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ABSTRACT

ASPECTS OF NITROGEN METABOLISM IN SYMBIOTIC CNIDARIANS
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Advisor:

University of Guelph, 2012

Professor J.S. Ballantyne

The pathway of seawater ammonium assimilation and influence of light on amino acid
synthesis remain unresolved in cnidarian symbioses. Labeled ammonium (10 µM 15NH4Cl) in
seawater was used to trace the pathway of the incorporation into amino acids in host tissue,
Zoanthus sp., and zooxanthellae, Symbiodinium microadriaticum. Freshly isolated zooxanthellae
were exposed to 20 µM 15NH4Cl with coral homogenate to evaluate the role of host factors on
amino acid synthesis. High performance liquid chromatography and mass spectrometry was
used to measure percent labeling and concentrations of amino acids. In zooxanthellae,
ammonium was assimilated into glutamine likely via glutamine synthetase and into glutamate via
glutamine 2-oxoglutarate amidotransferase. Interrupting photosynthesis with DCMU did not
inhibit glutamine and tryptophan synthesis however reduced the 15N-enrichment of glutamate,
aspartate, and ornithine in zooxanthellae, as well as arginine, ornithine, and lysine in host tissue.
Coral homogenate had little effect on the 15N-enrichment of glutamine, aspartate, and alanine in
freshly isolated zooxanthellae. Evidence is presented to support the uptake of ammonium ions
and data shows that glutamine and not glutamate is translocated to the coral host.
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Chapter 1
Introduction

Nitrogen in a crucial element in biological systems primarily found in amino acids and
consequently in proteins and nucleic acids. Most animals excrete nitrogen as a result of
ammonia accumulation from the catabolism of proteins and amino acids in the diet.
Alternatively symbiotic cnidarians can absorb seawater ammonium as a source of nitrogen. The
anabolic mechanisms of ammonium assimilation in symbiosis has been debated and the initial
site of assimilation remains controversial.
1.1. Symbiosis
A symbiotic relationship refers to an association of two or more organisms that live in
close proximity and typically share the same pool of resources. There are three main categories
of symbiotic relationships. Parasitism describes a relationship where one organism benefits at
the expense of another. Commensalism involves two organisms living together where there is a
net gain for one of the partners without affecting the other. Mutualism is defined as a symbiosis
where both organisms gain an advantage from the association. Mutualism encompasses both
costs and benefits to each partner, however the benefits outweigh the costs allowing mutualism
to persist (Cushman and Beattie 1991). Obligate mutualism implies the symbiotic relationship is
crucial to the survival of at least one of the organisms involved. Facultative mutualism shows
the characteristics of the former but is not essential for survival. Under adverse conditions
mutualism can shift to parasitism (Thrall et al. 2007) so a dynamic equilibrium must be
maintained in order for symbiosis to provide a competitive advantage.
Cnidarians are primitive invertebrates that include gorgonians, sea anemones, corals, and
jellyfish. Many tropical cnidarians live symbiotically and exhibit mutualism with photosynthetic
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dinoflagellates known as zooxanthellae, Symbiodinium microadriaticum. Symbiosis was
prominent in reef corals at the end of the Triassic period and is thought to be a key element
responsible for the great biodiversity in modern reef corals (Stanley 1981). Coral communities
constitute a paradoxical lifestyle where high productivity emerges in an environment largely
devoid of nutrients (Putter 1911). Zooxanthellae can exist as free-living organisms and
constitute a major component of some phytoplankton communities (Coffroth et al. 2006).
Several clades of zooxanthellae have been identified using taxonomic markers (Coffroth and
Santos 2005). Zooxanthellae are not limited to symbiosis with cnidarians and form relationships
with a variety of other coral reef organisms including foraminiferans, nudibranchs, and giant
clams. Endosymbioses involving corals typically have intracellular zooxanthellae whereas giant
clams harbor these symbionts extracellularly. Zooxanthellae possess both mitochondria and
chloroplasts and through symbiosis have gained access to coral metabolic waste products which
they use to synthesize organic compounds and translocate some of these compounds back to the
host.
The following terminology is used to explain the details of symbiosis with respect to
corals. An “asymbiotic” coral does not have an association with zooxanthellae and relies
primarily on prey capture for nutrition. An “aposymbiotic” coral is an otherwise symbiotic coral
lacking symbionts (Muscatine et al. 1979) often due to the collapse of symbiosis, also known as
coral bleaching. “Symbiotic” corals contain zooxanthellae and, as a whole, corals are able to
absorb nutrients from the surrounding seawater (Wilkerson and Trench 1986). The symbionts
are associated with the digestive system and live inside host-derived vacuoles known as
“symbiosomes” enveloped in a symbiosome membrane (Wakefield et al. 2000). Symbiosomes
are located inside gastrodermal cells between the gastrovascular cavity and the “mesoglea”, an
acellular space between the epidermis and gastrodermis (Fig. 1). The mesoglea is connected to
the gastric cavity through mesenteries which are highly convoluted extensions of the
gastrodermis thought to be responsible for digestion of spent zooxanthellae (Trench 1974;
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Rodriguez-Lanetty et al. 2005). The host-symbiont architecture forces zooxanthellae to rely on
host metabolites for growth and cell maintenance (Falkowski et al. 1984). Symbiosomes serve to
maintain pH and ionic balance as well as to facilitate the import and export of materials in order
to sustain zooxanthellae (Yellowlees et al. 2008).
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Figure 1. a) Electron micrograph and related schematic diagram of the anatomy of Zoanthus sp.
and zooxanthellae in symbiosis. b) Electron micrograph and related schematic diagram showing
the histology of zooxanthellae in symbiosis and associated host cell layers. Zooxanthellae have
an algal plasma membrane and cell wall contained in a host-derived symbiosome membrane.
Symbiosomes are located within gastrodermal cells encapsulated by host plasma membranes.
Metabolites must pass through multiple barriers in symbiosis. A= algal plasma membrane, C=
chloroplast, H= host plasma membrane, M= mitochondrion, N= nucleus, P= pyrenoid, S=
symbiosome membrane, W= algal cell wall, V= storage vacuole.

4

5

6

1.2. Nutritional advantage
The cnidarian host gains carbohydrates, lipids, amino acids, and small peptides
(Muscatine et al. 1989a) from zooxanthellae in return for providing refuge and nutrients in the
form of carbon dioxide, phosphate, and ammonium, all considered coral metabolic waste
(Trench 1974). The pool of photosynthetic products made by zooxanthellae is termed
“photosynthate”. Mobile carbon-containing molecules found in photosynthate typically include
glycerol, glucose, malate, fumarate, succinate, and glucose-6-phosphate (Cook 1985; Trench
1993; Davy et al. 1996; Whitehead and Douglas 2003). Many dissolved free amino acids
(DFAAs) are translocated to hosts, the major ones include glutamine, glutamate, aspartate, and
alanine (Swanson and Hoegh-Guldberg 1998). Mycosporine-like amino acids (MAAs) are
molecules in host tissue that provide defense against solar radiation by converting UV light into
heat energy (Shick et al. 1995; Kuffner 2002). Primary MAAs originate in zooxanthellae and
hosts use these to make secondary MAAs which vary according to the season and are more
prominent in shallow water corals (Shick et al. 1999; Al-Utaibi et al. 2009). MAAs are thought
to be involved in promoting enhanced metabolism in symbiosis (Gates et al. 1995). The
nutritional roles of each partner in symbiosis represents an important feature in symbiotic
cnidarians (Yellowlees et al. 2008).
1.3. Nutrient acquisition
Symbiotic cnidarians maintain high productivity and thrive in nutrient poor
environments. To overcome limited nutrient supply symbiotic corals have adapted their
physiology to accommodate carbon concentrating mechanisms (CCMs; Raven 1990) allowing
hosts to actively take up dissolved inorganic carbon which would otherwise be limited by
diffusion. The majority of inorganic carbon (85%) used for carbon fixation is introduced
through active transcellular pathways in the host (Allemand et al. 1998; Furla et al. 2000).
Zooxanthellae mediate inorganic carbon uptake by increasing the transcription, amount, and
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activity of host carbonic anhydrase (CA; EC 4.2.1.1) (Weis and Reynolds 1999). Host CA can
also be activated using amino acids such as tryptophan in the hermatypic coral Stylophora
pistillata (Bertucci et al. 2010). This phenomenon is not limited to cnidarians as giant clams also
regulate CA to suit the inorganic carbon demand imposed by zooxanthellae (Leggat et al. 2003).
Carbon sequestered by CA is “fixed” inside chloroplasts using ribulose-1,5-bisphosphate
carboxylase oxygenase form II (RUBISCO, EC 4.1.1.39) (Rowan et al. 1996). RUBISCO in the
Calvin-Benson cycle is ultimately driven by the energy captured by photosystem I (PSI) and
photosystem II (PSII) in chloroplasts (thylakoids). Zooxanthellae have higher productivity than
free-living phytoplankton of comparable size (Muscatine 1980) despite being shielded by a thin
layer of animal tissue. Zooxanthellae translocate 50-95% of their fixed carbon to the host mostly
as glycerol (Rees 1987). Falkowski et al. (1993) coined the term “junk food” to explain the
nutritional value of translocated compounds which typically have a high C:N ratio. Very little
newly fixed carbon ends up in the host’s protein pool suggesting the host is oxidizing the
majority of the translocated compounds for energy (Tanaka et al. 2006). The overall carbon
contribution to the host is fairly well documented (Davies 1984; Davy et al. 1996; Whitehead
and Douglas 2003) however little is known about the importance of nitrogen with respect to
host-zooxanthellae symbioses.
There are multiple sources of nitrogen available to symbiotic cnidarians. Most
cnidarians are able to capture prey as well as absorb dissolved nutrients directly from the
environment. Dissolved inorganic nitrogen (DIN) is available in the form of ammonium, nitrite,
nitrate, and diatomic nitrogen where symbiosis allows symbiotic cnidarians to assimilate
nitrogen into amino acids (Muscatine et al. 1989a). DIN can supply as much as 75% of the daily
needs of some corals such as S. pistillata (Grover et al. 2008). DIN uptake allows corals to take
advantage of nutrients and the temporal availability of DIN ultimately limits the biomass of
zooxanthellae inside hosts (Hoegh-Guldberg and Smith 1989). Hosts take up nitrate too,
however they do not possess the necessary nitrate reductase (EC 1.6.1.1) so nitrate is exclusively
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used by symbionts. Diatomic nitrogen can be fixed by cyanobacterial symbionts in some corals
such as Montastraea cavernosa (Lesser et al. 2004) and these symbionts are also found inside
symbiosomes (Kneip et al. 2007). Dissolved organic nitrogen (DON) is available as urea and
dissolved free amino acids (DFAAs). Urea becomes sporadically available and uptake occurs
across the host’s epithelium in the presence of light (Grover et al. 2006). Urea activity is higher
in the coral (1028 µg urea/mg protein/h) than in zooxanthellae (728 µg urea/mg protein/h)
(Barnes and Crossland 1976). Urea primarily comes from schooling fish near seagrass beds and
coral formations as well as bottom sediments. A recent study showed that urea is available in
high quantities (0.1-2.2 µM) around coral reefs (Crandall and Teece 2012) and represents a
significant amount of seawater nitrogen. DFAAs are also taken up by the host’s epithelium by
sodium-dependent co-transporters. Contrary to urea, DFAAs are taken up at a higher rate in the
dark (Grover et al. 2008). All classes of amino acids are taken up and corals do not discriminate
against acidic, neutral, or basic DFAAs (Hoegh-Guldberg and Williamson 1999). Ferrier (1991)
reported DFAA concentration in seawater is typically less than 0.1 µM around coral reefs which
is too low to substantially contribute to the overall nitrogen budget at ambient concentrations.
DFAAs can be used as an energy source, a source of building blocks for protein synthesis,
signaling molecules, acid/base balance, osmotic balance (Hoegh-Guldberg and Williamson
1999), and potentially nitrogen storage molecules. Although DFAA contributions are not
significant to nutrition, corals are still able to take full advantage of infrequent DON fluxes in the
environment (Grover et al. 2008).
Prey capture and consumption of particulate organic matter contribute to the overall
nitrogen budget of corals. Ribes et al. (2003) showed that as much as 92% of the nitrogen needs
of corals can be met by capturing picoplankton such as bacteria. A myriad of small and large
prey items are available and cnidarians have unique adaptations for capturing prey by using
stinging cells. Stinging cells, termed nematocysts, are characteristic of cnidarians and are
located inside specialized cells on the outer epithelium. Nematocysts allow corals to immobilize
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prey which then moves along the tentacles to the mouth via ciliary action where they are
consumed and digested in the gastric cavity. Davies et al. (1984) suggested the catabolism of
prey creates nutrients for zooxanthellae and Falkowski et al. (1984) showed zooxanthellae do
have access to these host metabolites. As much as 90% of nitrogen acquired through diet can be
recycled between host and symbiont (Rees 1987). Markell and Trench (1993) suggested
zooxanthellae can take up both excretory ammonium as well as amino acids from the digestion
of prey. Piniak et al. (2003) fed corals and anemones 15N-labeled brine shrimp and found
zooxanthellae took up between 18-21% of the food label within 3 hours. Since 3 hours is not
long enough to completely catabolize prey to ammonium, the authors suggested prey nitrogen is
liberated as DFAAs and travels from the gastric cavity to the tentacles where they are taken up
by zooxanthellae as previously suggested by Buddemeier and Fautin (1993). Roberts et al.
(1999a) also found that zooxanthellae retain nitrogenous compounds from the host’s catabolism
of prey and use those compounds to synthesize amino acids. Another possibility for fulfilling the
nitrogen requirements of symbiotic cnidarians comes from internal sources where spent
zooxanthellae are released into the gastric cavity and subsequently taken up and digested by
mesenteries (Trench 1974). This internal food allows corals to gain access to a unique self-made
nitrogen source (Schlicter 1982). Feeding studies are often difficult to quantify and DON uptake
in corals is rarely studied. Tracing the fate of DIN can help illustrate the relative importance of
nitrogen in symbiosis. Symbiotic corals are opportunists and will take advantage of any source
of nitrogen when available. Although there are several ways of capturing nitrogen from the
environment, ammonia is readily available in low quantities and contributes considerably to the
overall nitrogen needs. Rees (1987) suggests that symbionts are permanently maintained in a
nitrogen deficient state by the host and this nitrogen deficient state is thought to be a mechanism
of symbiont population control (Falkowski et al. 1993).
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1.4. Enzymes of ammonium assimilation
Zooxanthellae enzymes play a key role in assimilating seawater ammonium.
Zooxanthellae isolated from corals, anemones, and giant clams use glutamine synthetase (GS;
EC 6.3.1.2) to assimilate ammonium into glutamine (Anderson 1986; Anderson and Burris 1987;
Rahav et al. 1989; Yellowlees et al. 1994). A newly synthesized glutamine molecule can be
converted into two glutamate molecules via glutamine 2-oxoglutarate amidotransferase
(GOGAT; EC 1.4.1.13) (Syrett 1981; Summons et al. 1986; Anderson and Burris 1987; Rahav et
al. 1989; McAuley and Cook 1994; Roberts et al. 1999b) which is unique to plants and plant-like
organisms (Falkowski et al. 1985). Zooxanthellae may also retain the capacity to synthesize
glutamate from ammonia using NADPH-linked glutamate dehydrogenase (GDH; EC 1.4.1.4)
(Wilkerson and Muscatine 1984; Miller and Yellowlees 1989; Yellowlees et al. 1994; Furla et al.
2005). Two isoforms of GDH were found in zooxanthellae isolated from A. formosa hosts
(Dudler and Miller 1988). Although present, the GDH contributions to ammonium assimilation
are minor in comparison to the GS/GOGAT cycle. The importance of GOGAT lies in the ability
to generate two glutamates where one can be used for anabolic processes and the other can be
used by GS to regenerate glutamine thereby taking up more ammonium and completing the cycle
(Fig. 2).
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Figure 2. Schematic diagram of the glutamine synthetase / glutamine 2-oxoglutarate
amidotransferase (GS/GOGAT) cycle in zooxanthellae. GS uses ATP and GOGAT can use
either reduced ferredoxin (Fd) or NADPH for energy.

