
1 
 

 

 

The influence of nutrient availability 

on the thermotolerance of symbiotic dinoflagellates of 

family 

Symbiodiniaceae  

 

 

Evan Raymond 

 

 

A thesis submitted to the Victoria University of Wellington 

in partial fulfilment of the requirements for the degree of 

 

Master of Science 

in Marine Biology 

 

 

 

Victoria University of Wellington, New Zealand 

2021   

 

  



2 
 

Acknowledgements 

 

I would like to thank all those who contributed their valuable time and energy in support of my research aspirations.  

I would first like to thank my supervisor, Professor Simon Davy, not only for his critical support and feedback 

throughout my research and thesis writing, but also for recognising my potential to pursue post-graduate study in the 

first place.   

I would also like to acknowledge the entire Davy lab group for their advice and guidance over the past two years. In 

particular, thanks to Dr. Clint Oakley for keeping me well supplied with antibodies and various other miscellaneous 

and/or obscure reagents, and also to (soon to be Dr.) Amirhossein Mashini for his patience in answering my incessant 

questions about western blot protocol.    

A special thank you goes to Patricia Stein for all her help during my time at VUW and without whom I would have 

probably starved to death long ago. 

Most of all I would like to thank my parents for their constant support from day one, and for instilling in me the 

confidence to always pursue my goals, no matter how unorthodox or temporally inexplicable they may seem. 

     



3 
 

 

 

Abstract 
 

Coral reefs are the most biodiverse ocean ecosystems on the planet, providing essential habitat for over 

25% of the world’s marine organisms. Their structural complexity and stability contribute to essential 

coastline defence against erosion, as well as provide billions of dollars per year in economic value in 

the form of tourism and artisanal fishing. Fundamental to this unique and indispensable habitat is the 

symbiotic relationship between cnidarian corals and algal dinoflagellates of family Symbiodiniaceae. 

Reef-building corals gain a crucial majority of their daily energy needs from their endosymbiotic 

dinoflagellates, which facilitates coral growth, reproduction and formation of the reef structure on 

which countless other organisms thrive. However, this symbiosis has come under threat from warming 

oceans as a consequence of anthropogenic climate change. Under thermal stress the cnidarian-

dinoflagellate symbiosis breaks down, resulting in expulsion of the dinoflagellate (‘coral bleaching’), 

followed by the eventual death of the coral animal. Tolerance of elevated temperatures is known to vary 

among coral and Symbiodiniaceae species, and may be influenced by the interaction of nutrient 

availability and photosynthetic function of the endosymbiont.  

The aim of this thesis was to investigate photophysiological mechanisms in thermotolerant and 

thermally sensitive Symbiodiniaceae to determine how they are affected by thermal and nutritive stress, 

both in and out of symbiosis.  

 

Cultured Symbiodiniaceae phylotypes A4 (thermotolerant) and B2 (thermally sensitive) were subjected 

to high and low nutrient and temperature treatments. The photosynthetic health (quantum yield, FV/FM), 

rate of chloroplastic protein synthesis (D1 protein) and photophysiological response to light (NPQ) of 

each phylotype was monitored to determine if thermotolerance was related to nutrient utilization under 

heat stress. Phylotype A4 showed considerably increased D1 synthesis regardless of nutrient treatment 

when compared to phylotype B2, but only minor differences in FV/FM. Also, correlation between D1 

concentration and FV/FM was observed in A4, but not B2 during recovery from heat stress. Responses 
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to short term light exposure contrasted significantly between the two phylotypes under all conditions, 

indicating marked differences in the photophysiological apparatus.  

To examine nutrient use and thermotolerance in symbiosis, the model symbiotic anemone Aiptasia 

pallida (commonly Aiptasia) was inoculated with either Symbiodiniaceae species Breviolum minutum, 

phylotype A4 or phylotype B2. The holobionts (host and symbiont) were fed or starved for a period of 

six weeks and then subjected to heat stress. D1protein concentration and FV/FM was similar in all fed 

holobionts, regardless of symbiont type and heat treatment. Following heat stress, all starved holobionts 

showed extremely low concentrations of D1 protein, but comparable FV/FM, while in low temperature 

starved treatments, only Aiptasia hosting B. minutum showed any recovery of D1 protein.   

 

The study shows that efficiency of nutrient utilization in photosynthetic pathways is not necessarily an 

indicator of thermotolerance, nor does it dictate the ability of the symbiont to confer physiological 

benefits to the host under conditions of heat or nutrient stress. Rather, host-symbiont pairings most 

likely reflect responses to external pressures dictated by the local environment. The implications of the 

physiological disparities between the Symbiodiniaceae types tested are discussed in the context of 

environmental adaptations and host-symbiont nutrient dynamics. The complexity of symbiotic 

interactions highlighted by this study reinforces the imperative necessity of further investigations into 

cnidarian-dinoflagellate symbioses, particularly in regard to thermotolerance and photophysiology. 

Only through understanding the physiological effects of rising ocean temperatures on this essential 

partnership can we begin the work of protecting the coral reef habitat for future generations.   
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1 Introduction 

 

Fluorescence microscopy of the anemone Aiptasia pallida (Aiptasia) hosting Symbiodiniaceae (fluorescing red). 

1.1 Symbiosis and Coral reefs 

1.1.1 Symbiosis 

Originally defined in 1878 by Anton de Bary as ‘the living together of differently named 

organisms’(Oulhen et al, 2016), symbiosis is now recognised as essential to the development and 

survival of the majority of known organisms on earth (Gilbert et al, 2012). Observations of the myriad 

interactions between hosts and their respective symbionts have revealed that symbiotic relationships 

exist on a wide spectrum, with broad definitions developed to categorise general trends in symbiont/host 

relationships. Symbiosis may confer benefits to both partners equally (mutualism), benefit one partner 

only (commensalism) or benefit one partner at the expense of the other (parasitism), with some 

symbiotic associations shifting between these states as a consequence of changing environmental 

pressures or physiological condition of the participants (Douglas, 2008). 

Relationships may be ectosymbiotic, where both partners live externally of each other, an example 

being the ocellaris clown fish (Amphiprion ocellaris) living amongst the tentacles of the anemone 

Heteractis magnifica, where it is protected from predation and is able to feed on parasites that may be 

otherwise detrimental to the anemone. Alternatively, the association may be endosymbiotic, where one 

partner resides within the body of the other, either transiently or permanently. An example of this is the 

bioluminescent bacterium Vibrio fischeri which inhabit light organs in the mantle of the Hawaiian 
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bobtail squid (Euprymna scolopes), providing the squid with a means of camouflage and in turn gaining 

a hospitable environment in which to grow and reproduce (Widder, 2010). 

A common and highly ecologically important example of endosymbiosis occurs in a variety of marine 

invertebrates, where autotrophic unicellular algae are enlisted into the tissues of the invertebrate to 

provide nutritive benefits via photosynthesis (Muscatine & Cernichiari, 1969). While such relationships 

are found in a diverse range of marine animals (including anemones, tridacnid clams, sponges and 

foramniferans to name just a few), the most widely recognised endosymbiotic algal-invertebrate 

partnership is undoubtedly between the scleractinian (stony) corals of phylum Cnidaria and symbiotic 

dinoflagellates of family Symbiodiniaceae (LaJeunesse et al., 2018). 

1.1.2 Symbiodiniaceae and coral reefs 

The coral animal is a small polyp, similar in morphology to a sea anemone, which lives in colonies 

ranging from tens to thousands of individuals (Fig. 1.1) and all sharing a calcium carbonate (CaCO3) 

skeleton of their own secretion. The symbiotic dinoflagellates are introduced into the gastrodermal cells 

of their coral hosts either through phagocytosis (horizontal transfer) or by being passed down from the 

host parent (vertical transfer) (Abrego et al., 2009; Baird et al., 2009). In the cell, the dinoflagellate 

inhabits the symbiosome, a vacuole specifically regulated by the host to accommodate the 

endosymbiont and to facilitate nutrient transfer between the symbiotic partners (Yellowlees et al., 

2008), and from within which the symbiont initiates photosynthesis. Excess photosynthates (fixed 

carbon products of photosynthesis in the form of carbohydrates and fatty acids) are excreted out of the 

symbiont and passed on to the host. 

Hermatypic (reef building) scleractinian corals obtain over 90% of their daily energy requirements from 

the photosynthates of their Symbiodiniaceae endosymbionts, an energy source which is crucial for 

growth, reproduction and accretion of the CaCO3 skeleton which makes up the reef structure on which 

they and countless other organisms live (Muscatine & Cernichiari, 1969; Hughes et al., 2017). In turn, 

the symbiotic dinoflagellate benefits from nutrients found in the hosts waste products (particularly CO2, 

NH4
- and PO4

4-) as well as increased protection from grazers and a stable position in the water column 

suitable for photosynthesis (Yellowlees et al., 2008). 
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1.1.3  The value of reefs 

Coral reefs make up less than 0.5% of the worlds near-shore marine environment yet harbour the highest 

concentration of ocean biodiversity of any habitat, with over 25% of all marine life, including over 

4,000 species of fish, dependent on coral reefs at some point in their life cycle (Costanza & D’Arge, 

1997; Carpenter et al., 2008). Besides their ecological importance, coral reefs are of significant 

economic value, providing an estimated US$30 billion annually in net benefits to world economies 

through tourism, artisanal fishing and coastline protection (UN Environment ISU ICRI & Trucost, 

2018). The continued existence of the world’s coral reefs relies fundamentally on the symbiotic 

relationship between scleractinian corals and their symbiotic dinoflagellates.  

 

 

Fig 1.1 Coral symbiosis and bleaching. A) A staghorn coral colony (Acropora sp.) showing brown colouring due to the pigments 

of endosymbiotic algae (Symbiodiniaceae). B) Close up of an individual coral polyp showing endosymbionts within its 

gastrodermal cells, visible as green/brown spots. C) Free living, or cultured (without a host) Symbiodiniaceae. Each individual 

algal cell is approximately 7-10 µm in diameter. D) Coral in the process of bleaching. Lightening of the brown colouring is due 

to expulsion of endosymbionts. E) completely bleached corals. E) Dead corals being overgrown by algae and showing signs 

of erosion.  

 

1.1.4 Coral Bleaching 

When environmental conditions present significant physiological stress, such as prolonged exposure to 

elevated temperatures, strong irradiance and eutrophication, the cnidarian-dinoflagellate symbiosis 

risks breaking down (Bhagooli & Hidaka, 2004; McCabe Reynolds et al., 2008; Thurber et al., 2014). 

Under such conditions, the algal symbionts may be expelled from the host in a process known as ‘coral 

A B C 

D E F 
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bleaching’, so-called because the white CaCO3 skeleton becomes visible through the transparent coral 

polyp following the loss of algal pigments. With the breakdown of symbiosis, the coral becomes 

deprived of an essential energy source, and if symbiosis is not restored within a matter of days to weeks, 

the coral will eventually die.  

Historically, bleaching events occurred naturally on many coral reefs due to localized environmental 

fluctuations, but the transience of such events generally allowed time for recovery of the affected areas 

by re-establishment of the symbiotic partnership (Glynn, 1993). However, with the increased pressure 

of warming sea surface temperatures fuelled by anthropogenic climate change, the frequency and 

severity of mass coral bleaching events in recent years has risen alarmingly, leading to massive coral 

die-off on reefs around the world (Hughes et al., 2017). Live coral cover in the Caribbean fell from 50% 

in the 1970’s to just 10% in 2003, while in 2008, 407 of 845 described hermatypic coral species were 

listed as threatened or near-threatened by extinction (Carpenter et al., 2008; Jackson et al., 2012). With 

the continued increase in global and oceanic temperatures expected over the coming decades 

(Diffenbaugh et al., 2017), the threats facing this ecologically indispensable symbiotic partnership 

continue to mount.  

 

1.2 Symbiont diversity 

1.2.1  Early Descriptions 

In 1881, the endosymbiotic dinoflagellates of family Symbiodiniaceae were originally taxonomically 

defined as members of the novel genus Zooxanthella (Krueger, 2017), of which there was considered 

to be only a single species.  Kawaguti (1944) observed that the coccoid symbionts of the reef coral 

Acropora corymbosa, formed gymnodinioid-like zoospores when in culture, and he therefore assigned 

them to the dinoflagellate genus Gymnodinium. Freudenthal (1962) was the first to propose a lifecycle 

for gymnodinioid symbionts, cultured from the ‘upside-down’ jellyfish, Cassiopeia sp. Emphasising 

the importance of their symbiotic lifestyle, Freudenthal named these algae Symbiodinium 

microadriaticum, which also became variously known as Gymnodinium microadriaticum and 
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Zooxanthella microadriaticum (Taylor, 1971; Loeblich & Shirley, 1979), and were considered to be a 

ubiquitous and panmictic species within their marine hosts. However, it was Blank and Trench (1985) 

who showed for the first time, using morphometric analyses of the nuclei of 4 different strains of S. 

microadriaticum, that differences in chromosome numbers and chromosome volumes indicated that the 

taxonomic unit S. microadriaticum in fact represented a large species complex. Shortly after, three 

novel species of genus Symbiodinium were described by comparing differences in cell size and 

ultrastructure, including chromosome and pyrenoid numbers, as well as relative volumes of 

mitochondria and chloroplasts of algal isolates (Trench & Blank, 1987). 

Advances in genetic analysis techniques, in particular comparison of restriction fragment length 

polymorphisms (RFLPs) from nuclear genes encoding small subunit ribosomal DNA (18S-rDNA), 

further defined genus Symbiodinium (Rowan and Powers, 1991a). Sequence variation between 

individual isolates within genus Symbiodinium was comparable to that of orders of free-living 

dinoflagellates (Rowan & Powers, 1991b), leading to the division of the genus into groups, or clades, 

loosely based on host taxa. Symbiodinium clades A, B, C (Rowan & Powers, 1991b) and D (Carlos & 

Baillie, 1999) were recognised as the predominant symbionts within scleractinian corals; clade E, of 

which there is a single known species (Lajeunesse & Trench, 2000; LaJeunesse, 2001; Jeong et al., 

2014) was found in the sea anemone Anthopleura elegantissima, while clades F (LaJeunesse, 2001), G 

(Pochon et al., 2001) H (Pochon et al., 2004) and I (Pochon & Gates, 2010) are common in foraminifera.  

Eventually, a growing recognition of the high degree of genetic dissimilarity, existing not only at inter- 

but also intracladal levels, drove discourse on the need to correctly recognise and formally name the 

many genetically distinct lineages of Symbiodinium to species level (Sampayo et al., 2009; Finney et 

al., 2010). A major systematic revision of the family Symbiodiniaceae by LaJeunesse et al., (2018) (fig. 

1.2) led to the current taxonomic classification, where clades A-G have been reclassified as genera, with 

clade A now represented by genus Symbiodinium, clade B by Breviolum, clade C by Cladocopium, 

clade D by Durusdinium, clade E by Effrenium, clade F by Fugacium and clade G by Gerakladium 
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Fig. 1.2 (Image redacted) 

 

1.2.2 Host specificity and Flexibility 

Unsurprisingly, the vast genetic diversity of Symbiodiniaceae translates into considerable phenotypic, 

and thus functional and ecological diversity across the range of known phylotypes. It is therefore 

reasonable to assume that Cnidarian hosts preferentially harbour symbionts that confer physiological 

benefits congruent with the ecology in which the host is found. While many dinoflagellates of the family 

Symbiodiniaceae show a generalist nature in host association, no species are ubiquitously generalist 

and some species are highly host and environment specific (Baker, 2003; Silverstein et al., 2012). 

Notably, while some host species exhibit a strong specificity to a particular genus of Symbiodiniaceae, 

they may also harbour additional ‘background’ symbionts of different species or genera (Rouzé et al., 

2017; Bachtiar et al., 2019). This has important ecological consequences for the holobiont, in that the 
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symbiont community composition within the host can in effect be ‘shuffled’ during periods of 

environmental change. This has been seen in corals that have undergone bleaching events, with the 

predominant pre-event symbiont phylotype being replaced by another,  more thermotolerant phylotype 

post-event (Jones et al., 2008; Silverstein et al., 2015; Manzello et al., 2019; Thinesh et al., 2019). It is 

important to note that in these cases the phylotypes that became predominant post-event are considered 

to have already been present as a background type within the coral prior to the event. While uptake of 

new symbiont phylotypes in adult coral (‘switching’) in response to environmental change has been 

observed transiently in the lab (Coffroth et al., 2010), there is so far no indisputable evidence of it 

occurring in the field.  

Symbiodiniaceae can be transmitted to the host directly from parent to offspring via eggs (vertical 

transmission) or acquired by aposymbiotic larvae/early recruits from the environment (horizontal 

transmission) (van Oppen, 2001). Transmission mode is correlated with the reproductive strategy of the 

host. Around 90% of brooding corals transmit vertically and ~80% of spawning corals transmit 

horizontally, with hermaphroditic and gonochoristic spawners representing the vast majority of known 

scleractinian coral species (~84%) (Baird et al., 2009). Corals that acquire symbionts through vertical 

transmission may benefit from the evolutionary success of the host-symbiont fitness of prior 

generations, particularly with regards to thermotolerance and resistance to bleaching(Swain et al., 

2018). However, vertical transmission is also correlated with high host specificity (Fabina et al., 2012), 

which may limit the adaptive capacity of vertical transmitters when exposed to environmental change. 

On the other hand, horizontal transmission allows for acquisition of physiologically novel symbiont 

phylotypes, a potential advantage in transitional environments.   

1.2.3  Thermotolerance 

Prolonged thermal stress results in loss of photosynthetic functions within many phototrophic 

organisms, including Symbiodiniaceae (Berry & Bjorkman, 1980; Iglesias-Prieto et al., 1992). This can 

lead to photoinhibition of the chloroplast and, in the case of the coral holobiont, may result in 

temperature induced bleaching (Bhagooli & Hidaka, 2004; Baker et al., 2008; Díaz-Almeyda et al., 

2017; Sully et al., 2019; Romero-Torres et al., 2020). Degrees of thermotolerance (that is, the ability to 



15 
 

withstand increased ambient temperatures without loss of photosynthetic function) vary significantly 

between Symbiodiniaceae types. It was originally supposed that thermotolerance was correlated with 

phylogenetic divergence within the family, such that all members of a certain genera (formally clades) 

were inherently more or less thermotolerant than those of another genera (Rowan et al., 1997; Warner 

et al., 1999). It has since been recognised that Symbiodiniaceae show high intra- and inter-generic 

diversity in thermotolerance, as well as some degree of intraspecific diversity (i.e. between strains of 

the same species) (Díaz-Almeyda et al., 2017; Swain et al., 2017; Mansour et al., 2018).  

There is now general acceptance that specific Symbiodiniaceae species, such as Durusdinium trenchii 

and Cladocopium thermophilum, exhibit high resistance to thermal stress, relative to thermally sensitive 

phylotypes such as (ITS2) type C7 (Hume et al., 2015; Kemp et al., 2015; Silverstein et al., 2017).  

The exact physiological traits that confer thermotolerance to individual Symbiodiniaceae phylotypes is 

a topic of ongoing research, however relative thermotolerance in Symbiodiniaceae is likely to rely on a 

combination of factors, including (but not limited to) the ability of the symbiont to adapt to fluctuations 

in incident irradiance and its efficiency in dealing with oxidative stress (Suggett et al., 2008; Das et al., 

2015; Lesser, 2019).  

Importantly, symbiotic dinoflagellates that show high thermotolerance are often less favourable to their 

cnidarian hosts, as these symbionts tend towards elevated levels of photosynthate and organic nutrient 

retention (Stat & Gates, 2011; Baker et al., 2018). Thermotolerant Symbiodiniaceae are often found in 

health compromised corals that have previously undergone thermal stress, where their symbiotic 

association tends towards parasitism. This may be due to thermotolerant species outcompeting 

thermally sensitive species at elevated temperatures, with the host retaining the thermally tolerant 

species at the cost of lowered photosynthate translocation and a resultant decrease in host growth- and 

reproductive-rate as well as reduced CaCO3 accretion. This may have important implications 

concerning optimal cnidarian-dinoflagellate partnerships as sea surface temperatures continue to rise 

(Gibbin et al., 2018).     
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1.3 Nutrient Exchange 

1.3.1 Carbon Exchange 

Metabolic exchange during coral-dinoflagellate symbiosis is central to the ecological success of the 

partnership. More than 60% of carbon photosynthetically fixed by the symbiont may be translocated to 

the host (Taylor, 1969), providing energy for respiration, growth and reproduction. This high percentage 

of photosynthate translocation is a consequence of a chemical signal provided by the host, loosely 

termed ‘host release factor’ (HRF) (Muscatine, 1967). HRF greatly enhances photosynthate output in 

the symbiont, as free-living dinoflagellates would typically release less than 5% of their fixed carbon 

into the surrounding medium. The exact properties of HRF are largely unknown, but it’s involvement 

has been confirmed in a range of cnidarian-dinoflagellate symbioses (Sutton & Hoegh-Guldberg, 1990; 

Grant et al., 1997; Davy & Cook, 2001).  

