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Abstract 
Members of the phylum Cnidaria, such as corals and sea anemones, often form mutualistic endosymbiotic 

relationships with photosynthetic dinoflagellates that are founded upon a reciprocal exchange of nutrients. 

In this exchange, the cnidarian host provides its symbionts with nutrients derived through respiration, 

heterotrophy, and the environment, while the symbionts provide their host with products of photosynthesis. 

The energy derived from this exchange is utilized for metabolism, growth, and reproduction; alternatively, 

it can be accumulated into storage bodies for use during nutritional shortages or stress. Cnidarian-algal 

symbioses can be found throughout the world and vary in their sensitivity to stress, with environmental 

changes playing a prominent role in inducing stress. Tropical cnidarian-dinoflagellate symbioses are 

particularly vulnerable to temperature change, with increases of just 1-2℃ above their upper thermal limit 

often resulting in bleaching (the breakdown of symbiosis via symbiont expulsion). In contrast, temperate 

cnidarian-dinoflagellate symbioses exhibit far greater tolerance to such environmental stressors, and are 

rarely seen to bleach in the field. It is unclear how temperate cnidarian-dinoflagellate symbioses achieve 

this resilience and stability.  

 

This thesis examines the effects of changes in temperature and irradiance on the content of energy-rich 

cellular storage products in the temperate sea anemone Anthopleura aureoradiata and its dinoflagellate 

endosymbionts (family: Symbiodiniaceae), in order to assess the potential of these compounds in 

contributing to the overall stability of the symbiosis. In particular, symbiont density and chlorophyll content 

(as well as photosynthetic efficiency, for experimental study only), in addition to both symbiont and host 

protein content, served as indicators of physiological health, and were then related to the accumulation of 

cellular storage products such as lipids and carbohydrates. 

 

A field study was conducted in which a population of A. aureoradiata was sampled from Wellington 

Harbor, New Zealand, at monthly intervals for one year. Despite monthly and seasonal variability in the 

physiological parameters measured, the symbiosis remained functional and stable (i.e. no signs of 

bleaching) throughout the year. The greatest inter-seasonal variation occurred in the symbiont cell-specific 

carbohydrate content, which decreased significantly between spring and summer. In contrast, host lipid 

content exhibited less variation than all other symbiont and host storage products. These observations 

suggest that symbiont carbohydrate stores are primarily utilized to sustain the symbiosis during times of 

seasonal environmental change (in this case, correlating with increased light and temperature during 

summer), while lipids may be kept in reserve. The robustness of this field population is expected; being a 

native species, A. aureoradiata is likely highly acclimated to the conditions that were observed throughout 

the year of this field study. 



 2 

A separate population of A. aureoradiata was subsequently acclimated to a moderate regime of temperature 

and irradiance, and then exposed to one of six treatments of different combined temperatures and irradiances 

(based on seasonal conditions in the Wellington Harbour), to establish their interactive effects on cellular 

storage product content. Specifically, three thermal regimes (low: 9±1°C, moderate: 14.5±1°C, high: 

21±1°C), each at a low (70±10 µmol photons m-2 s-1) or high (145±15 µmol photons m-2 s-1) irradiance, were 

maintained for a total of sixteen weeks. Unlike in the field, a breakdown in symbiosis was observed; photo-

physiological dysfunction of the symbiosis was observed within four weeks in all anemones exposed to low 

temperature at both irradiances, and bleaching was apparent by week eight. This response likely arose from 

a combination of the rapid decrease in temperature experienced upon distribution into the low-temperature 

tank, as well as the prolonged nature of the conditions in the experiment, which would not be experienced 

in the field. In contrast, the anemones maintained at both irradiances in the moderate and high temperature 

treatments maintained a stable symbiosis, suggesting that these conditions were not extreme enough to 

cause notable stress. In fact, anemones kept under both low and high irradiance within the moderate 

temperature treatment increased in symbiont density and exhibited the highest host lipid content relative to 

the other treatments, suggesting that this treatment was near-optimal for the symbiosis. Perhaps 

interestingly, both the moderate and high temperature treatments induced significant reductions in 

symbiont-specific protein, lipid, and carbohydrate content, while host storage products decreased less 

drastically. This observation suggests increased utilization of symbiont storage products to maintain a 

healthy symbiosis under these experimental conditions.  

 

My findings are consistent with previous reports of seasonal stability in temperate cnidarian-dinoflagellate 

symbioses; moreover, I provide experimental evidence for the utilization of symbiont storage products as 

a means of maintaining symbiosis stability, though this was less apparent in the field. Although recent 

studies have made great progress in identifying patterns of stability in temperate cnidarian-dinoflagellate 

symbioses, additional studies are required to build a more comprehensive picture of the mechanisms 

involved. Future studies would benefit from increased frequency of field sampling, including assessments 

of nutrient availability and host reproductive cycles, to better understand the monthly and seasonal 

variability in the intracellular storage product use observed in the field. Nevertheless, results of this study 

contribute to an improved understanding of the physiology and remarkable stability of temperate cnidarian-

dinoflagellate symbioses, with implications for predictions of how they might respond to future climate 

change scenarios.  
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Chapter 1:  Introduction 
 

1.1. Symbiosis 
 

1.1.1. Overview 

 “In the long history of humankind (and animal kind, too) those who learned to collaborate and 

improvise most effectively have prevailed” (Charles Darwin, according to popular belief). 

Collaboration is widespread throughout the various kingdoms of life, and when two or more 

organisms engage in a well-developed, long-lasting, and interactive association, they are referred 

to as being in “symbiosis” (Paracer, 2000). These symbiotic associations exist along a gradient of 

interactions that can be either obligatory or facultative, intracellular or extracellular, and range from 

parasitic to mutualistic. While symbiotic relationships can be found throughout the world, the 

oceans in particular are teeming with symbioses that take on remarkably different forms. Well-

known examples include anemones and their resident clownfish, sharks and remora, and eels and 

cleaner wrasses, while equally as remarkable are more unfamiliar symbioses such as those between 

gobies and pistol shrimp, bobtail squids and bioluminescent bacteria, and deep-sea hydrothermal 

vent tube worms and chemosynthetic bacteria. In fact, even humans are engaged in an obligatory 

mutualistic symbiosis with our gut microbiota, which receive shelter and constant nutrients from 

us in exchange for their ability to help digest our food (Yadav et al., 2018).  

 

1.1.2. Ecological importance 

Symbioses can be credited with supporting much of the vast array of life that exists on Earth, and 

they can be found throughout the world, even in some of the most extreme environments, with the 

partnership often enabling each participant to expand both its ecological range and fundamental 

niche. This is evident among many plant species which, with the aid of symbiotic mycorrhizal 

fungi, can occupy areas with more inconsistent moisture and nutrient levels than plants lacking 

mycorrhizal symbionts (Gerz et al., 2018). While the intimate exchange of nutrients and/or services 

between mutualistic partners can enhance the fitness of the individual organisms, symbiosis can 

also promote greater contributions to overall ecosystem productivity, which becomes especially 

prevalent in low-nutrient environments. A prime example of this occurs in the light-deprived deep 

sea hydrothermal vents, where many residents form symbiotic relationships with chemosynthetic 

proteo-bacteria that fix inorganic carbon for their hosts, generating biomass, which acts as a source 

of organic carbon for exclusively heterotrophic consumers (Beinart et al., 2012; Dick, 2019). 

Indeed, symbiosis is responsible for the formation of what are arguably the world’s most vibrant 
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ecosystems (located in some of the world’s most nutrient-poor waters): coral reefs. Cnidarians, 

such as corals and sea anemones, form tight-knit endosymbiotic (i.e. intracellular) relationships 

with photosynthetic dinoflagellates, a partnership which allows the holobiont (i.e. host and 

symbiont as one symbiotic unit)(Pietra, 1995) to grow and thrive in nutrient-depleted tropical seas. 

As the widely-recognized “backbone” of coral reef ecosystems, cnidarian-dinoflagellate symbioses 

have significant global importance, especially in coastal communities, where they generate income 

from tourism and resource industries, support diverse populations of marine species for fisheries, 

and act as a physical barrier to protect shorelines from hazardous waves and currents (Moberg and 

Folke, 1999; Pascal et al., 2016).  

 

1.2. Cnidarian-dinoflagellate symbiosis 
 

1.2.1. Overview 

The symbiosis between cnidarians and dinoflagellate symbionts is thought to have originated in the 

Triassic period (Frankowiak et al., 2016); however, these early symbiotic species are thought to 

have disappeared during the End-Triassic mass extinction, and then re-emerged during the Jurassic 

period (LaJeunesse et al., 2018). These dinoflagellates, which have an infamously complicated 

phylogenetic lineage that has been re-evaluated many times since their discovery (Blank and 

Trench, 1985; LaJeunesse, 2001), are now formally assigned to the taxonomic family 

Symbiodiniaceae (LaJeunesse et al., 2018). This family includes seven genera (formerly clades), 

based on genetic differences – particularly in the internal transcribed spacer 2 (ITS2) region of 

rDNA – as well as morphological differences (Hunter et al., 2007; LaJeunesse et al., 2018). 

Symbiodiniaceae are classically described as round, unicellular organisms, ranging from 5-15 µm 

in diameter and varying from green to golden-brown in color. They can exist either as free-living 

individuals or as endosymbionts within a host organism. Anthozoan cnidarian hosts (i.e., corals and 

sea anemones), are coelenterates whose bodies are comprised of three layers: the outer epidermis, 

connective mesoglea, and inner gastrodermis.  Symbionts typically inhabit cells within the host’s 

gastrodermis, which lines the gastrovascular cavity, with typically 1-2 symbiont cells inhabiting a 

single host cell (Muscatine et al., 1998; Davy et al., 2012) (Figure 1.1). 
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Figure 1.1: Anatomy of the cnidarian-dinoflagellate endosymbiosis. (A) Diagrammatic representation of 

holobiont anatomy, (B) dissection microscope image of a cnidarian (Anthopleura aureoradiata), (C) light 

microscope image of isolated Symbiodiniaceae (20x magnification), and (D) diagrammatic representation of 

symbiont cell within host gastrodermis cell.  

 

1.2.2. Symbiont acquisition and regulation 

A cnidarian host can acquire its symbionts in two ways, either horizontally (i.e. from the 

environment) or vertically (i.e. from the parent), although the former is more common (Davy and 

Turner, 2003). Horizontal transmission occurs when symbionts are taken in from the ambient 

seawater through the host’s oral cavity and then phagocytized into host cells lining the 

gastrovascular cavity. Vertical transmission, on the other hand, occurs during offspring 

development as the symbionts are inherited from the maternal host cells (Davy et al., 2012). 

Regardless of transmission method, once the symbionts are within their host, each is housed by a 

“symbiosome membrane complex”, a combination of symbiont cell membranes surrounded by an 

outer host-derived vacuolar membrane (Wakefield et al., 2000; Davy et al., 2012).  Naturally, there 

are space limitations to consider when one organism is living within the cells of another organism. 

When symbiosis is functioning properly, symbiont cell growth and division are closely regulated 

and restricted by the host to prevent the symbiont population from either overgrowing or becoming 

too sparse (Dimond and Carrington, 2008; Davy et al., 2012). Mechanisms by which a host may 

regulate its symbiont population include nutrient restriction (Falkowski et al., 1993), cell cycle 

control (Smith and Muscatine, 1999; Tivey et al., 2020), cell degradation and digestion (Titlyanov 

et al., 1996), and expulsion (Hoegh-Guldberg et al., 1987; Dimond and Carrington, 2008). While 

several of these processes have received significant attention, there are many underlying 

mechanisms that have yet to be elucidated. 
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1.2.3. Nutrient exchange 

The mutualism between cnidarian host and dinoflagellate symbiont is founded upon the reciprocal 

exchange of both organic and inorganic nutrients between partners, thereby sustaining the holobiont 

(Figure 1.2). Both partners contribute in a healthy symbiosis, with the host supplying carbon 

dioxide through respiration and both organic and inorganic nutrients through heterotrophy, and the 

symbionts supplying organic carbon through autotrophy, the combination of which results in a 

holobiont that can be considered ‘mixotrophic’. Inorganic nutrients such as phosphate and nitrate, 

and dissolved organic nutrients such as amino acids, can be derived directly from the environment, 

while other organic nutrients are obtained via prey consumption by the host. These nutrients, along 

with symbiont-derived photosynthetic carbon products such as glucose, glycerol, amino acids, and 

lipids, are allocated by the host toward growth, reproduction, and/or storage; the host also 

translocates some nutrients, such as amino acids, back to its resident symbionts as part of a nitrogen 

recycling process (Trench, 1971; Falkowski et al., 1993; Wang and Douglas, 1999; Davy et al., 

2012). All nutritional exchange occurs through the symbiosome membrane complex; symbionts 

then transform the nutrients through photosynthesis into other organic compounds, and similarly to 

their host, allocate these compounds towards growth and division, respiration, storage, or 

translocation back to the host (Muscatine and Hand, 1958; Davy et al., 2012). In particular, lipids 

and carbohydrates are translocated between host and symbionts and/or used extensively by cells 

for many processes, which make them important biological indicators of a well-functioning 

symbiosis.  

 

Lipids | Numerous studies report that lipids are an important energy storage molecule in 

cnidarian-dinoflagellate symbioses (Fitt and Pardy, 1981; Kellogg and Patton, 1983; Rossi 

et al., 2006), and have been observed accumulated into large “lipid bodies” within cells 

(Rosset et al., 2017). In addition to the storage and provision of energy, lipids also play a 

role in membrane structure and cell signaling (Davy et al., 2012) and can be useful 

indicators of cell division, nitrogen assimilation, and carbon to nitrogen ratios (Hillyer et 

al., 2016). It has been suggested that lipids are stored when energy can be generated in 

excess during optimal conditions, and are subsequently depleted in times of nutrient 

limitation or suboptimal conditions (Hinrichs et al., 2013). Lipids are also heavily utilized 

during reproductive processes, and have been observed to be released during coral 

spawning (Rossi et al., 2006).  
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Carbohydrates | Glucose, a renowned carbohydrate, has been speculated to be one of the 

most prominent translocates between cnidarian hosts and symbiotic dinoflagellates 

(Whitehead and Douglas, 2003; Burriesci et al., 2012), while starches, also commonly-

utilized carbohydrates, act similarly to lipids as primary energy storage reserves (Wang et 

al., 2013) and are relied on heavily during times of nutrient limitation, especially in algae 

and plants (Fitt and Pardy, 1981).  

 

The photosynthetic products provided by a thriving symbiont population can satisfy a substantial 

amount, up to almost 90%, of a host’s nutritional demands, and are especially essential in the 

oligotrophic (low in nutrients) waters inhabited by coral reefs (Muscatine et al., 1984; Berkelmans 

and van Oppen, 2006). Even in nutrient-rich waters, the reciprocal exchange of nutrients between 

host and symbionts is essential toward maintenance of a stable holobiont.  

 

 à  
Figure 1.2: The cellular biology that enables the formation of vast reefs. (A) Schematic of the nutrient 

exchange between an intracellular algal symbiont and its cnidarian host (Davy et al., 2012). (B) Picture of a 

healthy coral reef in Wakatobi, Indonesia. Photograph by Lauren Fracasso. 

 

1.3. Environmental influences 
Cnidarian-dinoflagellate symbioses are especially vulnerable to environmental factors, such as 

irradiance, temperature, nutrient availability, salinity, and water quality. These variables can interact 

synergistically or antagonistically to induce physiological effects on resident organisms, though given 

this interconnectivity, their individual impacts can be difficult to discern. For example, turbidity, 

which is often considered an antagonistic condition for photosynthetic organisms, can benefit photo-

sensitive organisms in areas that are exposed to excess heat and irradiance, as suggested in studies of 
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tropical reef corals (Wagner et al., 2010; Cacciapaglia and Woesik, 2016). Given their typical 

distribution throughout the world’s tropical and temperate shallow seas, cnidarian-dinoflagellate 

symbioses may be exposed to both aquatic and aerial conditions, increasing the range of extremities 

of environmental conditions they experience (Muller-Parker and Davy, 2001). Coral reefs are 

generally located in tropical waters that experience stable weather but are characteristically 

oligotrophic; temperate cnidarian-dinoflagellate symbioses, on the other hand, are exposed to variable 

and often cold conditions, with strong seasonal fluctuations in light, temperature, wind stress, and 

nutrient supply (Muller-Parker and Davy, 2001; Davy et al., 2006) (see section 1.4.1).  

 

In addition to understanding the fundamental biology and biogeography of the cnidarian-dinoflagellate 

symbiosis, environmental factors and their variability are also an important consideration in the 

context of global change biology. Direct human activity (i.e. overfishing, pollution, invasive species 

introduction) as well as human-accelerated/induced environmental changes (i.e. ocean acidification 

and sea temperature increase) have had especially negative impacts on marine ecosystems, and 

particularly, on the cnidarian-dinoflagellate symbiosis. Widespread coral reef bleaching has become 

increasingly prevalent, with degraded reefs experiencing an entire ecosystem shift toward reduced 

biodiversity, sponge- and macroalgae-dominated structures, and trophic imbalance (Hughes et al., 

2003) (Figure 1.3). While a multitude of environmental factors impact cnidarian-dinoflagellate 

symbioses in both temperate and tropical regions, constraints of this study required selecting the two 

most prominent and easily manipulated as focus drivers in respect to symbiosis stability: temperature 

and irradiance. 

