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There was a door to which I found no key 
There was a veil past which I could not see 
Some little talk awhile of me and thee 
There seemed--and then no more of thee and me.  

Omar Khayyam 

 

زَل را نه تو داین و نه من
�
 ا�ار ا

 و�ن حرفِ معمّا نه تو خواین و نه من

 وگوی من و توهست از �س پردە گفت

 چون پردە برافتد، نه تو ماین و نه من

 عمر خ�ام 
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Abstract 
 

Coral reef ecosystems are one the most important tropical ecosystems, providing a wide variety 

of ecological services. Reef-building corals form a symbiosis with phototrophic dinoflagellates 

of the family Symbiodiniaceae, however elevated temperatures disrupt this relationship in a 

process known as coral bleaching and worldwide bleaching events are increasing in frequency 

and intensity due to climate change. There is considerable interest in whether corals might 

adapt to warming conditions by changing their symbionts to a more thermally-tolerant type. 

The potential to respond is related to capacity for cellular integration between the partners, 

which underlies the specificity of the host-symbiont relationship. The aim of this thesis was to 

elucidate the cellular processes associated with hosting native vs. non-native symbionts in the 

model symbiotic cnidarian Exaiptasia pallida (commonly referred to as ‘Aiptasia’), to assess 

the potential for establishing a novel partnership. A multidisciplinary approach, including 

proteomics and quantitative immunocytochemistry, was used, with a particular focus on 

processes involved in inter-partner nutritional exchange. 

 

In Chapter 2, a new method for characterising the proteome of Symbiodiniaceae is described. 

This method was used to compare the molecular and metabolic pathways underlying a 

successful symbiosis. Specifically, the proteome of Breviolum minutum, the native symbiont 

of Aiptasia, was compared when in culture (i.e., free-living) vs. in symbiosis, under a range of 

nutritional regimes (i.e., N-deplete or N-enriched in culture; starved or well-fed anemones in 

symbiosis). These various treatments induced distinct proteomes in B. minutum, especially 

related to immunosuppression to avoid host cell phagosome maturation, metabolic integration, 

and increased oxidative stress in the symbiotic state. Moreover, the different nutritional 

regimes impacted the B. minutum proteome, with evidence for increased efficiency nutrient 

uptake and assimilation under more nutrient-limited conditions. 

 

Chapter 3 further characterised the proteome of B. minutum during the process of host 

colonization, and then compared this to the proteome of a non-native symbiont, the putatively 

opportunistic but thermally tolerant Durusdinium trenchii, when in symbiosis with Aiptasia. 

During host colonization over a fourteen-week period, the proteome of B. minutum showed 

changes related to photosynthesis and chloroplast maintenance as the symbiont density 
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increased, until it eventually reached its peak. Conversely, the proteome of the non-native D. 

trenchii exhibited a lower abundance of photosynthetic proteins in the fully-established 

symbiosis, but an upregulation of parasite-like immunosuppression mechanisms, consistent 

with the view of this species of Symbiodiniaceae being opportunistic. 

 

Lastly, in Chapter 4, host nutrient transporters were localized and quantified in Aiptasia, 

colonized with either the native B. minutum or the non-native D. trenchii and Symbiodinium 

microadriaticum. Specific immunofluorescent antibodies were designed for four different host 

transporters of interest: ammonium transporter 1 (AMT1); V-type proton ATPase (VHA); 

facilitated glucose transporter member 8 (GLUT8); and aquaporin-3 (AQP3, a sugar 

transporter). Tissue sections were then analysed by confocal microscopy. Hosts harbouring the 

non-native symbionts showed different transporter localization patterns to those harbouring the 

native B. minutum, suggesting a lesser degree of host-symbiont integration and disrupted 

nutritional flux with the non-native symbionts, with S. microadriaticum-colonized anemones 

being particularly distinct.  

 

This thesis therefore adds further weight to the view that the cellular integration necessary to 

establish a functional symbiosis, with efficient inter-partner nutritional exchange, is not 

necessarily replicated with non-native symbiont species, which in some cases may persist even 

when symbiosis function is compromised. Ultimately, this will likely reduce the likelihood that 

corals might adapt to climate change by changing their symbiont population. On a more 

positive note, however, this thesis provides new insights into the fundamental cellular 

mechanisms that underlie a successful cnidarian-dinoflagellate symbiosis and contribute to 

observable patterns of host-symbiont specificity. Such information is essential if we are to 

develop the tools necessary for saving the world’s coral reefs, for example through gene-editing 

and the engineering of more thermally tolerant coral-dinoflagellate partnerships. 
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 Chapter 1 
General Introduction 

 

 Symbiosis 
 

Symbiosis, meaning living together, is referred to as an interaction of two or more kinds of 

organisms in often elaborate and more-or-less permanent close physical relationships (Paracer 

and Ahmadjian, 1986). Symbiotic relationships can be different types such as: (1) 

commensalism, in which one species benefits and the other neither benefits nor is harmed; (2) 

mutualism, in which both participating species benefit; and (3) parasitism, in which one species 

benefits but the other is harmed. Parasitism can also be viewed as a form of predation, although 

the organism that is preyed on does not necessarily die (Mason et al., 2017). Symbiotic 

relationships can be also classified based on the location and dependence on the symbiosis, as 

a symbiont partner (i.e. the smaller partner) may reside outside of a host cell (ectosymbiosis) 

or inside a host cell (endosymbiosis). In the case of dependence, partners can be totally 

dependent on the relationship for survival (obligatory) or be capable of surviving in a free-

living state (facultative) (Paracer and Ahmadjian, 1986). Nevertheless, all of these relationships 

have potential for coevolution (a situation under which organisms evolve based on interspecies 

interactions) between the organisms involved, and in many instances, interspecies coevolution 

has resulted in fascinating complexes (Mason et al., 2017). For instance, the mitochondria and 

the plastids of eukaryotic cells arose by one cell engulfing another cell, forming an 

endosymbiotic relationship. Subsequently, the ingested cell lost its autonomy and some of its 

functions. In addition, many of the ingested cell’s genes were transferred to the host’s DNA. 

Thus, mitochondria and plastids in modern eukaryotic cells are the remnants of these 

symbionts, retaining some specialized functions that benefit their host cells (Margulis, 2013; 

Sadava et al., 2011). 

 

Symbiotic associations are common in nature, ranging from integrated molecular symbiotic 

interactions of viruses with their hosts, to parasitic plants lacking chlorophyll, to mutualistic 

associations between sharks and remora (Camisão and Pedroso, 2013; Kloc, 2020; Norman et 

al., 2021). Regardless of the type of symbiosis, most organisms that are involved acquire new 

phenotypic capability and therefore possibility for conferring selective advantages and 

potentially exploiting new (or further securing existing) environmental niches (Moran, 2007). 
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For example, the symbiotic relationship between sulphide-oxidising bacteria and giant tube 

worms has provided selective advantages for exploiting deep-sea habitats and formed 

ecosystems completely independent of sunlight around deep-sea hydrothermal vents (Childress 

et al., 1987; Dick, 2019). The cnidarian-dinoflagellate association is another symbiotic 

interaction which plays a key ecological role, in this case the functioning of coral reef 

ecosystems (Muscatine and Porter, 1977; van Oppen and Medina, 2020). This symbiotic 

association forms one of the most biologically diverse and productive ecosystems on the planet 

(Hoegh-Guldberg et al., 2007), which provides human communities with benefits such as food, 

income, recreation, coastal protection and cultural settings (Hoegh-Guldberg et al., 2017; 

Kleypas et al., 2021). 

 

 Cnidarian-Dinoflagellate Endosymbiosis 
 

Endosymbiotic relationships with photosynthetic algae are a common phenomenon in 

members of the phylum Cnidaria (Hofmann and Kremer, 1981). For instance, the symbiotic 

relationship between the scyphozoan Cassiopeia xamachana and dinoflagellates of the genus 

Symbiodinium, or the freshwater hydroid Hydra viridis and green algae of the genus Chlorella 

(Trench, 1993). The most ecologically significant symbiosis in the phylum is found on coral 

reefs. Here, the symbiosis with members of the family Symbiodiniaceae provides the coral host 

with photosynthetic products such as glucose (Hillyer et al., 2017b), which support coral 

metabolism, reproduction and survival. In return, the host is responsible for supplying 

inorganic carbon, nitrogen and phosphorus which are required for photosynthesis and growth 

in tropical oligotrophic habitats (Davy et al., 2012). A shortage of energy acquired from 

feeding on exogenous sources makes some corals primarily dependent on their symbionts 

(Davies, 1984; Johannes et al., 1970). Moreover, symbionts enhance the rate of coral 

skeletogenesis (Comeau et al., 2017), which in the long-term results in being maintained in a 

well-lit environment while having more protection from grazers (Davy et al., 2012). 

 

1.2.1 Architecture of Cnidarian-Dinoflagellate Endosymbiosis 
 

Dinoflagellates are found in the gastrodermal cells of the cnidarian host (Muscatine et al., 

1998), where they are surrounded by a series of membranes of algal origin and an outermost 

host-derived membrane; together these form the symbiosome membrane complex (Fig. 1.1) 
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(Kazandjian et al., 2008; Wakefield and Kempf, 2001). Multiple underlying membranes of 

algal origin are hypothesised to originate from repeated delayed ecdysis by symbionts, during 

which the plasma membrane and thecal vesicles are shed and new sets form beneath (Wakefield 

et al., 2000). The outermost host-derived symbiosome membrane is a retained early 

phagosome, where maturation has been arrested via preventing ApRAB7 by the symbiont 

(Chen et al., 2004, 2003). Indeed, all nutrients and metabolites must pass across this single 

bilayer membrane when being transferred between host and symbiont, and vice versa 

(Kazandjian et al., 2008).  

 

 

In addition to Symbiodiniaceae, corals may host bacteria, archaea, fungi, viruses and protists. 

All of these together (including the host) are referred to as the ‘holobiont’ (Rohwer et al., 2002; 

Rosenberg et al., 2007). Interactions of holobiont members are likely to aid host function and 

Figure 1.1. The symbiotic dinoflagellate Breviolum minutum in the sea anemone ‘Aiptasia’ (Exaiptasia pallida). (A) Tentacle 
showing gastrodermis and epidermis; scale 100 µm. ep = epidermis, gs = gastrodermis. (B) Symbionts (round yellow-brown 
cells) in gastrodermis layer; Scale 10 µm. ep = epidermis, gs = gastrodermis, ms = mesogloea. (C) and (D) Scanning Electron 
Microscopy (SEM) freeze-fractured Aiptasia tentacle showing host and algae inside it; scale 1 µm. as = algal symbiont, symb 
= symbiosome membrane, hm = host membrane, chl = chloroplast. 

ms 
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survival (Bernasconi et al., 2019; Matthews et al., 2020; Rosenberg et al., 2007). 

 

1.2.2 Acquisition, Establishment and Regulation of Symbionts 
 

Most cnidarians obtain their algal partner by horizontal transmission, which involves 

acquisition of the symbiont from the surrounding environment after spawning.  However, some 

cnidarians inherit their symbionts from parents, which is known as vertical (or maternal) 

transmission. The transmission mode of symbionts is correlated with host reproductive traits 

(Stat et al., 2006). The majority of coral species are broadcast spawners (releasing gametes into 

the surrounding environment) and therefore, acquire algal symbionts from the environment 

during planular larval or juvenile colony stages (Baird et al., 2009; Little et al., 2004; Stat et 

al., 2006). In vertical transmission, offspring are provided with obligate symbionts that already 

‘fit’ the species and current ecological environment. In spite of this, if a coral planula settles in 

a different environment, it can be disadvantaged, as the symbiont might not perform optimally 

(Byler et al., 2013; Weis et al., 2001). Although vertical transmission is the primary mode for 

obtaining symbionts in brooder species (retaining offspring in the parental colony), some 

acquire novel symbionts by horizontal transmission, because it provides an opportunity for 

taking up ecologically suitable partners, as host survival depends on an unpredictable symbiont 

source (Byler et al., 2013).  

 

Both partners first need to recognize each other in advance of symbiosis establishment. Host-

symbiont recognition processes are described as ‘winnowing’, that includes a cascade of 

events, all of which are necessary and related to each other (Cooper, 2007; Nyholm and McFall-

Ngai, 2004). Innate immune repertoires in invertebrates are sophisticated, complex and have 

important roles in the establishment of symbiosis, and it has been suggested that host 

recognition mechanisms of Symbiodiniaceae are similar to recognition of pathogenic 

organisms in eukaryotes (Kirk and Weis, 2016; Weis, 2008). Symbiont recognition and uptake 

are performed by pattern recognition receptors (PRRs) that recognise and further bind to 

conserved components of algal surface molecules such as carbohydrates, proteins and lipids 

(Kilpatrick, 2002). For example, glycoproteins covering the algal surface are reported to be 

involved in lectin/glycan recognition interactions with host lectin receptors (Lin et al., 2000; 

Logan et al., 2010; Neubauer et al., 2016; Wood-Charlson and Weis, 2009). In addition, 

glycoproteins working as interspecies signals are secreted from symbionts both in and ex 
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hospite (Markell and Wood-Charlson, 2010). Nonetheless, a recent study on glycan profiles of 

different symbionts only reported subtle differences between colonising and non-colonising 

symbionts, Breviolum minutum and Symbiodinium pilosum, respectively (Parkinson et al., 

2018). In this latter study, glycan masking of B. minutum with two different lectins during 

colonisation of Aiptasia detected no significant difference in symbiont cell densities after re-

infection, which further suggests that lectin/glycan interactions are more important for post-

phagocytic persistence of specific symbionts than they are for initial uptake. In addition, 

Niemann–Pick type C gene family (e.g. NPC2) and Sym32 proteins have been hypothesised to 

participate in the formation of cnidarian-dinoflagellate symbioses (Dani et al., 2017, 2014; 

Reynolds et al., 2000; Schwarz and Weis, 2003). In the next step, symbionts in the vicinity of 

the host gastrodermis are ingested via phagocytosis, when the host determines whether to 

accept or reject the new symbiont (Davy et al., 2012). Adult hosts can be selective, preferring 

more specific symbiont partners, while new recruits can be fairly unspecific (Weis et al., 2001; 

Little et al., 2004; Thornhill et al., 2006; Gabay et al., 2019, 2018). Recent research on the sea 

anemone Exaiptasia pallida (commonly referred to as ‘Aiptasia’) has shown that specificity is 

also dependent on symbiont cell size, as larger Symbiodiniaceae are less likely to form 

symbioses with Aiptasia; a similar phenomenon may also contribute to the host-symbiont 

specificity seen in corals (Biquand et al., 2017). A variety of mechanisms for rejection have 

been proposed, such as in situ digestion, exocytosis and host cell apoptosis (programmed cell 

death) (Weis, 2008). Interestingly, all dead symbionts that get phagocytosed are digested 

rapidly (Fitt and Trench, 1983), while algae that have been accepted will be kept in a haploid 

vegetative stage inside the host gastrodermis (Davy et al., 1997; Davy and Turner, 2003; Fitt 

and Trench, 1983). Certainly, further research is needed to fully understand the mechanisms 

involved in the establishment of the cnidarian-dinoflagellate symbiosis (Fig. 1.2). 

 

A cnidarian host must regulate the population of its symbionts, otherwise symbionts may either 

reduce in number and thus not be productive enough, or overgrow the host (Neckelmann and 

Muscatine, 1983; Taylor et al., 1989). Cnidarian hosts have different mechanisms to ensure 

that optimal populations of symbionts are maintained in hospite, such as limiting nitrogen and 

phosphorus, which results in arrested cell growth and division of symbionts (Ezzat et al., 2016; 

Miller and Yellowlees, 1989; Muscatine and Pool, 1979; Smith and Muscatine, 1999). 

Furthermore, excessive algae are continuously removed through apoptosis, digestion of 
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symbionts (autophagy), or expulsion of symbionts into the environment (exocytosis 

mechanisms) (Paxton et al., 2013; Weis, 2008). 

 

 

 Metabolic Exchange and Nutrient Trafficking 
 

As coral reefs are normally located in nutrient-depleted waters, metabolic exchange is key to a 

successful coral-dinoflagellate endosymbiosis (Davy et al., 2012; Matthews et al., 2020). This 

association involves bi-directional nutrient flow between partners: the dinoflagellate symbionts 

have a vital role in host nourishment, growth and calcification via the translocation of 

photosynthetic products, while in return the host provides its endosymbionts with sufficient 

nutrient pools for photosynthesis and respiration (Muscatine and Porter, 1977; Yellowlees et 

al., 2008). 

 

1.3.1 Inorganic Nutrient Supply 
 

The cnidarian host supplies the symbionts with inorganic compounds such as dissolved 

inorganic carbon (DIC), dissolved inorganic nitrogen (DIN) and phosphorus, plus various 

Figure 1.2. The six phases of symbiosis establishment and persistence in cnidarian- algal symbiosis (based on Davy et al., 
2012). 1. Initial surface contact between the algal symbiont and cnidarian host cell which involves surface glycoproteins; 2. 
Symbiont phagocytosis by the host cell; 3. Sorting of the symbionts, resulting in either rejection (red arrow) or acceptance 
(green arrow); 4. Symbiont cell division within the host tissues; 5. Dynamic stability, when the symbiont population is 
regulated and functions properly; and 6, Symbiosis dysfunction and expulsion of the symbionts. 
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organic compounds (Davy et al., 2012). Of these, DIC is especially important as carbon 

compounds are central to photosynthesis. DIC can be taken up as CO2 resulting from symbiont 

and host respiration (Harland and Davies, 1995; Rädecker et al., 2017a) or skeletogenesis in 

the case of calcifying anthozoans (Comeau et al., 2017; Ware et al., 1992), or it can be taken 

up from the surrounding seawater (Allemand et al., 1998; Furla et al., 2000b). DIC in ambient 

seawater is mostly present as bicarbonate [HCO3-] and carbon dioxide [CO2], however only 

CO2 can freely pass through cell membranes (Fig. 1.3). In contrast, bicarbonate is actively 

translocated via carbon concentrating mechanisms (CCMs) (Allemand et al., 1998). Host 

carbonic anhydrase (CA), which catalyses the conversion of bicarbonate to CO2 and vice versa, 

is integral to CCMs as it provides CO2 that is used for both photosynthesis and calcification 

(Furla et al., 2000b). A recent study showed that a vacuolar-type proton pump (V-type H+ 

ATPase) on the symbiosome membrane is also part of the CCMs. The cnidarian host acidifies 

the symbiosome vacuole in order to promote photosynthesis by concentrating CO2 (Barott et 

al., 2015b). 

 

Nitrogen and phosphorus are also transferred between the partners in the cnidarian-

dinoflagellate symbiosis (Ferrier-Pagès et al., 2018; Pernice et al., 2012; Wang and Douglas, 

1998), and are important for a functional symbiosis (Fig. 1.3). However, nutrient-depleted 

waters surrounding coral reefs have relatively low concentrations of both N and P (<1 μM) 

(Miller and Yellowlees, 1989; Smith and Muscatine, 1999).  

 

Nitrogen fluxes are one the most studied and significant nutritional cycles between the partners 

(Davy et al., 2012). Nitrogen in the ambient seawater is predominantly available as inorganic 

ammonium (NH4+) and nitrate (NO3-) ions, or dissolved organic nitrogen (DON) in the form 

of free amino acids (FAA) and urea (D’Elia et al., 1983; Grover et al., 2008, 2003; Yellowlees 

et al., 2008). Nitrogen is also available as particulate organic nitrogen (PON) such as plankton 

(Davy et al., 2006; Ezzat et al., 2017). Although both symbiotic partners can assimilate 

ammonium, the dinoflagellate symbionts are major players in this (Grover et al., 2002). The 

two partners have different mechanisms for nitrogen assimilation: the cnidarian host primarily 

employs the NADP-glutamate dehydrogenase (NADP-GDH) pathway while the algal partner 

prefers the glutamine synthetase/glutamine 2-oxoglutarate amido transferase (GS/GOGAT) 

pathway. Nevertheless, both pathways result in glutamate as the final product, which is a 
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precursor for other amino acids (Miller and Yellowlees, 1989; Roberts et al., 2001; Summons 

and Boag, 1986; Wilkerson and Muscatine, 1984). Symbionts can also obtain ammonium from 

host catabolism of nitrogenous compounds (Cates and McLaughlin, 1976; Ezzat et al., 2017; 

Pernice et al., 2012; Rädecker et al., 2017b; Rahav et al., 1989). Nitrate ions must be first 

converted to ammonium before assimilation in a process which requires nitrate and nitrite 

reductase enzymes (Tanaka et al., 2006), and as cnidarians lack these enzymes (Crossland and 

Barnes, 1977), assimilation exclusively takes place in the dinoflagellate partner (Kopp et al., 

2013; Leggat et al., 2007). Nitrogen compounds obtained directly by the algae or translocated 

by the host are either metabolised or stored by the symbionts, and may be translocated to the 

cnidarian host in the form of amino acids (nitrogen recycling) (Kopp et al., 2013; Reynaud et 

al., 2009; Wang and Douglas, 1999, 1998). Host metabolic ammonium production can be also 

reduced in response to the provision of organic carbon by the symbionts (nitrogen 

conservation) (Wang and Douglas, 1998). 

 

Studies investigating phosphorus fluxes in the cnidarian-dinoflagellate symbiosis are scant 

relative to those focused on nitrogen (Davy et al., 2012). Phosphorus is available for the 

cnidarian-dinoflagellate holobiont in particulate, and dissolved organic and inorganic forms 

(Ferrier-Pagès et al., 2016). Dissolved inorganic phosphorus (DIP), mainly phosphate [PO43-], 

is the most accessible form (Bjorkman and Karl, 1994). However, phosphate assimilation is a 

complex process that involves the host, symbionts, and their environmental conditions, and 

therefore remains difficult to model (Ferrier-Pagès et al., 2016). Phosphate is charged naturally 

at physiological and seawater pH, and therefore it needs to be actively transported from 

ambient seawater against a concentration gradient into the host-cell cytoplasm and then the 

symbionts (Ferrier-Pagès et al., 2016; Godinot et al., 2009; Jackson and Yellowlees, 1990). 

Particulate phosphate can be also acquired by heterotrophic feeding, which needs to be broken 

down to DIP before assimilation (Ferrier-Pagès et al., 2016).  

 

In addition to these nutrients, fatty acids, lipids. the amino acid glycine and sulphur containing 

amino acids are translocated to the algal partners (Fig. 1.3) (Cook, 1971; Hillyer, 2016; Imbs 

et al., 2014; Von Holt, 1968; Wang and Douglas, 1999). These various nutritional fluxes are 

extremely important for the algal partner’s growth, division and photosynthesis, and also for 

host metabolism. Moreover, DIN and DIP concentrations may be important factors for 
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maintaining symbiont cell density during exposure to thermal stress (Ezzat et al., 2016). 

Therefore, investigating nutrient fluxes in different functional symbioses can broaden our 

knowledge of the associated nutritional pathways and their physiological benefits under both 

normal and stressful conditions. 

 

 

Figure 1.3. Metabolic interactions in the cnidarian-dinoflagellate symbiosis. Bicarbonate, nitrate and phosphate are 
translocated from ambient seawater to the algal partner. Carbon dioxide and ammonium from host metabolism, in addition to 
lipids, fatty acids and glycine, are also translocated to the host. The symbionts fix carbon during photosynthesis and provide 
the host with high energy molecules such as sugars. Note that seawater is shown completely surrounding the host cell for 
schematic purposes only. 

 

1.3.2 Symbiont Photosynthate 
 

The translocation of fixed carbon from symbiont to host has been the subject of a large number 

of studies (Muscatine and Cernichiari, 1969; Pupier et al., 2019; Ros et al., 2021; Trench, 

1971). The algal partner uses light to fix carbon which can support more than 100% of the 

host’s energy demands (Davies, 1984; Muscatine and Porter, 1977). Carbon in the form of 

carbon dioxide is primarily fixed by the C3 pathway of the Calvin cycle in Symbiodiniaceae 

(Streamer et al., 1993). Organic carbon-rich products can have different pathways and fates: 
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they may either be metabolised by the algae, stored, or translocated to the host (Streamer et al., 

1993). Initial studies suggested that the carbon is translocated to the host primarily in the form 

of glycerol (Muscatine, 1967, 1965). Nevertheless, more recent research has shown that 

glycerol is mostly released by symbionts in response to stress and forms only a minor 

component of the translocated carbon under non-stressful conditions (Suescún-Bolívar et al., 

2016), while glucose is instead thought to be the primary form of fixed carbon translocated to 

the host (Burriesci et al., 2012; Hillyer et al., 2017b). Fatty acids such as palmitic, stearic, and 

oleic acid, and lipids like wax esters, triacylglycerol and sterols are also major players in the 

cnidarian-dinoflagellate symbiosis, as they are involved directly in the metabolism of each 

partner (Dunn et al., 2012; Hillyer et al., 2016; Yamashiro et al., 1999). Other products that 

are translocated to the host are organic acids, glycolic acids and amino acids (Fig. 1.3) (Trench, 

1971; von Holt and von Holt, 1968; Whitehead and Douglas, 2003). Nevertheless, the identity 

and quantity of the mobile products released by the symbionts to the host remain uncertain due 

to complex biochemical pathways associated with this highly integrated endosymbiosis (Davy 

et al., 2012; Yellowlees et al., 2008). 