Inorganic carbon (Ci) is delivered to the symbiont in the form of CO2, as a waste product of host 

respiration (Fig. 1.3).  However, to facilitate the increased rate of photosynthesis required of the 

dinoflagellate in hospite (within the host) a higher concentration of CO2 is needed than is typically found 

in sea water. The host remedies this via the enzyme carbon anhydrase (CA), which catalyses the 

conversion of bicarbonate (HCO3
-), a compound naturally abundant in seawater, into CO2, thus greatly 

increasing the concentration of CO2 in the symbiosome (Weis & Reynolds, 1999; Ganot et al., 2011). 

CA also facilitates biomineralization in cnidarians, increasing the accretion rate of CaCO3 into the 

skeletal structure (Le Goff et al., 2016). 

1.3.2 Nitrogen Exchange   

Access to nitrogen (N) is crucial for all living organisms due to its functional role in a host of organic 

molecules, including nucleic acids, amino acids and adenosine triphosphate (ATP). In free living 

Symbiodiniaceae, ammonium is assimilated into the cell directly from seawater by the glutamine 

synthetase/glutamine 2-oxoglutarate amidotransferease (GS/GOGAT) cycle (Roberts et al., 2001). This 

produces glutamate, a key amino acid which also serves as a precursor to synthesis of DNA, RNA, 

pigments and certain lipids (Rahav et al., 1989; Xiang et al., 2020). In hospite the symbiont loses direct 
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access to seawater, but may still receive ammonium through the cell walls of the host via seawater 

filling the host’s gastrovascular cavity (Pernice et al., 2012). The symbiont can also incorporate nitrate 

(NO3) directly from seawater, converting it to ammonium before further metabolism via GS/GOGAT, 

but the process is less metabolically efficient than direct ammonium assimilation  (Ferrier-Pagè et al., 

2015).  

Confounding all this however is ‘Darwin’s Paradox’, which concerns the fact that corals flourish in 

notoriously oligotrophic water (lacking in nutrients) and, despite the abundance of life, coral reefs have 

been referred to as ‘marine deserts’, due to the extremely low concentration of dissolved organic and 

inorganic matter (van Oevelen et al., 2013; Cui et al., 2019). This means that the dinoflagellate symbiont 

 

Fig. 1.3 (Image Redacted) 

 

relies almost exclusively on ammonium supplied by the host to meet its N requirements, which mostly 

comes in the form of waste ammonium from digested particulate matter consumed heterotrophically by 

the host (McAuley & Cook, 1994).  

Nitrogen and amino acids are therefore tightly recycled within the cnidarian-dinoflagellate symbiosis 

and, unsurprisingly, symbiotic dinoflagellates in hospite are generally considered to be nitrogen limited 

(Muscatine et al., 1989; Cook et al., 1992; Titlyanov et al., 2000; Davy et al., 2012; Xiang et al., 2020). 

This, however, is not only due to oligotrophic seawater, as it is also well understood that cnidarian hosts 
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actively limit N availability to their endosymbionts as a means of controlling their growth and 

reproductive rate (Rädecker et al., 2015; Cui et al., 2019). If allowed to grow at the same rate as the 

host cells, the symbionts would not only eventually overwhelm the host, but also consume large 

amounts of fixed carbon through the building of proteins and lipids, leaving less for the hosts metabolic 

demands. Wang and Douglas (1998) showed that the model symbiotic anemone Aiptasia pallida 

employed fixed carbon to assimilate ammonium through the ATP-dependent amination of glutamate to 

glutamine, via GS, thus directly competing with the symbiont for access to N through ammonium. 

Xiang et al., (2020) showed that as algal populations in Aiptasia increased and more fixed carbon 

became available, assimilation of ammonium in the host also increased, effectively slowing symbiont 

growth. 

    Therefore, N availability in hospite is of considerable metabolic importance for the cnidarian-

dinoflagellate symbiosis. As the main goal of the host is to encourage optimal photosynthetic output 

from the symbiont, it is crucial that the symbiont is able to make optimal use of available nutrients to 

facilitate photosynthate production. This may include preferential investment of N into synthesis of 

essential chloroplastic metabolites and proteins, such as D1 protein, which will be discussed shortly.    

 

 

1.4 Concepts of Photophysiology 

At the heart of the symbiotic partnership between Symbiodiniaceae and its cnidarian host is the process 

of photosynthesis. Photoinhibition, or the breakdown of photosynthesis, is a precursor to symbiont 

expulsion, and thus coral bleaching (Jones et al., 1998; Warner et al., 1999; Smith et al., 2005; 

Wangpraseurt et al., 2017; Carballo-Bolaños et al., 2019) and therefore a large body of work has been 

devoted to mechanisms of photoinhibition in Symbiodiniaceae and strategies that protect against it (Hill 

et al., 2014; Dang et al., 2019a). Accordingly, it is necessary to understand the principles of the 

photosynthetic system and the mechanisms behind certain photophysiological pathways.  
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1.4.1 The Chloroplast 

The success of the holobiont partnership relies fundamentally on the ability of the symbiont to 

efficiently carry out photosynthesis within the gastroderm of the host. Like all eukaryotic 

photoautotrophs, Symbiodiniaceae contain chloroplast organelles, made up of a pair of lipid bilayers 

enclosing a stromal space, in which floats a protein-embedded thylakoid membrane with a central 

lumen. The chloroplast harvests photons in the thylakoid membrane through the ‘light-dependent 

reaction’ of photosynthesis. The energy gained  from these photons is used to drive an electron transport 

chain (ETC) which ultimately leads to the reduction of nicotinamide adenine dinucleotide phosphate  

(NADP+) to NADPH, used as a reducing agent in the so-called ‘dark reaction’ of the Calvin-Benson 

cycle (CBC) (Bassham et al., 1950). The CBC is responsible for fixing inorganic carbon into 

biologically consumable carbohydrates in the stroma, employing the enzyme ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco). 

A second product of the light-dependent reaction is adenosine triphosphate (ATP), the synthesis of 

which is driven by a pH gradient formed across the thylakoid membrane (Fig. 1.4a). The gradient is 

caused by a build-up of H+ ions in the lumen as a result of water oxidation by the oxygen evolving 

complex found in photosystem II (PSII), as well as via transfer of electrons from PSII to the electron 

acceptor plastoquinone, 

1.4.2 The Photosystems and the electron transport chain 

The thylakoid embedded proteins of the chloroplast are grouped into multi-subunit protein complexes, 

each of which contributes uniquely to the electron transport chain (ETC). PSII, the first major protein 

complex in the light dependent process of photosynthesis, is made up of a heterodimer of the trans-

thylakoid proteins D1 and D2, which are bound to the oxygen evolving complex (OEC) and flanked by 

the transmembrane  chlorophyll proteins CP47 and CP43 (Bricker & Frankel, 2002), to which hundreds 

of ‘antennae’ pigment molecules are bound in a precise, 
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Fig 1.4. (Image Redacted) 

 

 yet potentially motile, configuration (Fig. 1.4a). The antennae pigments, known collectively as the light 

harvesting complex (LHC), readily absorb photons with wavelengths between 400nm and 670nm, the 

energy of which kicks an electron in the pigment molecule into a higher, less stable orbit. This energy 

is propagated along a series of neighbouring pigments via fluorescence resonance energy transfer 

(FRET), until it reaches the reaction centre of PSII (RCII) (Fig. 1.4b) At RCII the energy is passed to 

the chlorophyll cluster P680 which undergoes charge separation to become P680+, passing on an 

electron to the primary electron acceptor quinone-A (Qa, reduced Qa-), via pheophytin (Phe), both of 

which are bound within the D1-D2 heterodimer (Fig. 1.4a). P680+ is then reduced back to P680 after 

accepting an electron from a tyrosine molecule (Yz), which is itself reduced by an electron cleaved from 

water via the OEC. The reduced Qa- passes its electron to the loosely bound secondary electron acceptor 

quinone-B (Qb). Qb requires two electrons to become fully reduced to Qb2-, therefore two Qa- are 

needed to fully reduce a single Qb molecule, requiring at least 2 turnovers of PSII. The fully reduced 
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Qb2- binds with two protons (H+) from the stroma and is released into the thylakoid membrane where it 

becomes part of the free living plastoquinone pool. Protonated plastoquinone diffuses through the 

thylakoid membrane until it reaches cytochrome b6/f, where it attaches to a binding site on the lumenal 

side of the membrane, releasing its protons into the lumen and passing the electrons on to a plastocyanin 

molecule which then passes them on to the chlorophyll pair P700 found in the reaction centre of 

photosystem I (RCI). The end result is a transfer of electrons from P700 to the terminal electron acceptor 

ferrodoxin (Fd). The reduced form of ferrodoxin is now available to reduce NADP+ to NADPH via the 

ferrodoxin-NADP-oxidoreductase enzyme (FNR), with NADPH able to be used in the dark reactions 

of the CBC for the fixation of carbon. Alternatively, a series of non-carbon reducing paths are available 

to the electrons in the reduced ferrodoxin, including the Mehler reaction, photorespiration, nitrogen 

reduction and cyclic electron flow.  

1.4.3  Photosystem II and the D1/D2 heterodimer 

While the PSII complex is composed of over twenty-five subunits, the light induced electron transfer 

reactions occur solely within the D1/D2 heterodimer, which binds all the co-factors involved in 

photosynthetic water oxidation (Nixon et al., 2006) (Fig. 1.4a). The D1 protein is a rapid turnover 

protein, in that it is specifically degraded under illumination in vivo and is continuously re-synthesized 

de novo in the thylakoid membrane of the chloroplast (Mattoo et al., 1981; Mattoo et al., 1984). Under 

conditions of excess irradiance, degradation of D1 may outpace de novo synthesis, resulting in a net 

loss of D1 content and photoinactivation of the PSII reaction centre (Allakhverdiev & Murata, 2004). 

Accumulation of photoinactivated RCIIs leads to photoinhibition, defined as the significant and long-

term loss of photosynthetic yield within the chloroplast. 

It has been long understood that photoinactivation of PSII is an inevitable result of exposure to visible 

and UV light (Powles, 1984), and that photoinactivation occurs when absorbed light exceeds the 

capacity of the chloroplast to utilize the excitation energy (Chow & Aro, 2006). All other things being 

equal, combinations of irradiance and duration of illumination that give the same photon exposure (i.e., 

total incident photons m-2) will produce the same extent of photoinactivation (Jones & Kok, 1966; Park 

et al., 1995; Tyystjarvi & Aro, 1996). For this reason, much work on photoinhibition has concentrated 
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on identifying the potential agents of D1 degradation as a function of photon induced charge separation 

within PSII. 

1.4.4  Mechanisms of Photoinhibition  

Rates of photoinactivation may increase as a function of the steady-state redox potential of various PSII 

components (De Las Rivas et al., 1992; Keren et al., 1997; Mellis, 1999). The model known as acceptor-

side inhibition posits that as the steady-state redox potential of the primary electron acceptor pool shifts 

to a reduced state (Qa -> Qa-), electron flow from Phe- to Qa is slowed due to a lack of available oxidised 

downstream acceptors. Under these conditions, Phe- can undergo charge recombination with P680, with 

a high probability of forming the P680 triplet state (Giorgi et al., 1990). Triplet P680 is quenched 

efficiently by O2 , thereby generating the highly reactive oxygen species (ROS) singlet oxygen (1O2), 

which readily reacts with protein (i.e. D1) and/or pigment components in the immediate vicinity, 

causing irreversible functional and structural damage (Vass et al., 1992). However, this model is 

inconsistent with studies which demonstrate that inhibition of electron transport from Qa- to Qb has no 

effect on the rate of photodamage of PSII (Komenda & Masojídek, 1998; Allakhverdiev et al., 2005). 

Alternatively, donor-side inhibition assumes that reduction of P680+ is slowed, potentially due to over-

acidification of the thylakoid lumen under high light (Krieger & Weis, 1993). This is proposed to have 

the effect of reversibly releasing Ca2+ from the OEC and temporarily preventing electron transfer from 

H2O to P680+ (via tyrosine, Tyrz
-) (Boussac & Rutherford, 1992). P680+, being the most powerful 

oxidant involved in photosynthesis due to its ability to extract electrons from otherwise stable water 

molecules (Chow & Aro, 2006), will react readily with neighbouring molecules if not immediately 

reduced through charge recombination (Bumann & Oesterhelt, 1995). Thus, the extended life-time of 

P680+ under the above conditions would result in oxidation of key PSII components, particularly the 

D1 protein within which it is bound (Anderson et al., 1998).  

A more recently proposed mechanism sees degradation of D1 as a secondary event in a process known 

as the two-step model (Hakala et al., 2004; Ohnishi et al., 2005). In this scenario photodamage to PSII 

occurs initially at the water splitting site of the OEC, specifically through photon induced displacement 

of a Mn2+ ion from the Mn-Ca cluster (Zavafer et al., 2015). As in the donor side model, electron flow 
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from H2O to P680+ is disrupted and oxidative damage occurs in the D1 protein. Notably however, the 

two step model disregards redox potential within PSII as being the rate limiting entity in 

photoinactivation. Instead, photodamage to the OEC initiates D1 degradation at a rate-constant 

proportional to incident photon flux (Hakala et al., 2004), a scenario strongly supported by observations 

of rates of photoinactivation under moderate light (Park et al., 1995; Tyystjarvi & Aro, 1996; Tyystjärvi, 

2008). Photoinhibition of the chloroplast then occurs as synthesis de novo of replacement D1 is inhibited 

at the translational level by ROS (Nishiyama et al., 2006). It is well understood that when electron flow 

rate from PSII increases beyond the CO2 fixation capacity of the CBC, excess electrons can be diverted 

through an alternative sink in PSI. Known as the water-water cycle, this process uses electrons cleaved 

from water in PSII to reduce O2 to the superoxide radical (O2
-) (Mehler, 1951), which is 

disproportionated to H2O2 via the catalyst superoxide dismutase (SOD) (Asada, 2006), with H2O2 then 

reduced to H2O by ascorbate, a reaction catalyzed by ascorbate peroxidase (APX). Thus, efficient ROS 

scavenging by SOD and APX in PSI is essential for suppressing the build-up of naturally occurring 

oxidative stressors. Under conditions where electron flow from PSI to the terminal ferrodoxin is 

inhibited, such as when the concentration of NADPH increases beyond the capacity of the CBC to 

utilize it, electrons diverted through the water-water cycle may increase levels of O2
- and H2O2 at a rate 

beyond which SOD and APX can respectively scavenge them. H2O2 has been demonstrated to inhibit 

D1 synthesis at the translational level by oxidising the translation factor EF-Tu, responsible for the 

elongation step in the translation of PsbA mRNA, which encodes the D1 protein (Nishiyama et al., 

2001; Takahashi & Murata, 2008; Jimbo et al., 2018). Hence, according to this model, photoinhibition 

is the result of a reduced rate of D1 synthesis, as opposed to an increased rate of D1 degradation. This 

model, however, may not hold true for chloroplasts subject to non-irradiative stress only (Hill et al., 

2011).  
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1.4.5  Irradiative tolerance 

By necessity, Symbiodiniaceae-harbouring scleractinian corals may only inhabit areas of the ocean 

where downwelling sunlight is sufficient for photosynthesis. As such, the biogeographic range of 

hermatypic corals is dictated by factors which affect the amount of incident irradiance available to the 

symbiont, such as depth, water turbidity and weather. In general, coral reefs are found in relatively 

shallow (<100m deep) tropical and sub-tropical areas, where a warm, stratified water-column results in 

clear, oligotrophic surface waters, allowing for minimal absorption and dispersal of downwelling light. 

However, these environments also present significant spatial and temporal variations in light intensity, 

to which both the coral host and the symbiont must adapt in order to efficiently utilise photosynthetically 

active radiation (PAR) (Warner & Suggett, 2016). 

The primary spatial gradient for light intensity on a coral reef is depth, as light is naturally absorbed 

and scattered relative to how far it travels through the water column (Innis et al., 2018). Zonation of 

Symbiodiniaceae phylotypes as a function of depth has been observed in a number of coral species 

(Rowan & Knowlton, 1995; Toller et al., 2001; Kemp et al., 2015; Innis et al., 2018), indicating that 

the dominant symbiont within a coral host may be of a phylotype most suited to the ambient irradiance 

at any given depth. A similar pattern has been observed on a macro-scale, where photo-tolerant 

Symbiodiniaceae phylotypes have been found exclusively on dorsal areas of coral colonies and photo-

sensitive types located laterally, or even ventrally, within the same colony (Rowan et al., 1997; Kemp 

et al., 2015). This has been interpreted as an indication that photoadaptation to incident irradiance is set 

according to genotypic constraints in the cellular functioning of the symbiont (Warner & Suggett, 2016). 

However, regardless of depth, incident irradiance fluctuates considerably, and often stochastically, on 

a range of temporal scales. Changes in cloud cover, water turbidity and daily and seasonal variations in 

sun intensity all dramatically alter the local light environment of the coral reef. For this reason, members 

of Symbiodiniaceae (and indeed most known photoautotrophs) have developed a suite of 

physiologically regulated protective measures to allow them to acclimate to short- and long-term 

fluctuations in incident irradiation (Niyogi & Truong, 2013; Goss & Lepetit, 2015). These 

photoacclimation strategies, known as non-photochemical quenching (NPQ), allow the symbiont to 

limit overexcitation of photosynthetic pigments and the electron transport chain under high light, while 
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still efficiently maintaining photosynthesis when light levels drop. In the context of the current study, 

the most relevant form of NPQ is energy quenching (qE), or the dissipation of excess photonic energy 

as heat. This process is regulated by the pH gradient (ΔpH) formed across the thylakoid membrane 

during light driven photosynthesis. High-light induced acidification of the thylakoid lumen triggers 

reversible de-epoxidation of xanthophyll pigments in LHCII, causing antenna pigment aggregation 

followed by thermal deactivation of excited-state LHCII pigments (Jahns & Holzwarth, 2012; Ruban 

et al., 2012). Under these conditions, excess excitation energy is lost before it reaches RCII, limiting 

photo-oxidative damage to PSII. Implementation of qE occurs within seconds of high ΔpH formation 

and relaxes again within tens of seconds of ΔpH returning to base levels(Demmig-Adams & Adams, 

2006), allowing the autotroph to rapidly acclimate to sudden fluctuations in incident irradiance. qE has 

been seen to contribute ~60% of total NPQ in Symbiodiniaceae exposed to high light environments 

(Hill et al., 2005). 

 

1.5 Aims and objectives of the study 

The continued existence of coral reefs relies fundamentally on the success of cnidarian-dinoflagellate 

symbiosis, yet this partnership is under multiple threats, not least from increasing sea surface 

temperatures due to anthropogenic climate change. It is understood that Symbiodiniaceae that show 

elevated thermotolerance may confer a degree of protection to their hosts in warming seas, but often at 

the cost of balanced nutrient exchange between the two partners. Maintaining high levels of 

photosynthesis requires allocation of nutrients to chloroplastic metabolism, the rate of which may differ 

between symbionts of differing thermal sensitivity.  Therefore, to understand the mechanisms which 

play a role in how coral and their endosymbionts will adapt to rising sea temperatures, it is necessary 

to understand the physiological changes caused by thermal stress in both the symbiont and the host and 

how these changes may affect nutrient allocation during photosynthesis.  
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The aim of this study will be to investigate how thermotolerance to photoinhibition in Symbiodiniaceae 

is connected to nutrient availability and to what extent these factors affect the metabolic requirements 

of the host. This will be accomplished by addressing the following two questions: 

 

1) Is thermotolerance in Symbiodiniaceae a consequence of more efficient nutrient use in 

 photosynthesis in low nutrient environments? 

 

H0: Thermotolerant and thermally sensitive Symbiodiniaceae will synthesize equal concentrations 

of the chloroplast D1 protein under heat and nutrient stress. 

H1: Thermotolerant Symbiodiniaceae will synthesize higher concentrations of D1 protein under 

heat and nutrient stress than thermally sensitive species. 

 

2) Is the growth and thermal tolerance of a host influenced by the efficiency of Symbiodiniaceae 

 to synthesize photosynthetic proteins in a low nutrient environment?  

 

H0: Host growth-rate and thermotolerance will not be affected by the ability of the symbiont to 

synthesise D1 protein in a low nutrient environment. 

H1: The host will show improved growth and thermotolerance when harbouring Symbiodiniaceae 

that are able to efficiently synthesize D1 protein in a low nutrient environment.  
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2 Methods 

 

Aiptasia hosting B. minutum 

 

2.1 Thermotolerance 

A preliminary trial was run to select organisms based on their apparent thermotolerance, which were 

then to be used in the subsequent experiments.  