Symbiotic host tissue contains higher levels of GDH compared to aposymbiotic host
tissue (Muscatine et al. 1979) providing the basis for the idea that hosts are somehow involved in
ammonium assimilation (Miller and Yellowlees 1989). Two isoforms of animal GDH can be
identified in corals that use either NADH or NADPH. The majority of GDH activity in hosts is
associated with the cytosol as NADH-dependent GDH (EC 1.4.1.3), associated with
mitochondria, represents less than 5% of the total GDH activity measured in coral hosts,
Acropora formosa (Catmull et al. 1987). NADPH-linked GDH (EC 1.4.1.4) is thought to
operate primarily in the aminating direction providing some support for the host’s involvement
in ammonium assimilation (Catmull et al. 1987). In animals, NADPH can be produced from
glucose-6-phosphate which is, coincidentally, an important translocated sugar in symbioses
(Whitehead and Douglas 2003). Rahav et al. (1989) showed coral aminating GDH works most
effectively with high ammonium concentrations. Coral tissue from A. formosa have the capacity
to assimilate inorganic nitrogen using GDH (Yellowlees et al. 1994) however the affinity for
ammonium is very low in host tissue meaning GDH requires high ammonium concentrations to
operate efficiently. Symbiotic coral tissue also contains high levels of GS (EC 6.3.1.2) that
operate efficiently when ammonium concentration is low (Belda et al. 1993). In corals,
Yellowlees et al. (1994) found GS has a higher affinity for ammonia compared to GDH
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suggesting GS is of greater importance with physiologically normal ammonium concentrations.
Two isoforms of GS have also been identified in corals, Acropora latistella, one in the cytosol
and one in the mitochondria (Dudler et al. 1987). GS and GDH in the host may serve to mediate
the flow of ammonia to symbionts by breaking down glutamine and glutamate (Lipschultz and
Cook 2002) rather than serve to assimilate ammonium (Rahav et al. 1989).
Enzyme inhibitor studies have proven valuable in manipulating metabolism in corals.
Diuron is an industrial herbicide with the chemical name 3-(3,4-dichlorophenyl)-1,1dimethylurea (DCMU). DCMU is an inhibitor of photosynthesis and acts by blocking the
binding site of plastoquinone in PSII. DCMU interrupts the flow of electrons in the electron
transport series thereby shutting down the regeneration of reduced ferredoxin (Fd). Reduced Fd
supplies the energy needed for GOGAT and it can also be used to make NADPH inside
chloroplasts. DCMU does not affect PSI nor does it directly alter the Calvin-Benson cycle
however it does stop the reduction of NADP+ to NADPH. Photosystem I relies on the electron
flow from plastocyanin, that accepts electrons from plastoquinone, to reduce Fd (Fig. 3). DCMU
has been used in a number of studies involving coral-alga symbiosis (Vandermuelen et al. 1972;
Rahav et al. 1989; Whitehead and Douglas 2003) in an attempt to halt the production of
photosynthate to further investigate the intricacies of symbiosis. Ammonia excretion was
induced in corals after prolonged darkness, when GOGAT is inhibited with azaserine, and when
corals were exposed to DCMU (Rahav et al. 1989). The net excretion of ammonia from DCMUexposed corals suggests photosynthesis plays a critical role in ammonia metabolism. Evaluating
the effects of DCMU on amino acid synthesis may provide clues about the importance of
photosynthesis in ammonium assimilation.
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Figure 3. Schematic diagram of the flow of energy in photosynthesis. Photosystem II (PSII),
plastoquinone (Pq), cytochrome complex (Cy), plastocyanin (Pc), photosystem I (PSI),
ferredoxin (Fd). DCMU competes with Pq and interrupts the flow of electrons from PSII
ultimately affecting the reduction of Fd.

1.5. Amino acids in symbiosis
Amino acids are used for protein synthesis, growth, and cell maintenance in
zooxanthellae and surplus amino acids are thought to be translocated to the host. Other uses of
amino acids include osmotic support, signaling molecules, and precursors for other metabolic
processes such as the production of MAAs. Symbiotic zooxanthellae and host tissue both
contain ornithine transcarbamoylase (EC 2.1.3.3) and arginine decarboxylase (EC 4.1.1.19)
whereas arginase (EC 3.5.3.1) has only been found in hosts (Streamer 1980) suggesting some
amino acids may be involved in polyamine synthesis rather than urea production.
Essential amino acids are defined as amino acids that either cannot be synthesized by an
organism or cannot be synthesized in sufficient quantity to meet metabolic needs. Eight amino
acids considered to be “essential” in most animals include valine, isoleucine, leucine, tyrosine,
phenylalanine, histidine, methionine, and lysine. Corals are animals however they are thought to
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have evolved from a separate lineage independent of other metazoans which can be explained by
their abilities to synthesize “essential amino acids”. Some “essential amino acids” are thought to
be produced via transamination in host tissue using carbon skeletons translocated from
zooxanthellae (Syrett 1981). Transamination is a process whereby amino acids are synthesized
using oxo acids and amide groups catalyzed by a family of enzymes known as transaminases.
Fitzgerald and Szmant (1997) demonstrated that zooxanthellate corals, Montastraea
faveolata, Acropora cervicornis, and Porites divaricata, were able to synthesize all eight
“essential” amino acids however the authors could not discriminate between host synthesis or
synthesis by affiliated bacteria. Wang and Douglas (1999) showed aposymbiotic anemone hosts,
A. pulchella, were able to synthesize some “essentials” such as methionine when deprived of
their symbionts. Symbiotic A. pulchella were able to produce all eight “essentials” however
zooxanthellae are thought to be responsible for synthesis and translocation in the A. pulchella
system (Wang and Douglas 1999). There is a lack of evidence in the literature implicating
zooxanthellae as the source of “essentials” in symbiosis. Roberts et al. (1999b) showed
anemones can grow using ammonium as the sole nitrogen source which implies symbiotic
cnidarians might be self sufficient with respect to what is considered “essential”. This
phenomenon is not unique to cnidarians as some molluscs, nematodes, and crustaceans have the
capacity to synthesize some “essentials” (Fitzgerald and Szmant 1997). The definition of
“essential” in cnidarians may very well be defined by taxonomy rather than defined universally
as it is for mammals. Cnidarian lifestyle adaptations may also contribute some influence over
what is considered “essential” since there exists a great diversity of feeding strategies.
Symbiotic cnidarians are partially autotrophic and do not rely entirely on diet whereas
asymbiotic cnidarians must rely on prey capture to meet nutritional demands.
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1.6. Influences of host
Through symbiosis the host gains access to photo-autotrophy and physically contributes
to the optimization of photosynthesis by extending polyps and bathing zooxanthellae in sunlight.
Some hosts contain factors that help regulate both productivity and the release of photosynthate.
Host Release Factor (HRF) governs the release of photosynthate from zooxanthellae and
photosynthesis inhibiting factor (PIF) allows the host to exert some control over algal
photosynthesis by limiting carbon fixation in zooxanthellae. These host factors are thought to
manipulate the physiology of zooxanthellae by stimulating and mediating the release of
translocated compounds (Cook and Davy 2001). HRF selectively prevents zooxanthellae from
accumulating and storing sugars causing accumulation thereby facilitating release to the host.
Coral homogenate (CH) has been shown to stimulate the release of photosynthate in
zooxanthellae isolated from corals and giant clams (Muscatine 1967). Trench (1971) found that
freshly isolated zooxanthellae (FIZ) from Zoanthus sociatus release sugars in the presence of
CH. More recent studies by Sutton and Hoegh-Guldberg (1990) revealed that CH from different
hosts may contain a variety of HRFs. Extracts of Zoanthus robustus had little effect on FIZ from
the hermatypic coral Plesiastrea versipora whereas P. versipora CH stimulated the release of
42% of carbon fixed by Z. robustus zooxanthellae. CH from P. versipora further caused FIZ to
limit lipid synthesis and promoted the production and release of glycerol.
Sutton and Hoegh-Guldberg (1990) attempted to characterize these factors and reported
that HRF from P. versipora did not pass through 10 kDa dialysis tubing and were considered to
be low molecular weight compounds (LMWCs). Several attempts have been made to identify
HRFs in a variety of cnidarian hosts (Cook and Orlandini 1992; Gates et al. 1995; Wang and
Douglas 1997; Gates and Edmunds 1999; Grant et al. 1998; Cook and Davy 2001). Cook and
Orlandini (1992) used dialysis tubing to separate coral homogenate and some of the active
molecules were determined to be less than 3 kDa. Gates et al. (1995) confirmed some active
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molecules were less than 4 kDa. Grant et al. (1998) provided further evidence that LMWCs
mimicking HRF could actually be less than 1 kDa. LMWCs analyzed using high performance
liquid chromatography (HPLC) revealed a variety of DFAAs and MAAs present in CH which
led Gates et al. (1995) to propose that HRF may be a combination of amino acids. Exposure to
200 mM DFAAs alone elicited an HRF-like response in FIZ (Gates and Edmunds 1999). Cook
and Davy (2001) determined that as little as 0.1 mM DFAAs provided some HRF-like effects in
FIZ and DFAAs exceeding 40 mM can account for most of the HRF activity.
Wang and Douglas (1997) identified taurine, a non-protein amino acid, as a major
contributor to HRF. Exposing FIZ to 25 mM DFAA elicited a HRF-like response and reduced
lipid synthesis by 80%, however when taurine was omitted from the mixture there was little
effect. Taurine exposure did not promote photosynthesis, however it did stimulate the release of
fumarate from FIZ. Taurine is either a signaling molecule or used in the carrier-mediated
transport of fumarate as taurine was not metabolized by zooxanthellae during their experiments
(Wang and Douglas 1997). The exact composition of HRF remains unresolved and may be a
species specific combination of amino acids and proteins (Sutton and Hoegh-Guldberg 1990) or
HRFs may depend on the clade(s) of resident zooxanthellae (Loram et al. 2007).
1.7. Study organisms
Zoanthid corals belong to the PHYLUM: Cnidaria, CLASS: Anthozoa, ORDER:
Zoanthidea, FAMILY: Zoanthidae, and GENUS: Zoanthus. They are ideal models for this study
because they are readily available, appropriately sized, and maintain a semi-rigid structure
without secreting a calcareous skeleton. The zoanthids used in this study were small encrusting
button polyps that live as both solitary and colonial forms found throughout the warm tropical
waters of the Indo-Pacific region. Zoanthids share many characteristics of other Zoantharians
such as sea anemones and hermatypic corals. Zoanthids can absorb environmental ammonium,
sugars, and dissolved free amino acids directly from the seawater at very low concentrations
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(Trench 1974). Zoanthids contain symbiotic dinoflagellates, S. microadriaticum, a group of
single-celled plant-like eukaryotes. Zooxanthellae belong to PHYLUM: Dinoflagellata CLASS:
Dinophyceae, ORDER: Suessiales, FAMILY: Symbiodiniaceae, GENUS: Symbiodinium.
Zooxanthellae used for in vitro experiments were harvested from Zoanthus sp. Removing tissue
and isolating symbionts from hermatypic corals is challenging due to the presence of a
calcareous skeleton. Sea anemones are soft-bodied however they typically produce copious
amounts of mucus when disturbed which makes it challenging to isolate symbionts. Anemones
and hermatypic corals were deemed unsuitable for the type of studies described here. Successful
isolation of undamaged zooxanthellae in sufficient quantities in a reasonable time frame is
imperative for investigating the physiology of symbioses. Techniques were developed to
successfully isolate zooxanthellae from Zoanthus sp. tissue using homogenization and
centrifugation.
1.8. Ammonium uptake
Corals are opportunists with respect to gathering nutrients from multiple sources and
taking advantage of elevated environmental ammonium illustrates the importance of dissolved
nitrogen in seawater. Unlike most animals, symbiotic corals generally do not excrete ammonia
whereas asymbiotic and aposymbiotic corals do (Burris 1983; Rahav et al. 1989). The pathway
of the incorporation of seawater ammonium into endogenous amino acids in zooxanthellae is
often overlooked as many studies focus primarily on ammonium liberated from the digestion of
prey items. Assimilating seawater ammonium into amino acids may serve as short term nitrogen
storage to efficiently capture nitrogen when available. Net ammonia uptake depends on the
concentration of ammonium in seawater (Steven and Atkinson 2003) where starved corals tend
to have higher uptake rates (Cook et al. 1994; Piniak and Lipschultz 2004). Ammonium uptake
rates in symbiosis were found to be 10-fold higher than those of nitrate suggesting ammonium is
of greater importance to the symbiotic association (Wafar et al. 1993). Rees (1987) showed
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corals were well-adapted to take up ammonium at very low concentrations and uptake was
saturated at 0.1 µM.
Determining enzyme rates and measuring Km and Vmax helps to establish how enzymes
work to control metabolism in symbiotic corals. The Michaelis-Menten constant (Km) is defined
as the concentration of substrate at which the rate of reaction equals half of the maximum rate
(Vmax). Km can be used as an index to assess the affinity of a transporter to a substrate where low
Km values indicates a high affinity for substrate and vice versa. Nutrient uptake kinetics in
various cnidarian-zooxanthellae symbioses have previously been reported. D’Elia et al. (1983)
investigated the uptake of ammonium by FIZ from a variety of coral hosts including Zoanthus
sp., Seriatopora hystrix, and Montastrea annularis. The Km (µM) was reported to be 7.06,
17.00, 21.99 and the Vmax was 5.00, 4.49, 8.62 (10-16 mol/min/zooxanthella cell), respectively.
Domotor and D’Elia (1984) investigated the uptake of ammonium in cultured zooxanthellae at
different growth stages and reported the ranges of Km 0.4-2.0 (µM) and Vmax 4.20-6.84 (10-16
mol/min zooxanthella cell). The Vmax values were comparable between cultured and freshly
isolated zooxanthellae however the Km was considerably lower in free-living zooxanthellae
(Domotor and D’Elia 1984). Increased availability of ammonium inside the coral compared to
seawater could explain the lower affinity while living in symbiosis.
Dubinski et al. (1984) found ammonium assimilation occurs in the presence of light or
shortly after exposure to light, suggesting ammonium assimilation is somehow coupled with
photosynthesis. Using FIZ, Summons et al. (1986) demonstrated that ammonium uptake was 4
times higher in light versus dark. Light energy enables zooxanthellae to assimilate more
ammonium resulting in a greater ability to synthesize proteins which supports higher growth
rates. Zooxanthellae population densities increase with light availability thereby increasing the
capacity to assimilate ammonium (Titlyanov et al. 2000; Piniak and Lipschultz 2004).
Extremely low light exposure causes nitrogen to be completely absent from translocated
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compounds in Hawaiian corals (Stambler et al. 1994) while prolonged darkness (7 days) forces
anemones, Aiptaisia pulchella, to stop taking up ammonium altogether (Wilkerson and
Muscatine 1984). Prolonged exposure to elevated environmental ammonium causes an increase
in growth rate and population density of zooxanthellae (Muscatine et al. 1989b; Dubinsky et al.
1990; Stambler et al. 1991; Hoegh-Guldberg 1994; Muller-Parker et al. 1994; Koope et al. 2001).
Since ammonium assimilation is linked to photosynthesis it is logical to assume zooxanthellae
are responsible for enhanced ammonium uptake in symbiotic cnidarians compared to asymbiotic
ones.
On the other hand, Roberts et al. (1999a) found increased light resulted in increased
enrichment of host tissues but not zooxanthellae when dosed with 15NH4Cl. Furthermore, Wang
and Douglas (1999) showed ammonium uptake in the dark can be enhanced when hosts were
supplied with sugars providing evidence that the hosts could be playing a role in ammonium
uptake and assimilation. Light availability, ammonium assimilation, and presumably amino acid
synthesis are interrelated in symbiosis and ultimately depend on photosynthesis to provide
energy and carbon skeletons. The host may use translocated sugars to aid in ammonium
assimilation (Miller and Yellowlees 1989) however the relative involvement of host and
symbiont in inorganic nitrogen acquisition and usage remains controversial.
There are currently two models to help explain ammonium uptake in symbiotic
cnidarians. According to the Algal-Mediated Ammonium assimilation model (AMA, a.k.a.
depletion-diffusion model; D’Elia et al. 1983) zooxanthellae play a crucial role in keeping host
tissue ammonium concentration lower than that of seawater allowing more ammonia to diffuse
inward, along the concentration gradient. Ammonium, including host excretory ammonium, is
then taken up by zooxanthellae and assimilated into amino acids where some amino acids are
translocated to the host. The Host-Mediated Ammonium assimilation model (HMA, a.k.a. host
assimilation model; Miller and Yellowlees 1989) depicts the host as playing an active role in
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ammonium assimilation (Rees 1987; Miller and Yellowlees 1989). Host tissue contains higher
GS activity compared to zooxanthellae providing evidence for host involvement in ammonium
assimilation (Yellowlees et al. 1994). It is important to note that this model implies hosts use the
carbon skeletons from translocated sugars as ammonium acceptors implicating zooxanthellae as
key players in both models. These two competing models (Fig. 4) make it difficult to interpret
the relative contribution of each partner to the overall process of ammonium assimilation. In
both models ammonia (NH3) is thought to diffuse through the hosts epidermal layer. Much of
the ammonia would ionize immediately inside the host epidermal layer where it becomes
available to host anabolic enzymes providing support for the host assimilation model. The AMA
suggests seawater ammonia diffuses across the host epidermis, through the mesoglea, through
the gastrodermis and into symbiosomes where ammonia ionizes and becomes available to
symbionts. Zooxanthellae can actively take up ammonium from symbiosomes using transporters
described by Leggat et al. (2007). The ammonium concentration in seawater is far lower than
that of hosts which poses a problem for both models. Recent evidence shows the gastric cavity
of corals (Galaxea fascicularis) contains 275 ± 127 µM of total ammonia (ammonia +
ammonium) far greater than the 1 ± 0.8 found in surrounding seawater (Agostini et al. 2012).
Hosts may be actively involved in ammonium concentrating mechanisms as suggested by
Summons et al. (1986).
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Figure 4. Schematic representation of A) host-mediated ammonium assimilation model (HMA)
and B) algal-mediated ammonium assimilation model (AMA).
Evidence exists that zooxanthellae are the primary site of ammonium assimilation
(Swanson and Hoegh-Guldberg 1998) supporting AMA. Koope et al. (2001) also showed that
more 15NH4+ was taken up by zooxanthellae than either coral or giant clam host tissue during a 3
hour exposure in a tidepool. Assimilation rates in zooxanthellae were 17 times faster than the
anemone host, Anemonia viridis (Roberts et al., 1999a), and 10 times faster than hermatypic
coral hosts, Stylophora pistillata (Grover et al. 2002). This difference between assimilation rates
may be attributed to a higher ammonium concentration found in anemones versus corals
(Wilkerson and Trench 1986). New microprobe technologies using NanoSIMS have allowed
researchers to capture 15N labeled compounds accumulating in algal counterparts long before the
label ends up in host epidermal cells (Pernice et al. 2012) which provides the most compelling
evidence to date to support zooxanthellae as the initial site of ammonium assimilation.
Ammonium uptake in zooxanthellae exceeds the demand by growth (Falkowski et al. 1993) so
excess nitrogenous compounds are thought to be translocated to the host providing a basis for
nitrogen recycling in symbiosis. The host may be directly involved in ammonium assimilation
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as described by the HMA or the host could be playing a role in concentrating ammonium much
like they do for inorganic carbon (Allemande et al. 1998).
1.9. Hypotheses
The purpose of this study was to investigate the nature of ammonium assimilation and
amino acid synthesis in host tissue and zooxanthellae and to evaluate the role of each partner in
symbiosis. Through symbiosis, the coral host is granted access to an enhanced metabolic
organization compared to other animals. Little is known about the importance of seawater
ammonium and the relative contributions of each partner to ammonium assimilation and amino
acid synthesis. Separating and analyzing zooxanthellae individually does not capture the
synergy of symbiosis but provides clues about the relative capabilities of symbionts. To examine
some of the issues surrounding ammonium assimilation, stable isotopes (15N) were used to trace
the metabolic fate of seawater ammonium in symbiosis. Stable isotopes (15N) are easier to trace
through symbioses compared to radio-labeled ones (13N) which are very short-lived and difficult
to trace over a meaningful time frame. High performance liquid chromatography (HPLC)
coupled with mass spectrometry (MS) has proven to be a useful tool in investigating several
cnidarian symbioses (Fitzgerald and Szmant 1997; Swanson and Hoegh-Guldberg 1998; Roberts
et al. 1999a; Wang and Douglas 1999). The HPLC-MS techniques used in this study detect 14N
and 15N-containing amino acids allowing the discrimination of newly formed amino acids after
exposure to 15NH4Cl. The following hypotheses were proposed to explain the metabolic fate of
seawater ammonium and relative contributions of each partner to the overall symbiotic process.