 

 Mechanisms of Transport 
 

All mobile compounds, regardless of identity and origin, must traverse through the 

symbiosome membrane complex. In an attempt to identify symbiosome transporter proteins, 

Peng and co-workers isolated the symbiosome membrane via density gradient centrifugation 

of a holobiont homogenate. Subsequently, using 2D SDS-Page gel digestion, 17 protein groups 

were identified, of which the ATP-binding cassette (ABC) transporter was the only 

transmembrane protein (Peng et al., 2010). Additionally, in other studies vacuolar type proton 

pump (VHA) and sterol transporters proteins (i.e. NPC1 and NPC2) were localized to the 

symbiosome membrane complex (Barott et al., 2015b; Dani et al., 2017). Currently, very little 

is known about the transporter proteins of the symbiosome membrane surface, but generally 

there are three main classes of membrane proteins - channel proteins, transporters and pumps 

- that transport molecules and ions across cellular membranes (Alberts, 2017; Lodish et al., 

2016). All transport proteins are embedded in the membrane. These proteins allow hydrophilic 

substances to traverse the membrane by forming a protein-lined pathway across it and therefore 

preventing any contact with its hydrophobic interior (Lodish et al., 2016). 
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1.4.1 Channel Proteins 
 

Channel proteins, also referred to as porins, form a hydrophilic passageway across the 

membrane through which multiple water molecules or ions can move simultaneously (Alberts, 

2017; Lodish et al., 2016). Water, specific ions, or hydrophilic small molecules cross 

membranes through channels down their concentration or electric potential gradients without 

consuming energy (Finazzi et al., 2015; Lodish et al., 2016; Pizzagalli et al., 2021). Porins 

have the fastest transport rate (107–108 ions s-1) (Finazzi et al., 2015; Lodish et al., 2016). Some 

channels are gated and open only in response to specific chemical or electrical signals, while 

other types of channels are typically open much of the time (Fig. 1.4)  (Alberts, 2017; Lodish 

et al., 2016). Channels, like all transport proteins, can be very selective for the type of molecule 

they transport (Lodish et al., 2016; Park and Saier, 1996). In the cnidarian-dinoflagellate 

symbiosis, aquaglyceroporins increase in abundance as a result of photoinhibitory stress 

(Yuyama et al., 2012). Aquaglyceroporins are members of a larger polyphyletic water channel 

aquaporin family (AQPs) (Frøkiær et al., 2009). AQP3, AQP7 and AQP9 are able to transport 

glycerol in addition to water (Carbrey et al., 2003; Thomas et al., 2002). AQPs have been 

detected in genomic and transcriptomic studies of cnidarian-dinoflagellate symbioses 

(Baumgarten et al., 2015; Lehnert et al., 2014). Moreover, in a recent bioinformatic 

comparison of cnidarian and human AQP sequences, Sproles et al (2018) predicted that AQP9 

in cnidarians is only localised to the symbiosome membrane and might function as a glycerol 

channel. Nevertheless, experimental evidence is required to fully confirm what molecules are 

transported by cnidarian channel proteins. 

 

1.4.2 Transporters 
 

Transporters, also called carriers, have a slower transport rate (102–104 molecules/s) than 

channels, as these carriers are more specific (Lodish et al., 2016). After binding to solutes, a 

series of conformational changes take place that subsequently expose solute-binding sites on 

the other side of the membrane (Alberts, 2017). A wide variety of ions and molecules are 

transported by these carriers (Lodish et al., 2016). Three types of transporters have been 

identified: (1) uniporters, which translocate a single type of molecule down their 

electrochemical gradient; (2) symporters and (3) antiporters, in which transfer of the desired 
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solute strictly depends on the transport of a second solute down its gradient, directly or 

indirectly, respectively (Fig. 1.4) (Alberts, 2017; Lodish et al., 2016).  

 

Uniporters, such as glucose transporters (GLUTs) and sugar transporter (SWEETs), facilitate 

sugar translocation along a gradient in metazoans (Wood and Trayhurn, 2003), and homologs 

have been identified in  Breviolum (family: Symbiodiniaceae) transcriptomes (Xiang et al., 

2018, 2015), and cnidarian genomic and transcriptomic studies (Baumgarten et al., 2015; 

Kitchen et al., 2015; Lehnert et al., 2012; Putnam et al., 2007). In the case of symporters, 

sodium-dependent symport activity for glucose and glycerol uptake by freshly isolated 

Symbiodinium microadriaticum (McDermott and Blanquet, 1991), and HCO3- assimilation by 

cultured Symbiodiniaceae have been reported (Al-Moghrabi et al., 1996). A recent study 

investigating solute carriers (SLC) in the symbiotic scleractinian coral Stylophora pistillata, 

found SLC4, the human homolog of which is an anion antiporter (Rungroj et al., 2004) that 

has roles in calcification (Zoccola et al., 2015). 

 

1.4.3 Pumps 
 

ATPases or ATP-powered pumps use the energy of ATP hydrolysis to move ions or small 

molecules across a membrane against a chemical concentration gradient, an electric potential, 

or both (Alberts, 2017; Lodish et al., 2016). However, pumps are the slowest membrane 

proteins, with a transport rate of 100–103 ions s-1. Similar to cotransporters that harness energy 

stored in an electrochemical gradient, ATPases couple energetically unfavourable 

Figure 1.4. Overview of transmembrane proteins. Electrical or concentration gradients are shown by triangles pointing from 
high to low. (A) Channels letting molecules through or water down the gradient. (B) Transporters which facilitate translocation 
across the membrane using energy stored in an electrical or concentration gradient. (B1) Uniporters transporting molecules 
down the electrochemical gradient. Cotransporters: (B2) Symporter and (B3) Antiporter, catalysing movements of molecules 
against the gradient by harvesting energy stored in electrochemical gradients of other molecules. (C) ATP Pumps, hydrolysing 
ATP to move specific molecules against the electrochemical gradient. 
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transportation with ATP hydrolysis, which is an energetically favourable reaction (Fig. 1.4) 

(Alberts, 2017; Lodish et al., 2016). Gradients caused by some ATPase activity can sometimes 

be used to drive a variety of secondary active transport processes by symporters and antiporters 

(e.g. H+ gradient in case of proton pumps) (Ip et al., 2018).  

 

ATPases (e.g. ABC transporter or V-type H+ ATPase) are perhaps the most well-studied 

symbiosome-associated transmembrane proteins in the cnidarian-dinoflagellate symbiosis 

(Barott et al., 2015b; Peng et al., 2010). Being reported from prokaryotes to humans, ABC 

transporters belong to the ABC superfamily, which is the largest and most diverse 

transmembrane transporter family (Higgins, 1992; Ter Beek et al., 2014). Normally, these 

proteins pump a wide range of substrates, including amino acids, sugars, inorganic ions, 

polysaccharides, peptides, and even proteins, across the membrane against a concentration 

gradient by using the energy of ATP hydrolysis (Higgins, 1992; Ter Beek et al., 2014). V-type 

H+ ATPases are proton pumps which are only found on vacuole membranes. These V-type 

ATPases are abundantly expressed on host-derived symbiosome surfaces, where they acidify 

the symbiosome vacuole down to pH ~4 by active translocation of protons as part of a CCM 

(Barott et al., 2015b). 

 

Our knowledge about proteins involved in metabolic translocation across the symbiosome 

membrane is nascent and future research is needed to fully identify transporters and further 

decipher metabolic pathways (Davy et al., 2012; Rosset et al., 2021). 

 

 Reef Ecosystem and Threats 
 

Coral reefs, which are primarily dependent on the endosymbiotic relationship between 

dinoflagellates and cnidarians (Richmond, 1993), occupy only 0.2% in area of the marine 

environment, however they are the most biodiverse ecosystem in the ocean, and are estimated 

to harbour around 34% of all described marine species (Reaka-Kudla, 2001). Complex three-

dimensional landscapes built by corals promote elaborate adaptation, richly complex species 

interdependencies, and even a fertile source of medically active compounds (Veron et al., 

2009). They also form barriers along coastlines which protect lagoons and mangrove habitats, 

both of which are crucial for vulnerable life-stages of a broad range of commercial and non-
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commercial species (Coker et al., 2014; McCook et al., 2009). Furthermore, life for tens of 

millions of people depends on reef ecosystems for protein and other services (Kleypas et al., 

2021; Veron et al., 2009). 

 

The endosymbiosis between hermatypic corals and photosynthetic dinoflagellates is very 

susceptible to physical and chemical fluctuations in the environment (Hoegh-Guldberg et al., 

2017), and longer-term environmental stresses can result in a significant decline in the density 

of endosymbiont cells and/or the concentration of photopigments, in a process known as coral 

bleaching (Hoegh-Guldberg et al., 2007; Hughes et al., 2003; Marshall and Schuttenberg, 

2006). Regrettably, locally and globally corals are challenged by anthropogenic activity, 

including coastal development, marine pollution and overexploitation, to the extent that at least 

50% of tropical coral reefs have been lost over the past 50 years (Hoegh-Guldberg et al., 2017). 

The frequency and scale of mass coral bleaching events have escalated since the early 1980s 

(Baker et al., 2008; Glynn, 1993; Hoegh-Guldberg et al., 2007; Hughes et al., 2018) due to 

rapid increases in the atmospheric carbon dioxide concentration, which is leading to global 

warming and ocean acidification; this is threatening the survival of coral reefs beyond the end 

of the current century (Hoegh-Guldberg et al., 2007; Kleypas et al., 2021). More importantly, 

the consequences of coral reef destruction are not just limited to socioeconomic losses through 

impacts on fisheries, tourism and other ecosystem services, but likely also involve the 

extinction of a large part of the Earth’s total biodiversity to a degree that has never happened 

before in human history (Veron et al., 2009). 

 

 Diversity and Specificity of Symbionts 
 

1.6.1 Diversity of Symbionts 
 

Algal symbionts living with the cnidarian host were first isolated from the scleractinian coral 

Cladocora caespitosa and the upside-down jellyfish Cassiopeia borbonica in a study on 

chlorophyll significance in animals, and subsequently were described as Zooxanthellae, 

meaning yellow animal cells (Brandt, 1882; Krueger, 2017). After this, the taxonomy of 

Zooxanthellae was confusing for a long time as numerous genera were described from different 

marine invertebrates (see Blank and Trench, 1986). Then, Kawaguti isolated coccoid 

symbionts from the reef coral Acropora corymbosa, which became motile gymnodinioid 

swarms in culture, and described them as the dinoflagellate genus Gymnodinium (Kawaguti, 
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1944). Nevertheless, this terminology was abolished by subsequent studies, and Freudenthal 

officially described the genus Symbiodinium, meaning living together, from the upside-down 

jellyfish (Freudenthal, 1962). Indeed, eight genera in four or five orders of dinoflagellates were 

identified afterwards as being endosymbiotic with marine invertebrates and protists (Banaszak 

et al., 1993; Trench, 1997), of which Symbiodinium was the most studied genus. This genus 

was commonly found in cnidarians inhabiting shallow-water tropical and subtropical regions. 

Symbiodinium was reported from members of different classes of Cnidaria, including Anthozoa 

(e.g. anemones, scleractinian corals, black corals, zoanthids, corallimorphs, blue corals, 

alcyonacean corals, and sea fans), Scyphozoa (e.g. rhizostome and coronate jellyfish) and 

Hydrozoa (e.g. milleporine fire corals) (Baker, 2011). S. microadriaticum was initially 

considered to be a single ubiquitous species within the genus (Trench, 1979) until three new 

species, S. pilosum, S. goreauii and S. kawagutii, were described from the zoanthid Zoanthus 

sociatus, the sea anemone Ragactis lucida and the stony coral Montipora verrucosa, 

respectively (Trench and Blank, 1987). 

 

Nonetheless, the identification of Symbiodinium species and subspecies by using 

morphological characteristics (as were used in these early studies) could not practically classify 

this divergent group. Hence, with the advent of molecular techniques, investigations on the 

phylogeny of Symbiodinium from reef corals using DNA markers started (Rowan and Powers, 

1991a, 1991b). First, using the small ribosomal subunit, three genetic clades (A-C) were 

reported (Rowan and Powers, 1991b). In subsequent research, eight clades and numerous 

subclades (‘types’) were reported by using newer markers and techniques, such as ribosomal 

internal transcribed spacers (ITS) and denaturing gel gradient electrophoresis (DGGE) 

(LaJeunesse, 2001; Loh et al., 2001; Pochon et al., 2001; Pochon and Gates, 2010). In addition, 

new species of Symbiodinium were subsequently reported (e.g. S. thermophilum and S. 

trenchii), the descriptions of which were robustly supported by a combination of nuclear, 

mitochondrial and chloroplastic DNA markers (Hume et al., 2015; LaJeunesse et al., 2014). 

Nevertheless, a relatively recent systematic revision of the genus Symbiodinium formally 

described some of the “clades” as different genera within the family Symbiodiniaceae while 

retaining previously described species within each new genus (LaJeunesse et al., 2018). Thus, 

eleven genera have been officially described to date (Fig. 1.5) (LaJeunesse et al., 2021, 2018; 

Nitschke et al., 2020; Pochon and LaJeunesse, 2021). 
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Nutrient assimilation, photosynthetic performance and symbiotic success rate can also be 

different between Symbiodiniaceae species or genera (Baker, 2003; McIlroy et al., 2016; 

Starzak et al., 2014; Stat et al., 2009; Thornhill et al., 2014). Thus, physiological and ecological 

features of Symbiodiniaceae taxa can further affect the holobiont’s tolerance under different 

environmental regimes and stresses (Bellantuono et al., 2012; Fisher et al., 2012; Franklin et 

al., 2004; LaJeunesse et al., 2009; Rowan et al., 1997; Rowan and Knowlton, 1995; Stat and 

Gates, 2010; Tchernov et al., 2004). For instance, Durusdinium trenchii has been reported to 

be stress-tolerant (LaJeunesse et al., 2014), species of Symbiodinium (formerly known as clade 

A) are adapted to high irradiance (Grégoire et al., 2017; Reynolds et al., 2008) 

and Cladocopium thermophilum (formerly known as subclade C3 Gulf), which is widely 

prevalent in southern parts of the Persian Gulf (PG), is the most heat-tolerant species known in 

the family (D’Angelo et al., 2015; Hume et al., 2015). In contrast, some species from the genus 

Breviolum (formerly known as clade B) are adapted to tolerate cold stress (Thornhill et al., 

2009). Some genera are even free-living (Effrenium) or only form symbioses with marine 

Symbiodinium 

 

Philozoon 

 

Effrenium 

 

Fugacium 

 

Durusdinium 

 

Freudenthalidium 

 
Cladocopium 

 Halluxium 

 
Breviolum 

 Gerakladium 

 

Miliolidium 

 

Figure 1.5. Phylogenetic relationships between officially described genera of Symbiodiniaceae 
to date based on internal transcribed spacer 2 genomic DNA sequences. Bold font shows those 
genera associated with scleractinian corals. 
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invertebrates other than cnidarians (e.g. Miliolidium) (Carlos et al., 1999; Hansen and 

Daugbjerg, 2009; Pawlowski et al., 2001; Pochon and LaJeunesse, 2021).  

Although intensive studies on identification, genetic structure and corresponding ecological 

distributions of the members of the family Symbiodiniaceae have significantly increased our 

understanding of the cnidarian-dinoflagellate symbiosis, more research on the differences in 

cellular function/dysfunction of Symbiodiniaceae are the next steps for understanding the 

potential for acclimatisation, adaptation and survival of our invaluable coral reefs. 

 

1.6.2 Symbiosis Specificity 
 

Symbiosis specificity is defined as the taxonomic range of partners that can be involved in the 

association (Baker, 2003; Wang et al., 2012). Specificity in symbiosis is a result of coevolution 

between partners to generate an optimal symbiotic relationship (Thrall et al., 2007). Cnidarian-

dinoflagellate symbioses also demonstrate high specificity, in particular in brooder species 

which obtain their symbionts maternally (Trench, 1997). For instance, host specialist 

Symbiodiniaceae are necessarily found in association with their desired host, while some other 

Symbiodiniaceae are found in a variety of cnidarian hosts and hence are considered as host 

generalists or even opportunists (e.g. Cladocopium goreauii or D. trenchii) (Finney et al., 2010; 

LaJeunesse, 2005; LaJeunesse et al., 2014, 2010; Thornhill et al., 2014). Molecular studies in 

recent years have shed light on host-symbiont specificity in nature (Arif et al., 2014; Díaz-

Almeyda et al., 2017; LaJeunesse, 2002; Silverstein et al., 2011; Thornhill et al., 2014; Wham 

et al., 2017; M. Ziegler et al., 2017), including its interaction with annual or post-bleaching 

dynamics of symbiont populations (D’Angelo et al., 2015; Hoegh-Guldberg et al., 2002; Hume 

et al., 2013, 2015; Lewis and Coffroth, 2004; Riegl et al., 2012). Nevertheless, coevolution has 

also resulted in host preference for certain symbiont types, as some cnidarian hosts harbour 

specific populations or population assemblages of Symbiodiniaceae (Baker, 2003; Trench, 

1997). For example, non-native symbionts usually have a less successful rate of host 

colonisation than native algae (Davy et al., 1997; Gabay et al., 2019, 2018; Pettay et al., 2015; 

Starzak et al., 2014; Weis et al., 2001). Thus, symbiosis success differs with respect to the 

underlying mechanisms for symbiont acquisition, establishment and regulation (see Section 

1.2.1 for details). 
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1.6.3 Adaptive Bleaching  
 

Buddemeier and Fautin (1993) hypothesised the ‘adaptive bleaching mechanism’, where reef 

corals, whether harbouring host-generalist or host-specialist symbionts, can use bleaching 

events as an opportunity to adapt to the surrounding environment. The hypothesis suggests 

that, following bleaching, the host can be repopulated by different, more thermally tolerant 

algal partners that can perform better under the stressful conditions. This can happen either via 

‘switching’, acquiring symbionts from the environment; or ‘shuffling’, changing the 

abundance of existing symbiont communities within colonies (Baker, 2003) (Fig. 1.6). 

  

Figure 1.6. Adaptive bleaching mechanisms. (A) Shuffling, where there is a shift in the dominant member(s) of the existing 
symbiont community after bleaching or thermal stress. (B) Switching, where a brand new symbiont population is obtained 
from the surrounding environment after a bleaching event. 

 

Symbiont shuffling has been reported in reef corals after bleaching (Kemp et al., 2014; 

LaJeunesse et al., 2009; Pettay et al., 2015). For example, D. trenchii is a host generalist and 

heat-tolerant member of the genus Durusdinium, and so is generally found in a variety of hosts, 

regardless of depth, particularly after mass bleaching events (Finney et al., 2010; Kemp et al., 

2014; LaJeunesse et al., 2010). Nonetheless, members of this genus are not always optimal 
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symbionts under normal conditions (Baker et al., 2013; Little et al., 2004). In addition, two 

recent studies have also shown shuffling and switching experimentally and naturally (Boulotte 

et al., 2016; Reich et al., 2017). Boulotte and co-workers provided evidence for switching to 

thermally resistant Durusdinium in two species of pocilloporid corals after two consecutive 

bleaching, however, evidence showing that switching is happening naturally in corals in the 

field are scarce. 

 

 Cnidarian-Dinoflagellate Symbiosis in “Omics” Era 
 

In the last two decades, every discipline in biology and biomedicine has progressed 

substantially due to “omics” technology. “Omics” technology provides high throughput data 

that allow for a comprehensive description and comparison of almost all components within 

the cell; for instance genomics, transcriptomics, metabolomics and proteomics. Of these, 

proteomics is considered as the most significant technology, as it integrates changes in gene 

expression, mRNA stability, and protein post-translational modification (PTM) and turnover, 

in response to environmental change (Slattery et al., 2012; Tomanek, 2014). Proteomic 

approaches represent the interface between genotypic and phenotypic variation, and therefore 

the proteome is considered a key biomarker in eco-physiological acclimatisation and 

adaptation responses (Slattery et al., 2012).  

 

The first complete genome sequence of  a cnidarian was for the non-symbiotic Nematostella 

vectensis (Putnam et al., 2007). Currently, four genomes and 28 transcriptomes of cnidarians, 

and at least one genome and five transcriptomes from Symbiodiniaceae are publicly available 

as a result of efforts during the past decade (Meyer and Weis, 2012; Sproles et al., 2018). These 

datasets have been used to infer more information and provide a foundation for future 

investigations. For example, the non-symbiotic Nematostella genome made identification of 

cell-surface recognition mechanisms possible (Wood-Charlson and Weis, 2009). In addition, 

proteins that are involved in symbiosis and stress have been identified and quantified by 

obtaining proteomic profiles of symbiotic and aposymbiotic (i.e., symbiont-free) Aiptasia 

(Oakley et al., 2017, 2016; Sproles et al., 2019) using the genomic database provided by 

Baumgarten et al. (2015). In addition, metabolite profiles of both host and symbionts from 

Aiptasia and the hermatypic coral Acropora aspera during thermal stress and bleaching have 

been obtained by Hillyer et al. (2017, 2016) and Matthews et al. (2018, 2017). These findings 
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have furthered our understanding of the metabolic changes during thermal bleaching, and have 

kick-started the field of coral metabolomics. These are just few examples of recent studies that 

were made feasible by “omics” technologies, and on which future studies can build. 

 

Recent advances have been facilitated by immunocytochemistry (ICC). This is the process of 

using antibodies for demonstrating the presence of a particular antigen (usually peptides, 

proteins or polysaccharides) in a cell. ICC provides unique detection of proteins and their 

location (immunolocalization) by harnessing the high binding specificity of antibodies. 

Antibodies are proteins that are generated by B cells in response to foreign molecules 

(antigens), and hence are also called immunoglobulins (Ig). Antigens can be either extracted 

and purified proteins of interest, or synthetic peptides based on a known protein sequence. Out 

of six classes of immunoglobulin, IgG is regularly used for ICC. IgG has high specificity for 

its antigens. After attachment of IgG (primary antibody) to the antigen, it needs to be visualised 

by using appropriate reporter labels. Labels can be different for example IgG itself can be 

conjugated to a fluorescent dye, however usually another fluorescently-labelled antibody 

(secondary antibody), one that recognises and binds to a specific constant domain of the 

primary antibody, is used, (Fig. 1.7) (Burry, 2009; Hoppert and Wrede, 2011; Renshaw, 2017; 

Tiller and Tessier, 2015). ICC techniques have been used in the cnidarian-dinoflagellate field 

before. For instance, the protein Sym32 was immunolocalized to the symbiosome membrane 

and also in an aposymbiotic host (Schwarz and Weis, 2003). Using immunolocalization 

techniques coupled with transmission electron microscopy (TEM) analysis, it was 

hypothesised that the outermost symbiosome membrane bilayer is derived from the host 

(Wakefield and Kempf, 2001). Other examples include the use of ICC for identification of 

symbiont exudates in culture and in hospite (Markell and Wood-Charlson, 2010). More 

recently, Barott and co-workers localised V-type H+ ATPase on the symbiosome membrane in 

symbiosis (Barott et al., 2015b). In addition, a recent study visualised different NPC2 proteins 

in the symbiotic sea anemones Anemonia viridis and Aiptasia, one of which was only present 

in the symbiotic state and was closely associated with the symbiosome membrane complex 

(Dani et al., 2017, 2014).  
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 Model System 
 

In spite of a large number of studies investigating the phylogenetic diversity, population 

structure, ecological distribution, and role of Symbiodiniaceae with respect to environmental 

stressors, including climate change (Hoegh-Guldberg et al., 2002; Hume et al., 2015; 

LaJeunesse et al., 2014, 2004, 2003; Pochon and Gates, 2010; Rowan and Powers, 1991a), our 

fundamental understanding of the cellular processes in the cnidarian-dinoflagellate symbiosis 

remains poor. Indeed, there are still considerable gaps in our knowledge of how the symbiosis 

is established and maintained, and conversely what causes it to become dysfunctional at the 

cellular level (Davy et al., 2012). Model system investigations have been extensively used in 

molecular, cell and developmental biology, from prokaryotes to mammals and angiosperms 

(Davis, 2004). For a long time, Hydra has been a model cnidarian in biology, however only 

one species in the genus has an endosymbiotic relationship with green algae, belonging to the 

genus Chlorella (Galliot, 2012). In addition, corals are hard to maintain in the laboratory for 

cellular experiments, as their skeleton, low growth rate and specific environmental needs are 

limiting (Weis et al., 2008). As model organisms must be well-chosen so that results can be 

directly comparable (Weis et al., 2008), Exaiptasia pallida, (Fig. 1.8) (Grajales and Rodríguez, 

2014), has been proposed as a model for cellular studies of the cnidarian-dinoflagellate 

symbiosis (Weis et al., 2008). This is especially important given current interest in how 

symbiont diversity might allow coral reefs to adapt to climate change and hence impact the 

sustainability of reefs. This sea anemone can be grown in large numbers rapidly and is able to 

be rid of its symbiotic algae and infected with new types, therefore providing an opportunity 

Figure 1.7. Antibodies and their application in immunocytochemistry (A) Structure of an 
IgG class antibody showing antigen-binding highly variable regions (Paratopes) on variable 
region. (B) Fluorescent label conjugated to secondary antibody used for 
immunolocalization. 
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not only to examine basic symbiosis function, but also the effect of symbiont type on this 

function. Aiptasia has been extensively used for such studies (Bucher et al., 2016; Gabay et 

al., 2019, 2018; Hillyer et al., 2016; Matthews et al., 2017, 2016; Parkinson et al., 2018; 

Rädecker et al., 2017b; Starzak et al., 2020, 2014; Wolfowicz et al., 2016), and genomic, 

transcriptomic and proteomic data are already available (Baumgarten et al., 2015; Lehnert et 

al., 2012; Oakley et al., 2017, 2016; Sproles et al., 2019). This invaluable information provides 

a foundation for future in-depth cellular studies.  

 

 

 Aims and Objectives 
 

The primary aim of this thesis was to determine the impact of partner switching on the function 

of the symbiont and host-symbiont interface, to elucidate the potential for corals and other 

cnidarians to adapt to warming oceans through acquiring new symbiotic partners. This aim was 

addressed with the Aiptasia, model system, combined with the latest molecular and ‘omics’ 

approaches, with an emphasis on proteomics and immunocytochemistry. The specific 

objectives of this PhD research were: 

 

1. To compare and contrast the proteome of the native symbiont (B. minutum) when ex and 

in hospite with the Aiptasia. 

 

Hypothesis: The proteome of B. minutum will change significantly in symbiosis, reflecting 

the functional needs of this lifestyle. 