2.1.1  Experimental Organisms 

Five Symbiodiniaceae phylotypes were selected for use in preliminary heat tolerance experiments, 

drawn from a stock library of cultures maintained in an incubator (Biosyn 6000CP, Contherm) kept for 

10+ years at 25oC, under an irradiance of ~55µmol photons m-2 s-1 (provided by 4 x TLD 18W/840 Cool 

White fluorescent lights) on a 12 h:12 h light:dark cycle. Individual phylotypes were selected based on 

their relative thermotolerance as reported by Swain et al. (2017), with the intention of building an 

experimental sub-set representing phylotypes of high, medium and low thermotolerance. Four of the 

cultures were originally isolated from geographically distinct populations of the sea anemone Aiptasia 

pallida, (commonly referred to as ‘Aiptasia), and one culture from a species of the coral Turbinaria 

(Table 1). All phylotypes will from here on be referred to by either their taxonomic nomenclature, or, 

if one is forthcoming, then by their ribosomal DNA internal transcribed spacer region 2 (ITS2) sequence 

type, a genetic sequence used to identify Symbiodiniaceae to the sub-species level.  

Approximately 500 µl of each Symbiodiniaceae culture was inoculated into flasks containing ~250ml 

of artificial seawater (ASW) (Aquaforest, Poland), enriched with f/2 medium (Algaboost, Australia). 
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The flasks were incubated at 25.5oC, and exposed to an irradiance of ~40 µmol photons m-2s-1 provided 

by 4 x TLD 18W/840 Cool White fluorescent lights  on a 12 h:12 h light : dark cycle. A 100 ml volume 

of f/2 enriched ASW was replaced in each flask every two weeks to maintain growth in the exponential 

phase. 

Table 1. List of experimental culture phylotypes. Taxonomic Name: Genus, species, N/A = Not yet described; ITS 2 Type: 

Phylotypic classification based on genetic sequencing of the ribosomal DNA ITS2 region. First letter indicates genus (formally 

clade), A= Symbiodinium, B= Breviolum, C= Cladocopium, D=Durusdinium; Host Organism: Organism from which culture was 

originally isolated; Geographic Origin: Region and country where host organism was collected. 

Taxonomic Name ITS2 Type Host Organism Geographic Origin 

N/A A4 Aiptasia  Florida, USA 

Breviolom minutum B1 Aiptasia  Florida, USA 

N/A B2 Aiptasia  Kanehoe Bay, Hawaii 

N/A C1 Turbinaria sp. Lord Howe Island, Australia 

Durusdinium trenchii D1a Aiptaisia  Okinawa, Japan 

 

2.1.2  Experimental Set-up 

After approximately six weeks incubation, biomass from individual stock flasks was transferred to glass 

screw cap jars containing 15 ml f/2 medium (n = 6 bottles per phylotype), with a final cell density of 

20-35 x 104 cells ml-1, estimated from four replicate counts with a haemocytometer. Jars were then 

randomly assigned to one of two treatments; Control (C), with cultures maintained in a water bath held 

at 26oC (± 0.5oC), or Thermal (T), with cultures subjected to a gradual increase in temperature of 1oC 

every two days, starting from an initial 26oC (n=3 per phylotype per treatment). The temperature of 

each water bath was monitored by a HOBO Pendant (UA-002-08, Onset) temperature/light digital data 

recorder, set to take readings every 15min. Light exposure for both groups was maintained 120 µmol 
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photons m-2 s-1, provided by 4 x T5-54W overhead fluorescent tubes, on a 12 h:12 h light : dark cycle, 

which was maintained throughout the experiment. The selected irradiance levels approximately 

reflected those found on a low latitude reef 2-3 hours after sunrise, at which time corals are at their most 

photosynthetically active, while employing minimal photoprotective mechanisms (Hill & Ralph, 2005). 

It was reasoned that such lighting conditions would exclude the effects of long-term light stress as a 

confounding variable in the experiment, while allowing for a measurable photochemical response to the 

thermal regime.       

 

2.1.3  Photosynthetic performance and thermotolerance 

Maximum quantum yield (FV/FM, see below) was compared daily between treatment and control groups 

of the same phylotype. When one-way ANOVA analysis for a particular T group showed a significant 

reduction in FV/FM compared to its corresponding C group for two consecutive days, the temperature 

was recorded and determined to be the limit of that phylotype’s thermotolerance under the experimental 

conditions. The T group was then returned to control conditions and monitored as before, and when 

daily FV/FM measurements no longer showed a significant difference between the groups, the T group 

was considered to have ‘recovered’. In this manner the five phylotypes were assessed according to their 

thermotolerance, ability to recover from thermal stress (as measured by maximum quantum yield) and 

overall stability under the experimental conditions.  

Measurement of FV/FM was achieved through in vivo chlorophyll fluorescence measurements using an 

underwater pulse amplitude modulated fluorometer (PAM) (Underwater Fluorometer Diving PAM, 

Heinz Walz GmbH, Germany). Each replicate was dark adapted for 10 min to allow for relaxation of 

NPQ parameters, then individually illuminated via a low intensity measuring light (ML) (0.15 µmol 

photons m-2 s-1, 0.6 kHz, 475nm) provided by the fibre-optic light-sensor/emitter of the PAM 

fluorometer. By holding the sensor/emitter in direct contact with the bottom of the sample jar (where 

sufficient algal culture had accumulated), the measuring light excited the chlorophyll in the algae and 

detected the auto-fluorescence given off as the chlorophyll relaxed. The unitless fluorescence value 
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obtained by the measuring light is termed “minimum fluorescence” (F0) and represents the fraction of 

the total pool of reaction centres (RC’s) in the sample that are currently closed (that is, RCs which are 

unavailable for photochemical reaction due to either having a reduced electron acceptor pool, being 

currently involved in nonphotochemical quenching or otherwise photoinactivated ie, due to physical 

damage). Following measurement of F0 the algae were subjected to a 800ms saturating pulse (SP) of 

high intensity white light (>1500 µmol photons m-2 s-1, 400-700nm) with the subsequent peak in 

fluorescence termed “maximum fluorescence” or FM. FM represents the fluorescence emitted when the 

total pool of reaction centres in the sample are closed due to complete reduction of the electron acceptor 

pool (Qa) downstream of PSII. Maximum quantum yield is then calculated as FV/FM, where FV = FM – 

F0, or the difference between the pool of photosynthetically active and inactive RCs. 

Measurements of FV/FM were performed each morning after 1 h of light exposure, a timing regime 

chosen to avoid the effects of chlororespiration on quantum yield measurements. Chlororespiration 

occurs in the chloroplasts of Symbiodiniaceae during periods of darkness and involves the 

nonphotochemical reduction of intra-thylakoid plastoquinone (PQ) via a stromal pool of NAD(P)H 

(Jones & Hoegh-Guldberg, 2001; Peltier & Cournac, 2002). Fluorescence measurements performed on 

organisms with a pre-reduced PQ pool result in an underestimation of FM, which subsequently leads to 

an artificially low FV/FM calculation. Several minutes of light exposure after a prolonged period of 

darkness induces activation of the Calvin-Benson-Cycle (CBC), leading to re-oxidation of the PQ pool 

as NADP is reduced to NADPH at the terminal electron acceptor ferrodoxin-NADP reductase (FNR) 

in PSI. One hour of light exposure was chosen as sufficient time for PSI to process any pre-reduced PQ 

(Ross Hill & Ralph, 2005), with the subsequent 10 min darkness allowing for complete re-oxidation of 

the electron acceptor pool, as excess reducing agents are consumed through the “dark reaction” of the 

CBC (Bassham et al., 1950). 
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2.2 Culture Experiment 

2.2.1 Estimating required Biomass volume  

Before running the experiments, the minimum biomass of cells required for down-stream analysis was 

estimated. Preliminary protein extraction assays performed on cultures of Symbiodiniaceae phylotypes 

A4 and B2 using a “Qubit 2.0 Fluorometer” (Invitrogen), indicated that a final concentration of ~2-4 

million cells sample-1 was required to yield a lysate with a total protein concentration of 1-2 µg µl-1, a 

concentration considered sufficient for western blot analysis when loading 10-80 µg total protein per 

lane (S. C. Taylor & Posch, 2014). The limiting factor when loading protein into SDS-PAGE is well 

volume, a variable dependent on the size of the ‘comb’ used when casting the gel. The well volume of 

a given 1.5 mm, 15 well comb is 40 µl (66 µl for a 1.5 mm, 10 well comb), meaning that a lysate with 

a total protein concentration as low as 0.5 µg/µl can (technically) be loaded to a final total protein 

volume of 20 µg without overfilling the well. Preliminary western blot assays of PsbA standard dilutions 

against sample protein dilutions indicated that a sample volume of 10 µg total protein was enough to 

accurately detect and quantify the target protein. Therefore, a sample yielding a lysate with a minimum 

total protein concentration of 0.5 µg/µl or >~100x104 cells sample-1 was considered sufficient.   

Cell counts of stock cultures (maintained at a constant temp of 25.5°C and 40 µmol photons m-2 s-1 

irradiance, on a 12 h : 12 h light : dark cycle) taken every 3-4 days over three weeks using a 

haemocytometer showed a concentration of ~117x104 cells ml-1(± 5.4 SE) for phylotype B2 and 

~49x104 cells ml-1 (±4.3 SE) for phylotype A4. Assuming the above cell concentrations were the 

conditional equilibria for these phylotypes, and allowing for a maximum potential loss of 50% biomass 

during the experiment, a final sample volume of 5 ml from each culture would be needed to yield a 

concentration of ~294x104 and ~123x104 cells sample-1 for B2 and A4 respectively. Therefore, an 

experiment with 32 replicates, and eight sampling points per replicate (See below), required a minimum 

volume of 1.3 L of culture with a minimum starting concentration of ~40x104 cells ml-1.  
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2.2.2 Growth of Culture Biomass 

 To achieve this volume of biomass, 20-30 ml of stock culture of either A4 or B2, (initial concentration 

of ~30x104 and ~75x104 cells ml-1 respectively) were inoculated into individual 1 L flasks (n=5 per 

phylotype) topped up to a total of 300 ml with f/2 ASW. The flasks were stoppered with gauze wrapped 

cotton wool and placed in a water bath set to 26°C under an irradiance of ~100µmol photons m-2 s-1 on 

a 12 h : 12 h light : dark cycle. A 100 ml aliquot of medium was removed weekly from each flask and 

replaced with 100 ml of fresh f/2 enriched ASW to maintain exponential growth. Cell counts of four 

replicates from each were taken weekly using haemocytometer. 

An antibiotic/antimycotic solution (A5955-100ML sigma Aldrich) was added to the media in all 

flasks at a final concentration of 1% to control cyanobacterial contamination and germanium dioxide 

(GeO2) was added to all media to a concentration of 10 mg L-1 to inhibit diatom growth. While the 

physiological impacts this antibiotic/antimyotic solution on dinoflagellates is unkown, GeO2 has no 

demonstrable effect on non-siliceous microbes, (Markham & Hagmeier, 1982; Shea & Chopin, 2007) 

2.2.3  Experimental set up 

When sufficient Symbiodiniaceae biomass was available (~7-8 weeks of growth time) the contents of 

the growth flasks were combined and a cell count taken, giving a pooled concentration of ~120x104 and 

~145x104 cells ml-1 for A4 and B2 respectively. The pooled biomass of each phylotype was divided 

into 32 individual 250 ml flasks by vacuum filtering either 40 ml of A4 or 30 ml of B2 through Q4 

Whatman filter papers, then washing the collected biomass from each filter paper into 50 ml of high-

nutrient (HN) or low-nutrient (LN) medium (n=16 for each treatment and phylotype). Cell density in 

the new flasks was approximately 90x104 cells ml-1 for each phylotype. This decrease in cell density in 

the experimental replicates relative to the pooled density was due to unavoidable losses incurred when 

washing culture biomass from the filter paper.  

Experimental media consisted of ASW (salinity 34.5 ± 1.5 ppt) made with ultrapure ‘Milli-Q’ water 

(MQ-ASW) and enriched with either full strength f/2 medium (HN) or a 1:1000 dilution of f/2 (LN). 

The final nutrient concentration for each medium was calculated as 472 µM of total dissolved nitrogen 
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(TDN) and 19 µM of total dissolved phosphorous (TDP) for HN, and 4.6 µM TDN and 0.24 µM TDP 

for LN, giving a similar N:P ratio of 21.35 and 18.83 respectively (Table. 2.1). Nutrient content of 

experimental media was determined by Lachat Flow Injection analysis and the Astoria 2 Analyzer 

System, performed on double replicate samples of MQ-ASW and MQ-ASW + f/2, by the NIWA Water 

Quality Laboratory, Hamilton, NZ. The final nutrient concentration for the LN medium was selected to 

mimic oligotrophic reef water as closely as possible (Libby & Wheeler, 1997), while the HN content 

was chosen to prevent nutrient limitation occurring during the experiment. 

Table 2.1: Nitrogen and phosphorous Content of Experimental Media. Reef water nutrient values taken from Libby & 

Wheeler, (1997) 

Medium TDN (µM) TDP (µM) N:P 

High Nutrient (HN) 472 19 21.35 

Low Nutrient (LN) 4.6 0.24 18.83 

 Reef Water ~3 – 9.5 ~0.06 – 0.7 ~13.6 – 50 

 

2.2.4  Thermal Treatment 

HN and LN were further divided into high and low temperature treatments (HT and LT), making four 

treatment groups per phylotype (n=8 for each). Four randomly selected flasks from each group of eight 

were then earmarked for future Lincomycin treatment (HN-LNT+L, HN-HT+L, etc.), but were 

otherwise treated identically to non-Lincomycin earmarked replicates. Lincomycin is an antibiotic 

which blocks protein synthesis in chloroplasts. Synthesis of D1 protein in -L samples will be compared 

with +L samples to determine the rate of chloroplastic protein synthesis under each treatment. LT 

replicates were kept in a water bath maintained at a constant 26°C (±0.5) for the entire experiment. HT 

replicates were placed in an identical water bath where the temperature was gradually ramped up by 

1°C every two days, after an initial acclimation period of three days at 26°C. Light exposure for all 

treatments was ~115 – 125µmol photons m-2 s-1 on a 12h:12h light:dark cycle, with temperature of both 

baths monitored every 15 min by HOBO pendants. The position of flasks was rotated daily to ensure 

even light exposure (Fig.2.1).  
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Fig 2.1  i) Visual representation of experimental set-up showing flasks of treatment groups (green circles) in their respective 

water-baths. Ii) New position of flasks after daily rotation. Flasks return to their original position every four days. 

2.2.5 Photosynthetic performance 

PAM measurements of maximum quantum yield were performed daily using a diving PAM as described 

previously. Briefly, all treatments were exposed to 1 h of light following the 12 h dark cycle, and then 

Fv/Fm readings began after 10 min of dark acclimation. All measurements were performed in the dark 

by holding the PAM optical sensor against the base of the flask. Time taken to read all replicates was 

approximately 20-25 min, so readings were taken in random order to minimise any possible variation 

caused by differences in dark-exposure period between replicates. 

 

i) 

ii) 
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In addition, dark-light induction curves (DLIC’s) were generated daily on selected replicates using a 

“Multiple Excitation Wavelength Chlorophyll Fluorescence Analyzer MULTI-COLOR-PAM’ (MC-

PAM) (Walz, Germany). DLIC’s chart the dynamic variation in effective quantum yield of PSII when 

a dark-adapted sample is exposed to actinic light over a short period of time (typically 5-10 min). 

Effective quantum yield is defined as (FM’-F)/FM’ = ΔF/FM’=Y(II), where FM’ is the effective maximum 

fluorescence measured by a saturation pulse applied to a light exposed sample. The difference between 

(dark-adapted) maximum fluorescence (FM) and (light exposed) effective maximum fluorescence (FM’) 

can be used to calculate non-photochemical quenching (NPQ) in a light exposed sample, where NPQ = 

(FM-FM’)/FM’=Y(NPQ). A decrease in FM’ can be translated as a decrease in the number of reaction 

centres (RCs) available for photosynthesis as de-epoxydation of xanthophyll pigments in the light 

harvesting complex (LHC) causes photonic excitation to be dissipated as heat (qE), and/or as LHCs 

undergo state transitions (qT) to effectively bypass PSII (Jahns & Holzwarth, 2012; Ware et al., 2015). 

A third parameter termed Y(NO), or “constitutive losses”, corresponds to the sum of non-regulated heat 

dissipation and/or fluorescence emission due to photoinhibited RCs, and is calculated as F/FM 

(Klughammer & Schreiber, 2008). The real-time effective yield of these three parameters is unity, Y(II) 

+ Y(NPQ) + Y(NO) =1. Comparison of multiple DLIC’s over time provides information on a sample’s 

ability to utilize NPQ under changing conditions, as well as highlight differences in stress response and 

photoinhibitory status between samples. 

The MC-PAM is designed to perform pulse-amplitude fluorometry on dilute suspensions of 

photoautotrophs held in a 3 ml quartz cuvette, and allows the user to manipulate a wide variety of 

parameters in real time via the UI software “PamWin”. A key feature is the option to write a script file 

which automates certain processes, allowing samples to be exposed to identical stimuli over multiple 

days or weeks. By writing script files specific to the phylotypes under investigation, repetitive DLIC’s 

were run using the following general protocol (Fig. 2.2) 

 

A 1.2 ml sample of culture was added to the 3 ml cuvette, along with a “flea” stir-bar, and loaded into 

the MC-PAM optical unit. The optical unit was suspended above a stir-plate running at ~25% speed to 
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stop the culture settling out of suspension during the DLIC. The sample was allowed to dark-adapt for 

10min inside the optical unit. During this time a non-actinic measuring light (<0.15 µmol photons m-2 

s-1, 0.5 kHz, 625nm) was applied to the sample to allow monitoring of F0 relaxation. After 10 min the 

sample was exposed to 15 s of weak, far-red (FR) light at 725 nm. Light at this wavelength is not classed 

as photosynthetically active radiation (PAR, defined as light at wavelengths between 400-700 nm) and 

is not absorbed by the LHC of PSII (which absorbs maximally at 680 nm), and therefore does not induce 

electron flow through the ETC. Instead, the FR light is absorbed by PSI, a bias caused by conformational 

and structural differences between the LHCs of the two photosystems (Ishikita et al., 2006; Croce et al., 

2007). This preferential excitation of PSI results in complete oxidation of the plastoquinone (PQ) pool 

downstream of PSII, as the incoming electron flow through PSI is utilized in tandem with any remaining 

reduced PQ to reduce NADP+ to NADPH, effectively opening all available (non-photoinhibited) PSII 

reaction centres (Schreiber et al., 2012). Immediately following the 15 s FR exposure, the sample was 

subjected to an 800 ms saturating pulse (SP) (~2500 µmol photons m-2 s-1, 440-625 nm (White Light)) 

to determine maximum quantum yield, (Fv/FM). The sample was then exposed to a further 30 s darkness, 

to allow re-oxidation of Qa after the FV/Fm determining SP. The sample was then exposed to 6.5 min of 

continuous white actinic light (AL) (162 µmol photons m-2 s-1), which is long enough for the sample to 

reach a steady state in terms of photochemical and non-photochemical yield of PSII (Y(II) and Y(NPQ) 

respectively) under the new light regime. The intensity of the AL was selected to be slightly higher than 

the experimental light intensity of ~120 µmol photons m-2 s-1, thus imposing a small increase in 

irradiative stress on the sample. This was to ensure that the response elicited by the AL included a 

measurable NPQ dynamic, while avoiding high-light induced photoinhibition in the sample. 15 s after 

the AL was switched on, the sample was exposed to a series of SPs at 1min intervals (~2500µmol 

photons m-2 s-1, White Light) which allows for quenching analysis, or calculation of the change in Y(II), 

Y(NPQ) and Y(NO), as the sample moves toward steady state. After 6.5 min the AL was turned off and 

the sample allowed to relax back to a dark-adapted state. The interval between SPs was immediately 

increased to 2 min, followed by a second increase to 3 min, 6 min later. After a further 12 min, the 

interval was increased a final time to 5 min between SPs and the sample monitored for a further 15 min. 

The increase in SP interval over time is to ensure that the slow relaxation kinetics of the sample are not  
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Fig.2.2 a) Fluorescence quenching analysis of dark-light induction curve (DLIC) charting sample fluorescence (F, unitless) 

against time in minutes, 1) Beginning of 10min dark adaptation period, 2) 15 sec far-red light exposure, 3) Saturating 

pulse (SP) to determine maximum quantum yield, 4) Period of actinic light (AL) exposure, 5) Increase in interval 

between saturation pulses, 6) Non-immediate re-oxidation of Qa . 1.b) Magnified view of rectangular box section in 

a) FV=Variable Fluorescence, F0=Minimum Fluorescence, FM=Maximum Fluorescence, FM’=Effective Maximum 

Fluorescence, Y(NPQ)=(FM-FM’)/FM, Y(II)=(FM’-F)/FM, SP=Saturation Pulse trigger, Yellow bar indicates period of AL 

exposure.  

 

unduly influenced by the frequency of the SPs. Any exposure to high-light, including that of SPs, 

contributes protons to the lumenal proton pool and increases the intrathylakoid pH gradient. Unless 

these protons are readily consumed via ATP synthesis, the pH gradient will persist between SPs and qE 

will be partially maintained (Papageorgiou & Govindjee, 2004). This phenomenon is more pronounced 

in the dark, as slowing of the CBC due to reduced production of NADPH (a reaction which occurs only 

in the light, although see chlororespiration above) leads to a net reduction in available ADP and thus 

A. 

