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ABSTRACT 
Coral Bleaching – Breakdown of a Nutrient Exchange Symbiosis 

 

Nils Rädecker 

 

For millions of years, the nutrient exchange symbiosis between corals and their 

endosymbiotic algae has formed the foundation of the ecological success of coral reefs. 

Yet, in recent decades anthropogenic climate change is increasingly destabilizing this 

symbiosis, and thus the reefs that rely on it. High-temperature anomalies have caused 

mass mortality of corals due to repeated coral bleaching, the expulsion or digestion of 

symbionts by the host during stress. Hence, in-depth knowledge of the cellular processes 

of bleaching is required to conceive strategies to maintain the ecological functioning of 

coral reefs. In this thesis, we investigated the role of symbiotic nutrient cycling in the 

bleaching response of corals. For this, we examined the mechanisms that underlie the 

functioning of the symbiosis in a stable state and how heat stress affects these metabolic 

interactions during coral bleaching. Our findings reveal that the functioning of the coral – 

algae symbiosis depends on the resource competition between host and symbionts. In a 

stable state, symbiotic competition for ammonium limits nitrogen availability for the algal 

symbiont, thereby ensuring symbiotic carbon translocation and recycling. During heat 

stress, however, increased metabolic energy demand shifts host metabolism from amino 

acid synthesis to degradation. The resulting net release of ammonium by the host, 

coupled with the stimulated activity of associated nitrogen-fixing microbes, substantially 

increases nitrogen availability for algal symbionts. Subsequently, stimulated algal growth 
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causes selfish retention of carbon, thereby further reducing energy availability for the 

host. This positive feedback loop disturbs symbiotic nutrient recycling, eventually causing 

the collapse of carbon translocation by the symbiont. Hence, heat stress causes shifts in 

metabolic interactions, which directly and indirectly destabilizes the symbiosis, and 

ultimately undermines the ecological benefits of hosting algal symbionts for corals. In 

summary, this thesis shows that integrating symbiotic nutrient cycling into our conceptual 

understanding of coral bleaching is likely to improve our ability to predict coral bleaching 

in light of environmental conditions and may ultimately help to conceive new strategies 

to preserve coral reef functioning. 
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1 INTRODUCTION | Ocean warming disrupts the engine of the reef 
 
Nils Rädecker1* 

 
1. Red Sea Research Center, Division of Biological and Environmental Science and Engineering, King Abdullah University of Science 

and Technology, Thuwal, Saudi Arabia 
* To whom correspondence should be addressed: 

nils.radecker@kaust.edu.sa 

 
1.1 Abstract 

Corals are the ecosystem engineers of reef ecosystems thanks to their symbiosis with 

intracellular algae of the family Symbiodiniaceae. The nutrient recycling underlying this 

symbiosis forms the basis of the productivity of corals in the oligotrophic tropical ocean. 

Yet, corals reefs are degrading globally due to the complex interplay of anthropogenic 

stressors. In recent decades, high temperature anomalies have repeatedly disrupted the 

coral – algae symbiosis and caused coral mortality in recent decades. With rapidly 

progressing climate change, these so-called global bleaching events require new 

management strategies to preserve ecosystem resilience. Yet, our ability to predict or 

even prevent bleaching is hampered by an incomplete understanding of the cellular 

processes involved. Here, I outline why we must first understand the factors stabilizing 

the symbiosis in a stable state before we can identify the causes of symbiotic breakdown 

during stress. In this light, I propose that the integrity and breakdown of the coral – algae 

symbiosis are inherently linked to the very foundation of its ecological success: the 

nutrient exchange between host and symbiont.  

 

Keywords 

Arrested phagosome hypothesis | coral bleaching | coral holobiont | ecosystem engineer 

| nutrient cycling  
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1.2 Ecosystem Engineers of the Reef 

Similar to tropical rainforests, coral reefs are highly complex ecosystems shaped by 

constant small-scale disturbances [1]. In such ecosystems, the classical climax state is 

replaced by a dynamic non-equilibrium state that sustains the high diversity and 

productivity of these ecosystems [2]. As a result, the biomass of coral reefs is unmatched 

in the marine environment, rendering coral reefs hotspots of life in the tropical 

oligotrophic ocean [1,3]. Scleractinian corals are the ecosystem engineers of these reefs ( 

 

Figure 1-1) [4]. Not only do their carbonate skeletons form the structural basis of coral 

reef ecosystems, corals further support the foundation of the reef food web by hosting 

intracellular algae of the family Symbiodiniaceae [5–8]. In this nutrient exchange 

symbiosis, corals provide ideal conditions for algal photosynthesis by offering a light-rich 

habitat as well as carbon dioxide (CO2) from their metabolism to the algae [8,9]. In return, 

endosymbiotic algae release up to 95 % of their photosynthetically fixed carbon to the 

host thereby providing the major energy source for the coral’s metabolism ( 

 

Figure 1-1) [10,11]. This efficient recycling of inorganic and organic nutrients is 

fundamental to supporting the immense productivity of corals in the highly oligotrophic 

conditions of the tropical ocean. At the same time, this efficient recycling of nutrients 

implies that the high gross productivity translates into comparatively low net productivity 

and growth of corals [5].  
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With nitrogen being the major limiting nutrient in tropical reef waters, but still being 

central to the metabolic interactions within the coral holobiont, the coral animal, as well 

as their symbionts, have retained the cellular machinery for the fixation of ammonium 

(NH4
+) [12,13]. Diazotrophs, prokaryotes capable of converting atmospheric dinitrogen 

into ammonium, are common members of the coral holobiont, i.e. the metaorganism 

arising from the interactions of corals and their associated microbes [14–17]. Coupled 

with the uptake of organic nutrients via heterotrophic feeding by the host, these 

symbiotic interactions thus enable corals to outcompete other organisms, restricted to 

autotrophic or heterotrophic nutrient acquisition under oligotrophic conditions [10,18]. 

This ecological advantage has allowed corals to dominate the benthic community of coral 

reef ecosystems for millions of years [19].  

 

 
 

Figure 1-1| Cellular view of the coral – algae symbiosis. (A, B) Corals are the ecosystem engineers 
of by forming the structural habitat as well as the basis of the food web of coral reef ecosystems. 
(C) The nutrient exchange between corals and their endosymbiotic algae is key to the high 
productivity of corals. The host and symbiont both have the cellular machinery to assimilate 
ammonium (NH4

+) from seawater. Further, host carbon concentrating mechanisms ensure that 

Glucose

A

B

C

NH₄⁺

CO₂
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carbon dioxide is transported to the symbiont. Under these conditions Symbiodiniaceae 
translocate most of their fixed carbon as glucose to the host. This translocated carbon fuels the 
host metabolism or is stored in lipid bodies.  
 
 

 

1.3 The Coral Crisis 

The species composition on coral reefs has been remarkably stable over evolutionary time 

scales [20,21]. Yet, in recent decades the community structure and functioning of coral 

reefs have undergone rapid and drastic changes [22,23]. Anthropogenic environmental 

change has caused a global restructuring of coral reef ecosystems [23]. These 

anthropogenic impacts on coral reefs are not a recent phenomenon though. 

Overharvesting of reef organisms dates back more than a hundred thousand years 

[20,24]. Yet, the rapid human population growth is now threatening the integrity of coral 

reef ecosystems more than ever before [25]. Coral cover has declined by more than 50% 

in the last century alone, leading to a global degradation of reef ecosystems [26,27]. 

Historically this decline was largely driven by overharvesting, eutrophication, and 

pollution [27]. Unlikely these impacts, however, coral reefs are now facing an 

anthropogenic stressor that cannot be managed locally: global climate change.  

The global extent and rapid rate of ocean warming caused by anthropogenic climate 

change are posing an unprecedented threat to the integrity of coral reef ecosystems as a 

whole [22,23,28]. Heat stress anomalies have repeatedly disrupted the coral – algae 

symbiosis. In these so-called coral bleaching events, hosts expel or digest their 

intracellular algae resulting in the white appearance of coral colonies. Deprived of their 

main energy source, bleached corals eventually starve when heat stress persists or they 
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cannot re-associate with algal symbionts [29]. In their evolutionary past, bleaching may 

have been an adaptive response of corals as it allows the shuffling or switching of 

symbionts to optimize fitness under changing environmental conditions [30–32]. Yet, the 

intensity, frequency, and duration of recent El Niño high temperature anomalies is 

exceeds the adaptive capacity of corals [33,34]. Global bleaching events have not only 

caused mass mortality of corals. The resulting reduction in host and symbiont diversity 

coupled with up to 90% reduction in recruitment have drastically reduced the genetic 

repertoire available for selection [35].  

The collapse of corals as reef ecosystem engineers directly affects the ecosystem as a 

whole [36]. The temporary decline in reef growth and increased rates of bioerosion 

reduce structural habitat complexity in years following bleaching [37–39]. The change of 

habitat and the decline in corals as key primary producers, ultimately may change the 

species composition of and result in a collapse of the trophic pyramid on reefs [40]. With 

the frequency and severity of high temperature anomalies increasing on coral reefs, the 

time between bleaching events is now insufficient to allow for full recovery of coral reef 

communities [41]. In order to preserve or restore ecosystem resilience, new approaches 

are urgently needed to mitigate the effects of climate change on corals and the reefs they 

support [23].  

 

1.4 Understanding Coral Bleaching 

Science-based coral reef management in times of climate change requires an in-depth 

understanding of the cellular processes involved in the symbiotic breakdown during heat 
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stress. In this light, it is important to consider that the bleaching phenomenon is not 

restricted to the coral – algae symbiosis. Loss of symbionts due to expulsion or digestion 

during heat stress has been reported in symbiotic Bivalvia, Foraminifera and Radiolaria 

[42–44]. Furthermore, even the loss of photosynthetic plastids during heat stress has 

been reported for gastropods and the alga Euglena gracilis [45,46]. Together these 

observations suggest that the bleaching may be a common stress response of heterotroph 

– autotroph endosymbioses. Yet, these symbioses have repeatedly evolved 

independently across the evolutionary history of eukaryotes (

 

 

Figure 1-2) [47]. As such, the cellular causes of bleaching may likely be deeply rooted in 

eukaryotic cell biology.  
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Production of reactive oxygen species (ROS) is an inevitable side product of 

photosynthesis [48]. While photosynthetic organisms are adapted to elevated ROS levels, 

heterotrophic organisms hosting these phototrophs may lack the capacity to cope with 

high oxidative stress [49]. Increased ROS production during heat stress may, thus, force 

the host to expel its symbionts to prevent severe oxidative damage [50]. Indeed, Lesser 

et al. [51,52] showed that corals experience oxidative damage during heat stress and that 

the addition of exogenous antioxidants may reduce the severity of bleaching. Despite two 

decades of research, however, a direct link between symbiotic ROS release and coral 

bleaching could not be confirmed [53–56]. Instead, recent studies showed that coral 

bleaching can occur in the absence of symbiotic ROS production or oxidative damage to 

the host [53,54]. Further, ROS production by the host’s mitochondria or associated 

bacteria may match even exceed that of intracellular algae in stable or heat stress 

scenarios [56–58]. Hence, the role of ROS in the mechanistic cascade of processes needs 

to be carefully reevaluated. 

The contrasting findings regarding the role of ROS during bleaching highlight the 

challenges of identifying the underlying causes of coral bleaching. Disentangling the 

primary causes and secondary consequences of dysbiosis during heat stress will not be 

possible unless we consider the processes that stabilized the symbiosis in the first place. 

In order to form a stable symbiosis, symbionts need to be ingested via phagocytosis, 

arrest phagosome maturation to avoid digestion and evade the native immune system of 

the host [59,60]. Any alteration or failure of these core processes involved would thus be 

a likely primary cause of coral bleaching during heat stress.  



 
 

 

21 

 

 

1.5 The Role of Nutrient Cycling in Symbiosis Stability and Breakdown 

Hill & Hill [61] proposed a theory that may explain why phototrophic microorganisms 

were able to form stable associations with such a diverse range of hosts. The Arrested 

Phagosome Hypothesis posits that the release of photosynthates by symbionts residing 

in the host phagosome may mimic digestion of prey [62]. The carbon translocation by the 

symbiont passively arrests phagosome maturation by exploiting already existing cellular 

machinery of phagosome digestion feedback processes. As the host may be unable to 

detect the intracellular invader, symbionts would further evade the native immune 

response of the host in this scenario. This view is supported by the absence of a 

transcriptomic response by the host during the early stages of infection with 

photosymbionts [63]. The beauty of this hypothesis lies in its simplicity. As only the 

phagocytotic machinery is required, no pre-adaptation is required by the host thereby 
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explaining why such a diverse range of hosts are found in symbiosis with intracellular 

phototrophs (  

 

Figure 1-2) [62]. Symbionts, on the other hand, would be selected based on their ability 

to grow and photosynthesize under low pH conditions of the phagosome. Indeed, Huss et 

al. [64] showed that the only distinguishing factor between symbiotic and non-symbiotic 

strains of Chlorella spp. was their ability to proliferate under acidic conditions.  
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Figure 1-2 | Examples of diverse heterotroph – phototroph symbioses. Symbiosis between 
heterotrophic hosts (green dot) and phototrophic endosymbionts (red dot) have independently 
evolved multiple times throughout the evolutionary history of eukaryotes. While these symbioses 
are different in their origin, they may share many common characteristics such as the arrest of 
the surrounding phagosome and the nitrogen-limited state of the symbiont.  
 
 
 
 
 
 
 
 
 
 

At the same time, the Arrested Phagosome Hypothesis indirectly implies that the host 

may be able to passively select for beneficial symbionts. The arrest of the phagosome 

depends on the beneficialness (i.e. carbon translocation) of the symbiont to the host. 

Symbionts not beneficial to the host may, thus, be unable to prevent phagosome 



 
 

 

24 

 

maturation and may be detected by the native immune response of the host leading to 

the expulsion or digestion of symbionts.  

While this ability to select for beneficial symbionts may be critical to avoid parasitism by 

intracellular symbionts, it may also explain the rapid breakdown of symbiosis during 

stress. If environmental stressors impede or reduce carbon translocation of symbionts to 

the host, the stability of the symbiosis may be compromised. In this light, the effects of 

heat stress on the symbiotic nutrient exchange may be directly linked to bleaching 

susceptibility of the symbiosis.  

 

1.6 The Objectives of this Thesis 

The nutrient exchange between hosts and symbiont is the key to the ecological success 

of the coral – algae symbiosis. Alterations of symbiotic nutrient assimilation and exchange 

during heat stress, hence, have the potential to directly or indirectly affect the stability of 

the symbiosis. In this thesis, we used a two-step approach to identify how alterations of 

nutrient cycling during heat stress may affect the performance of the coral – algae 

symbiosis.  

First, we investigated the underlying processes that maintain and regulate the 

translocation of nutrients in in the stable state of symbiosis. For this, we studied the 

nutrient acquisition via autotrophy, heterotrophy as well as microbial nitrogen fixation. 

By investigating the partitioning of resources between symbiotic partners in light of 

overall nutrient availability, we aimed to identify the mechanisms of nutrient 
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translocation and their role in determining relative fitness trade-offs between host and 

symbiont.  

Secondly, the baseline processes identified in the first step allowed us to identify how 

heat stress alters the nutrient exchange within the holobiont. For this, we not only 

investigated the metabolic interactions of the host and their endosymbiotic algae but also 

the role of nitrogen-fixing prokaryotes in the overall heat stress response of the 

holobiont.  

This thesis addresses these questions in 5 chapters as outlined below:  

 

Nutrient cycling in a stable symbiosis 

Chapter 1 – Nutrient cycling in Aiptasia 

In this chapter, we compare nutrient assimilation and partitioning between host and 

symbiont in Aiptasia, a promising model organism for the study of the coral – algae 

symbiosis. By comparing the performance of different pairings of host and symbiont 

strains, we aim to identify the underlying processes determining the drivers of nutrient 

exchange in these symbioses.  

 

 

 

Chapter 2 – Carbon cycling in Cassiopea  

In this chapter, we investigate the effect of dissolved organic carbon on carbon 

assimilation in the upside-down jellyfish Cassiopea sp. Similar to Aiptasia, Cassiopea 
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allows the study of metabolic processes in the absence of calcification. By studying the 

effects of stimulated heterotrophic carbon uptake in the absence of calcification, we were 

aiming to investigate the metabolic recycling of respired carbon in the cnidarian – algae 

symbiosis. 

 

Chapter 3 – Nitrogen fixation in coral holobionts 

In this chapter, we investigate the importance of nitrogen-fixing prokaryotes as a 

nitrogen source for the coral – algae symbiosis. By comparing nitrogen fixation activity 

across four coral species with varying degrees of heterotrophic capacity, we aimed to 

investigate whether nitrogen fixation may mitigate reduced nitrogen acquisition from 

heterotrophic feeding. 

 

Nutrient cycling during bleaching 

Chapter 4 – Nutrient cycling during heat stress 

In this chapter, we investigate the effects of heat stress on the symbiotic nutrient cycling 

in the Red Sea coral Stylophora pistillata. By focusing on early stress responses, we aimed 

to identify the primary effects of heat stress that trigger the cascade of processes 

ultimately resulting in coral bleaching.  

 

Chapter 5 – The role of bacterial nitrogen cycling in coral bleaching  

In this chapter, we investigate whether the stimulated activity and growth of nitrogen-

fixing prokaryotes associated with corals may affect the stability of the coral – algae 
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symbiosis during heat stress. By stimulating microbial nitrogen fixation in the absence of 

heat stress in the Red Sea coral Pocillopora verrucosa, we aimed to disentangle the effects 

of altered microbial activity from other stress responses during elevated temperatures in 

coral.   