 

Figure 1.8. Sea anemone Exaiptasia pallida, commonly known as ‘Aiptasia’. Symbiotic (left) and 
aposymbiotic (right) Aiptasia. Scale bar is 5 mm. 
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2. To compare and contrast the proteomes of different Symbiodiniaceae species when in 

symbiosis with Aiptasia, both in the early and later stages of symbiosis establishment.  

 

Hypothesis: The proteome of the different symbiont species will differ over time, 

reflecting differential capacities to form a symbiosis. 

 

3. To immunolocalise symbiosome membrane complex-associated transporter proteins in the 

cnidarian-dinoflagellate symbiosis, and measure how expression of these proteins differs 

in different host-symbiont pairings. 

 

Hypothesis: The symbiosome membrane complex includes modified proteins to facilitate 

nutrient and photosynthetic product exchange, and the expression of these proteins is 

influenced by symbiont type. 

 

 

Note: The research section of this thesis has been written as a series of stand-alone manuscripts 

(Chapters 2-4), therefore some overlap occurs between chapters, especially in the 

introductions. 
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 Chapter 2 
The influence of symbiosis on the proteome of the 

symbiotic dinoflagellate Breviolum minutum 
 

 Introduction 
 

Reef ecosystems are formed by an obligatory endosymbiotic relationship between cnidarians 

and dinoflagellate symbionts from the family Symbiodiniaceae. This symbiotic relationship is 

hugely important in oligotrophic seas, where corals are major primary producers and provide 

a three-dimensional landscape to promote the abundance and diversity of other species (Veron 

et al., 2009). Nutritional exchange is integral to the cnidarian-dinoflagellate association, with 

the host being responsible for providing shelter and essential nutrients, such as inorganic 

carbon, nitrogen and phosphorus, to the algal symbionts. In return, the symbionts support host 

energy requirements by providing photosynthetic products (Hillyer et al., 2017b; Matthews et 

al., 2017; Muscatine and Porter, 1977). Glucose is the dominant form in which 

photosynthetically-fixed carbon is translocated to the host (Burriesci et al., 2012; Hillyer et al., 

2017b; Suescún-Bolívar et al., 2016). Additionally, essential amino acids, fatty acids such as 

palmitic, stearic and oleic acids, and lipids such as wax esters, triacylglycerol and sterols, are 

translocated (Dunn et al., 2012; Hillyer et al., 2016; Wang and Douglas, 1999; Yamashiro et 

al., 1999).  

 

The Symbiodiniaceae are physiologically and ecologically diverse, with eleven genera 

described to date (LaJeunesse et al., 2021, 2018; Nitschke et al., 2020; Pochon and LaJeunesse, 

2021). When in hospite, the symbionts are located in a host-derived late arrested phagosome 

known as the symbiosome (Fitt and Trench, 1983; Hohman et al., 1982; Neckelmann and 

Muscatine, 1983; Wakefield et al., 2000; Wakefield and Kempf, 2001). The physiology, 

morphology and cell cycle of the symbiotic dinoflagellates has long been known to change in 

response to this symbiotic state (i.e. in hospite vs. ex hospite) (Trench, 1993; Trench and Blank, 

1987). For example, when in symbiosis, the symbionts exist in coccoid form, lacking flagella 

and having thinner cell walls, whereas the free-living dinoflagellates revert to a motile, 

gymnodinioid form with two flagella (Freudenthal, 1962; Trench, 1993; Trench and Blank, 

1987; Wakefield et al., 2000). Moreover, in symbiosis the dinoflagellates release a substantial 

portion of their photosynthate to the host, whereas they typically release only a small fraction 
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when free-living (Cook et al., 1988; Muscatine, 1967, 1965; Muscatine et al., 1983; Trench, 

1974).  

 

However, our fundamental understanding of the cellular and molecular mechanisms that 

underlie the establishment, maintenance and collapse of the cnidarian-dinoflagellate symbiosis  

remains limited (Davy et al., 2012), while there has been a tendency for studies to focus on 

events occurring in the cnidarian rather than the dinoflagellate partner (Bay and Palumbi, 2015; 

Hillyer et al., 2017b, 2017a; Lehnert et al., 2014, 2012; Matthews et al., 2018, 2017; Oakley 

et al., 2017, 2016; Sproles et al., 2019). Nevertheless, there has been effort to remedy this 

disparity in recent years, with transcriptomic, proteomic (SDS-PAGE) and lipidomic studies 

of symbiotic dinoflagellates revealing changes in transmembrane transport, photosynthesis, 

lipid metabolism, cell division, and signalling, associated with a shift to/away from a symbiotic 

life-style (Bellantuono et al., 2019; Chen et al., 2015; Maor-Landaw et al., 2020; Pasaribu et 

al., 2015). However, we still have more to learn, with advances in various ‘omics’ technologies, 

including proteomics, providing an opportunity to progress the field substantially. Proteins 

represent the biochemical machinery by which organisms respond to their changing 

environment, and unlike transcripts, protein investigation provides insights into molecular 

phenotype and functional adaptations. Therefore, proteomics, the study of protein dynamics 

and interactions, is an ideal approach for investigating how marine organisms adapt to changes 

in their environment (Tomanek, 2014).  

 

Here, I employed the latest, comprehensive shotgun proteomic methods (Schubert et al., 2017), 

to further elucidate the changes associated with the establishment of the cnidarian-

dinoflagellate symbiosis, building substantially on earlier SDS-PAGE analysis (Pasaribu et al., 

2015). Specifically, proteomic profiles of Breviolum minutum, a native symbiont of the sea 

anemone Exaiptasia pallida (commonly referred to as ‘Aiptasia’), were compared between the 

in hospite and ex hospite symbiotic states. Aiptasia is a widely used model organism for 

studying the cnidarian-dinoflagellate symbiosis (Grajales and Rodríguez, 2014; Weis et al., 

2008). In addition, comparisons were made under a range of nutrient environments/feeding 

regimes to allow for the fact that nutrient availability in enriched seawater medium is likely to 

be very different from that experienced inside the host’s cells, where nitrogen supply especially 

is thought to be actively restricted by the host as a means of limiting symbiont growth (Cook 
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et al., 1988; Wang and Douglas, 1998; Xiang et al., 2020). This comparative proteomic 

profiling was used to identify algal proteins and cellular pathways that allow the dinoflagellate 

symbiont to survive and proliferate in the endosymbiotic state, and ultimately facilitate a 

successful cnidarian–dinoflagellate symbiosis. 

 

 Materials and Methods 
 

2.2.1 Experimental organisms and design 
 

Breviolum minutum (strain FLAp2, originally from Long Key, Florida) was cultured in 

Guillard’s f/2 medium (AusAqua Pty, SA, Australia) in artificial seawater (ASW) (Coral Pro 

Salt, Red Sea, New Zealand); this medium has a much greater nitrogen concentration than 

ASW, with nitrate concentrations of 883 µM and 30 µM, respectively (Guillard, 1975; Patey 

et al., 2008). Specimens of Aiptasia were taken from a clonal laboratory stock (n = 200; clonal 

strain ID: NZ1). Strain NZ1 is originally from the Indo-Pacific region and naturally hosts B. 

minutum only, though a culture of B. minutum from Aiptasia NZ1 was not available at the time 

of this experiment.  

 

Algal identity, both in culture and in anemones, was confirmed by the standard protocol. 

Briefly, DNA was extracted using CTAB/phenol-chloroform (Baker et al., 2004), and the 

internal transcribed spacer (ITS2) region of ribosomal DNA amplified by PCR using 

ITSintfor2 and ITS2Rev2 as the forward and reverse primers, respectively (LaJeunesse and 

Thornhill, 2011; Thornhill et al., 2007). Amplicons were directly sequenced (Macrogen Inc., 

Seoul, South Korea), sequences aligned with Geneious Prime v. 2019.2.3 (Biomatters Ltd., 

Auckland, NZ), and a custom BLAST search carried out against Symbiodiniaceae ITS2 

sequences in Geosymbio (Franklin et al., 2012). 

 

Anemones and cultured B. minutum were immediately used for the experiment; and pre-

acclimatization was not performed to reduce mortality, especially of the cultured algae in 

ASW. Free-living B. minutum cultures were divided into fresh ASW and f/2 treatments (250 

ml uncapped flask, n = 9 per treatment). Likewise, anemones were divided into well-fed and 

starved treatments (250 ml uncapped containers, n = 9 per treatment, 10 anemones per 
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container). The well-fed anemone treatment was fed five times per week with Artemia sp. 

nauplii and the starved anemones were not fed during the experiment. All treatment media (i.e. 

ASW and f/2) were changed every day. The experiment was run for 21 days. 

 

All treatments were maintained under an irradiance of 100 µmol photons m−2 s−1 on 12 h:12 h 

light:dark cycle at 25 °C. PAM fluorometry (Diving-PAM-II, Walz, Germany) was used to 

measure maximum quantum yield of photosystem II (maximal variable fluorescence 

(Fv)/maximal fluorescence yield (Fm)) every three days, following a one-hour dark adaptation 

at the end of the daily light cycle, to assess the photosynthetic health of the algae. The 

measurement distance was a standard 5 mm. All PAM settings were maintained over the course 

of the experiment: measuring light 4, saturation intensity 4, saturation width 0.6 s, gain 2, and 

damping 2. Mean (± SE) Fv/Fm was calculated based on measurements from each sample (n = 

9 per treatment) at each time-point. 

 

At the end of the experiment (Day 21), anemones from each treatment were pooled (5-7 

anemones per replicate, n = 9 replicates per treatment) and rapidly frozen at -80 °C. Anemones 

were homogenized using a tissue homogenizer at 4 °C, and symbionts were separated from the 

host by centrifugation at 500 × g for 5 min at 4 °C. The host fraction was used for total protein 

quantification by fluorometry with a Qubit Protein Assay Kit (ThermoFisher Scientific). The 

symbiont pellet was resuspended and washed at 4 °C with 500 µl ASW, a 10 µl subsample 

taken for cell quantification by a haemocytometer, and the remaining resuspension (490 µl) 

was pelleted again by centrifugation at 500 × g for 5 min at 4 °C. Free-living algae (i.e., in f/2 

and ASW) were also centrifuged at 500 × g in 50 ml Falcon tubes at 4 °C and then snap-frozen 

at -80 °C. All samples were stored at −80 °C until analysis. 

 

2.2.2 Protein extraction 
 

Algal pellets were washed with 500 µl cold HPLC grade water at 4 °C to remove salts and 

resuspended in 500 μl 1% SDC in HPLC grade water. The resuspension was passed five times 

through a 23-gauge needle (0.337 mm inner diameter) to remove any remaining host cell debris 

(e.g., symbiosome membrane) or protein of host origin. All the samples were centrifuged again 
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at 500 x g for 5 min at 4 °C and the host-containing supernatant was discarded. The pellet was 

resuspended in 500 µl of 5% sodium dodecyl sulphate in HPLC grade water. All cells were 

homogenized with an ultrasonic homogenizer (Vibra-Cell™ Ultrasonic VCX 500). Total 

protein extraction was conducted by incubating homogenized cell samples at 85 °C for 20 min 

with 1% B-mercaptoethanol (BME). Hydrophobic pigments were removed by ethyl acetate 

phase transfer. A filter-aided sample preparation (FASP) method was used for removal of SDC, 

and overnight protein digestion was performed by trypsin. Digested peptides were centrifuged 

into a new sample tube. Formic acid with a final concertation of 1% was used to terminate 

trypsin activity and precipitate any remaining SDC. All the samples were then desalted as 

described in Oakley et al. (2016). 

 

2.2.3 LC-ESI-MS/MS 
 

Liquid chromatography – electrospray ionization – tandem mass spectrometry (LC-ESI-

MS/MS) was used for peptide analysis. 200 ng of peptides per sample were separated by liquid 

chromatography (Ultimate 3000, Dionex) on a PepMap C18 column (#160321, Thermo 

Scientific) at 35 °C with a non-linear gradient, from 96% to 50% buffer A (0.1% formic acid) 

to buffer B (80% acetonitrile, 0.1% formic acid) and a flow rate of 0.3 μl for 90 min. An 

Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific) was used to analyse 

hyphenated peptides, which were ionized by electrospray needle at 1.8 kV. An orbitrap with 

resolution of 120 k and scan range of 375-1599 (m/z) was used for acquiring MS spectra. 

Sequencing was performed via higher energy collisional dissociation (HCD) fragmentation on 

the top 20 precursors, and the fragment ion spectra (MS/MS) then acquired in the linear ion 

trap with dynamic exclusion enabled for 60 s. Thermo Xcalibur package (v4.3) was used to 

control LC-ESI-MS/MS instruments. 

 

2.2.4 Protein identification and quantification 
 

Andromeda algorithm in MaxQuant v1.6.12.0 (Cox et al., 2014) was used to search the tandem 

MS spectra against a custom protein database constructed from a B. minutum transcriptome 

(Parkinson et al., 2016), using standard genetic code for translation. A built-in contaminants 

database from MaxQuant was also coupled in the search. A maximum of two missed cleavages 

of trypsin digestion, a minimum of two matching peptides per protein, and a minimum peptide 
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length of seven amino acids all with false discovery rate of 0.01 were required for peptide and 

protein validations. Variable modifications were set as N-terminus carbamylation and 

oxidation of methionine, and fixed modifications were specified as cysteine 

carbamidomethylation. All spectra from in hospite treatments were also searched 

against Aiptasia protein sequence databases (Baumgarten et al., 2015) to verify that few 

contaminating host proteins were present. 

 

2.2.5 Statistical analyses 
 

Cell counts and maximum quantum yield data were checked for normality by the Shapiro–

Wilk test. A two sample t-test was used to compare the densities of symbionts from in hospite 

treatments. A mixed two-way analysis of variance (ANOVA) was used to test for differences 

between the maximum quantum yields between different treatment groups and days, followed 

by a Bonferroni post hoc test to identify any pairwise differences. All physiological data 

analyses were conducted in R 4.0.3 (R Core Team, 2020). 

 

The bioinformatics software Perseus v.1.6.13.0 (Tyanova and Cox, 2018) was used to remove 

known contaminant proteins and false identification. The remaining protein precursor intensity 

was log2-normalized and further used to compare and identify significantly different proteins 

between treatments. Principal component analyses (PCA) were plotted by ClustVis (Metsalu 

and Vilo, 2015). A recently described robust statistical test method, PolyStest integrated with 

Miss Test, was used for protein intensity comparisons. The false discovery rate and log-ratio 

thresholds were set to ≤ 0.05 and ≤ ± 0.7, respectively (Schwämmle et al., 2020). All detected 

proteins were searched against the UniProtKB database using DIAMOND (Buchfink et al., 

2014) with an E-value ≤ 1× 10−5. The top manually reviewed SwissProt matches were used to 

assign protein sequence IDs and annotations, unless no SwissProt matches were detected, in 

which case TrEBML matches were assigned. Any unmatched sequences were designated as 

hypothetical proteins. 
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 Results and Discussion 
 

2.3.1 Endosymbiont density and photobiology 
 

 ITS2 sequencing confirmed the genetic identity of the algae in all treatments as B. minutum. 

However, symbiont cell densities of well-fed anemones were approximately 1.6-fold higher 

than starved anemones (two-sample t test, t(6.90) = 3.34, p = 0.013; Fig. 2.1A). Moreover, 

Figure 2.1. Physiological effects of different nutritional regimes in Breviolum minutum and Aiptasia. (A) Comparison of in 
hospite symbiont cell densities between well-fed and starved Aiptasia. n = 13. (B) Maximum quantum yield of photosystem 
II (Fv/Fm) of cultured algae (ASW vs. f/2 medium) and in hospite (well-fed vs. starved). n = 10 per treatment at each time-
point. Asterisks indicate significant differences: *p < 0.05. **p < 0.001, ***p < 0.0001. Different letters next to asterisks 
indicate significant differences between treatments, a (ASW and f/2), b (well-fed and starved). Values are mean ± SE. 

** 

B 

A 

a**
b*** 

ab*** ab*** ab*** ab*** ab*** ab*** 
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Fv/Fm of cultured algae in ASW and in hospite algae in starved anemones declined significantly 

(~ 38%) from Day 3 onwards (two-way mixed ANOVA, F7,252 = 428.749, P < 0.001), while 

algae in the nutrient-enriched f/2 and well-fed treatments showed no significant change in 

Fv/Fm (Fig. 2.1B). 

Decreases in symbiont density after prolonged starvation or under phosphate deficiency have 

been reported before (Rosset et al., 2017; Titlyanov et al., 2000). The host reduces nitrogen 

supply to the symbionts when starved, which subsequently results in nitrogen stress and 

reduced cell division (Muller-Parker et al., 1996). Moreover, the amount of chlorophyll per 

symbiont cell, cellular photosynthetic rate and chloroplast size decrease during nitrogen 

starvation  (McAuley and Cook, 1994; Muller-parker et al., 1996). Thus, it is unsurprising that 

Fv/Fm declined here in the low-nutrient treatments, regardless of symbiotic state. 

 

2.3.2 Proteins affected by symbiotic state and nutritional regime 
 

In general, symbiosis and nutritional state had considerable impacts on the B. minutum 

proteome, indicating a physiological response to living intracellularly in the acidic environment 

of the symbiosome (Barott et al., 2015b). Changes included: (1) modifications to cell wall 

assembly; (2) responses to prevent host phagosome fusion with the lysosome; (3) responses to 

carbon, nitrogen and iron excess/limitation; (4) protective measures against oxidative stress; 

and (5) changes in carbohydrate and fatty acid synthesis and metabolism (Tables 2.1 and 2.2).  

 

A total of 2840 proteins were detected across all treatments, of which 56 known false matches 

and contaminant proteins were discarded. Principal component analysis plots depict protein 

expression as being distinctly different between symbiotic states and nutritional regimes (Fig. 

2.2). A total of 1074 proteins were differentially expressed across all treatments (Table S2.1). 

A total of 1037 of these were matched based on homology with sequences in the UniProtKB 

database (E-value ≤ 1× 10−5), and the remaining unmatched 37 sequences were designated as 

hypothetical proteins. In other analyses, a total of 473 proteins were significantly different 

between the ex hospite (ASW and f/2 combined) and in hospite (well-fed and starved 

combined) states, and 684 proteins were differentially expressed between the high (well-fed 

and f/2) and low (starved and ASW) nutrient regimes (Tables S2.2 and S2.3). A total of 13 and 

193 proteins were exclusively expressed in the symbiotic and free-living states, respectively. 
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A total of 42 proteins were uniquely detected in both high nutrient regimes (well-fed and f/2), 

whereas only one protein was exclusively detected in both low nutrient regimes (starved and 

ASW). These are discussed further in section 2.3. 

 

2.3.3 Proteomic shifts associated with symbiotic state 
 

2.3.3.1 Requirements for living in a symbiosome  
 

As previously mentioned, when in hospite, algal cells live inside the symbiosome membrane, 

which is a late arrested phagosome; and it has been suggested that symbionts avoid host 

autophagy and immunodetection by manipulation of phosphoinositide (PI) metabolism 

pathways (Dunn, 2009; Dunn et al., 2007; Wakefield et al., 2000). PI glycerolipids play an 

important role in signal transduction, cytoskeleton architecture, membrane dynamics and 

vesicle trafficking routes within eukaryotic cells (Weber et al., 2009). Manipulation of PI 

metabolism pathways by PI kinases or phosphatases is the main mechanism for cell entry and 

preventing host autophagy by various microorganisms (Fratti et al., 2001; Hilbi, 2006; Weber 

et al., 2009). In particular, PI levels on phagosomes are modified by vacuolar pathogens to 

mimic subcellular compartments or arrest fusion with lysosomes (Weber et al., 2009). 

Interestingly, a homologue of phosphatidylinositol phosphatase (INP53) was exclusively found 

in the symbiotic state (q ≤ 1.98 × 10-2), suggesting its potential function in preventing 

phagosome maturation. Moreover, a homologue of glycerophosphoinositol permease 1 (GIT1) 

A B 

Figure 2.2. Principal component analysis plots of all detected proteins from different treatments of B. minutum 
showing (A) a symbiotic states, when in hospite with the sea anemone Aiptasia and when free-living; and (B) 
different high (i.e., well-fed and f/2) and low nutritional regimes (i.e., starved and ASW), grouped by ellipses with 
99% confidence intervals. 

Symbiotic status Nutritional status 
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was also only detected in the symbiotic state (q ≤ 2.62 × 10-2). GIT1 

facilitates glycerophosphoinositol (GPI) transport across the cell membrane. GPI is a 

phospholipid metabolite which is produced by deacylation of PI. GPI has been proposed as a 

source of phosphate in mildly acidic pH conditions or in phosphate-limited cells (Almaguer et 

al., 2004; P. Ziegler et al., 2017). However, it is unknown whether INP53 and GPI work in 

concert in a functional cnidarian-dinoflagellate symbiosis. In addition, a homologue of 

Eukaryotic Elongation Factor 1 (eEF1), which is a multifunctional protein without any 

alternative forms (Sasikumar et al., 2012), was uniquely expressed in symbiosis (q ≤ 2.94 × 

10-3). The canonical function of eEF1 is in translation, however these highly abundant and 

conserved proteins have also been reported to be involved in immunosuppressive processes by 

eukaryotic and prokaryotic pathogens (Harvey et al., 2019; Timm et al., 2017; Zhou et al., 

2020). However, the immunosuppressive mechanisms of eEF1 in cnidarian-dinoflagellate 

associations remains to be fully investigated. 

 

Glycanosyltransferases, (1,3-β-glucanosyltransferases; GAS) are GPI-anchored cell surface 

proteins that play a role in the elongation of β-1,3-glucan chains, which have a major role in 

cell wall assembly, hardening and softening (De Medina-Redondo et al., 2008; Mouyna et al., 

2013). The GAS family is essential for cell wall maturation, morphogenesis and virulence (De 

Medina-Redondo et al., 2008; Mouyna et al., 2005). The dinoflagellate cell wall is typically 

thinner when in symbiosis to facilitate translocation of nutrients and communication between 

partners (Colley and Trench, 1983; Schoenberg et al., 1980; Wakefield et al., 2000). Consistent 

with this observation, two homologues of the GAS family were abundant in the current study, 

one of which (GAS2) was only found in hospite (q ≤ 1.82 × 10-2), while the other one (GAS4) 

was downregulated (q ≤ 2.25 × 10-2) when in symbiosis, suggesting potential functions of these 

proteins in symbiont cell wall modification (e.g., softening or hardening) based on 

physiological needs (Table 2.1). 

 

2.3.3.2 Dissolved inorganic carbon transport 
 

Photosynthesis is a critical feature of the cnidarian-dinoflagellate symbiosis, given the 

importance of metabolic exchange to this relationship. Symbionts can obtain inorganic carbon 

for photosynthesis from holobiont respiration (i.e., CO2), calcification (in corals, where CO2 is 

produced as a by-product), or as dissolved inorganic carbon (DIC) in the ambient seawater 
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(Davy et al., 2012). However, DIC in ambient seawater is mostly present as bicarbonate 

[HCO3-], and only CO2 can freely pass-through cell membranes. 

Table 2-1. Summarized list of proteins that are differentially expressed in Breviolum minutum when comparing 
in hospite vs. ex hospite, in order of log2 fold-change. Proteins shown are those discussed in the text. The full list 
of proteins that are differentially expressed in hospite vs. ex hospite is available in Table S2.2 (FDR, q < 0.05). 

In vs. ex hospite 

fold change 

q-value Uniprot ID Uniprot Protein Names 

Unique, in hospite 1.98E-02 A0A1Q9DR34 Polyphosphatidylinositol phosphatase (INP53) 

Unique, in hospite 6.62E-03 A0A1Q9F6G5 Nitrilase 

Unique, in hospite 2.62E-02 Q59Q30 Glycerophosphoinositol permease 1 (GIT1) 

Unique, in hospite 2.94E-03 Q04634 Elongation factor 1-alpha (eEF1)  

Unique, in hospite 1.82E-02 Q06135 1,3-beta-glucanosyltransferase (GAS2) 

3.44 1.59E-06 B0Y8K2 1,4-beta-D-glucan cellobiohydrolase B (cbhB) 

1.78 1.33E-02 A0A1Q9CUD0 Putative glucose-6-phosphate 1-epimerase 

1.76 1.14E-02 Q9SAU2 Ribulose-5-phosphate-3-epimerase (R5P3E) 

1.16 9.70E-06 B4R9R7 Guanosine monophosphate synthetase (GMP) 

-0.92 8.05E-04 P11029 Acetyl-CoA carboxylase (ACC) 

-1.03 2.25E-02 Q9Y7Y7 1,3-beta-glucanosyltransferase (GAS4) 

-1.10 3.34E-04 Q54WR9 Type-3 glutamine synthetase 

-1.49 1.73E-10 Q12613 Glutamine synthetase (GS) 

-1.50 1.02E-05 Q00955 Acetyl-CoA carboxylase (ACC) 

-1.56 1.35E-09 A0A1Q9CUK2 GDP-mannose transporter GONST5 

-2.04 8.68E-07 Q9LV03 Glutamate synthase 1, chloroplastic 

-3.21 1.86E-12 Q76NM6 V-type proton ATPase catalytic subunit A 

-3.90 2.49E-09 A0A1Q9D9X1 Carbonic anhydrase 2 

-3.95 3.57E-09 Q9I262 Carbonic anhydrase 

Unique, ex hospite 6.38E-05 P74572 Pyrroline-5-carboxylate reductase (P5CR) 

Unique, ex hospite 2.86E-02 Q9LV03 Glutamate synthase 1, chloroplastic 

Unique, ex hospite 2.63E-05 A5CZ28 Gamma-glutamyl phosphate reductase (GPR) 

Unique, ex hospite 4.00E-06 A0A1Q9CS65 Carbonic anhydrase 2 

Unique, ex hospite 1.92E-10 Q9I262 Carbonic anhydrase 

Unique, ex hospite 2.86E-02 G4N296 Highly reducing polyketide synthase 19 (PKS19) 

Unique, ex hospite 3.76E-05 P9WQE6 Phenolphthiocerol/phthiocerol polyketide synthase (PpsA) 

Unique, ex hospite 2.72E-02 P21567 Alpha-amylase 

Unique, ex hospite 9.44E-09 G2Q9T3 Polysaccharide monooxygenase 

 

Host-derived carbonic anhydrase (CA), which catalyses the conversion of bicarbonate to CO2 

and vice versa, is integral to cnidarian carbon concentrating mechanisms (CCMs), as it 

provides DIC in forms that can be used for both photosynthesis and calcification (Allemand et 

al., 1998; Furla et al., 2000b). Host CAs increase to support the provision of symbionts with 

DIC (Oakley et al., 2016; Sproles et al., 2019; Weis, 1991). In the current study, four carbonic 
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anhydrase homologues were significantly upregulated (>3-fold) in B. minutum when under 

either nutrient-limited (ASW) or nutrient-enriched (f/2) conditions, two of which were only 

found in the free-living state. Moreover, a homologue of V-type ATPase, a proton pump, was 

upregulated in the free-living state irrespective of nutritional state (3.21-fold, q ≤ 1.86 × 10-12). 