B. 



38 
 

limited ATP synthesis in the thylakoid lumen (Schreiber, 2007). 

2.2.6  Sampling for protein extraction 

Mean FV/FM of HT treatments were compared daily with the corresponding LT treatments using one-

way ANOVA. When significant departure was recorded on two consecutive days between treatments, 

a sample for protein extraction was taken from all replicates on the second day. Samples were collected 

by pipetting 5 ml of culture into a 5 ml screw cap sample tube and were immediately frozen in liquid 

nitrogen before being transferred to a -80°C Freezer. All replicates were left for a further 24 H under 

the same conditions before a second sample was taken following the same method. Immediately after 

the second sampling, all +L replicates had Lincomycin added to a final concentration of 0.9mM (Hill 

et al., 2011; Hill & Takahashi, 2014). The water bath containing HT treatments was then cooled to 26°C 

using freezer blocks (~10mins) and all treatments were exposed to ‘recovery’ light conditions of ~20 

µmole photons m-2 s-1 provided by full spectrum LED ‘SolarOasis’ overhead grow lights. Sampling was 

repeated 2, 8 and 24 h after exposure to the new temperature and light conditions (from here-on referred 

to as recovery conditions), while FV/FM measurements were taken 2, 4, 6, 8 and 24 h after onset of 

recovery conditions. 

 

2.3 Western Blot Analysis 

2.3.1  Protein Extraction 

Total protein extraction of culture samples for use in SDS-PAGE analysis was performed following 

guidelines Gallagher (2012) and Signore et al., (2017). 

The previously collected 5 ml samples were thawed, then transferred to 15 ml falcon tubes and 

centrifuged for 5 min at 5000 rcf. The supernatant was discarded and the pellet re-suspended in 1 ml of 

MQ H2O and vortexed briefly to wash off excess salts, before being transferred to a 2.5 ml centrifuge 

tube. The sample was again centrifuged for 5 min at 5000 rcf and the supernatant discarded. The pellet 

was re-suspended in 500 µl of ice-cold lysis buffer (100 mM Tris, 100 mM NaCl, 10 mM EDTA + a 

final concentration of 5% sodium-dodecyl-sulfate (SDS)) and immediately heated to 85°C for 10 min 
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to denature any endogenous proteinases. All samples were kept on ice up to this point, except for when 

in the centrifuge, which was cooled to 4°C. 

After heating, samples were returned to ice and subjected to 20 x 2 s pulses of 4 kHz ultrasonication 

with 2 sec intervals using a tapered 3 mm microtip (Vibra-Cell, Sonics).  A final concentration of 5% 

β-mercaptoethanol (2-ME) was added to each tube and the samples once more heated to 85°C for 15 

min. After heating, the samples were centrifuged a final time at 20,000 rcf for 5 min and the supernatant 

(now the protein lysate) transferred to a new 2.5 ml tube and the pellet discarded. Protein lysates were 

kept in a -80°C freezer until further analysis. 

The high SDS concentration in the lysate precluded the use of standard spectroscopic assays such as 

Bradford or Lowry, therefore total protein quantitation was performed using a Qubit fluorometer, as per 

the manufacturer’s instructions. 

 

2.3.2  SDS-PAGE Electrophoresis 

2.3.2.1 Gel Casting 

The polyacrylamide gel through which the proteins are electrophoretically separated consists of two 

parts, a low density “stacking gel” which rests on top of a high density “resolving gel”. Protein samples 

are loaded into the stacking gel and an electric current is applied, with the cathode (-) above the gels 

and the anode (+) below. The negatively charged proteins then migrate vertically downward from the 

stacking gel and through the resolving gel towards the anode.  

To make the resolving gel 12 ml of 30% acrylamide/0.6% bisacrylamide/H2O was added to 7.5ml of 

4xTris.Cl/SDS, pH8.8 (1.5 M Tris, 0.4% SDS) and 10.5 ml H2O in a 50 ml screw-top tube. The solution 

was allowed to degas for 10 min before adding 100 µl of 10% (w/v) ammonium persulfate and 20 µl of 

tetramethylethylenediamine (TEMED) to initiate polymerization. The final solution was gently mixed, 

then immediately pipetted into a 14 cm x 8 cm x 1 mm glass gel-casting sandwich (Mini-PROTEAN, 

BioRad), consisting of two glass plates clamped together in a casting stand. A 5 mm layer of 2-propanol 

alcohol was pipetted on top of the gel to exclude oxygen (which inhibits polymerization) and to allow 

a flat interface to form on the gel. The gel was allowed to polymerize for ~45 mins before the 2-propanol 
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was poured off and the gel rinsed 3-4x with Tris.Cl/SDS, pH8.8.  

The stacking gel was made by mixing 1.3 ml of 30% acrylamide/0.8% bisacrylamide, 2.5 ml of 4x 

Tris.Cl/SDS, pH6.8 (0.5 M Tris, 0.4% SDS) and 6.1 ml H2O in a 15 ml screw-top tube. The solution 

was allowed to degas for 10 min (by placing the tube inside a low-pressure vacuum flask) before adding 

50 µl of 10% (w/v) ammonium persulfate and 10 µl TEMED. The solution was gently mixed and then 

pipetted on top of the polymerized resolving gel, filling the casting sandwich to ~5 mm from the top. A 

Teflon loading-well comb inserted into the top of the stacking gel produced cavities, or ‘loading-wells’, 

into which the protein samples will be loaded (with either 10 or 15 teeth, depending on the required 

volume of protein sample) and the stacking gel allowed to polymerize for ~45 min at room temperature. 

After polymerization, the comb was removed and the loading wells rinsed with SDS-electrophoresis 

buffer (25 mM Tris, 192 mM Glycine, 0.5% SDS). The polymerized gels, still in their casting 

sandwiches, were then introduced into an electrode cell and placed into an electrophoresis chamber 

filled with SDS-electrophoresis buffer. 

The resolving gel acrylamide concentration was chosen to allow for optimal resolution of a target 

protein with a molecular weight (MW) of 15-35 kilodaltons (kDa) (D1 protein has a MW of 38.9kDa, 

but migrates with an apparent MW of between 30-35kDa). The stacking gel acrylamide concentration 

is standardised and independent of the target protein, as its function, achieved through a combination 

of low porosity and pH, is to concentrate the proteins into a thin stack before they enter the resolving 

gel.  

 

 

2.3.2.2 Sample Preparation 

While the gels were polymerizing, the protein lysates were diluted in either 2 x or 6 x concentration 

SDS sample buffer (SB), depending on the required total protein concentration to be run (6 x SB = 7 

ml 4 x Tris.Cl/SDS (pH6.8), 3 ml glycerol, 1 g SDS, 1.2 mg bromophenol blue). The SDS in the sample 

buffer binds with the proteins, keeping them in a denatured state and lending them a net negative ionic 

charge, essential for electrophoretic interaction (Bhuyan, 2010), while the glycerol adds density to the 



41 
 

lysate for easier handling and the bromophenol blue makes the sample visible within the gel. A sample 

of each culture lysate was added to a 250 µl centrifuge tube and diluted to either 10, 15, 20, 25 or 30 

µg of total protein concentration per sample load, depending on the target protein concentration of the 

individual lysate, using 2 x SB at a dilution of 1:1. For lysates with very low total protein and/or target 

protein concentrations, 6 x SB was used at a dilution of 1:5, in order to keep the final required volume 

of sample below the allowable volume of the loading well. Lastly, a sample dependent volume of 2-

ME was added to a final concentration of 5% and the tubes spun for ~10-15 sec in a micro-centrifuge, 

before being placed in a thermal block and heated to 85°C for 5min. This final addition of 2-ME was a 

redundancy measure to ensure excess reducing agent was available to reduce any remaining disulphide 

bonds within the proteins.  

 

2.3.2.3  D1 Protein Standard 

In order to accurately quantify target protein concentration in a sample, each gel was required to contain 

a standard curve consisting of a series of three, two-fold dilutions of a known concentration of D1 

protein standard (Agrisera, AS01 016S). For accurate target protein quantitation, the range of the D1 

protein standard (D1-STD) must encompass the range of target protein concentrations present in all 

samples included in a gel, and it was therefore necessary to group and run samples of similar target 

protein concentrations together to ensure they all fit within the same D1-STD range. Typically, this was 

achieved by loading together protein samples representing the four biological replicates of a single 

sample point, as their target protein concentrations would tend to be in a similar range, along with four 

biological replicates from a second sample point that had a range of target protein concentrations 

comparable to the first. While this method of grouping samples excluded the level of randomisation 

normally recommended in such analyses (Aldridge et al., 2008), it was necessary in order to allow for 

accurate downstream determination of target concentration. Maintaining short ranges within the protein 

standards allowed for higher accuracy in both linear regression analysis and optical density 

measurements, but at the cost of randomisation in sample loading (Fig. 2.3). The lowest range of D1-

STD used was 0.003125 - 0.0125 pmol, and the highest 0.025 – 0.1 pmol.  
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Fig. 2.3 Example of issues arising when imaging high protein samples alongside low. Both images are of the same membrane, 

blotted with protein samples from two separate time points (A and B) with four biological replicates from each (A1-4 and 

B1-4) along with three two-fold dilutions of D1 protein standard (D1-STD). i) Samples A1-4 fit within the range of the D1-STD 

and can be quantified, but samples B1-4 are under-exposed and not quantifiable. ii) The area of the D1-STD was covered 

with tin-foil and the membrane re-imaged on a longer exposure. Now samples B1-4 are detectable, but samples A1-4 are 

over exposed (saturated) and not able to be quantified accurately. 

 

2.3.2.4 Total Protein Standard 

A second standard was included in each gel for the purpose of normalizing the sample’s target protein 

concentration against its total protein concentration. This total protein standard (TP-STD) was 

necessary to ensure that apparent variations in target protein concentration between samples weren’t 

artefacts of experimental irregularities, such as actual differences in the amount of sample loaded or 

uneven protein transfer from the gel to the membrane(Aldridge et al., 2008; Moritz, 2017; Pillai-

Kastoori et al., 2020). The TP-STD represents the average total protein concentration of all lysates in a 

particular experiment, and was made by pooling 10 µl from each lysate from all time points across all 

treatment groups. Thus, 10µl x 32 replicates x 5 time-points gave a total pooled lysate volume of 1.6 

ml for each phylotype. The total protein concentration of the pooled lysate was determined as the mean 

of triplicate readings from five sample replicates as measured by a Qubit fluorometer. Total protein 

loads for each group of samples reflected the optimal load necessary to detect the target protein within 
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a quantitative linear D1-STD range. Requisite total protein loads were determined via preliminary WB 

assays, where lysates of unknown target protein concentration were run against varying D1-STDs to 

find the optimal total protein volume. Assays seeking to affirm linearity of total protein concentration 

against detectable signal were run for both phylotypes. The TP-STD and experimental samples for a 

single gel were all diluted to the same total protein concentration before loading onto the gel. 

 

2.3.2.5 Loading of gels and electrophoresis 

Each completed 15 well gel was loaded with a total of eight protein samples (representing four 

biological replicates from each of two time points), one total protein standard, three D1 protein standard 

dilutions, and a protein ladder (a sample of stained protein fragments of predetermined length used for 

identifying the apparent molecular weight of sample proteins (PageRuler, Thermoscientific)).  The first 

and final wells of the gel (1 and 15) were loaded with a ‘blank’, or sample buffer with no protein content, 

with the same volume as the protein samples. This was to avoid ‘edging’ where samples loaded in end 

lanes spread towards the edge of the gel and become distorted or lost. Wells two to five and seven to 

ten were loaded with alternating samples from each of the two time points (see fig 2.3). The sixth well 

was loaded with the TP-STD, a position chosen to best represent protein losses due to uneven protein 

transfer to the membrane (See ‘Normalization’). Well 11 was loaded with 2 µl of protein ladder and the 

D1-STD was loaded in wells 12-14, at volumes of 5-10 µl, depending on the required dilution.  

Electrophoresis was performed under a constant 120 volts for 120 minutes using a Bio-Rad PowerPac 

HC (BioRad) high current power supply at room temperature. This was enough time for the smallest 

proteins in the sample to migrate to ~1.5 cm of the bottom of the gel, as judged by monitoring of the 

blue dye in the sample buffer. 

 

2.3.2.6 Protein Transfer 

After electrophoretic separation of the proteins, the power supply was turned off and the gel casting 

sandwich removed from the electrophoresis tank. A piece of polyvinylidene fluoride (PVDF) membrane 

(Immobilon-FL, pore-size 0.45 µm), the membrane onto which the proteins were to be transferred, was 
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cut to the same dimensions as each gel and soaked in 100% methanol (MeOH) for 10-15 sec. This step 

is necessary to activate the membrane, as PVDF is extremely hydrophobic and will resist the flow of 

aqueous buffer components if not fully ‘hydrated’ with alcohol before use (Kurien & Scofield, 2009). 

The membranes were then equilibrated in Towbin’s transfer buffer (25 mM Tris, 192 mM glycine 20% 

methanol / 80% dH2O (vol/vol) (Towbin et al., 1979)) for ~10 min on a rocker plate. Gel-membrane 

sandwiches were then built for each gel, starting with a sponge, followed by buffer-soaked filter paper, 

followed by the gel. The equilibrated PVDF membrane was laid on top of the gel, with any air bubbles 

rolled out using a plastic roller and a second piece of buffer-soaked filter paper placed on top of the 

membrane with a final plastic sponge placed on top. The entire sandwich was locked into a transfer 

cassette loaded into an electrode fitted blotting module which was then introduced into a transfer tank 

filled with Towbin’s transfer buffer,  

In order to optimise protein transfer, blotting was routinely performed at a constant 30 volts over 16 h 

(overnight). This allowed ample time for migration of all proteins out of the gel. To avoid joule heating 

of the buffer during the 16 h transfer, a freezer block was placed inside the transfer tank next to the 

blotting module and the tank packed in a polystyrene box full of crushed ice. The transfer was then run 

in a cold room at 4°C.  

 

2.3.3 Immunodetection 

2.3.3.1 Blocking 

At the conclusion of protein transfer, the sandwiches were removed from the blotting module and the 

membranes immediately placed into separate plastic air-tight containers with ~10 ml blocking agent 

(5% low fat milk powder + Tris buffered saline (TBS, 20 mM Tris, 150 mM NaCl, pH 7.6)) and 

incubated for 60 min at room temperature (RT), with agitation provided by an orbital shaker. This is 

essential for the immunodetection process, as it ensures that the antibodies used to detect the target 

protein will only bind to the target protein and not to non-specific parts of the membrane. Following 

incubation, the blocking agent was discarded and the membranes washed once for five minutes with 

Tris buffered saline + Tween 20 (TBST, TBS + 0.1% Tween 20), at RT with agitation..  
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2.3.3.2 Antibody incubation 

The primary antibody used in these experiments was a polyclonal antibody raised against a C-terminal 

epitope of the D1 protein (Agrisera, AS05 084) with a rabbit host. This is referred to as the primary 

antibody (1°AB) in the context of immunodetection as it binds directly to an antigen on the target 

protein. The secondary antibody (2°AB, Goat anti-Rabbit IgG, (Agrisera, AS10 668)) was a polyclonal 

antibody raised against rabbit antibodies introduced into a goat (family Bovidae). The resulting goat-

anti-rabbit antibodies were conjugated with horse radish peroxidase (HRP), an enzyme found in the 

roots of horseradish (Armoracia rusticana) which catalyzes the oxidation of luminol to 3-aminopthalate 

in the presence of hydrogen peroxide (H2O2) to emit low intensity light via chemiluminescence. This 

reaction is enhanced ~1,000 fold when in the presence of phenolic enhancers (enhanced 

chemiluminescence, ECL),  to produce a detectable and quantifiable light source, the intensity of which 

is directly correlated with the amount of HRP present (Sanchez et al., 1995; Haan & Behrmann, 2007). 

The secondary antibody (2°AB) binds to an antigen on the 1°AB rather than to the target protein, 

meaning non-specific binding (binding to any molecule other than the intended target), by either 1°AB 

or 2°AB can confound quantification of target proteins. 

The membranes were incubated in 1°AB diluted 1:40,000 in 5 ml TBST for 60 min at RT with agitation. 

The antibody/TBST solution was then discarded and the membranes rinsed briefly in TBST, before 

being washed three times for five minutes per wash in fresh TBST at RT with agitation (15 min 

altogether), discarding the TBST between washes to ensure no unbound or non-specifically bound 1°AB 

remained on the membrane. Membranes were then incubated in 2°AB diluted 1:40,000 in 5 ml TBST 

+ 1% non-fat milk, for 60 min at RT with agitation. The non-fat milk was added to limit non-specific 

binding of the 2°AB in areas of the membrane which may have opened up during the previous washes. 

Membranes were washed again as above, followed by a final 5 min wash with TBS to remove any 

residual detergent (Tween 20). 
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2.3.4  Target Protein Imaging 

Membranes were incubated for 5min at RT with agitation in a non-commercial ECL solution (100 mM 

Tris/HCl pH 8.8, 1.25 mM luminol, 2 mM 4-iodophenylboronic acid (4-IPBA), 5.3 mM H2O2) made 

immediately before each use from stock solutions of 100 mM 4-IPBA/dimethyl sulfoxide (DMSO) and 

250 mM luminol/DMSO. Membranes were then immediately transferred to a charge-coupled device 

(CCD) imager (Amersham Imager 600, Amersham) for chemiluminescence detection. Exposure times 

were typically set to automatic, with exposures lasting ~1-15 min, depending on the quantity of target 

protein and/or D1-STD present on the membrane. An option for incremental exposure allowed the 

capturing of cumulative exposures (every 2-3min over a period of 15-20mins), and was used when 

imaging membranes with high background or particularly low protein loads, to return a range of images 

with varied exposure times. The light emitting oxidation reaction of luminol peaks within 10 min of the 

addition of ECL, with a half-life of ~1 h (Young, 2009), so membranes were incubated with ECL 

immediately before detection to maximise optimal imaging time.  

 

2.3.5 Total Protein Staining 

In order to normalize target protein concentration, it was necessary to visualize and compare total 

protein concentration across all samples, and correct for deviations in total protein abundance between 

sample loads (Taylor et al., 2013). This was achieved through staining of post-immunodetection 

membranes with either Coomassie brilliant blue R-250 (Sigma-Aldrich, B7920) or Fast Green FCF 

(Sigma-Aldrich, F72652). Early staining of membranes carrying protein samples of phylotype B2 found 

that CBB gave relatively poor results in terms of band definition, and therefore the more sensitive FG 

dye was used for these membranes.   

After imaging of target proteins, membranes were washed for 5 min in TBST, followed by 5 min in 

TBS to remove detergent residue. Membranes were rehydrated for 15-20 sec in MeOH, followed by 5 

min equilibration in de-staining solution (30% MeOH, 7% Acetic acid v/v). They were then stained for 

10 min in CBB stain (10% Acetic acid, 40% MeOH, 50% H2O, 0025% CBB) or FG stain (7% Acetic 

acid, 30% MeOH, 63% H2O, 0.001% FG), followed by 10 min of de-staining (solution as above). 
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Membranes were then rinsed briefly in H2O (10-15 sec), followed by a final wash in H2O for 10 mins. 

MQ water was used for all steps, and washing, staining and de-staining was performed at RT with 

agitation provided by an orbital shaker. After the final wash, membranes were allowed to air-dry 

overnight. 

Imaging of total protein was performed using a FLA-5100 Fluor Imager (Fujifilm) laser scanner with 

the following settings: 532 nm laser(CBB), long-pass red filter (LPR, >625 nm), 25µm pixel size, photo-

multiplier tube (PMT) set to 500. 

 

2.4 Image Analysis 

All image analyses were performed using ‘ImageJ’ image processing software (https://imagej.nih.gov), 

with image files imported in .tif file format. 

2.4.1 Target Protein Optical Densitometry 

Digital images of chemiluminescent signals were used to determine the optical density (OD) of target 

proteins via measurements of raw integrated density (RawIntDen) (Fig. 2.4). RawIntDen is the sum of 

the values of pixels in a region of interest (ROI) of a digital image, with pixel values corresponding to 

the signal, or intensity of light, detected by the imaging sensor when exposed to the chemulinescent 

sample. A ROI was designated by placing a rectangular selection area over a target band (a band of 

pixels representing the target protein), and a measurement taken of the corresponding RawIntDen (as 

calculated by the ImageJ software). A second measurement, using the same sized ROI, was then taken 

immediately above the target band, and the RawIntDen of the second ROI subtracted from the first 

(Aldridge et al., 2008). The remainder of the two RawIntDens represents the final OD of the target band 

(target OD), minus any background signal caused by nonspecific binding of the antibodies as well as 

any signal inherent to the membrane itself each image (Gassmann et al., 2009). The RawIntDen capture 

method was applied to all nine target bands (eight sample bands and one TP-STD band), as well as the 

three D1-STD bands for each membrane. The calculated optical density of the three D1-STD bands was 

https://imagej.nih.gov/
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then used to build a linear regression model from which the protein concentration of each target band 

within a membrane was determined. 