1) The AMA model best describes ammonia assimilation in symbiosis. The AMA model
predicts there will be an earlier increase in 15N-labeling of glutamate and glutamine in
zooxanthellae. The HMA model predicts the 15N-labeling of glutamate and glutamine will occur
simultaneously in host tissue and zooxanthellae.
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2) Photosynthesis provides the energy necessary to assimilate ammonia in zooxanthellae.
Therefore I predicted that disabling photosynthesis will inhibit the synthesis of glutamate and
glutamine from seawater ammonia in zooxanthellae. Host tissue will not show percent labeling
increases of glutamate and glutamine regardless of whether the AMA or HMA operates in
symbiosis since the host is thought to depend on translocated sugars for ammonia assimilation

3) Host factors affect ammonia assimilation and amino acid synthesis in zooxanthellae.
Therefore I predicted that exposing freshly isolated zooxanthellae to coral homogenate will
promote the assimilation of seawater ammonia into a greater diversity of amino acids.
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Chapter 2
Materials and Methods
2.1. Experimental animals
A colony of corals, Zoanthus sp., were imported from Bali, Indonesia, in September
2009. Coral polyps were inspected for parasitic nudibranchs (Aeollidia sp.), dipped in distilled
water for 5 minutes to dislodge unwanted microfauna, then allowed to recover for 2 weeks prior
to separating polyps. A hammer and chisel were used to carefully remove fragments consisting
of 1-3 polyps from the mother colony. Each fragment was further cleaned and as much substrate
as possible was removed from the encrusting surface using needle-nose pliers and forceps. Coral
fragments were rinsed with seawater and introduced into the culture system in a rectangular
Pyrex dish (225 cm X 325 cm X 5 cm) arranged in a grid pattern directly under the light source.
Corals were periodically re-arranged to prevent adhesion to the Pyrex dish.
The culture system consisted of a 30 cm deep fiberglass re-enforced concrete basin
illuminated by a 400W metal halide lamp (10 000K Ushio, Japan) suspended 30 cm above the
surface of the water. Recirculating water was treated by a homemade foam fractionation device
(Atkinson et al. 1995) and maintained at 26°C using a C-0500 electric heat exchanger (Pacific
Coast Imports, Woodburn, OR). Seawater was prepared using synthetic sea salt (Instant Ocean,
Aquarium Systems, Mentor, OH) and distilled water. Water lost to evaporation was replenished
with reverse osmosis-treated well water (Watts Premier 100GPD, Peoria, AZ) maintaining a
salinity of 32 ppt. Calcium carbonate concentrations were maintained using a homemade
reverse-flow calcium reactor powered by a Eheim EH1250 water pump (Eheim, Dollard Des
Ormeaux, Canada). The calcium reactor uses carbon dioxide (CO2) and aragonite sand (Caribsea
Aragamax Sugar-Size, Fort Pierce, FL) as substrates to produce Ca2+. Two water pumps (Iwaki
RLT100, Japan) were used to circulate water and power the foam fractionator. Red mangroves
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(Rhizophora mangle) were used in combination with a 3 cm deep oolithic bed of Aragamax in
order to maintain sufficiently low concentrations of phosphate (PO4-) and nitrate (NO3-) in the
culture system. Iodine concentrations were maintained with weekly additions of Lugol’s iodine
solution (I3+KI, Sigma-Aldrich, St. Louis, Mo). Magnesium chloride (MgCl2, Sigma-Aldrich,
St. Louis, Mo) was supplemented weekly to maintain a suitable environment for mangroves.
Corals were not deliberately fed to reduce reliance on heterotrophic feeding, however, there were
resident populations of a variety of microfauna and planktonic organisms that were likely
consumed on occasion. Water parameters of the culture system were measured at the time of
harvest and are reported in Table 1. Coral colonies were frequently inspected and cleaned
monthly by removing polychaete worms and bivalves. Corals were cultured with a 12:12
photoperiod from September 2009 - August 2010 ensuring sufficient growth for sampling.
Prepared seawater was aerated for 24 hours at room temperature prior to sterilization by
boiling. Seawater was then cooled and adjusted for salinity using ozonated distilled water.
Following sterilization, seawater was passed through a filtration system (Millepore, Billerica,
MA) using qualitative filter paper (Whatman no. 1, Piscataway, NJ). Sterilized seawater (SSw)
was stored in a closed container at 4°C and warmed to 26°C in a water bath when needed (pH
8.4). Antibiotic-enriched sterilized seawater (ASw) was prepared daily by treating SSw with
antibiotics (2 mg/mL ampicillin and 100 µg/mL streptomycin sulfate) to limit contamination of
ammonium assimilating bacteria in experiments (pH 8.5, Whitehead and Douglas 2003).
2.2. Experimental design
Experiments using whole corals were carried out in 50 mL glass beakers inside a water
bath at 26°C (Fig. 5). Two 24W life-glo 6700K T5 high output lamps (Hagen, Montreal,
Canada) were suspended 30 cm above the beakers. Photosynthetically active radiation (PAR) at
the surface of the water and at the maximum depth of the beakers was 108.41 ± 0.40 and 88.43 ±
0.14 µE/m2s, respectively. PAR was measured 10 times with a quantum scalar laboratory radio-

26

meter QSL2101 (Biospherical Instruments, San Diego, CA). Water temperature was controlled
(26 ± 0.1°C) with an Aquacontroller Jr (Neptune Systems, San Jose, CA) using a 100W
EboJager heater (Eheim, Dollard Des Ormeaux, Canada) and a 6W Ice-Probe Micro-Chiller
(Nova Tec, San Rafael, CA). Measurements of pH were taken with a Pin Point pH probe
(American Marine Inc., Ridgefield, CT) connected to the Aquacontroller Jr calibrated daily (pH
7.0, 10.0).

Figure 5. Experimental incubation apparatus: a water bath (26°C) maintained by a temperature
controller and water pump. A submerged platform supports beakers under suspended lights.
To determine the role of knocking out photosynthesis without affecting the diurnal cycle
the intact symbiosis experiments involved exposing corals to 15NH4Cl with and without DCMU
which was used to partially inhbit photosynthesis. Reference corals were sacrificed from control
(n=5) and DCMU (n=4) groups after a 30 minute incubation period prior to the addition of
15

NH4Cl. Preliminary experiments determined that ammonium concentrations less than 5 µM
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were insufficient at capturing percent labeling while concentrations greater than 10 µM resulted
in adverse effects to the corals. Corals were therefore incubated in 10 µM 15NH4Cl for 2 hours
(control n=4; DCMU n=4) and 4 hours (control n=6; DCMU n=5). Host and symbiont fractions
were isolated and analyzed separately. A dilute solution of 2.3 mg/L of DCMU (10 µM) was
prepared with SSw by dissolving a known amount of DCMU in seawater. A final antibiotic
concentration of 1 mg/mL ampicillin and 50 µg/mL of streptomycin was achieved by combining
SSw (or SSw containing 10 µM DCMU) with equal parts SSw and ASw.
Zoanthid corals were removed as needed from the culture tanks, thoroughly cleaned in
SSw to remove detritus, and acclimated in the illuminated apparatus inside 1000 mL glass
beakers for 2 hours prior to experiments. Approximately 5-6 whole zoanthid polyps (~0.5-1.0 g)
were used per sample (Table 2). Corals were removed from the 1000 mL beakers, placed in 50
mL beakers, and incubated in 15 mL of ASw and 15 mL of SSw or SSw containing DCMU for
30 minutes prior to experiments ensuring adequate time to disable photosystem II (Whitehead
and Douglas 2003). The pH of experimental beakers were measured at each sampling time
(Table 2). A stock solution of 15NH4Cl (0.1 M; Cambridge Isotopes Ltd, Andover, MA) was
prepared and added to the 50 mL beakers to a final concentration of 10 µM. Corals were allowed
to incubate under photosynthesizing conditions for 0, 2, and 4 hours. At sampling times, corals
were carefully removed from the 50 mL beakers and blotted dry using Kimwipes. Coral polyps
were carefully cut away from the substrate at the base of each polyp with dissection scissors and
weighed using a Sartorius B120S electronic analytical balance (Data Weighing Systems Inc., Elk
Grove, CA). Weights were used to calculate the displacement of coral tissue volume assuming
the density of the coral was equal to that of seawater (density of SSw at 26°C = 1.023 g/L).
2.3. Separating zooxanthellae from host tissue
Coral polyps were finely minced in 1500 µL of SSw using forceps and a scalpel. Coral
and zooxanthellae were separated using a 10 mL Potter-Elvehjem teflon/glass tissue
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homogenizer (Wheaton Science Products, Millville, USA) connected to a variable speed 10 mm
household hand drill (Black&Decker, New Britain, USA) on a retort stand. Homogenized coral
was passed through the homogenizer 12 times for a duration of 1 second per pass at
approximately 200 RPM. The tissue homogenizer was successful at breaking up coral
membranes without destroying algal cells as evident by intact zooxanthellae membranes revealed
by transmission electron microscopy (TEM). The resulting homogenate was carefully poured
into 10 mL Nalgene centrifuge tubes through a 1000 micron nylon mesh to remove large debris.
The homogenate was then centrifuged (400Xg, 3 min) at 21°C using a Biofuge PrimoR benchtop centrifuge (Heraeus, Buckinghamshire, England). The supernatant liquid was removed using
a Pasteur pipette and transferred to another 10 mL centrifuge tube (coral fraction). The pellet
(algal fraction) was placed on ice while preparing coral fractions.
Two 150 µL aliquots were collected from the coral fraction, frozen in liquid nitrogen,
stored at -80°C, and later thawed and used to quantify tissue as described in a later section. The
remaining coral fraction was de-proteinized with 1000 µL of 5% trifluoroacetic acid (TFA) and
further acidified by adding 100 µL of 0.1M NaCH3COOH to prepare the dissolved free amino
acids (DFAAs) for the HPLC mobile phase. The addition of 50 µL of 0.1 M NaOH served to
maintain pH above 1 to ensure amino acids remained charged and therefore mobile. The coral
fraction was then agitated with a Vibra-Cell sonicator (Sonics & Materials, Danbury, USA) with
the output control set to 50% in an ice slurry for five 3 second blasts with 5 seconds rest in
between blasts to keep samples cool. The prepared coral fraction was then centrifuged (8500Xg,
5 min) to pellet insoluble protein and debris. The supernatant was removed with a Pasteur
pipette and held on ice until zooxanthellae samples were processed. Aliquots (100 µL) of the
coral fraction were further processed for HPLC-MS analysis. The remaining liquid was frozen
in 3 mL cryovials and stored at -80°C.
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The zooxanthellae pellet was washed in 1500 µL of SSw, re-suspended with a Vortex
Genie 2 (Fisher Scientific Company, Ottawa, Canada) set to 25%, and centrifuged (400Xg, 3
min) at 21°C. The pellet was washed and vortexed 3 times to remove debris and to purify
zooxanthellae (Sutton and Hoegh-Guldberg 1990). The final re-suspension in 1500 µL was used
as the algal fraction. Two 150 µL aliquots were removed in order to quantify zooxanthellae,
frozen in liquid nitrogen, and stored at -80°C. The remaining 1300 µL was treated with 1000 µL
of TFA, 50 µL of NaOH, and 100 µL of NaCH3COOH to prepare the amino acids for the mobile
phase then sonicated in an ice slurry containing SSw. The algal fraction was sonicated for five
3-second blasts with 5 seconds rest in between blasts to alleviate excessive heat. The sonicator
was set to 95% to ensure the plant cell walls were completely disrupted. The prepared algal
fraction was centrifuged (8500Xg; 5 min; 21°C) to remove debris and the supernatant was
collected with a Pasteur pipette. Aliquots (100 µL) were processed immediately for HPLC as
described in a later section. The remaining algal fraction was frozen and stored at -80°C.
2.4. Freshly isolated zooxanthellae experimental design
Freshly isolated zooxanthellae (FIZ) experiments were carried out inside 10 mL glass
beakers in a Pierce Reacti-Therm heating/stirring module (no.18970, Rockford, IL) with the
heater off and the stirrer set to 20%. Two 24W life-glo 6700K T5 high output lamps (Hagen,
Montreal, Canada) were suspended 30 cm above the beakers. PAR at the surface of the water
and at the maximum depth of the beakers were 105.42 ± 0.01 and 96.15 ± 0.05 µE/m2/s,
respectively. Each beaker was fixed to the heating/stirring module with double-sided tape and
contained a small star-head magnetic stir bar. Coral homogenate (CH) was collected from the
process of separating zooxanthellae for experiments and pooled in order to expose each sample
to an equal concentration of CH. CH was subsampled (4X) to measure soluble protein content
(Bradford 1976) and kept on ice while setting up experiments. The final concentration of CH in
FIZ experiments was 0.12 mg protein/mL.
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Corals were thoroughly cleaned in SSw and acclimated in 1000 mL glass beakers inside
the experimental apparatus (Fig. 5) for several hours prior to experiments. Approximately 5-6
whole polyps (~0.5-1.0 g) were weighed and used to isolate zooxanthellae for each sample.
Corals were gently homogenized following techniques described in a later section.
Zooxanthellae were pelleted at 400Xg for 3 min at 21°C, washed, centrifuged, and re-suspended
3 times in 1500 µL of SSw to clean zooxanthellae. Two aliquots (150 µL) of concentrated
zooxanthellae were collected, frozen at -80°C, and later used to quantify zooxanthellae described
in a later section. These in vitro experiments involved exposing FIZ to 15NH4Cl with and
without CH. Reference samples were sacrificed from control (n=4) and CH (n=3) groups after a
30 minute incubation period prior to the addition of 15NH4Cl. Experimental FIZ were incubated
in 20 µM 15NH4Cl to ensure the maximum percent labeling changes and maintain consistency
with the literature (Whitehead and Douglas 2003) for 2 hours (control n=5; CH n=5) and 4 hours
(control n=6; CH n=6). ASw (3 mL) was combined with 1 mL of SSw, 1 mL of concentrated
FIZ, and 1 mL of either CH or SSw to make up the experimental medium. FIZ was recovered by
centrifugation (300Xg, 3 min; 21°C) and the supernatant was recovered with a Pasteur pipette
and stored at -80°C.
2.5. Quantifying samples
Relying solely on wet weights is problematic since water retention is highly variable in
cnidarians. Instead soluble protein was measured as a means of quantifying coral tissue so
accurate comparisons could be made between groups. Soluble protein was measured with a
commercially available Bradford protein assay kit (Bio-Rad Laboratories, Mississauga, Canada).
Samples were analyzed using a Varian Cary Bio 300 UV-VIS spectrophotometer (Varian, Palo
Alto, USA) at 595 nm following the Bio-Rad instructions. Subsamples of coral extract (150 µL)
were diluted 10X to better capture the range of the assay (mg/mL). The standard procedure was
employed using duplicate measurements. Bovine serum albumin (Protease-free, ALB003,
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Bioshop Canada Inc, Burlington, Canada) was used to generate a standard curve using a three
point calibration (0.225, 0.450, 0.900 mg/mL). The amount of coral protein in the 100 µL HPLC
sample was calculated by taking into consideration the dilution by SSw during homogenization,
volume of reagents in sample preparation, and displacement by coral polyps.
The number of zooxanthellae cells extracted from coral samples were estimated by
diluting algal subsamples (150 µL) and counting them under a light microscope (Wild M11,
Heerbrugg, Switzerland) at 90X magnification using an improved Neubauer hemacytometer
(American Optical, Buffalo, USA). Subsamples were diluted (20X) and counted (4X) with the
aid of a hand held tally counter. The mass of the zooxanthellae pellet was negligible (<1% of
total sample volume) and was not taken into consideration when estimating the number of
zooxanthellae used in HPLC samples.

