular 
response to UV 

N 

DN76706_
c0_g2_i2 

cob(I)yrinic 
acid a,c-
diamide 
adenosyl-
transferase 

 upregulated 1 

heterocycle 
biosynthetic 
process, cobalamin 
metabolism 

N 

DN75126_
c0_g1_i3 

coral hit, 7,8 
dihydro-8-
oxoguanine 
tri-
phosphatase
-like 

 upregulated 1 
heterocycle 
biosynthetic 
process 

Y 
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DN76392_
c0_g1_i2 

probable 
phospho-
lipase D 

 upregulated 1 photorespiration Y 

DN72560_
c0_g2_i1 

magnesium-
chelatase 
subunit 
ChID 

chloroplast upregulated 1 
heterocycle 
biosynthetic 
process 

Y 

DN77029_
c1_g1_i1 

glycine de-
carboxylase 

mitochondrio
n upregulated 1 glycine metabolic 

process  
Y 

DN75024_
c0_g4_i1 

PsbP-like 
protein  chloroplast upregulated 1 

heterocycle 
biosynthetic 
process, negative 
regulation of long-
day 
photoperiodism, 
flowering 

N 

DN74340_
c0_g2_i1 

phospho-
glycolate 
phosphatase 
1B 

chloroplast upregulated 1 photorespiration Y 

DN72364_
c0_g1_i2 

glycerol-3-
phosphate 
acyl-
transferase 

chloroplast upregulated 1 phospholipid 
biosynthesis Y 

DN73854_
c3_g3_i3 

phospho-
ribulokinase chloroplast upregulated 1 

detection of biotic 
stimulus, regulation 
of plant-type 
hypersensitive 
response, response 
to cold, response to 
chitin 

N 

DN76673_
c2_g5_i1 

putative 
transporter 

 upregulated 1 

heterocycle 
biosynthetic 
process, cellular 
response to UV 

N 

DN74460_
c0_g1_i1 

ATP 
phospho-
ribosyl-
transferase 2 

chloroplast upregulated 1 
heterocycle 
biosynthetic 
process 

Y 

DN76376_
c1_g1_i3 cyclin-F  upregulated 1 

heterocycle 
biosynthetic 
process, regulation 
of vitamin 
metabolic process 

N 

DN74914_
c0_g2_i1 unnamed  downregulate

d 2 

stress-induced 
mitochondrial 
fusion,  
mitochondrial 
calcium ion 
transmembrane 
transport,  positive 
regulation of 
mitochondrial 
membrane 
potential,  positive 
regulation of 
mitochondrial 
DNA replication,  
mitochondrial 
protein processing,  
positive regulation 
of cardiolipin 
metabolic process,  
interleukin-2 
production, CD4-

N 
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positive alpha-beta 
T cell activation 

DN74914_
c0_g2_i2 

stomatin 
prohibition-
family  

mitochondrio
n 

downregulate
d 2 

stress-induced 
mitochondrial 
fusion,  
mitochondrial 
calcium ion 
transmembrane 
transport,  positive 
regulation of 
mitochondrial 
membrane 
potential,  positive 
regulation of 
mitochondrial 
DNA replication,  
mitochondrial 
protein processing,  
positive regulation 
of cardiolipin 
metabolic process,  
interleukin-2 
production, CD4-
positive alpha-beta 
T cell activation 

N 

DN74914_
c0_g2_i3 

stomatin 
prohibition-
family  

mitochondrio
n 

downregulate
d 2 

stress-induced 
mitochondrial 
fusion,  
mitochondrial 
calcium ion 
transmembrane 
transport,  positive 
regulation of 
mitochondrial 
membrane 
potential,  positive 
regulation of 
mitochondrial 
DNA replication,  
mitochondrial 
protein processing,  
positive regulation 
of cardiolipin 
metabolic process,  
interleukin-2 
production, CD4-
positive alpha-beta 
T cell activation 

N 

DN74986_
c0_g1_i1 

NAD+ 
kinase 

 downregulate
d 2 NADP metabolism Y 

DN71837_
c1_g1_i2 

CCR4-NOT 
transcription 
complex 

 downregulate
d 2 

nuclear-transcribed 
mRNA poly(A) tail 
shortening, RNA 
phosphodiester 
bond hydrolysis, 
exonucleolytic, 
gene silencing by 
miRNA 

N 

DN71837_
c1_g1_i9 

CCR4-NOT 
transcription 
complex 

 downregulate
d 2 

nuclear-transcribed 
mRNA poly(A) tail 
shortening, RNA 
phosphodiester 
bond hydrolysis, 
exonucleolytic, 
gene silencing by 
miRNA 