 

 

Fig. 2.4 Example of two regions of interest (ROIs, yellow boxes) used to calculate the optical density of a target band. ROI-i) 

Raw integrated density (RawIntDen) of target band measured as the sum of the value of all pixels in the ROI. ROI-ii) 

Measurement of RawIntDen of background signal. Subtracting the RawIntDen value of ROI-ii from ROI-i gives the final optical 

density of target band A2. A1-4=Sample group A 1-4; B1-4= Sample group B 1-4; TP-STD=Total protein standard; D1-STD=D1 

protein standard curve. 

2.4.2 Total Protein Optical Densitometry 

Digital images of fluorescence emission originating from protein bound dyes (CBB or FG) were 

analysed to determine the optical density (OD) of total protein in each lane, using a variation of a 

technique proposed by Aldridge et al., (2008). In order to accurately compare OD as a measure of   

protein load between samples, it is necessary to ensure that the ROI’s being compared represent the 

same amount of protein, minus any background signal. The above method of subtracting the RawIntDen 

of ROIii from an equally sized ROIi is not feasible in this case, as there is no equally sized ROIii in the 

immediate vicinity of ROIi which would accurately represent the background signal (Fig. 5). Aldridge 

et al., (2008) proposed using a thin slice (ROIi) running vertically down the centre of each lane, and 

then subtracting the same sized slice (ROIii) taken from between the lanes. However, it is common for 

lanes to spread out horizontally to varying degrees during electrophoresis, meaning a thin vertical slice 

of one lane may not cover the same amount of protein as the same sized slice of the lane next to it (Fig. 

2.5a). Therefore, using RawIntDen as a measure of optical density in this case was deemed unsuitable, 
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and it was necessary to instead compare the mean intensity (MI, mean grey value of all pixels) of 

different sized ROIs. By using the segmented selection tool, a ROI was created which encompassed the 

entire width and a defined length of each lane, as measured against the molecular weight marker, and a 

measurement of MI taken (Fig 2.5b). Two ROIs were created on either side of the lane, of equal length 

to the first ROI but thinner, so as to include only background signal (Fig. 2.5c). The mean of the MI’s 

from the second two ROIs was then subtracted from the MI of the first, with the remainder representing 

the final mean OD of that segment of the lane, minus background signal. This was repeated for all lanes 

on a membrane and the final mean OD of each lane then used for total protein normalization  

    

Fig. 2.5 Process of determining total protein optical density, A) Digital image of stained protein fluorescence with example 

of unequal lane width (a & b) and uneven background signal (c & d).  B) Region of interest (ROI) drawn around protein sample 

B3 to measure mean intensity of fluorescence signal. Upper and lower limits of ROI standardized by molecular weight ladder 

(MWL) to ensure equal protein load measurement across lanes. C) Two ROIs drawn either side of protein sample B3 to 

measure mean background signal. This is subtracted from the ROI mean intensity in image B, giving mean total protein optical 

density of sample B3. Image shown contains two MWL’s, one on each side of the sample lanes, later membranes contained 

only one MWL, to the right of the sample lanes. A1-A4, B1-B4=Protein samples A1-4 and B1-4 respectively, TP-STD=Total 

protein standard  

 

2.4.3 Normalization and Data Analysis 

The mean optical density (MOD) of each sample lane (obtained from the total protein fluorescence 

analysis) was normalized to the MOD of the TP-STD of its corresponding membrane, by dividing the 

sample MOD by the TP-STD MOD to give a total protein adjustment factor. The target OD for each 

lane (obtained from the target protein chemiluminescence analysis) was then divided by its 

corresponding total protein adjustment factor, to give a target OD adjusted to the total protein content 

A 

t

B C 
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of the sample and normalized against the TP-STD (Eaton et al., 2013; Degasperi et al., 2014; Janes, 

2015).  

A further normalization step was performed to account for variations in loading and transfer 

irregularities between membranes. To do this, apparent target protein concentrations of the TP-STDs 

were determined according to linear regression models built from the OD of their respective D1-STDs 

plotted against the known D1-STD concentrations. These values were then summed across all 

membranes and the apparent concentration of each TP-STD divided by the mean of the total, giving a 

target protein adjustment factor for each membrane. The adjusted target OD of each sample from the 

first normalization step was then divided by its corresponding membrane’s target protein adjustment 

factor to give the final target OD for each lane. The final target ODs were then used to determine the 

apparent target protein concentration of each sample, as determined by their respective D1-STD linear 

regression models. The apparent target protein concentrations for each set of four biological replicates 

were then averaged, giving the mean D1 protein concentration for each treatment group at each time 

point.  Only D1-STD regression models with R2 values ≥ 0.97 were used to determine apparent protein 

concentrations. Membranes with curves failing to meet this value were rejected, and the blots re-run 

using a different range of D1-STD concentrations.  

Entry and statistical analyses of OD data were performed using Microsoft Excel and RStudio.  

 

 

 

2.5 Aiptasia Experiment 

The model symbiotic anemone Aiptasia was inoculated with Symbiodiniaceae and subjected to fed or 

starved feeding regimes, followed by heat stress to determine the influence of Symbiodiniaceae 

phylotype on the heat tolerance of the symbiotic partnership.  
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2.5.1  Rearing of Experimental Organisms 

Experimental organisms were gathered from a clonal, lab reared population of the sea anemone Aiptasia 

(Aiptasia pallida; culture ID ‘NZ1’ of unknown Pacific origin) which had been experimentally 

‘bleached’ by the addition of menthol to their surrounding seawater (Matthews et al., 2016), rendering 

them free of symbiotic algae (aposymbiotic). These aposymbiotic anemones were kept in 0.22 µm 

filtered seawater at 26° C under constant darkness prior to commencement of the experiment. 

A total of 960 aposymbiotic anemones were divided into 12 x 300 ml clear plastic jars (80 anemones 

per jar) containing ~250 ml of ASW made with Milli-Q purified H2O (MQ-ASW). This number of 

anemones was chosen to allow three replicates each consisting of three anemones to be harvested at 

each of five time points across the experiment, while also allowing for some mortality. The jars were 

earmarked for inoculation with one of three pre-selected Symbiodiniaceae phylotypes, A4, B2 or 

Breviolum minutum (four jars per phylotype/species). This selection represented a thermally sensitive 

phylotype (B2), a thermally tolerant phylotype (A4) (see results of thermotolerance experiment) and 

the phylotype most commonly associated with, or homologous with, Aiptasia NZ1 (B. minutum). The 

jars were immersed in a water bath at 26° C, under ~100 µmoles photons m-2 s-1 provided by 4 x T5-

54W overhead fluorescent tubes, on a 12 h:12 h light:dark cycle.  

 

2.5.2 Inoculation of Aiptasia  

Before inoculation, aposymbiosis in anemones was confirmed by examining 5 randomly selected 

anemones per jar via fluorescence microscopy. Anemones were inoculated by adding to each jar 3-4 ml 

of the appropriate Symbiodiniaceae culture at a final cell density of ~3 x 106 ml-1, mixed with a dilute 

suspension of brine shrimp (Artemia sp. nauplii) to induce phagocytosis. Inoculation was performed 

weekly, midway through the light cycle, and the water changed and all jars cleaned immediately prior 

to each inoculation. The anemones were offered no other food during this period.  

After four weeks of inoculation, colonisation was confirmed in randomly selected anemones from each 

jar via fluorescent microscopy (Fig 6.) Different Symbiodiniaceae phylotypes proliferate at different 

rates in hospite (within the host) due to factors including, but not limited to, sensitivity to nutrient 
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limitation within the host and species-specific cell-cycle regulation among Symbiodiniaceae (Tivey et 

al., 2020). It was therefore necessary to wait another 1-2 weeks after initial detection of symbiont 

colonistaion to allow for complete and equal colonisation of all anemones before continuing the 

experiment. Unfortunately, during this period New Zealand went into stage 4 lockdown due to the 

COVID-19 outbreak and it was no longer possible to access the Victoria University of Wellington 

biology labs for the following five weeks. Limited maintenance of experimental organisms during this 

time led to the loss of ~80% of infected anemones.  

 

 

Fig. 6 Fluorescent microscope images showing different degrees of Symbiodiniaceae colonisation in the sea anemone 

Exaiptasia pallida (Aiptasia). a) Tentacles of an aposymbiotic anemone. The green colour comes from green fluorescent 

protein (GFP)-like pigments, which are produced by many symbiotic cnidarian species as a photo-protectant (E. G. Smith et 

al., 2013). b) Partially colonised Aiptasia tentacles. Red/orange points of light are individual Symbiodiniaceae, made visible 

by chlorophyll autofluorescence. c-d) Increasing densities of Symbiodiniaceae can be seen as the symbionts proliferate in the 

gastrodermal cells of the host over time. Images taken under blue light (480nm)  

 

Upon regaining lab access, the surviving anemones were redistributed equally among the jars (~15 

anemones per jar) and aposymbiotic anemones were added to each jar to a total of 70 per jar, and the 

inoculation protocol repeated. However, due to time constraints exacerbated by the five-week lockdown 

it was deemed necessary at this point to cut short the second inoculation process after three weeks and 
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remove any remaining aposymbiotic or partially colonized anemones from the experiment. The 

remaining anemones were redistributed equally among the jars giving a total of ~55, 48 and 46 per jar 

for B.minutum, A4 and B2 respectively.   

 

2.5.3  Feeding Regime 

Jars were randomly divided into either high or low nutrient treatment groups, with two jars per treatment 

per phylotype. High nutrient (HN) treatments were then fed 2-3 ml of a suspension of live brine shrimp 

pipetted directly above the oral disc, twice weekly for six weeks, while the low nutrient (LN) groups 

were starved over the same period of time. All groups remained under the same temperature and light 

conditions as described in section 2.5.1 and the position of jars rotated daily to provide equal light 

exposure. All jars were cleaned and the water changed weekly during this period. On the first and last 

days of the feeding regime ten randomly selected anemones from each jar were relaxed in magnesium 

chloride (MgCl) before having their oral disc diameter measured under a dissecting microscope to 

monitor the effects of feeding/starvation on the growth of the anemone.  

 

2.5.4  Temperature Treatment     

On completion of the six-week feeding regime, the jars were further divided into either high or low 

temperature (HT or LT) groups, giving four treatment groups per phylotype (HN-HT, HN-LT, LN-HT 

and LN-LT). The HT groups were moved to a separate water bath, but under the same light regime as 

described in section 2.5.1, and the temperature raised by 1°C every 2-4 days depending on the outcome 

of PAM readings (See below). Feeding of HN groups continued twice weekly, along with cleaning and 

water changes once a week. The LT groups were maintained at 26°C (±0.5) throughout the experiment 

and the temperature of both water baths monitored by HOBO pendants. 
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2.5.5  PAM measurements   

Readings of maximum quantum yield (FV/FM) were taken daily using an underwater PAM as described 

previously, with a modified protocol for working with anemones rather than culture. The optical sensor 

of the instrument was held against the outside of the jar, covering the area where the basal disc of an 

anemone was attached on the inside. F0 and FM were read using the same light parameters as described 

previously and Fv/FM determined for the symbionts within that anemone. Readings were taken from 

four randomly selected anemones per jar per day, two from the bottom half of the jar and two from the 

top half and the mean quantum yield calculated for each treatment group. All organisms were subjected 

to a 10 min dark-adaptation period before readings began and jars were read in random order. 

 

2.5.6  Sampling for protein extraction 

Mean quantum yield was compared between HT and LT groups daily via single factor ANOVA (HN-

HT vs. HN-LT and LN-HT vs. LN-LT for each phylotype) and the mean of the HT groups calculated 

as a percentage of their corresponding LT groups. When the mean of the HT groups for a particular 

phylotype dropped to ≤70% of its corresponding LT, and significant difference between the two was 

confirmed for two consecutive days, a sample of four randomly selected anemones from each group of 

that phylotype was taken. All four anemones from each jar were placed together in a single 2.5 ml 

centrifuge tube with ~1.5 ml of MQ-ASW, immediately frozen in liquid nitrogen and then transferred 

to a -80°C freezer. 

After a further 24 h at the same temperature, a second sample was taken in the same manner as above, 

after which all jars of that phylotype were immediately moved to a water bath set to 26°C (±0.5) and 

exposed to recovery light conditions of ~20 µmole photons m-2 s-1 provided by full spectrum LED 

‘SolarOasis’ overhead grow lights. Sampling was repeated as above 2 h, 8 h and 24 h after onset of 

recovery conditions. PAM readings of quantum yield were taken at 0, 2, 4, 6, 8, 24 and 48 h after onset 

of recovery conditions. 

The single sample of n=4 anemones at each time point was less than ideal, as it negated comprehensive 
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down-stream statistical analysis. However, owing to the reduced starting number of anemones in each 

treatment group caused by the lockdown period and the inevitable losses incurred as a result of the 

experimental conditions, working with limited sample sizes was unfortunately unavoidable in the 

circumstances. 

 

2.5.7  Holobiont Protein Extraction 

Holobiont (anemone plus symbiont) samples were thawed and excess salt washed from the samples by 

vortexing briefly (10-15 sec) in 500 µl of MQ H2O, followed by 1 min centrifugation at 1000 rcf. The 

supernatant was discarded and 500 µl of fresh MQ H2O added to the tubes and samples homogenised 

for 30 sec using a handheld homogeniser (VDI-12, VWR) set to 50% output. The resulting homogenate 

was centrifuged for 10 min at 1000 rcf, and the supernatant, which now contained the host fraction of 

the homogenate, was transferred to a second 2.5 ml centrifuge tube. The pellet was resuspended in 500 

µl of MQ H2O and centrifuged for a further 10 min at 500 rcf. This supernatant was added to the tube 

containing the host fraction from the previous step and the symbiont pellet resuspended in 500 µl of 

MQ H2O and centrifuged for a further 5 min at 500 rcf. The final supernatant was discarded and the 

pellet resuspended in 500 µl of ice-cold lysis buffer (100 mM Tris, 100 mM NaCl, 10 mM EDTA + a 

final concentration of 5% SDS).  Samples were immediately transferred to an 85°C heating block for 

10 min to denature endogenous proteases, then sonicated as described previously before addition of a 

final concentration of 2-ME. The samples were again heated to 85°C for 15 min and centrifuged a final 

time at 20,000 rcf for 10 min. The supernatant (algal protein lysate) was transferred to a new 2.5 ml 

tube and placed in a -80°C freezer, and the pellet (cell debris) discarded. Samples were kept on ice 

throughout the above process except for when heating and centrifuging, the latter being performed at 

4°C. 

Total protein quantification was performed using a Qubit fluorometer as per the manufacturers 

instructions 

Protein concentrations of 20 (from a total of 60) sample lysates were below the required concentration 

for use in SDS-PAGE analysis (<0.5 µg/µl) and it was necessary for these lysates to be purified further. 



56 
 

To achieve this, 400 µl of protein lysate were added to 1.6 ml of 10% TCA/Acetone (10% w/v 

trichloroacetic acid dissolved in acetone) in a 2.5ml centrifuge tube. The TCA causes precipitation of 

proteins in the lysate, allowing for an increase in total protein concentration by ultimately adding a 

lower volume of lysis buffer. A final concentration of 20 mM 2-ME was added (to aid in the unfolding 

and precipitation of proteins) and the solution vortexed for ~30 s, before being incubated for 1 h at -

20°C. The solution was then centrifuged at 10,000 rcf for 5 min at 4°C and the supernatant discarded. 

The pellet was washed with 1000 µl of ice-cold acetone, vortexed for ~10 s and centrifuged again at 

10,000 rcf for 5 min. The above wash process was repeated three times, after which the pellet was 

allowed to air dry in a sterile fume hood for approximately 20 min. The dried protein pellet was 

resuspended in 100 µl of lysis buffer (concentrations as above) and heated to 85°C in a heating block 

for 1 hour. During this time the sample was removed from the heating block approximately every 10 

min and vortexed for ~15 s, to aid in dissolution of the protein residue, and then returned to the heating 

block. The sample was centrifuged a final time at 20,000 rcf for 5 min and the supernatant transferred 

to a new tube and stored in a -80°C freezer.  

A pooled lysate was made from 5 µl of each individual lysate and its protein concentration determined 

as the mean of five replicate samples checked in triplicate with a Qubit fluorometer     

 

2.5.8  Western Blotting and Optical Density Analysis 

SDS-PAGE was performed as described previously (see section  2.3). Briefly, proteins were separated 

according to weight via SDS-PAGE and transferred to a PVDF membrane. However, the relatively low 

yield of protein from many of the lysates precluded the running of multiple blots to determine 

appropriate D1-STD curves for each sample. Therefore, samples were ranked from highest to lowest 

total protein concentration as determined by Qubit fluorometry and divided into seven groups of eight 

and one group of four, with each group representing samples of similar total protein content. Sample 

groups were then loaded together on the same gel, with individual samples loaded in random order. 

This method of sample grouping was deemed appropriate under the circumstances, as groups of 

anemones which gave similar Symbiodiniaceae total protein yields were likely to be hosting similarly 
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robust symbiont populations. Working under the assumption that loss of functional PSII reaction 

centres, and thus D1protein, due to stressful conditions leads to photoinhibition and symbiont expulsion 

from the cnidarian host (R Hill et al., 2004; D. J. Smith et al., 2005; McGinley et al., 2012; Jeans et al., 

2014), symbionts extracted from anemones with low symbiont yields would likely have a 

correspondingly low concentration of D1 protein. The membrane was blocked, then incubated with a 

primary antibody (1°AB, Agrisera, AS05 084) raised against D1 protein, then incubated with a horse 

radish peroxidase (HRP) conjugated secondary antibody (2°AB, Agrisera, AS10 668) raised against the 

1°AB. The membrane was imaged with a charge coupled device (CCD) imager (Amersham Imager 

600, Amersham) using enhanced chemiluminescence to determine optical density (OD) of the target 

protein, then stained with Fast Green FC and imaged with a laser scanner (FLA-5100 Fluor Imager, 

Fujifilm, settings as described previously) to determine mean optical density (MOD) of total protein 

concentration.   

Normalisation of total and target protein was carried out as described previously, except protein 

concentration was representative of single samples of four anemones each, as opposed to the mean of 

four biological replicates. In cases where sample target protein OD fell below the range of the D1-STD 

curve, a second order polynomial regression model was extrapolated downwards from the apparent 

linear regression. The extrapolated OD values were given as the lowest recorded OD of the D1-STD, 

divided by the average of the divisors from the two ODs above it. The corresponding concentrations for 

each extrapolated OD was half that of the next highest concentration. The results obtained from this 

method of extrapolation were not considered to be a true measurement of the target protein 

concentration in samples that fell outside of the D1-STD curve, but were instead used to improve 

resolution when visualising differences in target protein abundance between low concentration samples.  

     

2.6 Data Analysis 

All data were analysed using R-studio statistical software and checked for assumption of normality 

using univariate Shapiro-Wilk normality tests. Tests were run against data grouped by high and low 

nutrient and high and low temperature treatment for each phylotype, with individual time points 
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classed as variables. Where assumptions of normality were not met, data were analysed using 

Kruskal-Wallis non-parametric one-way ANOVA and Dunn’s pair-wise comparison using Bonferroni 

correction. 
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3 Results 

 
Aiptasia tentacle hosting phylotype B2 

 

3.1 Thermotolerance Experiment 

Thermotolerance in cultured Symbiodiniaceae species Breviolum minutum and Durusdinium trenchii, 

and phylotypes A4, B2 and C1 was determined as the temperature at which a sustained significant 

difference in maximum quantum yield (FV/FM) was observed between cultures maintained at 26°C 

(control) and cultures subjected to a gradual increase in temperature (26-33°C, temperature treatment).   

Phylotype B2 was the first to show significant difference between treatment groups (Fig. 3.1b), with 

mean FV/FM of the temperature treatment dropping to 93.5%1* of the control after 48 h at 28°C, reaching 

a low of 0.522 or 88%2 of the control after 96 h at 28°C. This difference was lost after the temperature 

treatment had “recovered” at 26°C for 48 h.  

The temperature treatment of D. trenchii was the next to show departure from the control (Fig. 3.1e), 

dropping to 66%3 of the latter after 48 h at 31°C and down to 65%4 after 96 h  at the same temperature. 

Recovery was slower for D. trenchii compared to B2, taking 72 h at 26°C to lose the difference between 

treatment groups. However, this loss of difference between D. trenchii treatments after 72 h was as 

likely due to a drop in FV/FM of the control treatment as to an increase in FV/FM of the temperature 

treatment. 

* Superscripted numbers refer to statistically significant outcomes. Test parameters presented in results appendix 3.6 
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Phylotypes A4 and C1 both showed significant departure at 33°C (Fig. 3.1a & c, respectively), with the  

temperature treatment of C1 falling to 63%5 of the control after 24 h and to 56%6 after 72 h, while the 

A4 temperature treatment took 48 h at 33°C to reach 86%7 of the control, down to 81%8 after 96 h. 

While phylotype A4 recovered after 48 h at 26°C, no recovery was observed in C1 after 5 days at the 

same temperature.  