Proton pumps use ATP as a source of energy to create a proton gradient and function in 

harmony with carbonic anhydrases, while dinoflagellate genes encoding proton pumps in 

different symbiotic associations form part of CCMs (Bertucci et al., 2010; Mies et al., 2017). 

Therefore, upregulated algal CAs and V-Type ATPase in the free-living state might be a 

response to a lack of readily available CO2 provided by the host CAs and proton pumps. 

 

2.3.3.3 Nitrogen metabolism 
 

Nitrogen flux is an integral part of the cnidarian-dinoflagellate symbiosis, especially in 

oligotrophic tropical waters (Grover et al., 2008; Miller and Yellowlees, 1989; Rädecker et al., 

2017b). Dinoflagellate symbionts assimilate the majority of nitrogen by the holobiont (i.e., 

whole symbiosis) via the glutamine synthetase/glutamine 2-oxoglutarate amido transferase 

(GS/GOGAT) pathway, which results in glutamate as the final product, a precursor for other 

amino acids or purines. The dinoflagellate symbionts can also incorporate ammonium via 

glutamate dehydrogenase (GDH), which has a lower ammonium affinity. Nevertheless, the 

cnidarian host also can assimilate nitrogen (Grover et al., 2002; Miller and Yellowlees, 1989; 

Pernice et al., 2012; Roberts et al., 2001; Summons and Boag, 1986; Wilkerson and Muscatine, 

1984; Yellowlees et al., 1994). Eleven different homologues of glutamine synthetase (GS), two 

homologues of glutamate synthase 1 (GOGAT) and two homologues of glutamate 

dehydrogenase 2 (GDH) were detected in the current study. However, only four homologues 

of proteins with predicted functions in the GS/GOGAT pathway were differentially 

downregulated in hospite in comparison to the free-living state (Table 2.1). This is consistent 

with previous reports suggesting that this pathway is the major means by which the symbionts 

assimilate ammonium (Roberts et al., 2001; Wilkerson and Muscatine, 1984). Furthermore, 

lower expression of GS/GOGAT in the symbiotic state might reflect nitrogen limitation, which 

may be a primary mechanism by which the host controls the endosymbiont population 

(Falkowski et al., 1993; Muscatine et al., 1983; Rahav et al., 1989; Wang and Douglas, 1999; 

Xiang et al., 2020).  

 



46 
 

Dinoflagellate symbionts can also exclusively assimilate nitrate and nitrite by converting them 

to ammonium via specific reductase enzymes (Kopp et al., 2013; Tanaka et al., 2006); 

upregulation of nitrate and nitrite reductase transcripts has been reported from B. minutum 

when in hospite (Maor-Landaw et al., 2020). Nitrate transporter and nitrite reductase 

homologues were detected in the current proteomics dataset, however no differential 

expression was detected between any of the treatments. 

 

A nitrilase homologue was exclusively detected here in the symbiotic state under both nutrient 

regimes. Nitrilases hydrolyse nitrile compounds to carboxylic acid and ammonia, and are found 

in a broad range of organisms, including bacteria, fungi and plants. Nitrilases are also involved 

in defence, detoxification and plant hormone synthesis (Howden and Preston, 2009). Nitrilase 

has been reported to be downregulated during nitrogen starvation in marine green algae 

(Lauritano et al., 2019). In the current study, a nitrilase homologue was particularly abundant 

in the symbionts of both starved and heavily-fed anemones (q ≤ 6.62 × 10-3) rather than in the 

free-living state, and it was most abundant in well-fed anemones. This may indicate that the 

symbionts respond to nitrogen starvation inside the host by hydrolysing nitrile compounds for 

ammonia. 

 

With respect to nitrogen fate after assimilation, a group of 23 proteins were detected with 

predicted functions in methionine de novo synthesis and metabolism, of which 10 were 

upregulated in one or more of the different treatments (Table S2.4). Methionine is required for 

protein synthesis and has been previously reported to be important in the cnidarian-

dinoflagellate symbiosis, with both cnidarian host and dinoflagellate symbiont possessing 

methionine metabolism pathway enzymes (Shinzato et al., 2014). Moreover, the native B. 

minutum has been hypothesized to support the host with greater amounts of methionine in 

comparison to non-native Durusdinium trenchii (Sproles et al., 2019). Unsurprisingly, given 

the links to protein synthesis, methionine pathway proteins in the current study were 

upregulated more in both the nutrient-enriched (f/2) culture and well-fed anemone treatments 

than in the low nutrient/starved treatments, with f/2-grown algae having the greatest expression 

of these proteins.  
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Two important enzymes in proline biosynthesis from glutamate, gamma-glutamyl phosphate 

reductase (GPR) and pyrroline-5-carboxylate reductase (P5CR) (Nandakumar et al., 1999; 

Szabados and Savouré, 2010), were only detectable in the free-living state irrespective of 

nutritional state. Proline biosynthesis and accumulation typically increase under different 

environmental stresses such as high salinity, UV radiation, heavy metals, oxidative stress and 

biotic stress (Szabados and Savouré, 2010). Symbionts living inside the symbiosome 

experience ionic conditions similar to their host, which has lower sodium and calcium 

concentrations than ambient seawater (Goiran et al., 1997). Moreover, they are also self-

shaded, with the local irradiance depending on tentacle contraction and their location within 

the host (Glider et al., 1980). Increased proline biosynthesis might therefore be indicative of a 

response to more stressful conditions when living outside of their natural habitat. The other 

way for incorporating glutamine by Symbiodiniaceae is via the purine pathway, which 

facilitates the storage of high-nitrogen compounds (Pernice et al., 2012). A homologue of 

guanosine monophosphate synthetase (GMP), which functions in de novo synthesis of guanine 

nucleotides by hydrolysing glutamine (Nakamura et al., 1995), was significantly more 

expressed in the free-living state (1.16-fold, q ≤ 9.7 × 10-6), and was especially abundant in the 

f/2 culture treatment. 

 

2.3.3.4 Carbohydrate and fatty acid metabolism 
 

In total, a group of 20 proteins that are involved in carbohydrate metabolism were differentially 

expressed, 17 of which were exclusively detected in the free-living state irrespective of nutrient 

status (Table S2.5). In contrast, homologues of ribulose-5-phosphate-3-epimerase and glucose-

6-phosphate 1-epimerase, both of which are components of the rate-limiting part of the pentose 

phosphate pathway (PPP), were upregulated in symbiosis. The pentose phosphate pathway, 

being parallel to glycolysis, is fundamental to maintaining cellular carbon homoeostasis, 

biosynthesis of nucleotides and amino acids, moderating oxidative stress, and anabolism of 

reducing molecules (Kruger and Von Schaewen, 2003; Stincone et al., 2015). 

 

Seven proteins of the aforementioned group were extracellulases, such as alpha-amylase, 

polysaccharide monooxygenase and 1,4-beta-D-glucan cellobiohydrolase B (cbhB), that 

hydrolyse large polysaccharides to smaller sugars like glucose (Table S2.5) (Huang et al., 

1992; Labourel et al., 2020; Nutt et al., 1998). Interestingly, a homologue of extracellular cbhB 
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was upregulated most in symbiosis, though a larger number of extracellular cellulose and 

carbohydrate binding proteins were more abundant in the free-living state. The function of 

these extracellulases is unknown, but they could relate to the cell wall, which in the 

Symbiodiniaceae is composed primarily of cellulose and glycoproteins (Markell et al., 1992). 

In particular, the discarding of cellulosic thecal plates during ecdysis, where the plasma 

membrane and thecal vesicles are shed and new thecal vesicles are formed, is well known in 

these algae, with shed thecal plates being reported to accumulate at the bottom of culture flasks 

or inside the symbiosome membrane (Trench and Blank, 1987; Wakefield et al., 2000; 

Wakefield and Kempf, 2001). It may therefore be that these proteins play a role in digesting 

shed cellulosic thecal plates, whether inside the symbiosome or while free-living. The fate of 

digested polysaccharide complexes in the symbiosome remains to be elucidated, but it is 

noteworthy that an increased abundance of the algal sugar transporter SWEET1 was also 

observed in ASW culture treatment (Table S2.1, q < 1.59× 10−2), which might indicate that 

free-living algae scavenge on shed thecal plates or dead cells.  

 

Lipids and fatty acids are the major form of energy storage in dinoflagellate symbionts, and 

reflect the nutritional state of the holobiont (Chen et al., 2012; Wang et al., 2013). Two 

homologues of acetyl-CoA carboxylase, which is the key enzyme in the fatty acid synthetic 

pathway, along with a group of other plastid-localised or cytosolic proteins involved in this 

pathway, were detected in all treatments. However, this group was significantly more abundant 

in the free-living state (Table S2.6). Different members of Symbiodiniaceae have 

different strategies for energy and fatty acid storage which can be modified by the host 

(Matthews et al., 2018, 2017; Rosset et al., 2019; Wang et al., 2015). Moreover, lower contents 

of lipid and fatty acids have been detected in cultured Symbiodiniaceae in comparison to when 

in hospite (Wang et al., 2015). It is unclear why proteins involved in lipid and fatty acid 

pathways are upregulated when ex hospite in the current study, though it could be due to release 

from host metabolic control when ex hospite. 

 

Furthermore, four different homologues of polyketide synthase, such as 

phenolphthiocerol/phthiocerol polyketide synthase (PpsA) and highly reducing polyketide 

synthase 19 (PKS19), were exclusively found in free-living symbionts under both nutritional 

regimes. Polyketides, formed from acyl building blocks, are the backbone of some biological 
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toxins. Polyketide metabolites in Symbiodinium sp., as well as polyketide synthetase genes 

from B. minutum, have been reported before (Beedessee et al., 2015; Nakamura et al., 1998; 

Verma et al., 2019). PpsAs have diverse biological functions, including having antifungal and 

antibacterial properties, however these proteins are also involved in infection or increasing 

immunity in other symbiotic associations (Mukherjee et al., 2012; Navarro-Muñoz and 

Collemare, 2020; Waddell et al., 2005; Yang et al., 1996). Therefore, it is not clear if algal 

polyketide synthase is involved in invasion of the cnidarian host by the symbiont or whether it 

is an antibiotic defence mechanism against other microorganisms, such as those commonly 

associated with Symbiodiniaceae cultures (Xiang et al., 2013). 

 

2.3.4 Proteomic shifts associated with nutritional state 
 

2.3.4.1 Photosynthesis 
 

Photosynthesis is central to the cnidarian-dinoflagellate symbiosis (described in detail in Davy 

et al., 2012). A large number of proteins that have predicted functions in photosynthesis were 

identified from all the treatments in the current study. However, a group of photosystem (PS) 

I and II proteins involved in light harvesting, including fucoxanthin-chlorophyll a-c binding 

(FCBs), chlorophyll a-b binding (LHC) and caroteno-chlorophyll a-c-binding proteins, as well 

as chloroplastic electron transport chain-like cytochromes, ferredoxin-NADP reductases, P700, 

PS I and II reaction centres, and D1 and D2 proteins were highly upregulated in the nutrient-

enriched treatments (Table S2.7). Electron transport in chloroplasts is fuelled by 

electrochemical energy from PS II and PS I, during which ATP and reductant NADPH are 

generated and O2 evolves (Warner and Suggett, 2016). In conjunction with this, proteins that 

function in different stages of Calvin cycle, such as ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO), fructose-1,6-bisphosphatase 1 (FBPase1), 

glyceraldehyde-3-phosphate dehydrogenase and phosphoribulokinase, were also most 

abundant in the high nutrient treatments (Table S2.7). Fixation of carbon dioxide to sugar 

phosphates happens in the Calvin cycle by using ATP and NADPH generated from light 

harvesting (Nickelsen, 2015). It has been shown in past studies that the amount of chlorophyll 

per symbiont cell, photosynthetic efficiency and capacity, and the Calvin cycle rate all increase 

in a high nutrient environment (Dubinsky et al., 1990; Karako-Lampert et al., 2005; Roberty 

et al., 2020). Conversely, low nutrient availability induces photoinhibition, reduced 

chlorophyll content per cell, reduced quantum yield (Fv/Fm), and non-photochemical 
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quenching (Borell and Bischof, 2008; Dubinsky et al., 1990; Ferrier-Pagès et al., 2000; Fitt 

and Cook, 2001; Hoogenboom et al., 2012), as was also seen in the current study (Fig. 2.1B). 

Therefore, the upregulation of PS and Calvin cycle proteins seen here is very likely simply due 

to the increased availability of nutrients for protein synthesis by the dinoflagellate symbionts. 

 

2.3.4.2 Oxidative stress under high nutrient regimes 
 

Photosynthesis and respiration inevitably create reactive oxygen species (ROS) as by-products 

which can further damage DNA, proteins and cellular membranes (Venn et al., 2008; 

Wietheger et al., 2018). The importance of Symbiodiniaceae ROS generation and antioxidant 

activity in response to stressful conditions, such as increased temperature or irradiance, has 

been investigated before (Krueger et al., 2014; McGinty et al., 2012; Rehman et al., 2016; 

Roberty et al., 2016; Wietheger et al., 2018). Superoxide (O2−) is produced by PSs I and II, 

however it is reduced to hydrogen peroxide (H2O2) by superoxide dismutase (SOD) and further 

to H2O by ascorbate peroxidase (APX) or catalase (Wietheger et al., 2018). Homologues of 

symbiont antioxidants, such as APX and SOD, were more abundant in the two high nutrient 

treatments (i.e., f/2 and well-fed). Moreover, four homologues of glutathione s-transferase and 

a homologue of chloroplastic glutathione reductase, all of which are important in the oxidative 

stress response and cell signalling, were more abundant in the high nutrient treatments. 

Increased gross photosynthesis in Symbiodiniaceae under nutrient enrichment has been 

reported in the past (Ferrier-Pagès et al., 2000). Thus, the increased expression of several 

symbiont antioxidant mechanisms in response to nutrient enrichment might be a cellular 

response for maintaining high rates of photosynthesis/respiration (Davy et al., 2006; Foyer and 

Shigeoka, 2011) (Table 2.2).  

 

A homologue of metacaspase-1B (casB) was also upregulated in the well-fed treatment (2.35-

fold, q < 1.35× 10−2), possibly due to stress induced by the high symbiont population density 

in the host’s tissues (Dunn et al., 2004; Segovia, 2008). Oxidative stress can cause programmed 

cell death (apoptosis) in Symbiodiniaceae (Franklin et al., 2004; Richier et al., 2006). One of 

the key groups of proteins involved in oxidative stress-induced apoptosis, from Protozoa to 

plants, are the metacaspases, however these proteins also function in cell division (Tsiatsiani 

et al., 2011; Watanabe and Lam, 2011). Metacaspases, being ancestors of metazoan caspases, 

are cysteine-type proteases (Watanabe and Lam, 2011). Caspases from cnidarian–
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dinoflagellate associations function in symbiont expulsion from the host cell during stress 

(Dunn et al., 2007; Hawkins et al., 2013). More recently, metacaspase transcripts have been 

shown to be upregulated by Symbiodiniaceae when in hospite as a response to thermal and pH 

stress (Gierz et al., 2017; Lin et al., 2018). Nevertheless, whether casB activity is essential for 

cell cycle progression or is a response to oxidative stress-induced apoptosis remains to be 

clearly demonstrated. 

Table 2-2. Summarized list of proteins that are differentially expressed in Breviolum minutum when comparing high 
nutrient vs. low nutrient regimes (i.e. f/2 and well-fed treatments vs. ASW and starved treatments), in order of log2 
fold-change. Proteins shown here are those discussed in the text. The full list of proteins that were differentially 
expressed between high vs. low nutrient regimes is available in Table S2.3 (FDR, q < 0.05). 

High vs Low nutrient 
regime fold change 

q-value Uniprot ID Uniprot Protein Names 

Unique, High 2.12E-09 A0A1Q9CJD4 Glutathione S-transferase 

Unique, High 1.26E-06 A0A1Q9CL40 Multicopper oxidase (MCO) 

3.54 9.74E-28 O09452 Glyceraldehyde-3-phosphate dehydrogenase 

3.01 1.49E-16 P26302 Phosphoribulokinase (PRK) 

2.88 1.80E-21 P00110 Cytochrome c6 (Cytochrome c-553) 

2.87 8.12E-24 Q40296 Fucoxanthin-chlorophyll a-c binding protein B, chloroplastic 

2.84 8.15E-05 P00110 Cytochrome c6 (Cytochrome c-553) 

2.78 7.11E-20 Q40297 Fucoxanthin-chlorophyll a-c binding protein A, chloroplastic 

2.77 9.74E-28 Q95AG0 Cytochrome f 

2.76 9.31E-25 A0T0C6 Cytochrome c-550 (Cytochrome c550) 

2.68 3.29E-15 Q9XQV2 Photosystem I P700 chlorophyll a apoprotein A2 

2.58 2.78E-18 Q85FP8 Photosystem I reaction centre subunit XI  

2.53 6.16E-13 Q9SDM1 Chlorophyll a-b binding protein 

2.53 7.49E-13 Q00598 Ferredoxin--NADP reductase 

2.5 1.28E-13 P55738 Caroteno-chlorophyll a-c-binding protein 

2.39 7.38E-29 Q41406 Ribulose bisphosphate carboxylase (RuBisCO) 

2.35 1.35E-02 A0A1Q9EQB8 Metacaspase-1B 

2.34 6.54E-21 P49472 Photosystem II CP43 reaction centre protein 

2.32 5.74E-08 P25851 Fructose-1,6-bisphosphatase 1, (FBPase1) (ELECTRON FLOW 1) 

2.31 9.22E-17 P54375 Superoxide dismutase (SOD) 

2.23 2.48E-19 A0T0T0 Photosystem II D2 protein  

1.69 2.34E-12 Q9MSC2 Photosystem II protein D1  
1.64 4.16E-02 P20136 Glutathione S-transferase 2 (GST-CL2)  

1.47 5.08E-07 Q7XJ02 Probable L-ascorbate peroxidase 7 (APX) 

1.39 1.22E-08 P46434 Glutathione S-transferase 1 

1.21 2.67E-02 P42770 Glutathione reductase, chloroplastic (GR)  

0.92 2.37E-02 P46429 Glutathione S-transferase 2 

-1.07 1.65E-04 P42577 Soma ferritin  
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2.3.4.3 Iron metabolism under different nutrition regimes 
 

Iron is essential for photosynthetic microalgae, as it is needed for many cellular processes and 

biochemical pathways, such as DNA synthesis, respiration and photosynthesis (Raven et al., 

1999; Sunda, 2012). In particular, iron cofactors are crucial in photosynthetic electron transport 

(Kroh and Pilon, 2020). In Symbiodiniaceae, iron is the key trace metal in cell growth 

(Rodriguez et al., 2016; Rodriguez and Ho, 2018). Moreover, iron uptake in Symbiodiniaceae 

(specifically B. minutum) increases at elevated iron concentrations, while iron utilization 

increases in efficiency in iron-depleted environments (Reich et al., 2020). This is consistent 

with the findings from the current study, in which multicopper oxidase (MCO) was only 

detected under nutrient enrichment (i.e., f/2 and well-fed anemones). MCOs are involved in 

the iron uptake pathway by oxidizing iron II to iron III in unicellular algae (Groussman et al., 

2015; Herbik et al., 2002). Interestingly, in another study, coral symbionts were identified as 

the main destination for heterotrophically-acquired iron (Ferrier-Pagès et al., 2018). This might 

help to explain the even higher expression levels of MCOs in symbionts from heavily-fed 

anemones vs. their free-living counterparts in f/2 medium. In contrast, algae in the low nutrient 

regime (ASW and starved combined) increased expression of a homologue of soma ferritin 

(1.07-fold, q ≤ 1.65 × 10-4), an important iron storage protein. Economizing iron storage via 

ferritin in marine unicellular algae has been suggested as a common strategy for living in iron-

depleted environments (Arosio et al., 2017). 

 

 Conclusion 
 

The current research identified proteins in B. minutum that are differentially expressed between 

the in and ex hospite states. The predicted functions of these proteins relate to the establishment 

and maintenance of a functional cnidarian-dinoflagellate symbiosis. Homologues of inositol 

permease and phosphatase, along with other immunosuppressant proteins were only expressed 

in hospite, indicating active manipulation of host cellular immune mechanisms by the native 

symbiont, possibly to arrest phagosome maturation. Additionally, homologues of carbonic 

anhydrases were expressed only when ex hospite emphasizing the importance of DIC for algal 

growth and maintenance. Proteins with predicted functions in nitrogen assimilation were 

relatively less abundant in hospite; and a homologue of nitrilase with a predicted function in 

ammonium uptake from nitrile compounds was expressed exclusively in hospite. All of these 

observations are consistent with previous reports showing nitrogen limitation of the symbionts 
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by the host (Wang and Douglas, 1999, 1998; Xiang et al., 2020). Nutrient enrichment had a 

direct impact on PS, Calvin cycle and iron metabolism proteins. In addition, increased 

photosynthesis under nutrient enrichment was accompanied by oxidative stress and apoptosis. 

These data provide new target proteins and pathways in the symbionts for further study of the 

cnidarian–dinoflagellate symbiosis. 
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 Chapter 3 
The influence of symbiosis on the proteome of a native 

and non-native symbiont during colonisation of the 
model cnidarian Aiptasia. 

 

 

 Introduction 
 

Coral reefs are among the most diverse and productive tropical ecosystems. Hermatypic corals 

are fundamental to these ecosystems and provide a broad range of ecological services, such as 

providing habitat for other reef organisms (Hoegh-Guldberg, 1999; Kleypas et al., 2021). The 

success of corals is dependent on their obligatory endosymbiotic relationship with 

photosynthetic dinoflagellate algae from the family Symbiodiniaceae (Veron et al., 2009). 

Given the oligotrophic nature of tropical waters, the metabolic exchange between the symbiotic 

partners has profound importance, with the symbionts translocating photosynthate to the host 

and in return the host providing them with inorganic carbon, nitrogen and phosphorus, as well 

as shelter (Muscatine and Porter, 1977). The main form in which photosynthetically-fixed 

carbon is translocated to the host is glucose (Burriesci et al., 2012; Hillyer et al., 2017b; 

Suescún-Bolívar et al., 2016). Nevertheless, other forms of photosynthate are also translocated 

to the host, including essential amino acids, fatty acids, lipids, triacylglycerol and sterols (Dunn 

et al., 2012; Hillyer et al., 2016; Wang and Douglas, 1999; Yamashiro et al., 1999). 

 

The family Symbiodiniaceae contains eleven described genera to date, which are genetically, 

physiologically and ecologically diverse (LaJeunesse et al., 2018; Nitschke et al., 2020; 

Pochon and LaJeunesse, 2021). Moreover, they have different host specificities, with some 

members being host-generalists, having the ability to form symbioses with a wide range of 

hosts, while some cnidarian hosts can only harbour a single symbiont species (Berkelmans and 

Van Oppen, 2006; Rowan et al., 1997; Santos et al., 2004; Xiang et al., 2013). The basis of 

host-symbiont specificity has not yet been fully described, however metabolic exchange and 

cellular recognition between partners are important influencing factors (Bay et al., 2011; Davy 

et al., 2012; Matthews et al., 2017). Interactions between cnidarian and Symbiodiniaceae 

partners exhibit a very wide range of diversity, from mutualism to parasitism, with some 
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symbionts being less beneficial to their host, for example by having lower rates of 

photosynthate translocation, or disrupting host metabolism via competing for important 

nutrients such as nitrogen (Baker et al., 2018; Jones and Berkelmans, 2011; Lesser et al., 2013; 

Stat et al., 2008).  

 

Despite efficient metabolic integration, the cnidarian-dinoflagellate symbiosis is susceptible to 

environmental change and stress. For example, under thermal stress, the dinoflagellate 

symbionts become less beneficial and are ultimately lost from the host’s tissues, in a process 

commonly known as ‘coral bleaching’ (Hoegh-Guldberg et al., 2007; Hughes et al., 2017). 

Nevertheless, some species of Symbiodiniaceae are more resistant to temperature anomalies, 

so conferring more thermal tolerance to the holobiont, i.e. the overall symbiosis (Hume et al., 

2015; LaJeunesse et al., 2014). For example, Durusdinium trenchii, a host generalist, has been 

found to be the dominant symbiont after bleaching events, though less beneficial for the host; 

cnidarian hosts harbouring D. trenchii exhibit slower rates of growth, and calcification, and 

elevated oxidative stress and immune responses (Kennedy et al., 2015; Little et al., 2004; 

Pettay et al., 2015; Sproles et al., 2019).  

  

Symbiont identity is therefore crucial for determining the fate of the holobiont and hence the 

overall reef ecosystem, with the proposal that corals may be able to adapt to the changing 

environment by either ‘symbiont switching’ (i.e., acquiring symbionts de novo from the 

environment), or ‘symbiont shuffling’ (i.e., changing the relative abundance of the existing 

symbiont communities within colonies). In particular, these mechanisms could favour 

symbionts that are better suited to the prevailing thermal conditions, thereby reducing 

susceptibility to bleaching (Baker, 2001; Berkelmans and Van Oppen, 2006; Buddemeier and 

Fautin, 1993; Cunning et al., 2015b; Rowan et al., 1997; van Oppen et al., 2009).  