N 
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DN76337_
c0_g1_i4 no hits  downregulate

d 2 

nuclear-transcribed 
mRNA poly(A) tail 
shortening, RNA 
phosphodiester 
bond hydrolysis, 
exonucleolytic, 
gene silencing by 
miRNA 

N 

DN74965_
c0_g4_i1 

glucose-6-
phosphate 1-
dehydro-
genase 

chloroplast downregulate
d 2 NADP metabolism Y 

DN76337_
c1_g1_i1 no hits  downregulate

d 2 

nuclear-transcribed 
mRNA poly(A) tail 
shortening, RNA 
phosphodiester 
bond hydrolysis, 
exonucleolytic, 
gene silencing by 
miRNA 

N 

DN69846_
c0_g1_i5 

chaperone 
protein dnaJ 

 downregulate
d 2 chorion 

development Y 

DN69846_
c0_g1_i2 

chaperone 
protein dnaJ 

 downregulate
d 2 chorion 

development Y 

DN76627_
c1_g1_i1 stomatin 2 mitochondrio

n 
downregulate
d 2 

stress-induced 
mitochondrial 
fusion, 
mitochondrial 
calcium ion 
transmembrane,  
positive regulation 
of mitochondrial 
DNA replication 
transport, positive 
regulation of 
mitochondrial 
membrane 
potential, 
mitochondrial 
protein processing, 
positive regulation 
of cardiolipin 
metabolic process 

N 

DN69532_
c0_g1_i2 transaldolase   downregulate

d 2 NADP metabolism Y 
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Table A2.5. Definition of abbreviations found in Fig. 4, conceptual model of 
Porolithon cf. onkodes cell.  

Abbreviation Definition 
PGA Phosphoglycolate phosphatase  
PGLGG1 Plastidal glycolate/glycerate translocator  
PPP Pentose phosphate pathway  
G6PDH Glucose-6-phosphate 1-dehydrogenase 
6PGL 6-phosphogluconolactonase  
6PGDH 6-phosphogluconate dehydrogenase 
RPI Ribose 5-phosphate isomerase 
TK Transketolase  
TAL Transaldolase  
SH17BPase Sedoheptulose 1,7-biphosphatase  
PRK Phosphoribulokinase  
RuBisCO Ribulose-1,5-biphosphate carboxylase/oxygenase  
PGK Phosphoglycerate kinase  
GAPDH Glyceraldehyde-3 phosphate dehydrogenase  
TPI Triosephosphate isomerase  
FBA Fructose-bisphosphate aldolase  
TPT Triose phosphate/phosphate translocator  
Pi Inorganic phosphate 
PGR5 Proton gradient regulation 5  

 
 
Table A2.6. Summary of mean carbonate chemistry in the experimental treatments. 
pCO2, HCO3-, and CO3

2- were calculated using the R package seacarb by inputting 
measured pHT, total alkalinity (TA), temperature (Temp ºC), and a salinity of 35.5 ± 
0.2. All values are mean ± standard error (SE). High-Mg calcite was calculated for 
16.4% calcite following methods from Diaz-Pulido et al. (2012). 

Treatment 
[Target] Temp ºC pHT  TA µmol 

kg-1 pCO2 µatm  HCO3- 
µmol kg-1  

CO3
2- 

µmol kg-1  
ΩHigh-Mg 

Calcite  
27.2 ºC + pH 
8.00 

27.12 ± 
0.060 

8.00 ± 
0.005 

2291.49 ± 
0.653 

454.19 ± 
8.178 

1777.70 ± 
4.330 

209.14 ± 
1.780 

1.088 ± 
0.010 

29.5 ºC + pH 
8.00 

29.29 ± 
0.071 

7.99 ± 
0.003 

2290.71 ± 
0.875 

477.26 ± 
3.982 

1768.71 ± 
2.980 

212.72 ± 
1.340 

1.135 ± 
0.030 

27.2 ºC + pH 
7.70 

27.18 ± 
0.051 

7.70 ± 
0.002 

2290.91 ± 
0.811 

1020.44 ± 
7.297 

2005.62 ± 
1.860 

116.54 ± 
7.970 

0.606 ± 
0.020 

29.5 ºC + pH 
7.70 

29.48 ± 
0.071 

7.69 ± 
0.003 

2290.31 ± 
0.722 

1028.482 ± 
7.076 

1984.58 ± 
1.540 

125.02 ± 
6.850 

0.672 ± 
0.030 
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Table A2.7. Statistics for number of reads, counts, and mapping % generated during 
CEL-Seq pipeline for both S. cf. durum and P. cf. onkodes.  