2.6. HPLC-MS analysis
Coral and zooxanthellae fractions (100 µL) were prepared following the instructions
provided by EZ:faast amino acid kit (Phenomenex, Torrence, USA). DFAAs were separated by
HPLC using a Waters 2695 separations module (Waters, Milford, MA). Gradients were formed
with methanol and water each containing 10 mM ammonium formate and the flow rate was 0.25
mL/min. The first 11 minutes of separation used 83% methanol and 17% water followed by an
additional 2 minutes using 68% methanol and 32% water. The column (4 µm AAA-MS 250 mm
X 2 mm) used in the HPLC was provided with the EZ:faast kit. The HPLC was coupled to a
tandem Micromass Quatro Micro API mass spectrometer (Waters, Milford, MA) connected to an
electrospray ionization (ESI) interface. The mass spectrometer (MS) was set up in positive-ion
mode with capillary voltage set to +3.0 kV. Nitrogen was used as both the desolvation gas and
cone gas while argon was used as the collision gas. A three-point calibration was performed
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using known concentrations of 26 amino acids. The HPLC-MS was able to detect 22 of those
amino acids in host tissue and zooxanthellae (Table 3).
2.7. Calculations
The associated peaks on the chromatograms were converted to ion counts using
Quanlynx 4.0 software (Masslynx, Torrence, CA). The resulting values were used to calculate
percent labeling of each amino acid as follows:

% labeling = [(15N DFAA) / (14N+15N DFAA)]*100

Homoarganine, deuterated methionine, homophenylalanine, and norleucine were used as
internal standards. A standard curve was generated for each amino acid by preparing known
concentrations in S1 and S2 provided by the EZ:faast kit. First the ion counts from S1 and S2
were divided by the internal standards. Then corrected ion counts were plotted against known
concentrations. The resulting slope of the line was calculated using linear regression (Microsoft
Excel 1997). The corrected ion counts for each species of amino acid were added up and divided
by the slope of the line generated by the standard curve to determine the relative concentration of
amino acids in each 100 µL sample. Finally, concentrations were standardized by dividing the
calculated concentration by the amount of host tissue or quantity of zooxanthellae. Samples in
experimental groups did not produce sufficient ion counts (<1000) for citrulline, threonine, γaminobutyric acid, methionine, or asparagine so these trace amounts were not included in
analyses. In the majority of samples serine, cystine, histidine, leucine, and isoleucine were not
reliably detected in experimental groups due to inconsistencies with measuring the internal
standard and were thus not included in analyses. Amino acids deemed suitable for analysis in
order of elution included arginine, glutamine, alanine, ornithine, proline, lysine, aspartate,
tryptophan, valine, glutamate, phenylalanine, and tyrosine.
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2.8. Transmission electron microscopy
Images of coral and zooxanthellae (Zoanthus sp.) were created using a Transmission
Electron Microscope (TEM, CM10, Philips, Santa Fe Springs, CA) connected to a CCD camera
(SIS/Olympus Morada, Olympus Canada Inc, Richmond Hill, Canada). Coral polyps were
placed in a 50 mL beaker containing 10 mL of SSw and allowed to recover under
photosynthesizing conditions. Magnesium chloride (MgCl2) was used to anesthetize coral
following techniques modified from those used to anesthetize cephalopods (Messenger et al.
1985). Once the polyps were relaxed and tentacles extended, corals were anesthesized by the
addition of 10 mL of isosmotic 0.33 M magnesium chloride (anhydrous MgCl2, Sigma-Aldrich,
St. Louis, MO) was slowly added. After 3 minutes another 10 mL of 0.33 M MgCl2 was slowly
added for an additional 3 minutes. At this time, corals were carefully removed from the beaker
with forceps and quickly placed in another 50 mL beaker containing 30 mL of 100% 0.33 M
MgCl2.

Coral tentacles and zooxanthellae were fixed in SSw containing 2% acrolein and 3%
glutaraldehyde, and stored overnight at 4°C. The following day tentacles were excised using
sharp dissection scissors. Acrolein and glutaraldehyde served as the primary fixative by crosslinking proteins rendering them immiscible in water. Zooxanthellae and animal tissues were
centrifuged (500Xg; 3 min) at room temperature in a AccuSpin Micro 17 centrifuge (Fisher
Scientific, Ottawa, Canada). The fixative solution was then carefully removed with a Pasteur
pipette. Samples were washed and re-suspended 3 times in SSw at 1 hour each wash followed
by centrifugation. Next, samples were re-suspended in SSw containing 2% osmium tetroxide
(OsO4), a secondary fixative resulting in the cross-linking of unsaturated fats thereby stabilizing
the phospholipid bilayer in cell membranes. Samples were centrifuged after 1 hour of osmium
exposure and the OsO4 solution was removed and replaced with distilled water for 45 minutes.
The samples were washed, centrifuged, and re-suspended in distilled water 2 more times at 45
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minutes each wash. Following washing, samples were pelleted and dehydrated by first placing
them in 50% ethanol for 1 hour followed by 70% ethanol overnight at 4°C. The following day,
samples were further dehydrated by placing pellets in 80%, 90%, 95%, and 100% ethanol,
respectively, each for 1 hour at room temperature. The 100% ethanol was removed and replaced
2 more times 1 hour apart to complete the graded ethanol dehydration. Post-dehydration, a 50:50
mixture of ethanol and propylene oxide was added for 1 hour followed by a 1 hour exposure to
100% propylene oxide which prepared the tissues for plastic embedding. Next, the samples were
placed in a 50:50 mixture of propylene oxide (Polysciences Inc, Warrington, PA) and Spurr’s
epoxy resin (Sigma-Aldrich, St. Louis, MO) and left in the fume hood overnight to evaporate the
propylene oxide thereby slowly increasing the concentration of Spurr’s resin. Resin was
changed 3 times with 1 hour in between each change. Finally the resin containing fixed tentacles
was poured into an aluminum foil dish and baked in a vacuum oven model 5831 (National
Appliance Company, Philadelphia, USA) connected to a vacuum pump model DD20 (Precision
Scientific, Chennai, India) at 60°C overnight to cure the resin and evacuate trapped air bubbles.
Zooxanthellae samples were poured into 1 mL Eppendorf tubes and baked in the oven alongside
tentacles. The plasticized samples were carefully cut away from the aluminum foil or plastic
Eppendorf tubes with a razor blade and mounted on plastic plugs using crazy glue. A LKB
Bromma 7800 knife-maker was used to cut a glass knife and a LKB Bromma Ultratome 2188
NOVA microtome (LKB, Mt. Waverly, Australia) was used to slice thin sections of the
embedded tissues. Sections were stained with uranyl acetate followed by rinsing in distilled
water. Sections were then stained with Sato’s lead citrate solution for 5 minutes, rinsed with
distilled water, and placed on a brass specimen stage to be used in the electron microscope.
2.9. Data analysis
Statistical analysis was carried out using the computer program Statistica 2006. Amino
acid percent labeling data were converted to proportions then normalized using arc-sine
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transformations as some of the untransformed data did not pass the Shapiro-Wilks test for
normality (P>0.05). Transformed data was analyzed for homogeneity of variance using
Levene’s test (p<0.05). A One-way analysis of variance (ANOVA; α=0.05) was used to find
significant differences within control and experimental groups over time. Tukey’s test was the
post-hoc test used whenever significance was found in the ANOVA. T-tests on normalized data
were used to determine significant (p<0.05) differences between treatments at each time point for
control versus DCMU groups. T-tests (p<0.05) were used to compare host and zooxanthellae at
each sampling time for control and DCMU groups as well as CH and SW groups. Percent
labeling of amino acids in symbionts in vivo were compared to both CH and SW in vitro groups
(t-test; p<0.05). Some of the concentration data for corals and zooxanthellae were not normal
(Shapiro-Wilks; p<0.05) so data were log10(X+1) transformed. Levene’s test, ANOVA, and
Tukey’s test were used as described for percent labeling data. T-tests on normalized
concentration data were used to determine significant (p<0.05) differences between comparable
treatments at each time point. Comparisons between host and symbiont amino acid
concentrations were omitted from statistical analysis because they were standardized to different
scales (nmol/mg protein, fmol/cell) and were therefore not comparable.
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Chapter 3
Results
3.1. Analysis of free amino acids
The free amino acid ion peaks in host tissue and zooxanthellae samples were sufficiently
large enough to reliably and consistently detect both 14N and 15N concentrations of 12 of the
amino acids analyzed (Fig. 6, Fig. 7). Glutamine eluted twice in the HPLC column producing
two ion peaks. The resulting ion counts for each elution of glutamine were corrected for internal
standards prior to combining them to calculate concentrations.
3.2. Initial site of ammonium assimilation
Ammonium was first assimilated into glutamine in zooxanthellae as evident by a
significant increase in 15N-enrichment of glutamine in the algal fraction after corals were
incubated in 10 µM 15NH4Cl for 2 hours (p=0.0002) compared to time 0 (Fig. 6d). After 4 hours
there was a significant increase in glutamate 15N-enrichment in zooxanthellae (p=0.005)
compared to time 0 (Fig. 6t). The host fraction did not reveal any significant increases in
glutamate percent labeling however there was a significant increase in glutamine labeling after 4
hours (p=0.0002) compared to time 0 (Fig. 6d).
The concentration of glutamine in zooxanthellae significantly decreased after 2 hours by
2 fold and after 4 hours remained significantly lower than time 0 (fig. 6c). Glutamate
concentration significantly increased 2 fold after 2 hours compared to time 0 and remained
significantly higher after 4 hours (Fig. 6s). The host tissue showed a significant decrease in
glutamine concentration after 4 hours compared to 2 hours and a significantly higher glutamate
concentration after both 2 hours and 4 hours compared to time 0. Glutamate concentration
doubled over 4 hours in both host and symbiont fractions (Fig. 6s). Glutamine concentrations
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were generally halved in both fractions after 4 hours (Fig. 6c). Values and statistical results are
presented in Table 4 and Table 5.
3.3. Effects of photosynthesis on amino acid synthesis
After exposing corals to 10 µM 15NH4Cl and 5 µM DCMU for 0, 2, and 4 hours, there
were significant differences in percent labeling of several amino acids in the zooxanthellae
fraction compared to the control group (Fig. 6). Specifically, zooxanthellae fractions from
DCMU groups did not show a significant increase in percent labeling of glutamate after 4 hours
like the control group did (Fig. 6t). Glutamine in the DCMU group showed the same trend as the
control group increasing glutamine 15N-enrichment after 2 hours (p=0.0002) and 4 hours
(p=0.0002) compared to time 0 (Fig. 6d). Aspartate percent labeling was significantly higher
after 4 hours in the control group (p=0.023) however there was no significant increase in
aspartate percent labeling at any time point in the DCMU group (Fig. 6n). Tryptophan 15Nenrichment increased in both control and DCMU groups however it took twice as long for
tryptophan 15N-enrichment to occur in DCMU exposed zooxanthellae (4 hour p=0.010)
compared to the control group (2 hour p=0.037, 4 hour p=0.005) (Fig. 6p). Ornithine 15Nenrichment in zooxanthellae was significantly higher after 4 hours compared to 2 hours
(p=0.003) and time 0 (p=0.013) in the control group but there were no significant changes over
time in the DCMU group (Fig. 6h).
In the host tissue fraction of DCMU-exposed corals there was a significantly higher 15Nenrichment of glutamine after 2 hours (p=0.0002) and 4 hours (p=0.0002) compared to time 0
(Fig. 6d). Tryptophan showed the same trend as glutamine, however, only the percent labeling
after 4 hours was significantly higher than time 0 (p=0.037) in DCMU groups. The control
group increased tryptophan percent labeling after 2 hours (p= 0.003) and 4 hours (p=0.0005)
compared to time 0 (Fig. 6p). After 4 hours arginine and lysine percent labeling in host tissue
showed significant increases (ARG p=0.016, LYS p=0.016) compared to time 0 in the the
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control group, however these observations were not consistent with DCMU-treated corals (Fig.
6b, Fig. 6l).
Glutamate concentrations tended to increase in both host and zooxanthellae fractions
from DCMU treatments while glutamine concentrations decreased over time following the same
pattern observed in the control group (Fig 6s, Table 5). The most notable difference in host
tissue between control and DCMU groups is the significant difference in glutamine percent
labeling after 2 hours (p<0.000001, Fig. 6d). In zooxanthellae fractions, ornithine and glutamate
percent labeling was significantly higher at 4 hours in controls compared to the DCMU group at
4 hours (ORN p=0.042, Fig. 7h; GLU p=0.016, Fig. 6t).
3.4. Translocated amino acids
Analysis of amino acids revealed glutamate and phenylalanine concentrations were
increasing in both host and zooxanthellae fractions (Fig. 6t, Fig. 6v). The glutamate increase in
zooxanthellae corresponds with an increase in 15N-enrichment. Both host and zooxanthellae
fractions showed an increase in 15N-enrichment of glutamine (Fig. 6c). Ornithine and tryptophan
concentrations were decreasing in zooxanthellae while percent labeling was increasing (Fig. 6h,
Fig. 6p). In host tissue there were no significant increases in ornithine concentration or percent
labeling however tryptophan percent labeling was increasing as with zooxanthellae fractions.
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Figure 6 (a-x). Dissolved free amino acid (DFAA) concentrations (µmol/mg protein; nmol/106
cells) and percent labeling of host and algal fractions after Zoanthus sp. corals were exposed to
10 µM 15NH4Cl for 0, 2, and 4 hours with and without 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU). Amino acid abbreviations (a-x) used are defined in Table 3. Values are mean ± sem
(coral: nmol/mg protein, algae: nmol/107 cells). Symbols show significant differences (ANOVA)
between 0-2 hours (✚), 0-4 hours (✛), and 2-4 hours (✜) within groups, respectively. ✽, ❋, and
✦ show significant differences (t-test) in amino acid concentration and percent labeling between
control (n=5, n=4, n=6) and DCMU-treated (n=4, n=4, n=5) host tissue and between control
(n=5, n=6, n=6) and DCMU-treated (n=5, n=4, n=5) zooxanthellae for 0, 2, and 4 hours,
respectively. ✧, ▼, and shows significant differences (t-test) in percent labeling between host
tissue and zooxanthellae at 0, 2, and 4 hours, respectively.
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3.5. Host release factor effects on amino acids in freshly isolated zooxanthellae
Freshly isolated zooxanthellae exposed to 20 µM 15NH4Cl showed significant increases
in glutamine and aspartate 15N-enrichment. Proline concentration significantly increased over
time however the percent labeling increase was not significant. FIZ were incubated in CH for 30
minutes followed by the addition of 20 µM 15NH4Cl for 0, 2, and 4 hours. After a 30 minute
incubation in CH (time 0) amino acid concentrations in zooxanthellae were all significantly
higher than those from seawater controls with the exception of arginine (Fig. 7a, Table 6). CHexposed FIZ showed the same 15N-enrichment patterns over time as the control group in addition
to a significant increase in alanine percent labeling. Proline concentration significantly
decreased over time in the CH group (Fig. 7i) while 15N-enrichment remained unchanged (Fig.
7j). Compared to in vivo zooxanthellae, in vitro FIZ showed a significantly higher percent
labeling of proline and a significantly lower percent labeling of tryptophan after 4 hours.
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Figure 7 (a-x). Dissolved free amino acid (DFAA) concentrations and percent labeling of freshly
isolated zooxanthellae (FIZ) after exposure to 15NH4Cl for 0, 2, and 4 hours with coral
homogenate (CH) and without (SW). Data from symbiotic zooxanthellae (SYM) are reproduced
from figure 6. Amino acid abbreviations (a-x) used are defined in Table 3. Values are mean ±
sem (algae: nmol/106 cells). Symbols show significant differences (ANOVA) between 0-2 hours
(✚), 0-4 hours (✛), and 2-4 hours (✜) within groups, respectively. ✽, ❋, and ✦ show significant
differences (t-test) in amino acid concentration and percent labeling between control (n=5, n=4,
n=6) and CH-treated (n=4, n=4, n=5) FIZ for 0, 2, and 4 hours, respectively. ✧, ▼, snd shows
significant differences (t-test) in percent labeling between in vivo zooxanthellae and FIZ exposed
to CH at 0, 2, and 4 hours, respectively. ❍, , and ❚ shows significant differences (t-test) in
percent labeling between in vivo zooxanthellae and FIZ without CH at 0, 2, and 4 hours,
respectively.
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3.6. Isolation technique
Electron micrographs showed the isolation techniques used were successful at liberating
zooxanthellae from symbiosis without destroying the integrity of cells (Fig. 8). Much of the
surface area of zooxanthellae contains a high proportion of thylakoids and few storage vacuoles
while in symbiosis. Electron micrographs revealed cyanobacteria were present in the host
epidermis as well as mesoglea but not the gastrodermis (Fig. 9). Furthermore the anesthetic
procedure developed was successful as evident by intact nematocysts which are discharged under
stressful conditions in A. pulchella (Fig. 10).