 

By studying symbiotic nutrient cycling in cnidarian model systems with reduced 

complexity, we were able to identify how the interaction of host and symbionts may 

determine overall symbiotic performance. By linking changes in symbiotic interactions 

during heat stress to the processes that stabilized nutrient cycling in a stable state, we 

were able to disentangle how heat stress may destabilize the coral – algae symbiosis 

eventually resulting in the bleaching of corals.  
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2.1 Abstract 

The symbiosis between cnidarian hosts and microalgae of the family Symbiodiniaceae 

provides the foundation of coral reefs in oligotrophic waters. Understanding the nutrient-

exchange between these partners is key to identifying the fundamental mechanisms 

behind this symbiosis yet has proven difficult given the endosymbiotic nature of this 

relationship. In this study, we investigated the respective contribution of host and 

symbiont to carbon and nitrogen assimilation in the coral model system Aiptaisa. For this, 

we combined traditional measurements with nanoscale secondary ion mass spectrometry 

(NanoSIMS) and stable isotope labeling to investigate patterns of nutrient uptake and 

translocation both at the organismal scale and at the cellular scale. Our results show that 

the rate of carbon and nitrogen assimilation in Aiptasia depends on the identity of the 

host and the symbiont. NanoSIMS analysis confirmed that both host and symbiont 

incorporated carbon and nitrogen into their cells, implying a rapid uptake and cycling of 

nutrients in this symbiotic relationship. Gross carbon fixation was highest in Aiptasia 

associated with their native algal symbiont communities. However, differences in fixation 

rates were only reflected in the 𝛿13C enrichment of the cnidarian host, whereas the algal 
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symbiont showed stable enrichment levels regardless of host identity. Thereby, our 

results point towards a ‘selfish’ character of the cnidarian – algae association in which 

both partners directly compete for available resources. Consequently, this symbiosis may 

be inherently unstable and highly susceptible to environmental change. While questions 

remain regarding the underlying cellular controls of nutrient exchange and the nature of 

metabolites involved, the approach outlined in this study constitutes a powerful toolset 

to address these questions. 

 

Keywords 

Aiptasia | carbon translocation | metaorganism | nitrogen uptake |selfish symbiont | 

Symbiodiniaceae 
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2.2 Introduction 

The ecological success of coral reefs in nutrient-poor waters relies on the nutrient-

exchange between cnidarians and dinoflagellate algae of the family Symbiodiniaceae 

living in the host’s tissues [1–4]. In this association, the endosymbiotic algae translocate 

the majority of their photosynthetically fixed carbon to the host, which in turn provides 

inorganic nutrients from its metabolism to sustain algal productivity [2,5–7]. The efficient 

recycling of organic as well as inorganic nutrients within this symbiosis underpins the high 

productivity of coral reefs in the absence of major sources of allochthonous nutrients 

[4,8]. Yet, this ecosystem is in global decline as anthropogenic environmental change 

impedes the role of cnidarians as key ecosystem engineers [9,10]. Mass bleaching events, 

i.e. the disruption of the cnidarian – algae symbiosis signified by the expulsion of 

symbionts and physical whitening of corals on broad scales, are among the dominant 

drivers of this decline [11,12]. Understanding the causes of this symbiotic breakdown 

requires considering these symbiotic organisms as holobionts. Holobionts constitute 

complex metaorganisms that arise from the interactions of the hosts and their associated 

microorganisms such as protists, bacteria, and archaea [13]. A crucial attribute of 

cnidarian holobionts is the ability to assimilate and recycle nutrients [14]. In particular, 

nitrogen cycling appears to be key to the functioning of these holobionts [15,16], since 

the growth of algal symbionts is nitrogen-limited in a stable symbiosis [15,17–20]. 

Nitrogen limitation might stabilize symbiont populations and facilitate the translocation 

of photosynthates to the host [21], a process providing most of the energy required for 

the host’s metabolism [2,22].  
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Despite the importance of disentangling the individual contribution of host and symbionts 

to holobiont nutrient cycling [15,23–25], studying these processes in scleractinian corals 

has proven difficult due to the complex and interwoven nature of the coral holobiont. As 

most corals are associated with a diverse Symbiodiniaceae community and are difficult to 

maintain in a symbiont-free stage [26,27], identifying underlying processes within these 

symbiotic interactions is challenging. In contrast, the emerging model organism Aiptasia 

(sensu Exaiptasia pallida [28]) promises to be an easy and cost-effective tool to study 

cnidarian – algae interactions. While this sea anemone differs from scleractinian corals in 

some key functional traits, most notably the lack of a calcareous skeleton, it features 

distinct advantages for the study of cnidarian – algae symbioses [29–31]: (I.) it can be 

reared in clonal lines, enabling the study of processes in the absence of biological 

variation [32]; (II.) animals can be easily maintained in a symbiont-free stage, allowing the 

study of host processes in the absence of symbionts [31]; (III.) symbiont-free Aiptasia can 

be re-infected with specific symbiont strains, enabling the comparison of different 

symbionts (including those commonly associated with corals) in the same host 

background in hospite [33]; (IV.) natural populations of Aiptasia can be found in a range 

of environmental conditions and in association with different symbionts, offering a 

natural laboratory for the study adaptation and coevolution in this symbiosis [31,34] (V.) 

an extensive array of genetic resources is available in Aiptasia, allowing to link genetic and 

physiological traits [29]. These distinct advantages will prove especially powerful to study 

metabolic interactions between host and symbionts when combined with state-of-the-

art imaging techniques such as nano-scale secondary ion mass spectrometry (NanoSIMS). 
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Coupled with stable isotope labeling, this technology enables imaging of metabolic 

processes at subcellular resolution and consequently quantification of nutrient 

assimilation at the single-cell level for each symbiotic partner [35,36]. NanoSIMS has 

opened doors to an unprecedented level of information across all fields of biology and 

has previously been successfully applied to corals [35–39].  

In this study, using the combined advantages of the Aiptasia model system and high 

resolution NanoSIMS, we sought to investigate the relative contribution of cnidarian host 

identity and associated Symbiodiniaceae type to assimilate dissolved inorganic nitrogen 

and carbon both at the organismal and at the cellular level. By doing this, we aim to 

promote the use of Aiptasia as a model for the study of metabolic interactions in the 

cnidarian – algae symbiosis.  

 

2.3 Material & Methods 

2.3.1 Maintenance of Aiptasia  

Four different host–symbiont pairings were maintained in separate batches. These 

combinations involved two different host clonal lines (CC7 [40] and H2 [41]) as well as 

two different symbiont populations (A4 and B1 dominated [42]). While CC7 Aiptasia can 

form stable associations with a diversity of Symbiodiniaceae types, H2 Aiptasia show high 

fidelity to their native Symbiodiniaceae community suggesting a higher selectivity and/or 

specificity with their symbionts [34]. This specificity of H2 Aiptasia hinders reinfection 

with other symbionts thereby preventing a full factorial design in this study. Nevertheless, 
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these host clonal lines provide an ideal basis for the comparison of symbiont diversity and 

specificity. 

To allow comparison of symbiont types within the same host line and to compare the 

performance of the same symbiont type within different host lines, CC7 Aiptasia were 

bleached and reinfected with type B1 (strain SSBO1) symbionts, previously isolated from 

H2 Aiptasia. For this, aposymbiotic CC7 Aiptasia were generated and reinfected as 

described by Baumgarten et al. [29]. In brief, animals were repeatedly bleached by 

incubation in 4˚C sterile seawater for 4 h, followed by 1-2 days at 25˚C in sterile seawater 

containing the photosynthesis inhibitor diuron. Aposymbiotic animals were maintained 

for at least 1 month prior to reinfection to confirm the absence of residual symbionts. For 

reinfection, aposymbiotic animals were subjected to three cycles of incubation for one 

day in sterile seawater containing 105 Symbiodiniaceae cells mL-1 followed by Artemia 

salina nauplii feeding the next day. Thus, the four combinations were: aposymbiotic CC7 

Aiptasia, CC7 Aiptasia with its native A4 symbionts; CC7 Aiptasia reinfected with B1 
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symbionts and H2 Aiptasia with its native B1 symbionts (

 

 

Figure 2-1A-D). Animals were reared in sterile seawater (35 PSU, 25 °C,~80 μmol photons 

m-2 s-1 on a 12h:12h light:dark schedule) and fed with freshly hatched Artemia salina 

nauplii three times per week. Notably, while these light levels are low compared to 

shallow coral reef environments, these light levels were chosen to support the optimal 

growth of animals and are in the range of previous studies working with Aiptasia [43–45]. 

Animal cultures were propagated under these conditions for more than one year to 

ensure anemones recovered from bleaching and reinfection procedures and to confirm 

the stability of native and introduced symbiotic associations. The stability of 

Symbiodiniaceae communities was monitored using qPCR as outlined by Correa et al. 
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[46]. Any feeding was abandoned three days prior to measurements to exclude potential 

confounding effects. Thereby this experimental design allowed us to disentangle the 

contribution of host and symbionts to holobiont nutrient cycling in three comparisons: 

(I.) between different symbionts within the same host line, (II.) between different hosts 

lines with the same symbiont, and (III.) between symbiotic and aposymbiotic states within 

the same host line.  

 

2.3.2 Oxygen flux measurements 

Net photosynthesis and respiration rates were measured via oxygen (O2) evolution and 

consumption measurements during light and dark incubations, respectively. For this 

purpose, four specimens of each host–symbiont combination were transferred into 25 ml 

glass chambers filled with sterile seawater. Specimens were left to settle for 30 min in the 

dark before magnetic stirrers were turned on to prevent stratification of the water 

column. Subsequently, O2 concentrations were recorded once per second over the course 

of 30 min incubations in the light (~80 μmol photons m-2 s-1, 25˚C) and dark (<1 μmol 

photons m-2 s-1, 25˚C) using FireSting O2 optical oxygen meters (PyroScience, Germany). 

Following incubation all specimens were immediately flash frozen and stored at -20˚C 

until further analysis. Net photosynthesis (inferred from light incubations), as well as 

respiration (inferred from dark incubations) rates, were corrected for seawater controls 

and normalized to total protein content and algal symbiont densities of specimens. O2 

fluxes of net photosynthesis and respiration rates were transformed into their carbon 

equivalents using the photosynthetic and respiration quotients of 1.1. and 0.9 as 
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proposed by Muscatine et al. [5]. Gross photosynthesis rates were calculated according 

to: 

𝑔𝑟𝑜𝑠𝑠 𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 𝑟𝑎𝑡𝑒 = 𝑛𝑒𝑡 𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 𝑟𝑎𝑡𝑒 +  |𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒| 

 

2.3.3 Quantification of NH4
+ uptake and release 

Net uptake rates were assessed on the holobiont levels during light (~80 μmol photons 

m-2 s-1, 25˚C) and dark (<1 μmol photons m-2 s-1, 25˚C) conditions using the depletion 

technique [47]. Four specimens of each host–symbiont combination were incubated for 

60 min in 25 ml chambers filled with NH4
+-enriched artificial seawater (ASW) with a final 

concentration of 5 µM [48]. 10 ml water samples were collected before and after the 

incubation, filtered (45 µm) and immediately analyzed for ammonium concentrations 

using an autoanalyzer (SA3000/5000 Chemistry Unit, SKALAR, Netherlands). Differences 

in NH4
+ concentrations were corrected for seawater controls and normalized to 

incubation time, total host protein content and algal symbiont densities of specimens to 

obtain net uptake rates during both light and dark incubations.  

 

2.3.4 Protein content, algal symbiont density, and chlorophyll concentrations 

Frozen specimens were defrosted in 500 µl sterile saline water and homogenized using a 

Micro DisTec Homogenizer 125 (Kinematica, Switzerland). An aliquot of the homogenate 

was immediately analyzed for total protein content as well as symbiont concentrations, 

respectively. For total host protein content, algal symbiont cells were removed by brief 

centrifugation and the supernatant was analyzed with the Micro BCA Protein Assay Kit 
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(Thermo Scientific, USA) using 150 µl of 15x diluted tissue slurry as per manufacturer 

instructions. Likewise, algal symbiont density was quantified by flow cytometry (BD 

LSRFortessa, BD Biosciences, USA) using 100 µl of strained tissue slurry. Cells were excited 

at a wavelength of 488 nm and fluorescence emission was recorded at 695/40 nm. Algal 

symbiont cell densities were quantified in triplicate measurements (20 µl each) based on 

forward-scattered light and chlorophyll autofluorescence signals of recorded events.  

 

2.3.5 Isotope labeling and sample preparation 

To verify nitrogen and carbon assimilation rates on the holobiont level, an isotopic 

labeling experiment was conducted for subsequent Nanoscale secondary ion mass 

spectrometry (NanoSIMS) analysis. Individual specimens of each host–symbiont 

combination were incubated for 24 h (12h:12 light dark cycle) in 25 ml incubation 

chambers containing ASW. For isotopic enrichment, freshly prepared ASW, essentially 

free from bicarbonate and ammonium, was supplemented with NaH13CO3 (isotopic 

abundance of 99%) as well as 15NH4Cl (isotopic abundance of 99%) at a final concentration 

of 2 mM and 5 µM, respectively (adapted from Harrison et al. [48]). Following incubation, 

all specimens were immediately transferred to a fixative solution (2.5% glutaraldehyde, 1 

M cacodylate) and stored at 4˚C until further processing (within 14 days). 

Individual tentacles were collected from each anemone under a stereomicroscope for 

further sample preparation adapted after Pernice et al. [37] and Kopp et al. [49]. First, 

samples were post-fixed for 1h at RT in 1% OsO4 on Sörensen phosphate buffer (0.1 M). 

Samples were dehydrated in a serious of increasing ethanol concentrations (50%, 70%, 



 

 

45 

90%, 100%) followed by 100% acetone. Tissues were then gradually infiltrated with 

SPURR resin of increasing concentrations (25%, 50%, 75%, 100%). Subsequently, tissues 

were embedded in SPURR resin and cut into 100 nm sections using an Ultracut E 

microtome (Leica Microsystems, Germany) and mounted on finder grids for transmission 

electron microscopy (ProsciTech, Australia). 

 

2.3.6 NanoSIMS imaging 

Gold-coated sections were imaged with the NanoSIMS 50 ion probe at the Center for 

Microscopy, Characterisation and Analysis at the University of Western Australia. 

Surfaces of samples were bombarded with a 16 keV primary Cs+ beam focused to a spot 

size of about 100 nm, with a current of approximately 2 pA. Secondary molecular ions 

12C12C-, 12C13C-, 12C14N- and 12C15N- were simultaneously collected in electron multipliers 

at a mass resolution (M/ΔM) of about 8,000, enough to resolve the 12C13C- from the 12C2
1H- 

peak and the 13C14N- and 12C15N- peaks from one another. Charge compensation was not 

necessary. Five images of different areas within the gastrodermis of the tentacle (25 - 45 

μm raster with 256 × 256 pixels) were recorded for all targeted secondary molecular ions 

by rastering the primary beam across the sample with a dwell time of 10-20 ms per pixel. 

After drift correction, the 13C/12C or 15N/14N maps were expressed as a hue-saturation-

intensity image (HSI), where the color scale represents the isotope ratio. Image processing 

was performed using the ImageJ plugin OpenMIMS (National Resource for Imaging Mass 

Spectrometry, https://github.com/BWHCNI/OpenMIMS/wiki). 
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Enrichment of the isotope labels was quantified for 20 ROIs (circles of 2-10 µm) per 

category (symbiont cells, gastrodermal host tissue and gastrodermal vesicles) for each 

host–symbiont combination and expressed using 𝛿13C and 𝛿15N notation. Gastrodermal 

host tissue was quantified in the form of ROIs placed adjacent to symbiont cells as clear 

cell boundaries were not always identifiable.  

Unlabeled Aiptasia served as unlabeled controls. 𝛿13C and 𝛿15N enrichment (expressed in 

‰) was quantified as follows: 

𝛿 𝐶13 = ((
𝐶𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑢𝑛𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑
) − 1) ∗ 103and, 𝛿 𝑁15 = ((

𝑁𝑠𝑎𝑚𝑝𝑙𝑒

𝑁𝑢𝑛𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑
) − 1) ∗ 103, 

where and C is the 13C/12C ratio (measured as 12C13C-/12C12C- ions) and N is the 15N/14N 

ratio of sample or unlabeled control, respectively. In this context, it is important to note 

that carbon and nitrogen incorporation at the cellular level was likely underestimated in 

our study as sample preparation for NanoSIMS may result in partial extraction of 

biomolecules. 

 

2.3.7 Statistical analysis 

All statistical analyses were conducted with R version 3.2.5 [50]. Data were tested for 

normal distribution using the Shapiro-Wilk test. All measurements on the holobiont level 

(symbiont densities, gross photosynthesis, respiration, net NH4
+ uptake) followed normal 

distribution and were analyzed with a one-way analysis of variance (ANOVA) using host-

symbiont combination as explanatory variable; only gross photosynthesis rates 

normalized by symbiont density were right-skewed and did not follow a normal 
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distribution and hence were analyzed with a generalized linear model (GLM) using host-

symbiont combination as the explanatory variable. Similarly, 𝛿13C and 𝛿15N enrichment 

data did not follow a normal distribution and were analyzed in two-factorial GLMs using 

additive as well as interactive effects of host-symbiont combination as well as holobiont 

compartment (host, lipid body, symbiont). All GLMs were fitted with Gamma distribution 

and ‘log’ function to optimize the fit of the model. The fit of model residuals was 

confirmed using the qqPlot() function as implemented in the ‘car’ package for R [51]. An 

overview of replication and model results is provided in the Supplementary Information 

Table S2-1. Adjustment for multiple comparisons between host – symbiont combinations 

and holobiont compartments was done following the Bonferroni procedure. Significant 

differences identified via the post hoc comparison are indicated in the figures as different 

letters above bars. 

 

2.4 Results 

2.4.1 Symbiont densities  

Aiptasia of the clonal line CC7 with their native symbiont community (Symbiodiniaceae 

type A4) contained a significantly lower density of symbionts when normalized to host 



 

 

48 

protein content compared to the other two symbiotic host–symbiont combination (

 

 

Figure 2-1E, see Supplementary Information Table S2-1 for an overview of statistical 

model results). Notably, symbiont densities in Aiptasia were in the same order of 

magnitude as previously reported for scleractinian corals [52,53]. As expected, no 

symbionts were detected in aposymbiotic Aiptasia. 