Species Sample # reads # counts % mapped 
S. cf. durum SD10_amb 2792473 907968 67.25% 
S. cf. durum SD3_ph 2905474 999343 69.65% 
S. cf. durum SD4_amb 7230595 2078440 74.69% 
S. cf. durum SD5_ph 17392054 5225552 72.16% 
S. cf. durum SD6_tph 7571206 2565129 69.88% 
S. cf. durum SD7_tph 3042944 948133 69.44% 
S. cf. durum SD8_temp 3639126 1403593 53.51% 
S. cf. durum SD9_ph 873800 262942 59.51% 
S. cf. durum SD1_temp 4455442 1745783 67.34% 
S. cf. durum SD2_temp 25755969 9499485 70.81% 
S. cf. durum SD11_ph 9239774 3644235 69.84% 
S. cf. durum SD12_tph 2052150 775382 65.55% 
S. cf. durum SD13_amb 4700800 1497574 62.54% 
S. cf. durum SD14_ph 13025010 2709167 73.76% 
S. cf. durum SD15_tph 10015974 3138109 61.05% 
S. cf. durum SD17_amb 12483294 3784547 71.55% 
S. cf. durum SD18_temp 75371988 21542260 63.91% 
S. cf. durum SD19_tph 14555346 2556820 71.85% 
S. cf. durum SD20_temp 6520222 2365847 50.66% 
P. cf. onkodes PO10_amb 11693266 2629626 49.28% 
P. cf. onkodes PO11_ph 958480 159937 47.18% 
P. cf. onkodes PO12_tph 1813570 1256101 51.77% 
P. cf. onkodes PO14_ph 970230 177249 43.78% 
P. cf. onkodes PO15_tph 16810993 3012292 57.63% 
P. cf. onkodes PO16_amb 2638715 532955 39.93% 
P. cf. onkodes PO17_amb 1338205 257316 51.17% 
P. cf. onkodes PO18_temp 910868 191000 50.01% 
P. cf. onkodes PO1_temp 1338887 244611 49.36% 
P. cf. onkodes PO2_temp 13190073 2874863 50.56% 
P. cf. onkodes PO3_ph 3767250 625636 57.24% 
P. cf. onkodes PO4_amb 1209823 205975 56.76% 
P. cf. onkodes PO5_ph 5228592 988016 49.91% 
P. cf. onkodes PO6_tph 7691073 1530097 50.63% 
P. cf. onkodes PO7_tph 5316967 861006 60.67% 
P. cf. onkodes PO8_temp 4164386 739996 52.81% 
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Table A2.8. Transcripts used for RT-qPCR validation of CEL-Seq expression profiles. 
Primers for housekeeping (HK) genes and genes of interest (GOI) were designed and 
used for validation. Table has accession number for transcripts, species, BLASTX 
annotation of sequence, primer sequences, expected amplicon size (bp), primer optimal 
annealing temperature (Ta) ºC, and PCR efficiency (%) and coefficient of determination 
(R2) from qPCR standard curve analysis. HK genes genes were chosen from commonly 
used HKGs, such as beta-tubulin (β-tubulin), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and ubiquitin C (UBC), and through investigation of 
transcripts with low standard deviation and that were not significantly differentially 
expressed through EdgeR analysis (i.e., heme oxygenase).  

Trinity 

accession 

number
 

Species 
BLASTX 

Annotation 
Primer sequence (5’-3’)

a
 

Expected 

amplicon 

size (bp) 

Ta 

( C) 

PCR 

efficiency 

(%) 

(R
2
) 

DN76782

_c6_g1_i

1 

Porolithon 
cf. onkodes 

β- 
tubulin (HKG) (F) TCGGCCCTACTGAGTCGATT 182 57.2 99.8 

   
(R) CTGGAGAAGGCATGGACGAG  (0.989) 

DN95780

_c0_g1_i

1 

Porolithon 
cf. onkodes 

heme 

oxygenase 

(HKG) (F) AACCAGAATTACTTGTGTCGCA 117 55.1 96 

   
(R) CTGTACCTTCATTGCCAGAAAGT (0.89) 

DN74877

_c1_g1_i

1 

Porolithon 
cf. onkodes GAPDH (GOI) (F) TGTCATTGCTGGCGAGGATT 175 59.7 95.5 

   
(R) CTTCGCTCCCGCCTGAATAT  (0.91) 