 

  
Figure 1.3: Degraded reefs. Highly degraded coral reefs in Sampela, Indonesia. Degradation indicators include 

rubble, (A) high population density of sea urchins, and (B) macroalgal cover. Photographs by Lauren Fracasso.  
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1.3.1. Temperature 

Cnidarian-dinoflagellate symbioses can inhabit a wide latitudinal distribution, and therefore may 

encounter a variety of temperature regimes. Symbioses that reside in tropical environments are 

often exposed to mild temperatures with minimal fluctuation throughout the year (aside from 

storms and environmental anomalies); however, temperate residents experience conditions that can 

differ within a day as much as they do between seasons, with both seasonal and diel temperature 

fluctuations increasing with latitude (Muller-Parker and Davy, 2001). For example, while the 

tropical reefs of Jamaica may experience mild annual fluctuations between 25°C and 31°C, annual 

seawater temperatures in temperate regions experience a far greater range, fluctuating anywhere 

between a minimum of 9°C and a maximum of 23°C (Muller-Parker and Davy, 2001). While 

environmental stability is often preferred among many organisms, the consistently warm climates 

of the tropics can stress symbiotic cnidarians if temperatures increase even slightly above the usual 

thermal maximum, sometimes enough to cause the host to expel its symbionts, a process called 

“bleaching” (Weis, 2008), which can ultimately reduce a host’s symbiont density to the point of 

elimination (Gates et al., 1992). The loss of symbionts occurs through a range of processes, 

including apoptosis (“programmed cell death”), expulsion, and detachment of host cells (reviewed 

in Weis, 2008). In fact, during the process of thermally-induced bleaching, viable host cells can 

detach, suggesting that increased temperature may impair host cell adhesion (Gates et al., 1992). It 

has been shown that temperature increases of just 1-2ºC have the potential to induce bleaching 

among tropical cnidarian-dinoflagellate symbioses (Hoegh-Guldberg and Jones, 1999; Hughes et 

al., 2003). 

 

Temperature can have a particularly severe effect on a symbiont’s thylakoid membrane, which 

houses both photosystem I (PSI) and photosystem II (PSII), the cellular components capable of 

converting light energy via electron transport (Tchernov et al., 2004). Increased temperature can 

alter the structure of thylakoid membranes, as confirmed by Tchernov and colleagues (2004), who 

demonstrated that thermal sensitivity is correlated with lipid content of membranes, with higher 

concentrations of polyunsaturated fatty acids making them more permeable and fragile. High 

temperatures can also cause degradation of the D1 protein (which forms the reaction core of PSII) 

faster than its synthesis, the combination of which causes uncoupled electron transport, decreased 

energy transduction, and ultimately, reduced photosynthetic efficiency  (Warner et al., 1999). Due 

to the evident effects of thermal stress on photosystem functioning, measurements of 

photosynthetic pigments are often used to assess holobiont condition (Apprill et al., 2007). In 

addition to degrading the aforementioned D1 protein, increased temperatures can instigate both the 



 15 

reduction of protein synthesis as well as the upregulation of stress-response proteins (Takahashi et 

al., 2008; Mayfield et al., 2016; McCauley et al., 2018).  

 

Low temperatures can also have a deleterious effect on cnidarian-dinoflagellate symbioses. Studies 

on the effects of experimental cold shock have been performed on both tropical sea anemones 

(Exaiptasia pallida) and tropical reef corals (Pocillopora damicornis), demonstrating that 

experimental cold shock (with lower thermal limits variable between species) induces the expulsion 

of both symbionts and viable host cells (Steen and Muscatine, 1987; Muscatine et al., 1991; Gates 

et al., 1992). In addition, Gibbons (2009) reported that the symbionts of the temperate anemone 

Anthopleura aureoradiata contributed minimally, if at all, to carbon translocation within 

holobionts during the winter, suggesting that anemones may rely on other nutritional sources during 

times of low temperature. This finding is consistent with the knowledge that thermal stress often 

results in fewer nutrients being transformed through photosynthesis; therefore, symbionts are not 

able to translocate as much to their host, which must then rely on increased heterotrophy or draw 

upon stored reserves to meet its nutritional needs (Hillyer et al., 2016); similarly, the stressed 

symbionts need to mobilise their own storage products to survive thermal stress. If such stress-

response processes are insufficient, the holobiont could die within weeks (Berkelmans, 2002; 

Berkelmans et al., 2004).  

 

1.3.2.  Irradiance 

Solar irradiance is an important environmental factor to consider, as it determines the amount of 

photic energy and carbon that is available to be transferred and transformed, respectively, during 

photosynthesis. Both the amount and intensity of irradiance received by photosynthetic 

endosymbionts depends on many factors, including depth, water turbidity, and sedimentation, as 

well as host-related aspects such as tissue density and body position (Pearse, 1974). For example, 

Anthopleura elegantissima has up to ten times more symbionts and chlorophyll in its tentacles than 

in its body column, and thus utilizes expansion and contraction of these tentacles to control how 

much light its symbionts are exposed to (Dykens and Shick, 1984). Additionally, while the amount 

of solar irradiance may not differ markedly between temperate and tropical surface waters on a 

global scale, both daily and seasonal fluctuations are experienced far more acutely in temperate 

environments, and temperate cnidarian-dinoflagellate symbioses have been shown to exhibit about 

half of the photosynthetic potential of their tropical counterparts (Muller-Parker and Davy, 2001). 

Light attenuation is especially high in temperate regions during the winter, as waters are more 

frequently disturbed by storm activity and coastal nutrient run-off; solar irradiance is of course also 
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lowest during the winter. Comparing irradiance at depth, however, reveals much greater differences 

between temperate and tropical regions, as less light attenuation occurs in the nutrient-poor water 

column of the tropics (Richardson et al., 1983; Muller-Parker and Davy, 2001). Excess irradiance 

can be a driver of photobleaching, which if not reduced will often result in the complete bleaching 

of a host’s resident symbiont population (Iglesias-Prieto et al., 1992). Alternatively, insufficient 

irradiance can also negatively impact cnidarian-dinoflagellate symbiosis, with studies of photo-

acclimatory responses to dark stress suggesting that decreased photosynthetic output under low 

light causes changes in cellular metabolism, growth rate, and antioxidant production (Falkowski et 

al., 1990; DeSalvo et al., 2012).  

 

1.4. Cnidarian-dinoflagellate symbiosis stability 
Coral reef cover throughout the world’s oceans has been declining since the 1970’s (Berkelmans et al., 

2004; De’ath et al., 2012; Hughes et al., 2017), largely due to both global climate change and local 

environmental stressors. As discussed above, elevated seawater temperatures can trigger bleaching in 

tropical cnidarians; for example, the tropical sea anemone Exaiptasia pallida expels its symbionts upon 

exposure to minor temperature increases of just a few degrees above its thermal optimum of about 25ºC 

(Muller-Parker and Davy, 2001). However, temperate symbiotic cnidarians (see Section 1.4.1) tend to be 

far more robust; for example, the sea anemone A. elegantissima can tolerate annual temperature fluctuations 

within a range of up to 15ºC without experiencing symbiosis breakdown (Dimond et al., 2011). These 

temperate associations are similarly robust in the face of low light, with symbiotic anemones such as the 

New Zealand native A. aureoradiata spending much of its time under mud (Morar et al., 2011).   

 

The attributes and mechanisms that underlie environmental tolerance are not fully understood, but likely 

relate to both the symbiont and host, as well as the potential interactions between the partners (Berkelmans 

and van Oppen, 2006; Fitt et al., 2009; Grégoire et al., 2017; Oakley and Davy, 2018). Furthermore, 

interactions with other microbial symbionts both within and on the host’s tissues could play a role 

(Ainsworth et al., 2017; Rosado et al., 2019). Particular attention has focused on the potential for both 

symbiont and host to manage the reactive oxygen species (ROS) that are generated as a result of 

photosynthetic dysfunction, with more thermally-resistant symbionts, for example, being better equipped 

to deal with oxidative stress (Iglesias-Prieto and Trench, 1997; Lesser and Farrell, 2004; Oakley and Davy, 

2018; Wietheger et al., 2018). In addition, other aspects of cellular physiology, such as heat shock proteins 

and thylakoid membrane composition of the symbionts, may also confer stress tolerance (Fitt et al., 2001; 

Tchernov et al., 2004). A considerable amount of attention has been paid to symbiont diversity in particular, 

with different symbiont species or genotypes possessing different physiologies and environmental 
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tolerances (Robison and Warner, 2006; LaJeunesse et al., 2010; Díaz-Almeyda et al., 2011). For example, 

symbionts within the genus Durusdinium (LaJeunesse et al., 2018 novel genus, formerly referred to as 

“clade D”) have been suggested to exhibit greater thermal tolerance than other symbionts, as well as 

conveying increased thermal tolerance to their host, expanding their thermal limit by up to 2°C (Fabricius 

et al., 2004; Rob, 2004); on the other hand, Cladocopium spp. (LaJeunesse et al., 2018 novel genus, 

formerly referred to as “clade C”) is made up of both tolerant and sensitive members (Tchernov et al., 2004; 

Fisher et al., 2012; LaJeunesse et al., 2018). These phylogenetic inconsistencies in thermal tolerance 

suggest that many other factors are at play than genetics alone when it comes to the stability of cnidarian-

dinoflagellate symbiosis, including but not limited to “respiratory physiology, cellular biochemistry, 

pigment concentrations, antioxidative compounds, heat shock proteins, and cell cycle regulation” 

(Baghdasarian et al., 2017). Less directly, the aforementioned ability to switch from a predominantly 

autotrophic nutritional state to a more heterotrophic one by the holobiont (Coma et al., 1999; Ferrier-Pagés 

et al., 2011), or the ability to utilize internal stores from both host and symbionts (Hughes et al., 2010; 

Hillyer et al., 2016; Grottoli et al., 2018), can help combat stress-induced nutritional deficits and aid in 

holobiont recovery. 

 

1.4.1. Temperate cnidarian-dinoflagellate symbiosis 

While we are much more familiar with tropical coral reefs, cnidarian-dinoflagellate symbioses are 

found in temperate regions too, where they can be conspicuous and important members of the 

benthic community (Davy et al., 1997; Muller-Parker and Davy, 2001). Examples include the soft 

coral Capnella gaboensis, the most abundant octocoral in Southeastern Australia (Farrant et al., 

1987), the sea anemones A. elegantissima (USA) and Anemonia viridis (Europe), both locally 

abundant but harboring either heterogeneous or homogeneous symbiont populations, respectively, 

(Jacques et al., 1983; Verde and McCloskey, 2001, 2002, 2007; Revel et al., 2016); and Astrangia 

danae, abundant in Narragansett Bay (USA) and surviving in both symbiotic and non-symbiotic 

conditions (Jacques et al., 1983). As previously mentioned, temperate waters can undergo 

significant annual temperature fluctuations, which is relatively extreme compared with the milder 

fluctuations in the tropics. Temperate regions also experience greater irradiance fluctuations than 

tropical regions, as demonstrated by a comparison made by Muller-Parker and Davy (2001), who 

reported that their temperate field site in the Pacific Northwest experiences 80% more daily 

integrated irradiance flux than their tropical field site in the Caribbean Sea. Due to the inconsistent 

and seemingly undesirable environmental conditions, one would expect temperate symbiotic 

anemones to inhabit only shallow waters; however, this is not the case. For example, in Lough 

Hyne, Eire, symbiotic anemones reside at depths up to 21m, receiving only a small fraction of the 
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light encountered at the surface (Davy et al., 1997). In fact, it has been suggested that temperate 

symbiotic cnidarians appear to be less dependent on light than their tropical counterparts for 

survival (Muller-Parker and Davy, 2001). Perhaps surprisingly, considering the reduced ambient 

irradiance compared to tropical regions, temperate symbiotic anemones tend to have a lower 

symbiont density than tropical counterparts, yet their symbionts persist at relatively high densities 

under low light conditions and may even increase during winter conditions (Muller-Parker and 

Davy, 2001). Moreover, despite their comparatively lower densities, temperate symbiont 

populations tend to maintain more stable numbers than tropical symbioses regardless of conditions 

experienced (Farrant et al., 1987; Muller-Parker and Davy, 2001; Verde and McCloskey, 2001, 

2002, 2007), highlighting their remarkable stability relative to their tropical counterparts.  

 

Why are temperate cnidarian-dinoflagellate symbioses so stable? 

The previous sections highlight the evident disparity between the stability of temperate and tropical 

cnidarian-dinoflagellate symbioses; however, the reasons for this difference have yet to be fully 

elucidated. It has been suggested that the seasons experienced in temperate regions may play a role 

in acclimating the resident organisms to environmental condition changes (Fitt et al., 2000; Muller-

Parker and Davy, 2001; Davy et al., 2006; Dimond et al., 2011; Hinrichs et al., 2013; McCauley et 

al., 2018), but there are many other factors that warrant exploration. Other mechanisms underlying 

stability differences likely relate to the physiology of both host and symbionts (Davy, 1994; Stat et 

al., 2008; Suggett et al., 2017; Sproles et al., 2018), with research suggesting that temperate 

symbioses utilize their stored resources differently than tropical symbioses when exposed to 

suboptimal conditions. To date, far more studies have been performed on tropical cnidarian-

dinoflagellate symbioses, since they are currently under the greatest pressure from global climate 

changes; however, it is imperative that temperate symbioses be examined with equal scrutiny in 

order to develop more accurate generalizations about trends in holobiont stability. 

 

1.5. Aims and objectives 

This study aims to examine the stability of a temperate cnidarian-dinoflagellate symbiosis across seasons 

and in response to both temperature and irradiance changes, in order to determine the extent to which 

storage product accumulation/utilization might contribute to this stability. The symbiotic New Zealand-

native sea anemone Anthopleura aureoradiata was used as a model organism for temperate cnidarian-

dinoflagellate symbioses, with cell density, photo-physiology, protein content, and storage product content 

(specifically: lipids and carbohydrates) assessed as indicators of holobiont stability.  
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Objective 1: To establish the effects of seasonality on symbiosis stability and storage product 

utilization in the temperate sea anemone A. aureoradiata and its Symbiodiniaceae population. 

To achieve this, anemones were sampled from the field at monthly intervals for one year, and a 

range of physiological response variables, including symbiont cell density, protein, and chlorophyll 

content, as well as host and symbiont lipid, and carbohydrate contents were determined. These 

physiological parameters were assessed with respect to seasonal fluctuations in temperature and 

irradiance.  

Hypothesis: It was hypothesized that the symbiosis would remain stable throughout the 

year, irrespective of seasonal variations in temperature and irradiance, but that storage 

products would fluctuate in content during times of resource (i.e. light, nutrients) limitation 

or environmental extremes (i.e. summer highs and winter lows).   

 

Objective 2: To experimentally determine the interactive effects of temperature and 

irradiance on symbiosis stability and storage product utilization in the temperate sea 

anemone A. aureoradiata and its Symbiodiniaceae population. To achieve this, anemones were 

experimentally exposed to low, moderate, and high temperatures (based on seasonal field data) and 

both low and high irradiance for a period of sixteen weeks, with the same physiological response 

variables measured as in Objective 1.  

Hypothesis: It was hypothesized that the temperature and irradiance treatments would not 

influence symbiosis stability, but that storage products would be accumulated differently 

under thermal extremes or low irradiance to balance the reduced photosynthetic 

productivity of the symbionts.  

 

1.6. Thesis statement  

This thesis attempts to address knowledge gaps regarding the stability and tolerance of cnidarian-

dinoflagellate symbioses by examining the relationship between A. aureoradiata and its symbionts, taking 

an eco-physiological approach toward studying cellular responses to fluctuations in temperature and 

irradiance. The field component of this thesis aims to examine the condition of symbioses exposed to non-

manipulated environmental conditions, while the experimental component aims to investigate whether 

temperature and irradiance specifically drive any of the patterns observed in the field. I expect that exposure 

to regular seasonal fluctuations in both temperature and irradiance has helped temperate cnidarian-

dinoflagellate symbioses become more tolerant to environmental changes; additionally, I predict that the 

content of cellular storage products in host and symbiont fractions will change in relation to one another as 

each party works to sustain the holobiont under variable conditions. 
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Chapter 2:  Methods 
 

2.1. Study organism: Anthopleura aureoradiata 
More commonly referred to as the ‘small brown sea anemone’ or the ‘mudflat anemone’, Anthopleura 

aureoradiata (Figure 2.1) is a temperate intertidal cnidarian that, like its tropical cousins, harbours 

photosynthetic symbionts (Carlgren, 1950). Populations of A. aureoradiata are easily accessible, 

recognizable, and maintainable, making this species an exemplary model organism for studies of temperate 

cnidarian-dinoflagellate symbiosis. Although A. aureoradiata is native to the waters of southern Australia 

and New Zealand, fellow members of the genus Anthopleura can be found worldwide, with the exception 

of polar regions (Spano and Häussermann, 2017). A. aureoradiata often resides nestled within rock 

crevices, burrowed into fine sediment, or attached to the shells of cockles along intertidal coastlines 

(Mouritsen and Poulin, 2003). This anemone is easily identifiable due to the series of milky-white bumps 

that radiate down its golden-brown body column (Spano and Häussermann, 2017)(Figure 2.1B). In contrast 

to many other sea anemones, A. aureoradiata does not appear to utilize fission or budding for reproduction; 

rather, it has been classified as gonochoristic and reproduces via brooding and expulsion of offspring 

through the oral cavity (Larson, 2017; Spano and Häussermann, 2017). In addition to its role in contributing 

to ecosystem primary productivity, A. aureoradiata plays an important role in marine parasite transmission, 

as it has been shown to ingest parasitic trematode larvae, thereby reducing transmission between snail and 

crab hosts by up to four times (Hopper et al., 2008). This anemone also impedes larval infection of the 

bivalves they often reside upon by eating the approaching larvae (Mouritsen and Poulin, 2003). 