 

2.4.2 Carbon assimilation and translocation 

Host–symbiont combinations of Aiptasia showed distinct differences in carbon fixation 

both at the holobiont ( 
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Figure 2-2) as well as at the cellular level (Figure 2-3). While fixation rates were highly 

variable between the three combinations of symbiotic Aiptasia, no carbon fixation was 

detectable in aposymbiotic Aiptasia, confirming that carbon assimilation was 

photosynthetically driven. At the holobiont level, gross photosynthesis was highest in 

Aiptasia of the clonal line CC7 with their native Clade A symbionts after normalization to 

symbiont cells ( 

Figure 2-2A) or host protein content ( 

Figure 2-2E). In contrast, CC7 Aiptasia symbiotic with Clade B (type B1, SSBO1) 

Symbiodiniaceae showed the lowest gross photosynthesis rates of all symbiotic Aiptasia 

combinations. In particular, rates were lower than H2 Aiptasia hosting the same type B1 

dominated symbiont community. Photosynthetic carbon fixation was more than three-

fold higher than dark respiratory carbon consumption in all symbiotic Aiptasia groupings. 

Overall, dark respiration rates largely followed patterns of gross photosynthesis rates 

when normalized to algal symbiont content, with CC7 Aiptasia symbiotic with type A4 

having higher respiration rates than the other two symbiotic Aiptasia combinations 

hosting type B1 Symbiodiniaceae. In contrast, no significant differences in respiration 

rates were detectable between the four host – symbiont combinations when normalized 

to host protein content ( 

Figure 2-2B,F). 

Isotope labeling and NanoSIMS imaging revealed that the observed differences in carbon 

fixation on the holobiont level translated into an intricate picture at the cellular level 

(Figure 2-3A-H). First, 𝛿13C enrichment was evident in both host and symbiont cells in all 
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symbiotic Aiptasia groupings (Figure 2-3B-D). Second, although enrichment was highest 

in Symbiodiniaceae cells, localized regions of < 5 µm diameter in the host tissue (referred 

to as ‘lipid bodies’ from this point on) also showed significantly higher rates of enrichment 

compared to the surrounding host tissue. Third, Clade B Symbiodiniaceae showed no 

differences in 13C-incorporation depending on the host, and incorporation rates were 30-

40 % lower than in Clade A symbionts. Host lipid bodies, on the contrary, showed a 

reversed picture with Clade B associated H2 Aiptasia having the highest and Clade B 

associated CC7 Aiptasia having the lowest 13C assimilation rates, despite harboring the 

same symbiont types. 

 

 
 

Figure 2-1 | Overview of host – symbiont combinations. (A-D) Fluorescence microscopy overview 
of the four host – symbiont combinations to visualize in hospite chlorophyll autofluorescence of 
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endosymbiotic Symbiodiniaceae (diameter of animals ~ 1.5 cm). Notably, symbiont densities (E) 
of these host – symbiont combinations differed between symbiont types but not between hosts 
hosting the same symbiont when normalized to host protein content. All data are shown as mean 
± SE (n = 8 animals each). Different letters above bars indicate significant differences between 
groups (p < 0.05). CC7, H2 = Aiptasia clonal lines; A4, B1 = Symbiodiniaceae types; apo = 
aposymbiotic. 
 
 

2.4.3 NH4
+ assimilation and release 

Similar to carbon fixation, strong differences in ammonium (NH4
+) assimilation were 

evident between the experimental groups of Aiptasia at both holobiont and cellular 

levels. At the holobiont level, all four host—symbiont combinations showed higher NH4
+ 

uptake/release rates during the light compared to dark conditions ( 

Figure 2-2). When normalized to host protein content, aposymbiotic Aiptasia showed the 

highest net release of NH4
+ at the holobiont level both during light and dark incubations ( 

Figure 2-2H). Albeit significantly lower, symbiotic H2 Aiptasia also had a net release of 

NH4
+ into the surrounding seawater during the light incubations yet took up NH4

+ during 

dark incubations. In contrast, both groups of symbiotic CC7 Aiptasia showed net uptake 

of NH4
+ by the holobiont during both light and dark conditions. Further, the uptake rate 

was affected by the associated symbiont community, with Clade A dominated CC7 

holobionts taking up more NH4
+ than their Clade B infected counterparts ( 

Figure 2-2C,G).    

Although NH4
+ assimilation ranged from net uptake to net release in the different 

experimental groups, NanoSIMS imaging confirmed that all four host–symbiont 

combinations incorporated 15N into their cells (Figure 2-3I-P). While 𝛿15N signatures were 

highest in Symbiodiniaceae cells, 15N assimilation was also observed within the cnidarian 
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host tissue including that of aposymbiotic Aiptasia. Similar to 𝛿13C patterns, 𝛿15N 

enrichment in Symbiodiniaceae cells aligned with algal symbiont type rather than host 

identity, and Clade B symbionts showed lower rates of incorporation than Clade A. 

Conversely, 15N incorporation into host cells was not significantly different between 

symbiotic Aiptasia groupings, irrespective of their symbiont type. Aposymbiotic CC7 

Aiptasia had the lowest overall 15N incorporation into their tissue yet showed small (< 5 

µm in diameter) and localized regions of high enrichment. In contrast, the afore-

mentioned lipid bodies of high 𝛿13C-enrichment showed consistently lower 𝛿15N-

signatures than surrounding host tissues in all three symbiotic Aiptasia strains.  

 

Figure 2-2 | Nutrient assimilation of host – symbiont combinations. Gross photosynthesis (A,E), 
dark respiration (B,F), light NH4

+ uptake (C,G) and dark NH4
+ uptake (D, H) rates of Aiptasia were 

normalized either to symbiont density (A-D) or total host protein content (E-H). Gross 
photosynthesis rates were calculated as the sum of net photosynthesis and respiration rates (PG 
=PN + R). Net NH4

+ uptake was quantified with the ammonium depletion method. All data are 
shown as mean ± SE (n = 4 animals each). Different letters above bars indicate significant 
differences between groups (p < 0.05). 
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2.5 Discussion 

Aiptasia has proven to be a powerful emerging tool for the genetic and molecular study 

of the cnidarian – algae symbiosis [29,31,34,40,54–56]. Beyond these realms, only a few 

studies have begun to exploit the advantages Aiptasia has to offer [24,25,57–59]. Here, 

we set out to showcase the use of Aiptasia as a model to study nutrient cycling in the 

cnidarian – algae symbiosis. While NanoSIMS has been successfully used previously to 

study nutrient uptake in corals [49,60,61], the flexibility of the Aiptasia model enabled us 

to decouple the relative contribution of host and symbionts to nutrient cycling. We could 

identify differences in nutrient assimilation across different host–symbiont associations, 

both at the holobiont as well as the cellular level. Yet, only the integration of both levels 
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of biological organization allowed us to comprehensively disentangle some of the 

intricacies of nutrient cycling in the Aiptasia holobiont.  

 
 

Figure 2-3 | NanoSIMS imaging and quantification of cell-specific carbon (as 13C-bicarbonate) 
and nitrogen (as 15N-ammonium) assimilation within the Aiptasia – algae symbiosis. 
Representative images of the distribution of 13C/12C ratio (A-D) and of 15N/14N ratio (I-L) within the 
Aiptasia holobiont are displayed as Hue Saturation Intensity (HSI). The rainbow scale indicates the 
13C/12C and 15N/14N ratio, respectively. Blue colors indicate natural abundance isotope ratios 
shifting towards pink with increasing 13C and 15N incorporation levels, respectively. Corresponding 
𝛿13C enrichment (E-H) and 𝛿15N enrichment (M-P) in the tissues of the four host–symbiont 



 

 

55 

combinations. For each NanoSIMS image, the 𝛿13C and 𝛿15N enrichment were quantified for 
individual Regions Of Interest (ROIs) that were defined in OpenMIMS by drawing (I) the contours 
of the symbionts, and circles covering (II) the adjacent host tissue and (III) the host lipid bodies. 
Scale bars represent 10 µm. Abbreviations: Sym = Symbiodiniaceae cell, Host = tissue (host) & Lip 
= lipid body (host). All data are shown as mean ± SE (n = 20 regions of interest each). Different 
letters above bars indicate significant differences between groups (p < 0.05). 
 

 

2.5.1 Carbon cycling in Aiptasia 

All three groups of symbiotic Aiptasia showed high rates of gross photosynthesis that 

exceeded their respiratory carbon requirements thereby supporting net productivity of 

the holobiont required for stable symbiotic associations [5,43]. Yet, differences in gross 

photosynthesis between host–symbiont combinations were evident at the holobiont 

level. Gross photosynthesis rates differed between the same host infected with different 

algal symbionts and between different hosts infected with the same algal symbionts. 

Thereby our results support the findings by Starzak et al. [24] who reported differences 

in carbon flux depending on symbiont type and between heterologous and homologous 

symbionts in Aiptasia, confirming previous observations that carbon fixation depends on 

the interaction of both host and symbionts [24,25,35,62]. 

At the cellular level, we observed particular areas of 𝛿13C enrichment (hotspots) in the 

host tissue similar to previous observations [35,63]. This high 𝛿13C enrichment is further 

coupled with lower 𝛿15N enrichment, suggesting that these hotspots likely constitute a 

form of carbon storage compartments in the host tissue. Based on shape, size, and 

location in the tissue, these compartments are most likely lipid bodies [64]. These cellular 

organelles are abundant in symbiotic cnidarians as they allow for rapid short-term carbon 

storage and remobilization depending on cellular carbon availability [65]. Hence, the 
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amount, size and enrichment of these lipid bodies may be an excellent proxy to assess 

the amount of carbon translocated by Symbiodiniaceae to the host, but further studies 

are needed to unequivocally determine their nature. Lipid body enrichment in the host 

was highest in H2 Aiptasia and lowest in CC7 Aiptasia, both associated with 

Symbiodiniaceae type B1. Yet, 𝛿13C enrichment in algal cells was unaffected by host 

identity. At the same time, our results revealed that Clade A and B symbionts had 

distinctly different 𝛿13C enrichment, even in the same clonal Aiptasia host line. These 

differences are likely the consequence of differential metabolic requirements by the 

specific symbionts. Thus, 𝛿13C enrichment may be a powerful tool to differentiate 

between symbiont types in hospite.  

Taken together, observed differences in gross carbon fixation at the holobiont level were 

reflected in the combined 𝛿13C enrichment (host tissue + lipid bodies + symbionts) at the 

cellular level. However, NanoSIMS data revealed that the differences in carbon fixation 

on the holobiont level were not evenly reflected across all compartments at the cellular 

level. 𝛿13C enrichment in algal cells differed depending on symbiont type (i.e., showed 

stable 𝛿13C enrichment within the same symbiont types), but was unaffected by host 

identity. In contrast, patterns of carbon fixation rates were directly reflected in the 

enrichment of the host lipid bodies and host-dependent. Given that both host lineages 

showed similar respiration rates and symbiont densities when infected with the same 

symbiont, their differences in host 𝛿13C enrichment imply differences in carbon 

translocation rates. Thereby, this differential enrichment pattern between host and 

symbionts may have important implications for our understanding of symbiosis 
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functioning. The fact that 𝛿13C enrichment in algal cells differed only depending on 

symbiont type but was unaffected by host identity implies that symbionts retained the 

same amount of fixed carbon regardless of overall fixed carbon availability. Hence, only 

excess carbon, not consumed by algal metabolism, appears to be available for 

translocation to the host. Therefore, factors reducing the availability of excess carbon in 

the symbiont, may potentially deprive the host of its main energy source, despite 

harboring viable symbionts in its tissue. This ‘selfish’ aspect of the symbiosis may pose a 

potential threat to the stability of the holobiont under conditions of reduced fixed-carbon 

availability, such as those imposed by environmental stress [66,67]. 

 

2.5.2 Nitrogen cycling in Aiptasia 

The observation of drastically different carbon fixation and translocation rates between 

different host–symbiont combinations raises questions regarding the underlying 

regulatory mechanisms of carbon cycling within these symbioses [14]. Importantly, 

nitrogen availability in hospite has been proposed to be among the environmental 

controls of these processes [15,16,21,68]. Indeed, drastic differences in nitrogen 

assimilation became evident when comparing different host–symbiont combinations. 

Strikingly, the two different host lines Aiptasia H2 and CC7 showed net NH4
+ release and 

NH4
+ uptake during the light, respectively, even when hosting the same algal symbionts. 

These findings suggest that the in hospite nutrient availability for the symbiont may be 

drastically different depending on the associated Aiptasia host. Hence, differences in 

gross photosynthetic activity and translocation may be partly attributed to variations in 
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the availability of nitrogen derived from the host metabolism. Interestingly, while CC7 

Aiptasia showed light-enhanced NH4
+ uptake as previously reported for corals [69], H2 

Aiptasia showed a net release of NH4
+ during the light, contrasted by slight uptake during 

the dark. While we cannot explain the discrepancy at this point, it may reflect differences 

in internal nitrogen requirement, response times to increased nitrogen availability, 

and/or uptake efficiency. These differences illustrate the drastic effects of host identity 

on nitrogen assimilation of the holobiont. At any rate, our results highlight the functional 

diversity and specificity of cnidarian – algae symbioses, prompting research across a range 

of host–symbiont combinations. 

In agreement with previous studies, 𝛿15N enrichment was highest in algal symbiont cells 

reflecting their efficient nutrient uptake capacity [20,35,36]. However, the biomass of the 

host largely exceeds that of their symbionts. Hence, anemone hosts likely accounted for 

a large fraction of the nitrogen assimilation in the holobiont, despite having a lower 𝛿15N 

enrichment. At this point, it is not possible to distinguish whether the increased 𝛿15N 

enrichment of host tissues in symbiotic animals is due to direct NH4
+ fixation by the host 

or the translocation of fixed nitrogen by the symbiont. However, nitrogen assimilation 

was observed even in the absence of algal symbionts, as evidenced by aposymbiotic 

Aiptasia. Although these animals showed a high net release of NH4
+ at the holobiont level, 

NanoSIMS imaging confirmed the incorporation of 15N within localized hotspots of their 

tissue at low rates. While the exact nature of these hotspots remains unknown at this 

point, our results confirm that Aiptasia also has the ability to assimilate inorganic nitrogen 

from seawater as previously reported for corals [37]. However, it remains to be 



 

 

59 

determined whether this capability is intricate to the host cellular machinery or a function 

of associated bacterial symbionts or both [61].  

In contrast to 𝛿15N enrichment of their hosts, Symbiodiniaceae types showed 

characteristic 𝛿15N enrichment patterns regardless of the identity of their host. Hence, 

𝛿15N enrichment may prove a useful tool to identify symbiont identity in hospite, 

especially when combined with 𝛿13C measurements.  

Different to carbon fixation measurement, patterns of NH4
+ uptake on the holobiont level 

were not directly reflected in the overall 𝛿15N enrichment on the cellular level. 

Specifically, symbiont-free CC7 Aiptasia, as well as symbiotic H2 Aiptasia, showed a net 

release of NH4
+ from the holobiont during light conditions, yet NanoSIMS analysis 

confirmed the incorporation of 15N from surrounding seawater. While these differences 

may be partly attributed to differences in incubation time and light availability for the two 

measurements, they further suggest that uptake and release of NH4
+ appear to be in a 

dynamic equilibrium in Aiptasia. Hence, the stable 𝛿15N enrichment of the same symbiont 

type in CC7 and H2 suggests that the contribution of nitrogen derived from host 

metabolism was negligible compared to the incorporation of nitrogen from seawater 

under these conditions. Under natural oligotrophic conditions, however, host metabolism 

may make a significant contribution to the nitrogen supply of the symbiont.  

 

2.5.3 Deciphering the role of nutrient cycling in cnidarian holobionts 

Our results show (I.) that nutrient cycling is drastically altered between symbiotic and 

aposymbiotic Aiptasia; (II.) that different Symbiodiniaceae types possess different 
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metabolic capabilities within the same Aiptasia strain and (III.) that different Aiptasia 

strains affect the metabolic performance of the same algal symbiont. Taken together, our 

findings support the idea of a symbiosis in which partners directly compete for available 

nutrients and only excess nutrients are exchanged. Consequently, this inherent instability 

may render this symbiosis highly susceptible to environmental change. Noteworthy, the 

observed levels and patterns of nutrient assimilation show strong similarities with those 

previously reported in corals [37,49,69], thereby supporting the suitability of Aiptasia as 

a model for the study of the coral –algae symbiosis. Although our results require further 

validation with regard to their wider applicability beyond the Aiptasia model system, our 

findings showcase the distinct advantages of a model system approach for the study of 

nutrient cycling in the cnidarian – algae symbiosis. However, questions remain regarding 

the precise nature of nutrients exchanged in this symbiosis and the underlying processes 

involved. In particular, future studies should focus on the role of carbon translocation in 

establishing and maintaining this symbiosis to decipher the intricacies of this symbiosis 

[70]. The methodological approach outlined in this study will offer a powerful toolset to 

address the above questions. Although optimized to trace carbon and nitrogen 

assimilation within coral or Aiptasia holobionts [37,49], NanoSIMS imaging can be easily 

modified depending on the experimental requirements. Specific labeled compounds can 

also be used as tracers to follow the translocation and uptake of specific molecules in 

complex systems by coupling the spatial resolution of NanoSIMS with the molecular 

characterization afforded by time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

[71]. Also, as shown here, detailed cellular insights gained from NanoSIMS will prove most 
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powerful when integrated with traditional holobiont based measurements to identify the 

complexity of processes. 

Future research efforts incorporating a model system approach with field-based coral 

studies will help to transform our understanding of the mechanisms underlying this 

symbiosis and may prompt new solutions to prevent further loss and degradation of reef 

ecosystems. 
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2.9 Supplementary Information 
Table S2-1 | Overview of model results for statistical analysis of individual response parameters. 
Symbiont/protein ratio (A), Gross photosynthesis per protein (C), respiration (F,G) as well as 
ammonium (NH4

+) uptake (D,E,H,I) rates were analyzed in one-way analysis of variance (ANOVA) 
using host—symbiont combination as the dependent variable. Gross photosynthesis per 
symbiont (B) was analyzed in a generalized linear model (GLM) with γ-distribution using host—
symbiont combination as the dependent variable, since data did not adhere to a normal 
distribution. Likewise, 𝛿13C and 𝛿15N enrichment patterns (J,K) were analyzed in two-factorial 
GLMs with γ-distribution using additive as well as interactive effects of host-symbiont 
combination and the holobiont compartment.  