DN72227

_c0_g4_i

1 

Porolithon 
cf. onkodes HSP33 (GOI) (F) AGGTACGAACTTTGCGGTGT 166 57.2 100.1 

   
(R) TGCCAAACCCATGCATTTCG  (0.96) 

DN73640

_c0_g1_i

1 

Porolithon 
cf. onkodes 

photosystem II 

CP47 (GOI) (F) CCTATGGACAAAGGCGATGG 214 55.1 95 

   
(R) TGACGCTAACACCAACTTGC  (0.99) 

DN71939

_c0_g6_i

1 

Porolithon 
cf. onkodes 

acetyl-CoA 

(GOI) (F) ACTCCAACTTCAAACGTGCG 224 59.7 120.5 

   
(R) ATCCACATTCACAGCACCGT  (0.87) 

DN73238

_c10_g1_

i1 

Porolithon 
cf. onkodes 

ferritin-3, 

chloroplastic 

(GOI) (F) ATCCACCTTCACAAGCCGAC 154 64 85.4 

   
(R) AACGAAAACGAGCCCTGACA  (0.99) 

DN19993

6_c0_g1_

i2 

Sporolithon 
cf. durum GAPDH (HKG) (F) ACAACTCGCAGGAAAGCTCA 212 55.1 120 

   
(R) TGCTTTCATCGGTGCCCTTA  (0.99) 

DN19885

6_c0_g2_

i4 

Sporolithon 
cf. durum 

serine/threonine 

protein 

phosphatase 

(GOI) (F) ATGCAGGCCCTTGAGTTTGT 241 64 109 

   
(R) TGATACCGTTGCTCTGCCAG  (-0.90) 

DN19957

8_c0_g1_

i2 

Sporolithon 
cf. durum 

acetyl-CoA 

(GOI) (F) AGACGGTGCAGTTGGAGATC 219 59.7 109 

   
(R) ATATCCCCACCTTCCGATGC  (0.96) 

DN19667

5_c0_g3_

i7 

Sporolithon 
cf. durum UBC (HKG) (F) TGCACAAACTACCTCACGCA 192 57.2 88.9 

   
(R) ATGGTGCTCACTTGCTCACA  (-0.94) 

DN19776

3_c0_g2_

i5 

Sporolithon 
cf. durum HSP33 (GOI) (F) CATCGGTCCAGGTCACTACG 223 57.2 112.4 

   
(R) ATCGCGGCATAGAACTGAGG  (-0.94) 

a
 F, forward primer; R, reverse primer.    
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APPENDIX III 

Supplementary information for Chapter 4 - Plasticity of adult coralline algae to 

prolonged increased temperature and pCO2 exposure but reduced survival in their first 

generation  

 
Figure A3.1. Diagram of recirculating, purpose-built aquarium system. Diagram shows 
basic experimental setup including primary holding tank, treatment header sumps (n = 
4), and independent treatment tanks (11 tanks per treatment). 
 

 

 
Figure A3.2. F1 germlings settled on an acrylic plate from the high temperature (+2.0 
ºC) and ambient pCO2 (pH) treatment. 
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Figure A3.3. Month-old Sporolithon germlings (F1) under stereomicroscope from 
ambient temperature and high pCO2 (low pH) treatment. Letters identify individuals 
that were tracked throughout the experiment for survival and growth.  
 
 
Table A3.1. Seawater carbonate system parameters. Asterisk indicates parameters that 
were calculated using R package seacarb (v 3.2.12). High Mg-calcite was calculated for 
16.4% calcite following methods from Diaz-Pulido et al. (Diaz-Pulido, Anthony et al. 
2012). 

 
 

Table A3.2. Two-way ANOVA for the effects of temperature and pCO2 on the number 
of spores released by Sporolithon adults after one month in different temperature and 
pCO2 treatments. Counts of spores were taken from an n = 5 – 6 adults. One outlier was 
removed from the increased temperature treatment, which was identified using Tukey’s 
rule and was more than 1.5 X the interquartile range. 