 

   

Figure 2.1: Anthopleura aureoradiata. Dissection microscope images of A. aureoradiata, with (A) expanded, and 

(B) retracted tentacles, magnification 4x; (C) side view of multiple individuals clustered together, as this species 

commonly aggregates. All photographs by Lauren Fracasso. 
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As previously mentioned, A. aureoradiata forms an endosymbiotic relationship (Figure 2.2A-B) with 

photosynthetic dinoflagellates from the family Symbiodiniaceae (LaJeunesse et al., 2018). The symbionts 

housed by A. aureoradiata in New Zealand (Figure 2.2C-D) belong to the novel genus Philozoon (formerly 

referred to as “clade A”); in fact, it was recently suggested that A. aureoradiata simultaneously harbors two 

Philozoon species endemic to central New Zealand, distinguished from one another as well as other 

phylogenetic groups based on differences in their nucleotide sequences (LaJeunesse et al., in submission).  

  

  
Figure 2.2: Symbiodiniaceae in-hospite and isolated from Anthopleura aureoradiata. (A) Brightfield image of 

symbionts within anemone tentacles; (B) confocal microscope image of a tentacle squash containing symbiont cells; 

(C) brightfield image of a symbiont cell isolated from host, magnification 40x; (D) confocal microscope image of a 

symbiont cell, magnification 100x. Red color in confocal images indicates chlorophyll autofluorescence. Photographs 

by Lauren Fracasso.  
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2.2. Field study 
 

2.2.1. Study Site 

Anemones were collected from the mid-littoral zone of the rocky coastline bordering Shelly Bay 

Lighthouse, Wellington, New Zealand (GPS Coordinates: 41°16’40”S 174°49’48”E (-41.28, 

174.83 (WGS84)))(Figure 2.3). While this area is exposed to regular tidal fluxes, it is relatively 

sheltered compared to other temperate coastal habitats, like the nearby Cook Strait. The 

microhabitats of individual anemones vary quite a bit at this site, and anemones could be found 

clustered on exposed rock surfaces, at the bottoms of shallow rock pools, nestled within deep rock 

crevices, or buried in the mud. It is important to note that the variety of microhabitats at this study 

site may introduce further variability in environmental factors that was not accounted for.  

 

 

 
Figure 2.3: Project field site: Shelly Bay Lighthouse, Wellington New Zealand. (A) Map of global 

location obtained from Google Maps; (B) photo of the field site. Photograph by Lauren Fracasso. 
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2.2.2. Environmental parameters 

Sampling occurred monthly for one full year (November 2018 - November 2019). Collection date, 

time, tide level, air temperature, water temperature, and general weather conditions were recorded 

upon arrival to the site for each time point (Appendix 3, Table A3.1). As environmental parameters 

such as light and temperature are highly variable on a day-to-day basis, the measurements taken 

during each monthly collection are merely snapshots of a vast range of environmental conditions 

experienced by the study organism. Therefore, more detailed and ongoing additional recordings of 

environmental data were obtained from online databases (NIWA, 1981-2010; NOAA, 2020) and 

used to describe the trends in the conditions experienced by the local population during the 

sampling period. In addition to the above environmental parameters, seawater nutrient 

concentrations were measured during each collection. Nutrients analyzed were nitrates + nitrites 

(NO3
-+NO2

-), ammonium (NH4
+), and dissolved reactive phosphorus (DRP), which were used as 

proxies for productivity and hence food availability. For these analyses, 150 mL of non-stagnant 

surface water closest to the anemones was collected into a sterile plastic container, 0.22 µm syringe-

filtered upon return to the lab, and stored at -20°C prior to being analyzed at a water quality analysis 

lab (NIWA, Hamilton). Determination of nutrient levels was performed using a SEAL AA3 nutrient 

auto-analyzer, which performed simultaneous analysis of nitrates and nitrites, ammonium, and 

dissolved reactive phosphorus. *It is important to note that due to inconsistencies in both filtration 

and preservation time, as well as manual error in analysis request forms, the nutrient measurements 

were not able to be compared with confidence and are therefore not presented.  

 

2.2.3. Specimen collection and preservation 

Each month, anemones (n = 7) were collected, with the exact date and time determined by when 

the lowest low tide coincided with the middle of the diel light cycle, thereby exposing anemones to 

air and making them easier to collect. Most anemone populations in this area reside within crevices 

or firmly attached to substrates (Figure 2.4) so individuals were removed using a blunt spatula. One 

or two anemones were collected every five to ten meters along the shoreline to increase the chances 

of maintaining genetic diversity among individuals and to avoid decimating local populations. 

Upon collection, anemones were deposited into a 1-L glass Schott bottle filled with fresh sea water 

to minimize additional environmental stress during transportation back to the lab (approximately a 

20-minute drive). Upon arrival at the lab, each anemone was rinsed of debris using 0.22-µm filtered 

seawater (FSW), placed individually into a 2-mL Eppendorf tube with 500 µL of 0.22-µm FSW, 

flash frozen in liquid nitrogen (-190°C), and stored at -80°C.  
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Figure 2.4: Anthopleura aureoradiata collection microhabitat. Anemones were collected from exposed 

crevices between rocks along the mid-littoral coast of Wellington Harbour, New Zealand.  

 

2.3. Experimental study 

 

2.3.1. Experimental design 

A stock of several hundred A. aureoradiata was obtained in August 2018 and maintained for 12 

months in 0.22-µm FSW at a temperature of 19 ± 1℃ and an irradiance of 100 ± 5 µmol photons 

m-2 s-1 on a 12-hour light/dark cycle prior to experimental use. Anemones of similar size (pedal disk 

diameter = 2.5 ± 0.5 mm) were then distributed among plastic jars (n = 20 individuals per jar) that 

were placed into one of six experimental treatments (n = 6 jars per treatment) for a total of four 

months (Figure 2.5). The six experimental treatments were made up of three different temperature 

variants: 21±1℃ (high “summer” temperature), 14.5±1℃ (moderate “spring/autumn” temperature), 

and 9±1℃ (low “winter” temperature); each of which was divided into two light variants: 145±15 

µmol photons m-2 s-1 (high irradiance), and 70±10 µmol photons m-2 s-1 (low irradiance), which 

were set to a 12-hour diel cycle. The temperatures used were selected based on reports from online 

environmental databases (NIWA, 1981-2010; NOAA, 2020) for the Wellington region from 1981 

to present day, and irradiance variants were based upon the photosynthetic saturation curve of 

Symbiodiniaceae in A. aureoradiata reported by Cornwall (2017). To control the temperature, the 

jars containing anemones were placed into water baths regulated by circulating water heaters 

(HAAKE C10), with the addition of an immersion cooler (HAAKE EK20) in the low temperature 

treatments. The desired irradiance was obtained using lights (four 54W T5 bulbs) suspended from 

the ceiling, and a neutral density filter was applied over the low-irradiance treatments. Treatment 

conditions were monitored biweekly; temperature was measured in each water bath using a hand-

held thermometer, and irradiance was measured using a light meter (LI-COR LI-250A). Each jar 

of anemones was fed Artemia sp. nauplii twice per week, and the water in each jar was changed 

once per week. The jars within each experimental treatment were randomly re-positioned three 
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times per week to account for intra-treatment variations in irradiance. Note that resource limitations 

prevented the replication of water baths.  

 

 

 
Figure 2.5: Experimental set-up. (A) Diagrammatic representation; (B) photograph of experimental set-up.  

2.3.2. Experimental sample collection and preservation 

Experimental treatment was performed across four months, with three sampling periods at 0, 8, and 

16 weeks. Upon initial distribution of anemones from the stock tank into each of the six 

experimental treatments, anemones (n = 16) were set aside and used for the week 0 time point.  For 

each subsequent sampling period, anemones (n = 16 per treatment, selected via jar randomization) 
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were collected and immediately rinsed of any debris using 0.22-µm filtered seawater. Anemones 

from the same treatment were then placed into 2-mL Eppendorf tubes with 500 µL of 0.22-µm 

FSW (n = 2 anemones per tube; 8 tubes per treatment), flash frozen in liquid nitrogen (-190°C), 

and stored at -80°C. One sample from each treatment was preserved as a back-up, while the other 

seven samples were processed and analysed as described below. 

 

2.4. Physiological parameters 

 

2.4.1. Sample preparation 

Frozen sample tubes were thawed at 4°C for one hour, and then were kept on ice to prevent cellular 

denaturation until processing. Anemones were homogenized in 1000 µL of 0.22-µm FSW using a 

IKA T10 Basic tissue homogenizer. The host and symbiont fractions were then separated via a 

series of centrifugations (1500 x g for 10 minutes, 750 x g for 7.5 minutes, 500 x g for 5 minutes) 

and washes in FSW. The host-containing supernatant was carefully removed from the symbiont-

containing pellet, and transferred into a new tube following the first two centrifugations; after the 

second wash, all following supernatants were discarded as host material became negligibly diluted. 

Additional centrifugations (500 x g for 2 minutes) and subsequent washes were repeated until each 

pellet was satisfactorily cleaned of any remaining debris. The final symbiont pellet was then 

resuspended in 1000 µL of 0.22-µm FSW. A method of fraction isolation using a sucrose gradient 

was attempted (Chen et al., 2015); however, the process was far more precarious and time-

consuming and did not yield significantly cleaner fractions so it was not utilized in this study (see 

Appendix 1, Figure A1.1). Host fractions of each sample were assessed for protein, lipid, and 

carbohydrate content, and symbiont fractions were assessed for cell density, chlorophyll a and c2 

content and ratio, and protein, lipid, and carbohydrate content (Figure 2.6).  

 
Figure 2.6: Sample preparation. Schematic diagram of the process of isolating host and symbiont fractions, 

and aliquoting them for physiological analysis.  
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2.4.2. Symbiont Cell Density 

Symbiont cell density (cell number per mg host protein) of each sample was estimated by 

automated counts performed on a high-throughput microscope (InCell Analyzer 6500). Each 

symbiont suspension was diluted (experiment sample DF = 10, field sample DF = 25), and then ten 

15 µL aliquots from each diluted cell suspension were pipetted individually into separate wells of 

a CellCarrier 384-ultrawell microplate (n = 10 wells per sample). The plate was then inserted into 

the high-throughput microscope, and each well was scanned for cells based on their 

autofluorescence. The number of symbiont cells in each well was counted using a customized script 

in the INCarta software, and exported as an Excel file. Cell count was averaged across the ten 

replicates for each sample, and then normalized to host protein content (see below). Due to the 

occasional unavailability of the high-throughput microscope, some cell counts were performed 

manually using an Improved Neubauer haemocytometer. In this method, a glass micropipette was 

used to deposit approximately 1 µL of diluted symbiont suspension onto the haemocytometer slide, 

which was placed under a photomicroscope to count the number of cells found within the slide’s 

grid. This process was completed 10 times per sample, and results were averaged and then 

normalized to host protein content. 

 

2.4.3. Biomass: Protein content 

Proteins serve a variety of purposes, playing critical roles in signal transmission, molecular 

transport, and structural support; additionally, they are useful indicators of metabolic condition and 

overall biomass, and are frequently utilized as a basis for normalization of other cellular parameters 

(Buckley and Szmant, 2004; Dahlhoff, 2004; Davy et al., 2012). The protein content of both host 

and symbiont fractions was estimated using a colorimetric assay (Bradford, 1976), in which a 

reagent (Bradford Reagent, Sigma-Aldrich, NZ) binds to proteins in a sample, which is then 

spectrophotometrically assessed at a wavelength corresponding to various proteins. Throughout 

this assay, samples and reagents were kept on ice to limit protein denaturation. A standard curve of 

protein concentration was developed by adding 1, 2, 4, 8, 12, and 16 µL (each in duplicate) of 1 

mg/mL bovine serum albumin (BSA) in distilled water to the first row of wells of a clear 96-well 

plate. Then, two aliquot volumes (between 1 and 16 µL) of each sample were pipetted into separate 

wells, in triplicate, filling the remainder of the plate (for a total of 6 wells per sample fraction). 

Each well, including those with the protein standard, was then topped up with Bradford Reagent to 

a total volume of 250 µL. The plate was then covered with foil and placed on a horizontal shaker 

(Ratek orbital mixer) at low speed for 15 minutes, to thoroughly mix the contents of each well. 

Following incubation, the plate was inserted into a spectrophotometer (Perkin Elmer Enspire 2300 
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multi-label microplate reader), and absorbance was measured at an excitation wavelength of 595 

nm. Absorbance for each sample was converted into protein equivalents using the values generated 

by the standard curve, and these values were averaged across the technical replicates. Protein 

equivalents for symbiont fractions were normalized to symbiont cell number, and host fractions 

were normalized to host tissue homogenate volume.  

 

2.4.4. Photophysiology 

 

2.4.4.1. Chlorophyll content 

The content of both chlorophylls a and c2 of symbiont fractions was estimated using a 

colorimetric assay (Jeffrey and Humphrey, 1975; Ritchie, 2006), in which ethanol extracts 

chlorophyll from cells, to be spectrophotometrically assessed at wavelengths 

corresponding to each pigment’s absorption peak. A 100 µL aliquot of each symbiont 

suspension was centrifuged at 5000 x g for 3 minutes to pellet the cells, and the seawater 

supernatant was then discarded. 500 µL of cold (4°C) 100% ethanol were added to each 

tube, which were then vortexed to resuspend the pellet. The tubes were wrapped in foil to 

keep the contents in the dark and so prevent pigment degradation, and incubated at 4°C for 

a minimum of one hour (range of 15-21 hrs used in this study) for chlorophyll extraction. 

Following incubation, samples were vortexed again and centrifuged at 15,000 x g for 5 

minutes to pellet cellular debris. Two 200 µL aliquots of the chlorophyll-containing 

supernatant from each sample were pipetted individually into separate wells (i.e. two 

technical replicates per sample) of a clear 96-well plate. An additional two wells were filled 

with 200 µL of 100% ethanol each, as a negative control (i.e. blanks). Sample absorbance 

was then measured by a spectrophotometer (Perkin Elmer Enspire 2300 multi-label 

microplate reader) which recorded the absorbance emissions for each well at two different 

excitation wavelengths: 629 nm and 665 nm. The relative absorbance for each well was 

corrected for by subtracting the average of the blanks, and then was applied to the following 

standard equations to calculate the concentration of both chlorophyll a and chlorophyll c2 

in each well: 

Chlorophyll a (µg/mL) = (-2.6094 x A629) + (12.4380 x A665) 

Chlorophyll c2 (µg/mL) = (29.8208 x A629) + (-5.6461 x A665) 

The outputs from each equation were converted into picograms of chlorophyll per 

millilitre, and normalised to cell number to give the amount of chlorophyll per cell. 
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2.4.4.2. Photosynthetic efficiency 

From week 4 until the end of the experiment, twelve anemones from each treatment (~2 

anemones per jar) were randomly selected every week for an assessment of 

photophysiological health; these measurements could not be performed at earlier time 

points due to equipment unavailability. A Pulse Amplitude Modulation (PAM) fluorometer 

(Diving-PAM, Walz GmbH, Effeltrich, Germany) was used to measure both the light- and 

dark-adapted photosynthetic efficiency of experimental anemones, with relevant 

instrument settings as follows: measuring intensity = 3, frequency = 1, gain = 4, damping 

= 3, NIR = 8, saturation pulse intensity = 8 (Howe, 2013). Prior to each PAM acquisition 

session, an autozero was performed on a jar filled with 300 µL of 0.22-µm FSW. Dark-

adapted PAM measurements were performed at 9:00am (one hour after the diel light cycle 

begins) following a 10-minute dark adaptation. Light-adapted PAM measurements were 

performed the same day at 2:00pm, after anemones had been exposed to light for half the 

day. Recorded values were minimum/initial fluorescence (F0), maximum/final 

fluorescence (Fm), and maximum PSII photochemical efficiency (Fv/Fm). The maximum 

PSII photochemical efficiency was plotted and used to indicate whether holobionts were 

photosynthetically healthy throughout the experiment. [Note: Measures of photosynthetic 

efficiency were not performed on field study anemones due to equipment constraints.] 