 

Understanding the processes involved in symbiosis establishment and dysfunction, as well as 

the cellular mechanisms that determine patterns of host-symbiont specificity, is therefore 

important, though there are still major gaps in our knowledge (Davy et al., 2012). Moreover, 

the majority of cellular studies have been focused on the cnidarian host rather than the symbiont 

(Bay and Palumbi, 2015; Lehnert et al., 2014, 2012; Oakley et al., 2017, 2016; Sproles et al., 
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2019), so limiting our understanding of the bi-directional fluxes and signalling that underlie 

the success of the cnidarian-dinoflagellate symbiosis. Exaiptasia pallida, commonly known as 

‘Aiptasia’, is a widely adopted model organism for the cnidarian-dinoflagellate symbiosis 

(Baumgarten et al., 2015; Matthews et al., 2017; Weis et al., 2008). Across the Indo-Pacific 

region, Aiptasia naturally harbours B. minutum, however other genera of symbionts are also 

able to partner it. For example, Florida populations of this anemone predominantly harbour 

species of Symbiodinium and Breviolum, as well as Cladocopium (Thornhill et al., 2013). 

However, under experimental conditions, Aiptasia can establish a symbiosis with numerous 

different symbiont species, though non-native symbionts typically function less optimally, 

causing the symbiosis to be less beneficial to the host (Gabay et al., 2019; Matthews et al., 

2018, 2017; Oakley et al., 2017, 2016; Sproles et al., 2019). By comparison, how the symbiont 

responds to colonisation of a non-native host is not known, though there have been a limited 

number transcriptomic, proteomic and lipidomic studies of Symbiodiniaceae when in 

symbiosis with their native host vs. free-living. These studies have identified differences in 

photosynthesis, transmembrane transport, and cell division and signalling between these two 

symbiotic states, though we do not yet know what happens during the earlier stages of host 

colonisation (Bellantuono et al., 2019; Chen et al., 2015; Maor-Landaw et al., 2020; Pasaribu 

et al., 2015; Weston et al., 2012). Elucidating the symbiont-specific responses that underlie 

symbiosis establishment and host-symbiont specificity is important, and will complement what 

we know about the host response. Ultimately, it will aid our understanding of the cellular 

foundations of a successful symbiosis and the potential for corals to adapt to climate change 

through changing their symbiotic partners. 

 

I therefore aimed to compare and contrast the proteome of native B. minutum and non-native 

D. trenchii when in symbiosis with Aiptasia. The proteome of B. minutum was characterised 

across multiple time-points during colonisation and then compared to the proteome of D. 

trenchii in the fully-established symbiotic state. I hypothesised that colonisation would be 

accompanied by an upregulation of proteins associated with symbiosis establishment and cell 

proliferation, plus inter-partner signalling and metabolic exchange, but that these changes 

would be less pronounced in the non-native symbiont and might even be accompanied by signs 

of cellular stress.  
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 Materials and Methods 
 

3.2.1 Experimental organisms 
 

Two Symbiodiniaceae species – the native B. minutum and non-native D. trenchii - were grown 

for eight weeks prior to experimentation in Guillard’s f/2 medium in 0.22 µm-filtered seawater 

(FSW), at 25 °C and 100 µmol photons m−2 s−1 irradiance on a 12 h:12 h light:dark cycle. B. 

minutum (culture ID: FLAp2) was originally isolated from Aiptasia, and D. trenchii (culture 

ID: Ap2) was isolated from an unknown anemone in Okinawa (Japan). To confirm the identity 

of these cultures, DNA was extracted using CTAB/phenol-chloroform (Baker et al., 2004), and 

the internal transcribed spacer (ITS2) region of ribosomal DNA amplified by polymerase chain 

reaction using ITSintfor2 and ITS2Rev2 as the forward and reverse primers, respectively 

(LaJeunesse and Thornhill, 2011; Thornhill et al., 2007). Amplicons were directly sequenced 

(Macrogen Inc., Seoul, South Korea), and sequences aligned with Geneious Prime v. 2019.2.3 

(Biomatters Ltd., Auckland, NZ). A custom BLAST search was carried out against 

Symbiodiniaceae ITS2 sequences in Geosymbio (Franklin et al., 2012). 

 

Specimens of Aiptasia  (n ∼ 200) were taken from a clonal laboratory stock (strain ID: NZ1; 

originally from the Indo-Pacific region) and rendered aposymbiotic (i.e. symbiont-free) by 

incubating them in 0.19 mM menthol with 5 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea 

(DCMU) as the photosynthetic inhibitor for four weeks (Matthews et al., 2016). The absence 

of symbionts was confirmed via a lack of chlorophyll autofluorescence, assessed by confocal 

microscopy (100× magnification, Olympus Provis AX70). All anemones were fed twice per 

week with Artemia sp. nauplii and maintained in the dark at 25 °C prior to the experiment. 

 

3.2.2 Inoculation of Aiptasia with symbiotic algae 
 

Aposymbiotic anemones (n ~ 400) were starved for one week prior to inoculation with algal 

cultures in 250 ml containers (20 anemones per container). One drop of symbiont cell 

suspension, concentrated by centrifugation to ~ 3 × 106 cells mL−1, mixed with a dilute 

suspension of Artemia sp. nauplii to induce phagocytosis, was pipetted onto each anemone’s 

oral disc (n ~ 200 anemones per symbiont species). Anemones were incubated in this symbiont 

suspension for 24 h before the FSW was changed. All anemones were fed with Artemia sp. 

nauplii three times per week and maintained for 14 weeks at 25 °C under 100 µmol photons 
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m−2 s−1 irradiance on a 12 h:12 h light:dark cycle. Anemones were sampled at Weeks 4, 8 and 

14 by pooling n ∼5 anemones from each container separately and rapidly freezing in liquid 

nitrogen. Anemones were then homogenized using a 5 ml glass tissue homogenizer at 4 °C in 

2 ml FSW, and symbionts were separated from the host by centrifugation at 500 x g for 5 min 

at 4 °C. The host fraction (i.e., supernatant) was used for total protein quantification with a 

Qubit® 2.0 Fluorometer and Protein Assay Kit (ThermoFisher Scientific). The symbiont pellet 

was washed at 4 °C with 500 µl FSW, 10 µl were aliquoted for cell counts, and finally the 

remaining 490 µl were pelleted again by centrifugation at 500 x g for 5 min at 4 °C. Free-living 

algal cultures were sampled before inoculation of the hosts and immediately flash-frozen in 

liquid nitrogen (i.e., Week 0). All samples were kept at -80 °C until downstream analysis. 

 

3.2.3 Protein extraction 
 

Algal pellets were washed with 500 µl cold HPLC-grade water (Sigma-Aldrich) at 4 °C to 

remove salts, and resuspended in 500 μl 1% sodium dodecyl sulphate (SDC) in HPLC-grade 

water. The algal suspension was passed five times through a 23-gauge needle (0.337 mm inner 

diameter) to dislodge any remaining host cell debris (e.g., symbiosome membrane) or protein 

of host origin from the algal cells. All the samples were centrifuged again at 500 x g for 5 min 

at 4 °C and the host-containing supernatant discarded. For consistency, this process was 

repeated for Week 0 algae. The algal pellet was resuspended in 500 µl 5% SDC in HPLC-grade 

water, and the cells disrupted with an ultrasonic homogenizer (Vibra-Cell™ Ultrasonic VCX 

500). Total protein extraction was conducted by incubating homogenized cells at 85 °C for 20 

min with 1% B-mercaptoethanol (BME). Residual hydrophobic pigments were removed by 

ethyl acetate phase transfer (Yeung and Stanley, 2010). Filter aided sample preparation (FASP) 

was used for removal of SDC and overnight protein digestion was conducted with 2 µg trypsin 

at 37 oC. Digested peptides were centrifuged into a new 0.5 ml Protein LoBind® tube 

(Eppendorf). Formic acid (final concentration 1%) was used to terminate trypsin and 

precipitate any remaining SDC. Peptides were then desalted using 50% and 30% acetonitrile 

(ACN) and resuspended in 0.1% formic acid at 37 oC for 30 min, as described in Oakley et al. 

(2016). Symbiont cell densities in anemones hosting D. trenchii at Weeks 4 and 8 were 

insufficient to provide enough protein for LC-ESI-MS/MS, so only samples for Week 0 (i.e., 

prior to inoculation) and Week 14 were processed for this species. 
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3.2.4 LC-ESI-MS/MS 
 

Liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) 

was used for peptide analysis. 200 ng of peptides per sample were separated by liquid 

chromatography (Ultimate 3000, Dionex) on a PepMap C18 column (#160321, Thermo 

Scientific) at 35 °C, with a non-linear gradient from 96% to 50% buffer A (0.1% formic acid) 

to buffer B (80% acetonitrile, 0.1% formic acid) and a flow rate of 0.3 μl for 90 min. An 

Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific) was used to analyse 

hyphenated peptides, which were ionized by an electrospray needle at 1.8 kV. An orbitrap with 

a resolution of 120 k and scan range of 375-1599 (m/z) was used for acquiring MS spectra. 

Sequencing was performed via higher energy collisional dissociation (HCD) fragmentation on 

the top 20 precursors, and fragment ion spectra (MS/MS) were then acquired in the linear ion 

trap with dynamic exclusion enabled for 60 s. Thermo Xcalibur (v4.3) was used to control LC-

ESI-MS/MS instruments. 

 

3.2.5 Protein identification and quantification 
 

The Andromeda algorithm in MaxQuant v1.6.12.0 (Cox et al., 2014) was used to search the 

resulting tandem MS spectra separately against a custom protein database constructed from B. 

minutum  and D. trenchii transcriptomes (Parkinson et al., 2016), with standard genetic code 

for translation. A built-in contaminants database from MaxQuant was also coupled in the 

search. A maximum of two missed cleavages of trypsin digestion, a minimum of two matching 

peptides per protein, and a minimum peptide length of seven amino acids, all with a false 

discovery rate of 0.01, were required for peptide and protein validations. Variable 

modifications were set as N-terminus carbamylation and oxidation of methionine, and fixed 

modifications were specified as cysteine carbamidomethylation. All spectra from in hospite 

treatments were also searched against Aiptasia protein sequence databases (Baumgarten et al., 

2015) to confirm that host contamination was minimal. 

 

3.2.6 Statistical analyses 
 

Cell count data were checked for normality by the Shapiro–Wilk test. Homogeneity of variance 

and covariances were checked by Levene’s test and Box’s M-test, respectively. A mixed two-

way analysis of variance (ANOVA) was used to test for differences (p < 0.05) in symbiont 
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density between symbiont species and days, followed by a Bonferroni post hoc test to identify 

specific pairwise differences. All physiological data analyses were conducted in R 4.0.3 (R 

Core Team, 2020). 

 

Bioinformatics software Perseus v.1.6.13.0 (Tyanova and Cox, 2018) was used to remove 

known contaminant proteins and false identifications. The remaining protein precursor 

intensity was log2-normalized and further used to compare and identify significantly different 

proteins between treatments. Principal component analysis (PCA) plots were generated with 

ClustVis (Metsalu and Vilo, 2015). A recently described robust statistical test method, 

PolyStest integrated with Miss Test, was used for protein intensity comparisons. False 

discovery rate correction and log-ratio threshold were set to ≤ 0.09 (Schwämmle et al., 2020). 

All detected proteins were searched against the UniProtKB database using DIAMOND 

(Buchfink et al., 2014), with a E-value ≤ 1× 10−5. The top manually reviewed SwissProt 

matches were used to assign protein sequence IDs and annotations, unless no SwissProt 

matches were detected, where TrEBML matches were assigned instead. Any unmatched 

sequences were designated as hypothetical proteins. 

 

 Results and Discussion 
 

3.3.1 Colonisation Success 
 

Genotyping confirmed the genetic identity of the symbionts, both at the beginning and end of 

the experiment. However, symbiont cell densities were different between species by Week 14 

(one-way ANOVA, F1,14= 11.816, P < 0.05), with B. minutum having a 1.5-fold higher 

population density (5.47 × 106 ± 2.53 × 105 SE cells mg-1 host protein) than D. trenchii (3.55 

× 106 ± 4.97 × 105 SE cells mg-1 host protein) (Fig. 3.1). Both B. minutum and D. trenchii reach 

a steady state eight weeks after colonization, with B. minutum having higher population 

densities than D. trenchii (Gabay et al., 2019, 2018; Sproles et al., 2020, 2019). This is 

consistent with the findings from the current study. 
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3.3.2 Differentially expressed proteins in B. minutum vs. D. trenchii 
 

A total number of 1720 and 1536 proteins were detected across all colonization time-points for 

B. minutum and D. trenchii, of which 27 and 21 false matches were discarded, respectively.  

In total, 336 and 684 proteins (Tables S3.1-S3.5) were differentially expressed across all time-

points in B. minutum and D. trenchii, respectively. Of these, 331 and 668 were annotated based 

on homology with sequences in the UniProtKB database (E-value ≤ 1× 10−5) and the remaining 

21 sequences were designated as hypothetical proteins. 

 

Generally, the observed proteomes were characteristic of symbiotic state (i.e., ex or in hospite), 

colonization stage, and symbiont identity, with symbiotic state in particular having a major 

influence, irrespective of symbiont species. During colonization by B. minutum, 179 symbiont 

proteins were significantly different between Weeks 0 vs. 4; there were fewer changes 

afterwards, with 54 differentially expressed proteins between Weeks 4 vs. 8, and only four 

differentially expressed proteins between Weeks 8 vs. 14. Ultimately, there were 100 

Figure 3.1. Population density of different symbiont species 
(Breviolum minutum and Durusdinium trenchii) in Aiptasia, at 
different time-points during 14 weeks of colonisation. Asterisks 
indicate significant differences between each time-point vs. Week 4: 
**p < 0.01, ***p < 0.001, ****p < 0.0001. Values are mean ± SE; n 
= 8 per symbiont species per time-point.   

** **** 

** 

** 
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differentially expressed proteins between the start and end of colonisation (i.e., Weeks 0 and 

14). Similarly, PCA plots showed that the B. minutum proteome changed markedly during 

colonization, with the most distinct profile being observed at Week 4 (Fig. 3.2A). Likewise, 

the D. trenchii proteomes at the start and end of the experiment were markedly different from 

each other (Fig. 3.2B). 

 

Changes in the B. minutum proteome during colonization were consistent with the increasing 

symbiont population density and the modifications required to ensure persistence of the 

symbionts inside the host’s cells. In particular, differentially expressed proteins included those 

with predicted roles in: acquisition of inorganic carbon (DIC); nitrogen metabolism; micro- 

and macronutrient starvation (e.g., phosphorus); photosynthesis; suppression of host immune 

responses; tolerance of low pH; and management of oxidative stress. All these proteins are 

discussed below, in terms of the changes seen during colonization by the native symbiont and 

the differences with the non-native D. trenchii (Tables 3.1 and 3.2). 

 

3.3.3 B. minutum proteome changes over the course of host colonization 
 

Most of the symbiont proteins that were differentially expressed during colonization by B. 

minutum were linked to photosynthesis. Homologues of light-harvesting proteins of 

photosystems I and II, such as fucoxanthin-chlorophyll a-c binding protein (FCB) and 

A B 

Figure 3.2 Principal component analysis plots of all detected symbiont proteins at different times (Week 0, i.e. ex 
hospite, and Weeks 4, 8, and 14 post-inoculation) during colonization of Aiptasia by (A) Breviolum minutum and 
(B) Durusdinium trenchii. Grouped by ellipses with 99% confidence intervals. 
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peridinin-chlorophyll a-binding protein (PCP) were identified in B. minutum across all time-

points and were upregulated during colonization. PCPs and FCBs are among the major light-

harvesting proteins of Symbiodiniaceae, with high performance capability under fluctuating 

light conditions (Boldt et al., 2012; Nagao et al., 2013; Ueno et al., 2019). The amount of FCBs 

has been shown to change in response to different light intensity in marine algae. For instance, 

in a study of different FCBs, the amount of FCB2 increased under low-light while FCB4 

quantity did not show any change; in contrast, FCB6 was more abundant under high light 

(Becker and Rhiel, 2006). PCPs also increase in Symbiodiniaceae when in hospite vs ex hospite 

(Stochaj and Grossman, 1997). Consistent with this, both FCBs and PCPs in B. minutum were 

upregulated at Week 8 vs. Week 4, peaking at the same time as the symbiont population density. 

An increase in pigmentation as a result of symbiont self-shading is a light-adaptive strategy, so 

the observed patterns were unsurprising (Kahng et al., 2010; Kaiser et al., 1993). Also 

unsurprising was that this increase in light-harvesting proteins was coupled with an 

upregulation of other proteins involved in photosynthesis. These included chloroplastic 

electron transport proteins, such as cytochromes, flavodoxin, PSI reaction centre proteins and 

ferredoxin-NADP reductase, as well as proteins associated with the reductive pentose-

phosphate cycle (e.g., phosphoribulokinase), the first step of carbon fixation (Nickelsen, 2015) 

(Table 3.1). Furthermore, photosynthesis increases protein synthesis by phosphorylating 

ribosomal proteins (Reinbothe et al., 2010; Tcherkez et al., 2020). Similarly, proteins involved 

in translation, protein folding, chloroplast maintenance and photosystem repair were 

upregulated at Week 8. Increased translation of photosynthesis repair machinery in symbiotic 

Symbiodiniaceae during thermal stress and increased photosynthesis have been reported before 

(Bhagooli, 2013; Takahashi et al., 2004), so upregulation of these proteins might simply be 

due to higher rates of photosynthesis. 

 

Two homologues of general transmembrane transporter, ABC ATP-binding protein were 

upregulated at Week 8. ABC transporters are members of the most abundant superfamily of 

transporters, with a broad range of transported compounds (Dassa and Bouige, 2001). These 

transporters have been reported in different Symbiodiniaceae, with ABC genes being abundant 

in the B. minutum genome (Aranda et al., 2016). Moreover, host ABC transporters have been 

identified in symbiosome extracts of Aiptasia (Peng et al., 2010). However, whether algal ABC 

transporters are involved in extracellular or intracellular transport remains to be determined. 

Finally, a homologue of 14-3-3- protein (GF14), which is involved in the response to cellular 
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nitrogen starvation by controlling GS and nitrate reductase via phosphorylation, was also 

upregulated at Week 8 (Comparot et al., 2003). As previously noted, nitrogen limitation is a 

primary mechanism for regulating symbiont density by the host. Thus, upregulation of GF14 

at Week 8, when B. minutum reached its maximum population density, might be linked to the 

host’s need to regulate symbiont proliferation. 

 

As mentioned before, only four proteins were differentially expressed between Weeks 8 and 

14 (Table S3.3). One of these was a homologue of oryzain alpha chain (OAC), which was 

upregulated 1.46-fold (q ≤ 4.9 × 10-2). OAC is expressed in response to a wide range of 

stressors, and also induces host cell necrosis in a plant-parasitic fungus association (Fu et al., 

2007). The upregulation of OAC at Week 14 might therefore contribute to the symbiont 

population density at this point, though this requires further research. 

 

3.3.4 Comparative responses of B. minutum vs. D. trenchii 
 

3.3.4.1 Oxidative stress 
 

Homologues of algal antioxidant network proteins were found in both B. minutum and D. 

trenchii. Reactive oxygen species (ROS) are oxidants that can damage DNA, proteins and 

cellular membranes (Downs et al., 2002; Venn et al., 2008). The dinoflagellate symbiont’s 

antioxidant network, in response to increased ROS under high temperature and irradiance, has 

been well studied in the past (Krueger et al., 2014; McGinty et al., 2012; Roberty et al., 2016; 

Wietheger et al., 2018), though ROS are also regular by-products of photosynthesis and 

photorespiration; antioxidant defences are therefore needed at all times. Here, homologues of 

symbiont superoxide dismutase (SOD) and ascorbate peroxidase (APX), which work in concert 

to detoxify superoxide and hydrogen peroxide, were detected in B. minutum at all time-points, 

with both being upregulated progressively during colonization of the host (Table 3.1). This is 

unsurprising, as photosynthetic activity by the symbionts can rapidly induce a state of 

hyperoxia in the host’s tissues (Richier et al., 2003). Homologues of APX and SOD, as well as 

other antioxidant network proteins such as glutathione reductase and cytochrome c peroxidase, 

were also detected in D. trenchii, however contrary to B. minutum, these proteins were 

downregulated when in hospite (Table S3.5). The reasons for this are unclear, but this was 

coupled with downregulation of proteins involved in photosynthesis. D. trenchii has been 
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previously reported to have reduced photosynthetic incorporation of 13C per cell in comparsion 

to B. minutum when in symbiosis with Aiptasia (Sproles et al., 2020). Therefore, 

downregulation of the antioxidant network in this species might be associated with reduced 

levels of photosynthesis. 

 

3.3.4.2 Dissolved inorganic carbon transport 
 

Three and 16 homologues of symbiont carbonic anhydrases (CAs) were upregulated in free-

living B. minutum and D. trenchii, respectively. All three homologues from B. minutum were 

exclusive to the free-living state, while 12 CA homologues from D. trenchii were uniquely 

expressed ex hospite (Table 3.2). Dissolved inorganic carbon (DIC) is crucial for both 

photosynthesis and calcification, however DIC in ambient seawater is mostly present as 

bicarbonate [HCO3-], which needs to be converted to carbon dioxide [CO2] to freely pass 

through cell membranes. Therefore, the cnidarian host actively facilitates DIC uptake via 

carbon concentrating mechanisms (CCMs), a process during which bicarbonate is converted to 

carbon dioxide by host carbonic anhydrase (CA) (Allemand et al., 1998; Furla et al., 2000b). 

Proton pumps are also part of CCMs, acidifying the ambient seawater to form more carbonic 

acid for CA (Furla et al., 2000a). Cnidarian CAs and proton pumps are significantly 

upregulated upon symbiosis establishment to supply the intracellular symbionts with DIC 

(Oakley et al., 2016; Sproles et al., 2019). Dinoflagellate genes encoding proton pumps in 

dinoflagellate-cnidarian and -bivalve symbioses also form part of CCMs (Bertucci et al., 2010; 

Mies et al., 2017), however homologues of proton pumps, like V-type proton ATPase, were 

only found in free-living D. trenchii (q ≤ 2.3 × 10-2). Upregulated algal CAs and proton pumps 

in the free-living state might be a response to a lack of readily available CO2 provided by the 

host CAs and proton pumps (Barott et al., 2015b; Furla et al., 2000a; Oakley et al., 2016; 

Sproles et al., 2019).
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Table 3-1. Summarized list of proteins that are differentially expressed in Breviolum minutum across all time-points during colonization of Aiptasia. Translation, folding and chloroplastic maintenance 
proteins are named in bold. Proteins shown here are those discussed in the text. The full lists of proteins that are differentially expressed are available in Tables S3.1-S3.4 (FDR, q < 0.05). 

UniProtKB ID UniProtKB Protein Names log-ratios Zero vs Week4 
(q-value) 

log-ratios Week 4 vs Week 8 
(q-value) 

log-ratios Week 8 vs Week 14 
(q-value) 

log-ratios Zero vs Week 14 
(q-value) 

P42644 14-3-3-like protein GF14 psi - -0.43 (2.5E-06) - - 

A0T0C6 Cytochrome c-550 1.05 (4.2E-03) -0.75 (4.2E-04) - - 

P00110 Cytochrome c6 1.03 (4.2E-02) -0.92 (9.7E-04) - - 

A2Y8E0 Ferredoxin--NADP reductase (FNR) -1.96 (2.1E-04) -0.50 (2.5E-03) - -2.0 (2.2E-05) 

P14070 Flavodoxin 2.45 (8.8E-08) -1.22 (1.8E-03) - 1.2 (2.7E-05) 

P09195 Fructose-1,6-bisphosphatase (FBPase) - - 1.23 (4.5E-03) - 

Q40297 Fucoxanthin-chlorophyll a-c binding protein A 
(FCB) 

0.85 (2.2E-03) -0.32 (5.0E-03) - -0.6 (2.7E-05) 

O09452 Glyceraldehyde-3-phosphate dehydrogenase - - 0.66 (3.4E-02) - 

Q9STW6 Heat shock 70 kDa protein 6 1.15 (6.2E-04) -0.79 (3.6E-03) - 0.5 (4.6E-02) 

O80796 Membrane-associated protein VIPP1 - -0.51 (4.1E-02) - - 

P25776 Oryzain alpha chain - - -1.46 (4.9E-02) - 

A0A1Q9EDY9 Pentatricopeptide repeat-containing protein - -0.8 (3.1E-06) - - 

P51874 Peridinin-chlorophyll a-binding protein (PCP) - - -0.35 (4.6E-04) - 

P80483 Peridinin-chlorophyll a-binding protein 3 (PCP) 1.83 (9.9E-09) -0.80 (1.2E-07) - - 

P26302 Phosphoribulokinase, (PRK)  - -0.87 (8.8E-03) - -0.5 (1.8E-02) 

P49481 Photosystem I reaction centre subunit II (PSI-D) -0.50 (9.9E-04) -0.63 (4.2E-04) - -1.2 (1.2E-06) 

Q7XJ02 Probable L-ascorbate peroxidase 7 - - - -1.1 (2.6E-03) 

A0A1Q9EFF8 Protein GrpE - -0.33 (3.4E-02) - - 

A0A1Q9D599 Putative ABC transporter ATP-binding protein -0.81 (3.0E-03) -1.08 (1.6E-06) - -1.7 (1.2E-06) 

A0A1Q9D599 Putative ABC transporter ATP-binding protein -0.81 (3.0E-03) -0.76 (1.9E-04) - -1.7 (1.2E-06) 

Q8H0M1 Quinone-oxidoreductase homolog, (ceQORH) - -0.44 (3.7E-02) - - 

P54375 Superoxide dismutase 2.12 (1.0E-04) -0.91 (1.8E-03) - - 

A0A1Q9DKM4 Tyrosyl-DNA phosphodiesterase 2 - -1.03 (1.2E-07) - - 

P68202 Ubiquitin-40S ribosomal protein S27a - -0.67 (7.6E-04) - - 
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3.3.4.3 Nitrogen metabolism 
 

A group of proteins with predicted function in dissolved inorganic nitrogen (DIN) uptake and 

metabolism were identified in both species both at the start and end of the experiment. Nitrogen 

is an essential macronutrient, required by both dinoflagellate symbionts and their cnidarian 

hosts (Cook et al. 1988; Miller and Yellowlees, 1989; Rädecker et al., 2017). Ammonium 

(NH4+) and nitrate (NO3-) are the most available forms of DIN in seawater, with ammonium 

being more preferred over nitrate by symbiotic cnidarians (Grover et al., 2008). Both partners 

can assimilate DIN, however the symbionts are the primary site of DIN uptake, with 

assimilation occurring via the glutamine synthetase/glutamine 2-oxoglutarate amido 

transferase (GS/GOGAT) pathway. This pathway generates glutamate as the final product, 

which is a precursor for other amino acids or purines/ureides. In addition, the algal symbionts 

can assimilate ammonium via glutamate dehydrogenase (GDH), though this has a lower 

affinity for ammonium than does GS/GOGAT (Grover et al., 2002; Miller and Yellowlees, 

1989; Pernice et al., 2012; Roberts et al., 2001; Summons and Boag, 1986; Wilkerson and 

Muscatine, 1984; Yellowlees et al., 1994). In the present study, different homologues of 

GS/GOGAT were isolated from both symbiont species, while a homologue of GDH was only 

present in symbiotic B. minutum. However, in B. minutum, these enzymes were not 

differentially expressed either ex hospite or in hospite, or between the different time-points 

during colonization. In contrast, in D. trenchii, four and two homologues of GS and GOGAT, 

respectively, were upregulated ex hospite relative to the in hospite state. Nitrogen limitation 

has been suggested as the primary mechanism by which the host controls the proliferation of 

its symbionts (Cook et al., 1988; McAuley and Cook, 1994; Rahav et al., 1989; Wang and 

Douglas, 1999; Yellowlees et al., 1994), so this might explain the lower expression of 

GS/GOGAT in symbiotic D. trenchii, as well as the more consistent expression of these 

enzymes in B. minutum. 