 

  

 

Treatment pH 8.0 + 27 C pH 8.0 + 29 C pH 7.7 + 27 C pH 7.7 + 29 C 
Salinity (n = 150) 35.55 ± 0.03 35.61 ± 0.03 35.60 ± 0.04 35.67 ± 0.03 
Temperature ( C)        
(n = 150) 27.10  ± 0.02 29.10  ±  0.03 27.10  ±  0.03 29.10  ±  0.03 

pHT (n = 209) 8.02 ± 0.002 8.01 ± 0.002 7.70 ± 0.002 7.70 ± 0.002 
Alkalinity (µequiv kg-1) 
(n = 25) 2391.64  ±  4.10 2378.32  ±  3.76 2372.88  ±  6.22 2371.52  ±  4.72 

DIC* 2077.13  ± 3.87 2043.27 ± 3.74 2228.46 ± 6.03 2199.86 ± 4.65 
pCO2 (µatm)* 443.73 ± 2.83 1039.92 ± 2.73 441.91 ± 5.09 1035.23 ± 6.04 
[HCO3-] (µmol kg-1)* 1838.80 ± 3.79 1795.90 ± 3.78 2076.97 ± 5.70 2042.61 ± 4.45 
[CO3

-2] (µmol kg-1)* 226.43 ± 0.95 236.08 ± 0.88 123.65 ± 0.54 130.84 ± 0.57 
Ωcal* 5.45 ± 0.02 5.7 ± 0.02 2.97 ± 0.01 3.16 ± 0.01 
ΩHigh Mg-calcite  1.32 ± 0.02 1.42 ± 0.02 0.72 ± 0.03 0.79 ± 0.01      

 

Source of variation df MS F p 
Temperature 1 105648 1.614 0.211 
pCO2  1 194559 0.876 0.362 
Temperature * pCO2  1 36886 0.306 0.587 
Residuals 17 120569   
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Figure A4.2. Mean net calcification values of Porolithon cf. onkodes for each treatment 
condition after temperature ramp experiment. Each bar represents mean net calcification 
± standard error (SE) for each treatment. n = 4 - 5. Blue bars equate to control 
temperature, 27.2 ºC, and yellow hued bars to elevated temperature, 29.5 ºC, with pH 
treatment shown as different shades within temperature treatment. 
 

Table A4.1. Summary of mean carbonate chemistry in the experimental treatments. 
pCO2, HCO3-, and CO3

2- were calculated using the R package seacarb inputting 
measured pHT, total alkalinity (TA), temperature (Temp ºC), and a salinity of 35.5 ± 
0.2. All values are mean ± standard error (SE). High-Mg calcite was calculated for 
16.4% calcite following methods from Diaz-Pulido et al. (2012). 

Treatment 
[Target] Temp ºC pHT  TA µmol 

kg-1 pCO2 µatm  HCO3- 
µmol kg-1  

CO3
2- 

µmol kg-1  
ΩHigh-Mg 

Calcite  
27.2 ºC + pH 
8.00 

27.12 ± 
0.060 

8.00 ± 
0.005 

2291.49 ± 
0.653 

454.19 ± 
8.178 

1777.70 ± 
4.330 

209.14 ± 
1.780 

1.088 ± 
0.010 

29.5 ºC + pH 
8.00 

29.29 ± 
0.071 

7.99 ± 
0.003 

2290.71 ± 
0.875 

477.26 ± 
3.982 

1768.71 ± 
2.980 

212.72 ± 
1.340 

1.135 ± 
0.030 

27.2 ºC + pH 
7.70 

27.18 ± 
0.051 

7.70 ± 
0.002 

2290.91 ± 
0.811 

1020.44 ± 
7.297 

2005.62 ± 
1.860 

116.54 ± 
7.970 

0.606 ± 
0.020 

29.5 ºC + pH 
7.70 

29.48 ± 
0.071 

7.69 ± 
0.003 

2290.31 ± 
0.722 

1028.482 ± 
7.076 

1984.58 ± 
1.540 

125.02 ± 
6.850 

0.672 ± 
0.030 
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Table A4.2. Summary of two-way ANOVA results for the effects of acclimation 
temperature and pH on average net photosynthesis (µmol O2 cm-2 h-1) of Porolithon cf. 
onkodes at respective acclimation temperatures (27.2 ºC or 29.5 ºC) following 6 weeks 
in treatment.  

Average net photosynthesis (µmol O2 cm-2 h-1) 
Factor Df MS F p 
Temperature  1 1.147 0.665 0.427 
pH 1 5.221 3.028 0.102 
Temperature * pH 1 5.147 2.985 0.105 
Residuals 15 1.724   

 
 
Table A4.3. Summary of two-way ANOVA results for the effects of temperature and 
pH levels on net calcification (µmol CaCO3 cm-2 h-1) of Porolithon cf. onkodes.  

Average net calcification (µmol CaCO3 cm-2 h-1) 
Factor Df MS F p 
Temperature  1 0.637 3.496 0.079 
pH 1 0.124 0.683 0.402 
Temperature * pH 1 0.021 0.115 0.738 
Residuals 17 0.182     
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