A – Symbiont/protein ratio (ANOVA) n Df F value p value 
Host—symbiont combination 32 3 22.75 <0.001 
     

     

B - Gross photosynthesis per symbiont (GLM, γ-distr.) n Df F value p value 
Host—symbiont combination 12 2 66.72 <0.001 
     

     

C - Gross photosynthesis per protein (ANOVA) n Df F value p value 
Host—symbiont combination 12 2 11.38 0.003 
     

     

D – Light net NH4
+ uptake per symbiont (ANOVA) n Df F value p value 

Host—symbiont combination 12 2 17.49 <0.001 
     

     

E – Light net NH4
+ uptake per protein (ANOVA) n Df F value p value 

Host—symbiont combination 16 3 30.04 <0.001 
     

     

F – Dark respiration per symbiont (ANOVA) n Df F value p value 
Host—symbiont combination 12 2 28.55 <0.001 
     

     

G – Dark respiration per protein (ANOVA) n Df F value p value 
Host—symbiont combination 16 3 2.05 0.160 
     

     

H – Dark net NH4
+ uptake per symbiont (ANOVA) n Df F value p value 

Host—symbiont combination 12 2 2.44 0.142 
     

     

I – Dark net NH4
+ uptake per protein (ANOVA) n Df F value p value 

Host—symbiont combination 16 3 2.16 0.146 
     

     

J –  𝛿13C enrichment (GLM, γ-distr.) n Df F value p value 
Host—symbiont combination 200 3 1252.69 <0.001 
Compartment (host, symbiont, vesicle)  200 2 169.50 <0.001 
Host—symbiont combination x compartment 200 4 54.22 <0.001 
     

     

K – 𝛿15N enrichment (GLM, γ-distr.) n Df F value p value 
Host—symbiont combination 200 3 131.39 <0.001 
Compartment (host, symbiont, vesicle)  200 2 782.53 <0.001 
Host—symbiont combination x compartment 200 4 34.11 <0.001 
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3.1 Abstract 

The endosymbiosis between cnidarians and dinoflagellates of the family Symbiodiniaceae 

is key to the high productivity of tropical coral reefs. In this endosymbiosis, 

Symbiodiniaceae translocate most of their photosynthates to their animal host in 

exchange for inorganic nutrients. Among these, carbon dioxide (CO2) derived from host 

respiration helps to meet the carbon requirements to sustain photosynthesis of the 

dinoflagellates. Nonetheless, recent studies suggest that productivity in symbiotic 

cnidarians such as corals is CO2-limited. Here we show that glucose enrichment stimulates 

respiration and gross photosynthesis rates by 80 and 140 %, respectively, in the symbiotic 

upside-down jellyfish Cassiopea sp. from the central Red Sea. Our findings show that 

glucose was rapidly consumed and respired within the Cassiopea sp. holobiont. The 

resulting increase of CO2 availability in hospite in turn likely stimulated photosynthesis in 

Symbiodiniaceae. Hence, the increase of photosynthesis under these conditions suggests 

that the CO2 limitation of Symbiodiniaceae is a common feature of stable cnidarian 

holobionts and that the stimulation of holobiont metabolism may attenuate this CO2 

limitation. 
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3.2 Introduction 

Despite being surrounded by highly nutrient-poor (oligotrophic) waters, tropical coral 

reefs are among the most productive marine ecosystems [1]. Reef ecosystems are 

sustained by an efficient uptake, retention, and reuse of nutrients on all levels of 

biological organization [2–4]. In particular, the symbiosis between cnidarian hosts and 

endosymbiotic algae of the family Symbiodiniaceae facilitate the recycling of nutrients as 

it sustains primary productivity in the absence of major nutrient sources [4,5]. In this 

symbiosis, Symbiodiniaeae translocate most of their photosynthate to the cnidarian host, 

which in turn provides inorganic nutrients derived from its metabolism [6]. Thereby, this 

tight nutrient-exchange relationship, particularly in stony corals, is the functional basis for 

the ecological success of tropical coral reefs over millions of years [7]. 

Being surrounded by host membranes, Symbiodiniaceae rely on their host to fulfill its 

photosynthetic carbon dioxide (CO2) requirements [8]. The supply of CO2 to the symbiont 

is controlled by two major processes: (I) CO2 is produced during holobiont respiration [6]. 

(II) Active carbon concentrating mechanisms (CCMs) by the host facilitate the uptake of 

dissolved inorganic carbon from surrounding seawater [9]. Despite these processes, 

several studies suggest that productivity in Symbiodiniaceae may be carbon-limited even 

in stable symbiotic systems [6,10,11]. Hence, understanding the processes and 

environmental controls of in hospite CO2 availability is crucial for our understanding of 

the cnidarian—algae symbiosis. 

To address this issue, we experimentally tested whether photosynthesis of 

Symbiodiniaceae in hospite is carbon-limited. Specifically, we investigated photosynthetic 
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activity during glucose stimulated holobiont respiration in the upside-down jellyfish 

Cassiopea sp. Unlike most other Scyphozoa, Cassiopea spp. are mixotrophic, i.e. draw 

energy and nutrients from both heterotrophic and autotrophic sources [12,13], as they 

form a close endosymbiotic relationship with Symbiodiniaceae. Thereby, Cassiopea spp. 

offer distinct advantages for the study of the cnidarian—algae symbiosis, similar to the 

Aiptasia model system [14]. For instance, they are easy to rear in aquaria cultures, are 

non-calcifying, have motile medusa stages and can be infected with various algal 

symbionts [11]. Using this emerging cnidarian model system allowed us to tackle the issue 

of CO2 limitation in the cnidarian— Symbiodiniaceae symbiosis in a straightforward 

experiment. 

 

3.3 Material & Methods 

3.3.1 Collection and maintenance 

A total of 14 individuals of Cassiopea sp. (mean bell diameter of 6.9 ± 0.3 cm) were 

collected with a dip net in the KAUST Harbor Lagoon, Saudi Arabia (N22˚18’18.63”, 

E39˚6’10.45”) in the central Red Sea in September 2014. After collection, animals were 

immediately transferred to 2 recirculation aquaria (each filled with 20 L of ambient 

seawater) and acclimated to aquaria conditions for 7 days (salinity of 40, 28 ˚C, 12h:12h 

light/dark cycle with ~ 100 µmol m-2 s-1). The stability of water parameters was ensured 

by exchanging 50% of aquaria seawater daily.  
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3.3.2 Incubations and glucose enrichment 

Following acclimation, net photosynthesis and respiration rates of animals were directly 

assessed from oxygen (O2) evolution/depletion measurements in 2 h light and dark 

incubations in 1 L gas-tight glass chambers, respectively. During these incubations, half of 

the animals were incubated in ambient seawater freshly enriched with glucose (500 mg 

L-1). The other half of the animals served as a control and were incubated in ambient 

seawater. To account for and to correct jellyfish O2 fluxes for planktonic background 

metabolism, two seawater controls (i.e., ambient seawater without jellyfish) were 

included for each treatment. Importantly, the dissolved organic carbon concentrations 

used here do not reflect naturally occurring ambient reef water conditions [15,16]. 

Rather, the level of enrichment was chosen to avoid glucose depletion over the course of 

the incubation and to ensure that the effects of increased carbon availability were not 

buffered within the holobiont framework, in order to gain mechanistic insights into the 

cnidarian—algae symbiosis. 

O2 fluxes were assessed based on differences in O2 concentrations before and after the 

incubation using an optical oxygen multiprobe (WTW, Germany). O2 

production/consumption rates were corrected for seawater controls and normalized to 

bell surface area of animal and incubation time. Gross photosynthesis rates were 

calculated based on differences in O2 fluxes during light and dark incubations (gross 

photosynthesis = net photosynthesis + |respiration|). Differences between treatments 

for the individual response parameters were tested for significance using an unpaired 

Student’s t-test with a significance level (α) of 0.05. 
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3.4 Results & Discussion 

Glucose enrichment stimulated respiration rates in seawater during both light and dark 

incubations (Supplementary Information Table S3-1). Still, seawater respiration rates 

were ~ five-fold below Cassiopea sp. respiration rates at all times. Holobiont respiration 

rates of Cassiopea sp. increased by ~ 80 % under glucose-enriched conditions compared 

to untreated controls (t(13)=5.27, P< 0.001, Figure 3-1). Despite this increase in respiratory 

O2 consumption, net photosynthesis rates during glucose enriched conditions showed a 

significant increase of nearly 400 % compared to controls (t(13)= 3.08, P= 0.008). 

Consequently, gross photosynthesis rates increased by ~ 140 % under glucose enriched 

conditions compared to untreated controls (t(13)= 4.94, P< 0.001).  

 
 

Figure 3-1 | Effect of glucose enrichment (500 mg L-1) on gross and net photosynthesis as well 
as respiration rates in Cassiopea sp. from the central Red Sea. Net photosynthesis and 
respiration rates were derived from oxygen flux measurements in light and dark incubations, 
respectively. Gross photosynthesis was calculated based on the differences in O2 fluxes during 
light and dark incubations. All data are shown as mean ± SE. Asterisks indicate significant 
differences between groups (** p < 0.01; *** p < 0.001). 
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Glucose enrichment, hence, not only stimulated respiration rates but also caused a stark 

increase in photosynthetic activity in the mixotrophic cnidarian holobiont Cassiopea sp. 

The increase in respiration rates indicates that glucose was rapidly taken up and 

consumed (i.e., respired) within the holobiont [17]. Given our current understanding of 

cnidarian holobionts, there is no reason to assume that glucose enrichment directly 

affected photosynthetic activity in the Symbiodiniaceae. Rather, the observed increase in 

net and gross photosynthesis can be attributed to an increase in CO2 availability in 

hospite, stemming from increased respiration in the Cassiopea holobiont and seawater 

planktonic communities within the incubation chamber. In the case of Cassiopea sp., this 

CO2 limitation may be potentially attenuated by their continuous pumping motion 

facilitating increased gas exchange with the surrounding seawater [18]. 

On a broader scale, these results could have implications for our understanding of the 

mechanisms underlying the cnidarian—algae symbiosis. The observation of glucose-

stimulated photosynthesis implies that the productivity of Symbiodiniaceae in hospite 

may be tightly limited by CO2 derived from holobiont metabolism.  

Wooldridge [8] proposed that a failure of coral CCMs during heat stress may result in a 

CO2 limitation of photosynthetic dark reactions in the Symbiodiniaceae, ultimately 

leading to coral bleaching. Direct empirical evidence for this theory is missing to date. Our 

results, therefore, add to a growing emerging body of work suggesting that 

Symbiodiniaceae may be CO2-limited even in stable symbiotic systems [6,10,11,19]. 

Hence, environmental stressors that alter metabolic processes in the holobiont may 

indeed lead to severe CO2 limitation as predicted by [8]. Furthermore, we could show that 
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the stimulation of host heterotrophy may attenuate CO2 limitation in Symbiodiniaceae. 

In this context, several studies reported that increased heterotrophic feeding may 

mitigate the effects of thermal stress in reef-building corals, resulting in increased 

bleaching resilience [20–23]. While this effect was mostly attributed to the compensation 

of autotrophic with heterotrophic energy sources by the host, here we show that 

heterotrophy may also increase bleaching resilience by increasing CO2 availability in 

hospite.  

Taken together, our study highlights that the role of CO2 availability within the cnidarian—

algae symbiosis deserves in-depth assessment. Further work will be necessary to 

understand the effects of environmental conditions on CO2 availability in hospite, along 

with their implications for this symbiosis. 

 

3.5 Acknowledgments 

The authors would like to thank Paul Müller and Zenon Batang for the allocation of 

workspace and their assistance with the aquarium facilities at the Coastal and Marine 

Resources Core Lab (CMOR). We further thank the two reviewers for their constructive 

feedback and helpful comments. 

 

3.6 Author Contributions 

NR and CP designed and conducted the experiment. All authors analyzed the data and 

wrote and revised the manuscript. 



 

 

79 

3.7 References 

1  Hatcher, B.G. (1988) Coral reef primary productivity: a beggar’s banquet. Trends 

Ecol. Evol. 3, 106–11 

2  De Goeij, J.M. et al. (2013) Surviving in a marine desert: The sponge loop retains 

resources within coral reefs. Science 342, 108–110 

3  Wild, C. et al. (2004) Coral mucus functions as an energy carrier and particle trap 

in the reef ecosystem. Nature 428, 66–70 

4  Muscatine, L. and Porter, J.W. (1977) Reef corals: mutualistic symbioses adapted 

to nutrient-poor environments. Bioscience 27, 454–460 

5  Rädecker, N. et al. (2015) Nitrogen cycling in corals: the key to understanding 

holobiont functioning? Trends Microbiol. 23, 490–497 

6  Muscatine, L. et al. (1989) Resource partitioning by reef corals as determined from 

stable isotope composition. Mar. Biol. 100, 185–193 

7  Bhattacharya, D. et al. (2016) Comparative genomics explains the evolutionary 

success of reef-forming corals. Elife 5, 1–26 

8  Wooldridge, S.A. (2009) A new conceptual model for the warm-water breakdown 

of the coralalgae endosymbiosis. Mar. Freshw. Res. 60, 483–496 

9  Furla, P. et al. (2000) Involvement of H(+)-ATPase and carbonic anhydrase in 

inorganic carbon uptake for endosymbiont photosynthesis. Am. J. Physiol. Regul. 

Integr. Comp. Physiol. 278, R870–R881 

10  Herfort, L. et al. (2008) Bicarbonate stimulation of calcification and photosynthesis 

in two hermatypic corals. J. Phycol. 44, 91–98 



 

 

80 

11  Klein, S.G. et al. (2017) Symbiodinium mitigate the combined effect of hypoxia and 

acidification on a non-calcifying cnidarian. Glob. Chang. Biol. 23, 3690-3703 

12  Rahav, O. et al. (1989) Ammonium metabolism in the zooxanthellate coral, 

Stylophora pistillata. Proc. R. Soc. B Biol. Sci. 236, 325–337 

13  Muscatine, L. (1990) The role of symbiotic algae in carbon and energy flux in reef 

corals. In Ecosystems of the world, coral refs (Dubinsky, Z., ed), pp. 75–87, Elsevier 

14  Baumgarten, S. et al. (2015) The genome of Aiptasia, a sea anemone model for 

coral biology. Proc. Natl. Acad. Sci. DOI: 10.1073/pnas.1513318112 

15  Vaccaro, R.F. et al. (1968) The occurrence and role of glucose in seawater. Limnol. 

Oceanogr. 13, 356–360 

16  Kline, D.I. et al. (2006) Role of elevated organic carbon levels and microbial activity 

in coral mortality. Mar. Ecol. Prog. Ser. 314, 119–125 

17  Pogoreutz, C. et al. (2017) Sugar enrichment provides evidence for a role of 

nitrogen fixation in coral bleaching. Glob. Chang. Biol. 23, 3838-3848 

18  Wild, C. and Naumann, M.S. (2013) Effect of active water movement on energy and 

nutrient acquisition in coral reef-associated benthic organisms. Proc. Natl. Acad. 

Sci. U. S. A. 110, 8767–8768 

19  Buxton, L. et al. (2009) Effects of moderate heat stress and dissolved inorganic 

carbon concentration on photosynthesis and respiration of Symbiodinium sp. 

(dinophyceae) in culture and in symbiosis. J. Phycol. 45, 357–365 

20  Grottoli, A.G. et al. (2006) Heterotrophic plasticity and resilience in bleached corals. 

Nature 440, 1186–1189 



 

 

81 

21  Baird, A.H. et al. (2009) Coral bleaching: the role of the host. Trends Ecol. Evol. 24, 

16–20 

22  Houlbrèque, F. and Ferrier-Pagès, C. (2009) Heterotrophy in tropical scleractinian 

corals. Biol. Rev. Camb. Philos. Soc. 84, 1–17 

23  Ezzat, L. et al. (2015) New insights into carbon acquisition and exchanges within 

the coral – dinoflagellate symbiosis under NH4
+ and NO3

- supply. Proc. R. Soc. B Biol. 

Sci. 282, 20150610 

 

  



 

 

82 

3.8 Supplementary Information 
Table S3-1 | Overview of measurement data for individual Cassiopea sp. derived from light and 
dark incubations under control and glucose enriched conditions.  
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4.1 Abstract 

Microbial nitrogen fixation (diazotrophy) is a functional trait widely associated with 

tropical reef-building (scleractinian) corals. While the integral role of nitrogen fixation in 

coral nutrient dynamics is recognized, its ecological significance across different coral 

functional groups remains yet to be evaluated. Here we set out to compare molecular and 

physiological patterns of diazotrophy (i.e., nifH gene abundance and expression as well as 

nitrogen fixation rates) in two coral families with contrasting trophic strategies: highly 

heterotrophic, free-living members of the family Fungiidae (Pleuractis granulosa, 

Ctenactis echinata), and mostly autotrophic coral holobionts with low heterotrophic 

capacity (Pocilloporidae: Pocillopora verrucosa, Stylophora pistillata). The Fungiidae 

exhibited low diazotroph abundance (based on nifH gene copy numbers) and activity 

(based on nifH gene expression and the absence of detectable nitrogen fixation rates). In 

contrast, the mostly autotrophic Pocilloporidae exhibited nifH gene copy numbers and 

gene expression two orders of magnitude higher than in the Fungiidae, which coincided 

with detectable nitrogen fixation activity. Based on these data, we suggest that nitrogen 

fixation compensates for the low heterotrophic nitrogen uptake in autotrophic corals. 

mailto:christian.wild@uni-bremen.de
mailto:christian.voolstra@kaust.edu.sa
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Consequently, the ecological importance of diazotrophy in coral holobionts may be 

determined by the heterotrophic capacity of the host. 

 

Keywords 

autotrophy | diazotrophy | heterotrophy | nitrogen cycling | trophic plasticity  
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4.2 Introduction 

Tropical reef-building (scleractinian) corals are holobionts consisting of the coral animal 

host, dinoflagellate algae of the family Symbiodiniaceae, and a diverse assemblage of 

other microbes. These microbes form host-specific associations and provide key 

functional traits within the coral holobiont. Among these traits, biological nitrogen 

fixation is considered to be of high ecological significance, as nitrogen-fixing Bacteria and 

Archaea, diazotrophs, are widely associated with corals [1,2]. Indeed, coral-associated 

nitrogen fixation provides an important source of nitrogen for Symbiodiniaceae [3–5], 

thereby helping to sustain holobiont productivity when nutrients are scarce [6].   