 

2.4.5. Lipid content 

The lipid content of both host and symbiont fractions was estimated using Nile Red (Sigma Aldrich, 

NZ), a dye which binds to lipid bodies and fluoresces proportionately when excited at a wavelength 

specific to the type of lipid being analysed. The emission curve of Nile Red fluorescence “is blue-

shifted as the polarity of the surrounding environment decreases […]; therefore, it is possible to 

differentiate between neutral and polar lipids by accurate selection of excitation and emission 

wavelengths” (Bertozzini et al., 2011). Modifications to the protocol (i.e. excitation/emission 

wavelength, dimethyl sulfoxide “DMSO” concentration, Nile Red concentration, and linearity 

range) were made based on relevant publications (Chen et al., 2009; Kou et al., 2013; Rosset et al., 

2017) and several rounds of optimization were performed to ensure reproducibility (Appendix 1, 

A1.2). This assay was performed in a fume hood with the lights off, as the Nile Red dye is 

photosensitive and decreases in fluorescence intensity with increased exposure to light; 

additionally, both the stain and all samples were kept on ice throughout the assay to limit 

degradation. Samples of both host and symbiont were first vortexed, and then four 95 µl aliquots 

of each sample were added to separate wells of a black 96-well plate. To three of the four replicates 
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of each sample, 5 µl of dye (10 µg/mL Nile Red in DMSO) were added, for a final dye concentration 

of 0.5 µg/mL Nile Red and 5% DMSO. The fourth replicate of each sample was used as an 

unstained control, with 5 µl of 99.9% DMSO added instead of the dye. The plate was then covered 

with foil and incubated in an oven at 37°C for 15 minutes to allow the dye to penetrate the cells 

and bind to the lipid bodies. The plate was then inserted into a spectrophotometer (Perkin Elmer 

Enspire 2300 multi-label microplate reader) which measured the fluorescence intensity of each well 

at an excitation wavelength of 530 nm and an emission wavelength of 580 nm, corresponding to 

the emission wavelength of neutral lipids. A continuous emission scan was then performed for each 

plate, at an excitation wavelength of 530 nm and an emission range from 560-750 nm to see the 

full curve of fluorescence emission for each well in order to support the values obtained in the 

single-excitation scan. The fluorescence of the unstained sample was then subtracted from that of 

the stained samples to calculate the relative fluorescence intensity (R.F.I.) measured in arbitrary 

units (a.u.). The R.F.I. of each well was then converted into fluorescence per microliter based on 

volume, and then normalised to symbiont cell number or host protein content, depending on which 

fraction was analysed. The development of a  standard curve for comparative neutral lipid 

quantification was attempted using Triolein oil (Sigma Aldrich, NZ); however, results were 

inconsistent and the method proved too time-consuming to pursue.  

 

2.4.6. Carbohydrate content 

It is important to note that this study did attempt several protocols to stain and quantify starch 

granules specifically; however, staining was unreliable and optimization was not able to be 

completed in time to utilize this method for the present study (see Appendix 1, A1.3). Instead, total 

carbohydrate content (which includes starches) was quantified for each sample.  

 

The carbohydrate content of both host and symbiont fractions was estimated using a colorimetric 

assay (DuBois et al., 1956; Masuko et al., 2005) in which both simple and complex carbohydrates 

are reduced in acid and detected spectrophotometrically by measuring the solution’s absorbance at 

a wavelength corresponding to that of hexoses, and then determined by calibration to a standard 

curve. This assay was performed in a fume hood while wearing appropriate PPE (gloves and safety 

goggles) as advised by the Material Safety Data Sheets for the highly toxic and corrosive chemicals 

required by in this procedure. A standard curve of glucose concentration was developed by adding 

2, 4, 8, 12, 16 and 20 µl (each in duplicate) of 1 mg/mL pure D-Glucose standard solution in MilliQ 

water to the first row of wells in a clear 96-well plate; each well was then topped up with MilliQ to 

a final volume of 20 µl per well. Two aliquot volumes (between 2 and 20 µL, depending on 
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estimated sample concentration) of each sample were pipetted into separate wells, in triplicate (for 

a total of 6 wells per sample fraction), and again each well was topped up with MilliQ to a final 

volume of  20 µl per well. To every well, 150 µL of concentrated sulphuric acid were added, and 

the plate then covered with foil and incubated at 90°C for 15 minutes to encourage a reaction. 

Following incubation, concentrated phenol was diluted to 5% in MilliQ water and 30 µL of this 

solution were added to each well and mixed via aspiration with a pipette. The plate was then placed 

on a horizontal shaker (Ratek orbital mixer) at low speed for 5 minutes to further mix the contents 

of the wells. Following this, the plate was inserted into a spectrophotometer (Perkin Elmer Enspire 

2300 multi-label microplate reader) which measured the absorbance for each well at an excitation 

wavelength of 490 nm. Carbohydrate content in the samples was then estimated by reference to the 

standard curve.  

 

2.5. Data analysis 
Data analysis was performed using IBM SPSS Statistics software (version 26.0.0.0). Tukey’s fences 

(determined using the Inter-Quartile Range method) were used to identify outliers in the biological 

replicates of each dataset to validate the reliability of tests; however, no outliers were removed due to the 

relatively low biological replication for each time point. The field and experimental datasets were analyzed 

separately, and each physiological response variable was assessed for normality using the Shapiro-Wilk 

test (α = 0.05) as well as visual assessment of standardized residual plots. The assumption of equal variances 

was assessed using Levene’s Test for Homogeneity of Variances (α = 0.05).  

 

Data that met both assumptions of equal variance and normality were analyzed with a one-way Analysis 

of Variance (“ANOVA”; α = 0.05) to determine the presence of significant differences between groups, 

and then supplemented with a Tukey’s post hoc test (α = 0.05) with a 95% confidence interval (CI) to 

identify which groups were significantly different from one another.  

 

Data that violated the assumption of equal variance but met the assumption of normality were analyzed 

with the more robust Welch ANOVA (α = 0.05) to test for differences between groups, and then 

supplemented with a Games-Howell post hoc test (α = 0.05) with a 95% CI to identify the specific groups 

that were significantly different from one another.  

 

Data that met the assumption of equal variance but violated the assumption of normality were log10 

transformed, and then reassessed for equal variances and normality. If both met the assumptions, then a 

one-way ANOVA was performed on the log-transformed data, followed by Tukey’s post hoc as mentioned 
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above. However, if the log-transformed data met the assumption of normality but no longer passed the 

assumption of equal variances, a Welch ANOVA was performed on the data, followed by a Games-Howell 

post hoc as previously mentioned.  

 

If a dataset violated both the assumptions of equal variance and normality, then it was also log-transformed 

and reassessed. If the log-transformed data also violated both assumptions of equal variance and normality, 

the non-parametric Kruskal-Wallis test was performed to supplement the original ANOVA, and Bonferroni-

adjusted significances were used to identify significant differences between groups.  

 

As so many individual analyses had to be performed on the numerous datasets developed throughout this 

thesis, the possibility of a Type 1 error occurring (in which significant difference are reported when one 

may not actually exist) was considered; this was avoided in problematic datasets by supplementing group 

comparisons with adjusted significances, and testing at a lower significance level if needed. Details of each 

statistical test performed are outlined in Appendix 2.  

 

2.5.1. Field data 

This dataset was analysed with two separate general linear models: first, data were analysed by a 

one-way ANOVA which compared each physiological response variable between months (α =  

0.05), then, the monthly data were pooled into seasons (Dec-Feb, Mar-May, Jun-Aug, Sep-Nov) 

and another one-way ANOVA was performed to compare each physiological response variable 

grouped by season (α = 0.05). Relationships between water temperature, air temperature, and 

irradiance with each response variable were assessed visually, as the data were too complex and 

irregular to be analysed using conventional statistical analyses.  

 

2.5.2. Experimental data 

Initially, a two-way ANOVA with both time and treatment used as separate independent factors 

was attempted; however, most datasets were either heteroscedastic or followed non-normal 

distributions, and therefore required supplementary analyses that do not allow for multiple 

independent factors. As such, both time and treatment were combined into one independent variable 

(i.e. “0.1” for week 0-treatment 1, “0.2” for week 0-treatment 2, and so on…) so that the Welch 

ANOVA and non-parametric Kruskal-Wallis test were able to be performed.  
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Chapter 3:  Results 
 

3.1. Field study 
There were significant seasonal and/or monthly effects for all response variables. Monthly data are 

presented below (Figures 3.1 and 3.2), and seasonal data are in Appendix 3.1.  

 

 
Figure 3.1: Monthly physiological assessment of Symbiodiniaceae cells isolated from the sea anemone 
Anthopleura aureoradiata. Bars represent monthly averages (n=7 per month; values presented are means ± 1 S.E.) 
for the following physiological measurements: (A) cell density, (B) protein content, (C) chlorophyll a, (D) chlorophyll 
c2, (E) lipid content, and (F) carbohydrate content. Significant differences between groups are indicated by letters at 
the base of each bar. Coloured lines represent average monthly values of environmental parameters (yellow = 
irradiance (MJ/m2/day), purple = air temperature (°C), blue = water temperature (°C)).  
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Figure 3.2: Monthly physiological assessment of host tissue for the sea anemone Anthopleura aureoradiata. Bars 

represent monthly averages (n=7 per month; values presented are means ± 1 S.E.) for the following physiological 

measurements: (A) lipid content, and (B) carbohydrate content. Significant differences between months are indicated 

by letters at the base of each bar. Coloured lines represent average monthly values of environmental parameters 

(yellow = irradiance (MJ/m2), purple = air temperature (°C), blue = water temperature (°C)).   

 

3.1.1. Symbiont cell density  

Symbiont cell density per milligram of host protein was highest in mid-summer (January) (Figure 

3.1A), with an average of 1.35 ± 0.14 million cells/mg host protein, corresponding with a peak in 

average solar irradiance. The following months experienced a steady decrease in both temperature 

and irradiance, which was reflected by a decrease in symbiont cell density, though the density did 

not markedly change throughout the months comprising autumn and winter (Welch ANOVA, 

Games-Howell post hoc, p > 0.05; but see below). Symbiont density experienced a significant 

decline (to only 0.47 ± 0.04 million cells/mg host protein) from winter to early-spring (September), 

when the prolonged effects of winter had perhaps had a cumulative effect (one-way ANOVA, 

Tukey post hoc, p < 0.05).  

 

While the monthly analysis did not detect a pronounced, significant change in symbiont density for 

anemones collected between March 2019 and August 2019, analysis of the data pooled by season 

rather than month did detect a difference (Appendix 3, Figure A3.1.3). Of note, symbiont cell 

density was significantly higher in both summer and winter compared with spring (one-way 

ANOVA on log-transformed data, Tukey post hoc , p < 0.05). Of potential relevance, the high 

symbiont density in pooled summer months coincides with peak irradiance, as previously 

mentioned, whereas the elevated winter symbiont density coincides with both low irradiance and 

temperature (and hence a possible indication of photoacclimation).  
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3.1.2. Biomass: Protein content 

Considered on a monthly basis, symbiont protein content, measured in picograms per cell, was 

relatively stable from November 2018 to February 2019 (late spring and summer, respectively); 

however, a noticeable spike occurred in March (early-autumn) with 133.38 ± 11.77 pg/cell (Figure 

3.1B). The protein content then remained at similarly elevated levels for the next four months (April 

to July 2019; mid-autumn to mid-winter) before experiencing a decrease to more moderate levels 

for the remainder of the year, with the lowest protein content being in October 2019 (mid-spring), 

at only 40.30 ± 7.32 pg/cell, which was more than three times lower than the values observed in 

March 2019. These patterns were reflected by the seasonally-pooled data, with symbiont protein 

content in both spring and summer being similar to one another but lower than those in autumn and 

winter, which were likewise similar to each other (Appendix 3, Figure A3.1.3; one-way ANOVA, 

Tukey post hoc, p < 0.05).  

 

3.1.3. Chlorophyll content 

On a monthly basis, chlorophyll a and c2 pigment content (in picograms per cell) were both rather 

variable throughout the year, although c2 content was the more visually variable of the two (Figure 

3.1E,F). There was a trend of steadily increasing cellular content of both chlorophyll a and c2 

pigments from February to a peak in May (late summer to late autumn), which coincided with a 

decrease in temperature and irradiance as winter approached. Following this, both pigments 

experienced a significant drop during June 2019 before increasing again in the spring (one-way 

ANOVA, Tukey post hoc, p < 0.05; see Appendix 3, Figure A3.1.3 for seasonally-pooled data 

plots).  

 

When data were pooled by season, both chlorophyll a and c2 pigment content reached lower levels 

in summer and winter than in spring and autumn, consistent with the monthly patterns described 

above (one-way ANOVA, Tukey post hoc, p < 0.05). However, the inter-seasonal difference was 

much more marked in the winter, when chlorophyll a content was 22% higher than in summer (by 

comparison, chlorophyll c2 content was 6% higher in summer than it was in winter) (Appendix 3, 

Figure A3.1.3). The ratio of chlorophyll a:c2 pigments (Appendix 3, Figures A3.1.2 and A3.1.4) 

was relatively stable throughout the year, but there was a noticeable increase during the winter 

(particularly June of 2019) compared to all other seasons (one-way ANOVA, Tukey post hoc, p < 

0.05). 
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3.1.4. Lipid content 

As a standard curve for lipid quantification could not be optimized for use in this thesis, analyses 

were performed on a comparative basis between samples; while this method yielded seemingly-

consistent results, any interpretations should still be considered with caution.   

 

Symbiont | When considered with respect to monthly changes, the symbiont lipid content, 

measured in arbitrary units (a.u.) of fluorescence per symbiont cell, was highly variable throughout 

the sampling period, even from one month to the next. Particularly disparate monthly averages 

were observed between the late-spring November 2018 and 2019 sampling points (Figure 3.1C), 

with symbiont lipid content in November 2018 being approximately 25 times higher than the lipid 

content in November 2019. This monthly variability means that distinct seasonal patterns were not 

obvious; though analysis of the seasonally-pooled data indicated that symbiont lipid content was 

lowest in the summer (Appendix 3, Figure A3.1.3), this difference was not statistically significant 

(Welch ANOVA, Games-Howell post hoc, p > 0.05). Furthermore, while the anomalously-high 

value recorded during November 2018 increased the overall spring average, the symbiont lipid 

levels in September and November 2019 (early- and late-spring) were the lowest throughout the 

year, significantly lower, in fact, than almost every other month (with the exception of early- and 

late-summer months December and February 2019) (one-way ANOVA, Tukey post hoc, p < 0.05).  

 

Host | Host lipid content, measured in a.u. fluorescence per milligram of host protein, fluctuated 

far less than that of the symbionts throughout the survey period, though there were still some 

marked differences between consecutive months (Figure 3.2A). For example, September 2019 

exhibited by far the lowest recorded lipid content (only 19,972 ±  1,860 a.u. fluorescence/mg host 

protein), while the highest host lipid content was recorded for the following month, October 2019, 

with a significant five-fold increase (Welch ANOVA, Games-Howell post hoc, p < 0.05). Such 

fluctuations lead to there being no significant effect of season (i.e. seasonally-pooled data) on host 

lipid content (Welch ANOVA, Games-Howell post hoc, p > 0.05), though the highest monthly 

average was observed in the summer (Appendix 3, Figure A3.1.5). 
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3.1.5. Carbohydrate content 

 

Symbiont | Similarly to the aforementioned lipid content, when considered on a monthly basis, the 

symbiont carbohydrate content, measured in picograms per cell, was also highly variable even 

between consecutive months (Figure 3.1D). The lowest carbohydrate content was observed in 

December 2018, with 50.35 ± 6.08 pg/cell, while the peak, recorded in October 2019, was almost 

ten-fold higher, at 491.71 ± 27.09 pg/cell. For extended periods of the year (e.g. March - June 

2019), however, symbiont carbohydrate content was statistically stable, with no significant 

differences between months. On a seasonal scale (i.e. seasonally-pooled data), symbiont 

carbohydrate content was higher in spring than both summer and autumn (Welch ANOVA, Games-

Howell post hoc, p < 0.05)(Appendix 3, Figure A3.1.3) although this trend was skewed by the 

particularly high value measured in October 2019.  

 

Host | Host carbohydrate content, measured in micrograms per milligram of host protein, showed 

even greater inter-monthly variability than symbiont carbohydrate content (Figure 3.2B). Values 

ranged from 134.53 ± 6.55 µg/mg host protein in November 2018 (late-spring) to a peak of 471.96 

± 33.32 µg/mg host protein in October 2019 (mid-spring), with increases or decreases of two-fold 

or more seen between some months, including within the same season (Welch ANOVA, Games-

Howell post hoc, p < 0.05). When the seasonally-pooled data were considered, the anemones were 

found to contain significantly more carbohydrates during winter than in spring or summer (one-

way ANOVA, Tukey post hoc, p > 0.05); however, it is important to note that this finding is based 

on data for just two winter months due to the inability to sample during July 2019. Due to this, 

seasonally-pooled winter data must be interpreted with extreme caution, as huge monthly 

variability within other seasons resulted in host carbohydrate content not differing significantly 

between seasons (one-way ANOVA, Tukey post hoc, p > 0.05)(Appendix 3, Figure A3.1.5). 