Figure 8. Ultrastructure of freshly isolated zooxanthellae. A= algal plasma membrane, C=
chloroplast, M= mitochondrion, N= nucleus, P= pyrenoid, V= storage vacuole, W= algal cell
wall.
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Figure 9. Electron micrograph of Zoanthus sp. tentacle showing unidentified cyanobacteria
inside host epidermis and mesoglea but not gastrodermis. Cyanobacteria is shown within circles.

Figure 10. Electron micrograph of Aiptasia pulchella tentacle showing undischarged
nematocysts in the host epidermis. A nematocyst is shown within the circle.
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Chapter 4
Discussion
4.1. Initial site of ammonium assimilation:
The initial site of seawater ammonium assimilation in symbiosis may be attributed to
enzymes found in zooxanthellae. Comparing the percent labeling of amino acids in host tissue
and zooxanthellae revealed the AMA model better describes ammonium assimilation in the
Zoanthus system. Seawater 15NH4+ was taken up by zooxanthellae and used to synthesize
glutamine and glutamate.

15

N-enriched glutamine first appeared in the zooxanthellae fraction at

2 hours and was presumably produced by GS in the cytosol using ATP for energy. If NADPHlinked GDH was playing an aminating role in zooxanthellae cytosol then glutamate should have
become 15N-enriched alongside glutamine, which it did not. Glutamate was 15N-enriched after 4
hours in zooxanthellae which could be attributed to the activity of GOGAT inside chloroplasts.
GOGAT combines one mole of glutamine with one mole of 2-oxoglutarate to produce two moles
of glutamate and depends on the energy provided by photosynthesis (Fig. 3). Plants are known
to contain 2 isoforms of GOGAT using either reduced Fd or NADPH (Freud et at. 2005). Fdlinked GOGAT is highly conserved in photosynthetic organisms however isoforms in coralzooxanthellae symbiosis have not yet been established but are thought to exist (Pernice et al.
2012). In order to produce glutamate, ammonium must first be transported into chloroplasts and
assimilated into glutamine via GS. Ammonium assimilation into glutamate in zooxanthellae was
consistent with the GS/GOGAT cycle (Fig. 2) whereas assimilation into glutamine occurred
primarily via GS in the cytosol. It is noteworthy that glutamate concentration in zooxanthellae
increased after 2 hours however this increase could not be attributed to “new” glutamate using
15

NH4+ so the logical source was the catabolism of amino acids or ammonium already present.

After 4 hours the concentration and percent labeling of glutamate were both increasing
suggesting there was a lag period between cytosolic and chloroplastic ammonium assimilation.
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Incoming ammonia did not ionize in host tissue and become acid trapped and assimilated
as might be expected with the HMA model since the isotope label first appeared in the
zooxanthellae and took much longer to appear in the host fraction. Somehow incoming
ammonia evaded host anabolic enzymes and the 15N label accumulated in zooxanthellae.
Glutamine became 15N-enriched in host tissue after 4 hours exposure to 15NH4Cl but not after 2
hours. Given the abundance of GDH in host tissue one would expect glutamate to be
synthesized and become 15N-enriched from seawater ammonium (15NH4+) which it did not
during the time frame of these experiments. Perhaps GDH plays a dominant role in deaminating
glutamate under normal physiological conditions and only serves to synthesize glutamate when
ammonium concentrations are exceedingly high (>0.1 mM), thereby providing relief from the
toxic effects of excess ammonia. GS is also abundant in host tissues and operates most
efficiently when ammonium concentrations are low (Belda et al. 1993) so one would expect
glutamine to become 15N-enriched immediately given the rather low concentration of ammonium
used in these experiments (10 µM). There was no significant increase in glutamine percent
labeling within the first 2 hours in host tissue providing evidence against the HMA model.
Glutamine can be synthesized using GS found in both host tissue and zooxanthellae, however
host GS was not playing an aminating role, at least, initially. If the HMA model was operating
in Zoanthus sp. then host-made glutamine should have appeared in the host fraction after 2 hours
and before zooxanthellae, inconsistent with what was observed.
The estimated intercellular ammonium concentration in hosts lies somewhere between 5
and 50 µM (Wilkerson and Muscatine 1984) which is far greater than the ambient ammonium
concentrations found around coral reefs (0.20-0.22 µM; Cook et al. 1993) and thus poses an
obvious obstacle for the diffusion principle driving both models. It can be argued that the
ammonia (NH3) concentration is much lower in an acidic environment such as inside hosts
(pH~7.4) compared to seawater (pH~8.2) providing a diffusion gradient (NH3 gas). If ammonia
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was in fact moving into hosts through the epidermis, then NH3 would be expected to ionize
immediately inside host tissue and become available to host enzymes. Ammonium transporters
have not been found in host tissue, however, several transporters (Amt) were identified in
zooxanthellae extracts after ammonium exposure (Leggat et al. 2007). If seawater ammonia NH3
somehow diffused entirely through the epidermis, it would encounter the mesoglea which also
has a pH lower than that of seawater so NH3 would ionize to NH4+ creating the same dilemma as
host tissue. The AMA model best suits ammonium uptake in terms of amino acid synthesis but it
completely disregards the hosts involvement and relies entirely on diffusion for sequestering
ammonia/ammonium. Ammonium uptake in symbiotic cnidarians and does not follow diffusion
kinetics meaning there must be some transport component since it’s not directly proportional to
surface area, which suggests hosts ultimately maintain some control over uptake (Yellowlees et
al. 2008). Although ammonium uptake is not entirely understood in symbiosis the results of the
present study implicate zooxanthellae as the initial site of ammonium assimilation.
Swanson and Hoegh-Guldberg (1998) investigated amino acid synthesis in A. pulchella
anemone symbiosis using HPLC techniques. Anemones were incubated in labeled sodium
bicarbonate (NaH14C03) and ammonium chloride (NH4Cl) for 1-240 minutes. They found 14Cglutamate and 14C-glutamine were made using newly fixed carbon during the first 5 minutes
implicating zooxanthellae as the primary site of ammonium assimilation in the A. pulchella
system. The turnover rate of glutamate and glutamine in host tissue and zooxanthellae was
determined by analyzing the disintegration of 14C. The host fraction showed a low turnover with
specific activity found to be 382 and 202 dpm/nmol for glutamate and glutamine, respectively.
Conversely the zooxanthellae fraction showed a much higher turnover rate with specific
activities of 8828 and 3682 dpm/nmol for glutamate and glutamine, respectively (Swanson and
Hoegh-Guldberg 1998). The authors argue in favour of the AMA model and provide support for
the GS/GOGAT cycle as the major ammonium assimilation pathway in symbiosis. The results
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of the current study indicate glutamine synthesis is an important pathway in seawater ammonium
assimilation.
In freshwater hydra, ammonium assimilation depends on the availability of carbon
skeletons to act as ammonium acceptors (McAuley 1991). Zoochlorellae symbionts isolated
from hydra showed a glutamine to glutamate ratio (GLN:GLU) of 0.29 which was higher than
0.22 found in cultured zoochlorellae (McAuley 1991) showing symbiosis supports a greater
proportion of glutamine. Nitrogen deficient phytoplankton can be assessed using GLN:GLU
ratios where nitrogen limitation is indicative of ratios less than 0.2 (Flynn 1991). Zooxanthellae
from the current study were not nitrogen limited as the GLN:GLU ratio in zooxanthellae from
Zoanthus sp. was much higher at 0.80 ± 0.12 (n=4), more comparable to 0.79 found in
zooxanthellae from anemones, A. viridis (Roberts et al. 1999a). McAuley (1994) showed
zooxanthellae isolated from P. damicornis corals grown in ammonium deficient seawater had a
GLN:GLU ratio of 0.18, lower than control values (0.25) and much lower compared to those
from corals exposed to ammonium for 2-8 weeks (0.34-0.56). These observations illustrate the
importance of glutamine synthesis after ammonium exposure.
In the present study zooxanthellae glutamate pools were increasing possibly at expense of
14

N-amino acids already present or as a result of glutamate synthesis via GS/GOGAT in

chloroplasts. Glutamate could have been synthesized immediately in zooxanthellae using 14NH4+
already present and exported to the host, which is consistent with glutamate concentration
increases over time in both zooxanthellae and host tissue. Glutamine concentrations decreased
over time in the Zoanthus system although new 15N-glutamine was playing an important role in
seawater ammonium assimilation as evident by 15N-labeling increases in glutamine before
glutamate in zooxanthellae. High turnover rates in the A. pulchella system suggest glutamate is
crucial for ammonium assimilation in symbiosis but it does not necessarily illustrate the
importance of seawater ammonium, rather it shows what happened to ammonium already present
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in zooxanthellae. Tracing seawater ammonium using 15N showed that glutamine synthesis is
prominent, a notion that may have been overlooked when attempting to trace NH4+ using 14C
(Swanson and Hoegh-Guldberg 1998). Barriers exist in symbiosis that may affect ammonium
uptake to a greater extent than inorganic carbon uptake which is actively taken up by host CA, an
important interaction in symbiosis. It is known that hosts actively take up inorganic carbon using
CA and provide HCO3- to zooxanthellae with very little lag time. The fate of ammonia using
carbon compounds does not capture the assimilation from seawater ammonium because NH4+ is
assumed to be immediately assimilated inside chloroplasts along with inorganic carbon and does
not take into consideration existing barriers for uptake in symbiosis (Swanson and HoeghGuldberg 1998). Therefore, the data gathered by Swanson and Hoegh-Guldberg (1998) to
support the high turnover rate of glutamate is only really relevant to the fate of fixed carbon and
does not necessarily reflect the pathway of seawater ammonium. The authors attempted to
explain the pathway of ammonium uptake in symbiosis by analyzing 14C-glutamine and 14Cglutamate synthesis. The assumption that seawater ammonium was used to make glutamate in
zooxanthellae only captures ammonium assimilation via GS/GOGAT in chloroplasts and does
not take into consideration what happens in the cytosol, an obvious barrier between
symbiosomes and chloroplasts. The results from the present study are consistent with the
GS/GOGAT cycle playing a role in ammonium assimilation, however, using 15N to trace the fate
of seawater ammonium revealed that ammonium assimilation into glutamine is also of great
importance. It took 4 hours for 15N-glutamate to become enriched in zooxanthellae from
Zoanthus sp. which is far longer than the 5 minutes reported by Swanson and Hoegh-Guldberg
(1998). The discrepancy between the current study and the study by Swanson and HoeghGuldberg (1998) provided insight into a second important avenue of ammonium assimilation into
glutamine in symbionts (Fig. 11).
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Figure 11. Schematic diagram of the pathway of seawater ammonium assimilation via glutamine
synthetase (GS) and glutamine 2-oxoglutarate amidotransferase (GS/GOGAT) cycle in
zooxanthellae. Ammonium is taken up through gastric cavity or through mesoglea as NH3 or
NH4+. GLN=glutamine, GLU=glutamate, A= algal plasma membrane, C= chloroplast, M=
mitochondrion, W= algal cell wall.

4.2. Effects of photosynthesis on amino acid metabolism:
Light enhanced ammonium assimilation in symbiosis could be the result of GOGAT
activity inside chloroplasts. There were no significant differences in percent labeling between
control and DCMU treated zooxanthellae after incubation in DCMU for 30 minutes. After NH4+
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exposure, DCMU treatment prevented the 15N-enrichment of arginine, ornithine, and lysine in
the host tissue suggesting these amino acids are related to photosynthesis. Under
photosynthesizing conditions ammonium is assimilated into glutamine via GS in zooxanthellae
cytosol followed by assimilation into glutamate via the GS/GOGAT cycle in chloroplasts.
Glutamate can combine with oxaloacetate to produce aspartate catalyzed by aspartate
transaminase (EC 2.6.1.1). This reaction liberates 2-oxoglutarate which can be recycled back to
GOGAT thereby taking up more ammonium and ultimately regenerating glutamate. Aspartate
became 15N-enriched in zooxanthellae after 4 hours coinciding with an increase in 15Nglutamate. Glutamine, glutamate, and aspartate serve as the building blocks to synthesize more
amino acids in zooxanthellae. Incubation of Zoanthus sp. in 15NH4Cl and DCMU showed a
significant increase in percent labeling of glutamine in host tissue consistent with zooxanthellae
from the control group, however DCMU exposure prevented zooxanthellae from synthesizing
glutamate and aspartate. This was expected since enzyme reactions occurring in the stroma of
chloroplasts depend on energy captured by photosynthesis which is interrupted by DCMU. The
enrichment of glutamine in zooxanthellae from DCMU-exposed corals was unexpected since the
energy in cytosol could also depend on photosynthesis to provide sugars. Sugars are produced in
the Calvin cycle using energy derived from light reactions so interrupting photosynthesis should
have also stopped sugar production. The ATP energy used by GS in the cytosol logically came
from mitochondria through the oxidation of sugars already present rather than gaining energy
directly from chloroplasts.
The zooxanthellae fraction from the control group showed a significant increase in
percent labeling of ornithine which was not evident in zooxanthellae from DCMU-treated corals.
Ornithine is a non-protein amino acid and is of major importance in the urea cycle. Ornithine
contains two nitrogen atoms which can be sourced from glutamate in two separate steps of
ornithine synthesis. The first step converts glutamate to glutamate 5-semialdehyde requiring
both ATP and NADPH. In the second step, glutamate 5-semialdehyde combines with another
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glutamate molecule to create ornithine catalyzed by ornithine oxo acid transaminase (EC
2.6.1.13). The notion that glutamate is used twice in the synthesis of ornithine could explain
why ornithine contained the highest percent labeling of any amino acid detected in
zooxanthellae. Corals and zooxanthellae both contain carbamoyl phosphatase III however the
urea cycle plays a minor role in both host and zooxanthellae metabolism (Barnes and Crossland
1976). In the urea cycle, ornithine combines with carbamoyl phosphate to produce citrulline
which combines with aspartate to make argininosuccinate via argininosuccinate synthase (EC
6.3.4.5). Argininosuccinate lyase (EC 4.3.2.1) combines argininosuccinate and fumarate to
produce arginine which can then be oxidized by arginase (EC 3.5.3.1) producing ornithine while
simultaneously liberating urea and thus completing the cycle (Fig. 12). There was no significant
increase in arginine percent labeling in zooxanthellae so it is assumed that ornithine was
synthesized from glutamate instead of being produced from the oxidation of arginine. Rather
than playing a role in the urea cycle, ornithine could be made as a precursor to polyamine
synthesis. Zooxanthellae contain ornithine decarboxylase required to convert ornithine into
putrescine (Streamer 1980) which can then be converted to other polyamines such as spermidine
and spermine (Fig. 12). Ornithine, arginine, and polyamines found in corals, Acropora
acuminata, are indicators of active growth (Barnes and Crossland 1976). DCMU probably
prevented ornithine synthesis by interrupting NAPDH supply as ATP was still available for the
conversion of ammonia to glutamine in zooxanthellae from DCMU groups. NADPH can be
produced from reduced Fd in chloroplasts or from glucose-6-phosphate in cytosol both of which
ultimately depend on either light or dark reactions in photosynthesis.
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Figure 12. Diagram of the urea cycle and polyamine biosynthesis. Redrawn from Streamer
(1980).
DCMU exposure prevented the 15N-enrichment of arginine and lysine in host tissue but
did not stop the accumulation of labeled glutamine and tryptophan. Arginine is a protein amino
acid not considered essential in animals and is an important amino acid in the urea cycle and
polyamine synthesis. Using arginine decarboxylase, arginine is converted to agmatine and urea
is liberated when agmatine is converted to putrescine (Fig. 12). The source of 15N label in
arginine could have come from translocated ornithine which also failed to increase 15Nenrichment with DCMU treatment. Lysine is a protein amino acid considered essential in
animals and is thought to be a limiting amino acid in protein synthesis as it is normally found in
very small quantities in proteins. After 4 hours exposure to 15NH4Cl a significant increase in
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15