While nitrogen fixation rates in scleractinian corals exhibit species-specific variation [6,7], 

the molecular and ecological drivers of these patterns remain unexplored. Scleractinian 

coral holobionts are mixotrophic, i.e., can draw energy and nutrients from both 

autotrophic and heterotrophic sources. Importantly, coral holobionts range from being 

mostly heterotrophic to mostly autotrophic [8–10]. As nitrogen fixation is a highly energy-

consuming functional trait [11], its contribution (and thereby relevance) to holobiont 

metabolism may differ among trophic functional groups of corals. In this study, we, 

therefore, set out to compare rates of nitrogen fixation with coral-associated diazotroph 

abundance and activity in a comparative coral taxonomic framework highly heterotrophic 

(Pleuractis granulosa, Ctenactis echinata) and mostly autotrophic (Pocillopora verrucosa, 

Stylophora pistillata) corals [12–15]. To do this, we indirectly quantified coral holobiont-

associated microbial nitrogen fixation activity from acetylene reduction assays (ARA) [16]. 

In addition, we assessed coral tissue-associated relative gene copy numbers and 
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expression of the nifH gene, a common biomarker for diazotrophs [17] using quantitative 

PCR (qPCR) to investigate relative diazotroph community sizes along with their activity.  

 

4.3 Material & Methods 

4.3.1 Collection and maintenance of corals 

Four species of coral, i.e. two species of Fungiidae (Pleuractis granulosa, Ctenactis 

echinata) and Pocilloporidae (Pocillopora verrucosa, Stylophora pistillata) were collected 

at the wave-exposed site of the inshore reef Fsar (22° 13.974N, 39° 01.760E) off the Saudi 

Arabian coastline in the central Red Sea during February 2016. The Saudi Coastguard 

Authority under the auspices of KAUST University issued sailing permits to the collection 

site, which included the sampling of coral specimens. The above coral families species 

were selected due to their distinct trophic ecologies [15,18,19] and their previous use in 

physiological and molecular studies [5,14,20–24]. 

Five replicate samples were collected for each coral species for nitrogen fixation 

measurements and three replicate samples for RNA/DNA extractions, respectively (i.e., 

(5 + 3) replicate samples x 4 species = 32 samples). We collected individuals of equal size 

for Fungiidae and colony fragments for Pocilloporidae. For nucleic acid extraction, all 

samples were flash-frozen in liquid nitrogen immediately after collection and stored at -

80 °C until further processing. Coral samples for nitrogen fixation measurements were 

transferred to the wet lab facility of the Coastal and Marine Resources (CMOR) Core Lab 

at the King Abdullah University of Science and Technology (KAUST), KSA. Corals were 

acclimated for four weeks prior to the start of the experiment in separate flow-through 
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aquarium tanks and continuously supplied with sediment-filtered seawater from inshore 

reefs located 1.5 km off KAUST to achieve constant maintenance conditions (150 L 

aquaria, seawater turnover rate 300 L h-1, temperature at ~28 °C; salinity at 40; dissolved 

oxygen > 6.0 mg O2 l-1, dissolved inorganic nitrogen ≤ 0.6 µMol l-1, and phosphorus ≤ 0.3 

µMol l-1 at all times; photon flux of ~150 µmol m-2 s-1 on a 12:12 h daylight cycle).  

 

4.3.2 Nitrogen fixation measurements  

Nitrogen fixation rates were calculated indirectly from ethylene (C2H4) evolution via ARA 

incubations as described previously [5,16]. Incubations were conducted in gas-tight 1 L 

glass chambers in 800 ml of seawater and 200 ml of 20 % acetylene-enriched air 

headspace ( 
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Figure 4-1). Each jar contained a single coral sample (i.e., individual polyp or colony 

fragment, see above). Five coral samples per species were incubated in seawater. Two 

additional chambers filled exclusively with seawater (i.e., without coral samples) served 

as controls to correct for planktonic background metabolism. During the 24 h incubations, 

chambers were submerged in a tempered water bath and constantly stirred (600 rpm) to 

ensure stable measurement conditions (28 ˚C, 12:12 h light/dark cycle, ~100 mol quanta 

µmol s-1 m-2). Gas samples were collected at 0 and 24 h of incubation. C2H4 concentrations 

in gas samples were quantified by gas chromatography and flame ionization detection 

(Agilent 7890A GC system with Agilent HP-AL/S column (Agilent Technologies, USA); lower 

detection limit for C2H4 = 1 ppm). Ethylene concentrations were normalized to coral 

surface areas, which were based on 3D models of the coral skeleton generated with the 

software Remake v117.25.67 (Autodesk Inc., USA). As we acknowledge the ongoing 

discussion regarding the appropriate conversion factor, nitrogen fixation is presented as 

C2H4 evolution rates (mean ± SE) without conversion into actual nitrogen fixation rates 

[5,25,26].  
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Figure 4-1 | Overview of incubation set up for the indirect quantification of nitrogen fixation 
rates of corals using the acetylene (C2H2) reduction assay (ARA). Individual coral fragments were 
incubated in 1 L incubation jars enriched with C2H2. Gas samples were collected at the start and 
end of incubation for ethylene (C2H4) quantification using gas chromatography.   
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4.3.3 Nucleic acid isolation and qPCR 

Tissue-associated relative gene copy numbers and expression of the nifH gene were 

quantified for each coral species using a qPCR assay. For this purpose, RNA and DNA were 

extracted from all corals using the Qiagen AllPrep DNA/RNA Mini Kit (Qiagen, Germany) 

according to the manufacturer’s instructions. Coral tissue was air-blasted off the skeleton 

on ice with RLT Plus buffer and using airflow from a sterile air gun. For P. granulosa and 

C. echinata, tissue was blasted off from both oral (top) and aboral (bottom) surfaces and 

pooled subsequently. A total of 600 µl tissue slurry per sample were used for RNA and 

DNA extractions. DNA extracts were quantified and quality checked using a NanoDrop 

2000c (Thermo Scientific, USA) and adjusted to a concentration of 10 ng µL-1. For cDNA 

synthesis, the SuperScript III First Strand Synthesis SuperMix kit (Thermo Scientific, USA) 

was used according to manufacturer’s instructions using 500 ng of total RNA input in 20 

µL reactions.  

The qPCRs were run in triplicates for gDNA (to quantify gene copy number) and cDNA (to 

quantify gene expression) with the Platinum SYBR Green qPCR SuperMix kit (Invitrogen, 

Carlsbad, CA, US) using 5 µL SuperMix, 0.2 µL ROX reference dye, 0.2 µL of each 10 µM 

primer, 1 µL of input cDNA, and RNase-free water to adjust the reaction volume to 10 µl. 

Determination of relative gene copy numbers (from DNA) and mRNA expression of the 

nifH gene in coral tissue was determined by normalization against the Symbiodiniaceae 

specific ITS2 region [27]. This multi copy gene marker is exceptionally well-suited for this 

purpose given its high abundance, stable expression, and the circumstance that 

Symbiodiniaceae show a constant cell-specific density in the majority of coral species [28]. 
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Of note, Symbiodiniaceae are the most significant sink for fixed nitrogen in the coral 

holobiont [4–6,29,30]. For the amplification of nifH, the primers F2 5´-

TGYGAYCCIAAIGCIGA -3´ and R6 5´- TCIGGIGARATGATGGC -3´ were used [17]. To amplify 

the Symbiodiniaceae ITS2 region, the primers ITSintfor2 5’- GAATTGCAGAACTCCGTG -3’ 

and ITS2-reverse 5’- GGGATCCATATGCTTAAGTTCAGCGGGT -3’ were used [31]. All 

amplicons were amplified in the same qPCR run using the following thermal profile: 2 min 

at 50 °C, 1 min at 94 °C, followed by 50 cycles of 94 °C for 30 s, 51 °C for 1 min, 72 °C for 

1 min, and an extension cycle of 1 min at 72 °C. The specificity of amplification was 

confirmed by melting curve analysis. Standard calibration curves were run simultaneously 

covering 6 orders of magnitude (104 – 109 copies of template per assay). Relative fold 

change of copies of the nifH gene was calculated as 2(-ΔΔCt) against ITS2 gene copy numbers 

using P. granulosa samples as the reference.  

 

4.3.4 Statistical analysis 

All statistical analyses were run in SigmaPlot 13 (Systat Software GmbH, Germany). A 

student’s t-test was run to assess species-level differences on nitrogen fixation rates. To 

assess family level-differences in nifH gene copy numbers and expression, a one-way 

ANOVA was conducted with subsequent post-hoc Bonferroni Correction. To test for a 

significant relationship between nifH gene copy number and expression within each of 

the two coral families, a nonlinear regression was conducted with relative gene copy 

numbers as the predictor and relative gene expression as the dependent variable.  
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4.4 Results  

Both species of the highly autotrophic Pocilloporidae (Pocillopora verrucosa, Stylophora 

pistillata) exhibited detectable gross (i.e., holobiont) nitrogen fixation (0.03 ± 0.04 and 

0.01 ± 0.00 nmol C2H4 day-1 cm-2, respectively) (Figure 4-2). In contrast, nitrogen fixation 

remained below the detection limit for both species (Pleuractis granulosa, Ctenactis 

echinata) of the highly heterotrophic Fungiidae (Figure 4-2). 

 
 

This pattern of differential diazotroph abundance and activity between the two coral 

families aligned with nifH abundance and expression. Corals in the Pocilloporidae family 

showed a significantly higher abundance of nitrogen-fixing bacteria (assessed via relative 

nifH gene copy number) compared to both members of the Fungiidae family (ANOVA, F = 

40.61, p < 0.001; Figure 4-3). A similar pattern was confirmed for diazotroph activity, with 

the Pocilloporidae having higher relative nifH gene expression than the two fungiid 

species (ANOVA, F = 12.30, p < 0.001; Figure 4-3). Specifically, P. verrucosa and S. pistillata 

showed 23-fold and 431-fold higher relative diazotroph abundance and 95- to 480-fold 

higher relative gene expression compared to P. granulosa, respectively (Figure 4-3). 

Nonlinear regression revealed a strong significant relationship between nifH copy 

numbers and expression in the two species of Pocilloporidae (R2 = 71.49, p = 0.0339), but 

only a weak although significant relationship in the two Fungiidae (R2 = 0.07, p = 0.0288).  
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Figure 4-2 | Microbial nitrogen fixation rates in four tropical scleractinian corals from two 
different trophic functional groups. (A) Representative specimens of the investigated coral 
species from the highly heterotrophic Fungiidae and the highly autotrophic Pocilloporidae. (B) 
Coral-associated nitrogen fixation rates (n = 5 per species) as assessed indirectly from acetylene 
reduction assays. Nitrogen fixation rates of the pocilloporids P. verrucosa and S. pistillata are 
significantly different from each other (t-test, t=3.17, p = 0.01). In contrast, nitrogen fixation 
remained below the detection limit (B.D.L.) in both Fungiidae. Nitrogen fixation rates are averaged 
over 24 h (i.e., include light and dark fixation) and presented as mean ± SE. Different letters above 
bars indicate significant differences between groups (p < 0.05). 
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Figure 4-3 | Diazotroph abundance and activity in four tropical scleractinian corals from two 
trophic functional groups. Coral-tissue associated nifH relative gene copy numbers (A) and 
expression (B) referenced against the Internal Transcriber Space 2 (ITS2) of Symbiodiniaceae were 
quantified via qPCR (n = 3 per species) for the highly heterotrophic Fungiidae and the highly 
autotrophic Pocilloporidae. Significant family-level differences are apparent for relative nifH gene 
copy numbers and gene expression (ANOVA, F = 40.61 p < 0.001 and ANOVA, F = 12.30, p < 0.001, 
respectively). Data are shown as mean fold changes in relation to P. granulosa; error bars indicate 
upper confidence interval. Different letters above bars indicate significant differences between 
groups (p < 0.05). 

 

4.5 Discussion 

The present study investigated the physiological and molecular patterns of nitrogen 

fixation along with diazotroph abundance in corals representing two different trophic 

functional groups (autotrophy vs. heterotrophy). This was achieved by assessing nitrogen 

fixation activity (as assessed via ARA) as well as tissue-associated relative gene copy 

numbers and expression of the nifH gene (as assessed via qPCR) in a comparative species 

framework. The investigated corals exhibited similar patterns within functional groups 

but marked differences between functional groups for all measurements.  

Our data are within the range of nitrogen fixation rates published for pocilloporid corals 

[5,6,16,32]. Similarly, an absence of detectable nitrogen fixation was previously reported 

for the fungiid coral Fungia fungites [32]. Our present study shows that physiological 
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differences in holobiont nitrogen fixation rates align with relative nifH gene abundance 

and activity and, hence, likely reflect differences of nitrogen-fixing bacteria in the tissues 

of these corals, highlighting molecular differences on the coral family level. 

To understand the distinct physiological and molecular patterns in diazotrophy, the 

ecological context of the investigated coral families, particularly the trophic functional 

groups, must be considered. The observed patterns in diazotrophy align with differential 

heterotrophic feeding capacities of the investigated coral holobionts. While Fungiidae are 

highly heterotrophic and can exploit a large variety of food sources [12], shallow-water 

Pocilloporidae have a very limited heterotrophic capacity and strongly rely on 

phototrophy [13–15]. Given that the investigated functional groups align with the family 

association, it remains to be determined whether the observed differences are reflecting 

ecological differences in autotrophic and heterotrophic corals at large, e.g. by the 

incorporation of further species. In any case, photosynthetically-fixed carbon 

(photosynthate) is characterized by high C:N ratios compared to heterotrophic food 

sources [13,33]. Therefore, high carbon availability coupled with strong nitrogen 

limitation in highly autotrophic coral holobionts may select for relatively larger diazotroph 

populations compared to mostly heterotrophic coral holobionts. These results suggest 

that the importance of microbial nitrogen fixation depends on the heterotrophic capacity 

of the coral holobiont. This view is supported by previous studies showing differential 

partitioning of δ15N in corals along a water depth gradient, indicating higher importance 

of nitrogen fixation products in low-light adapted phototrophs compared to heterotrophs 

[14,34].  
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The observed physiological and molecular patterns in nitrogen fixation have important 

implications for our understanding of holobiont nutrient cycling and functioning. For 

instance, changes in nutrient cycling and stoichiometry can be involved in coral symbiotic 

breakdown as recently shown [5,35,36]. Indeed, while the input of ‘new’ nitrogen from 

diazotrophy is beneficial for holobiont functioning in oligotrophic reef waters [3,6], 

stimulated nitrogen fixation activity may be linked to detrimental effects on 

Symbiodiniaceae photophysiology and coral bleaching [5,37,38]. Hence, diazotrophs may 

be considered beneficial microorganisms for corals (BMCs) under stable, oligotrophic 

conditions [39]. Yet, their presence may affect the corals’ susceptibility to stress during 

environmental change highlighting the importance of understanding the role of microbes 

in holobiont functioning and breakdown [40]. Indeed, Pocilloporidae are highly sensitive 

to thermal stress [41–43], whereas Fungiidae are resistant to a range of environmental 

stressors [20,23,43–46]. We thus argue that a strong coral host dependency on microbial 

nitrogen fixation may render corals more vulnerable to the effects of environmental 

change. Hence, future research efforts should be directed to disentangle a potential link 

between coral-associated nitrogen fixation and holobiont stress susceptibility. 

Understanding this link will assist to improve current reef conservation measures.  

Taken together, our study provides insight into the ecological underpinnings that may 

underlie differences in diazotrophy of the coral holobiont with implications for coral host 

environmental resilience. As such, our work contributes to the growing body of literature 

that suggests the importance of microbes to metaorganism function. Future work 

assessing the diversity and composition of coral-associated diazotroph communities in a 
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comparative coral taxonomic framework, e.g. via nifH gene sequencing [1,37] will provide 

additional insight into host-microbe interactions. 
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5.1 Abstract 

Ocean warming causes the disruption of the symbiosis between corals and their 

endosymbiotic algae on a global scale. While the symptoms of the resulting coral 

bleaching have been extensively characterized, our understanding of the underlying 

causes remains incomplete. Here, we investigated the physiological and molecular heat 

stress response of the coral – algae symbiosis from the cellular to holobiont level prior to 

the onset of bleaching to identify processes involved in the symbiotic breakdown. We 

show that increased metabolic energy demands shift the coral host metabolism from a 

nitrogen- to a carbon-limited state. As a consequence, increased nitrogen availability 

promotes growth in symbionts and the selfish retention of photosynthates. Together 

these processes form a positive feedback loop that may eventually lead to the collapse of 

carbon translocation from the symbiont to the host. Thereby, heat stress compromises 

the ecological benefits of hosting photosynthetic symbionts. Altered nutrient cycling as a 

result of heat stress may, thus, directly and indirectly contribute to the disruption of the 

coral – algae symbiosis. Integrating these metabolic interactions will contribute to our 

mailto:nils.radecker@kaust.edu.sa
mailto:christian.voolstra@uni-konstanz.de


 

 

104 

mechanistic understanding of this symbiotic relationship to better pinpoint the 

environmental drivers of bleaching and identify approaches that preserve coral resilience 

in an age of rapidly progressing climate change.  

 

Keywords 

arrested phagosome | coral bleaching | metabolic interaction | resource competition | 

selfish symbiont  
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5.2 Introduction 

Coral reef ecosystems are in decline due to the effects of anthropogenic environmental 

change [1,2]. The ever-increasing rate of ocean warming is now the main driver of this 

ecosystem decline [3]. Recurrent mass bleaching of corals, i.e. the expulsion or digestion 

of endosymbiotic algae from the coral tissue during heat stress, has resulted in coral 

mortality on a global scale [4]. Given that the current rate of warming may already be 

exceeding the adaptive capacity of corals, new approaches are required to mitigate the 

effects of climate change on coral reefs [5]. Importantly, the thermotolerance of the coral 

– algae symbiosis does not depend on temperature alone [6–8]. The flexible composition 

of the coral holobiont, i.e. the meta-organism comprised of the coral host and associated 

microorganisms, as well as the interplay of biotic and abiotic environmental factors, lead 

to a complex mosaic of differential bleaching susceptibility of corals within and between 

coral reef ecosystems [6,9–12]. To improve our understanding of how climate change will 

affect the coral – algae symbiosis and coral reefs as a whole, in-depth knowledge of the 

underlying cellular mechanisms leading to coral bleaching is required.  