 

Regardless of the assimilatory mechanism, assimilated nitrogen is used as a precursor for de 

novo synthesis of amino acids and nucleotides (Newsholme et al., 2003). Consistent with this, 

a group of proteins involved in methionine synthesis and metabolism were found in both algal 

species. Methionine is important in the cnidarian-dinoflagellate symbiosis, with both partners 

having specific metabolic pathways (Shinzato et al., 2014). Here, D. trenchii showed 

upregulation of methionine and S-adenosylmethionine synthase (q ≤ 2.7 × 10-2 and q ≤ 2.5 × 
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10-2, respectively) only in the free-living state, while B. minutum showed upregulation of S-

adenosylmethionine synthase in symbiosis (1.31-fold, q ≤ 1.4 × 10-6). S-adenosylmethionine 

synthase is a very efficient enzyme that contributes to methionine recycling (Fontecave et al., 

2004). This pattern could help to explain the observation of Sproles et al. (2019) and Matthews 

et al., 2017, who noted that Aiptasia likely receives more methionine from B. minutum than D. 

trenchii, based on proteomic and metabolomic evidence. Additionally, a homologue of 

guanosine monophosphate synthetase (GMP), with a predicted function of de novo synthesis 

of guanine nucleotides by hydrolysing glutamine (Nakamura et al., 1995), was found to be 

upregulated at Week 14 in B. minutum (q ≤ 7.6 × 10-3). The alternative fate of glutamine in the  

symbionts is its storage in high-nitrogen compounds via the purine pathway (Pernice et al., 

2012). Therefore, upregulation of GMP in symbiotic B. minutum, while being absent from in 

and ex hospite D. trenchii, might imply better cellular integration of the native symbionts with 

their host, as opposed to the less well integrated, more opportunistic characteristics of the non-

native D. trenchii. 

 

3.3.4.4 Requirements for living inside the symbiosome 
 

In cnidarian-dinoflagellate associations, the endosymbionts are located in a host-derived late 

arrested phagosome, the ‘symbiosome’, which acts as the interface between the partner 

organisms (Fitt and Trench, 1983; Hohman et al., 1982; Neckelmann and Muscatine, 1983; 

Wakefield et al., 2000; Wakefield and Kempf, 2001). Inter-partner communication occurs 

across the symbiosome membrane complex, as described in detail by Rosset et al. (2021), while 

the symbionts must cope with the environmental conditions imposed by living inside the 

symbiosome. Here, extracellular and cell surface proteins were abundant in the symbiotic state. 

For instance, a homologue of acyl coenzyme A binding protein (ACBP) was found to be 

consistently expressed from Week 4 onwards only by B. minutum (q ≤ 4.6 × 10-4). ACBP’s 

role in intracellular lipid trafficking has been well described in the past (Cabral et al., 2010). 

However, the ACBP homologue detected here is putatively located at the extracellular matrix 

(ECM) (e.g., cell wall), with predicted functions in cell morphogenesis and differentiation and 

signalling, and the provision of structural support and protection (Cabral et al., 2010). Of note, 

extracellular ACBP is increasingly expressed under abiotic stress, such as nitrogen limitation 

and low pH (Duran et al., 2010; Manjithaya et al., 2010; Qiao et al., 2018), both of which are 

characteristic of the conditions experienced by symbionts inside the symbiosome (Barott et al., 
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2015b; Wang and Douglas, 1999, 1998) and hence may contribute to the increased in hospite 

expression of ACBP seen in the current study. 

 

A homologue of extracellular purple acid phosphatase (PAP) was found to be exclusively 

expressed by B. minutum when in hospite (q ≤ 1.7 × 10-2), though it had similar expression 

levels across all colonization time-points. Extracellular PAPs play a role in inorganic phosphate 

(Pi) acquisition and scavenging during phosphate starvation by hydrolysing organophosphate 

compounds, as has been previously reported for both plant-microbe symbioses and free-living 

marine diatoms (Li et al., 2012; Robinson et al., 2012; Wang et al., 2021). Interestingly, PAPs 

are localized to the symbiosome surface in plant-microbe symbioses, as well as the cnidarian-

dinoflagellate symbiosis (Ezawa et al., 2005; Penheiter et al., 1997; Rands et al., 1993; 

Robinson et al., 2012). Additionally, two acid phosphatases involved in carrier-mediated 

phosphate transportation, have previously been reported in the coral Acropora formosa, one of 

which is external to the algal plasmalemma and is involved in phosphate ester translocation 

from the cnidarian cell cytoplasm into the symbiosome (Jackson et al., 1989). However, the 

phosphate uptake mechanism of the PAP homologue identified in the current study remains to 

be investigated.  

  

Furthermore, two homologues of glycerophosphoinositol permease 1 (GIT1) were expressed 

progressively more during colonization in B. minutum, being most abundant at Week 14 (q ≤ 

1.4 × 10-3). GIT1 facilitates glycerophosphoinositol (GPI), a product of phosphatidylinositol 

deacylation, transportation across the cell membrane. GPI can be used as a source of phosphate, 

especially during phosphate starvation or in acidic environments (Almaguer et al., 2004; 

Bishop et al., 2011; P. Ziegler et al., 2017), both of which are once again likely features of the 

intra-symbiosome environment (Barott et al., 2015b; Jackson et al., 1989). These proteins (i.e., 

PAP and GIT1) were not detected at all in D. trenchii, suggesting either that this symbiont 

species uses a different mechanism for sourcing phosphate or that host-symbiont cellular 

integration is sub-optimal in this association, as occurs in other physiological respects when D. 

trenchii colonizes Aiptasia (Matthews et al., 2017; Gabay et al., 2018). 
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Another cell surface protein detected was a homologue of arylsulfatase B (ASB), which has a 

predicted function in autophagy and metabolization of sulphated polysaccharides (Kamke et 

al., 2013; Slaby et al., 2017). ASB was not observed ex hospite and but was upregulated by B. 

minutum during colonization, with its maximum expression at Week 14 (q ≤ 9.2 × 10-4). In 

marked contrast, in D. trenchii, ASB was detected both ex hospite and after 14 weeks in 

symbiosis, though was in fact more expressed when in the non-symbiotic state (2.88-fold, q ≤ 

1.3 × 10-3). In adults of the coral Montastraea faveolata, increased ASB levels in host tissues 

are thought to help regulate the symbiont population via autophagy, while conversely, levels 

of this protein are reduced in larvae of the coral Porites astreoides, potentially in response to 

low symbiont numbers and the need for the symbionts to proliferate (O’Rourke and Rourke, 

2011; Walker et al., 2019). Whether the ASB detected in the two algal species here is similarly 

involved with autophagy and hence self-control of the symbiont population is unknown, though 

the coordination of host-symbiont biomass is important from the perspective of both partners 

(Davy et al., 2012). Alternatively, given the high expression of ASB in the non-symbiotic state 

of D. trenchii, it is plausible that the symbionts employ ASB for heterotrophy on sulphated 

polysaccharides, given the heterotrophic potential of these dinoflagellates (Jeong et al., 2012; 

Sproles et al., 2020). 

 

A group of homologues of Ras-related proteins (e.g. RAB1 and RAB34) were found to be 

differentially expressed between symbiotic states (i.e., ex and in hospite) of both B. minutum 

and D. trenchii. Cnidarian Rab family proteins are known to be upregulated after symbiont 

inoculation; and are responsible for symbiosome formation and symbiont density regulation 

via endocytosis, and exocytosis or phagocytosis of dysfunctional endosymbionts (Chen et al., 

2005, 2004, 2003; Daniels et al., 2015; Fransolet et al., 2012; Mohamed et al., 2016; Yoshioka 

et al., 2021). Rab proteins have also been reported from the symbionts of the coral Stylophora 

pistillata, once again functioning in exocytosis (Weston et al., 2012). In addition, manipulation 

of the symbiosome membrane by algal Rab proteins has been suggested, where some of algal 

Rab1-7 transcripts from two different species of Symbiodiniaceae - D. trenchii and 

Cladocopium goreaui - were upregulated during colonization of larvae of the coral Acropora 

tenuis (Yuyama et al., 2018). In the current research, homologues of Rab34 from B. minutum 

and D. trenchii were higher in the ex hospite vs. in hospite state (2.99-fold, q ≤ 1.9 × 10-5 and 

4.6-fold, q ≤ 4.1 × 10-16, respectively), whereas Rab1 homologues were upregulated at Week 
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14 of colonization in both species (Table 3.2). However, Rab1 was highly abundant in B. 

minutum at Week 14 while D. trenchii exhibited a lesser degree of Rab1 upregulation. Notably, 

this increase in Rab 1 expression coincided with a decline in the B. minutum population, unlike 

the D. trenchii population which was still growing at this stage (Fig. 3.1). However, the exact 

role of RAB1 in the regulation of symbiont biomass remains unclear. 

Table 3-2. Summarized list of proteins that are differentially expressed in Breviolum minutum and Durusdinium 
trenchii when comparing ex hospite cells vs in hospite cells after 14 weeks of colonization of Aiptasia. Proteins 
shown here are those discussed in the text. The full lists of proteins that are differentially expressed between the 
ex hospite state (Week 0) and Week 14 of colonization are available in Tables S3.4 and S3.5 (FDR, q < 0.05). 

 

3.3.4.5 Immunosuppression 
 

Most of the differentially expressed proteins isolated from D. trenchii when in hospite had 

predicted functions associated with host cell immunosuppression while none of these proteins 

had differential expression in B. minutum. For example, a homologue of peptidyl-prolyl cis-

trans isomerase (PPIase) was upregulated at Week 14 in D. trenchii (4.3-fold, q ≤ 2.7 × 10-6). 

The isomerase activity of PPIase is thought to facilitate the proper folding of specific proteins 

(Galat, 1993; Perez and Weis, 2008), however PPIase can also play an important role in host-

UniProtKB ID UniProtKB Protein Names D. trenchii Weeks 0 vs 14  
fold change 
(q-value) 

B. minutum Weeks 0 vs 14  fold 
change 
(q-value) 

Q5FXM5 Acyl-CoA-binding protein (ACBP) - Unique, in hospite (4.6E-04) 
P50430 Arylsulfatase B (ASB) 2.88 (1.3E-03) Unique, in hospite (9.2E-04) 
A4UHC0 Calmodulin (CaM) -0.36 (1.3E-02) - 
Q9I262 Carbonic anhydrase Unique, ex hospite (4.8E-03) Unique, ex hospite (3.4E-04) 
Q5BCC5 Carbonic anhydrase  Unique, ex hospite (4.0E-04) - 
A0A1Q9D9X1 Carbonic anhydrase 2 - Unique, ex hospite (1.9E-04) 
A0A1Q9CS65 Carbonic anhydrase 2 Unique, ex hospite (1.9E-02) Unique, ex hospite (4.8E-02) 
Q59Q30 Glycerophosphoinositol permease 

1 (GIT1) 
- Unique, in hospite (1.4E-03) 

B4R9R7 GMP synthase (Glutamine 
amidotransferase) 

- Unique, in hospite (7.6E-03) 

P62785 Histone H4 variant (TH011) -11.26 (2.2E-124) - 
Q7MHB1 Methionine synthase (MS) Unique, ex hospite (2.7E-02) - 
P34791 Peptidyl-prolyl cis-trans isomerase 

(PPIase) 
-4.30 (2.7E-06) - 

Q9LXI4 Purple acid phosphatase 21 (PAP) - Unique, in hospite (1.7E-02) 
A0A1Q9F5Z1 Ras-related protein (ORAB-1) - Unique, in hospite (1.9E-03) 
P62822 Ras-related protein (Rab-1A) -0.98 (4.6E-05) - 
A0A1Q9EXN6 Ras-related protein (Rab-34) 4.60 (4.1E-16) 2.99 (1.9E-05) 
A6XMY9 S-adenosylmethionine synthase 1 

(MAT 1) 
- -1.31 (1.4E-06) 

A9NUH8 S-adenosylmethionine synthase 1 
(MAT 1) 

1.01 (2.5E-02) - 

P20654 Serine/threonine-protein 
phosphatase (PP1) 

Unique, in hospite (1.3E-02) - 

O00780 V-type proton ATPase subunit E Unique, ex hospite (2.3E-02) - 
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microbe associations, such as host entry/infection, as described in detail by Ünal and Steinert 

(2014). In the cnidarian-dinoflagellate symbiosis, dose-dependent inhibition of host PPIase has 

been shown to result in symbiont expulsion from Aiptasia (Perez and Weis, 2008), so it is 

conceivable that upregulation of symbiont PPIase activity by D. trenchii when in symbiosis 

might reflect efforts by the symbiont to avoid expulsion by the host. In addition, a homologue 

of serine/threonine-protein phosphatase (PP1) was exclusively expressed by D. trenchii when 

in hospite (q ≤ 1.3 × 10-2). Serine/threonine-protein phosphatases/kinases, which are dependent 

on calcium/calmodulin (CaM) mediated signalling, are important in cell signalling and 

proliferation. Moreover, CaM-dependent PP1 activity is involved in immune pathways, and 

PP1 is upregulated during the establishment of other symbioses (Klee et al., 1998). For 

example, the inhibition of PP1 in Aiptasia has been shown to be coupled with oxidative stress 

and symbiont expulsion (Perez and Weis, 2008), while the transcriptional regulation of PP1 is 

known to increase specifically in apicomplexan parasites (Plasmodium) upon host infection 

(Dobson et al., 2001). Interestingly, a homologue of CaM was upregulated in the current study 

alongside PP1 (0.36-fold, q ≤ 1.3 × 10-2), consistent with a degree of functional co-dependency. 

PP1 from Symbiodiniaceae has been observed to be upregulated under different environmental 

stresses, such as low phosphorus availability and pH, and increased temperature (Gierz et al., 

2017; Lin et al., 2018; Shi et al., 2017), however in the current study it seems more likely that 

increased PP1 expression might form part of a strategy for suppressing the host’s immune 

responses. 

 

Finally, a homologue of histone H4 was identified in both ex hospite and in hospite D. trenchii, 

though it was most highly upregulated at Week 14 post-inoculation (11.26-fold, q ≤ 2.2 × 10-

124). Histones pack DNA in all eukaryotic organisms, however histones can undergo a large 

number of post-translational modifications, some of which are thought to be important in 

parasites and virulence (Saraf et al., 2016). In particular, histone H4, from a range of pathogenic 

and virulent associations, is responsible for suppressing host cell development and immunity 

in an epigenetic manner (Chen et al., 2016; Gad and Kim, 2009, 2008; Kim and Kim, 2010; 

Kumar et al., 2017; Saraf et al., 2016). Detailed examination of these proteins is required, 

however, to decipher their role in the suppression of host immunity by D. trenchii. 
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 Conclusion 
 

This study identified differentially expressed proteins in B. minutum during colonization of its 

native host, the model cnidarian Aiptasia. In particular, proteins involved in 

photosynthesis/respiration, nutrient exchange, oxidative stress and cell apoptosis increased as 

colonization progressed, with most of these changes likely linked to the increasing symbiont 

cell density. This study also compared the proteomes of B. minutum and the non-native D. 

trenchii after full colonization of Aiptasia. The most distinct difference between these symbiont 

species related to their cell surface proteins, some of which were not detectable in D. trenchii. 

Moreover, B. minutum exhibited an upregulation of proteins associated with nutrient limitation 

(consistent with host-regulated nutrient supply), while the majority of proteins upregulated in 

D. trenchii have potential roles in host immunosuppression. Taken together, these observations 

are consistent with the view that B. minutum forms a well-integrated, functional symbiosis with 

Aiptasia, while D. trenchii does not, reflecting its reputation as a more metabolically-costly 

opportunist (Gabay et al., 2018; Matthews et al., 2018, 2017; Pettay et al., 2015; Sproles et al., 

2019; Stat and Gates, 2010). The acquisition of  more thermally tolerant symbionts such as D. 

trenchii  has been suggested as a coping strategy during environmental stress (Cunning et al., 

2015b; Reich et al., 2017). However, this current study adds to the ever increasing body of 

evidence that host-symbiont specificity, and its consequences for symbiotic integration and 

holobiont function, will limit such opportunities (Gabay et al., 2019). Further research is now 

needed on the effects of time and temperature on the various host-symbiont interactions, to 

determine whether inter-partner integration and function in novel symbioses might improve 

over time, so enabling us to better understand the response of coral reefs to climate change. 
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 Chapter 4 
Immunolocalization of metabolite transporter proteins 

in a model cnidarian-dinoflagellate symbiosis 
 
 

 Introduction 
 

Corals reefs are one of the most prominent, productive, and diverse ecosystems in the world’s 

oceans. They provide different ecological services, such as a three-dimensional sheltered 

habitat for other marine life-forms. Corals’ success is based upon on obligatory endosymbiotic 

relationship between the cnidarian host and its dinoflagellate algal partners (family: 

Symbiodiniaceae) (Muscatine and Porter, 1977; Polovina, 1984; Sheppard et al., 2018). Bi-

directional nutrient flow has a crucial role in this endosymbiosis, with the cnidarian host being 

responsible for supplying inorganic carbon, nitrogen, phosphorus and other nutrients to the 

algae, while the endosymbionts provide the host with photosynthetic products (Davy et al., 

2012). This exchange facilitates the survival and proliferation of coral reefs in nutrient-poor 

tropical seas. 

 

Glycerol was originally considered to be the main form in which photosynthetically-fixed 

carbon is translocated from symbiont to host (Muscatine, 1967, 1965), though more recent 

studies have shown the prominent trafficking of glucose from the endosymbiont to the host 

(Burriesci et al., 2012; Hillyer et al., 2017b; Suescún-Bolívar et al., 2016). Other constituents 

of the translocated photosynthate include fatty acids such as palmitic, stearic and oleic acids, 

lipids like wax esters, triacylglycerol and sterols (Dunn et al., 2012; Hillyer et al., 2016; 

Yamashiro et al., 1999). Nitrogen exchange is also crucial to the symbiosis, with ammonium 

being especially significant, as this is the primary form in which cnidarians excrete nitrogenous 

waste and is easily assimilated by the algal symbionts (Ezzat et al., 2017; Muller-Parker and 

Hoegh-Guldberg, 1994; Pernice et al., 2012). Symbionts may then metabolize or store 

assimilated nitrogenous compounds, and return a portion to the host as amino acids, creating 

an efficient recycling pathway that benefits the symbiosis (Kopp et al., 2013; Reynaud et al., 

2009; Wang and Douglas, 1999, 1998).  
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Regardless of identity and origin, all mobile compounds must pass through the plasma 

membrane. Small uncharged molecules (e.g. CO2, O2 or NH3) permeate the membranes while 

most other molecules are transported either passively by channel proteins or actively by 

transporters or pumps (e.g. ATPases) (Lodish et al., 2016). Moreover, the endosymbionts are 

located in a host-derived late arrested phagosome, along with shed algal plasma membrane and 

thecal vesicles, forming the ‘symbiosome membrane complex’, which acts as an interface 

between the partner organisms (Fitt and Trench, 1983; Hohman et al., 1982; Neckelmann and 

Muscatine, 1983; Wakefield et al., 2000; Wakefield and Kempf, 2001). Therefore, exchanged 

nutrients and metabolites must also pass across the symbiosome membrane, the algal plasma 

membrane, and in many instances, the chloroplast envelope. The levels of some intrinsic 

transporter proteins, such as those for ammonium and sugar have been previously reported to 

be upregulated in symbiosis, suggesting their significance in a functional, integrated symbiosis 

(Baumgarten et al., 2015; Lehnert et al., 2014; Oakley et al., 2016; Peng et al., 2010). However, 

our current knowledge about transporter proteins that regulate nutrient/metabolite trafficking 

into the symbiosome is very limited, although a few relatively recent studies, using 

bioinformatics or immunocytochemistry techniques, have identified putative symbiosome-

specific transporters, including those for ammonium, glucose and sterols,  and ion transporters 

(Barott et al., 2015b, 2015a; Dani et al., 2017; Sproles et al., 2018). 

 

In the current study, the anemone Exaiptasia pallida (Grajales and Rodríguez, 2014; Weis et 

al., 2008), commonly known as ‘Aiptasia’, was used to localize and quantify the levels of 

specific transporters observed when the anemone associates with its native symbiont 

(Breviolum minutum) and two non-native (i.e. non-native) Symbiodiniaceae species 

(Durusdinium trenchii and Symbiodinium microadriaticum). Four different transporters were 

investigated using immunohistochemical techniques: ammonium transporter 1 (AMT1, 

KXJ28516); V-type proton ATPase (VHA, KXJ14631); facilitated glucose transporter member 

8 (GLUT8, KXJ23301); and aquaporin-3 (AQP3, KXJ09068). Sugar transporters GLUT8 and 

AQP3 have been previously predicted via bioinformatics to be localized to the symbiosome 

membrane (Sproles et al., 2018), while VHA and AMT1 are upregulated at the protein level in 

the symbiotic state (Oakley et al., 2016; Sproles et al., 2019). Moreover, VHA has been 

immunolocalized to the symbiosome surface in the corals Acropora yongei and Stylophora 

pistillata (Barott et al., 2015b). Here, I localized candidate transporters with respect to tissue 
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layer (i.e. epi- and gastrodermis) and proximity to the symbiosome, and used a semi-

quantitative approach to establish the influence of symbiotic state and symbiont identity on 

transporter expression.  

 

The influence of symbiont identity on symbiosis function is an important consideration given 

the taxonomic and physiological diversity within the family Symbiodiniaceae (LaJeunesse et 

al., 2018) and the findings that corals can respond to changing temperatures by ‘shuffling’ or 

‘switching’ their dinoflagellate endosymbionts in favour of more thermally-resistant types 

(Buddemeier and Fautin, 1993; Berkelmans and van Oppen, 2006; Cunning, Silverstein and 

Baker, 2015; Matthews et al., 2017; but see Gabay et al., 2019). Durusdinium trenchii is 

especially interesting in this regard, given its reputation as an opportunistic species that may 

colonize corals post-bleaching, but which may provide the host with less nutritional advantage 

than the native symbiont and even induce cellular stress (Matthews et al., 2018, 2017; Pettay 

et al., 2015; Silverstein et al., 2017; Sproles et al., 2019). Given this, I hypothesized that the 

expression of the selected transporters would be downregulated in the presence of non-native 

vs. native symbiont species.   

 

 Materials and Methods 
 

4.2.1 Experimental organisms 
 

Three Symbiodiniaceae species – the native Breviolum minutum, and non-native Durusdinium 

trenchii and Symbiodinium microadriaticum - were grown at 25 °C and 100 µmol photons m−2 

s−1 irradiance on a 12 h:12 h light:dark cycle in f/2 medium in seawater passed through a 0.22 

µm filter (FSW) for eight weeks prior to using the cultures for the experiments. B. minutum 

(culture ID FLAp2) was originally isolated from Aiptasia, while S. microadriaticum 

(CCMP2467) and D. trenchii (Ap2) were isolated from the coral Stylophora pistillata and an 

unknown anemone in Okinawa (Japan), respectively. To confirm the identity of these cultures, 

DNA was extracted using CTAB/phenol-chloroform (Baker et al., 2004), and the internal 

transcribed spacer (ITS2) region of ribosomal DNA amplified by polymerase chain reaction 

using ITSintfor2 and ITS2Rev2 as the forward and reverse primers, respectively (LaJeunesse 

and Thornhill, 2011; Thornhill et al., 2007). Amplicons were directly sequenced (Macrogen 
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Inc., Seoul, South Korea), sequences aligned with Geneious Prime v. 2019.2.3 (Biomatters 

Ltd., Auckland, NZ), and a custom BLAST search carried out against Symbiodiniaceae ITS2 

sequences in Geosymbio (Franklin et al., 2012). 