 

3.2. Experimental study 

There was a significant effect of both time and treatment on the physiological response variables analysed 

(one-way ANOVA, Tukey post hoc, p < 0.05; confirmed by Kruskal-Wallis test with Bonferroni-adjusted 

significances). The most notable result from this experiment is that although all experimental anemones 

remained alive, when measurements of photosynthetic efficiency began at week 4, all anemones in both the 

low-temperature low-irradiance (LTLI) and low-temperature high-irradiance (LTHI) treatments were 

already registering very low Fv/Fm values (Figure 3.3), in addition to becoming physically smaller and 

visibly paler. By the second sampling point at week 8, symbiont densities were so low that reliable measures 
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of photosynthetic efficiency could not be made, and there were too few symbionts for accurate cell counts 

or storage product determination; therefore, these treatments (LTLI and LTHI) were considered to have 

bleached. Therefore, comparative analyses of symbiont physiology were performed for the moderate and 

high temperature treatments only, though the data for the host fractions of the cold-treated anemones are 

also presented and discussed. Areas in each figure where a bar would have existed, should there have been 

data, have been labelled as “n/d”. 
 

 

 
Figure 3.3: Photosynthetic efficiency of the intact Anthopleura aureoradiata–Symbiodiniaceae symbiosis under 

experimental conditions. Treatments are abbreviated as follows: HTHI = high temperature high irradiance, HTLI = 

high temperature low irradiance, MTHI = moderate temperature high irradiance, MTLI = moderate temperature low 

irradiance, LTHI = low temperature high irradiance, and LTLI = low temperature low irradiance. Each line represents 

either dark-adapted (black marker) or light-adapted (white marker) measurements for each treatment (specified in the 

data labels). Measurements of photosynthetic efficiency for the low temperature tanks ceased at week 8 as fluorescence 

values were too low for reliable detection, and anemones were determined to have bleached.  
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Figure 3.4: Physiology of Symbiodiniaceae isolated from the sea anemone Anthopleura aureoradiata maintained 

in experimental conditions. Experimental study was conducted for 16 weeks. Treatments are abbreviated as follows: 

HTHI = high temperature high irradiance, HTLI = high temperature low irradiance, MTHI = moderate temperature 

high irradiance, MTLI = moderate temperature low irradiance, LTHI = low temperature high irradiance, and LTLI = 

low temperature low irradiance. Bars represent treatment averages (n=7 per treatment per time point, except for MTHI 

at week 8 where n=4; values are means ± 1 S.E.) for the following physiological measurements: (A) cell density, (B) 

protein, (C) lipid, (D) carbohydrate, (E) chlorophyll a, and (F) chlorophyll c2. Significant differences between 

treatments at each time point are indicated by letters at the base of each bar; same letters should not be interpreted as 

similarity across time points. Treatments that exhibited significant changes between weeks 0 and 16 are indicated by 

a line with an asterisk (*).  
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Figure 3.5: Physiology of host tissue in the sea anemone Anthopleura aureoradiata maintained in experimental 

conditions. Experimental study was conducted for 16 weeks. Treatments are abbreviated as follows: HTHI = high 

temperature high irradiance, HTLI = high temperature low irradiance, MTHI = moderate temperature high irradiance, 

MTLI = moderate temperature low irradiance, LTHI = low temperature high irradiance, and LTLI = low temperature 

low irradiance. Bars represent values (n=7 per sample period, values presented are means ± 1 SE) for the following 

physiological measurements: (A) protein content, (B) lipid content, and (C) carbohydrate content. Significant 

differences between treatments at each time point are indicated by letters at the base of each bar; same letters should 

not be interpreted as similarity across time points. Treatments that exhibited significant changes between weeks 0 and 

16 are indicated by a line with asterisk (*).  
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high temperature, both low (HTLI) and high irradiance (HTHI), exhibited a slight, but insignificant, 

increase in symbiont cell density during the first eight weeks, but thereafter dropped back to levels 

similar to those seen at the start. Within each time point, irradiance levels had no discernible effect 

on symbiont density at either the moderate temperature or the high temperature (Welch’s ANOVA, 

Games-Howell post hoc, p > 0.05).  

 

3.2.2. Protein content 

 

Symbiont | Symbiont protein content, measured in picograms per cell, declined significantly over 

the course of the 16-week experiment in all moderate and high temperature treatments (Welch 

ANOVA, Games-Howell, p < 0.05) (Figure 3.4B). The only statistical difference between the 

treatments was observed in the significantly lower protein content in the MTHI treatment compared 

with all others at week 16 (Welch ANOVA, Games-Howell, p < 0.05). [*Note that the symbiont 

protein content in the week 8 MTLI treatment could not be detected, but given the remainder of the 

dataset it seems likely that this was due to technical error rather than being a real result; 

unfortunately, due to limited laboratory access during the COVID-19 lockdown, this sample set 

could not be re-analysed.] 

 

Host  |  The most notable trend in host protein content, measured in milligrams per anemone, 

occurred in the LTHI treatment, which decreased over the course of the experiment, whereas in 

every other treatment, host protein content either remained stable or increased throughout the 

experiment (Figure 3.5A). However, the only significant changes in host protein content over time 

occurred in the MTLI and HTLI treatments, in which an increase was apparent at week 16, 

suggesting that irradiance deficits played a greater role than temperature in determining changes in 

protein content (Welch ANOVA, Games-Howell, p < 0.05)  

 

3.2.3. Chlorophyll content 

Both chlorophyll a and c2 pigments, measured in picograms per cell, followed similar patterns 

throughout the experiment, with both pigments experiencing significant changes between weeks 0 

and 16, but not under all treatments (Figure 3.4E,F). In particular, chlorophyll a content declined 

significantly in the MTHI treatment (one-way ANOVA, Tukey post hoc, p < 0.05), and chlorophyll 

c2 content declined significantly in both the MTLI and MTHI treatments (Welch ANOVA, Games-

Howell post hoc, p < 0.05). Both chlorophyll pigments remained unchanged in the HTHI treatment 

throughout the experiment. In contrast, in the HTLI treatment, chlorophyll a content increased by 
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approximately three-fold between weeks 0 and 16 (one-way ANOVA, Tukey post hoc, p < 0.05), 

while chlorophyll c2 content increased approximately five-fold at the same time (Welch ANOVA, 

Games-Howell post hoc, p < 0.05). The chlorophyll a:c2 ratio in this treatment was significantly 

lower than the ratio for all other treatments at both sampling time points, further indicating that the 

HTLI treatment had the greatest impact on chlorophyll content in this experiment (Appendix 3, 

Figure A3.2.1).  

 

3.2.4. Lipid content 

As previously stated, a standard curve for lipid quantification could not be optimized for use in this 

thesis, analyses were performed on a comparative basis between samples; while this method 

yielded seemingly-consistent results, any interpretations should still be considered with caution. 

 

Symbiont | Much like the symbiont protein content, symbiont lipid content, measured in artificial 

units (a.u.) of fluorescence per cell, decreased throughout the experiment in both moderate and 

high temperature treatments, with all treatments except the HTHI treatment containing significantly 

less lipid by week 16 (one-way ANOVA, Tukey post hoc, p < 0.05)(Figure 3.4C), and even then, 

symbionts in the HTHI treatment contained only approximately 25% of the lipid measured at the 

start of the experiment. Despite this, there were no significant differences in lipid content between 

any of the treatments at both weeks 8 and 16 (one-way ANOVA, Tukey post hoc, p > 0.05).  

 

Host | Average host lipid content, measured in a.u. fluorescence per milligram host protein, 

experienced a slight increase in the LTLI, MTLI, and HTHI treatments, and a slight decrease in the 

other three treatments during the first eight weeks of the experiment (Figure 3.5B). However, by 

week 16, all treatments had experienced an overall decrease in the average host lipid content (Welch 

ANOVA, Games-Howell post hoc, p < 0.05), although the LTHI treatment was the only one to not 

exhibit a statistically significant decrease (Welch ANOVA, Games-Howell post hoc, p > 0.05). 

 

3.2.5. Carbohydrate content 

 

Symbiont | Similarly to both symbiont protein and lipid content, the carbohydrate content of the 

symbionts, measured in picograms per cell, declined markedly over the course of the experiment 

(one-way ANOVA, Tukey post hoc, p < 0.05), with the exception of the MTLI treatment, whose 

decline in content was not statistically significant (one-way ANOVA, Tukey post hoc, p > 

0.05)(Figure 3.4D). Even then, carbohydrate content in the MTLI treatment was not significantly 
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different from the contents measured in the other treatments at weeks 8 and 16, all of which were 

statistically the same throughout the experiment.  

 

Host | Most treatments experienced a slight increase during the first eight weeks in host 

carbohydrate content (Figure 3.5C), measured in micrograms per milligram of host protein, 

followed by a decrease in the second eight weeks of the experiment; however, anemones in the 

LTHI treatment actually increased in carbohydrate content over the second half of the experiment, 

with a final carbohydrate content that was significantly higher than in all other treatments (one-way 

ANOVA, Tukey post hoc, p < 0.05). Anemones in the MTHI treatment experienced the greatest 

overall decrease in host carbohydrate content throughout the experiment, declining by 41% over 

the course of sixteen weeks.  
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Chapter 4:  Discussion 
This thesis provides insight into the cellular biology of temperate cnidarian-dinoflagellate symbioses, with 

a particular emphasis on the impacts of temperature and irradiance on symbiosis stability and the use of 

storage products in the New Zealand sea anemone Anthopleura aureoradiata and its endosymbiotic 

dinoflagellates (Philozoon spp., Symbiodiniaceae). I hypothesized that this temperate symbiosis would 

remain stable in response to both seasonal environmental changes and experimental treatment to a range of 

temperatures and irradiances that could be experienced in the field. Moreover, I hypothesized that the 

accumulation of storage products, both in the host and its symbionts, would change in response to 

environmental variables as a means of sustaining the symbiosis and contributing to its stability; these 

hypotheses were only partially supported by the findings of the present study. In particular, the symbiosis 

was seasonally robust (i.e. despite temporal variability, samples showed no signs of dysfunction or 

bleaching), with symbiont densities peaking in mid-summer in the field; however, extended experimental 

cold treatments induced bleaching in the laboratory. Notably though, other than holobionts exposed to 

prolonged experimental cold treatment, the symbiosis showed no signs of photo-physiological dysfunction 

in all other experimental treatments. Furthermore, concentrations of energy-rich lipids and carbohydrates – 

in both host and symbionts – were highly variable in the field, although results of the experimental study 

provided evidence for their increased depletion in the symbionts under moderate and high temperature 

treatments in the lab, compared with the hosts who maintained relatively stable levels of storage products. 

These findings can be interpreted as evidence for the potential utilization of symbiont storage products 

under times of environmental change, contributing to maintenance of a stable holobiont. The implications 

of this finding in terms of the stability of temperate cnidarian-dinoflagellate symbioses, and why the 

symbiosis in the field exhibited no clear seasonal patterns of resource use, will be discussed here.  

 

4.1. Field study 
A. aureoradiata is capable of surviving under a wide variety of conditions, as demonstrated by its ability 

to maintain its symbiont population throughout all seasons in the field. This robustness is unsurprising, 

given that the intertidal habitat of this species is exposed to a variety of both aerial and aquatic conditions. 

However, the partnership did exhibit seasonal fluctuations, with a peak in symbiont density accompanied 

by a decline in cell-specific protein, lipid, and carbohydrate content during the summer. While another 

slight increase in symbiont density was observed during the winter as well, the cell-specific storage products 

did not decline consistently as in summer; rather, cell-specific protein was high while lipid and carbohydrate 

content varied too much to determine a distinct trend. Throughout the year, symbiont chlorophyll content 

was considerably seasonally variable, with levels slightly elevated during spring and autumn, but there were 

no indications of photophysiological dysfunction.  
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4.1.1. Symbiont biomass: cell density and protein content 

The symbiont cell densities measured from field-collected anemones were similar to those reported 

in previous studies of A. aureoradiata (Doherty, 2009; Cornwall, 2017), which ranged from 0.25-

1.6 x 106 cells per milligram of host protein; this range is also similar to those reported for other 

Anthopleura species, such as A. ballii (Davy et al., 1996) and A. elegantissima (Verde and 

McCloskey, 2001, 2002, 2007). Perhaps interestingly, another study of A. aureoradiata from New 

Zealand (Bone, 2016) reported symbiont cell densities 2-3 times higher than the densities reported 

in the aforementioned studies, with an average of 3-4 x 106 cells per mg host protein. These 

differences, while potentially due to separate sampling sites, may highlight the interannual 

variability experienced in this region that unfortunately could not be assessed within the time-frame 

of the current study.  

 

The results of the current study suggest distinct seasonal effects on symbiont density, which 

reinforce the seasonal effects reported in previous studies of the temperate sea anemone A. 

elegantissima and the temperate soft coral Capnella gaboensis (Farrant et al., 1987; Verde and 

McCloskey, 2007; Bergschneider and Muller-Parker, 2008; Dimond et al., 2011). In particular, the 

current study found that symbiont cell density was similarly higher in the summer and winter than 

in the spring and autumn. This observation mirrors the findings of Bone (2016) who also reported 

similarly higher symbiont densities between summer and winter. This seasonal trend in symbiont 

cell density is consistent with the variations in the external environment, with summer and winter 

both characterized by annual ‘extremes’ in temperature and irradiance. However, of possibly 

greater relevance, a similar study to the present one reported that symbiont cell densities in A. 

aureoradiata in the Wellington region were actually significantly higher in the summer than in the 

winter (Gibbons, 2009), as did a study of A. elegantissima by (Saunders and Muller-Parker, 1997), 

who suggested that low winter irradiance limits the symbionts more than temperature. These 

contrasted findings suggest that temperate cnidarian-dinoflagellate symbioses are individually 

variable in their responses to seasonal changes, and that these responses are likely due to a myriad 

of factors. Exactly how variables such as ambient temperature and irradiance, microhabitat, local 

nutrient availability, and species-specific physiology interact to produce the patterns reported in 

the aforementioned studies is ultimately still unclear; yet it is apparent that symbiont density tends 

to increase in response to suboptimal conditions during summer and winter due to a combination 

of factors.  
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Symbiont protein content per cell also showed a seasonal effect, being significantly higher during 

autumn and winter than spring and summer; this corresponds with the significantly lower irradiance 

in autumn and winter than in spring and summer, as well as a steady decrease in both air and water 

temperature. This suggests that symbiont protein content may be more affected by irradiance than 

by temperature, though other environmental factors undoubtedly also have an influence. It is 

unknown why the protein content per symbiont cell declines in the spring and summer, but it could 

be related to symbiont growth and proliferation rates, which are likely to increase in well-lit 

conditions (such as those characteristic of summer). Unfortunately, growth rate (e.g. mitotic 

index/percentage of cells in a state of division) was not measured in the present study, but such data 

would be beneficial in addressing seasonal changes in protein content for further work. 

 

4.1.2. Chlorophyll content 

Cell-specific levels of chlorophyll pigments a and c2 exhibited similar seasonal patterns, with higher 

content of both pigments observed in spring and autumn (with a particular spike in May 2019), 

compared to the lower values recorded during summer and winter. Given the identical annual trends 

in the content of both chlorophylls a and c2 throughout the study period, the pigment ratio of 

chlorophylls a:c2 was relatively consistent throughout much of the year, though it did significantly 

increase during winter. These findings are in contrast with those reported for the temperate soft 

coral C. gaboensis, in which cell-specific chlorophyll a content did not experience any seasonal 

changes (Farrant et al., 1987); this variation in responses between two temperate symbioses 

highlights the prevalence of symbiosis-specific differences. However, there are many examples of 

symbiotic cnidarians that photo-acclimate to changing irradiance environments, for example, those 

experienced at different depths, by adjusting chlorophyll synthesis rates and overall content. 

Moreover, the temperate sea anemone A. elegantissima was observed to undergo a decrease in 

chlorophyll content during the summer (similarly to this study), but an increase in winter (in 

contrast to this study)(Verde and McCloskey, 2007). These authors also report a peak in the 

chlorophyll a:c2 ratio during the winter, consistent with the findings of the present study.  