B. minutum showed no sustained differences (longer than 48 h) between treatment groups (Fig. 3.1d), 

even after 72 h at 33°C. However, for much of the experiment the temperature treatment had a higher 

FV/FM than the control, and both treatments showed somewhat cyclical fluctuations in FV/FM over time. 

It was therefore decided to end the experiment for B. minutum, and A4 and B2 were selected as the high 

and low thermotolerance Symbiodiniaceae phylotypes respectively on which further experimentation 

would be performed.  
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Fig. 3.1 Changes in maximum quantum yield (FV/FM) as a result of temperature increase in Symbiodiniaceae phylotypes A4 

(a), B2 (b) and C1 (c), and species B. minutum (d) and D. trenchii (e). Temperature treatments (red circles) were exposed to 

increasing temperatures (starting at 26°C), while control treatments (blue triangles) were maintained at 26°C. Each tick on 

the x-axis represents 24 h. Asterisks above plots indicate significant difference in FV/FM between treatment groups (One-way 

ANOVA, p < 0.05). Means shown ± SE.   

 

 

3.2 Culture Experiment 

The influence of nutrient enrichment on values of maximum quantum yield, non-photochemical energy-

dissipation and D1 protein concentration were observed in cultured Symbiodiniaceae subjected to either 

constant or gradually increasing temperature.  
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3.2.1   Influence of Temperature and Nutrients on Maximum Quantum Yield (FV/FM)  

Both temperature and nutrient regime were found to influence the maximum quantum yield (FV/FM) of 

Symbiodiniaceae phylotypes A4 (thermotolerant) and B2 (thermally sensitive). In all treatments where 

temperature was gradually increased from 26-31°C (high temperature treatments, HT), FV/FM fell 

significantly below treatments that were maintained at 26°C (low temperature treatments, LT)1. The 

influence of nutrient regime was more pronounced in phylotype A4 than in B2, with high nutrient 

treatments of A4 showing increased FV/FM relative to all other treatments of either phylotype2.  

3.2.2 Changes in FV/FM of Symbiodiniaceae Phylotype A4  

The low nutrient treatments of phylotype A4 showed stable FV/FM in the early stages of the experiment, 

with no significant difference observed between the low temperature (LT) treatment and the high 

temperature (HT) treatment until HT had been exposed to 31°C for 24 h (Fig. 3.2a). At this time, FV/FM 

of HT fell to 72%1 of LT, and continued to drop over the following 48 h to reach a low of 0.28 (± 0.015), 

or 60%2 of LT. In contrast, HT and LT of the high nutrient treatments remained equal until HT had 

been exposed to 31°C for 48 h (Fig. 3.2b), with HT reaching a low of 0.464 (±0.009), or 86%3 of LT 

after a further 24 h at 31°C. Immediately following this, all treatments entered recovery conditions 

(26°C and 20 µmol photons m-2 s-1), and the chloroplast antibiotic lincomycin was added to one half of 

the flasks from each treatment (+L). 

Following two hours of recovery, FV/FM of HT and HT+L from the low nutrient treatment had increased 

by 40%4 and 32%5 respectively (Fig. 3.3a), with an overall increase of  58%6 and 36%7 respectively 

after 24 h recovery. By comparison, both HT and HT+L from the high nutrient treatment recovered 

16%8 in the first two hours (Fig. 3.3b), rising to an overall recovery of 17%9 and 18%10 respectively 

after 24 h.  

When comparing between nutrient treatments up to the onset of recovery conditions, FV/FM of HT and 

LT from the high nutrient treatment (HN-HT and HN-LT) were at all times higher than HT11 and LT12 

from the low nutrient treatment respectively (LN-HT and LN-LT). After two hours recovery, no 

difference was observed between HN-LT+L and LN-LT+L, but following 24 h recovery, all HN 

temperature treatments were again significantly higher than their respective LN temperature treatments 
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(Fig. 3.4a-c). No significant difference was observed between lincomycin and non-lincomycin 

treatments after 24 h. 

 

3.2.3  Changes in FV/FM of Symbiodiniaceae Phylotype B2 

Prior to recovery conditions, FV/FM of phylotype B2 showed a similar trend to that of phylotype A4, 

with little difference observed between HT and LT in either of the nutrient treatments. After 24 h at 

31°C, LN-HT dropped to 91%1 of LN-LT, and after 72 h at the same temperature LN-HT reached a low 

of 0.326 (±0.01), or 68%2 of LN-LT (Fig. 3.2c).  Over this same period HN-HT fell to 0.392, or 81%3 

of HN-LT (Fig. 3.2d). 

Notably, after 48h at 31°C, LN-HT of phylotype B2 was 15%4 higher than LN-HT of phylotype A4. In 

contrast, HN-HT of B2 was on average 15%5 lower than HN-HT of A4 throughout the experiment. 

Following two hours of recovery, both LN-HT and LN-HT+L of B2 had increased by ~33%6,7, with a 

total increase of 42%8 and 46%9 respectively over 24 h (Fig. 3.3c). For the high nutrient treatments, an 

increase of 26%10 and 27%11 was observed in HN-HT and HN-HT+L respectively following the first 

two hours of recovery only, after which no further change was observed for the remainder of the 

recovery period (Fig. 3.3d). 

From 72 h after the start of the experiment until 24 h before the onset of recovery conditions, all low 

nutrient treatments were below their corresponding high nutrient counterparts12. Immediately before 

entering recovery, significant difference was observed only between LN-HT and HN-HT13, and from 

two hours of recovery until the end of the 24 h recovery period, no differences were observed between 

any of the low nutrient treatments and their high nutrient counterparts, or between lincomycin and non-

lincomycin treatments.  

When comparing between phylotypes, high nutrient treatments of A4 averaged ~9%14 above HN of B2 

throughout recovery, while the opposite was true with low nutrient treatments, with B2 LN on average 

~9%15 higher than A4 LN. 
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Fig. 3.2 Changes in FV/FM in response to temperature. Top Row: Symbiodiniaceae phylotype A4, low (a) and high (b) nutrient 

treatments. Bottom row: Symbiodiniaceae phylotype B2, low (c) and high (d) nutrient treatments. Red circles = high 

temperature treatment (26-31°C), blue triangles = low temperature treatments (26°C). Vertical dashed lines indicate start of 

recovery period.  Values on the x-axis refer to high temperature treatments only and represent 24 h intervals prior to onset 

of recovery and 2, 4, 6, 8 and 24 h post recovery.  Asterisks above plots denote significant difference between mean FV/FM 

of low and high temperature treatments within the same phylotype and nutrient group (p<0.05, n=8). Means shown ±SE, 

n=8.    
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Fig. 3.3 Changes in FV/FM during recovery with all treatments at 26°C. Top row: Symbiodiniaceae phylotype A4 low (a) and 

high (b) nutrient treatments. Bottom row: Symbiodiniaceae phylotype B2 low (c) and high (d) nutrient treatments. Red circles 

= high temperature treatment (31°C), red squares = high temperature treatment + lincomycin, blue triangles = low 

temperature treatment (26°C), blue inverted triangles = low temperature treatment + lincomycin. Vertical dashed line 

indicates start of recovery conditions (26°C and ~20µmol photons m-2 s-1) and addition of lincomycin to +L treatments. Values 

of y-axis are time in hours from start of recovery conditions. Letters below the plots indicate significant difference found 

between treatments via post hoc Tukey’s HSD tests (α = 0.05, n=4) where a = LT vs. HT, b = LT+L vs. LT, c = HT+L vs. HT, d = 

LT+L vs. HT+L, e = LT+L vs. HT, f = LT vs. HT+L.  Means shown ±SE, n=4. 

 

  

a b 

c d 
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Fig. 3.4 Difference in mean FV/FM between temperature treatments of opposing nutrient groups during recovery. Times shown are immediately before recovery, after two hours of recovery 

and after 24 h recovery (a-c phylotype A4 and d-f phylotype B2 respectively). Boxes show mean FV/FM, upper and lower quartile and ±SE for each treatment group. Letters above boxes indicate 

statistically distinct groups within each phylotype and at each time point (Tukey’s HSD post-hoc test, α=0.05, a,d n=8, b,c,e,f n=4)

a b c 

d e f 

A4 
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3.3 Influence of Temperature and Nutrient Regime on Fluorescence Yield as a 

Response to Short-term Light Exposure. 

 

Dark-light induction curves were analysed to determine changes in effective PSII quantum yield, non-

photochemical quenching and non-regulated heat dissipation (Y(II), Y(NPQ) and Y(NO) respectively) 

as a response to actinic light exposure under low and high nutrient and low (26°C) and high (31°C) 

temperature conditions. Distinct differences were observed between phylotypes A4 and B2 with respect 

to the curve shape of individual parameters, as well as varying degrees of difference in curve shape 

between nutrient and temperature treatments within each phylotype.    

3.3.1 Fluorescence Curves of Phylotype A4 

Phylotype A4 showed considerable variation in parameter curve shape between nutrient and 

temperature treatments over the course of the induction procedure (Fig. 3.5). Between low temperature 

treatments, the Y(NPQ) value of A4 HN-LT was 76%1 (± 4.6) that of A4 LN-LT for the first four 

minutes of the actinic period, dropping to 37%2 (± 10.2) for the final four minutes (Fig. 3.5, a & b). The 

Y(II) value of LN-LT was 57%3 (± 1.8) that of HN-LT throughout the actinic period. Between low 

nutrient treatments, Y(NPQ) of LN-HT was below that of LN-LT for the first two minutes of the actinic 

period only (78%4 (± 1.8) and 88%5 (± 1.5) respectively), before becoming equal for the remainder, 

while Y(II) of LN-HT was 69%6 (± 2.1)6 of LN-LT throughout the actinic period (Fig. 3.5, b & d). 

Between the high nutrient treatments, Y(NPQ) of HN-LT was 34%7 (± 11.7) of HN-HT for the final 

three minutes of the actinic period, while Y(II) of HN-HT averaged 68%8 (± 0.2) of HN-LT over the 

final two minutes (Fig. 3.5, a & c). Between the high temperature treatments, there was no significant 

difference in Y(NPQ), but Y(II) of LN-HT averaged 48%9 (± 0.3) that of HN-HT throughout the actinic 

period. Of note, Y(NO) of  LN-HT was 31%10 (± 0.9) higher than that of HN-HT throughout the entire 

D-L induction procedure (Fig 3.5, c & d). 
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Fig. 3.5 Dark-light induction curves showing changes in PSII effective quantum yield (Y(II)), non-photochemical quenching, 
(Y(NPQ)) and non-regulated heat dissipation (Y(NO) in Symbiodiniaceae phylotype A4 as a response to actinic light exposure 
(167 µmol photons m-2 s-1). Treatments are a) High Nutrient - Low Temperature (26°C, n=4), b) Low Nutrient - Low 
Temperature (26°C, n=3), c) High Nutrient – High Temperature (31°C, n=4), d) Low Nutrient – High Temperature (31°C, n=5).  
Vertical dashed lines indicate beginning and end of actinic light exposure period. Means shown ±SE.    

 

3.3.2 Fluorescence Curves of Phylotype B2 

Less variation in parameter value was observed between nutrient and temperature treatments of 

phylotype B2 (Fig. 3.6). Between low temperature treatments, no difference in Y(NPQ) was observed, 

while Y(II) of LN-LT was 80%1 (± 1.2) that of HN-LT throughout the actinic period (Fig. 3.6 a & b). 

Between low nutrient treatments, there was also no difference in Y(NPQ), but Y(II) of LN-HT dropped 

to 82%2 (± 1.1) of LN-LT after the sixth minute of the actinic period (Fig 3.6, b & d). Between high 

nutrient treatments, no difference was observed between any of the three parameters throughout the 

procedure (Fig. 3.6, a & c), while between high temperature treatments Y(II) of LN-HT was 74%3 

(±1.1) that of HN-LT for the third and fourth minute of the actinic period only (Fig. 3.6, c & d).   
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Fig. 3.6 Dark-light induction curves showing changes in PSII effective quantum yield (Y(II)), non-photochemical quenching, 
(Y(NPQ)) and non-regulated heat dissipation (Y(NO) in Symbiodiniaceae phylotype B2 as a response to actinic light exposure 
(167 µmol photons m-2 s-1). Treatments are a) High Nutrient - Low Temperature (26°C, n=5), b) Low Nutrient - Low 
Temperature (26°C, n=7), c) High Nutrient – High Temperature (31°C, n=4), d) Low Nutrient – High Temperature (31°C, n=5). 
Vertical dashed lines indicate beginning and end of actinic light exposure period. Means shown ±SE.      

 

3.3.3 Y(NPQ) Dynamics 

The maximum value of Y(NPQ) for phylotype A4 was recorded after the first minute of the actinic 

period in both low temperature treatments, and after the second minute in both high temperature 

treatments, before declining steadily in all treatments. This is in contrast to phylotype B2, where in all 

cases the maximum Y(NPQ) was recorded in the last minute of the actinic period, after rising steadily 

from the onset of actinic exposure (Table 3.1).  
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Table 3.1. Limits of mean values of Y(NPQ) during actinic exposure. Data shown are minimum and maximum mean Y(NPQ) 
values for each treatment, including standard error of the mean and time of observation in minutes after onset of actinic 
exposure. Fold change between minimum and maximum values are shown only where significant difference between means 
were found via one-way ANOVA. 

 
Phylotype Treatment Minimum Y(NPQ) Maximum Y(NPQ) Fold change 

(Min.-Max.) 
D.F F-

Statistic 
P-value 

Mean ±SE Time 
(min) 

Mean ±SE Time  
(min) 

A4 HN-LT 0.039 0.017 8 0.389 0.006 1 4.8 1,6 131 <0.001 

A4 HN-HT 0.217 0.028 8 0.377 0.021 2 n.s - - - 

A4 LN-LT 0.249 0.005 8 0.465 0.003 1 1.73 1,4 516 <0.001 

A4 LN-HT 0.277 0.007 8 0.372 0.01 2 1.27 1,6 18.5 0.005 

B2 HN-LT 0.131  0.006 1 0.209 0.018 6 1.6 1,8 8.96 0.017 

B2 HN-HT 0.063 0.023 1 0.217 0.039 6 n.s - - - 

B2 LN-LT 0.137 0.005 1 0.254 0.007 6 1.9 1,12 82.6 <0.001 

B2 LN-HT 0.12 0.011 1 0.257 0.007 6 2.14 1,8 59 <0.001 

 

 

3.4 Influence of Temperature and Nutrients on D1 Protein Concentration 

 

Changes in D1 protein concentration in cultured Symbiodiniaceae phylotypes A4 and B2 were 

examined to determine the influence of nutrients on rates of D1 protein synthesis and turnover, both 

under heat stress and during recovery. Considerable differences were observed between phylotypes and 

treatments, with all high temperature treatments of phylotype A4 showing an increase in D1 protein 

concentration over the 24 h recovery period. Treatments HN-HT and HN-HT+L increased by 184%1 

and 84%2 respectively (Fig. 3.7 a-b), while LN-HT and LN-HT+L increased by 375%3 and 171%4 

respectively (Fig. 3.7 e-f). No increase was observed in the low temperature treatments of phylotype 

A4, however D1 protein concentration in both HN-LT and HN-LT+L decreased significantly after two 

hours of recovery (by 72%5 and 65%6 respectively) before returning to pre-recovery levels after 24 h 

(Fig 3.7 c-d). Concentrations of D1 were significantly lower in HN-HT than HN-LT both 24 h before 

and at the onset of recovery (45%7 and 35%8 respectively) 

In contrast, no increase in D1 concentration was observed at the conclusion of the recovery period for 

any phylotype B2 treatments. With the exception of HN-HT, all high nutrient treatments showed a net 

decrease from 24 h pre-recovery to 24 h post-recovery ( -77%9, -70%10 and -80%11 for HN-HT+L, HN-

LT and HN-LT+L respectively) (Fig. 3.8 a-d). No significant change was observed for any of the low 

nutrient treatments (Fig 3.8 e-h). 
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No difference in D1 concentration was observed when comparing between temperature treatments 

within the same nutrient treatment at each time point. Overall, concentrations of D1 protein in phylotype 

A4 were considerably higher than in B2, with the high and low nutrient treatments of A4 averaging 

326%12 and 330%13 those of B2 respectively.  

 

 

Fig. 3.7 D1 protein content and corresponding FV/FM  of cultured Symbiodiniaceae phylotype A4 under differing nutrient and 

temperature treatments. a-d high nutrient treatments, e-h low nutrient treatments. Bars represent mean D1 protein 

concentration in pmol µg-1 of total protein + SE (left y-axis). Points above bars represent corresponding FV/FM at each time 

point ± SE (right y-axis). X-axis is time in hours from start of recovery conditions.  Letters above bars indicate statistically 

distinct groups of D1 content within individual treatments as determined by Tukey’s post hoc HSD tests (α=0.05, n=4)   
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Fig. 3.8 D1 protein content and corresponding FV/FM  of cultured Symbiodiniaceae phylotype B2 under differing nutrient and 

temperature treatments. a-d high nutrient treatments, e-h low nutrient treatments. Bars represent mean D1 protein 

concentration in pmol µg-1 of total protein + SE (left y-axis). Points above bars represent corresponding FV/FM at each time 

point ± SE (right y-axis). X-axis is time in hours from start of recovery conditions.  Letters above bars indicate statistically 

distinct groups of D1 content within individual treatments as determined by Tukey’s post hoc HSD tests (α=0.05, n=4).    

 

3.5 Aiptasia Experiment 

Changes in FV/FM and D1 protein concentration relative to feeding regime (fed or starved) and 

temperature exposure (constant 26°C (low temperature) or increasing to 33°C (high temperature)) were 

examined in the symbiotic anemone Aiptasia, hosting either Symbiodiniaceae species Breviolum 

minutum or phylotype A4 or B2. 

 

a b

 

c d 

e f g h 

Low Temperature 
(26°C) 

 

 

High Temperature 
(31°C) 

 

 



73 
 

 

3.5.1 Influence of Feeding regime on growth of symbiotic Aiptasia 

Measurements of oral disc diameter of randomly selected Aiptasia showed a significant reduction in 

mean size of anemones that had been starved for six weeks vs. those that had been fed regularly. 

Anemones hosting phylotypes A4, B2 and B. minutum showed a mean decrease in size of 19%1, 30%2 

and 34%3 respectively at the end of the starvation period (Fig. 3.9 b). When compared to those anemones 

that had been fed regularly, starved anemones were on average 34%4, 33%5 and 38%6 smaller when 

hosting phylotypes A4, B2 and B. minutum respectively (Fig 3.9 a-b). Only anemones hosting phylotype 

A4 showed a significant increase in size after six weeks of feeding (13%7).   

 

 Fig. 3.9 Change in oral disc size of symbiotic Aiptasia due to feeding regime. a Aiptasia fed twice weekly for six weeks, b 

Aiptasia starved for six weeks. Means shown ± SE     

 

3.5.2 Influence of temperature and host feeding regime on FV/FM of Symbiodiniaceae in 

Aiptasia 

Feeding regime of the host had only a minor influence on the FV/FM values of in hospite (within the 

host) Symbiodiniaceae. Analogous to the culture experiment, the starved HT treatments of all 

phylotypes showed significant departure from their respective LT treatments earlier than the fed 

a b 
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treatments; after 48 h at 33°C for B. minutum1 and after 72 h at 33°C for A42 and B23 (Fig. 3.10 b, d, 

f). However, no significant difference was observed between fed and starved treatments of either 

temperature for phylotype A4 or B. minutum for more than 24 consecutive hours prior to recovery, or 

for more than two consecutive hours post recovery. For phylotype B2, a sustained significant difference 

was only observed between the high temperature treatments after entering recovery, with starved HT 

on average 88%4 that of  fed HT from two hours post-recovery until the end of the recovery period 22 

h later. Following 24 h recovery, the starved high temperature treatment of B. minutum was 25%5 higher 

than A4, but not significantly different to B2, while the starved low temperature treatment of B2 was 

18%6 and 21%7 lower than A4 and B. minutum respectively. 

 

Fig 3.10 Changes in FV/FM of Symbiodiniaceae as a response to temperature treatment in an Aiptasia host. Phylotypes A4 (a-

b), B. minutum (c-d) and B2 (e-f) hosted by anemones that had been either fed regularly for six weeks (left column) or starved 

for six weeks (right column). High temperature treatments (red circles) were increased from 26°C to 33°C by 1°C every three 

days,  low temperature treatments (blue triangles) remained at 26°C throughout the experiment. Vertical dotted lines 

indicate start of recovery period (26°C and 20 µmoles photons m-2 s-1).  Prior to the start of recovery, tick marks on y-axis 

represent periods of 24 h. After entering recovery, tick marks represent +2, +4, +6, +8 and +24 h from start of recovery 

respectively. (Note, anemones hosting B. minutum entered recovery 24 h earlier than phylotypes A4 and B2, so the final tick 

mark on the y-axis represents 48 h after start of recovery in c and d only). Single asterisks above plots denote significant 
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difference between temperature treatments (One-way ANOVA p < 0.05), double asterisks denote a difference larger than 

30%. Means shown ±SE, n=4.  