 

Specimens of Aiptasia  (n ∼ 400) were taken from a clonal laboratory stock (strain ID: NZ1; 

originally from the Indo-Pacific region) and rendered aposymbiotic (i.e. symbiont-free) by 

incubating them in 0.19 mM menthol with 5 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea 

(DCMU) as the photosynthetic inhibitor for four weeks (Matthews et al., 2016). This absence 

of symbionts was confirmed via a lack of chlorophyll autofluorescence, assessed by confocal 

microscopy (100× magnification, Olympus Provis AX70).  

 

4.2.2 Inoculation of Aiptasia with symbiotic algae 
 

Aposymbiotic anemones were starved for one week prior to inoculation with algal cultures. 

One drop of symbiont cells at ~ 3 × 106 cells mL−1, mixed with a dilute suspension of Artemia 

sp. nauplii to induce phagocytosis, was pipetted onto each anemone’s oral disc (n ~ 100 

anemones per symbiont species). Anemones were incubated in this symbiont suspension for 

24 h before the FSW was changed. All anemones were maintained for eight weeks at 25 °C 

under 100 µmol photons m−2 s−1 irradiance on a 12 h:12 h light:dark cycle and then flash-frozen 

in liquid nitrogen or used for immediate downstream analysis. Symbiont genetic identity was 

confirmed again after the experiment, using the method described above. 

 

4.2.3 Polyclonal antibody design 
 

Sequences of previously identified potential transporters (Lehnert et al., 2014; Oakley et al., 

2016; Sproles et al., 2018) and homologous proteins from other model organisms, were used 

to search the available Aiptasia genome (Baumgarten et al., 2015) and transcriptome (Lehnert 

et al., 2014, 2012) using BLAST at an E-value of 1× 10−10. Highly similar sequences (>40%) 

were selected as candidates (Geneious Prime v2019.2.3, Biomatters Ltd). 

 



78 
 
 

Antigenic regions of each candidate transporter were predicted by EMBOSS (Rice et al., 2011), 

and epitopes were selected based on a set of criteria that included conservation level, 

antigenicity and whether the epitopes were external to the lipid bilayer (Fig. S4.1). In addition, 

the similarity of each selected epitope was compared to the protein sequences encoded on the 

genome of the animal used to generate the antibodies (Oryctolagus cuniculus, European rabbit) 

and on the Aiptasia and genomes/transcriptomes (Baumgarten et al., 2015; Lehnert et al., 2014; 

Parkinson et al., 2016), to maintain high antigenicity and limit cross-reactivity. 

 

Custom-made rabbit polyclonal antibodies against AMT1, GLUT8 and AQP3 were developed 

using synthetic peptide antigens for the candidate transporters (Table S4.1). The rabbits were 

immunized with 200 µg KLH conjugated peptide antigens. Primary immunizations were 

followed by three boosts of 200 µg antigen every two weeks. Antibody titres were evaluated 

by ELISA 63 days following the initial injection. An affinity column with 5 mg peptide antigen 

was used for antibody purification (Genscript USA, Inc.). Pre-made polyclonal rabbit anti-

VHA Subunit B was obtained from Genscript (No. A00960) because of the selected regions of 

the protein used for antibody generation were high similar to regions of the Aiptasia homolog 

(Fig. S4.1). 

 

4.2.4 Protein extraction 
 

Aposymbiotic and symbiotic anemones were rapidly frozen and those of the same type were 

pooled (n ∼5 per pool). Total proteins of aposymbiotic anemones were extracted by 

homogenizing the samples in protein extraction buffer (100 mM Tris, 100 mM NaCl, 10 mM 

EDTA, 5% SDS, pH 7.4) using a tissue homogenizer at 4 °C, and then denaturing the proteins 

at 80 °C for 15 min in the presence of 5% β-mercaptoethanol. The homogenate was centrifuged 

at 20,238 × g for 10 min and the supernatant decanted and used for downstream analysis. 

Symbiotic anemones were mechanically homogenized in 500 µl FSW, and the resulting 

homogenate centrifuged at 500 × g for 5 min to separate host (supernatant) and symbiont 

(pellet) fractions; total protein of the symbiotic host fraction was extracted as described above. 

Symbiont pellets were resuspended in 500 µl FSW and then passed through a 23-gauge needle 

(0.337 mm inner diameter) with a 2.5 ml syringe. Symbiont suspensions were centrifuged again 

at 500 × g for 5 min to remove host contamination and finally resuspended in protein extraction 
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buffer. Algal resuspensions were ultrasonicated for 1 min to break the thecal plates, before 

being submitted to the aforementioned extraction method. Protein concentrations were assayed 

with a Qubit® 2.0 Fluorometer using a Protein Assay Kit (ThermoFisher Scientific). 

 

4.2.5 Immunoblotting 
 

Expression of all candidate transporters was confirmed via immunoblots with antibodies 

against AMT1, VHAB, GLUT8 and AQP3. Equal concentrations of total extracted proteins 

from each sample, including symbiotic host fraction, aposymbiotic host, and symbionts, were 

loaded and resolved by Tris-Glycine SDS PAGE. The gel concentration was 10% 

polyacrylamide for AMT1, GLUT8 and VHAB, and 15% polyacrylamide for AQP3. A pre-

stained molecular weight standard (PageRuler™ Prestained Protein Ladder, ThermoFisher 

Scientific) was used as a loading control for each gel. Resolved proteins were transferred to 

0.45 µm PVDF membranes overnight using Tris-Glycine-Methanol Transfer buffer (Towbin 

and Gordon, 1984) in a wet blotting system (Mini-PROTEAN Tetra Cell, BioRad). PVDF 

membranes were washed three times for 5 min with Tris-buffered saline containing 0.1% 

TWEEN 20 (TBST) and then blocked with fresh TBST buffer and 5% fat-free milk at room 

temperature for 1 h. Membranes were incubated with custom-made polyclonal primary 

antibodies overnight at 4 °C with agitation (see Table S4.1 for specifics of each antibody 

incubation). Membranes were then washed three times with TBST and then incubated with the 

secondary antibody (1:2000, Goat Anti-Rabbit IgG conjugated with AlexaFluor®555, 

ab150078 Abcam) for 2 h in the dark at room temperature with agitation. The membranes were 

then washed three times with TBST, and the immunoreactive proteins visualized by a 

Typhoon™ FLA 9500 laser scanner (GE Healthcare Life Sciences). As a control, the procedure 

was performed as described above but without inclusion of the primary antibodies. The 

specificity of all primary antibodies was checked and validated by peptide pre-adsorption 

controls, incubating them with double the concentration of peptide antigen in TBST 5% milk 

powder buffer at room temperature for 2 h. The pre-immune serum and pre-adsorbed primary 

antibodies were used for immunodetection; neither the pre-adsorbed primary antibodies nor 

secondary antibodies reacted on immunoblots. Moreover, antibodies in the pre-immune sera 

reacted with ‘nonspecific’ proteins of different molecular weights (Fig. S4.2). 
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4.2.6 Immunolocalization 
 

Whole symbiotic anemones harbouring different Symbiodiniaceae species and aposymbiotic 

anemones were fixed in freshly made 4% paraformaldehyde in FSW at 4 °C overnight. The 

whole, fixed anemones were fully submerged in 10%, 20%, and 30% sucrose as a 

cryoprotectant at 4 °C, embedded with OCT medium and rapidly frozen in liquid nitrogen, and 

the tentacles sectioned (12 µm) at −20 °C (CM3050 cryostat, Leica Biosystems). The 

cryosections were mounted on positively-charged slides and permeabilized with PBS buffer 

containing 0.1% Triton X-100 in a humidified bath, followed by three washes PBS-0.1% 

TWEEN. Sections were immersed in PBS-0.1% Tween containing 10% normal goat serum 

and 1% BSA and maintained for 2 h at room temperature. Sections were then incubated with 

different concentrations of primary antibodies in blocking buffer at 4 °C overnight (see Table 

S4.1), followed by incubation with secondary antibodies (1:500) for 2 h. Mounting medium 

containing 2 µg/ml DAPI, for DNA staining, was applied on sections before sealing with a 

coverslip. In the controls, sections were incubated with the pre-adsorbed primary antibody, as 

described above, except that the PBS-01% Tween buffer was used instead of TBST. 

Aposymbiotic and symbiotic controls were also included. As for the immunoblots, peptide 

antigen pre-adsorption and secondary antibody controls did not show any binding reaction with 

the cryosections (Fig. S4.3). To assess differential expression of each transporter among the 

different host tissue layers, cryosections were treated identically (i.e., primary antibody 

concentrations and incubation time). 

 

Immunolabelled sections were visualized by confocal laser scanning microscopy (Fluoview 

FV3000, Olympus, Japan) at 100× magnification. A combination of DAPI, AlexaFluor555 and 

AlexaFluor647 was used for fluorescence visualization of the DNA/nucleus (430 nm), the 

location of the various proteins that react with the primary antibodies (570 nm), and chlorophyll 

autofluorescence (650 nm). A total of 261 z-stacks (nominal thickness >10 µm) were analysed 

for semi-quantitative comparisons of transporter abundance and localization within the host’s 

tissue layers. I analysed two tentacles in each of ten anemones, for locating each of the different 

transporters (Table S4.2). All z-stacks were acquired with the same settings (e.g., laser 

intensity, sensitivity, gain, offset and exposure-time) (Arena et al., 2017; Jonkman et al., 2020; 

Kelly and Hawken, 2017; Miura and Sladoje, 2019; Pike et al., 2017). 
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4.2.7 Semi-Quantitative confocal analysis 
 

An analysis pipeline was developed to quantify the relative amount of AlexaFluor555 intensity 

in each host tissue layer, as well as host tissue volume and the number of symbiont cells in 

each z-stack, using FIJI (ImageJ2) (Rueden et al., 2017; Schindelin et al., 2012). All z-stacks 

were split into different channels, and 3-D gaussian blur and background subtraction methods 

were used to smooth the images and remove noise on all channels prior to downstream analyses 

(Kelley and Paschal, 2019; Tivey et al., 2020). The AlexaFluor555 channel was manually 

segmented to acquire images from host gastrodermis. Total volume and signal intensities were 

quantified in segmented and unsegmented AlexaFluor555 gastrodermis images using 3D 

Object Counter Plugin (Bolte and Cordelières, 2006). Volumes and signal intensities of 

epidermal objects were calculated by subtracting the total of the gastrodermal values from the 

unsegmented AlexaFluor555 channel. Symbiont cells were defined as regions-of-interest 

(ROIs) by creating a mask via thresholding intensities of the AlexaFluor647 channel, 

corresponding to chlorophyll autofluorescence. Overlapping symbiont cells were separated by 

applying a round of 3D watershed split (Tivey et al., 2020). All symbiont objects were counted 

by the same plugin. Host tentacle volume for each z-stack was quantified as described above, 

using the brightfield channel.  

 

AlexaFluor555 intensity and the number of symbiont cells were each normalized to the host 

tissue volume. Data normality was checked by the Shapiro–Wilk test and a mixed two-way 

analysis of variance (ANOVA) was used to compare differential expression of transporters in 

the different host tissue layers in both aposymbiotic and symbiotic anemones. This was 

followed by a Bonferroni post hoc test to determine if significant differences occurred in the 

various pairwise comparisons. Correlations between native symbiont density and transporter 

signal intensity of epidermis and gastrodermis were investigated using the Spearman 

correlation coefficient. All data analyses were conducted in R 4.0.3 (R Core Team, 2020). Z-

stack image analysis pipelines, FIJI scripts, data and supplementary files are available at 

GitHub (https://github.com/Amir-Mashini/Aiptasia-Transporters-Quantification-Project). 

 

https://github.com/Amir-Mashini/Aiptasia-Transporters-Quantification-Project
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 Results 
 

4.3.1 Colonization success 
 

No symbionts were detected by confocal examination of aposymbiotic anemones before 

colonization or in control aposymbiotic anemones at the end of the experiment (Fig. S4.4). 

Direct ITS2 sequencing confirmed the genetic identities of symbionts in the colonized 

anemones. Symbiont densities were approximately three-fold greater (one-way ANOVA, p = 

2.2 × 10−7) in anemones hosting B. minutum than those recolonized by D. trenchii or S. 

microadriaticum by the end of the experiment (Fig. 4.1), which is consistent with previous 

studies (Gabay et al., 2018; Sproles et al., 2019). 

 

4.3.2 Localization of transporters in the native symbiosis 
 

Symbiosis with the native B. minutum induced distinct changes in the accumulation of the 

various nutrient transporters when compared to the aposymbiotic state, in both the gastrodermis 

and epidermis (Fig. S4.2); these patterns are identical to those observed with 

Figure 4.1. Colonization densities of different symbiont species 
(Breviolum minutum, Durusdinium trenchii, Symbiodinium 
microadriaticum) in Aiptasia, eight weeks post-
inoculation. Different letters above bars indicate significant 
differences between treatments (p < 0.05). Values are mean ± 
SE, n = 24. 

a 

b 
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immunolocalization (Fig. 4.2). Nevertheless, symbiont cell density did not correlate with 

expression of any of the transporters in either tissue layer (Fig. S4.5; p > 0.05). AMT1 and 

VHA were exclusively expressed in the symbiotic state, although they exhibited dissimilar 

expression patterns. Specifically, AMT1 was 1.7-fold more highly expressed in the epidermis 

than the gastrodermis (Two-way mixed ANOVA, p = 1.03 × 10−6; Fig. 4.3), while VHA 

expression was 3.1-fold greater in the gastrodermis than the epidermis (p = 4.85 × 10−7). In 

contrast, GLUT8 and AQP3 were expressed in both the aposymbiotic and symbiotic states, 

though their patterns of expression were dissimilar. Specifically, GLUT8 expression was the 

same in both aposymbiotic and symbiotic anemones, with an even distribution in both host 

tissue layers, while AQP3 was 4.7-fold more highly expressed in the aposymbiotic state (p = 

3.27 × 10−27), and 1.5-fold more highly expressed in the epidermis than the gastrodermis with 

B. minutum. 

 

The cellular localization of the transporters was further resolved through examination of host 

cells containing B. minutum (Fig. 4.4; supplementary videos 1-4). The transporters were 

located at the perimeter of symbionts, the host gastrodermal membrane, or both, except for 

VHA which was only found at the perimeter of the symbionts, and AQP3 which was only 

detected at the host cell membrane. 

 

4.3.3 Effects of symbiont identity on transporter localization 
 

The presence of non-native symbionts affected transporter localization (Fig. 4.3). Unlike in the 

native symbiosis, D. trenchii-colonized anemones had AMT1 distributed evenly across both 

tissue layers, although the fluorescence intensity was reduced by about a half in the epidermis 

relative to B. minutum-colonized anemones (p = 4.89 × 10−6). VHA in D. trenchii-colonized 

anemones exhibited a localization pattern similar to that in B. minutum-colonized anemones, 

being expressed 2.1-fold more highly in the gastrodermis than epidermis (p = 5.18 × 10−3), 

though this gastrodermal expression was weaker than in the native symbiosis (p = 1.16 × 10−3); 

epidermal expression was similar between the two symbioses. In contrast, GLUT8 expression 

in D. trenchii-colonized anemones was similar across the gastrodermis and epidermis, and 

similar in both intensity and pattern to anemones populated by B. minutum. AQP3 was likewise 

expressed at similar levels in the epidermis and gastrodermis of D. trenchii-colonized 
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anemones, though in both tissue layers this transporter was more highly expressed (two-fold) 

than in the native symbiosis (epidermis: p = 1.56 × 10−3; gastrodermis: p = 1.31 × 10−7). 
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Figure 4.2. Immunofluorescence localization of nutrient transporters in aposymbiotic and symbiotic Aiptasia hosting 
Breviolum minutum, Durusdinium trenchii and Symbiodinium microadriaticum. Aposymbiotic anemones showed no visible 
expression of AMT1 or VHAB. Red, chlorophyll autofluorescence of symbionts; cyan, nuclear staining of host and symbionts 
using DAPI; yellow, anti-AMT1, anti-VHAB, anti-GLUT8 and anti-AQP3 localizations using AlexaFluor555 conjugated 
secondary antibody. 



85 
 
 

 

S. microadriaticum-colonized anemones showed the most distinct expression patterns from 

those in the native symbiosis. For example, AMT1 was more highly expressed (1.5-fold) in the 

gastrodermis rather than the epidermis (p = 1.39 × 10−3). This difference resulted from a 36% 

decrease in AMT1 expression in the epidermis and a 1.6-fold increase in the gastrodermis of 

S. microadriaticum-colonized anemones relative to the native symbiosis (p = 2 × 10−3 and p = 

2.22 × 10−4, respectively). Unlike in B. minutum-colonized anemones, anemones harbouring S. 

microadriaticum exhibited an even distribution of VHA across both tissue layers, though the 

intensity was about seven times less than in the presence of the native symbionts (epidermis p 

= 1.16 × 10−3; gastrodermis p = 2.22 × 10−8). Furthermore, in contrast to the distribution seen 

with B. minutum (and indeed D. trenchii), GLUT8 and AQP3 were relatively more abundant 

in the gastrodermis than epidermis of S. microadriaticum-colonized anemones (~1.5-fold; p = 

4.49 × 10−3 and p = 3.5 × 10−3, respectively). When compared to the native symbiosis, GLUT8 

expression in both tissue layers of S. microadriaticum-colonized anemones was about 1.7-fold 

Figure 4.3. Signal intensities of quantified transporters in Aiptasia tentacles in different symbiotic states. Two-way mixed 
ANOVA was performed to compare intensity level between symbiotic states and tissue layers. Asterisks indicate significant 
differences between tissue layers of each treatment (**p <0.01 and ****p <0.0001). 
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higher (epidermis: p = 6.22 × 10−16; gastrodermis: p = 9.65 × 10−21), while AQP3 expression 

was significantly higher in the gastrodermis only (2.6-fold; p = 4.75 × 10−5). 
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Figure 4.4. Intracellular localization of (A) AMT1, (B) VHA, (C) GLUT8 and (D) AQP3 on Aiptasia cells when hosting 
the native symbiont Breviolum minutum. Red, chlorophyll autofluorescence of symbionts; yellow, anti-AMT1, anti-VHAB, 
anti-GLUT8 and anti-AQP3 localization using AlexaFluor555 conjugated secondary antibody; cyan, nuclear staining of 
host and symbionts using DAPI, permanently condensed chromosomes of symbionts are seen as patches of small blue 
round objects, host nucleus (white arrow) is usually compressed and located next to symbionts. 
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 Discussion 
 

This study is the first to report the intracellular localization of AMT1, GLUT8 and AQP3, and 

their relative quantities in the tissue layers of a cnidarian-dinoflagellate model organism. 

Previously, only the sterol transporters NPC1 and NPC2, and VHA have been 

immunolocalized in symbiotic cnidarians (Barott et al., 2015b; Dani et al., 2017). Each 

transporter studied exhibited a distinct pattern of expression and localization in response to 

symbiotic state and/or symbiont identity. Of note, AMT1, VHA and GLUT8 were particularly 

abundant in close proximity to the symbiosome membrane complex, suggesting that they play 

a crucial role in symbiosis function.  

 

4.4.1 Ammonium transport 
 

Nitrogen fluxes are crucial for corals in oligotrophic tropical waters (Grover et al., 2008; Miller 

and Yellowlees, 1989; Rädecker et al., 2017b). In the cnidarian-dinoflagellate symbiosis, the 

symbionts are the primary site of ammonium assimilation, however it has been suggested that 

both partners can take up this nutrient, including from the surrounding seawater (Bednarz et 

al., 2020; Cui et al., 2018; Dudler and Miller, 1988; Grover et al., 2002; Lipschultz and Cook, 

2002). Consistent with this, in the current study AMT1 was localized to both host epidermis 

and gastrodermis, though it was only expressed in the symbiotic state. Moreover, it was most 

intensely expressed in close proximity to the symbionts. Similarly, AMT1 has previously been 

found to be upregulated during symbiosis in Aiptasia, in both the transcriptome (Lehnert et al., 

2014; Maor-Landaw et al., 2020) and proteome (Oakley et al., 2016), and be downregulated 

after heat shock and bleaching (Cleves et al., 2020).  

 

Host epidermal cells directly take up ammonium from the ambient seawater (Pernice et al., 

2012). Given that photosynthesis drives ammonium uptake (Falkowski et al., 1993; Hoegh-

Guldberg, 1994; Xiang et al., 2020), photosynthetic rate per symbiont cell and symbiont 

population density both likely play an important role, providing a link between AMT1 

expression and symbiont physiology. Consistent with this, B. minutum-colonized hosts 

exhibited greater expression of AMT1 in their epidermis than anemones colonized by either of 

the two non-native symbionts. Of note, D. trenchii and S. microadriaticum have previously 
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been reported to be relatively unproductive partners compared to B. minutum when 

experimentally introduced into Aiptasia, while D. trenchii is widely acknowledged as an 

opportunistic species (Berkelmans and van Oppen, 2006; Matthews et al., 2017; Gabay et al., 

2019, 2018; Sproles et al., 2019; Stat and Gates, 2010). Once assimilated, however, the host 

actively regulates nitrogen supply to the symbionts through the glutamine synthetase (GS) and 

glutamine 2-oxoglutarate amino-transferase (GOGAT) pathways, thereby maintaining a low 

ammonium concentration in the gastrodermal cytoplasm (Wang and Douglas, 1999, 1998; 

Xiang et al., 2020). This process again requires photosynthesis, with the provision of carbon 

compounds to the host being important for ammonium assimilation; conversely, aposymbiotic 

hosts excrete surplus ammonium to the surrounding seawater (Zamer and Shick, 1987). This 

might explain the opposite pattern of AMT1 expression seen in the gastrodermis vs. the 

epidermis, with S. microadriaticum-colonized anemones exhibiting a greater intensity of 

gastrodermal AMT1 than either the B. minutum- or D. trenchii-colonized anemones. In 

particular, S. microadriaticum has been reported to have a significantly lower rate of cell-

specific photosynthesis than the other two species (Gabay et al., 2018), and was present at the 

lowest population density (though not significantly lower than D. trenchii) in the current study. 

It might therefore be expected that S. microadriaticum-colonized anemones contained the 

biggest pools of excretory ammonium in their tissues and hence the greatest need for AMT1. 

This might appear inconsistent with the apparent absence of AMT1 in aposymbiotic anemones, 

though my data suggest that the onset of symbiosis with any partner, however beneficial, is 

sufficient to trigger the expression of this transporter in the host. More detailed physiological 

examination of ammonium uptake and metabolism in the presence of different symbiont 

species is needed though, to more fully understand the transporter localization patterns 

observed here. 

 

4.4.2 Proton pumps and acidification 
 

Proton transporters are central to pH homeostasis in corals (Capasso et al., 2021). VHA, a 

member of the P-type ATPase superfamily, is found in all domains of life (Chan et al., 2010). 

VHA is primarily found in the vacuolar membrane as well as the Golgi complex, endosomes 

and synaptic vesicles, where it acidifies these organelles by hydrolysis of ATP and transport of 

protons across the membrane (Barott et al., 2015b; Graham et al., 2003). Similar to the findings 

of the current study, a proteomic survey also reported significantly increased expression (12-
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fold) of VHA in symbiotic vs. aposymbiotic Aiptasia (Oakley et al., 2016). In corals, VHA is 

abundant in the oral gastrodermis, specifically in the space immediately surrounding the 

endosymbionts where it plays a role in the host’s carbon concentrating mechanism by 

acidifying the symbiosome space and facilitating photosynthesis (Barott et al., 2015b). 

Consistent with these previous observations, VHA in the current study was localized near the 

symbiosome membrane complex. In addition, VHA facilitates CO2 uptake by host epidermal 

cells, as exportation of protons decreases the pH of ambient seawater, increasing the 

dehydration of HCO3- to CO2 (Furla et al., 2000a). The localization of VHA to the outer surface 

of the epidermis here was, therefore, unsurprising.  

 

VHA expression was influenced by symbiont identity, being more abundant in both the 

gastrodermis and epidermis when anemones were in symbiosis with B. minutum or D. trenchii 

than with S. microadriaticum. Proton ATPases have been reported in other mutualistic 

associations, where they are actively excluded by symbionts through different mechanisms in 

parasitic symbioses to prevent digestion by the host via acidification of phagosomes (Smith 

and Gianinazzi-Pearson, 1988; Sturgill-Koszycki et al., 1994; Vinet et al., 2009; Wong et al., 

2011). However, whether the low expression of VHA in S. microadriaticum-colonized 

anemones is due to symbionts actively inhibiting host digestion or by the host reducing the 

symbiosome CO2 concentration to limit less beneficial symbionts is unknown.  

 

4.4.3 Carbon translocation 
 

In the current study, only the hosts harbouring non-native symbionts had significantly higher 

expression levels of GLUT8 compared to aposymbiotic animals, with S. microadriaticum-

colonized anemones expressing GLUT8 more in the gastrodermis than the other anemones. 

Translocation of fixed carbon to the host has been researched intensively (Davy et al., 2012; 

Muscatine and Hand, 1958) and glucose has been proposed as the primary form of fixed carbon 

translocated, along with other hexoses and glycerol (Burriesci et al., 2012; Hillyer et al., 2017b; 

Muscatine, 1967; Suescún-Bolívar et al., 2016). SLC2 (GLUT) is a major facilitator 

superfamily of transmembrane transporters that mediates the transport of monosaccharides, 

polyols, and other small compounds across the membranes of eukaryotic cells (Augustin, 2010; 

Mueckler and Thorens, 2013). Specifically, GLUT8 is mostly expressed at endosomal 
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compartments, however it can also be localized to the cell surface (DeBosch et al., 2014; 

Flessner and Moley, 2009; Ibberson et al., 2002, 2000). In cnidarians, GLUT8 had been 

hypothesized to have a primary role in glucose uptake by the host (Sproles et al., 2018) and 

molecular evidence has indicated its upregulation in symbiosis (Lehnert et al., 2014; Oakley et 

al., 2016). Why a non-native symbiont induced the greatest expression of GLUT8 is not clear, 

but it could be due to increased efforts by the host to translocate fixed carbon when in symbiosis 

with less nutritionally beneficial symbionts (Gabay et al., 2018). Indeed, this latter study 

showed that, when in symbiosis with Aiptasia, gross photosynthesis and the ratio of 

photosynthesis to respiration were similar in B. minutum- and D. trenchii-colonized anemones, 

but higher than in anemones containing S. microadriaticum.  