N-lysine enrichment was found in host tissue compared to control and 2 hour groups. Lysine

contains two nitrogen atoms and synthesis begins with aspartate (Fig. 13). Aspartate is
phosphorylated with ATP then converted to succinyl-2-amino-6-oxopimelate through a series of
reactions, one of which requiring NADPH. An amino group from glutamate is added via
succinyl-diamino-pimelate transaminase (EC 2.6.1.17). Lysine could be synthesized by
zooxanthellae or transaminated in host tissue using precursors translocated from zooxanthellae.

Figure 13. Diagram of the pathway of lysine biosynthesis showing 2 enzymatic steps involved to
account for the 15N label (AspAT= apartate aminotransferase; SDPT= succinyl-diamino-pimelate
transaminase; EC 2.6.1.17). ASP=aspartate, LYS= lysine, GLU= glutamate, A= algal plasma
membrane, C= chloroplast, W= algal cell wall.

Zooxanthellae isolated from corals in the control group showed an increase in tryptophan
percent labeling that was unexpectedly consistent with zooxanthellae from DCMU-exposed

63

corals. Tryptophan is an aromatic protein amino acid considered “essential” in animals.
Tryptophan is often a limiting substrate for protein synthesis so it must be in high demand during
active growth. Tryptophan can be synthesized through many pathways that all require
chorismate as a precursor. Chorismate is an important precursor of other aromatic amino acids
and is used to produce critical cofactors such as plastoquinone required for light reactions.
Chorismate originates from shikimate, only made by photosynthetic organisms, and combines
with glutamine to produce anthranilate via anthranilate synthase (AS, EC 4.1.3.27).
Anthranilate, through a series of enzyme reactions, produces indole which subsequently
combines with serine to produce tryptophan via tryptophan synthase (EC 4.2.1.20). Tryptophan
synthase isoforms have been isolated from the cytosol and chloroplasts of plants and
photosynthetic bacteria (Yin et al. 2010). The increased percent labeling of tryptophan could
have emanated from 15N-enriched serine however serine was not reliably detected in
experimental groups so a link could not be established. Furthermore, serine synthesis requires
aspartate and 15N-aspartate was unavailable to zooxanthellae during the two hour time frame that
tryptophan increased labeling so it is assumed that the label was provided by 15N-glutamine
through AS. New tryptophan was probably made using chorismate already present as DCMU
groups retained the ability to synthesize tryptophan despite the interruption to photosynthesis.
Chorismate was not sourced from phenylalanine as concentrations of phenylalanine were
increasing in both host tissue and zooxanthellae from control and DCMU groups. DCMU
exposure imposed a lag period in 15N-enrichment of tryptophan even though 15N-glutamine was
available after only 2 hours. An explanation for this lag period could be the reduced availability
of sugars from the shikimate cycle that would have been sparsely available from DCMU
treatments yet constantly available in control groups. Although very little information is known
about tryptophan in corals, spinach plants allocate 20% of their fixed carbon to the shikimate
cycle (Haslam 1993, Herrmann 1999). A reduced availability of newly fixed carbon in the
DCMU group could have caused the lag in tryptophan 15N-enrichment as it takes time to
mobilize energy stores.
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Figure 14. Diagram of the pathway of tryptophan biosynthesis showing the proposed flow of
15
NH4+ in symbiosis. Two isoforms of GS, AS, and TS in chloroplasts and cytosol.
GLN=glutamine, GLU=glutamate, SER=serine, TRP=tryptophan. AS=anthranilate synthase,
GS=glutamine synthetase; TS=tryptophan synthase, A= algal plasma membrane, C= chloroplast,
W= algal cell wall.
Glutamine 15N-enrichment was evident in the host fraction after only 2 hours whereas it
took 4 hours to increase percent labeling in the control group. DCMU was responsible for
shutting down chloroplast activity preventing glutamate 15N-enrichment in zooxanthellae thus
making more ammonium available to GS in the cytosol. If glutamine was accumulating faster in
the cytosol with DCMU present then it is expected that excess glutamine would be translocated
to the host sooner, which it was. Tryptophan 15N-enrichment occurred in host tissue in both
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DCMU and control groups consistent with the observations of glutamine. Tryptophan, along
with glutamine, were likely synthesized by zooxanthellae and translocated to the host.

Nitrogen recycling in symbiosis was quantified by blocking ammonium assimilation in
three ways using prolonged darkness, inhibiting GOGAT with azaserine, and exposure to 10 µM
DCMU to induce ammonia excretion in S. pistillata (Rahav et al. 1989). Excretion rate was
lowest and GDH activity was highest in DCMU-treated host tissue compared to those exposed to
azaserine and prolonged darkness suggesting ammonium assimilation does occur in DCMU
treatments accounting for lower excretion rates. The increased GDH activity is interesting
because it suggests a greater involvement of glutamate in hosts which can be supported by the
increasing concentrations in host tissue from the current study. DCMU prevented the increase in
glutamate percent labeling that was observed in zooxanthellae from the control group in the
present study suggesting GDH is not playing an aminating role. DCMU inhibited ammonium
assimilation via chloroplasts but did not inhibit glutamine or tryptophan 15N-enrichment. The
amino acids that did not increase in percent labeling in DCMU groups are all linked to glutamate
suggesting chloroplast activity is the key to solving the light enhanced ammonium assimilation
phenomenon.
Whitehead and Douglas (2003) investigated the effects of DCMU on anemone tentacles,
A. viridis. Tentacles were exposed to NaH14CO3 for 5 minutes with and without DCMU.
DCMU groups showed a 94% reduction in overall 14C fixed and the inhibition of glutamate and
aspartate synthesis. The reduction in fixed carbon was thought to be the cause of reduced amino
acid synthesis by shutting down the supply of carbon backbones to act as ammonium acceptors.
Another explanation is that DCMU exposure limits energy availability inside chloroplasts (Fd,
NADPH) preventing the synthesis of glutamate which in turn prevented aspartate synthesis and
the synthesis of other key compounds made in the stroma. After 4 hours following exposure to
15

NH4Cl, the percent labeling of glutamate and ornithine was significantly lower in
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zooxanthellae from DCMU groups compared to control groups showing the negative effects of
DCMU.

Valine is a non-polar branched-chain amino acid considered essential in animals. Valine
is normally manufactured inside chloroplasts where glutamate combines with the oxo acid 2oxoisovalerate via branched chain amino acid transaminase (EC 2.6.1.42). Valine concentration
dropped by about 85% in zooxanthellae after the first 2 hours and remained low for the duration
of the experiment. It is possible that valine was exported to host rather than metabolized by
zooxanthellae. Valine percent labeling after 2 and 4 hours was significantly lower than 0 hours
in the host fraction of DCMU treated corals. This decrease in percent labeling was unexpected
and may be related to a massive decrease in valine concentration over time (Fig. 6r). If corals
selectively catabolize 14N amino acids as described by Muscatine et al. (1989) then an increase in
15

N valine would be expected however that was not the case. The valine percent labeling at time

0 was higher in the DCMU group compared to the control group which may have caused a large
enough difference to show statistical significance although probably not biologically significant.
Another possibility is that the host takes up valine from the environment (Al-Moghrabi et al.
1993) originating from bacteria and other primary producers with a much lower isotopic
signature than zooxanthellae (McClelland and Montoya 2002).
Ammonium assimilation via GS uses ATP for energy and was not inhibited by DCMU
treatment. In fact DCMU exposure appears to have enhanced glutamine synthesis since a
percent labeling increase was observed in host tissue sooner than in control groups. It can be
reasoned that shutting down ammonium assimilation in chloroplasts allowed more ammonium to
be available for assimilation via GS the cytosol. DCMU shut down NADPH supply from
photosynthesis but has no direct effect on ATP supply in cytosol which can easily be produced
by oxidative phosphorylation in mitochondria. In conclusion ammonium assimilation in the
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chloroplast is enhanced by photosynthesis but inhibiting photosynthesis does not inhibit
ammonium assimilation in the cytosol.

4.3. Translocated amino acids
In symbiosis, amino acids, including “essentials”, may be synthesized by zooxanthellae
using seawater ammonium and translocated to the host. Percent labeling increases over time
were observed for arginine, lysine, tryptophan, and glutamine in host tissue after exposure to
15

NH4Cl. Host tissue was likely responsible for synthesizing arginine from 15N-ornithine as there

were no significant changes in arginine concentration or percent labeling over time in
zooxanthellae. There was a significant increase in ornithine percent labeling after 4 hours in
zooxanthellae while host tissue also showed an increase, although the difference was not
significant. Inside zooxanthellae, 15N-glutamate could have been used to synthesize ornithine
which was photosynthesis dependent as DCMU treatments did not show percent labeling
increases for either ornithine or glutamate. Since zooxanthellae are not known to produce urea in
symbiosis (Yamashita et al. 2009) and have very low ornithine decarboxylase (Streamer 1980) it
is likely that ornithine was translocated to host rather than metabolized by zooxanthellae.
Ornithine percent labeling was 4.3% higher in host tissue compared to zooxanthellae and can be
explained by the producer to consumer relationship causing 15N to be conserved in the consumer
(McClelland and Montoya 2002). Arginine percent labeling increased in the host tissue which
was coincidentally inhibited by DCMU treatment along with 15N-ornithine. Arginine and
ornithine are both linked to the urea cycle and polyamine synthesis.
Lysine was abundant in both fractions at the beginning of the experiment however
concentrations fell 2 to 3 fold over the course of 4 hours. The percent labeling in host tissue was
significantly higher after 4 hours compared to 2 hours and time 0 whereas there were no percent
labeling increases found in zooxanthellae. Lysine is typically made inside chloroplasts so it is
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assumed that zooxanthellae played some role in synthesizing lysine or translocating the
precursors to facilitate host synthesis of lysine. DCMU exposure prevented a significant increase
in 15N-enrichment of both arginine and lysine implicating the involvement of photosynthesis, and
thus zooxanthellae. Fitzgerald and Szmant (1997) found aposymbiotic anemones synthesized
lysine however the authors attributed this to synthesis by affiliated bacteria. Since antibiotics
were used in the present study it is unlikely that bacteria were responsible for synthesizing
lysine. Swanson and Hoegh-Guldberg (1998) found 14C-lysine in zooxanthellae from A.
pulchella representing 10% of the 14C-amino acid pool after 4 hours exposure to NaH14CO3
providing evidence for lysine synthesis in zooxanthellae. Roberts et al. (1999a) also propose
zooxanthellae synthesize lysine and translocate it to the host in A. viridis symbiosis. Percent
labeling increases of lysine in the zooxanthellae fraction were not evident in the current study so
the possibility exists that host tissue could be synthesizing lysine, most likely using precursors
translocated from zooxanthellae. DCMU treatment prevented the percent labeling increase of
lysine in host tissue and coincidentally prevented glutamate and aspartate labeling increases in
zooxanthellae providing a link between photosynthesis and 15N-lysine appearance in host tissue.
Tryptophan in host tissue is most likely manufactured by the algal partner and
translocated to the host. Although some “essentials” may be synthesized by hosts, tryptophan
synthesis (Fig. 14) relies heavily on the shikimate cycle which is unique to photosynthetic
organisms. The zooxanthellae fraction showed an increase in tryptophan 15N-enrichment after 2
hours whereas the host fraction showed an increase after 4 hours suggesting zooxanthellae are a
source of tryptophan in symbiosis. Bertucci et al. (2010) showed tryptophan is an important
activator of host CA which provides inorganic carbon for dark reactions in S. pistillata. The
exciting possibility exists that zooxanthellae synthesize and translocate the “essential”
tryptophan in order to promote more inorganic carbon uptake by host. Inorganic carbon provides
the building blocks for 2-oxoglutarate needed to assimilate ammonia inside chloroplasts.
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Glutamine percent labeling increased in zooxanthellae before increasing in host tissue
indicating glutamine was also translocated to the host. Glutamine translocation seemed to be
enhanced by DCMU-exposure as glutamine percent labeling was increasing sooner in host tissue
when exposed to DCMU. The inhibitory effects of DCMU on ammonium assimilation in
chloroplasts can explain the early translocation of glutamine since ammonium was no longer
being assimilated in chloroplasts causing 15N-glutamine to accumulate in the cytosol and be
exported to the host sooner.
McAuley (1994) analyzed free amino acids in zooxanthellae from corals (P. damicornis)
and anemones (A. viridis). HPLC analysis of free amino acids revealed the major contributors to
the amino pools in P. damicornis zooxanthellae were glutamate, serine, and alanine and the
major amino acids in A. viridis zooxanthellae were found to be glycine, glutamine, taurine, and
glutamate. Swanson and Hoegh-Guldberg (1998) revealed the amino acid pool in zooxanthellae
from A. pulchella was accounted for by alanine, glutamate, and glutamine representing 40%,
22%, and 10% of the total detected amino acids, respectively. From the current study the major
constituents of the amino acid pool in zooxanthellae in vivo were lysine, serine, and glutamine
accounting for 20%, 16%, and 16% respectively. Alanine and glutamate in zooxanthellae from
the current study could only account for 2% and 3%, respectively, which is far less than those
detected by Swanson and Hoegh-Guldberg (1998) whereas serine in A. pulchella zooxanthellae
only accounted for 2% which is far less than the current study. There was proportionately more
glutamine found in zooxanthellae from Zoanthus sp. and A. viridis compared to A. pulchella
however the values were in a comparable range. Analysis of zooxanthellae from Zoanthus sp.
after 4 hours exposure to 15NH4Cl showed the majority of amino acids were determined to be
lysine (25%), glutamate (24%), glutamine (17%), while the host fraction showed lysine (24%),
glutamine (20%), and glutamate (19%).
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Analysis of amino acids in zooxanthellae from A. viridis symbiosis showed enrichment of
glutamate, aspartate, alanine, glycine, phenylalanine, threonine, and valine when exposed to
15