 

3.5.3 Influence of Temperature and Host Feeding regime on D1 protein concentration of 

Symbiodiniaceae in Aiptasia 

*As the number of experimental organisms at the conclusion of the temperature treatment was severely 

limited (explained in Methods section 2.5.6), sampling of Aiptasia for protein extraction was restricted 

to four anemones per treatment per time-point. The concentration of D1 protein presented at each time-

point therefore reflects only the pooled D1 protein as a fraction of the total protein from each four-

anemone sample, and cannot be used to infer statistical significance between treatment groups or time-

points. For this reason, the data were analysed in terms of fold-change, with a two-fold change in D1 

protein concentration between samples being used as the minimum threshold beyond which any 

difference could be inferred. Accordingly, any trends and correlations relating to D1 concentration in 

Symbiodiniaceae in hospite are presented as putative, and cannot be considered to reflect the outcome 

of robust statistical testing.  

 

Host feeding regime had a considerably larger influence on in hospite Symbiodiniaceae D1 protein 

concentration than it had on FV/FM (Fig. 3.11), with the starved, high temperature treatments of all three 

phylotypes, and the starved, low temperature treatments of A4 and B2 showing only trace values of D1 

protein (<1.5 x 10-4 pmol µg-1 of total protein) at all time-points. At three time-points following onset 

of recovery, D1 protein concentration in starved treatments of Aiptasia hosting phylotype B2 were 

below the level where they were distinguishable from background signal. The only starved treatment to 

show a net gain in D1 concentration was the low temperature treatment of B. minutum, which increased 

2-fold over the 24 h recovery period.   

The fed HT and LT treatments of A4 showed a ~3.2 and ~7.4-fold increase in D1 concentration 

respectively over 24 h of recovery, while fed LT of B. minutum and B2 increased ~2.5 and ~2.4-fold 

respectively from 24 h pre- to 24 h post-onset of recovery.  
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    Fig. 3.11 D1 protein content and corresponding FV/FM of in hospite Symbiodiniaceae under different feeding regimes and 

temperature treatments. Aiptasia hosting phylotypes A4 (top row), B. minutum (middle row) and B2 (bottom row) either fed 

and exposed to high temperature (33°C) (first column), fed and exposed to low temperature (26°C) (second column), starved 

and exposed to high temperature (third column) or starved and exposed to low temperature (fourth column). Bars represent 

pooled D1 protein concentration of four anemones per time-point in pmol µg-1 of total protein (left y-axis). Points above bars 

represent corresponding mean FV/FM at each time-point ± SE (right y-axis). X-axis is time in hours from start of recovery 

conditions. Bars stopping below dashed horizontal lines (<1.5 x 10-4 pmol µg-1) have been extrapolated from polynomial 

models and are treated as trace concentrations. Missing bars indicate concentrations indistinguishable from background 

signal.  
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3.6 Appendix of statistical test parameters 

3.1.   FV/FM of Symbiodiniaceae Phylotype A4 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1 10.9 0.03 - 

2 ANOVA  1 29.9 0.005 - 

3 ANOVA 1 16.3 0.016 - 

4 ANOVA 1 26 0.007 - 

5 ANOVA 1 25.1 0.007 - 

6 ANOVA 1 21.7 0.009 - 

7 ANOVA 1 12.8 0.023 - 

8 ANOVA 1 69.8 0.001 - 

 

3.2.1. FV/FM of Symbiodiniaceae Phylotype A4 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1,62 26.5 <0.001 - 

2 ANOVA  3, 1212 455 <0.001 - 

3.2.2   FV/FM of Symbiodiniaceae Phylotype A4 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1,14 16.74 0.001 - 

2 ANOVA  1,14 19.45 <0.001 - 

3 ANOVA 1,14 32.5 <0.001 - 

4 ANOVA 1,6 17.74 0.006 - 

5 ANOVA 1,6 9.65 0.021 - 

6 ANOVA 1,6 21.84 0.003 - 

7 ANOVA 1,6 57.11 <0.001 - 

8 KW-Dunn’s 3 8.65 0.003 0.02, 0.02 

9 ANOVA 1,6 13.99 0.009 - 

10 ANOVA 1,6 202.41 <0.001 - 

11 ANOVA 1,206 283 <0.001 - 

12 ANOVA 1,206 361 <0.001 - 

3.2.3.    FV/FM of Symbiodiniaceae Phylotype B2 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1,14 6.16 0.026 - 

2 ANOVA 1,14 26.86 <0.001 - 

3 ANOVA 1,14 26.9 <0.001 - 

4 ANOVA 1,14 13 0.003 - 

5 ANOVA 1,302 259 <0.001 - 

6 ANOVA 1,6 18.4 0.005 - 

7 ANOVA 1,6 22.4 0.003 - 

8 ANOVA 1,14 62.7 <0.001 - 

9 ANOVA 1,14 13.1 0.011 - 

10 ANOVA 1,6 16.9 0.006 - 

11 ANOVA 1,6 14.8 0.009 - 

12 ANOVA 1,158 151 <0.001 - 

13 ANOVA 1,14 14.2 0.002 - 

14 ANOVA/Tukey’s HSD 3,444 128 <0.001 <0.001 

15 ANOVA/Tukey’s HSD 3,444 128 <0.001 <0.001 
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3.3.1  Fluorescence Parameter Curves of Phylotype A4 

# Test  df F-value P-value Adjusted P-value 

1 ANOVA 1,26  18.5 <0.001 - 

2 ANOVA 1,26 79.3  <0.001  - 

3 ANOVA 1,68 14 <0.001 - 

4 ANOVA  1,7 14.5 0.007 - 

5 ANOVA  1,7 5.7 0.048 - 

6 ANOVA 1,88 29.4 <0.001 - 

7 ANOVA 1,19 26 <0.001 - 

8 KW/Dunn’s 1,12 42.5 <0.001 0.002 

9 ANOVA 1,68 58.7 <0.001 - 

3.3.2  Fluorescence Parameter Curves of Phylotype B2 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1,94 27.8 <0.001 - 

2 ANOVA 1,10 5.17 0.046 - 

3 ANOVA 1,14 17.2 <0.001 - 

 

3.4  Influence of Temperature and Nutrients on D1 Protein Concentration 

# Test df F-value P-value Adjusted P-value 

1 ANOVA/Tukey’s HSD 3,12 10.5 0.001 0.002 

2 ANOVA /Tukey’s HSD 3,12 7.46 0.004 0.017 

3 ANOVA /Tukey’s HSD 3,12 5.06 0.019 0.032 

4 ANOVA /Tukey’s HSD 3,12 7.98 0.003 0.043 

5 ANOVA /Tukey’s HSD 3,12 3.85 0.039 <0.001 

6 ANOVA /Tukey’s HSD 3,12 10.6 0.001 <0.001 

7 ANOVA /Tukey’s HSD 3,12 4.3 0.028 0.034 

8 ANOVA /Tukey’s HSD 3,12 4.86 0.019 0.029 

9 ANOVA /Tukey’s HSD 3,12 20.3 <0.001 0.007 

10 ANOVA /Tukey’s HSD 3,12 7.64 0.004 0.008 

11 ANOVA /Tukey’s HSD 3,12 17.7 <0.001 <0.001 

12 ANOVA 1,125 132 <0.001 - 

13 ANOVA 1,124 104 <0.001 - 

 

3.5.1  Influence of feeding regime on growth of symbiotic Aiptasia 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1,38 12.1 0.001 - 

2 ANOVA 1,38 26.4 <0.001 - 

3 ANOVA 1,38 41.7 <0.001 - 

4 ANOVA/Tukey’s HSD 1,38 48.7 <0.001 <0.001 

5 ANOVA/Tukey’s HSD 1,38 25.3 <0.001 <0.001 

6 ANOVA/Tukey’s HSD 1,38 30.2 <0.001 <0.001 

7 ANOVA 1,38 4.76 0.035  

 

 

3.5.2  Influence of temperature and host feeding regime on FV/FM of Symbiodiniaceae in Aiptasia 

# Test df F-value P-value Adjusted P-value 

1 ANOVA 1,6 6.71 <0.001 - 

2 ANOVA 1,6 4.41 <0.001 - 

3 ANOVA 1,6 19.63 0.004 - 

4 ANOVA 1,46 57.6 <0.001 - 

5 ANOVA/Tukey’ HSD 2,9 4.5 0.044 0.037 

6 ANOVA/Tukey’ HSD 2,9 7.04 0.014 0.043 

7 ANOVA/Tukey’ HSD 2,9 7.04 0.014 0.016 
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4 Discussion 

 

Aiptasia hosting Symbiodiniaceae phylotype A4 

 

This thesis investigated the effects of nutrient availability on the thermotolerance of Symbiodiniaceae 

and as it relates to photosynthetic function. Measurements of photophysiological dynamics in cultured 

Symbiodiniaceae phylotypes A4 and B2 were used to describe the functional state of the algal 

chloroplast under experimentally manipulated nutrient and temperature conditions, giving insight into 

differences in nutrient allocation and photoprotective mechanisms employed by the algae under heat 

stress.  

Symbiotic pairings of the model sea anemone Aiptasia with Symbiodiniaceae species B. minutum and 

phylotypes A4 and B2 were then examined to determine how the functional traits of the symbiont 

influence the fitness of the symbiotic partnership under varying nutrient and temperature conditions. 

The results of these studies are discussed below, with conclusions drawn about the functional 

physiology and adaptive history of the experimental organisms.   

 

4.1 Importance of nutrient availability for photosynthetic health of cultured 

Symbiodiniaceae 

The ability to effectively utilize available nutrient resources, particularly nitrogen (N) and phosphorous 

(P), is of key concern when considering the photosynthetic potential of Symbiodiniaceae (Berges et al., 

1996). Like most algae and higher plants, Symbiodiniaceae exhibit a high turnover of chloroplastic D1 
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protein, even under moderate irradiance, as damaged D1 protein is degraded and synthesized de novo. 

This necessitates efficient use of N pools to maintain protein transcription and photochemical energy 

conversion, especially when in N depleted and/or high stress environments (Mattoo et al., 1984; Ohad 

et al., 1984; Aro et al., 1993; Keren et al., 1997; Liefer et al., 2019). The wide spectrum of sensitivity 

to thermally induced photoinhibition between species and genera of Symbiodiniaceae (Swain et al., 

2017; Mansour et al., 2018) shows that photophysiological thermotolerance is genetic. Thus, if effective 

N utilization in plastid protein synthesis contributes to thermal tolerance, elevated concentrations of D1 

protein should be common to thermally tolerant species/phylotypes in N depleted environments. This 

hypothesis was tested by comparing the photophysiology and rates of plastid protein synthesis between 

a thermally-tolerant (A4) and a thermally-sensitive (B2) phylotype of Symbiodiniaceae subjected to 

nutrient and temperature stress.  

 

4.1.1 Chloroplast protein synthesis and quantum yield 

In all cases, high nutrient availability was positively correlated with both maximum quantum yield 

(FV/FM) and D1 protein concentration, showing that for both phylotypes low nutrient environments 

present a challenge to optimal photosynthetic ability. While this may at first appear obvious, it 

establishes that the efficiency of photosynthate production can be directly influenced by the algae’s use 

of available nutrients. This has important consequences for host/symbiont relationships, as nutrient 

availability for in hospite Symbiodiniaceae is controlled by the host, and is typically N limited so as to 

regulate the rate of algal cell division (Yellowlees et al., 2008; Rädecker et al., 2015). Those algae that 

can maintain effective photosynthesis under such conditions would confer an obvious advantage to the 

host.    What is less immediately clear however, is whether a direct correlation exists between D1 protein 

concentration and FV/FM. In the thermally-tolerant phylotype A4, recovery of FV/FM after heat stress 

was accompanied by a corresponding increase in D1 protein, with overall concentrations positively 

correlated with nutrient availability. However, D1 concentrations in the thermally-sensitive B2 either 

decreased or remained stable during recovery, even while FV/FM increased. Further to this, the A4 

treatments had three times the D1 concentrations of B2, while exhibiting less than 10% difference in 
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FV/FM during recovery (Figs 3.7 & 3.8). While it appears that photosynthetic health and D1 protein 

concentration are positively correlated in the thermotolerant phylotype, considering the metabolic cost 

of protein synthesis, it seems anomalous that A4 should produce such an over-abundance of D1 protein, 

only to achieve comparable results to B2 in terms of photochemical potential.  

Concentrations of D1 protein are directly linked with photoinactivation/reactivation, in a wide variety 

of photoautotrophs (Mattoo et al., 1981; Tyystjärvi et al., 1992; Nishiyama et al., 2004; Nath et al., 

2013), and while there are many potential candidates for the molecular mechanism which initiates 

damage in photosystem II (PSII) (Hakala et al., 2004; Vass, 2012; Kulk et al., 2013) (and indeed there 

may be more than one mechanism depending on the environment/organism) it is well understood that 

damage to D1 is followed by its degradation and removal from PSII, followed by synthesis de novo of 

a new D1 molecule and reinsertion into the PSII reaction centre (RCII) (Nath et al., 2013). During the 

process of degradation, removal and reinsertion of the D1 protein, the photosystem is considered to be 

inactivated as the functional and structural integrity of the RC is directly reliant on the presence of D1. 

Whether D1 degradation or re-synthesis is the rate limiting factor in this process is a topic of ongoing 

research, and may also be dependent on the environment and organism (Takahashi et al., 2004; Jimbo 

et al., 2018), but typically, lower concentrations of D1 at any one time equate to lower numbers of 

functional RC’s, and thus lower photosynthetic potential, and vice versa. 

How then does this equate to two organisms with considerably different D1 concentrations showing 

comparable photosynthetic potential? An explanation may be related to differences in the physiology 

of the two phylotypes A4 and B2, particularly with regard to adaptive traits in various subunits of the 

thylakoid membrane. These points will be addressed in the following sections. 

 

4.1.2 Evidence for physiological disparity between A4 and B2 in response to light exposure 

The results of the dark-light (D-L) induction curves (Figs 3.5 & 3.6) showed that the two phylotypes 

react in singular and concise ways when exposed to equal levels of irradiance. Phylotype A4 

consistently initiated a strong non-photochemical quenching (NPQ) response within the first minute of 

exposure, which gradually decreased over time, whereas B2 reacted in an opposing manner, gradually 
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increasing its NPQ response over time. The form of NPQ initiated in these short light exposure periods 

(<10min) is termed energy quenching (qE) NPQ, and is directly related to acidification of the thylakoid 

lumen in the chloroplast. Briefly, protons (hydrogen ions, H+) are pumped from the oxygen evolving 

complex (OEC, found in the reaction centre of PSII) into the thylakoid lumen upon initiation of 

photochemical conversion, contributing to a pH gradient between the lumen and the stroma (Ruban, 

2016). This intra-thylakoid ΔpH is used to synthesize ATP via the protein ATP synthase, primarily for 

use in carbon fixation in the Calvin-Benson cycle (CBC). If the CBC is not able to consume the ATP 

at the same rate at which it’s synthesized, the ΔpH will continue to build, initiating de-epoxidation of 

the LHC xanthophyll pigment diadinoxanthin (Dd) to diatoxanthin (Dt) (Hill et al., 2012). This de-

epoxidation leads to aggregation of LHC pigments, causing photon energy to be converted to heat 

energy (qE) before it reaches RCII, alleviating excitation pressure on PSII and the downstream electron 

transport chain (ETC) (Sacharz et al., 2017; Morris & Fleming, 2018). The rate and duration of this 

process depends on various factors, including irradiance levels, ambient temperature and the functional 

state of the thylakoid proteins and stromal metabolites (Moejes et al., 2017).  Thus, under controlled 

conditions, the disparity in qE initiation between the two phylotypes may indicate potential 

physiological differences in various areas of their respective photosynthetic apparatus. 

4.1.3 Physiological profile of phylotype A4 

The initial steep rise in NPQ in all treatments of phylotype A4 indicates a rapid drop in the luminal pH 

at the start of the actinic period, almost certainly due to a fast build-up of ATP in the stroma. This could 

conceivably be caused by a delay in turnover of the CBC, owing to a lack of oxidised NADP available 

for reduction at the terminal ferrodoxin-NADP reductase (FNR). However, in this particular case this 

scenario is unlikely, as the 10 minute dark adaptation period prior to measurements should have allowed 

for ample re-oxidation of NADPH to NADP (Cardol et al., 2011).  An alternative explanation concerns 

the number of reaction centres contributing to the luminal proton pool. In a scenario where phylotype 

A4 had a high concentration of functioning RCII’s (equivalent to high concentrations of D1 protein), 

the onset of light exposure would cause a rapid and substantial drop in luminal pH as the RC’s start 

pumping protons into the lumen in unison. This would correspond with a rapid increase in NPQ, after 
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which proton ingress slows considerably and luminal pH begins to rise as ATP synthesis draws protons 

out of the lumen (Goss & Lepetit, 2015). As ATP is consumed by the CBC and more ATP is 

synthesized, the luminal pH will continue to increase and NPQ will begin to ease. From here, a feed-

back loop of increasing luminal pH followed by easing of NPQ would result in an eventual equilibrium 

where proton ingress matches egress and photochemical conversion becomes optimal (Papageorgiou & 

Govindjee, 2004).  

4.1.4 Profile of high nutrient A4 

Applying the above process to the D-L induction curve of the high nutrient-low temperature treatment 

of A4 (Fig. 3.5a), we see this feed-back loop resulting in virtually no NPQ at the end of the actinic 

period and an effective quantum yield (Y(II)) more or less equal to the maximum quantum yield (FV/FM, 

the first Y(II) point on the x-axis). This shows that under optimal conditions Symbiodiniaceae of 

phylotype A4 are able to process all incoming light photochemically, indicating a high number of 

functioning RC’s (as reflected in the high D1 content) and efficient use of downstream metabolic 

products in the CBC.  

Under high-nutrient, high temperature conditions (Fig. 3.5c) the same initial rise in NPQ is followed by 

a more gradual decline, reaching approximately 50% of the initial value after 10 minutes, which is 

indicative of increased ATP synthesis due to cyclic electron transport (CET) (Arnon et al., 1954; 

Shikanai, 2014). CET involves the recycling of electrons from the terminal ferrodoxin (Fd) in PSI to 

the electron acceptor plastoquinone (PQ), which transports protons back into the thylakoid lumen via 

cytochrome b6f, increasing net ATP synthesis (Allen, 2003). CET is complimentary to electron 

transport via PSII (linear electron transport, LET), and is necessary to balance proton movement and 

ATP synthesis under ambient conditions. CET up-regulates in some Symbiodiniaceae types (and in 

particular in the genus Symbiodinium, to which phylotype A4 belongs (McCabe Reynolds et al., 2008))  

as a stress response to elevated temperatures (Aihara et al., 2016; Dang et al., 2019b), increasing qE to 

further protect the photosystems from photoinactivation.  

Despite this sustained NPQ, D1 concentration in the high temperature treatment was less than 50% that 

of the low temperature treatment prior to entering recovery, which can be attributed to a lower rate of 
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protein synthesis rather than a higher rate of protein degradation, and is linked to changes in carbon 

fixation efficiency in the CBC at increased temperatures (Brooks & Farquhar, 1985). The enzyme 

ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) which catalyses fixation of CO2 

(carboxylation) in the CBC, also has a (slightly) lower affinity for O2 fixation (oxygenation) at a rate of 

approximately 4:1 CO2/O2, under atmospheric conditions and at moderate ambient temperatures 

(~25°C) (Ogren, 1984). As ambient temperature increases past 30°C, the specificity of Rubisco for CO2 

drops considerably, resulting in increased oxygenation relative to carboxylation and leading to altered 

pools of metabolites within the CBC. This causes a slowing of the rate of carbon fixation in the high 

temperature treatments and a subsequent backlog of the reducing agent, NADPH. Takahashi and Murata 

(2006) showed that synthesis of  glycerate-3-phosphate (3-PGA) through carboxylation is essential for 

facilitating linear electron flow through the ETC by utilizing NADPH. When carboxylation becomes 

limited due to increased oxygenation, excess electrons are diverted away from NADPH production to 

an alternative electron sink known as the water - water cycle (WWC) in PSI (Curien et al., 2016).  Here, 

the excess electrons reduce O2 to the reactive oxygen species (ROS) superoxide (O2
-) via the Mehler 

reaction (Mehler, 1951). Under ambient conditions, O2
- is then rapidly converted to the ROS H2O2 via 

superoxide dismutase (SOD) and then to water via ascorbate peroxidase (APX), in a series of reactions 

collectively known as the Mehler Ascorbate Peroxidase (MAP) pathway (Asada, 2006; Roberty et al., 

2014). It is proposed that when electron flow through the WWC produces ROS at a rate beyond which 

SOD and APX can effectively scavenge it, a build-up of ROS can spread from PSI to interfere with 

various plastid and cellular processes (Roberty et al., 2015; Warner & Suggett, 2016). In particular H2O2 

interferes with transcription of the psbA gene encoding for D1, by oxidising the transcription factor Ef-

Tu (Takahashi & Murata, 2008; Jimbo et al., 2018), involved in the elongation step of psbA mRNA. 