 

Both temperature and irradiance have the potential to impact cellular chlorophyll content, either 

through photo-acclimation, or light- or temperature-induced stress (Verde and McCloskey, 2002; 

Chakravarti and van Oppen, 2018; Jones et al., 2020). It is therefore possible that both of these 

environmental variables were interacting to produce the patterns of chlorophyll content observed 

in the present study. For example, during the summer, chlorophyll levels might reduce to optimize 

light capture while minimizing the chance of photodamage, as suggested by Verde and McCloskey 
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(2007) for A. elegantissima. Alternatively, high irradiance and warm temperatures during the 

summer could also induce damage to photosystem II (Kemp et al., 2014), with this photosynthetic 

dysfunction causing a decline in chlorophyll synthesis and repair (Takahashi et al., 2008). In 

contrast, during the winter, it is plausible that low irradiance and temperature could induce 

physiological stress (Oakley and Davy, 2018) and limit the potential for chlorophyll synthesis, as 

results of the present study would support. However, the study of A. elegantissima reports that 

reduced irradiance causes an increase in pigments during the winter, with more chlorophyll being 

required to capture the decreased irradiance (Verde and McCloskey, 2007). Results of the present 

study suggest that A. aureoradiata may photo-acclimate to lower winter irradiance by increasing 

its symbiont cell density, rather than experiencing an increase in chlorophyll content.   

 

Seawater nutrient levels and host heterotrophy (and thereby provision of nutrients to the symbionts) 

can also impact symbiont chlorophyll levels, as well as chloroplast size, by affecting the symbiont’s 

nutrient status. Nutrient levels were not measured regularly enough in the current study to assess 

how they might interact with symbiont photosynthesis and productivity, but in a study of the 

temperate coral Plesiastrea versipora in Sydney Harbour, Australia, Davy et al. (2006) observed 

that the symbiotic dinoflagellates were nitrogen-sufficient during autumn, mildly nitrogen-deficient 

during the spring and winter, and most nitrogen-deficient during the summer. If such patterns are 

partly mirrored in Wellington Harbour, New Zealand, then they could certainly contribute to 

reduced chlorophyll synthesis in the summer and winter. Testing the nutrient status against 

seasonality for the symbionts of A. aureoradiata would be greatly beneficial in elucidating this 

trend, and provide a useful comparison with tropical cnidarian-dinoflagellate symbioses, which 

tend to be much more nutrient-deficient by default (Dubinsky et al., 1990; Cook et al., 1992; 

Falkowski et al., 1993). In fact, Davy et al. (2006) suggests that the more nutrient-replete state of 

temperate symbiotic algae may allow them to store nitrogen for use in times of limited 

environmental nutrient supply, and so contribute to the seasonal stability of the holobiont. 

 

Along similar lines, Bergschneider and Muller-Parker (2008) noted a decline in symbiont 

chlorophyll content during the winter (and summer, which did not have significantly different 

pigment content than winter), speculating that symbionts might be meeting their metabolic needs 

from host-derived energy sources instead. Alternatively, temperate cnidarian hosts may engage in 

increased heterotrophy during the winter, as previously mentioned, in a similar manner to the 

increased planktonic feeding seen in tropical reef corals during bleaching events (Grottoli et al., 

2018). Heterotrophic feeding often comes with the behavioral repetition of extending and 
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withdrawing tentacles to capture prey; symbionts located within these tentacles will be exposed to 

far less and more variable light when tentacles are withdrawn into the body, which may play a role 

in decreased pigment content during the winter (Ferrier-Pagés et al., 2011; Haag and Dyson, 2014). 

While previous studies have suggested that temperate hosts rely more on heterotrophy during the 

winter (Gibbons, 2009; Ferrier-Pagés et al., 2011), when temperature and irradiance are 

characteristically suboptimal, a study of the temperate sea anemone A. elegantissima suggested that 

the presence of symbionts had no impact on host feeding behavior (Hiebert and Bingham, 2012). 

The extent to which A. aureoradiata adjusts its feeding strategy to allow for changes in its ambient 

environment throughout the year is an interesting topic for future research.  

 

4.1.3. Symbiont and host storage products: lipid and carbohydrate content 

Symbiont cell-specific lipid content was lowest in summer and highest in autumn, although these 

levels were not significantly different than their neighbouring seasons of spring and winter, 

respectively. This is contradictory to previous studies of seasonal effects on temperate cnidarian-

dinoflagellate symbioses, in which it has been observed that lipid levels are lowest in the winter for 

the temperate gorgonian Eunicella singularis (Gori et al., 2012) and the tropical octocorals 

Pseudoplexaura crucis and Eunicea tourneforti (McCauley et al., 2018). On the other hand, Rossi 

(2006) reported maximum lipid contents of the temperate octocoral Paramuricea clavata in the 

winter, and declines in lipid content during summer and autumn months. These contrasting results 

suggest that seasonal patterns of lipid content could be due to a number of interacting factors. As 

previously discussed, symbiont cells experienced reduced protein content in both spring and 

summer relative to autumn and winter, so while the apparent decrease in lipid content could 

potentially be an artefact of decreased cell size given that lipid content was calculated per cell, 

adjusted calculations with lipid content normalized to symbiont protein content showed the same 

trend (data not shown). Alternatively, it is also possible that increased irradiance and temperature 

(and possible nutrient availability) during spring and summer stimulated metabolic activity and 

growth, causing the holobiont to draw upon its reserves more during these seasons than at other 

times of the year. Of particular relevance, Muller-Parker et al. (1996) used transmission electron 

microscopy to measure lipid stores in the symbiotic dinoflagellate of the sea anemone Exaiptasia 

pallida, observing that lipid accumulation was much greater when anemones were starved 

(regardless of ambient irradiance). These authors also measured starch (i.e. a carbohydrate) stores 

in response to the same nutrient/irradiance treatments, but in contrast to lipid content, starch 

abundance was only affected by irradiance (with more starch accumulation under high light than 

low light) and not feeding regime, suggesting that lipids are perhaps the primary storage product 
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utilized in times of nutritional need. Interestingly, the present study showed the opposite effect on 

symbiont carbohydrates, with accumulation being lowest in the summer (when irradiance was 

high).  

 

In the host, lipid and carbohydrate levels fluctuated greatly from month to month (carbohydrates 

even more so than lipids), though there were no clear seasonal effects. The only notable 

observations were that the highest host lipid content appears to occur during the summer (though 

this was not a statistically significant peak), while host carbohydrate content did significantly peak 

during the winter – however, this latter observation was based on too few datasets (only two winter 

month collections compared with three for all other seasons) to be considered reliable given the 

month-to-month variability observed throughout the rest of the year. In a comparable study, Rossi 

(2006) reported a decline in host lipid content of the temperate Mediterranean octocoral P. clavata 

during the summer-autumn in comparison with elevated levels in the winter-spring, suggesting that 

the summer decline was related to food limitation and the mobilization of stores generated during 

the spring. Mobilization of host stores in response to environmental change has also been reported 

for the A. elegantissima, which, contrary to the apparent trends in its symbiotic algae (see above), 

primarily catabolizes carbohydrates and stores lipids (Fitt and Pardy, 1981). If A. aureoradiata 

likewise prioritizes use of carbohydrates over lipids, then this could explain why carbohydrate 

levels fluctuated even more than lipids on a monthly scale in the present study.  

 

The various trends in lipid and carbohydrate content seen across species and regions highlight the 

likely interplay between host physiology, symbiont performance, and a range of environmental 

variables in producing the patterns observed. Furthermore, the monthly variability seen in the 

current study suggests that short-term environmental change is having an almost immediate effect 

on storage product accumulation and utilization, though the manner in which this occurs was not 

clear from the temperature and irradiance data. It is likely that other variables not measured in this 

study, such as nutrient availability and reproductive cycles, were playing a major role. In particular, 

Rossi (2006) suggests that changes in lipid content can be impacted by reproductive cycle, reporting 

that increased lipids in P. clavata were correlated with spawning events; unfortunately, while A. 

aureoradiata is known to brood young which it releases from its oral cavity (L. Fracasso, personal 

observation), the reproductive patterns in this species were not analysed in this field study. Further 

investigation into the combined effects of seasonality and reproduction could provide key insights 

into the trends of storage product utilization in temperate cnidarian-dinoflagellate symbioses.  
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4.2. Experimental study 
It was clear that A. aureoradiata performed better at moderate and high temperatures than low temperature, 

as was evident by the rapid bleaching and decrease in size observed in anemones exposed to sustained low 

temperatures. However, even at moderate and high temperatures (both low and high irradiance), there was 

a general decrease in symbiont storage product content throughout the experiment; this was not as 

pronounced in the host tissues, where levels of storage products remained either relatively consistent or 

experienced only mild decreases. These patterns are consistent with the hypothesis that symbionts may be 

catabolizing their stored products for their own survival and/or releasing them to the host to support 

increased metabolic activity, as would be expected at elevated temperatures (Hillyer et al., 2016). In either 

scenario, utilization of these storage products would promote symbiosis stability. Most organisms 

experience physiological changes within a week or two of experiencing new conditions (Jones et al., 2020), 

although this study shows that physiological changes can continue to occur over several months. When 

considering the implications of storage product use, it would have been interesting to extend this experiment 

beyond the four-month period, in order to assess what happens with respect to symbiosis stability once 

these intracellular resources become limiting after prolonged exposure.  

 

4.2.1. Biomass: cell density and protein content 

As stated above, bleaching (i.e. loss of symbionts) was observed in the cold (9 ± 1°C) treatments. 

This was somewhat surprising, as A. aureoradiata regularly experiences temperatures of 10°C or 

less in the field during the winter, especially when aerially exposed in the intertidal zone; indeed, 

the anemones collected during the winter months of this study experienced such conditions and did 

not exhibit signs of dramatic stress. While the cold-treated anemones in the experimental study did 

not die, the observed bleaching was a clear indicator of physiological stress of the host, symbiont, 

or both (Oakley and Davy, 2018). Additionally, the visual loss of host biomass indicates that the 

anemones were not receiving sufficient nutritional input from their symbionts, due to both the loss 

of symbionts and because low temperatures are shown to limit the photosynthetic potential of these 

particular symbiotic dinoflagellates (Gibbons, 2009; Howe, 2013). The reason for this experimental 

response may be due to the rate at which the ambient temperature declined for the anemones, since 

they were moved immediately from their pre-experimental acclimation temperature of 19°C to the 

treatment temperature of 9°C, giving them little chance to acclimate. This dramatic decrease also 

caused a significant decline in photosynthetic efficiency (Fv/Fm) of the symbionts within four 

weeks, to a value that is typically indicative of photosynthetic dysfunction (Fv/Fm < 0.25). Such a 

rapid thermal decline would not be experienced in the field, and if it were, such a low temperature 

would likely not persist for more than a few hours due to tidal activity. Cold-induced bleaching in 
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the wild has never been documented for a temperate cnidarian-dinoflagellate symbiosis, 

highlighting that the response seen here is likely an experimental artefact. It is important to note, 

however, that both treatments with bleached anemones were maintained in the same water bath; 

the lack of water bath replication makes it impossible to determine whether this was due to the bath 

itself (although no obvious issues were observed), or a result of the temperature drop experienced 

by the anemones. Further study comparing the physiological response of A. aureoradiata to both 

rapid and gradual temperature changes would be valuable, as similar work in other cnidarian-

dinoflagellate symbioses have shown the rate of temperature change have had a profound effect on 

stress levels (Oakley et al., 2017; Newson, 2019). In stark contrast to the observed response to cold 

treatment, the moderate temperature treatments caused a significant increase in symbiont density 

by week 16, at both low and high irradiance. Anemones in the high temperature treatments, on the 

other hand, maintained relatively unchanged symbiont population densities.  

 

The response of anemones in the moderate temperature treatments suggests that this temperature is 

optimal (or close to it) for the symbiosis. Additionally, the stability of this symbiosis under 

prolonged high temperature could at first seem surprising given the vast amount of literature on 

thermal bleaching in corals (Gates, 1990; Brown, 1997; Fitt et al., 2001; Rob, 2004; Wagner et al., 

2010; Oakley and Davy, 2018); however, it should be remembered that this treatment was based 

on warm summer temperatures experienced in the field, and was not intended to induce 

physiological stress or symbiosis dysfunction. Still, it is interesting that the symbiosis withstood 

four months at elevated temperatures without exhibiting any signs of instability (i.e. a decline in 

symbiont density). Moreover, neither low nor high irradiance caused any discernible symbiont 

density response in both the moderate and high temperature treatments; this is surprising, given 

that photo-acclimation would be expected (see earlier discussion). Along similar lines, Cornwall 

(2017) reported that symbiont density in A. aureoradiata was reduced in the dark compared to in 

the light, while light-deficiency in intertidal caves can cause A. elegantissima to bleach entirely and 

live without any symbionts (Secord and Muller-Parker, 2005; Bates et al., 2010). This once again 

suggests that the treatments used in the present study were not quite extreme enough to induce such 

differential responses.  

 

Contrary to the relative stability in symbiont density observed at both moderate and high 

temperatures, the symbionts in these treatments (at both low and high irradiances) exhibited a 

drastic decrease in cell-specific protein content by week 8, which did not improve by week 16. This 

could suggest physiological stress of the symbionts, and hence catabolic breakdown of proteins, 
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consistent with the declines in lipid and carbohydrate content (see below). Alternatively, faster 

growth and proliferation at warmer temperatures may have led to an overall reduction in cell size, 

and hence protein content, which would be consistent with the increased symbiont density observed 

in the moderate temperature treatments at least (see earlier discussion of this relationship). 

However, the magnitude of the decline in symbiont protein content for all treatments seems 

somewhat unrealistic, suggesting a possible erroneous overestimate of the protein assay at the 

beginning of the experiment; unfortunately, the sample analysis could not be repeated due to 

restricted lab access during the COVID-19 lockdown. The host protein content, by contrast, 

increased significantly in the MTLI and HTLI treatments over the course of the experiment, while 

the high irradiance variants at these temperatures also increased, although not significantly, and 

neither temperature appeared to have a greater impact on host protein content than the other. Only 

the low temperature-treated anemones failed to grow, and anemones in the LTHI treatment even 

appeared to shrink in size. A study implementing similar seasonally-based experimental treatments 

on tropical octocoral-dinoflagellate symbioses by McCauley et al. (2018) reported that protein 

content did not differ significantly with changes in temperature and UV radiation, with only 

species-specific differences having an effect. However, it should be noted that the temperatures 

used in that study only differed by 3°C and effects were monitored for seven days, whereas the 

temperature range in the present study was far greater and lasted for a significantly longer time, 

likely exacerbating the effects. The slight differences between light treatments observed in the 

present study (which were not apparent when treatments were compared within each time point) 

can potentially be related to symbiont performance, as it may be that the higher irradiance caused 

a degree of photo-inhibition in the symbionts and so less photosynthate was being translocated to 

support the host (Hillyer et al., 2016). This was not indicated by the PAM fluorometry data, though, 

with both low and high irradiance treatments showing very little difference in photosynthetic 

efficiency (although other subtle physiological effects of the various treatments cannot be ruled 

out).  

 

4.2.2. Photophysiology: photosynthetic efficiency and chlorophyll content 

Photosynthetic efficiency (Fv/Fm) of the in hospite symbionts at both moderate and high 

temperatures was comparable to values previously reported for A. aureoradiata (Bock, 2008; 

Howe, 2013) as well as numerous other symbiotic cnidarians (Dubinsky et al., 1990). This stability 

suggests that these anemones were not experiencing significant photo-stress at either irradiance 

variant of both moderate and high temperatures. This was in marked contrast to the cold-treated 

anemones, which showed evident signs of photosynthetic dysfunction by four weeks. Howe (2013) 
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similarly reported a decline in photosynthetic efficiency at low temperatures in A. aureoradiata, 

though she also noted a decline at high irradiance, unlike the present study where irradiance had no 

obvious effect (except in the low temperature treatment, where anemones under low irradiance 

exhibited the strongest signs of photosynthetic dysfunction). The present study concludes that 

photosynthetic efficiency was similar among anemones in all treatments, regardless of temperature 

or irradiance, with the exception of the bleached anemones in the low temperature treatments.  

 

The overall content of chlorophylls a and c2 exhibited considerably more between-treatment 

variation than any other symbiont cellular product measured. Chlorophyll content appeared 

elevated under higher temperatures, and, in particular, the content of both chlorophylls a and c2 

was significantly higher in the HTLI treatment than all other treatments. Given that high, stressful 

temperatures can induce bleaching and loss of cellular chlorophyll in symbiotic cnidarians (Weis, 

2008; Oakley and Davy, 2018), this increase in chlorophyll at high temperature in the present study 

is perhaps surprising. However, it is important to note that the high temperature used in this 

experiment induce no signs of photo-physiological stress (e.g. Fv/Fm) in the anemones, so loss of 

chlorophyll was unexpected; in fact, elevated temperature may have even aided chlorophyll 

synthesis. This, combined with reduced light stress in the low-irradiance treatment, could have 

contributed to the dramatic increase in both chlorophylls a and c2 in the HTLI treatment. However, 

detailed analysis of chlorophyll synthesis and repair under these treatments would be necessary to 

confirm the underlying mechanisms (Robison and Warner, 2006). Interestingly, despite the 

increases in both chlorophyll types, the chlorophyll a:c2 ratio for the HTLI treatment was 

significantly lower than all other treatments at each time point. The reasons for this are unclear, as 

are the functional implications, though the two chlorophylls do have slightly different absorption 

maxima (420 and 660 nm for chlorophyll a; 445 and 625 for chlorophyll c2; (Hall and Rao, 1999)), 

so there would likely be minor differences in light harvesting. Indeed, changes to the ratio of 

chlorophyll pigments is typically associated with photo-acclimatization (Titlyanov and 

Shaposhnikova, 1980; Helmuth et al., 1997; Apprill et al., 2007).  