NH4Cl (Roberts et al. 1999a). The results of glutamine were inconclusive when analyzed using

continuous-flow mass spectrometry. Atom percent excess (APE) was determined for
experimental groups however free amino acid concentrations could not be calculated. The
highest enrichment of 15N was contained in the amino acids glutamate, aspartate, and alanine
accounting for 90% of the total 15N-enrichment. Pulse-chase experiments revealed that
glutamate, aspartate, and alanine had high turnover rates and were rapidly metabolized by A.
viridis zooxanthellae. Analysis of the anemone host tissue was unsuccessful due to a problem at
the derivatization step thought to be caused by a copious amount of mucus (Roberts et al. 1999a).
Of the 7 15N-enriched amino acids detected in A. viridis zooxanthellae, only increases in new
aspartate and glutamate were in agreement with the 15N labeling pattern of zooxanthellae from
Zoanthus sp. in the current study. This is not surprising because other studies also confirm the
synthesis of glutamate and aspartate from in vivo zooxanthellae (Hawkins and Klumpp 1995;
Wilkerson and Kremer 1992). Alanine concentration was decreasing in zooxanthellae over time
from the current study which could be the result of translocation to the host as suggested by
several studies (Trench 1971; Sutton and Hoegh-Guldberg 1990; Roberts et al. 1999a). Free
amino acid concentrations for Zoanthus sp., P. damicornis, A. viridis, and A. pulchella are
presented in Table 7 for comparisons. The values for A. pulchella were estimated from a figure
(Swanson and Hoegh-Guldberg 1998). The amino acid pool differences in zooxanthellae may be
related to the lifestyle and feeding habits of the host.
Background glutamate percent labeling was 2.4% higher in hosts which is consistent with
changing trophic levels (Piniak et al. 2003) as the background labeling in amino acids from food
webs are known to be higher in consumers versus producers (McClelland and Montoya 2002). A
study by Rau et al. (1990) suggests we can expect a change of about 2.6% in 15N percent labeling
when moving up or down trophic levels. This helps to explain that zooxanthellae-borne
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glutamate is consumed by the host, causing a natural increase of 2.4% in background 15Nenrichment of host tissue. Isotopic tracers are typically conserved by low turnover pools
(Hoegh-Guldberg et al. 2004) such as those of the host. Glutamate concentrations were
increasing in both fractions however only zooxanthellae were successful at incorporating 15NH4+
from seawater into glutamate within the time frame of these experiments. Translocation of
glutamate or glutamine from symbionts to hosts could help explain why the background
glutamate labeling is normally higher in the host (consumer) versus symbionts (producer)
providing some support for mixotrophy in symbiosis (Titlyanov et al. 2000). Piniak et al. (2003)
found the background labeling of essential amino acids in the host was higher than in symbionts
which disagrees with valine and tryptophan background 15N in the current study. HoeghGuldberg et al. (2004) also showed the average 15N enrichment was higher in the coral P.
damicornis host compared to zooxanthellae, however there was only a difference of 0.9%
attributed to the constant sharing of nitrogenous compounds where excretory nitrogen is reassimilated by zooxanthellae and returned to the host pool. Corals are herbivores, carnivores,
detritivores, and scavengers of nitrogen yet tapping into symbiont amino acids pools represents
another anomalous nitrogen source for cnidarian hosts.
4.4. Host release factor effects on amino acids in freshly isolated zooxanthellae
Host factors coud be playing a role in enhancing ammonium assimilation and amino acid
synthesis in zooxanthellae. Freshly isolated zooxanthellae (FIZ) experiments were designed to
assess if host regulatory controls are imposed on symbionts. Ammonium uptake rates of FIZ
were shown to exceed those of in vivo by 7-fold in A. pulchella (Wilkerson and Muscatine 1984).
Ammonium assimilation experiments involving in vitro zooxanthellae in the current study were
carried out using 20 µM 15NH4Cl. FIZ were incubated in seawater containing antibiotics and
labeled ammonium for 0, 2, and 4 hours. Coral homogenate (CH) was added to one group to
determine if there were any HRF effects on Zoanthus sp. zooxanthellae. FIZ exposed to
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seawater alone resulted in an increase in 15N enrichment of glutamine in both 2 and 4 hours
groups compared to the control group. Aspartate became enriched after 2 hours however the
percent labeling returned to the control value by 4 hours. There were no concentration changes
observed for arginine, alanine, ornithine, lysine, aspartate, tryptophan, valine, glutamate, or
phenylalanine. Glutamine concentration decreased after 2 hours and remained lower after 4
hours. Exposure of FIZ to pure seawater likely resulted in an ionic imbalance that would
otherwise be mitigated by the host. FIZ are able to recover from osmotic changes induced by
seawater exposure after 3 hours (Goiran et al. 1997). Amino acids such as proline assist in
osmoregulation in zooxanthellae (Mayfield and Gates 2007). Proline is a non-essential protein
amino acid synthesized using glutamate and proline concentration increased after 4 hours
compared to 0 and 2 hour groups in seawater-exposed FIZ. Proline percent labeling increased as
well however the increase was not statistically significant. After 4 hours exposure to 15NH4Cl
there was a higher 15N-enrichment of proline in control zooxanthellae compared to those exposed
to 15NH4Cl and CH suggesting CH reduced the need to synthesize proline. FIZ experiments
showed synthesis of glutamine, alanine, and aspartate, however “essential” amino acids were
only 15N-enriched in vivo. The factors influencing “essential” amino acid synthesis could not be
replicated by simply exposing FIZ to crude host homogenate.

15

N-glutamate enrichment was not

captured by FIZ in the time frame of these experiments however 15N-glutamate is assumed to be
the source of 15N-aspartate enrichment suggesting glutamate was short lived. This could be
explained by the high turnover rates of glutamate in zooxanthellae (Swanson and HoeghGuldberg 1998, Roberts et al. 1999a).
The concentrations of most amino acids detected were very high in the reference samples
at time 0 in FIZ incubated in CH for 30 minutes. FIZ must have imported amino acids contained
in CH during the 30 minute incubation before ammonium was added. Arginine and tyrosine
were the only amino acids whose concentrations were not significantly higher at time 0. After 2
hours all amino acid concentrations returned to comparable levels found in FIZ from the
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seawater treatment. Over time there was an increase in 15N-enrichment of alanine, glutamine,
and aspartate which is consistent with FIZ from the experiments of Summons et al. (1986) after
CH exposure. Glutamate was not found to be 15N-enriched however the presence of aspartate
suggests new glutamate was present and quickly used up by zooxanthellae. The enrichment of
alanine could be attributed to transamination from 15N-aspartate or more likely synthesized from
15

N-glutamine. There were no increases in 15N enrichment of ornithine or tryptophan, suggesting

these pathways may only be enhanced in intact symbiosis and could not be replicated in vitro. In
seawater-exposed and CH-exposed FIZ, glutamine and ornithine both showed a higher percent
labeling at all sampling times compared to in vivo zooxanthellae.
Amino acid concentrations in FIZ from P. damicornis corals and A. viridis anemones
were reported by McAuley (1994). The major amino acids in P. damicornis zooxanthellae
consisted of 19% glutamate, 10% serine, and 10% alanine. The major amino acids from A.
viridis zooxanthellae were 20% glycine, 19% glutamine, and 17% taurine. In the present study
the major amino acids present were glutamate (30%), glutamine (22%), and lysine (15.9%) in
zooxanthellae isolated from Zoanthus sp. (Table 7). The results of Swanson and HoeghGuldberg (1998) indicated that FIZ primarily synthesized glutamate, glutamine, alanine, and
aspartate which are all consistent with the present study, assuming 15N-glutamate was the source
of 15N-aspartate. A. pulchella FIZ showed a higher proportion of new glutamate in vitro whereas
FIZ from the current study showed a higher proportion in vivo. Glutamine showed the opposite
trend where new glutamine was proportionately higher in zooxanthellae from Zoanthus sp. and
lower in A. pulchella zooxanthellae in vitro. Although there are discrepancies in new glutamate
synthesis over time, ammonium is assimilated via GS in vitro and in vivo but “essential” amino
acids were only manufactured by in vivo zooxanthellae in the Zoanthus system.
The effects of CH on FIZ were examined by Sutton and Hoegh-Guldberg (1990) for a
variety of zooxanthellate hosts. Of interest here are the results from Zoanthus robustus and
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Plesiastrea versipora corals. Z. robustus zooxanthellae incubated in host extract showed very
little HRF activity in terms of fixed carbon released (8%) compared to seawater controls (3%).
When Z. robustus zooxanthellae were incubated in the extract of P. versipora the quantity of
carbon released increased substantially (30%). Although Z. robustus HRF had little effect with
respect to carbon, the present study evaluated if there were any HRF effects with respect to
nitrogen. Sutton and Hoegh-Guldberg (1990) identified alanine released from Z. robustus
zooxanthellae showing there may be some HRFs associated with amino acids. Host factors are
not universal in cnidarian symbioses and each relationship may be host species specific or
perhaps even depend on the clade of zooxanthellae. A more complex pathway of ammonium
assimilation and amino acid synthesis in vivo was suspected by Sutton and Hoegh-Guldberg
(1990) and identified in the current study as evident by a greater diversity of 15N-enriched amino
acids in vivo. Trench (1971) reported as much as 42% of photosynthate is released in the
presence of CH in Z. sociatus while Z. robustus zooxanthellae translocated only 12-35% of fixed
carbon to their host. It is likely that metabolic traffic in the Zoanthus system is not tightly
regulated by the host like it is in the P. versipora system (Sutton and Hoegh-Guldberg 1990).
Wang and Douglas (1997) showed that CH from A. pulchella did not stimulate the release of
amino acids in FIZ however amino acid release was stimulated by the addition of taurine. The
effects of CH on FIZ are difficult to interpret because homogenized host tissue may have also
imposed some negative effects on zooxanthellae such as those described by Sutton and HoeghGuldberg (1990) where soft coral extract from Capnella gaboensis caused zooxanthellae to lyse
after a 60 minute incubation. Amino acids are taken up quickly by FIZ in Galaxea fascicularis
(Al-Moghrabi et al. 1993) supporting the uptake of amino acids from CH in FIZ at the beginning
of the experiment in the present study. Amino acids could have been catabolized to produce
ATP to drive the Na+ pumps responsible for maintaining osmotic balance explaining why the
amino acid concentrations in the CH group returned to normal after 2 hours.
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4.5. Carbon-nitrogen relationship
The carbon to nitrogen ratio (C:N) of compounds produced by zooxanthellae are affected
by ammonium availability. “Junk food” is defined as carbohydrates and lipids which make up
the bulk of the nutrition translocated from zooxanthellae to the coral host in symbiosis
(Falkowski et al. 1993). High C:N ratios of about 100:1 is characteristic of “junk food” provided
to the host by zooxanthellae under nitrogen-limiting conditions (Falkowski et al. 1993). When
excess ammonium is available the C:N ratio decreases and chronic ammonium exposure results
in a further C:N decrease (Muller-Parker et al. 1994) implying either more nitrogen containing
compounds or less carbon containing compounds are translocated to the host. Hoegh-Guldberg
(2004) showed exposure to ammonium caused the lowest C:N ratios in both Heliofungia
actiniformis and P. damicornis corals. Piniak and Lipschultz (2004) found the C:N ratio of
zooxanthellae and host were comparable to each other but zooxanthellae undergo carbon
depletion before nitrogen depletion, meaning carbon supply diminishes before amino acids in
translocated compounds. Essentially the host uses carbon compounds for energy production
while conserving nitrogen containing compounds for growth while zooxanthellae are limited by
the available carbon. Ammonium exposure causes carbohydrates to be diverted to protein
synthesis in zooxanthellae (Taguchi and Kinzie 2001) rather than exporting them directly to the
host explaining why C:N ratios decrease after ammonium exposure (Muller-Parker et al. 1994).
Most C:N ratios are underestimated because much of the high C:N ratio compounds are
consumed faster and oxidized for energy (Tanaka et al. 2006). The resulting translocated
compounds appear to contain more amino acids and therefore a lower C:N ratio is determined.
4.6. Revising the theory of ammonium uptake
Ammonium assimilation in Zoanthus sp. symbiosis occurs in zooxanthellae following
two pathways. Ammonium assimilation by GS in the cytosol was largely unaffected in DCMU
treatments whereas ammonium assimilation via GS/GOGAT in chloroplasts was inhibited. The
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products of photosynthesis are not essential to the assimilation of seawater ammonium however
the synthesis and translocation of a greater variety of amino acids are enhanced when
chloroplasts participate in ammonium assimilation. The most compelling research to date
supporting the AMA model comes from Swanson and Hoegh-Guldberg (1998). The authors
showed ammonium was assimilated in chloroplasts however the use of 14C tracers did not
support ammonium assimilation in the cytosol of zooxanthellae since carbon is shuttled directly
to the stroma of the chloroplasts. Seawater ammonium was made available to zooxanthellae but
somehow evaded host GDH and GS. Likely seawater was pumped into the mouth using
syphonoglyphs (Rodriguez-Lanetty et al. 2005), concentrated in the gastric cavity (Agostini et al.
2012), and made available to zooxanthellae from inside the host. The exchange of water in the
gastric cavity provides a means to carry away waste material but more importantly it serves as a
medium for nutrient transfer between seawater and symbionts. Zooxanthellae cells are stacked
against the gastrodermal wall making the shortest pathway between zooxanthellae and host
epidermis to facilitate inorganic carbon uptake and translocation of fixed carbon. Nitrogenous
compounds such as glutamine are translocated through the mesoglea to the epidermal layer in the
host which contains the bulk of host metabolic machinery. The AMA model suggests hosts do
not play a role in seawater ammonium assimilation however the host might contribute to
ammonium uptake by swallowing seawater and capturing ammonia in the gastric cavity
(Agostini et al. 2012). The current study indicates that ammonium must have been absorbed by
gastrodermal cells or made available to zooxanthellae through the mesoglea rather than diffusing
across the host epidermis since 15N-enrichment first occurred in zooxanthellae. Ammonium can
enter the mesogleal canals through digestive mesenteries (Rodriguez-Lanetty et al. 2005). The
pH of the gastric cavity is lower than seawater 6.6-7.2 (Agostini et al. 2012) therefore the
majority of ammonia would readily ionize to ammonium given the pK of ammonia-ammonium
in seawater is 9.0-9.5 (Ip et al. 2006). Ammonia is thought to diffuse across the host
gastrodermal layer and into the symbiosome where it ionizes and becomes trapped as
ammonium. The pH differences in compartments of symbiosis would suggest that ammonia
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would ionize and become trapped in the host epidermis as well which constitutes an argument in
favor of the HMA model. Swanson and Hoegh-Guldberg (1998) argue against the HMA model
suggesting glutamate is synthesized by zooxanthellae and GS/GOGAT is solely responsible for
seawater ammonium assimilation. Using 15N tracers and interrupting photosynthesis showed
ammonium can also be assimilated via GS, presumably in algal cytosol since chloroplast activity
was hindered by DCMU exposure (Fig. 11). Ammonium assimilation into glutamate was still
evident however it took far longer than 1 minute as proposed by Swanson and Hoegh-Guldberg
(1998). The delay in seawater ammonium assimilation versus endogenous ammonium
assimilation is expected because multiple barriers affect the flow of nitrogen in symbiosis.
There are two main ideas that explain how corals maintain high productivity in an
environment devoid of nutrients. Nitrogen recycling describes the re-uptake of excretory
ammonium by symbionts which are then recycled back to the host as amino acids (Rahav et al.
1989). Nitrogen conservation on the other hand describes the host’s reduced need to catabolize
nitrogenous compounds for energy since there is a constant supply of “junk food” from
zooxanthellae (Falkowski et al. 1993). Instead prey are broken down into amino acids which
then enter the mesoglea through mesenteries and can be taken up by host epidermal cells. When
ammonium is unavailable, amino acids from the catabolism of prey can be taken up by
zooxanthellae and presumably used to meet their nitrogen demands (Piniak et al. 2003).
Ammonium can be beneficial in small quantities however chronic exposure reduces
photosynthate release by zooxanthellae and coincidently increases nutrient demands imposed by
zooxanthellae growth (Piniak et al. 2003). Hoegh-Guldberg and Smith (1989) reported chronic
exposure to 10 µM ammonium increases the density, chlorophyl content, and protein content of
zooxanthellae from S. pistillata. Muller-Parker et al. (1994) reported an increase in
zooxanthellae population corresponds with a decrease in host growth so chronic ammonium
exposure has negative consequences for the host. Symbiotic cnidarians need to live in an
environment with low DIN in order for hosts to take full advantage of symbiosis with respect to
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sugar production by symbionts. When DIN is unavailable the host is able to regulate the flow of
nitrogen to symbionts through the catabolism of prey thereby limiting zooxanthellae growth and
proliferation thus maximizing the influx of sugars from symbionts. This method of population
control inside hosts is thought to be of utmost importance with regards to the success of
symbioses in coral reef environments (Falkowski et al. 1993).
The mesoglea is a gel-like environment that allows the infiltration of water and
contributes osmotically without contributing ionically. The mesoglea supports a simple nerve
network allowing protection of host communication systems. Maintenance of a change in pH
across the membranes in symbiosis may be a key factor in allowing nutrient translocation
(Yellowlees et al. 2008) however ammonia may not be diffusing into algal cells. Initially there
were no increases in 15N percent labeling in host tissue so ammonium must have evaded host
enzymes. Instead ammonium ions likely travelled into zooxanthellae cells from the
gastrovascular cavity or mesoglea. Ammonium is first assimilated into glutamine in symbionts
then subsequently translocated to the host. Non-polar amino acids such as glutamine easily cross
biological barriers such as cell membranes by carrier-mediated transport or diffusion. Transport
is made even easier when there is a pH gradient such as that found between tissue layers in
symbiotic corals. Glutamine is far less toxic than ammonium which makes it an attractive
vehicle for carrying nitrogen from zooxanthellae to host. Glutamine pools in the mesoglea can
be maintained by host digestion of prey as well as ammonium assimilation by zooxanthellae. In
times of DIN shortages, zooxanthellae can access this glutamine pool as a potential nitrogen
source. Internal regulation of glutamine pools in both partners awaits future study as little is
known about amino acid transporters in symbiosis (Leggat et al. 2007). The collaborative role of
both partners in maintaining glutamine concentrations inside mesoglea may be an important
aspect of nitrogen sharing in symbiosis.
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4.7. Prospectus:
This study provides evidence supporting the AMA model of capturing ammonia as
evident by glutamine 15N-enrichment in zooxanthellae before host tissue. Active photosynthesis
is a key factor in allowing symbiotic cnidarians to synthesize amino acids. Ammonium was
assimilated into glutamine and into glutamate inside zooxanthellae where glutamine was
translocated to the host but not glutamate. Together the amino acids glutamine, glutamate, and
aspartate provide the building blocks necessary for synthesizing other amino acids such as
ornithine, lysine, and tryptophan. Although inhibition of photosynthesis using DCMU affected
GOGAT, ammonium was assimilated into glutamine nonetheless, presumably using cytosolic
GS in zooxanthellae. A disruption of the redox potential inside chloroplasts is thought to inhibit
the uptake of 2-oxoglutarate thereby shutting down ammonia assimilation in plants (Woo et al.
1987). It is not certain if DCMU exposure disrupts the redox state of chloroplasts in
zooxanthellae but DCMU undoubtedly interfered with ammonium assimilation into glutamate.
The present study shows that zooxanthellae are promoting enhanced metabolism in hosts
by providing tryptophan, a key “essential” amino acid that could be used by hosts to activate CA.
Tryptophan biosynthesis was not inhibited by DCMU treatment suggesting there may be an
aromatic amino acid pathway in the cytosol since chorismate or anthranilate must have still been
available. Ornithine synthesis was also inhibited by DCMU and is linked to chloroplast activity
in zooxanthellae. Arginine 15N-enrichment in host tissue depends on functioning photosynthesis
however the implications in translocation are not clear. Exposure to ammonium caused host
tissue and zooxanthellae to increase glutamate concentrations reinforcing the notion that carbon
skeletons could be diverted to amino acid synthesis following ammonium exposure. The first
hypothesis that stated the AMA model best describes ammonia assimilation in symbiosis is
validated. There was an earlier increase in the 15N labeling of both glutamate and glutamine in
zooxanthellae compared to host tissue. The second hypothesis stated that photosynthesis
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provides the energy necessary to assimilate ammonia in zooxanthellae. The addition of DCMU
inhibited the synthesis of glutamate but not glutamine suggesting glutamine is synthesized in the
algal cytosol whereas glutamate is synthesized inside chloroplasts. The third hypothesis stated
that host factors affect ammonia assimilation and amino acid synthesis in zooxanthellae. The
results from the experiments involving freshly isolated zooxanthellae revealed that there is very
little effect of coral homogenate on zooxanthellae ammonia metabolism. There is scant evidence
to suggest coral homogenate affected alanine synthesis however ammonia was not assimilated
into a greater diversity of amino acids.
Elevated ammonium can provide some benefit to symbiosis but chronic exposure
inevitably harms the host. Our understanding of the intricacies of symbiosis is limited and this is
further complicated by contamination when symbiotic partners are separated. The extent to
which corals can tolerate seawater ammonium has not yet been fully established but hosts can
take advantage of infrequent fluxes by capturing ammonia in the gastric cavity (Agostini et al.
2012). Quantifying fluxes of biochemicals between partners in symbiosis remains challenging
due the compartmentalization of zooxanthellae. The interconnectedness of carbon and nitrogen
in photosynthetic products serves as a promising area of future research in coral-algal symbioses.
Hosts must satisfy the demands of symbionts and if the nitrogen demand is met by seawater
ammonium in zooxanthellae then symbiosis becomes less beneficial for the host causing the host
to invest more energy into providing inorganic carbon with ever decreasing benefits.
Regulatory controls are imposed by some hosts, however this theme is not universal in all
symbiotic cnidarians. Analysis of FIZ exposed to CH revealed there is very little HRF present in
Zoanthus sp. with respect to amino acid metabolism. Studying a wide range of corals is
necessary to definitively determine if HRFs are universal. The particular clade of zooxanthellae
or nature of the host may have unique effects in symbiosis. The results presented in this study
indicate that glutamine is of utmost importance in the Zoanthus system and is a major vehicle of
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nitrogen transfer from symbionts to host. Glutamine makes a suitable molecule to carry nitrogen
because it does not affect ion regulation and the extra amide group is easily transferred to other
organic molecules.
The major criticism of most enzyme studies is the exceedingly high concentration of
ammonium used in enzyme assays which is typically thousands of times higher than amounts
found in cnidarians. In homogenized and sonicated tissues of Zoanthus sp. there was measurable
aminating activity of NADH-GDH but deaminating activity was undetectable. NADPH-GDH
showed activity in both directions however activity was 4 times higher in the aminating direction
(own unpublished data). GDH makes an excellent candidate for ammonium assimilation in host
tissue because GDH enzymes are readily available, the reaction occurs in an environment with
an optimal pH (7.4-7.6), GDH shows high activities, and the reaction is stoichiometrically more
efficient than the GS/GOGAT pathway which uses NADPH and ATP. A high concentration of
ammonium (250 mM) is typically used in GDH assays (aminating) but GDH activity was
undetectable when using physiologically relevant concentrations of ammonium (<10 mM) (R.
Boutilier, unpublished data) suggesting GDH can only significantly contribute to ammonium
assimilation when concentrations are exceedingly high. Although the host’s assimilatory
capacity should not be ignored, the GDH activity is likely compartmentalized within the outer
epidermis and does not readily come in direct contact with seawater ammonium under normal
pH conditions. If ammonia/ammonium was taken up directly through the epidermis then it
would become available to the host and presumably assimilated. Data from the current study
suggests ammonium was taken up first by zooxanthellae and later translocated to the host
primarily as glutamine. Further research is needed to re-evaluate enzyme activities using
physiologically relevant concentrations of ammonia.
Electron micrographs revealed the separation techniques used in these experiments were
successful at liberating zooxanthellae without disrupting the integrity of cell walls. The amount
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of thylakoids in zooxanthellae are far more than what would be required for a free living
organism of comparable size. Zooxanthellae appear to be a factory for producing products of
photosynthesis. Cyanobacteria were present in the epidermal layer of host and mesoglea
suggesting they may have been consumed by Zoanthus sp. This is very interesting because a
feeding connection to mesoglea has not been established in corals despite the obvious connection
to digestion through mesenteries. Mesoglea was shown to contain spent zooxanthellae in
Zoanthus robustus using electron micrographs (Rodriguez-Lanetty et al. 2005) however
channeling exogenous food items opens up a whole new avenue of research into the function of
mesoglea and the nutritional history of Zoanthus sp. under lab and field conditions.
Future research on ammonium transport would provide valuable information about the
abilities of each partner to take up seawater ammonium. The only available data on ammonium
transporters in symbiosis suggests zooxanthellae use ammonium transporters (Leggat et al.
2007). To assess transport, a protocol to separate the epidermis from the gastrodermis would
first be required followed by the use of a low pH (<7.0) buffer solution to ensure ammonium
remains ionized during experiments to reduce the likelyhood of the difussion of ammonia gas.
Radio-labeled 13NH4+ would be most suitable to allow accurate quantification of ions that pass
through the barrier while providing information about whether or not ions become trapped in the
tissue layer. Pernice et al. (2012) provide photographic evidence to further support the AMA
model however the exact pathway of ammonia/ammonium uptake in symbiosis awaits further
study.
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Table 1. Water quality parameters of the culture system used to grow Zoanthus sp. and light
(PAR) measurements of the incubation apparatus.
environmental quantity
parameter