The increased production of reactive oxygen species (ROS) by the algal symbiont’s 

photosystem or mitochondria is believed to be a central process leading to the expulsion 

of symbionts [8,13]. Indeed, heat stress promotes increased ROS release by algal 

symbionts and the addition of antioxidants can attenuate the severity of bleaching in 

corals [13,14]. Yet, recent observations have challenged a direct link between 

photosynthetic ROS production and the onset of coral bleaching: I. Symbiotic ROS 

production may not be directly linked to oxidative stress in the host tissue [15,16]. II. 
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Superoxide concentrations surrounding the coral tissue do not correlate with symbiont 

density or bleaching status [17]. III. Bleaching occurs in the dark in the absence of 

photosynthetic ROS production [18]. IV. Environmental nutrient availability can 

exacerbate or attenuate the severity of bleaching [7,10,19,20]. Taken together, these 

observations suggest that the role played by symbiotic ROS production in triggering coral 

bleaching might have been overestimated. Consequently, other processes must be 

considered to understand the cellular mechanisms that determine the onset and severity 

of bleaching.  

One of these alternative processes is the role of symbiotic nutrient cycling [21,22]. The 

nutrient exchange between symbiotic partners is key to the ecological success of the coral 

holobiont in oligotrophic conditions [12,23]. In a stable state, carbon translocation by the 

symbiont provides the major energy source for the metabolism of the coral host [24,25]. 

Alterations in symbiotic nutrient cycling will thus directly alter the ability of corals to cope 

with environmental stress. In a stable state, constant nitrogen limitation ensures the 

accumulation and subsequent release of excess carbon by the symbiont [21,22,26,27]. 

Hence, the stability of the symbiosis may depend on environmental nitrogen availability 

and the ability of the host to control symbiotic nitrogen uptake [22,26,28]. Previous 

studies showed that exposure to elevated but sub-bleaching temperatures may alter 

nitrogen uptake and carbon translocation by the symbiont [29–31]. However, the 

underlying cellular causes of these changes in nutrient cycling and their potential 

consequences for the stability of the symbiosis remain unknown.  
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Here, we investigated physiological performance and metabolic interactions in the coral 

– algae symbiosis during prolonged heat stress in a three-week aquaria experiment. By 

focusing on early stress responses, occurring prior visual signs of bleaching, we were 

aiming to identify primary processes ultimately leading to the destabilization of the 

symbiosis. 

 

5.3 Results 

Coral bleaching after 3-week exposure to heat stress 

We exposed colonies of Stylophora pistillata collected from the central Red Sea to annual 

maximum temperatures representative for the region in the non-bleaching year 2017 

(Figure S5-1). After 21 days of heat stress, S. pistillata colonies showed severe signs of 

bleaching as reflected in the visual loss of pigmentation, corresponding to a 78 % and 67 

% decline in symbiont densities and chlorophyll content, respectively (Figure S5-2, Table 

S5-1).  

 

5.3.1 Oxidative damage prior to coral bleaching 

To understand the underlying processes that cause the breakdown of the coral – algae 

symbiosis during prolonged heat stress, we investigated physiological performance and 

metabolic interactions of symbiotic partners at day 10 of the experiment (7 days at 

maximum temperature). S. pistillata colonies showed no significant differences in visual 
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pigmentation, symbiont density, or chlorophyll content (

 

 

Figure 5-1, Table S5-1). Despite the visual integrity of the symbiosis, heat stress had 

pronounced effects on the coral – algae symbiosis. The relative ROS leakage from freshly 

isolated symbionts increased by 45 %. This correlated with a significant increase in the 
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level of oxidative damage in the coral host, as approximated via levels of lipid 

peroxidation (  

 

Figure 5-1, Table S5-1).  
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Figure 5-1 | State of symbiosis at day 10 of heat stress. (A,B,C) Corals showed no significant 
differences in symbiont densities or chlorophyll a content and no visual signs of bleaching. 
Bars indicate mean ± SE. (D) Relative release of ROS from freshly isolated symbionts was 
significantly increased during heat stress correlating with significantly increased levels of 
oxidative stress (measured as lipid peroxidation) in the host tissue. The line displays best 
fitting linear regression. The shaded area indicates the 95 % confidence interval. R2 values 
indicate the proportion of variance explained by the linear regression. 

 
 
 
 
 
 
 

5.3.2 Symbiotic nutrient cycling is altered by heat stress 

Heat stress caused drastic alterations in the uptake and cycling of nutrients in the 

symbiosis. The respiration rate increased by 46% on the holobiont level (Figure 5-2, Table 
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S5-1). This rise in carbon consumption was only partially buffered by a 27% stimulation of 

gross photosynthesis rates, likely due to increased CO2 availability [32]. As a consequence, 

the net demand for carbon sources other than autotrophy increased by 97 %. The overall 

reduction of carbon availability was further corroborated by a 66 % drop in the release of 

dissolved organic carbon (DOC) from the holobiont (Figure S5-3, Table S5-1). NanoSIMS 

imaging of 13CO3 assimilation revealed that these alterations in carbon availability were 

not evenly reflected in the resource partitioning between symbiotic partners. While the 

13C content of symbiont cells increased by 30 %, the 13C content of surrounding host tissue 

decreased by 19 % (Figure 5-2, Table S5-2). Previous studies suggested that the 

partitioning of autotrophic carbon between host and symbiont may depend on the 

absolute as well as the relative abundance of nutrients within the holobiont [28,33]. 

Indeed, heat stress reduced nitrate (NO3
-) assimilation by the holobiont (Figure S5-3) and 

even induced a shift from net uptake to net release of ammonium (NH4
+) and phosphate 

(PO4
-) from the holobiont (Figure 5-2, Figure S5-3, Table S5-1). This net release of NH4

+ 

from the holobiont was reflected in the reduced assimilation of 15NH4
+ from the seawater 

by the host (-18%) and symbiont (-41%), respectively (Figure 5-2, Table S5-2). NanoSIMS 

imaging further revealed an increase in the relative proportion of dividing algal symbiont 

cells from 8 to 19 %, thereby further supporting the notion of increased net nutrient 

availability to the symbiont. 
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Figure 5-2 | Symbiotic assimilation and fate of carbon and nitrogen at day 10 of heat stress. (A) 
Respiratory carbon consumption of the holobiont derived from oxygen fluxes. Striped bars 
indicate carbon demand fulfilled by gross photosynthetic production. (B,C) Assimilation of 13C into 
host and symbiont cells, respectively, based on NanoSIMS imaging (D,E). (F) Net ammonium 
(NH4

+) uptake of coral fragments. Negative values indicated a net release of NH4
+ from the 

holobiont. (G,H) Assimilation of 15N into host and symbiont cells respectively derived from 
NanoSIMS imaging (I,J). Bars indicate mean ± SE. Asterisks indicated significant differences 
between treatments.  

 

5.3.3 Energy starvation alters amino acid cycling 

To elucidate the underlying cellular processes shaping the early heat stress response, we 

analyzed the transcriptomic response of S. pistillata after 10 days of heat stress. The 

colony of origin was the main driver of overall expression profiles accounting for 69% of 

the variation across samples (Figure 5-3, Table S5-3). Heat stress had a small but 

significant impact explaining 16% of the variance across profiles. In contrast, subsets of 

genes related to the Clusters of Orthologous Groups (COGs) ‘energy production and 

conversion’ or ‘amino acid metabolism and transport’ showed a much more pronounced 

response to temperature, with heat stress accounting for 29 and 23 % of variation in 

expression profiles respectively  (Figure 5-3, Table S5-3).  
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Out of the 25,769 genes of S. pistillata [34], 2,878 genes showed differential expression 

(p < 0.05) between heat stress and control. Gene set enrichment analysis revealed 269 

significantly enriched biological processes (p < 0.05). As expected, many of these 

processes were related to previously described heat stress responses involving protein 

refolding, DNA repair, antioxidant, and immune responses. In addition to these, however, 

processes linked to energy availability and metabolism were among the most regulated. 

Key processes in the cellular energy supply, such as the tricarboxylic acid (TCA) cycle and 

adenosine triphosphate (ATP) synthesis and metabolism, were consistently 

downregulated. We suggest this to be likely closely linked to the downregulation of sugar 

and lipid metabolism. Furthermore, transcriptomic changes also revealed strong changes 

in nitrogen cycling pathways. NH4
+ and ion transporters were downregulated (Figure 5-3). 

The amino acid metabolism showed a shift from anabolism to catabolism, i.e. degrading 

processes for glutamate, histidine, lysine, and tyrosine were mostly upregulated, while 

amino acid biosynthesis via glutamine synthetase (GS) and glutamate synthetase 

(GOGAT) was downregulated.  

 

5.4 Discussion  

5.4.1 Bleaching takes time 

The Red Sea is home to some of the most thermotolerant corals on this planet and has 

been identified as a potential refuge for corals during climate change [35,36]. We exposed 

colonies of S. pistillata to temperature conditions reflecting annual maximum 

temperatures of the year 2017 for the site of collection. While no bleaching was observed 
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on central Red Sea reefs in 2017, prolonged exposure to annual maximum temperatures 

(21 days) triggered bleaching in this experiment. In situ conditions in 2017 only reached 

peak temperature for one week in August and September respectively. The experiment, 

hence, simulated a prolonged exposure of corals to these conditions. This observation 

suggests that corals from the central Red Sea may be living remarkably close to their 

upper temperature tolerance limits. Furthermore, these data support previous 

observations that the cumulative heat stress history rather than acute temperature stress 

determines the bleaching threshold of a coral colony [37].  

Oxidative damage in response to symbiotic ROS production is often considered to be the 

cellular trigger for symbiont loss during coral bleaching. Yet, it is important to understand 

the role of oxidative stress as a cumulative rather than an acute response of corals to heat 

stress. In this study, we detected significant increases in symbiotic ROS leakage as well as 

oxidative damage in the host tissue as early as two weeks prior to the actual onset of coral 

bleaching. As such, there is no direct and immediate relationship between symbiotic ROS 

production and the expulsion of symbionts. Rather, a multitude of processes form a 

mechanistic cascade ultimately leading to the loss of symbionts.  
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Figure 5-3 | Transcriptomic response of 
the coral host during heat stress. (A) 
Principal component analysis (PCA) of 
overall expression profiles during control 
and heat stress. PCAs of subsets of genes 
assigned to (B) Cluster of Orthologous 
Groups (COGs) category C - energy 
production and conversion and (C) 
category E - amino acid metabolism and 
transport. Colored areas indicate the area 
covered by the outermost points of the 
control (green) and heat stress (orange) 
treatment. R2 values indicate proportion of 
variance of expression profiles explained 
by temperature treatment. (D) Selected 
significantly enriched Gene Ontology (GO) 
terms related to energy availability (left) 
and inorganic nutrient transport and amino 
acid cycling (right). Points indicate mean 
log2 fold change of expression of genes 
associated to GO terms in heat stress 
compared to control conditions. Blue 
points indicate significant downregulation, 
whereas red points indicate significant 
upregulation. Boxes below individual GO 
terms indicate the overall direction of 
regulation (Z-score). (E) Differential 
expression of genes involved in the 
tricarboxylic acid cycle (TCA) as well as the 
closely linked fixation of ammonium (NH4

+) 
into glutamate via the glutamine and 
glutamate synthetase (GS-GOGAT) 
pathway. Downregulated processes are 
highlighted in blue. Upregulated processes 
are highlighted in red. Glu = glutamate, Ser 
= serine, Phe = phenylalanine, ATP = 
adenosine triphosphate, biosynth. = 
biosynthesis, meta. = metabolism, cata. = 
catabolism.  
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5.4.2 The role of symbiotic nutrient cycling in the coral heat stress response 

Symbiotic nutrient exchange is fundamental to the ecological success of corals [38–40]. 

As such, alterations in symbiotic nutrient cycling will directly or indirectly affect the 

performance of coral holobionts during heat stress [7,21,29]. In this study, we found 

strong alterations of nutrient assimilation and translocation in both the coral host and the 

algal symbiont. Cellular metabolic activity increases with temperature [41]. As such, 

increased metabolic carbon demand in corals is proposedly one of the primary cellular 

responses to heat stress. This increased energy demand may be fulfilled from three 

sources of fixed carbon: translocation of photosynthates, heterotrophic feeding, or the 

consumption of energy reserves [42,43]. Our findings suggest that during the day, 

increased metabolic carbon demand by both symbiotic partners is balanced by stimulated 

photosynthesis in the algal symbiont. Previous reports suggested that photosynthesis in 

corals may be limited by dissolved inorganic carbon (DIC) availability [32,44,45]. 

Stimulated photosynthesis during heat stress may, accordingly, be the direct 

consequence of efficient recycling of increased respiratory DIC production. Respired 

carbon during the night, however, will not be recycled by the symbiont and hence will be 

lost from the holobiont. Heat stress, thus, directly reduces the relative contribution of 

photosynthetic carbon to the overall energy budget of the coral holobiont. If food is 

abundant, heterotrophy may be sufficient to compensate for the relative decline in 

photosynthetic carbon. Indeed, increased heterotrophic feeding stabilizes the 

photosynthetic performance of algal symbionts and reduces bleaching susceptibility of 

coral during heat stress [46]. If heterotrophic uptake and phototrophic translocation are 
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insufficient to meet respiratory carbon demands, however, corals will be forced to rely 

on their carbon reserves to sustain metabolic processes [47]. 

Taken together, our results suggest that heat stress causes severe energy limitation in S. 

pistillata. We observed lower expression of genes related to sugar and lipid metabolism. 

In this context, the downregulations of key processes in the cellular energy generation via 

the TCA cycle and ATP synthesis are likely attributed to a shortage of available carbon 

substrates in the cell. Thereby, the substrate limitation of the TCA cycle may be directly 

linked to observed changes in nitrogen and amino acid metabolism. The fixation of NH4
+ 

into amino acids via the GS-GOGAT system requires the availability of ATP and ⍺-

ketoglutarate [48]. Thus, the slowing of the TCA cycle may directly limit energy and 

substrate for NH4
+ fixation. At the same time, higher expression of amino acid catabolic 

processes such as the glutamate dehydrogenase (GDH) suggests consumption of the 

amino acid pool as substrate for the TCA cycle. As the conversion of glutamate to ⍺-

ketoglutarate releases NH4
+ [38], the changes in amino acid cycling are likely the cause for 

the observed switch from net NH4
+ uptake to release on the holobiont level.  

In a stable symbiosis, host and algal symbiont compete for the uptake of available NH4
+ 

(Figure 5-4) [21,40]. Because the host biomass outweighs that of their endosymbionts, 

algae are maintained in a nitrogen-limited state [27]. The release of NH4
+ by the host 

during heat stress directly affects the metabolism of the symbiont. NanoSIMS imaging 

confirmed reduced uptake of environmental NH4
+ by host and symbiont, thereby 

indirectly supporting the notion of increased NH4
+ availability due to altered host 

metabolism. With more nitrogen available, symbionts can invest more of their resources 
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into their own biomass synthesis and growth [49]. Our observation of stimulated cell 

division rates and increased retention of photosynthetic carbon by the symbiont during 

heat stress, and prior to bleaching, are thus likely attributed to increased nitrogen 

availability. As symbionts retain more carbon for their own growth, however, less excess 

carbon is released from the algal cell, and therefore available to the host (Figure 5-4). 

Thus, the reduced 13C enrichment in the host tissue likely not only reflects the increased 

energy consumption by the host but also a reduced translocation by the symbiont.  

 

 
 
Figure 5-4 | Alterations in nutrient cycling during symbiosis breakdown and establishment. (A) 
In a stable symbiotic association, both host and symbiont are nitrogen limited. (B) The 
competition for dissolved inorganic nitrogen (DIN) between host and symbiont ensures that 
biomass synthesis in the symbiont is limited by nitrogen availability. The resulting accumulation 
and release of excess dissolved organic carbon (DOC) from the symbiont fuels the metabolism of 
the host and stimulates its DIN uptake for biomass synthesis. (C) Heat stress, however, increases 
metabolic carbon demand and reduces carbon translocation by the symbiont. The gradual 
metabolic shift in the host tissue ultimately leads to the consumption of energy reserves to fuel 
metabolic energy demand in the host tissue. The resulting net release of DIN stimulates growth 
in the symbiont and further reduces DOC available for translocation. As both partners shift 
towards a carbon-limited state (A), these processes may lead to a decoupling of nutrient 
exchange. At the same time, increased availability of dissolved inorganic carbon (DIC) and 
proliferation of symbionts may increase the translocation of carbon to the host thereby stabilizing 
the symbiosis. The same processes that may drive symbiotic breakdown during heat stress may, 
in reverse order, stabilize the symbiosis during initial infection of the host by algal symbionts. 
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5.4.3 Dynamic nutritional states in the coral – algae symbiosis 

The observed alteration of nutrient cycling in the present study constitutes only a 

snapshot of the state of the symbiosis without temporal context in the overall bleaching 

process. Yet, the processes identified here allow the identification of positive and 

negative feedback loops that, with ongoing heat stress, will affect the stability of the coral 

– algae symbiosis. On one hand, heat stress reduces energy availability for the host. The 

resulting shift in amino acid cycling increases nitrogen availability for the symbiont and 

reduces carbon translocation to the host. Thereby this cascade of processes forms a 

positive feedback loop, which will exacerbate energy starvation. While effects of elevated 

temperatures may only mildly change energy availability in the host initially, the positive 

feedback of these processes will gradually lead to more pronounced alterations in 

nutrient cycling between host and symbiont with ongoing heat stress. Over time, these 

processes may eventually lead to a collapse of carbon translocation by the symbiont 

undermining the ecological advantage of this symbiosis for the host. Elevated 

temperatures, however, do not necessarily put corals on a one-way road to bleaching. 