 

It is worth noting that the anemones maintained in the laboratory and then used for the experimental 

study all contained twice as much cell-specific chlorophyll content as the anemones that were 

collected in the field. This is possibly because these anemones were maintained under conditions 

of artificial lighting, which could never match the intensity of the sunlight received by anemones 

in the field, causing them to photo-acclimate to the reduced irradiance.  
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4.2.3. Symbiont and host storage products: lipid and carbohydrate content 

All of the treatments induced a marked decline in both symbiont and host lipid content over the 

sixteen-week experiment, suggesting the mobilization of these resources to support metabolism 

and growth. This was especially pronounced in the symbionts, which saw a large decline in lipid 

content by week eight, whereas a decline in the host lipid content was not apparent until week 

sixteen. Lipids are widely regarded as one of the primary storage products for Symbiodiniaceae 

(Rossi et al., 2006) and cnidarians (Shick, 2012), so increased metabolism would be expected to 

influence their abundance. The decline in lipid content of both partners during the experiment, even 

at moderate temperature and low irradiance, was unexpected, but it could suggest that a more 

regular feeding regime was needed to support the metabolic activity of the symbiosis than was 

provided during the experiment. Alternatively (or perhaps in addition to this), it could be that these 

laboratory treatments caused elevated respiratory activity in both partners, necessitating the use of 

internal stores to maintain the symbiosis; increased respiration is a typical response to stress by 

organisms, including symbiotic cnidarians (Starzak et al., 2014), and the experimental conditions 

in addition to weekly jar cleanings did potentially induce some stress. Measurement of respiration 

rate would help to address this knowledge gap, as would testing with a range of different feeding 

regimes.  

 

Despite the decline in lipid content over the course of the experiment, there was no significant 

difference between any of the treatments, in either symbiont or host, at each sampling time point. I 

expected to see greater lipid utilization at higher temperatures due to elevated respiration, but this 

was not apparent. Similarly, I expected lipid levels in the high irradiance treatments to be greater 

than those under low irradiance, due to symbiont photosynthesis being a primary source of lipids 

for both partners (Hillyer et al., 2016; Matthews, 2017). Consistent with this latter finding, 

Cornwall (2017) reported that light did not have an effect on the lipid stores of A. aureoradiata; 

rather, the biggest difference was apparent in the cold-treated anemones under high irradiance, in 

which the host tissues suffered no decline in lipid content. However, this pattern was almost 

certainly because of the large decline in the biomass/protein content of these anemones, so that the 

lipid content per unit host protein increased, rather than less use of the stores to support host 

metabolism.  

 

The symbiont carbohydrate content also decreased steadily over the course of the experiment, 

although the decrease in the MTLI treatment was not statistically significant. In contrast, host 

carbohydrate content remained relatively stable, with the exception of the LTHI and MTHI 
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treatments, whose carbohydrate levels significantly increased and decreased, respectively, by week 

sixteen. The decline in symbiont carbohydrates is likely due to the same reasons suggested above 

for lipid decline, with the lack of an irradiance effect being, again, somewhat surprising. The 

general consistency of the hosts’ carbohydrate stores did not mirror the pattern observed with 

respect to lipids, however, supporting the suggestion that lipids are the primary energy source of 

cnidarians (Shick, 2012), with lipids being catabolized in the first instance to support increased 

metabolic activity or nutritional shortages. By contrast, the significant decrease in carbohydrate 

content in the MTHI treatment seems anomalous and inconsistent with the other trends seen. The 

large increase in the LTHI treatment, however, once again may result from the shrinkage of the 

anemones in this treatment (i.e. reduced protein content), causing an increased carbohydrate content 

per unit protein, rather than an increase in carbohydrate synthesis or storage.  

 

4.3. Ecological implications 
Current global trends suggest that greater fluctuations will occur more frequently as climate change 

continues to wreak havoc on the stability of environmental conditions in certain regions (IPCC, 2014; 

Bindoff, 2019). Climate change is particularly relevant to the cnidarian-dinoflagellate symbiosis in the 

context of coral reefs, which support not only aquatic but also terrestrial (including human) populations. 

Excess atmospheric heat caused by increased CO2 emissions is eventually retained by the ocean, causing 

sea surface temperatures to rise to suboptimal and sometimes lethal temperatures for ocean inhabitants 

(Hoegh-Guldberg et al., 2007; Hughes et al., 2017). Tropical cnidarian-dinoflagellate symbioses are 

particularly sensitive to prolonged temperature increases, as they already inhabit regions where the average 

temperature is at the high end of their optimal range (Hoogenboom et al., 2012), and are suffering from 

increasingly frequent bleaching events as a result (Iglesias-Prieto et al., 1992; Brown, 1997; Hoegh-

Guldberg and Jones, 1999; Hughes et al., 2003). This bleaching not only has direct consequences for mature 

coral growth, calcification, and survival, but also has deleterious effects on reproductive output and larval 

distribution, settlement, and development, so reducing the likelihood of ecosystem recovery (McCauley et 

al., 2018; Fisch et al., 2019; Hughes et al., 2019). It is predicted that global temperatures will continue to 

increase, exposing cnidarian-dinoflagellate symbioses around the world to conditions that will frequently 

exceed their tolerance limits, with mass loss of reefs predicted to occur by the end of this century (Hoegh-

Guldberg et al., 2007; Pandolfi et al., 2011; Frieler et al., 2013). Therefore, it is imperative to gain a 

comprehensive and more detailed knowledge of the stability of both tropical and temperate cnidarian-

dinoflagellate symbioses in order to mitigate the potential damage caused by inevitable climate change.  
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The present study aimed to shed light on the cellular mechanisms responsible for the relative stability of 

temperate cnidarian-dinoflagellate symbionts, compared with their more sensitive tropical counterparts. In 

particular, the utilization of cellular energy storage products, such as lipids and carbohydrates, to support 

symbiosis stability under different temperature and irradiance conditions was investigated. I observed 

considerable seasonal symbiosis stability in the field, despite regular fluctuations in both symbiont and host 

storage product contents, while my experimental study suggested a partial role for storage product 

utilization in maintaining this stability even under relatively consistent elevated temperature. A. 

aureoradiata and its symbionts therefore seem well-adapted for dealing with projected climate change 

scenarios in New Zealand (Environment, 2018), consistent with previous studies of thermal tolerance in 

this sea anemone (Gibbons, 2009; Howe, 2013). A. aureoradiata did respond negatively to rapid exposure 

to low temperature (evident in bleaching and loss of host tissue) and persistent elevated temperature 

(evident in excessive use of lipid reserves by both symbionts and host) in my experiment, suggesting stress 

or at least increased metabolic activity, but these scenarios are unlikely to occur in the field, even with 

global climate change scenarios. In particular, temperate regions are characterized by considerable 

environmental variability, for example with respect to temperature, irradiance, and nutrient supply (Muller-

Parker and Davy, 2001), so in the field, potentially low or high temperatures are likely to be moderated by 

regular fluctuations, as well as tidal activity in intertidal regions such as the field site used in the present 

study. In order to better understand how temperate symbioses might respond to climate change, it is crucial 

that we develop an understanding of the range of conditions that these symbioses are exposed to in the field, 

how these conditions may change over time, and how the range of environmental conditions already 

experienced might prepare temperate cnidarian-dinoflagellate symbioses for future climate scenarios. In 

fact, there is evidence that higher-latitude (both subtropical and warm-temperate) marine species 

populations are tolerant of a greater temperature range than populations of their tropical conspecifics 

(Conover et al., 2009; Gardiner et al., 2010). This likely results from phenotypic plasticity due to 

acclimatization or adaptation to more variable environmental conditions (Beger et al., 2014). High-latitude 

coral reefs are considered as possible refugia for corals under threat from climate change ((Beger et al., 

2014; Camp et al., 2018), and other temperate cnidarian-dinoflagellate symbioses could also have a part to 

play in conservation efforts, so understanding their responses to our changing climate is imperative.  

 

4.4. Concluding remarks and future recommendations 
This thesis has provided much-needed information about the cellular biology underlying the remarkable 

stability of temperate cnidarian-dinoflagellate symbioses, by shedding light on the fate of commonly-

utilized cellular energy storage products with respect to changes in environmental temperature and 

irradiance. My thesis confirmed the considerable stability of A. aureoradiata in the field, but also 
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demonstrated a relationship between temperature (and secondarily irradiance) in the use of energy-rich 

storage products under experimental manipulation, thereby supporting (at least, in part) my original 

hypotheses. In particular, there was evidence that carbohydrates and lipids are catabolized to support the 

symbiosis in times of resource limitation or stressful conditions; however, further investigation is required 

to build a more comprehensive picture of the mechanisms that underlie the environmental tolerance of 

temperate cnidarian-dinoflagellate symbioses. For example, the applications of ‘omics’ technologies, such 

as transcriptomics, proteomics, and especially metabolomics, would allow us to decipher the biochemical 

changes that occur with environmental changes, whether in response to diel and seasonal weather patterns 

or global warming; such technologies have been used with tropical corals and other symbiotic cnidarians 

already (Hillyer et al., 2016; Matthews, 2017; Oakley et al., 2017; Matthews et al., 2018). Of particular 

value could be 13C-stable isotope studies, which allow for the tracking of photosynthetically-generated 

metabolites in the symbiont and host, and the metabolite fluxes between the two partners (Hillyer et al., 

2017; Matthews et al., 2018). Such studies can be combined with other physiological measures, such as 

respiration (R), photosynthetic rate (P), and estimates of P:R (a proxy for autotrophic potential of the 

symbiosis) (Davy et al., 1996; Starzak et al., 2014); these measures can inform interpretations of metabolic 

pathway shifts in response to environmental change.  

 

A more detailed understanding of host life-history, and especially reproductive cycles, will also aid with 

interpretation of lipid and carbohydrate utilization, as will more frequent and consistent sampling of 

seawater nutrient levels and food availability; in the current study, nutrient levels were sampled too 

infrequently to be informative. It is also important to take into account the potential diversity of symbionts, 

as there is emerging evidence that A. aureoradiata hosts two different (yet closely related) species of 

dinoflagellate endosymbionts endemic to New Zealand (Philozoon gen. nov.; LaJeunesse, in submission). 

How this might have impacted my research is unknown, but assessing the influence of this genotypic 

diversity, and the potential for associated physiological diversity in terms of environmental resilience, 

would be an interesting topic for future studies. It cannot be denied that considerable progress has been 

made in terms of understanding the mechanisms of symbiosis stability in both tropical and temperate 

regions, but as Muller-Parker and Davy (2001) so aptly stated, there is still a lot to be learned. In particular, 

we still have much to learn about the cellular physiology of temperate hosts and symbionts, and the host-

symbiont communication and integration that enables a persistent symbiosis (Davy et al., 2012), before we 

can truly understand how these high latitude associations remain so resilient.  

 

In addition, both current and potential responses to environmental variability and climate change need to 

be better understood. Longer-term studies that mimic environmental conditions at the present and under 
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future scenarios would better allow for modelling the fate of high-latitude symbiotic associations. For 

example, in some North American Anthopleura species, some physiological responses of the symbiosis to 

environmental change are not apparent for days or even months (Saunders and Muller-Parker, 1997; Secord 

and Muller-Parker, 2005; Dimond et al., 2011). There are a few studies on the impact of environmental 

variability in corals and other symbiotic cnidarians, but comparison of the thermal resilience of A. 

aureoradiata across its full latitudinal range (spanning from subtropical northern New Zealand to the 

southern Stewart Island), and in response to predicted climate change scenarios, would be an interesting 

topic for the future. Likewise, other symbiotic cnidarians such as the North American A. elegantissima, 

which can be found from Alaska to Baja California (Muller-Parker and Davy, 2001) or the coral P. 

versipora (Rodriguez-Lanetty and Hoegh-Guldberg, 2002; Davy et al., 2006), which is found from the 

Coral Triangle to the coast of southern Australia (Victoria), could prove as valuable model species in this 

regard. Such information will ultimately aid in developing a better understanding of how temperate 

cnidarian-dinoflagellate symbioses survive in the present, whether they will persist into the future, and if 

so, what they can tell us about the potential of high latitude symbiotic cnidarians and their associated 

ecosystems to act as refugia at a time when the world’s coral reefs are in massive jeopardy. 
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Appendices 

 
Appendix 1. Method Optimization 
 

A1.1. Sucrose gradient symbiont isolation 

It was hard to obtain a pellet free of debris, as Anthopleura aureoradiata host tissue is particularly 

gelatinous and adherent to symbiont cells, so a sucrose gradient method of isolation (Chen et al., 

2015) was attempted to obtain cleaner symbiont pellets. Anemone homogenate was spun down in 

a centrifuge set to 4ºC at 500 x g for 5 minutes; the resulting supernatant was transferred to a new 

host tube. Four sucrose concentration aliquots were developed (0%, 25%, 40%, and 50% v:v), and 

200 µL of each were pipetted into a clean tube, creating a density gradient with the 50% solution 

added first and the 0% solution added last. The remaining homogenate was re-suspended in 200 

µL FSW, and pipetted carefully into the top layer of the sucrose gradient. The tubes containing the 

symbionts and sucrose gradients were once again spun down in a centrifuge set to 4ºC at 10,000 x 

g for 5 minutes. Symbiodiniaceae cells formed a layer at the interfaces between the 25-40% and 

40-50% sucrose concentrations; these were carefully pipetted out and transferred into a new tube. 

Each new symbiont-containing tube was then washed twice, consisting of 4ºC centrifugation at 500 

x g for 5 minutes and the addition/discard of 500 µL FSW. The final symbiont pellet was suspended 

in 1000 µL FSW, and pipetted onto a haemocytometer to determine cell density and assess for the 

presence of host debris. Both the sucrose gradient and the standard method of fractionation yielded 

similar results with respect to symbiont cell counts, and the sucrose gradient protocol did not result 

in a significantly cleaner pellet than standard isolation (Figure A1.1). Since the sucrose gradient 

protocol was more time-consuming, it was not pursued further and the standard isolation method 

of repeated centrifugation and washes was used for both field and experimental samples.  

   
Figure A1.1: Comparison of symbiont isolation methods in the sea anemone Anthopleura aureoradiata. 

(A)  Symbionts isolated using standard centrifugation and washing method; (B-C) Photo of symbionts 

isolated using the sucrose gradient method, Photographs taken on a photomicroscope, magnification 40x.  
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A1.2. Lipid assay parameter optimization and standard development  

The original intention for the measurement of lipid content was to develop a colorimetric assay in 

which fluorescence of the samples stained by Nile Red lipophilic dye could be compared against a 

standard curve of known lipid content (Greenspan et al., 1985). The following section details the 

optimization steps taken in the development of this method. Unfortunately a protocol for standard 

comparison could not be optimized in the time frame of this study, due to the inability to get a 

standard lipid solution to fluoresce consistently in the correct emission range. The following 

optimization steps were performed, and while some results seemed promising, they could not be 

reproduced consistently.  

 
Sample preparation | Anemones were homogenized and symbiont cells were isolated 

from host material, as described in Chapter 2, Section 2.4.1. The chlorophyll pigments were 

then extracted from symbiont samples, as described in Chapter 2, Section 2.4.3.1. 

(centrifuge at 2,000 x g for 5 minutes, discard supernatant, add 1 mL of ice cold ethanol, 

vortex, incubate under bright light >100 µmol photons m-2 s-1 for at least one hour to extract 

cell pigments, vortex, twice repeated wash), and the samples were washed with 3xPBS to 

remove trace ethanol and pigments from samples.  

 
Stain preparation | A 1,000 µg/mL stock of Nile Red stain (Sigma Aldrich, NZ) in 100% 

DMSO was prepared in a dark fume hood and stored at 4ºC, wrapped in foil to prevent 

degradation of the stain by ambient light. This stock solution was aliquoted and diluted to 

a working concentration of 100 µg/mL in 100% DMSO prior to each use.  

 
Lipid standard preparation | A 10,000 µg/mL stock of Triolein oil (Sigma Aldrich, NZ) 

in isopropanol was prepared and stored at -20ºC. This stock solution was aliquoted and 

diluted to a working concentration of 1,000 µg/mL in isopropanol prior to each use.  