Thus, lower concentrations of D1 protein observed under heat stress in the high nutrient treatments of 

A4 were likely a result of slowed protein synthesis due to accumulation of ROS, a supposition 

reinforced by the rapid increase in D1 protein upon transfer to low temperature.   
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4.1.5 Profile of low nutrient A4 

Both of the low nutrient treatments of A4 had consistently lower FV/FM than the high nutrient treatments 

(Figs 3.2a-b & 3.4a-c). This is reflected in the relatively high initial Y(NO) of the low nutrient D-L 

induction curves (Fig. 3.5a & b), indicating that a larger proportion of the RC pool is inactive in the low 

nutrient treatment, which is also consistent with the relatively low observed D1 concentrations. It then 

follows that when this smaller pool of active RC’s initiate NPQ, a larger proportion of xanthophylls 

become de-epoxidised relative to the high nutrient treatments, leaving a net lower number of available 

RC’s to continue photochemical conversion, seen as decreased Y(II) throughout the actinic period. The 

more gradual decline in NPQ of the low nutrient treatments compared to high, could be an indication 

of limitations imposed on the CBC due to low nitrogen (N) availability. Alipanah et al. (2015) found 

that NADPH production through photosynthesis was reduced in the diatom Phaeodactylum tricornutum 

when grown in N depleted medium, with downregulation of multiple gene transcripts involved in 

photosynthesis, including transcripts for FNR, for enzymes used in the CBC and for biophysical carbon 

concentrating mechanisms. A large decrease in carbon-fixation  capacity in nitrogen starved microalgae 

(Rhodomonas sp., Cryptophyceae)(da Silva et al., 2009) was attributed to lowered stores of rubisco, 

with similar phenomena observed in other species of microalgae and cyanobacteria (Berges et al., 1996; 

Kulk et al., 2013, 2018; Liefer et al., 2018; Coulombier et al., 2020). Thus, a similar outcome to 

temperature stress with regards to NPQ is observed under low N availability, where ATP synthesis 

outpaces consumption and ΔpH remains elevated, prolonging NPQ throughout the actinic period. The 

down-regulation of CBC activity could also have contributed to a decreased rate of D1 synthesis via 

ROS transcription interference, however the effect appears to be minimal at low temperature, likely due 

to reduced pressure on the ETC as a result of a smaller pool of active RCs. 

 

The result of heat stress and low nutrients combined (Fig. 3.5d) presents an accumulative effect of the 

aforementioned physiological responses, characterised by sustained NPQ and little recovery of Y(II) 

throughout the actinic period. Y(NO) under these conditions is significantly higher than in any of the 

other treatments, indicating that photoinhibition has occurred in a substantial portion of PSII reaction 

centres, from which the algae were not able to recover. Again, this is reflected in low D1 concentration 



86 
 

relative to non-heat stressed treatments (Fig.3.7 e & f vs. Fig.3.7 g & h) and is most likely a consequence 

of extended periods of low carbon fixation due to nitrogen depleted conditions, exacerbated by 

decreased carboxylation efficiency at elevated temperature. 

 

4.1.6 Physiological profile of phylotype B2 

Phylotype B2 showed a marked contrast in NPQ initiation relative to phylotype A4, indicating distinct 

differences in the physiological mechanisms employed in the photosynthetic apparatus. Whereas the 

luminal pH of phylotype A4 dropped rapidly and substantially at the onset of actinic light before 

increasing at a rate dependent on the treatment conditions, luminal pH of phylotype B2 consistently 

decreased over time and with less variability than A4 (Fig. 3.6 & Table 3.1). This immediately suggests 

that phylotype B2 has a comparatively smaller pool of active RCII’s contributing to acidification of the 

thylakoid lumen, a conclusion supported by the low D1 protein concentration of all B2 treatment groups. 

This may also be supported by the relatively flat curve of the Y(II) parameter compared to Y(II) and 

Y(NO), which can be elucidated as follows. 

At the onset of actinic light, we see a dip in Y(II) with a corresponding peak in Y(NO) and a moderate 

rise in Y(NPQ). The peak in Y(NO) represents the active RC’s which have transiently closed due to 

reduction of electron acceptors downstream of PSII, while the rise in Y(NPQ) represents RC’s which 

are no longer receiving excitation energy from the LHC due to initiation of qE (Minagawa, 2013). At 

the next saturation pulse (SP), Y(II) increases by slightly less than the amount that Y(NO) decreases, 

indicating reopening of the transiently closed RC’s as electron flow becomes steady through the ETC, 

coupled with a small rise in Y(NPQ) as more protons are pumped into the lumen. For the remaining 

SP’s up until the end of actinic exposure, Y(II) remains almost flat, while a slow increase in Y(NPQ) is 

mirrored by a decrease in Y(NO). This may indicate that from this point on, initiation of qE no longer 

reroutes excitation energy away from active RC’s, but instead initiates de-epoxidation of xanthophylls 

in areas of the antenna complex where there is no direct connection between the LHC and an active 

PSII, resulting in a decrease in steady state fluorescence (Fs) through the quenching of chlorophyll a 

(Chl-a) molecules bound to inactive reaction centres (Alexandre et al., 2007). This proposed uncoupling 
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of qE from RC inactivation would assume an antenna pigment complex following the ‘lake model’ 

(Kramer et al., 2004), where PSII reaction centres share a common pigment bed and excitation energy 

can be passed between multiple LHC’s. In this scenario, when PSII density is low and interconnectivity 

between antenna pigments is high, an increase in the ratio of inactive to active RC’s (equivalent to a 

decrease in the effective quantum yield, Y(II)) would logically increase the rate at which incoming 

excitation energy is passed to an inactive RC. The LHC of Symbiodiniaceae is unusual among light 

harvesting organisms in that it utilizes a water soluble peridinin-chlorophyll-a-protein (PCP) with a 

high carotenoid/chlorophyll ratio unique to dinoflagellates (Boldt et al., 2012; Maruyama et al., 2015). 

The PCP has been shown to greatly facilitate quenching of triplet state chlorophyll-a (3Chl-

a*)(Alexandre et al., 2007), a product of intersystem crossing in singlet state Chl-a (1Chl-a*) formed 

via charge recombination in inactivated RC’s (Ballottari et al., 2013). Thus the LHC itself may 

potentially act as a photoprotective mechanism, quenching excess energy absorbed into the antenna 

complex without the need for interaction with a functional RC. 

For the above explanation to be plausible, phylotype B2 would need to possess a very large antenna 

complex relative to PSII, with active and inactive RCs sharing excitation energy. The size of the antenna 

complex relative to PSII is known as the effective absorption cross-section (σPSII) (Suggett et al., 2010). 

Low-light adapted photoautotrophs generally present an enlarged σPSII, with increased numbers of light 

harvesting pigments and more numerous connections between neighbouring LHCs relative to high-light 

adapted organisms (Hennige et al., 2009). This increase in σPSII effectively casts a ‘wider photon net’, 

allowing the chloroplast to absorb maximal light in steady, low-light environments using a relatively 

small number of active RCs. Conversely, an organism with a smaller σPSII and a higher number of active 

RCs is more efficient under conditions of transient or high irradiance, where maximal photoconversion 

can be achieved quickly, and rapid onset of qE effectively alleviates excess exciton pressure by directly 

disengaging RC’s from the ETC (McCabe Reynolds et al., 2008).  

An increased σPSII in phylotype B2 would explain why no significant difference was observed in 

Y(NPQ) between any of the treatments, as changes in luminal pH would be held more or less constant 

by the bottleneck created by a large LHC:PSII ratio. The slightly lower Y(II) observed in the low 

nutrient treatments compared to their high nutrient counterparts may then simply be a consequence of 
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limited D1 protein replacement due to low N availability. Further research to fully elucidate the effects 

of antennae pigment size on NPQ initiation may involve comparisons of NPQ response and σPSII 

between Symbiodiniaceae acclimated to different light levels. The potential for PCP to act as a 

quenching mechanism independent of PSII functionality is also a concept which could have a large 

impact on our current understanding of the photophysiological responses of Symbiodiniaceae. So far, 

research into this topic has been limited to studies of isolated pigment complexes only, so 

methodologies involving in vivo study of this important topic are much needed. 

 

4.1.7 Relationship between thylakoid composition and D1 protein concentration 

The disparity in D1 protein concentration between the two phylotypes can be explained via the ratio of 

active to inactive PSII’s in their respective thylakoids. By definition, the fluorescence parameter termed 

maximum quantum yield (FV/FM,) reflects the number of photosynthetically viable RCs in a sample as 

a proportion of all RC’s in that sample. It then follows that two samples with an unequal number of 

active RCs, can in fact show a very similar FV/FM, so long as the proportion of active to inactive RCs is 

the same in both. Park et al., (1996) showed that photoinactivation of functional PSII is intrinsic and 

independent of antenna size, and that under moderate light a roughly equal number of RCs will be 

undergoing degradation, removal and reinsertion of D1 regardless of the acclimation status of the 

organism. This explains how phylotype A4 can have such a high D1 concentration relative to B2 while 

showing a comparable FV/FM value; the proportion of inactive RCs is similar in each phylotype, 

regardless of the total number of RCs. 

The thylakoid of phylotype A4 likely contains a high density of active RCs, as indicated by a rapid NPQ 

response and high D1 content, which would suggest that it is adapted for high light environments 

characterised by fluctuating irradiance, where quick responses to changes in irradiance are necessary 

for optimizing photochemistry. This would be consistent with a symbiont preferentially associated with 

corals found in shallow areas of the reef, where rapidly fluctuating, high irradiance is expected (McCabe 

Reynolds et al., 2008). Conversely, the thylakoid of phylotype B2 is characterised by low RC density, 

as indicated by a slow NPQ response and low D1 concentration, likely as an adaptation to low light 
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environments where irradiance remains relatively stable, ie. deeper areas of the reef (Suggett et al., 

2015a).  

In terms of the effect of nutrient availability on photophysiology, we saw a consistently higher 

photosynthetic yield in A4 than in B2 when under high nutrient conditions, suggesting an emphasis in 

A4 on metabolic processes favouring production of PSIIs with rapid turnover of D1 protein when N is 

abundantly available. However, this trend was not seen under low nutrient availability, where B2 was 

generally more photsynthetically viable. This may suggest a somewhat opportunistic use of nutrients in 

A4 compared to B2, again reflecting the particular habitat phylotype A4 may be adapted to. Shallow 

areas of the reef are characterised by warm, highly stratified water, where nutrients arrive in irregular 

pulses carried by wind-induced vertical-mixing of deeper, more nutrient-rich water (Canuto, 2004). 

Under these conditions, opportunistic, rapid use of nutrients as soon as they become available may be 

to phylotype A4’s advantage. On the other hand, if phylotype B2 preferentially inhabits corals in deeper 

water, where access to nutrients is more uniform, adaptations resulting in slower, more steady use of 

nutrients may lower metabolic costs to both the symbiont and the host (Cunning & Baker, 2013), as 

discussed in the next section.    

These conclusions agree with work by Suggett et al., (2015), using measurements of σPSII and NPQ 

responses in 18 Symbiodiniaceae phylotypes to determine phylogenetic trends in photobiological 

characteristics. Here photosynthetic variability was suggested to correlate with functional diversity 

resulting from differences in microhabitat and adaptations to changing irradiance. McCabe Reynolds et 

al., (2008) came to similar conclusions regarding photophysiological adaptations in genus 

Symbiodinium and Breviolum (the genera of A4 and B2 respectively), showing a connection between 

differences in light harvesting mechanisms in the symbiont and depth of the host (see also Iglesias-

Prieto et al., 2004).   
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4.2 Influence of host nutritional status on photosynthetic health of  symbiotic 

Symbiodiniaceae 

The cnidarian hosts of Symbiodiniaceae are typically mixotrophic, with the bulk of their daily energy 

needs provided by algal symbionts in the form of carbohydrates and fatty acids (photosynthates) 

(Muscatine & Cernichiari, 1969; Papina et al., 2003), supplemented by heterotrophic ingestion of 

inorganic nitrogen and organic carbon from zooplankton and particulate organic matter (Rahav et al., 

1989; McAuley & Cook, 1994). Metabolic by-products from the host, particularly ammonium (NH4
+) 

and CO2, are in turn consumed by Symbiodiniaceae to maintain growth and photosynthesis (Rädecker 

et al., 2015). Efficient uptake and recycling of nutrients between the host and the symbiont is therefore 

crucial to maintaining a mutualistic symbiosis from which both partners benefit.  

Importantly, nutrients provided to the symbiont via the host must be regulated to ensure that the 

endosymbiont population remains at a density conducive to effective photosynthesis and photosynthate 

translocation, as higher symbiont densities are associated with lower chlorophyll production and 

decreased fixed carbon translocation from the symbiont to the host (Hoogenboom et al., 2010; Wall et 

al., 2020), and may even contribute to coral bleaching (Cunning & Baker, 2013). Nitrogen limitation is 

a key strategy employed by the host to stabilize symbiont growth rates (Rädecker et al., 2015; Xiang et 

al., 2020), leading to the hypothesis that Symbiodiniaceae able to optimize photosynthesis in low 

nitrogen environments would confer maximal benefits to the host in terms of growth-rate and resilience 

to environmental stress. This was tested by subjecting Aiptasia hosting Symbiodiniaceae species B. 

minutum and phylotypes A4 and B2 to nutrient and heat stress, while examining changes in host growth-

rate and the photophysiological response of the symbionts. 

 

4.2.1 Influence of symbiosis on photosynthetic potential 

Differences in FV/FM between fed and starved treatments were minimal in the low temperature 

treatments of A4 and B. minutum, as well as between the fed treatments of all phylotypes. This contrasts 

with observations of cultured Symbiodiniaceae, where FV/FM values in high nutrient treatments were 

significantly elevated over low nutrient treatments for the majority of the experiment, and FV/FM of high 
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nutrient A4 was at all times higher than that of B2. This is potentially due to active dissolved inorganic 

carbon (DIC) concentration by the host, leading to improved carbon fixation efficiency by the symbiont.  

Barott et al., (2015) showed that cnidarian hosts expend ATP to pump H+ into the symbiosome, the 

vacuole inhabited by the symbiont within the gastrodermal cells of the host, in a process akin to reverse 

ATP synthesis (Müller et al., 1996).  This leads to acidification of the symbiosome, promoting 

conversion of bicarbonate ions (HCO3
-) to CO2 in the presence of carbonic anhydrases (Weis, 1993). 

The resulting increase in CO2 concentration greatly improves carboxylation efficiency during algal 

photosynthesis (Kaplan et al., 1980), increasing the rate of photosynthetic output and likely reducing 

the need for alternate electron sinks, in particular the WWC, as NADPH consumption in the CBC 

increases. Decreased electron flow to the WWC leads to lower rates of H2O2 production (Asada, 1999), 

improving efficiency of psbA-D1 transcription. By extension, this may also explain the apparently 

increased thermotolerance of A4 and B2 in hospite vs. in culture, as loss of CO2 specificity in Rubisco 

at elevated temperature is mediated by increased CO2 concentration in the chloroplast stroma (Hartman 

& Harpel, 1994). 

 

4.2.2 Influence of Symbiodiniaceae type on host growth 

Oral disc size between Aiptasia hosting different phylotypes was remarkably uniform for both feeding 

regimes, indicating that no one phylotype confers any particular benefit to host growth-rate as a result 

of nutrient availability. This agrees with the conclusions regarding FV/FM from above, where it appears 

all three phylotypes are equally capable of maximising photosynthetic potential, and thus photosynthate 

translocation, when benefitting from the host mediated environment at moderate temperature.    

 

4.2.3 Influence of feeding and heat stress in hospite on D1 protein concentration 

Concentrations of D1 protein in the fed treatments also showed a similar outcome, with no significant 

difference observed between phylotypes. Again, in terms of D1 synthesis, it appears that nutrient 

utilization in all three phylotypes was more or less equal regardless of temperature, as long as the host 

was well supplied with food. This was not the case in the starved, high temperature treatments however, 
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where D1 concentration was extremely low in all cases, indicating that the symbionts were severely 

limited in N. This could either be due to an increased rate of D1 turnover as a result of heat stress in the 

symbiont or, more likely, decreased access to nutrients translocated from the host . This may highlight 

the importance of host heterotrophy when dealing with thermal stress. It is well understood that access 

to particulate organic matter (POM) is essential to corals recovering from bleaching, as heterotrophy 

becomes the only means for the coral to acquire fixed carbon and N after expulsion of symbionts  

(Edmunds & Davies, 1986; Grottoli et al., 2006). But evidence suggests that corals with increased rates 

of heterotrophy during symbiosis are more resilient to heat induced bleaching, regardless of the 

thermotolerance of the associated Symbiodiniaceae (Conti-Jerpe et al., 2020). Under short-term 

starvation, hosts are thought to support symbiont cell division and growth through a supply of nutrients 

from their own stored energy reserves (eg. lipids, proteins, carbohydrates) (Grottoli et al., 2006; Grottoli 

& Rodrigues, 2011), hence it may be the case that increased demands on host metabolism resulting 

from heat stress in the host caused a shift in nutrient availability away from the symbiont in favour of 

the host (Borell et al., 2008). This may have important consequences for corals on highly oligotrophic 

reefs, where low nutrient availability limits heterotrophy, potentially increasing the susceptibility of 

corals to heat induced bleaching. 

Interestingly, an increase in D1 protein concentration in the starved, low temperature treatments was 

seen only in Aiptasia hosting B. minutum. B. minutum is a homologous symbiont to Aiptasia, in that it 

is most commonly found in Aiptasia in the wild. This would suggest that the symbiotic partnership 

between these two organisms is relatively well optimized compared to other Symbiodiniaceae types. 

However phylotypes A4 and B2 are also found in wild Aiptasia but less commonly, and it is clear that 

different symbiotic partnerships can confer different benefits depending on the environment (Parkinson 

& Baums, 2014; Hoadley et al., 2019). It would appear that under conditions of starvation, the symbiosis 

between Aiptasia and B. minutum allows for a continuous supply of nutrients to the symbiont, as 

evidenced by ongoing D1 synthesis, which may be related to the higher growth rate of B. minutum 

relative to phylotypes A4 and B2 (Wooldridge, 2013). Symbionts with a high mitotic index (MI) place 

an increased metabolic demand on their hosts compared to those with low MI, especially at low 

population densities, when fixed carbon translocation to the host is at a minimum (Baghdasarian & 



93 
 

Muscatine, 2000; Xiang et al., 2020). In cnidarians hosting multiple Symbiodiniaceae types, it has been 

shown that those symbionts with the higher MI are more likely to be expelled by the host under 

conditions of stress (McCloskey et al., 1996). While the MI of the three phylotypes involved in these 

experiments was not measured, it may be that B. minutum was able to continue synthesizing D1 at low 

nutrient levels due to its energy demands for growth being less significant at low population densities. 

Thus, while efficient nutrient utilization is clearly important in the current instance, the health of the 

host may not be directly linked to photosynthetic metabolism. 

 

4.3 Conclusion 

The cnidarian-dinoflagellate symbiosis is a complex and potentially fragile partnership, but it is clear 

that physiological diversity within symbionts and hosts allows for a wide range of responses to changing 

environmental and trophic conditions. The thermotolerant Symbiodiniaceae phylotype used in this 

study showed an increased rate of chloroplastic protein synthesis relative to the thermally sensitive 

phylotype when nutrient replete, but a decreased rate when nutrient limited. Therefore, the efficiency 

of nutrient use in photosynthetic pathways does not appear to be the limiting factor in thermotolerance. 

Rather, it was shown that patterns of nutrient utilization and photosynthetic productivity were likely a 

consequence of adaptations to specific environments, suggesting that thermal sensitivity may be 

governed by a more complex set of physiological variables. Investigations into adaptations in the 

photosynthetic complex, specifically resistance against heat-induced limitation of the CBC and 

advanced mechanisms of photoprotection (ie. Chl-a triplet quenching by antenna pigments) may 

provide key insights into the thermotolerance of certain Symbiodiniaceae. 

The efficiency of the symbiont in utilizing available nutrients in photosynthetic pathways does not 

appear to have a simple linear correlation with the health or thermotolerance of the host. Partner 

specificity is likely to influence the ability of the host to withstand certain external stressors, and it is 

probable that sub-optimal partnerships contribute to internal stressors when environmental conditions 

become less favourable. However, efficient use of nutrient pools by the symbiont in pathways other 

than photosynthesis (ie. growth) when nutrients are lacking, may assist in reducing metabolic demands 
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on the host and help the symbiosis endure periods of external stress. Further work on the influence of 

growth patterns in Symbiodiniaceae and its effects on host metabolism are needed in this respect. 

 

Coral bleaching due to anthropogenic climate change is an immediate and global issue, one which has 

the potential to devastate some of the world’s most diverse ecosystems. Research into the mechanisms 

facilitating the cnidarian-dinoflagellate symbiosis is critical for our understanding of how the world’s 

reefs will be affected over the coming decades, and how we can act to protect this unique and fragile 

habitat.    
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