Rather, the positive feedback loop outlined above (Figure 5-4) may be compensated for 

by negative feedback loops. This experiment identified one such potential mechanism 

that may stabilize symbiotic nutrient cycling during elevated temperatures. Specifically, 

we observed that increased nitrogen availability stimulated cell division rates during heat 

stress. The proliferation of algal symbionts directly translates into increased nitrogen 

demand as more biomass has to be sustained. If the rate of increase in nitrogen 

availability does not exceed the increase in nitrogen demand due to algal symbiont 
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growth, carbon translocation to the host may be sustained or even increase during 

elevated temperatures. This hypothesis is in congruence with Cunning et al. [50] who 

showed that corals hosting a fast-growing symbiont were more bleaching resistant than 

corals hosting a slow-growing symbiont type during increasing temperatures.   

Taken together, our findings suggest that nutrient cycling may depend on the dynamic 

equilibrium of positive and negative feedback loops outlined above (Figure 5-4). In a 

stable state, host and symbiont are in competition for the available nitrogen. Moderate 

rates of warming may increase metabolic energy demand, yet these effects may be 

balanced by stimulated symbiont growth. In contrast, rapid warming may alter symbiotic 

nutrient cycling at a rate that cannot be compensated for by symbiont proliferation. 

Under these conditions, carbon translocation by the symbionts will gradually decrease, 

ultimately shifting both symbiotic partners towards a carbon-limited state. Interestingly, 

the same processes that destabilize nutrient exchange during heat stress may, in reverse 

order, lead to the onset of nutrient exchange during the (re-)infection of the coral host 

with symbionts. Symbiont-free corals are in a carbon-limited state [26,31]. As such, initial 

colonizing symbionts can rapidly proliferate due to high nitrogen availability. As symbiont 

densities increase, they start competing among each other for available nitrogen. Limited 

in nitrogen for growth, symbionts will start releasing excess carbon to the host, thereby 

gradually shifting the system to a nitrogen-limited state, characteristic of a stable 

symbiosis (Figure 5-4). 
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5.4.4 What triggers coral bleaching? 

The expulsion of symbionts is not the cause of coral mortality during bleaching events 

[47]. Instead, mortality is caused by the starvation of the coral host due to the lack of 

phototrophic carbon sources [47]. Here, we show that heat stress destabilizes symbiont 

carbon translocation long before the actual expulsion of the symbiont, i.e., prior to visible 

signs of bleaching. Consequently, corals can experience severe energy starvation even 

when symbionts are still present. As such, the expulsion of symbionts itself may not be of 

negative consequences for the coral host, since it may allow association with faster-

growing symbionts that can sustain carbon translocation even under elevated 

temperatures [51–53].  

At this point, the cellular trigger of symbiont expulsion remains unknown. Previous 

studies proposed that ROS levels and oxidative damage in the host tissue may be an 

important cue for coral bleaching. The level of oxidative damage depends on the interplay 

of ROS production, antioxidant capacity, and cellular repair processes [8]. As such, 

alterations in cellular energy availability, as observed here, will directly affect the ability 

of the host to cope with oxidative stress and thereby determine the temperature 

threshold of bleaching in corals. At the same time, Hill & Hill [54] proposed that the arrest 

of the maturation of the phagosome surrounding the symbiont depends on its release of 

photosynthates to mimic digestion of prey. In this light, altered symbiotic nutrient cycling 

may be the ultimate cause of symbiont expulsion. Our findings suggest that severe heat 

stress gradually reduces carbon translocation by the symbionts ultimately shifting the 
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symbiotic system to a carbon-limited state. Eventually, carbon release by the symbiont 

may be insufficient to sustain phagosome arrest. As the phagosome matures, the 

symbiont would either be digested or expelled from the host cell [55], thereby resulting 

in the bleached appearance of corals. Hence, altered nutrient cycling, directly and 

indirectly, determines the bleaching threshold of corals.  

5.4.5 Conclusion 

Anthropogenic climate change is now the main cause of coral mortality and reef 

degradation [1]. Yet, our efforts to conserve coral reef functioning during ever-increasing 

temperatures are hampered by an incomplete understanding of the processes underlying 

susceptibility and resilience of corals to heat stress. Our findings illustrate that heat stress 

destabilizes symbiotic nutrient cycling long before the actual breakdown of the symbiosis. 

As such the actual bleaching threshold may only provide a poor proxy for the resilience 

of corals to heat stress. Instead, scientific efforts should consider bioenergetics and the 

nutritional status of host and symbiont in the context of their environmental conditions. 

As such, the performance of algal symbionts during heat stress should be assessed based 

on their nutrient cycling properties and growth rate, rather than ROS production alone. 

Considering the effects of local environmental conditions on the mechanisms of symbiotic 

nutrient cycling, identified here, will improve our ability to predict coral thermotolerance 

and may help identify regions of particular interest for conservation management to 

mitigate the effects of climate change.  
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5.5 Material & Methods 

5.5.1 Sampling site, coral collection, and experimental design 

Corals were collected from Abu Shoosha reef near the Saudi Arabian central Red Sea coast 

(Figure S5-1). Temperatures were monitored throughout the year 2017 with HOBO 

pendant temperature loggers (Onset, US) to identify annual mean (29.1 ̊ C) and maximum 

temperatures (32.9 ˚C) representative for a non-bleaching year in the region. In fall 2018 

five colonies of S. pistillata (⌀ > 30 cm) were collected at a water depth of ~8 m and 

immediately transported to the aquaria facility at the Coastal and Marine Resources core 

lab at King Abdullah University of Science and Technology. Colonies were fragmented into 

20 nubbins each which were distributed over two 150 L aquaria per colony (one tank 

assigned for each treatment in the experiment). All tanks were filled with freshly collected 

seawater from Abu Shoosha reef (salinity = 40.1; NH4
+ = 0.48 µM; NO3

- = 0.19 µM; PO4
3- = 

0.03 µM) with a daily water renewal rate of 25% and maintained at a light regime 

resembling in situ conditions (peak daytime irradiation = 750 µmol quanta m-2 s-1) and 

constant temperature of 29.1 ˚C.  

After seven days of acclimation, the five aquaria assigned to the heat stress treatment 

were gradually ramped to a temperature of 32.9 ˚C over the course of three days while 

the remaining five aquaria were maintained at a temperature of 29.1 ˚C as control 

conditions (Figure S5-1). Corals were sampled after 10 days (7 days at maximum 

temperature) and after 21 days (when visual bleaching was observed). At day 10 a range 

of response parameters was assessed to identify primary molecular and metabolic 

responses of the coral-algae association to heat stress (see below for details). In contrast, 
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at day 21 only symbiont density and chlorophyll a content was recorded to quantify the 

extent of bleaching. For all response parameters, one sample per colony and treatment 

was collected. All incubation measurements were performed on the day of sampling. For 

all other measurements, fragments were snap frozen in liquid N2 for later processing. 

 

5.5.2 Symbiont density and chlorophyll content 

Frozen coral fragments were placed into individual Ziploc bags and doused in 7.5 mL of 

ice-cold PBS buffer (1x). All tissue was removed from the coral skeleton using air pressure 

and the resulting tissue slurry was transferred into a falcon tube and homogenized for 30 

s with a T-18 UltraTurrax (IKA, Germany) on ice. Symbiont cells were washed in three 

cycles of centrifugation (3,000 g) and resuspension in PBS. For symbiont density, three 

technical replicates of 200 µL were transferred into a 96-well plate through a cell strainer 

(40 µm mesh size). Symbiont concentrations were quantified by flow cytometry using the 

BD LSRFortessa (BD Biosciences, US) with an excitation wavelength of 488 nm and 

fluorescence emission detection at 695/40 nm. Subsequent gating of recorded events was 

done in FlowJo v.10.5.3 based on forward scatter and chlorophyll autofluorescence. For 

chlorophyll content analysis, 1 mL of washed symbiont cell suspension was transferred 

into an Eppendorf Tube, pelleted and resuspended in acetone (100%). Samples were left 

in the dark at 4 ˚C for 24 h before three technical replicates of 200 µL were transferred 

into a 96-well plate. Absorption of samples was immediately recorded at 630, 664 and 

750 nm using a SpectraMax Paradigm microplate reader (Molecular Devices, US). 

Chlorophyll a content was calculated following Jeffrey & Humphrey [58]:  
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 Chl 𝑎 [µg mL−1] = 11.43 × (OD664 −  OD750) − 0.64 × (OD630 −  OD750)  

 

Symbiont cell and chlorophyll concentration were corrected for sample volume and 

normalized to the surface area of the coral fragment.  

 

5.5.3 Oxidative stress 

Symbiotic reactive oxygen species (ROS) production was quantified from freshly isolated 

symbiont cells [59]. For this, coral tissue was removed from freshly collected specimens 

and homogenized as described above using sterile seawater. Washed symbiont cells were 

split into three technical replicates of 1 mL each in Eppendorf tubes and incubated for 30 

min in the light according to treatment conditions. CellROX orange (Life Technologies, US) 

was added to the tubes at a final concentration of 5 µM, cells were removed by 

centrifugation. 200 µL aliquots of the supernatant were immediately transferred into 96 

well plates and incubated in the dark at 37˚C for 30 min. Relative ROS release (CellROX 

fluorescence) was quantified using a SpectraMax Paradigm microplate reader (Molecular 

Devices, US) at 468 nm excitation and 520 nm emission wavelength, respectively, and 

normalized to the coral surface area. 

Lipid peroxidation (quantified as total malondialdehyde content) was used as a proxy of 

oxidative stress in the host tissue. Coral tissue was removed from frozen coral fragments 

and homogenized as outlined above using ice-cold PBS buffer (1x). Symbiont cells were 

removed by centrifugation and three 100 µL aliquots of supernatant were transferred into 
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new Eppendorf tubes. The concentration of malondialdehyde in the samples was 

measured colorimetrically using the Lipid Peroxidation (MDA) Assay kit (Abcam, US) 

according to the manufacturer’s instructions. Malondialdehyde content was corrected for 

sample volume and normalized to fragment surface area.  

 

5.5.4 Photosynthetic performance and respiration 

Oxygen (O2) evolution and consumption measurements were used to quantify net 

photosynthesis and respiration rates during light and dark incubations, respectively. For 

this purpose, individual coral fragments were transferred into 320 mL Nalgene incubation 

chambers filled with sterile seawater. Chambers were submerged in a water bath to 

maintain temperature according to treatment conditions and stirred using magnetic 

stirrers. Specimens were left to acclimate for 30min in the dark. Subsequently, O2 

concentrations were recorded every second for ~1 h at a constant light level of 380 µmol 

photons m−2 s−1 (daily mean irradiation) followed by ~1 h in the dark using FireSting O2 

optical oxygen meters (PyroScience, Germany).  

Local linear regressions were performed using the ‘LoLinR’ package for R to objectively 

identify the best fitting linear regression to calculate O2 fluxes during light and dark 

incubations respectively [60]. O2 fluxes were corrected for seawater controls, normalized 

to coral surface area and converted into their carbon equivalents using photosynthetic 

and respiration quotients of 1.1. and 0.9, respectively [61]. Gross photosynthesis rates 

were calculated as the sum of net photosynthesis (light incubations) and respiration (dark 

incubations) rates. Daily net productivity was calculated as the difference of daily fixation 



 

 

127 

of carbon via gross photosynthesis (12 h) and the loss of fixed carbon via respiration (24 

h).  

 

5.5.5 Nutrient uptake/release 

To assess net nutrient uptake and release rates, corals were incubated in 1 L incubations 

jars filled with 750 mL of artificial seawater for 24 hours. Artificial seawater composition 

was adapted from Harrison et al. [62] to mimic Red Sea conditions (salinity = 39, pH = 8.1, 

492.5 mM NaCl, 46.23 mM MgCl2, 10.8 mM Na2SO4, 9.0 mM CaCl2, 7.9 mM KCl, 2.5 mM 

NaHCO3). Inorganic nutrients were added at elevated concentrations (5 µM NH4
+, 5 µM 

NO3
-, 2 µM PO4

3-) compared to oligotrophic Red Sea water to allow accurate 

measurement of nutrient depletion. Jars were stirred using magnetic stirrers and 

maintained in a water bath mimicking aquaria conditions (light levels, temperature) 

according to treatment. Changes in nutrient concentrations during incubations were 

assessed by comparing start and end-point measurement. For analysis of inorganic 

nutrient concentrations, 50 mL of seawater were collected with a syringe, filtered (0.22 

µm), transferred into a Falcon tube and immediately flash frozen for later analysis. For 

analysis of DOC concentrations, 10 mL of seawater were collected with a syringe, filtered 

(0.22 µm), transferred into pre-combusted glass vials, acidified with concentrated 

phosphoric acid (pH < 2) and immediately sealed gas-tight for later analysis. Seawater 

samples were analyzed in triplicates using a SA3000/5000 nutrient auto-analyzer 

(SKALAR, Netherlands) and a TOC-L analyzer (Shimadzu, Japan) for inorganic and organic 

nutrient concentrations, respectively.  
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5.5.6 Isotope labeling & sample preparation 

Corals were labeled with NaH13CO3 and 15NH4
+ to allow visualization and quantification of 

nutrient uptake and translocation in the coral – algae symbiosis. Isotope labeling 

incubations were performed identically to nutrient uptake/release incubations explained 

above except that NaHCO3 and NH4
+ were replaced with their isotope-enriched (~99.8 %) 

counterparts during artificial seawater preparation. After 24 h of incubations, small pieces 

(~5 mm) were clipped off the tip of coral fragments and immediately transferred into 

fixative solution (1.25 % glutaraldehyde, 0.5 % paraformaldehyde in 0.1 M phosphate 

buffer). After 24 h of fixation at 4˚C the samples were washed in PBS (1x) and decalcified 

using 0.1 M EDTA (exchanged daily for 14 days). The samples were dissected into small 

pieces containing a row of individual polyps. The tissues were dehydrated in a series of 

increasing ethanol concentrations (50, 70, 90, 100%) followed by 100% acetone. The 

tissues were then gradually infiltrated with SPURR resin of increasing concentrations (25, 

50, 75, 100%). Subsequently, tissues were embedded in SPURR resin and cut into 170 nm 

sections using an Ultracut E microtome (Leica Microsystems, Germany) and mounted on 

silicon wafers for NanoSIMS imaging. 

 

5.5.7 NanoSIMS analysis 

Wafers were gold-coated and imaged with the NanoSIMS 50 ion probe (Cameca, France) 

at the Center for Microscopy, Characterisation and Analysis at the University of Western 

Australia. Surfaces of samples were bombarded with a 16 keV primary Cs+ beam focused 
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to a spot size of about 100 nm, with a current of ∼2 pA. Secondary molecular ions. 12C12C−, 

12C13C−, 12C14N-, and 12C15N− were simultaneously collected in electron multipliers at a 

mass resolution (M/1M) of about 8,000. Charge compensation was not necessary. At least 

fifteen images of different areas within the gastrodermis of the polyp tissue (30 µm raster 

with 256 × 256 pixels) were recorded for all targeted secondary molecular ions by 

rastering the primary beam across the sample with a dwell time of 9 ms per pixel; six 

places were recorded for each area. Image processing was performed using the ImageJ 

plugin OpenMIMS (National Resource for Imaging Mass Spectrometry, https:// 

github.com/BWHCNI/OpenMIMS/wiki). After drift correction, the individual planes were 

summed and the 13C/12C or 15N/14N maps were expressed as a hue-saturation-intensity 

image (HSI), where the color scale represents the isotope ratio. Assimilation of the isotope 

labels (atom %) was quantified for 25 symbiont cells per coral fragment by circling 

individual Regions of Interest (ROIs) based on the 12C14N− silhouette of the symbiont cells. 

Likewise, to quantify the enrichment of gastrodermal host cells surrounding the 

symbiont, ROIs were drawn around gastrodermal cells directly surrounding each 

symbiont cells with approximately the same area as encircled symbiont ROIs. 

 

5.5.8 RNA-Seq  

Frozen coral fragments were placed into a Ziploc bag on ice and covered in 1.5 mL of ice-

cold RLT buffer. Tissue was removed from the coral skeleton using air pressure for 1 min 

and the resulting tissue slurry in RLT buffer was immediately transferred into an 

Eppendorf tube and snap frozen. Total RNA was extracted from 500 µL defrosted coral 
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slurry with the RNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer’s 

instructions. The concentration of total RNA was determined using Qubit™ BR RNA Assay 

Kit (Thermo Scientific, USA) and its integrity was evaluated using an Agilent 2100 

Bioanalyzer and Nano Agilent RNA 6000 kit (Agilent Technologies, Santa Clara, CA, USA), 

according to the manufacturer’s instructions. Ribosomal RNA (rRNA) depletion and 

subsequent mRNA library preparation were done using the TruSeq Stranded 

mRNALibrary Prep kit (Illumina), according to the manufacturer´s instruction. Resulting 

libraries (average fragments of 390 bp) were sequenced using the Illumina 

HiSeq4000 platform at the Bioscience Core lab facilities at KAUST to obtain paired-end 

reads of 150 bp.  

 

5.5.9 Transcriptome analysis 

Sequencing yielded an average of ~ 70 million reads per sample. Sequences were quality 

trimmed and Illumina adapters were removed using Trimmomatic v.0.32 [63]. Successful 

removal of adapters was confirmed using FastQC v.0.11.5 [64]. To remove symbiont 

sequence contamination, remaining sequences were split based on their best match to 

the gene models of Stylophora pistillata [34] or Symbiodinium microadriaticum [65] using 

BBsplit (BBtools v.37.10) [66]. Sequences assigned to Stylophora pistillata were mapped 

to the gene models using bowtie2 v.2.2.4 [67] and mapping quantification was done using 

eXpress v.1.5.1 [68]. This produced an average of ~ 13 million mapped transcripts per 

sample. Genes were assigned to Cluster of Orthologous Genes (COGs) categories using 

EggNOG 4.5.1 [69]. Fragments per kilobase of exon per million (FPKMs) were used for 
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principal component analysis and visualization based on total transcripts as well as 

subsets of individual COG categories for all genes with an FPKM value larger than 10 with 

R v.3.5.1 [70]. Effective transcript counts were used to identify significantly differentially 

expressed genes (p < 0.05) between control and heat stress treatments using DeSeq2 

v.1.22.2 [71]. Differentially expressed genes were used to perform gene set enrichment 

analysis with topGO v.2.34.0 using the ‘weight01’ algorithm and no multiple test 

correction [72]. Pathways of interest were further investigated by mapping differentially 

expressed genes to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using 

KEGG mapper v.3.2. [73]. 