 
Optimization – Spectrophotometric parameters | The spectrophotometric parameters 

were optimized by developing a matrix of stepwise increases in both sample and stain 

concentrations to be spectrophotometrically analysed at several different excitation 

wavelengths; the optimal combination of the aforementioned variables would present as a 

distinct peak between 575-585 nm, the emission range characteristic of neutral lipids for 

dinoflagellates (Bertozzini et al., 2011). Initial parameters were set without samples, using 

just blank medium (either FSW or 3xPBS) with stain and a lipid standard, and then all 

optimizations were repeated with samples replacing the blank medium. Each well 
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contained 234 µL of medium and 6 µL of either DMSO (as a blank) or Nile Red (final 

concentration of 0-2 µg/ml), to which 60 µL of lipid standard (or isopropanol, as a blank) 

were added (final concentrations: 0, 2.5, 5, 10, 20 µg/mL). The contents of each well were 

aspirated with a pipette to ensure proper mixing of all contents, and then the plate was 

incubated in the dark at 40°C for ten minutes. The plate was then inserted into a 

spectrophotometer (Perkin Elmer Enspire 2300 multi-label microplate reader) and a 

continuous emission scan was performed for the excitation wavelengths of 528 nm (Rosset 

et al., 2017) and 530 nm (Dagenais Bellefeuille et al., 2014), with an emission range of 

550-700 nm (Chen et al., 2009; Bertozzini et al., 2011; Kou et al., 2013; Rosset et al., 

2017). It was determined that an excitation wavelength of 530 nm with an emission of 580 

nm was the most appropriate.  

 
Optimization – DMSO concentration | DMSO acts to help the Nile Red stain permeate 

the cell well (Chen et al., 2009; Kou et al., 2013), but the concentration required for this 

varies between species. The optimal DMSO concentration was determined by performing 

repeated assays with a stepwise increase in the amount of DMSO per well ranging from 

2.5 to 40% (Kou et al. 2013; Rosset et al. 2017). The optimal DMSO concentration was 

determined to be 5%.  

 
Optimization – Nile Red concentration | Insufficient Nile Red staining results in either 

no fluorescence, or presents as a peak corresponding only to chlorophyll pigment 

fluorescence, which has been reported to skew the emission peak away from that of neutral 

lipid bodies (Bertozzini et al., 2011). The optimal Nile Red stain concentration was 

determined by performing repeated assays with a stepwise increase in Nile Red 

concentration from 0.5 to 10 µg/mL. It was determined that 2.5 µg/mL was the optimal 

stain concentration.  

 
Optimization – Linearity | The linear relationship between cell density and fluorescence 

at different concentrations of Nile Red was attempted. Cell density ranged from 2.5 x 105 

to 1 x 106 cells/ml, and Nile Red stain concentrations ranged from 0.5 to 4 ug/mL of stain. 

A blank and an unstained sample for each concentration were run as well, so that relative 

fluorescence intensity of each well could be calculated.  

 
Optimization – Comparison standard equivalents | Both a standard curve and a standard 

addition curve were attempted, but neither were consistently successful (and in fact, 
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standard addition of Triolein to samples effectively decreased their emission peaks, rather 

than making them more prominent as was described per Bertozzini et al. (2011). 

 

 
Figure A1.2: Nile Red lipid assay linearity optimization. Both symbiont and host fractions were 

assessed for linearity in fluorescence yields with varying sample dilutions and stain concentrations. 

 

A1.3. Starch granule staining 

Several studies have developed assays using hydrolysis extraction methods or commercial 

amylases to spectrophotometrically measure starch content in microalgae such as Chlorella 

sorokiniana (Souza et al., 2019), the dinoflagellate Lingulodinium polyedrum (Dagenais 

Bellefeuille et al., 2014) and Symbiodiniaceae spp. (Cornwall, 2017); however, the present study 

had insufficient biomass for such protocols so a simple staining method was attempted.  

 

Lugol’s Iodine has be used to indicate the presence of starch in the microalgae Chlamydomonas 

spp. (Toyoshima and Sato, 2015; Gifuni et al., 2017) and Parachlorella kessleri (Takeshita et al., 

2015), by interacting with polysaccharides, staining them dark blue/violet. These protocols were 

adapted in an attempt to stain starch bodies in the microalgae used in this study, Symbiodiniaceae. 

Anemones were homogenized, and symbiont cells were isolated from host material, as described 

in Chapter 2, Section 2.4.1. Chlorophyll pigments were extracted from the symbiont fractions 

(Souza et al. 2019) as described in Chapter 2, Section 2.4.3.1. To the now pigment-free pellet of 

cells, 5-20 µL of Lugol’s Iodine stain (Takeshita et al. 2015) were added, and the volume was 

topped up with medium to a final volume of 1 mL. This solution was then vortexed and incubated 

(covered in foil to keep dark) at 4°C for 18 hours. Samples then underwent a series of washes, 
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repeated until the supernatant was clear of dye (usually 2-3 repeats), which consisted of being 

centrifuged at 10,000 x g for 4 minutes, discarding the supernatant, and adding 1 mL of the same 

medium used when the stain was added (FSW/1xPBS/3xPBS). After sufficiently being washed of 

excess stain, samples were placed onto glass slides using a glass micropipette and viewed under a 

photomicroscope at 60-100x.  

 
Optimization – Medium | FSW, 1xPBS, and 3xPBS were all tested as the medium 

which was added to the pigment-free symbiont cell pellet in an attempt to minimize cell 

lysing; none yielded any significantly different stain results from one another.  

 
Optimization – Stain concentration | The Lugol’s Iodine stain that was used in this 

project was of an unknown initial concentration (as it was handed down through the lab 

and the label had deteriorated); however, a stepwise gradient of stain volume to total 

volume ratio (5 – 20 µL stain in 1000 µL cell pellet and medium solution) was tested to 

determine whether an optimal relative concentration could be developed.  

 
Optimization – Incubation temperature | Following the staining of the symbiont cell 

pellet, samples were either incubated at 4°C for 12-18 hours, or at 90°C for 10-20 

minutes to see if either had a pronounced effect on the ability of the stain to penetrate the 

cell and adequately stain starch bodies.  

 
Unfortunately, the results of this stain were too inconsistent to yield reliable measurements with 

reproducibility. Some cells appeared to be successfully stained; however, most cells lysed during 

the protocol, and were either not stained at all or too heavily stained for accurate measurement. 

Time constraints prevented the further optimization of this method for use in the present study.  

 

   
Figure A1.3: Attempts to identify starch bodies using Lugol’s Iodine stain in the dinoflagellate 

Symbiodiniaceae. (A) Cell successfully stained, showing distinct dark bodies within an intact cell. (B) 

unsuccessful stain, cells lysed and only one stain detected, and (C) Unsuccessful stain, sample overstained.  



 64 

Appendix 2. Statistical analyses 

 
A2.1. Field Study – Environmental variable analysis 

 
Table A2.1: Statistical analyses of environmental variables for the field study site: Wellington 

Harbour, New Zealand. All environmental variables were tested against time factors: (A) month, and (B) 

season. All test statistics have been adjusted for ties, and all significance values have been adjusted for by 

the Bonferroni correction for multiple tests. Significance level is 0.05.  

A Response Variable Test Test Statistic P-value 

M
on

th
ly

 

Irradiance 
Independent-Sample Kruskal-

Wallis 83.000 < 0.0001 

Air Temperature 
Independent-Sample Kruskal-

Wallis 
83.000 < 0.0001 

Water Temperature Independent-Sample Kruskal-
Wallis 

83.000 < 0.0001 

B Response Variable Test Test Statistic P-value 

Se
as

on
al

ly
 

Irradiance Independent-Sample Kruskal-
Wallis 67.891 < 0.0001 

Air Temperature Independent-Sample Kruskal-
Wallis 64.313 < 0.0001 

Water Temperature Independent-Sample Kruskal-
Wallis 

70.640 < 0.0001 
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A2.2. Field Study – Physiological response variable analyses 

 
Table A2.2: Statistical analyses of physiological response variables for the sea anemone Anthopleura 

aureoradiata and its Symbiodiniaceae collected from the field. All response variables were tested against 

time factors: (A) month, and (B) season. Significance level is 0.05. 

A Response Variable Test Test Statistica P-valueb 

Sy
m

bi
on

t 

Cell density Welch ANOVA (log10 data) 5.051 < 0.0001 

Protein content Kruskal-Wallis 41.938a < 0.0001b 

Lipid content One-way ANOVA (log10 data) 14.151 < 0.0001 

Carbohydrate content Welch ANOVA 79.496 < 0.0001 

Chlorophyll a content Welch ANOVA 9.466 < 0.0001 

Chlorophyll c2 content One-way ANOVA 11.852 < 0.0001 

H
os

t Lipid content Welch ANOVA (log10 data) 9.939 < 0.0001 

Carbohydrate content Welch ANOVA (log10 data) 30.467 < 0.0001 

B Response Variable Test Test Statistica P-valueb 

Sy
m

bi
on

t  

Cell density One-way ANOVA (log10 data) 4.457 0.006 

Protein content One-way ANOVA 18.845 < 0.0001 

Lipid content Welch ANOVA (log10 data) 9.546 < 0.0001 

Carbohydrate content Welch ANOVA (log10 data) 10.336 < 0.0001 

Chlorophyll a content One-way ANOVA 8.587 < 0.0001 

Chlorophyll c2 content One-way ANOVA 7.550 < 0.0001 

H
os

t Lipid content Welch ANOVA (log10 data) 0.941 0.430 

Carbohydrate content One-way ANOVA (log10 data) 4.677 0.005 
a = Test statistic has been adjusted for ties 
b = Significance value has been adjusted by the Bonferroni correction for multiple tests.  
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A2.3. Experimental study - Physiological response variable analyses 

 
Table A2.3: Statistical analyses of physiological response variables for the sea anemone Anthopleura 

aureoradiata and its Symbiodiniaceae maintained under experimental conditions. All response variables 

were tested against a combined factor including both time and treatment. Significance level is 0.05. 

 Response Variable Test Test Statistica P-valueb 

Sy
m

bi
on

t 

Cell density Welch ANOVA 16.742 < 0.0001 

Protein content Welch ANOVA 
(log10 data) 75.311 < 0.0001 

Lipid content Kruskal-Wallis 71.994 a < 0.0001b 

Carbohydrate content Kruskal-Wallis 71.189 a < 0.0001b 

Chlorophyll a content  Welch ANOVA 
(log10 data) 47.758 < 0.0001 

Chlorophyll c2 content  One-way ANOVA 
(log10 data) 37.853 < 0.0001 

Chlorophyll a:c2 ratio  Welch ANOVA 
(log10 data) 23.143 < 0.0001 

H
os

t 

Protein content Kruskal-Wallis 
(log10 data) 104.711a < 0.0001b 

Lipid content Welch ANOVA 
(log10 data) 76.690 < 0.0001 

Carbohydrate content One-way ANOVA 
(log10 data) 18.346 < 0.0001 

a = Test statistic has been adjusted for ties 
b = Significance value has been adjusted by the Bonferroni correction for multiple tests.  
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Appendix 3. Supplemental results 
A3.1. Field study 

A3.1.1. Environmental conditions: Temperature and irradiance 

As one might expect, the seasonal averages for water temperature, air temperature, and solar 

irradiance were highest in the summer and lowest in the winter, with averages during spring 

and autumn being similarly moderate (Figure A3.1.1). Irradiance was significantly higher in 

summer than all other seasons, while autumn and winter exhibited statistically similar low 

irradiances (p = 0.557). Air temperature, on the other hand, was statistically similar during 

spring and autumn, but summer air temperature was warmer than all other seasons, and 

winter air temperature was colder than all other seasons (< 0.05). Water temperature 

exhibited the least seasonal change, with winter and spring being statistically similar to one 

another (p = 0.587) and lower than the values during summer and autumn (p < 0.001), which 

were statistically similar to one another (p = 0.173).  

 

Table A3.1: Recorded observations of field site environmental parameters.  

Date 
(dd/mm/yy) Time Tide level  

(m) 
Air Temp 

(°C) 
Water Temp 

(°C) Weather 

06/11/18 10:50am 0.6 17.3 15.5 Partly cloudy 

23/12/18 12:18pm 0.5 16.6 17.0 Sunny, minimal clouds 

24/01/19 3:07pm 0.5 18.8 15.5 Sunny, minimal clouds 

20/02/19 12:15pm 0.5 16.8 16.0 Partly cloudy 

23/03/19 2:30pm 0.6 15.9 16.5 Sunny, minimal clouds 

24/04/19 2:30pm 0.6 13.2 16.0 Cloudy 

21/05/19 1:30pm 0.6 12.3 15.0 Sunny 

21/06/19 12:00pm 0.7 10.4 13.5 Sunny 

06/08/19 1:30pm 0.5 8.6 13.0 Partly cloudy 

16/09/19 1:00pm 0.7 10.2 13.5 Cloudy 

29/10/19 12:00pm 0.5 11.1 15.5 Sunny 

28/11/19 1:00pm 0.5 15.4 17.0 Partly cloudy 
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Figure A3.1.1: Average seasonal and monthly (inset) weather conditions for Wellington Harbour, 

New Zealand. Irradiance (MJ/m2/day/10) and air temperature (°C) values were obtained from NIWA 

online databases, which reports mean monthly values obtained throughout 1981-2010. Water 

temperature (°C) was obtained from seatemperature.org, which reports average values from many years 

of compiled data. Values presented are means ± 1 SE (where displayed).  

 

A3.1.2. Monthly chlorophyll a:c2 ratio 

 
Figure A3.1.2: Monthly chlorophyll a:c2 of Symbiodiniaceae cells isolated from the sea anemone 

Anthopleura aureoradiata. Bars represent monthly averages (n=7 per month; values presented are means ± 
1 S.E.) for the following physiological measurements: (A) cell density, (B) protein content, (C) chlorophyll 

a, (D) chlorophyll c2, (E) lipid content, and (F) carbohydrate content. Significant differences between groups 

are indicated by letters at the base of each bar. Coloured lines represent average monthly values of 

environmental parameters (yellow = irradiance (MJ/m2/day), purple = air temperature (°C), blue = water 

temperature (°C)). 
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A3.1.3. Seasonally-pooled physiology – Symbiont  

 

 

 
Figure A3.1.3: Seasonal physiology of symbionts isolated from Anthopleura aureoradiata collected from Shelly 

Bay Lighthouse, NZ. Bars represent seasonal averages (n=21 per season, except for winter where n=14 and spring 

where n=28; values presented are means ± 1 S.E.) for the following physiological measurements: (A) cell density 

(cells per milligram host protein), (B) protein (picograms per cell), (C) chlorophyll a (picograms per cell), (D) 

chlorophyll c2 (picograms per cell), (E) lipid (arbitrary units of fluorescence per cell), and (F) carbohydrate 

(picograms per cell). Significant differences between groups are indicated by letters at the base of each bar. Details of 

statistical tests can be found in the Appendices, Table A2.2. Coloured lines represent average monthly values of 

environmental parameters (yellow = irradiance (MJ/m2), purple = air temperature (°C), blue = water temperature (°C)). 
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A3.1.4. Seasonally-pooled physiology: Chlorophyll a:c2 ratio 

 
Figure A3.1.4: Seasonal chlorophyll a:c2 ratio for symbionts isolated from Anthopleura aureoradiata 

collected from Shelly Bay Lighthouse, NZ between November 2018 and November 2019. Bars represent 

seasonal averages (n=21 per season, except for winter where n=14 and spring where n=28; values presented 

are means ± 1 S.E.) between Nov 2018 – Nov 2019. Significant differences between groups are indicated by 

letters at the base of each bar. Details of statistical tests can be found in the Appendices, Table A2.2. Coloured 

lines represent average monthly values of environmental parameters (yellow = irradiance (MJ/m2), purple = 

air temperature (°C), blue = water temperature (°C)). 

 

A3.1.5. Seasonally-pooled physiology – Host 

 
Figure A3.1.5: Seasonal physiology of Anthopleura aureoradiata host material, collected from Shelly 

Bay Lighthouse, NZ between November 2018 and November 2019. Bars represent seasonal averages 

(n=21 per season, except for winter where n=14; values presented are means ± 1 S.E.) for the following 

physiological measurements: (A) lipid (arbitrary units of fluorescence per milligram host protein), and (B) 

carbohydrate (micrograms per milligram host protein). Significant differences between groups are indicated 

by letters at the base of each bar. Details of statistical tests can be found in the Appendices, Table A2.2. 

Coloured lines represent average monthly values of environmental parameters (yellow = irradiance (MJ/m2), 

purple = air temperature (°C), blue = water temperature (°C)).  
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A3.2. Experimental study –  

A3.2.1. Chlorophyll a:c2 ratio - Symbiont 

 
Figure A3.2.1: Chlorophyll a:c2 ratio of Symbiodiniaceae isolated from the sea anemone Anthopleura 

aureoradiata maintained in experimental conditions. Experimental study was conducted for 16 weeks. 

Treatments are abbreviated as follows: HTHI = high temperature high irradiance, HTLI = high temperature 

low irradiance, MTHI = moderate temperature high irradiance, MTLI = moderate temperature low irradiance, 

LTHI = low temperature high irradiance, and LTLI = low temperature low irradiance. Bars represent 

treatment averages (n=7 per treatment per time point, except for MTHI at week 8 where n=4; values are 

means ± 1 S.E.). Significant differences between treatments at each time point are indicated by letters at the 

base of each bar; same letters should not be interpreted as similarity across time points. Treatments that 

exhibited significant changes between weeks 0 and 16 are indicated by a line with an asterisk (*).  
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