 

Members of the aquaporin water channel family primarily render the lipid bilayer of cell 

membranes permeable to water, which is vital for cell osmoregulation and homeostasis 

(Campbell et al., 2008). Aquaglyceroporins, a subset of the AQP family, are also permeable to 

glycerol and specific small, uncharged solutes (Carbrey et al., 2003; Ishibashi et al., 2011). 

AQP3 channels were previously predicted to be localized to the outer symbiosome surface 

(Sproles et al., 2018), though here I only localized AQP3 to the host cell membrane. 

Aquaglyceroporins are involved in glycerol transport, and several reports have shown higher 

expression during fasting and downregulation after feeding in other organisms (Gambardella 

et al., 2012; Hibuse et al., 2006; Kuriyama et al., 2002; Liao et al., 2020; Maeda et al., 2004). 

Similarly, in corals, inhibition of photosynthesis by DCMU causes higher expression levels of 

AQP transcripts in host tissues, suggesting a potential cellular response to compensate for 

reduced availability of photosynthetic products (Yuyama et al., 2012). Consistent with this, I 

report greater expression of AQP3 in the aposymbiotic state, and enhanced AQP3 expression 

in the presence of the putatively less beneficial non-native vs. more beneficial native symbionts. 

Together, these observations provide strong evidence that AQP3 participates in glycerol 

transfer across the host membrane in the cnidarian-dinoflagellate symbiosis, though the 

transporters that facilitate glycerol trafficking across the host-symbiont interface are still 

unknown. 
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 Conclusion 
 

My findings depict effects of symbiotic state and identity of symbionts on the quality and 

quantity of the candidate metabolite transporters. Obtaining novel symbionts has been 

proposed as a temporary strategy in response to different environmental stressors, such as 

increasing temperature (Cunning et al., 2015b; Reich et al., 2017). However, D. trenchii and 

S. microadriaticum have been previously observed to be less beneficial when inoculated into 

Aiptasia (Gabay et al., 2018; Matthews et al., 2018, 2017; Sproles et al., 2019), while D. 

trenchii is a well-known opportunist on coral reefs (Pettay et al., 2015; Stat and Gates, 2010). 

Consistent with this, my results suggest that anemones harbouring non-native symbionts show 

less metabolite transporter compatibility compared to anemones containing the native 

symbiont, at least with respect to the transporters studied here. Further research investigating 

these, and other, transmembrane transporters in depth, including their co-localization patterns, 

is needed both in model systems and reef corals to understand the mechanisms required for 

fully integrated metabolic exchange and symbiosis success. Ultimately, such studies will allow 

us to better understand and predict how coral reefs will respond to climate change and to better 

manage these changes. 
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 Chapter 5 
General Discussion 

 

 

 Summary 
 

There are still major knowledge gaps in our understanding of fundamental cellular processes 

and nutritional exchange between symbiotic cnidarians and their photosynthetic 

endosymbionts. Importantly, this knowledge is crucial for understanding how corals might 

adapt to climate change. Thus, the aim of this thesis was to characterize the cellular 

mechanisms that are important in metabolic exchange and integration of the symbiotic partners, 

and enhance our understanding of the potential for reef corals to adapt to climate change via 

partner ‘switching’ or ‘shuffling’.  

 

Proteomics was used to decipher cellular pathways that are affected in both native and non-

native Symbiodiniaceae, when ex hospite or residing in a model symbiotic cnidarian 

(Exaiptasia pallida: ‘Aiptasia’) (Chapters 2 and 3). Analysis of the proteomes of the native 

symbiont, Breviolum minutum, identified cellular pathways involved DIC and DIN uptake that 

are actively upregulated when the symbiont is ex hospite (Chapters 2), while in hospite the 

symbionts are provided with DIC and DIN from the host (Chapter 4) (Fig. 5.1). Additionally, 

under nutrient-limited conditions (both in and ex hospite), the capacity for the symbionts to 

scavenge other nutrients, such as iron, was observed to increase, despite the photosynthetic 

capability of the symbionts declining (Chapter 2). These findings support the well-established 

view that the symbiosis is nutritionally beneficial to the symbionts, but that high symbiont 

population densities and rates of photosynthesis can risk oxidative stress, triggering the 

symbiont’s oxidative stress response network (Chapters 2). 

 

Another key finding was that changes in the symbiont proteome during colonization of the host 

mostly reflect the symbiont’s need for light harvesting, photosynthesis, and chloroplast repair 

and maintenance (Chapter 3). Furthermore, additional changes were consistent with 

increasing nitrogen limitation over the course of host colonization, likely as the combined 
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consequence of host control of nutrient supply, and the increasing symbiont cell density and 

hence competition for resources.  

 

Both native and non-native Symbiodiniaceae were observed to suppress the host’s immune 

response via a range of cellular pathways (Chapter 3). However, immunosuppression of the 

host by the native symbionts was more likely aimed at the avoidance of host autophagy or 

expulsion, while the non-native Durusdinium trenchii appeared to more directly manipulate 

host cell gene expression in a manner more akin to pathogenic apicomplexans and viruses (Fig 

5.1) (Chapter 3). Immunocytochemical evidence is presented for the reduced capacity for non-

native symbionts to receive DIN and DIC from the host when compared to the native 

symbionts, while conversely, non-native symbionts provide the host with less 

photosynthetically-fixed carbon (Chapter 4) (Fig. 5.1). These finding build on previous studies 

(Gabay et al., 2019; Matthews et al., 2017; Sproles et al., 2019), supporting the opinion that 

the non-native D. trenchii is an opportunist, providing less nutritional support to a non-native 

host (in this case Aiptasia) while failing to establish a well-integrated, fully functional 

symbiosis.  

 

My findings raise some important questions with respect to the mechanisms that underpin a 

functional symbiosis and determine the flexibility to establish novel host-symbiont pairings. 

Three questions are of particular interest and will be considered further here: (1) What is the 

potential for the evolution of novel cnidarian-dinoflagellate symbioses? (2) Does the degree of 

cellular integration between the symbiotic partners reflect the position of the symbiosis on the 

mutualism – parasitism continuum? And (3) what are the ecological implications for the 

survival of coral reefs in the face of climate change, and the development of tools for increasing 

reef resilience? 

 Partner integration and symbiosis function 
 

5.2.1 What is the potential for the evolution of novel cnidarian-dinoflagellate symbioses?  
 

Established symbiotic associations have the potential for coevolution based on interspecies 

interactions (Guerrero et al., 2013; Mason et al., 2017). Scleractinian corals have an 

evolutionary origin within the Paleozoic Era (more than 400 MYA); however, 
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Symbiodiniaceae are relatively newer and are estimated to have evolved approximately 160 

MYA, which coincides with the second adaptive radiation of scleractinian corals during the 

Middle Jurassic Period (Van Oppen and Medina, 2020). Thus, both partners have been subject 

to natural selection pressures across eras, resulting in the integration of the numerous inter-

partner cellular processes seen in contemporary cnidarian-dinoflagellate symbioses.  

 

One of the most prominent of these integrated cellular processes is the uptake of dissolved 

inorganic carbon (DIC), which is facilitated via carbon concentrating mechanisms (CCMs). 

Host carbonic anhydrase (CA), being a central component of CCMs, converts bicarbonate from 

ambient seawater to carbon dioxide, which can be used by both symbionts and host in different 

cellular processes, such as photosynthesis and calcification (Furla et al., 2000b). Moreover, 

host VHA (vacuolar proton pump) works in harmony with CA to facilitate bicarbonate 

conversion to carbon dioxide; in particular, VHA is important with respect to the translocation 

of DIC to the symbionts for photosynthesis (Fig. 5.1) (Barott et al., 2015b; Furla et al., 2000a). 

These integrated pathways are likely to have evolved to support the DIC demand of both 

partners, however the presence of non-native symbionts likely interrupts the process, resulting 

in reduced delivery of DIC (Chapter 4). Moreover, the DIC delivered to the symbionts is 

primarily used for photosynthesis, with photosynthetically-fixed carbon being translocated to 

the host in numerous forms, the most abundant of which is now believed to be glucose 

(Burriesci et al., 2012; Hillyer et al., 2017b). This translocation is likely to be achieved by host 

sugar transporters such as AQP and GLUT8 (Sproles et al., 2018), or sterol transporters such 

as NPC2 (Dani et al., 2017; Sproles et al., 2019), but once again this inter-partner process can 

be hindered by reduced host-symbiont compatibility in a novel partnership  (Chapters 3 and 

4). There is therefore strong evidence that carbon metabolism and flux are less effective in new 

symbioses, due to poor host-symbiont cellular integration. 

Nitrogen supply is also of paramount importance in nutrient-poor tropical seas, and hence the 

bi-directional flux of this nutrient is tightly regulated in the cnidarian-dinoflagellate symbiosis, 

with the symbionts being dependent on the host for DIN via its heterotrophic feeding and 

metabolic waste, and the host receiving amino acids (including essential amino acids) from the 

symbionts (Wang and Douglas, 1999) (Chapter 4). Ammonium is the major form in which 

nitrogen is absorbed by scleractinian corals and other cnidarians, and both symbionts and host 

can assimilate it (Pernice et al., 2012; Wang and Douglas, 1998). However, nitrate and nitrite, 
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as well as dissolved organic nitrogen (DON) compounds such as urea and amino acids, can 

also be taken up by symbiotic cnidarians and their dinoflagellate partners (Grover et al., 2003, 

2006; Kopp et al., 2013; Tanaka et al., 2006). Furthermore, cnidarian hosts control their 

symbiont population, in part, by regulating nitrogen supply (Wang and Douglas, 1999, 1998; 

Xiang et al., 2020). Consistent with this, in the current study, the proteomes of both B. minutum 

and D. trenchii demonstrated a downregulation of ammonium assimilation by the symbionts 

when in hospite (Chapters 2 and 3).  

 

A key aspect of the cellular integration required for the effective movement of nitrogen 

between the partners is the host ammonium transporter protein (AMT). AMT transporters, 

which are found in all kingdoms of life, are integral transmembrane proteins and are vital for 

ammonium transportation (Andrade et al., 2005; Lamoureux et al., 2010). In the cnidarian-

dinoflagellate symbiosis, a homologue of AMT is only expressed when the host is in a 

symbiotic relationship (Lehnert et al., 2014; Oakley et al., 2016; Sproles et al., 2019; Chapter 

4), and, of note, is localized to the proximity of the symbiosome membrane complex (Chapter 

4). However, in the current study it was found that the expression of AMT in the host’s tissues 

was heavily affected when in symbiosis with the non-native, less beneficial (Gabay et al., 2018) 

S. microadriaticum, triggering higher expression levels of AMT in the host (Chapter 4). 

 

In addition to nutritional interactions, a fully integrated symbiosis is dependent on the 

molecular communication between partners to ensure its persistence, however very little is still 

known about the signalling cascades involved (Rosset et al., 2021). Cellular signalling is 

typically comprised of primary and secondary messengers. Primary signalling molecules 

activate specific cell-surface receptors of target cells by binding to them, which triggers a signal 

transduction cascade that transfers the signal inside the cell (Lodish et al., 2016). The 

phosphatidylinositol signalling system (PtdIns) is one the secondary messenger pathways 

which, based on recent evidence, has an important role in the cnidarian-dinoflagellate 

symbiosis (Bellantuono et al., 2019; Hillyer et al., 2017a; Matthews et al., 2017). This pathway 

is manipulated in the host by certain bacterial pathogens and protozoan parasites to facilitate 

host cell invasions and intracellular persistence (Drecktrah et al., 2004; Ruhland et al., 2007). 

PtdIns and the inositol phosphate metabolism pathway (InsP), being vital for symbiosis, are 
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also common in Symbiodiniaceae (Rosic et al., 2015). Likewise, in the current study, 

homologues of glycerophosphoinositol permease 1 (GIT1), which facilitates 

glycerophosphoinositol (GPI) transport across the cell membrane, were upregulated only in the 

native symbiont when in hospite (Chapters 2 and 3). These GPI anchors might be used as a 

means of communication and cell recognition between partners (Davy et al., 2012). 

Interestingly, a homologue of another protein which is likely part of PtdIns, 

phosphatidylinositol phosphatase (INP3), was exclusively found in the native symbiont in the 

current study when in symbiosis (Chapter 2; Fig. 5.1). The presence of PtdIns in the native 

symbiont when in hospite, and absence of it in the non-native symbionts, implies higher levels 

of integration between the partners as a result of coevolution. Thus, inositol pathways may be 

critical for the establishment and persistence of compatible symbioses; further investigation is 

essential to fully understand the role of PtdIns in the cnidarian-dinoflagellate symbiosis. 

 

Taken together, these observations suggest sub-optimal cellular integration and symbiosis 

performance in novel symbioses when compared to the compatible, native symbiosis, which 

has major implications for the survival of cnidarians that change their usual, dominant 

symbiont type, for example after a bleaching event (Cunning et al., 2015a; Dilworth et al., 

2021). This topic is discussed further in Section 5.3. 
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5.2.2 Does the degree of cellular integration between the symbiotic partners reflect the 
position of the symbiosis on the mutualism – parasitism continuum?  

 

Increased sea surface temperatures are threating corals worldwide (Kleypas et al., 2021; Veron 

et al., 2009). However, the survival of corals may be achievable as posited in the Adaptive 

Bleaching Hypothesis (ABH) (Berkelmans and Van Oppen, 2006; Buddemeier et al., 2004; 

Figure 5.1. Conceptual diagram of the cellular processes under varying degrees of symbiont compatibility. Proteins 
from the host are shown in squares, and proteins from Symbiodiniaceae are shown in circles or ovals. Coloured proteins 
were significantly more abundant in the colour-coded treatments. Grey = Molecules; Purple = Host; Aqua = Breviolum 
minutum; Gold = Durusdinium trenchii; Red = Symbiodinium microadriaticum. In a mutualistic association, (1) host 
vacuolar proton pumps (VHA), being part of the host carbon concentration mechanism (CCM), transfer H+ ions which 
acidify the symbiosome matrix (ph ~ 4); V = VHA. This facilitates conversion of bicarbonate ions (HCO3-) to carbon 
dioxide (CO2) by carbonic anhydrase (CA), which can be further used by symbionts for photosynthesis. However, when 
ex hospite, CA in Symbiodiniaceae is upregulated to compensate for lack of readily available CO2 from the host (2). 
Photosynthates, such as glucose and glycerol, produced in photosynthesis are translocated to the host via host GLUT 
and AQP transporters (3); G = GLUT, AQ = AQP. Increase of host sugar transporters might be due to lower amounts 
of photosynthates translocated by the non-native symbionts. Nitrogen is provided to symbionts by host ammonium 
transporters (AM) (4), with the host expressing the lowest amount of AM when in hospite with the non-native D. 
trenchii. Ammonium is assimilated by the symbionts via the GS/GOGAT pathway (5), nevertheless, this pathway was 
upregulated only in the free-living state, mainly because the host controls the flow of nitrogen to its symbionts when in 
hospite. Phosphatidylinositol signalling system (PtdIns) used only by native symbionts for communication and cell 
recognition (6), while parasite-like host immunosuppression processes were only seen with non-native Durusdinium 
trenchii via histone H4 operating in an epigenetic manner (7). Economizing nutrient usage, such as for iron, by native 
Breviolum minutum under nutrient-limited conditions (8). 
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Buddemeier and Fautin, 1993). Nevertheless, the genetic diversity of Symbiodiniaceae, which 

strongly affects their functional diversity, raises questions about whether more thermally 

tolerant Symbiodiniaceae will be fully compatible at a cellular level with the majority of host 

species. Indeed, a high level of integration between host and symbiont is required for 

establishment of a novel symbiosis. Findings from this thesis and elsewhere (see below), 

however, suggest that the compatibility of a host and different species of symbionts is variable, 

with different host-symbiont combinations ranging from a mutualistic to a fully dysfunctional, 

perhaps parasitic state. 

 

Studies in the past investigating the functional aspects of Symbiodiniaceae have reported that 

members of some genera, such as Symbiodinium and Durusdinium, have a more opportunistic, 

even parasitic nature, as these symbionts can reduce the fitness of the host even under normal 

conditions (Baker et al., 2018; Lesser et al., 2013; McIlroy et al., 2020; Stat et al., 2008). 

Conversely, these symbionts are among the most tolerant to environmental stress (Ghavam 

Mostafavi et al., 2007; Loram et al., 2007; Silverstein et al., 2017; Yuyama et al., 2016). 

Symbiodinium, being the most ancient genus, is very well adapted to high light conditions, 

however it can have free-living or opportunistic life-styles, likely due to lower physiological 

integration with the host in comparison to other recently evolved genera (Banaszak et al., 2000; 

LaJeunesse et al., 2018). In recent studies investigating the metabolome, colonization and 

establishment success of Symbiodiniaceae when inoculated into the model cnidarian Aiptasia, 

both Symbiodinium and Durusdinium spp. have been found to be relatively sub-optimal in this 

non-native partner (Gabay et al., 2018; Matthews et al., 2017). Similar findings exist for a more 

natural state, with background populations of Symbiodinium sp. in corals having lower rates of 

carbon fixation and translocation in comparison to Cladocopium spp. (Stat et al., 2008). 

Furthermore, Durusdinium sp., when living as a native symbiont of the corals Acropora and 

Isopora spp., is less efficient at nitrogen assimilation and photosynthate translocation than 

other native partners from the genus Cladocopium (Baker et al., 2013; Pernice et al., 2015).  

 

Opportunistic and potentially parasitic strategies are also suggested by events during host 

colonisation. Symbiont cell density and proliferation are actively regulated by the host in a 

functional association (Davy et al., 2012; Detournay and Weis, 2011; Gorman et al., 2020; 
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Muscatine and Pool, 1979; Tivey et al., 2020). Nevertheless, here D. trenchii was found to 

have variety of immunosuppressive mechanisms for evading the host cell immune response, 

all of which were similar to those reported for various microbial and viral pathogens (e.g., 

apicomplexans and polydnaviruses), and were exclusive to this species of Symbiodiniaceae 

(Chapter 3). In particular, incorporation of an epigenetic mode of immunosuppression by 

histone H4 was evident, which can suppress host cell development (Kumar et al., 2017) (Fig. 

5.1). Sproles et al. (2019) similarly provided proteomic evidence for the interruption of the 

host cellular immune response, as well as protein and DNA synthesis, when Aiptasia was 

colonised by D. trenchii. Such suppression of the host’s immune pathways might aid the 

unregulated proliferation of opportunistic symbionts, with an associated metabolic cost to the 

host (Matthews et al., 2017). 

 

As discussed above (Section 5.2.1),  and in Chapters 3 & 4, the results in this thesis support 

the suggestion that certain species of Symbiodinium and Durusdinium may be less beneficial, 

opportunistic, and even parasitic, though caution should be exercised when extrapolating 

species-specific observations to the whole genus as we currently lack sufficient information to 

make such generalisations (Suggett et al., 2017). The ecological implications of these cellular-

level findings are discussed in the next section. 

 

5.2.3 What are the ecological implications for the survival of coral reefs in the face of 
climate change, and the development of strategies for increasing reef resilience? 
 

Stress tolerant Symbiodiniaceae, though potentially advantageous, can sometimes also be 

opportunistic and harmful to their cnidarian hosts, even under normal conditions (Gabay et al., 

2018; Little et al., 2004; Pernice et al., 2015; Sproles et al., 2020; Starzak et al., 2014) 

(Chapters 3 & 4). Nevertheless, when in hospite with their ‘correct’ hosts, these symbionts 

can have high nutritional value and confer thermal tolerance with respect to global warming 

(Baker et al., 2013; Chen et al., 2020; Hoadley et al., 2019; Silverstein et al., 2017). This thesis 

supports the view that only those corals that already harbour stress-tolerant Symbiodiniaceae, 

whether as the dominant or background member of their symbiont community, will ultimately 

reap the benefits. Nevertheless, it is predicted that Symbiodinium and Durusdinium species will 

become more globally dominant as a result of symbiont ‘shuffling’, with a concomitant decline 



100 
 
 

in the diversity of both host and symbiont species (Brown et al., 1999; Gintert et al., 2018; 

Levitan et al., 2014; Pettay et al., 2015; Sampayo et al., 2016). For instance, Indo-Pacific 

populations of D. trenchii have been reported to spread to coral colonies of the Greater 

Caribbean as a result of bioinvasion and climate warming (Pettay et al., 2015). However, while 

corals harbouring these symbionts can tolerate temperatures 1-2 °C higher than other host-

symbiont associations, their calcification rate is significantly reduced, suggesting 

maladaptation (Pettay et al., 2015). Crucially, the rate at which our oceans are warming will 

likely preclude the evolution of novel host-symbiont partnerships, limiting the time needed for 

the level of cellular integration required for a novel, fully functional, ecologically successful 

symbiosis to arise (Hoegh-Guldberg et al., 2007; Kleypas et al., 2021). However, we currently 

do not know how much time is actually needed for such events beyond the short-term 

experiments described here and in previous work, necessitating future research. 

 

Applying biomarkers is one approach to aid with the conservation and restoration of coral reefs 

(Parkinson et al., 2019). Proteins were one of the first biomarkers that were established in coral 

heat-stress studies (Cziesielski et al., 2019); however, new high-throughput technologies used 

in cnidarian-dinoflagellate research, such as those used in this thesis, provide more reliable, 

applicable protein-based markers. These biomarkers can be combined with gene-editing 

technologies such as CRISPR/Cas9 to aid the generation of functional, novel host-symbiont 

partnerships, potentially through the manipulation of inter-partner communication pathways, 

ultimately engineering new thermally-resistant symbioses (Rosset et al., 2021). 

 

 Future work 
 

Discovery of host proteins that are important in different symbiotic states and under thermal 

stress has been achieved previously by LC-MS/MS proteomic analysis (Oakley et al., 2017, 

2016; Peng et al., 2010; Sproles et al., 2019). A new method for analysing the proteome of the 

dinoflagellate symbiont was developed here (Chapters 2 & 3). However, new LC-MS/MS 

methods for the investigation of specific proteins of interest from either the host or symbiont 

have yet to be established for this symbiosis, such as the application of targeted proteomics or 

immunoprecipitation mass spectrometry (Marx, 2013; Mohammed et al., 2016). These 

approaches could be crucial for understanding specific cellular pathways. Moreover, 
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developing methods such as phosphoproteomics or proteogenomics (Hogrebe et al., 2018; 

Nesvizhskii, 2014), which would enable the characterisation of novel protein sequences and 

post-translational modifications, and help to elucidate mechanisms of pathway activation, 

would be invaluable. Likewise, immunolabelling would be a very useful tool for confirming 

whether or not some proteins are active extracellularly. A method for the quantification of 

specific cellular proteins by immunocytochemical imagery was applied to the cnidarian-

dinoflagellate symbiosis for the first time in this thesis (Chapter 4), though further 

improvements of this method are needed to be able to quantify and localize proteins of interest 

in real-time (i.e. live) via confocal fluorescence microscopy (Kang et al., 2021; Rudkouskaya 

et al., 2018). Furthermore, there are many more transporters of interest than the handful 

localised here; an expanded study of these would help to elucidate both the nutritional and cell 

signalling events that occur at the host-symbiont interface. Lastly, comparative work with more 

symbiont types and host species (including corals), under different thermal regimes and 

timescales, is needed to test the generality of the observations presented here and their 

ecological relevance.  

 

 Conclusions 
 

In conclusion, this thesis provides further evidence that incompatibility and reduced cellular 

integration between a host and non-native symbionts is likely to hinder nutritional exchange 

and induce cellular stress, ultimately limiting the potential for cnidarians to adapt to climate 

change by switching their dinoflagellate symbionts. My findings build on the work of Oakley 

et al. (2016), Baumgarten et al. (2015) and Sproles et al. (2019), who identified differential 

host immune and nutritional responses in Aiptasia in the presence of native and non-native 

species of symbionts, by providing evidence from the symbiont’s perspective. Moreover, by 

applying previously published bioinformatics data (Sproles et al. 2018), I was able to visualise 

the influence of symbiont identity on the localisation and expression of key nutrient 

transporters in the symbiosis. We still have much to learn, however understanding the cellular 

and molecular mechanisms driving symbiosis specificity is hugely important. Indeed, it is 

essential if we are to truly understand the function and adaptive capacity of the cnidarian-

dinoflagellate symbiosis and acquire the foundational knowledge necessary to develop tools 

that could help to save the world’s coral reefs from climate change. 
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 Supplemental Materials 
 

Due to the large volume of proteomic and molecular data generated in this thesis, all 
supplementary data have been uploaded to a publicly available repository, as follows: 

Supplementary Tables S2.1-S2.7 are available at GitHub (https://github.com/Amir-
Mashini/Breviolum-minutum-Proteome.git). 

 

Supplementary Tables S3.1-S3.5 are available at GitHub (https://github.com/Amir-
Mashini/Symbiont-Colonization-Proteome.git). 

 

Supplementary Tables S4.1-S4.2 and supplementary Figures S4.1-S4.5 are available at 
GitHub (https://github.com/Amir-Mashini/Aiptasia-Transporters-Quantification-Project.git). 

 

Supplementary Videos SV1-SV4 are available at GitHub (https://github.com/Amir-
Mashini/Aiptasia-Transporters-Quantification-Project/tree/main/3D%20Reconstruction). 

 

Genotyping results can are available at GitHub (https://github.com/Amir-
Mashini/Genotyping_Results.git) 
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