units

Manufacturer

Model

Fisher Scientific, Ottawa, Canada

Glass

ppt

Red Sea, Berlin, Germany

Refractometer

+67

mV

YSI Inc. Yellow Springs, OH

[calcium]

362.5

mg / L

Seachem, Covington, GA

[calcium]

370

mg / L

Aquarium Pharmaceuticals, Chalfont, PA

[magnesium]

1056.3

mg / L

Seachem, Covington, GA

[strontium]

10

mg / L

Salifert, Brederode, Holland

carbonate
alkalinity
borate alkalinity

1.4

meq

Seachem, Covington, GA

Ecosense
ORP15
Reef Status
Calcium Kit
Calcium Test
Kit
Reef Status
Mg-Bo
Strontium
Profi-test
Reef Status
Mg-Bo

2.6

meq

Seachem, Covington, GA

total alkalinity

4

meq

Seachem, Covington, GA

total alkalinity

4.5

meq

Aquarium Pharmaceuticals, Chalfont, PA

total alkalinity

3.4

meq

Aquarium Systems, Mentor, Oh

ammonia

0

mg / L

Aquarium Pharmaceuticals, Chalfont, PA

Fastest
Alkalinity
Master Test Kit

nitrite

0

mg / L

Aquarium Pharmaceuticals, Chalfont, PA

Master Test Kit

nitrate

0.1 - 5.0

mg / L

Aquarium Pharmaceuticals, Chalfont, PA

Master Test Kit

phosphate

0.1-0.2

mg / L

Aquarium Systems, Mentor, OH

iodide

0.02

mg / L

Aquarium Systems, Mentor, OH

iron

0

mg / L

Hagen, Montreal, Canada

Seatest
Phosphate TR300
Seatest
Iodine/Iodide
Fe 2+

copper

0

mg / L

Red Sea, Berlin, Germany

Cu Test

light at surface

108.41

uE/m2/s

Biospherical Industries Inc, Sandiego, CA

QSL2101

light at coral
depth
light at FZ
surface
light mid FZ
beaker

88.43

uE/m2/s

Biospherical Industries Inc, Sandiego, CA

QSL2101

105.42

uE/m2/s

Biospherical Industries Inc, Sandiego, CA

QSL2101

96.15

uE/m2/s

Biospherical Industries Inc, Sandiego, CA

QSL2101

temperature

26.0

degrees C

salinity

34

ORP
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Reef Status
Mg-Bo
Reef Status
Mg-Bo
kH Test Kit

Table 2. Quantification of host tissue (mg protein Bio Rad Soluble Protein Assay; duplicates)
and zooxanthellae (Improved Neubauer hemacytometer; 4 counts). Measurements of seawater
pH after experiment (pH before=8.49). Sample code C=control, D=DCMU treatment, 0=0
hours, 2=2 hours, 4=4 hours.
sample weight (g)
code
1CO
2CO
3CO
5CO
6CO
1C2
2C2
3C2
4C2
5C2
6C2
1C4
2C4
3C4
4C4
5C4
6C4
1DO
3DO
5DO
6DO
1D2
3D2
5D2
6D2
1D4
2D4
3D4
4D4
6D4

0.978
0.9094
0.8855
0.9703
1.4523
1.1483
0.5407
1.0787
0.7564
0.9298
1.1135
0.953
1.0896
0.7862
1.0894
0.8428
0.7347
0.549
0.6358
0.871
0.9771
0.5953
0.7569
1.0339
0.7157
0.9178
1.0701
0.6363

µL of EZ
sample

mean
mg/mL
Protein

mean #
zooX

#zooX
/100µL
sample

pH at
sampling
time

65.2
64.5
64.2
65.1
69.5
66.9
60.0
66.2
62.8
64.7
66.6
65.0
66.3
63.1
66.3
63.8
62.5
60.2
61.3
64.1
65.2
60.8
62.8
65.8
62.3
64.6
66.1
61.3

0.5095
0.5335
0.2685
0.539
0.502
1.284
0.5655
0.3315
0.366
0.5755
0.407
0.512
0.4585
0.334
0.4855
0.651
0.5415
0.3845
0.2195
0.585
0.3915
0.068
0.358
0.906
0.832
0.5145
0.6055
0.3465

128
157.5
160
157
186.75
184.25
94.25
202.5
145
98.5
212
164.25
223.75
107.25
155.75
132.75
144
149.25
132.75
118
120.75
195
207.75
128
126
250.75
173.75
171
180.75
108

1,358,367.3
1,671,428.5
1,697,959.1
1,666,122.4
1,981,836.7
1,955,306.1
1,000,204.0
2,148,979.5
1,538,775.5
1,045,306.1
2,249,795.9
1,743,061.2
2,374,489.7
1,138,163.2
1,652,857.1
1,408,775.5
1,528,163.2
1,583,877.5
1,408,775.5
1,252,244.8
1,281,428.5
2,069,387.7
2,204,693.8
1,358,367.3
1,337,142.8
2,661,020.4
1,843,877.5
1,814,693.8
1,918,163.2
1,146,122.4

7.25
7.29
7.61
7.68
7.86
7.36
7.46
7.75
7.46
7.67
7.68
7.83
7.48
7.73
7.76
7.88
8.12
7.28
6.63
6.89
6.98
7.31
6.59
6.98
7.06
7.31
7.38
6.86
6.91
7.13
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Table 3. Amino acid concentrations in EZ:faast standards (S1+S2) as determined by HPLC-MS.
Calculated slopes were used to correct ion count data for known amino acid concentrations.

DFAA

abbreviation

Retention time

Slope
R2

molar mass
arginine

ARG

174.2

2.74, 4.29

8839

0.991

glutamine

GLN

146.2

3.29

7190

0.862

citrulline

CIT

175.2

3.36

13263

0.992

serine

SER

105.1

3.71

289.8

0.921

threonine

THR

119.1

4.32

196.9

0.964

alanine

ALA

89.1

5.15, 5.83

5235

0.986

γ-aminobutyric acid

GABA

103.1

5.56

4237

0.987

ornithine

ORN

132.1

6.65

39185

0.984

methionine

MET

149.2

7.00

17606

0.997

proline

PRO

228.2

7.14

25526

0.998

tyrosine

TYR

181.2

13.30

18597

0.984

cystine

CYS

240.3

12.45

72111

0.983

glutamine

GLN

146.2

4.11

1808

0.977

asparagine

ASN

132.1

3.80

224

0.991

glycine

GLY

75.1

4.25

77.7

0.716

lysine

LYS

146.1

7.72

30155

0.985

valine

VAL

117.1

7.13, 8.20

10732

0.996

glutamate

GLU

147.1

8.33

239.2

0.994

tryptophan

TRP

204.2

8.51

35070

0.985

aspartate

ASP

133.1

7.77

31131

0.976

histidine

HIS

155.1

7.82

24256

0.990

leucine

LEU

131.2

10.03

3973

0.994

isoleucine

ISO

131.2

10.54

2480

0.996

phenylalanine

PHE

165.2

10.13

25194

0.971
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Table 4. Amino acid concentrations in zooxanthellae isolated from corals after corals were
exposed to 15NH4Cl for 0 (n=5), 2 (n=6), and 4 (n=6) hours and after exposure to 15NH4Cl and
DCMU for 0 (n=5), 2 (n=4), and 4 (n=5) hours. Values are means ± sem (fmol/cell).
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Table 5. Amino acid concentrations in separated host tissue after exposure to 15NH4Cl for 0
(n=5), 2 (n=4), and 4 (n=6) hours and after exposure to 15NH4Cl and DCMU for 0 (n=4), 2 (n=4),
and 4 (n=5) hours.. Values are means ± sem (nmol/mg protein).
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Table 6. Amino acid concentrations in freshly isolated zooxanthellae exposed to CH (0.12
mg/mL) and 20 µM 15NH4Cl for 0 (n=3), 2 (n=5), and 4 (n=6) hours and after exposure to
15
NH4Cl in seawater for 0 (n=4), 2 (n=5), and 4 (n=6) hours. Values are means ± sem
(fmol/cell).
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Table 7. Comparison of amino acid concentrations and percent of total amino acids measured in
in vivo zooxanthellae from the present study along with data for zooxanthellae from Anemonia
viridis, Pocillopora damicornis (McAuley 1994) and Aiptasia pulchella (Swanson and HoeghGuldberg 1998).
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