 

5.5.10 Coral surface area 

All rates were normalized to coral fragment surface area calculated by 3D computer 

modeling [74]. For this, ~40 photos were taken from coral fragments from different angles 

in front of a white background. The photos were uploaded to the Autodesk’ Photo-to-3D 

cloud service (Autodesk, US) to generate 3D models of each individual fragment. The 

surface of 3D models was analyzed using ReCap Photo version 4.2.0.2 (Autodesk, US). 

 

5.5.11 Statistical analysis 

All statistical analyses were performed in R v.3.5.1 [70]. Differences in physiological 

responses across treatments were analyzed in a paired design based on colony replicates. 

If data were normally distributed (Shapiro-Wilk test p < 0.05), a paired two-sided t-test 

was used. Otherwise, data were analyzed using a Wilcoxon signed-rank test 13C and 15N 
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enrichment of host and symbiont tissue/cells were analyzed using a two-way analysis of 

variance (ANOVA) using colony and treatment as explanatory variables. To achieve 

normal distribution, data were log-transformed prior to analysis. Differences in 

expression profiles were analyzed with permutational multivariate analysis of variance 

(PERMANOVA) with treatment and colony as explanatory variables as implemented in 

vegan v.2.5-4 [75].  
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5.9 Supplementary Information 
 
Table S5-1 | Overview of test statistics of physiological response parameters. All tests were 
performed in a paired design by comparing colony replicated across treatments. Data were either 
analyzed with a paired t-test or a Wilcoxon signed rank test depending on whether data were 
normally distributed or not. 

Parameter Day Test used n Df t/k statistic p value  
Symbiont density 21 t-test 10 9 3.728 0.020 * 
Chlorophyll content 21 Wilcoxon 10 9 2.023 0.063  
Symbiont density 10 t-test 10 9 0.347 0.746  
Chlorophyll content 10 t-test 10 9 0.454 0.674  
Maximum quantum yield 10 t-test 10 9 6.778 0.003 ** 
Net productivity per day 10 t-test 10 9 1.819 0.143  
Respiration 10 t-test 10 9 -3.762 0.020 * 
Net photosynthesis 10 t-test 10 9 0.245 0.82  
Gross photosynthesis 10 t-test 10 9 -3.469 0.026 * 
DOC release 10 t-test 10 9 3.841 0.018 * 
NH4

+ uptake 10 t-test 10 9 -15.991 <0.001 *** 
NO3

- uptake 10 t-test 10 9 -3.041 0.038 * 
PO4

- uptake 10 t-test 10 9 -6.328 0.003 ** 
Symbiont ROS leakage 10 t-test 10 9 -4.407 0.012 * 
Host lipid peroxidation 10 t-test 10 9 -5.735 0.005 ** 
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Table S5-2 | Overview of analysis of variance (ANOVA) statistics of NanoSIMS data. The raw 
atom % data for 25 regions of interest for each of the colonies and treatments (n = 250) was log 
transformed to meet assumption of normal distribution. Data were analyzed using a two-way 
ANOVA with individual as well as interactive effect of colony and treatment as explanatory 
variables. 

A Host 13C assimilation Sum of squares Df F value p value  
 Colony 4.952 4 10.635 <0.001 *** 
 Treatment 1.213 1 10.417 0.001 ** 
 Colony x Treatment 4.294 4 9.222 <0.001 *** 
 Residuals 27.939 240    
       

B Symbiont 13C assimilation Sum of squares Df F value p value  
 Colony 8.930 4 32.067 <0.001 *** 
 Treatment 5.993 1 86.073 <0.001 *** 
 Colony x Treatment 8.288 4 29.759 <0.001 *** 
 Residuals 16.709 240    
       

C Host 15N assimilation Sum of squares Df F value p value  
 Colony 24.693 4 137.700 <0.001 *** 
 Treatment 0.525 1 11.700 <0.001 *** 
 Colony x Treatment 6.077 4 33.890 <0.001 *** 
 Residuals 10.759 240    
       

D Symbiont 15N assimilation Sum of squares Df F value p value  
 Colony 75.965 4 169.032 <0.001 *** 
 Treatment 2.272 1 20.226 <0.001 *** 
 Colony x Treatment 23.130 4 51.467 <0.001 *** 
 Residuals 26.965 240    
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Table S5-3 | Overview of permutational multivariate analysis of variance (PERMANOVA) 
statistics of transcriptome data. Data were analyzed using a two-way PERMANOVA with 
individual effect of colony and treatment as explanatory variables. 

A All transcripts Sum of squares Df F value R2 p value  
 Colony 0.109 4 4.627 0.688 <0.001 *** 
 Treatment 0.026 1 4.399 0.163 <0.001 *** 
 Residuals 0.024 9 0.149    
        

B COGs “C” transcripts Sum of squares Df F value R2 p value  
 Colony 0.057 4 2.687 0.515 <0.001 *** 
 Treatment 0.032 1 6.119 0.293 <0.001 *** 
 Residuals 0.021 9 0.192    
        

C COGs “E” transcripts Sum of squares Df F value R2 p value  
 Colony 0.217 4 8.986 0.692 <0.001 *** 
 Treatment 0.073 1 12.010 0.231 <0.001 *** 
 Residuals 0.024 9 0.0770    
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Figure S5-1 | Overview of sampling site and environmental conditions. (A,B) Coral colonies were 
collected at Abu Shoosha reef (22°18′16.3’’N; 39°02′57.7’’E) approximately 5 km off the central 
Red Sea coast of Saudi Arabia. (C) Abu Shoosha is a shallow-water reef with pronounced 
seasonality. (D) The temperature profile for Abu Shoosha at 5m water depth for the year 2017 
was used to identify annual mean and maximum temperature of a representative year without 
mass-bleaching. (E) Based on this information, corals were exposed to either annual mean 
temperatures (29.1 ˚C, control) or annual maximum temperatures (32.9 ˚C, heat stress) for a 21-
day aquaria experiment. Corals were samples at day 10 and 21 of experiment.  

 

 
 
Figure S5-2 | State of symbiosis at day 21 of experiment. (A,B,C) Corals showed clear visual signs 
of bleaching and a significant decline in symbiont densities as well as a reduction in chlorophyll a 
content. Bars indicate mean ± SE. Asterisks indicated significant differences between treatments. 
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Figure S5-3 | Overview of physiological responses at day ten of experiment. (A) Relative leakage 
of reactive oxygen species (ROS) from freshly isolated symbionts. (B) Level of lipid peroxidation in 
the host tissue (quantified as MDA concentrations). (C) Dark-adapted quantum yield of coral 
fragments. (C) Net release rate of dissolved organic carbon (DOC). (D-F) Net uptake rates of 
ammonium (NH4

+), nitrate (NO3
-) and phosphate (PO4

-). Negative rates indicate a net release from 
the holobiont. (G) Daily net productivity of coral fragments extrapolated based on 24h of 
respiration and 12h of photosynthesis. (H) Daily respiratory consumption of carbon derived from 
oxygen fluxes in the dark. (I) Daily photosynthetic carbon fixation derived from oxygen fluxes in 
the dark and light. (J) Density of Symbiodiniaceae cells in the coral tissue. (K) Chlorophyll a content 
in the coral tissue. Black lines indicated mean ± standard error. Points of the same color come 
from the same colony of origin. Asterisks indicate significant differences between treatments. 
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6 CHAPTER 5 | Stimulated nitrogen fixation may exacerbate coral bleaching 
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6.1 Abstract 

The disruption of the coral – algae symbiosis (coral bleaching) due to rising sea surface 

temperatures has become an unprecedented global threat to coral reefs. Despite decades 

of research, our ability to manage mass bleaching events remains hampered by an 

incomplete mechanistic understanding of the processes involved. In this study, we 

induced a coral bleaching phenotype in the absence of heat and light stress by adding 

sugars. The sugar addition induced coral symbiotic breakdown accompanied by a fourfold 

increase of coral-associated microbial nitrogen fixation. Concomitantly, increased N:P 

ratios by the coral host and algal symbionts suggest the excess availability of nitrogen and 

a disruption of the nitrogen limitation within the coral holobiont. As nitrogen fixation is 

similarly stimulated in ocean warming scenarios, here we propose a refined coral 

bleaching model integrating the cascading effects of stimulated microbial nitrogen 

fixation. This model highlights the putative role of nitrogen-fixing microbes in coral 

holobiont functioning and breakdown. 
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6.2 Introduction 

The symbiosis between reef-building corals and dinoflagellate algae of the family 

Symbiodiniaceae provides the foundation for the ecological success of coral reefs over 

millions of years [1]. In this mutualistic association, the coral host provides inorganic 

nutrients in exchange for photosynthetically fixed carbon (photosynthates) and amino 

acids from the algal symbiont [1]. Coral bleaching, the disruption of this delicate symbiosis 

by heat and light stress or poor water quality [2–4], may ultimately result in the mortality 

of the coral host. Mass bleaching events have resulted in unprecedented degradation of 

coral reefs over the past decades and are expected to increase in frequency and severity 

as global climate change progresses [5].   

Even though several decades have passed since the initial observation of large-scale coral 

bleaching, our understanding of the underlying mechanistic processes remains 

incomplete. Among the proposed mechanisms, particularly the idea of oxidative stress as 

a driver of coral bleaching (Oxidative Theory of Bleaching) has found considerable 

resonance [6]. This theory posits that the bleaching cascade is initiated by oxidative stress 

in the algal symbionts (and host tissues) caused by excessive temperature and light 

conditions [2]. Yet, there is emerging evidence for a more complex mechanistic response, 

intimately linking bleaching with environmental nitrogen (N) availability [4,7–9]. As N-

limitation is required to regulate Symbiodiniaceae cell division rates and to promote the 

translocation of photosynthates to the coral, N enrichment threatens the persistence of 

this symbiosis [10,11]. Specifically, it can reduce photosynthate translocation rates by 

Symbiodiniaceae [12]. Accordingly, Wooldridge [8] proposed that this retention of 
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photosynthates would result in the energy limitation of coral carbon concentrating 

mechanisms (CCMs). The resulting carbon dioxide (CO2) limitation of photosynthetic ’dark 

reactions’ would render the Symbiodiniaceae more susceptible to photodamage (i.e., 

bleaching). Indeed, the idea of the ‘selfish symbiont’ was recently confirmed by Ezzat et 

al. [13], who reported an increased utilization and reduced translocation rates of 

photosynthetically fixed carbon by Symbiodiniaceae in hospite under nutrient replete 

growth scenarios. Further, excess nitrogen availability can lower the bleaching threshold 

in corals by shifting the algal symbionts from an N-limited to a phosphorus (P)-starved 

state [7]. Such stoichiometric shifts can cause the substitution of phospholipids with 

sulpholipids in the chloroplast thylakoid membranes, a common response in 

photoautotrophs during limited P availability [14]. As the lipid composition of the 

thylakoid membrane is closely linked to the assemblage and functioning of the 

photosynthetic machinery, it can determine bleaching sensitivity in Symbiodiniaceae [15]. 

Therefore, increased N availability will ultimately increase the bleaching susceptibility of 

corals [7]. 

Our understanding of internal N cycling processes in corals during thermal bleaching 

remains incomplete. This knowledge however is critical, as N cycling microbes are 

ubiquitous associates of corals [16]. In particular, diazotrophs, bacteria and archaea 

capable of reducing dinitrogen (N2) into biologically available nitrogen, constitute an 

important N source for Symbiodiniaceae [17–20]. Indeed, N2 fixation can help sustain 

holobiont productivity when nutrients are scarce [21]. Given its functional importance, it 

is not surprising that N2 fixation is associated with the majority of investigated coral 
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species [21–23]. Elevated temperatures, however, stimulate the enzymatic activity of 

nitrogenase and promote the proliferation and activity of coral-associated diazotrophs 

[21,24–26]. Consequently, this has led Rädecker et al. [16] to propose that excess N 

availability from increased holobiont-associated N2 fixation activity may be a major driver 

of bleaching in heat-stressed corals. 

Here, we aimed to provide a mechanistic understanding of the role of N2 fixing bacteria 

and archaea during coral bleaching. For this purpose, we manipulatively stimulated N2 

fixation activity in corals in the absence of heat or light stress. To achieve this, we supplied 

doses of labile dissolved organic carbon (DOC), more specifically neutral 

monosaccharides, to stimulate coral-associated N2 fixation [22]. This approach allowed us 

to identify the effects of increased N2 fixation activity on the coral – algae symbiosis, 

whilst eliminating the confounding effects of temperature and irradiance. We 

characterized the cascading effects on critical functions of the coral holobiont and three 

of its main members – the coral host, algal symbionts, and the prokaryotes – in an 

integrative approach combining physiological and molecular applications.  

 

6.3 Material & Methods 

6.3.1 Aquarium facilities, coral collection, and maintenance 

The experiments were conducted at the wet lab facility of the Coastal and Marine 

Resources Core Lab (CMOR) at the King Abdullah University of Science and Technology 

(KAUST, Saudi Arabia). The aquarium system was comprised of two identical units, each 

consisting of three replicate experimental tanks (i.e., totaling 6 tanks à 100 L each). To 
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stabilize seawater parameters and oxygen (O2) concentrations, untreated Red Sea reef 

water was circulated in the experimental units, each containing protein skimmer as well 

as filtration setups. Further, 30 % of the water was replaced on a daily basis, assuring close 

to natural water parameters. Maintenance conditions were kept constant, allowing us to 

rear corals in the absence of any heat and light stress (seawater temperature at 27 °C, 

salinity at 40.5 PSU, photosynthetic active radiation 100 quanta µmol s-1 m-2 on a 12:12 h 

day/light cycle). In three aquaria, labile DOC levels were manipulated by daily additions 

of a 10 mg l-1 saccharide mixture (in mg/L; (D+) xylose: 3.82; (D+) glucose: 2.56; (D+) 

mannose: 1.39; (D+) galactose: 2.22). Respective contribution of each saccharide was 

based on reports on the neutral monosaccharide composition of sewage and coral reef 

macroalgae exudates [27,28]. The other three aquaria were maintained at ambient DOC 

levels. In order to avoid drifting effects on the labile DOC-concentrations across the 

replicate tanks, they were supplied from a recirculation reservoir (100 L) according to 

treatment conditions. The DOC treatment resulted in >10 times enriched conditions (up 

to 1609 ± 2 µM after 28 days of treatment) compared to the ambient treatment (117 ± 2 

µM after 28 days; Supplementary Table S6-1). The enrichment did not affect dissolved O2 

levels in the treatment tanks (constantly > 6 mg l-1) or total N and total P concentrations 

at any time point (for details, see Supplementary Table S6-1, Table S6-2). 

Six colonies of the common Red Sea coral Pocillopora verrucosa were collected at the mid-

shore reef Al-Fahal in the central Red Sea, Saudi Arabia (N22°18’19.98’’, E38°57’46.08’’). 

Each colony was fragmented, and the fragments attached to 40x40 mm stone tiles with a 

two-part epoxy putty (ReefConstruct, AquaMedic, Germany). Coral fragments from all 
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colonies were distributed evenly among the aquaria and acclimated for 28 days. During 

this acclimation period, corals were moderately fed to assist recovery from fragmentation 

stress (Reef Roids, PolypLab, USA). Any additional feeding was abandoned one week prior 

to and throughout the experiment to avoid confounding effects from additional nutrient 

uptake via heterotrophy. 

 

6.3.2 Sampling 

N2 fixation activity, diazotroph abundance, maximum quantum yield, and algal symbiont 

density were measured at days 0, 7, 12 and 28 of the experiment. Remaining response 

parameters were measured at the first and last day of the experiment. Non-invasive 

parameters (pulse amplitude fluorometry, rate functions) were applied in a repeated 

measures design to increase statistical power. For the remaining (invasive) response 

parameters, single fragments originating from all mother colonies and treatments were 

rinsed with filter-sterilized seawater (FSW; 0.22 µm), flash-frozen in liquid N2, and stored 

at -80°C until further processing. Seawater samples were collected every 7 days, filtered 

and frozen for subsequent analysis of DOC, total dissolved N (TN), and P (TP) content. A 

brief overview of all measured response parameters is provided below; please refer to 

Supplementary Information for a more detailed description.  

 

6.3.3 O2 and N2 fixation measurement 

In brief, photosynthesis and respiration rates were derived from O2 evolution/depletion 

incubations. For this, net photosynthesis and respirations rates were quantified from start 
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and endpoint O2 measurements of corals incubated in gas-tight chambers for 2 h during 

dark and light conditions, respectively [23]. Gross photosynthesis rates (PG) were 

calculated as the combination of net photosynthesis (PN) and respiration rates (R). 

Similarly, gross N2 fixation rates were indirectly quantified via measurements of ethylene 

(C2H4) evolution using the acetylene (C2H2) reduction assay [29]. Specifically, corals were 

incubated for 24 h in gas-tight chambers containing seawater as well as an air-filled 

headspace both enriched in C2H2. N2 fixation rates were inferred from differences in C2H4 

concentrations of gas samples collected at the start and end of the light as well as the 

dark phase of incubation.  

 

6.3.4 Symbiodiniaceae response and elemental analyses 

Photosynthetic performance of Symbiodiniaceae cells in hospite was confirmed by 

measuring PSII maximum quantum yield (Fv/Fm) of dark-adapted coral fragments (n = 12 

per treatment) 1 h into the 12 h dark phase. Measurements were carried out using a pulse 

amplitude modulation (PAM) fluorometer (DIVING-PAM, Walz, Germany). To assess 

symbiont density, Symbiodiniaceae cells were freshly isolated from coral tissue by NaOH 

extraction [30]. Symbiodiniaceae cell counts were determined using flow cytometry and 

normalized to coral fragment surface areas [31]. 

Isotopic δ15N signatures and N:P ratios were determined with an isotope ratio mass 

spectrometer and a photometer, respectively, from dried coral tissue and extracted 

Symbiodiniaceae cells previously separated by centrifugation and collected on filters. 

δ15N signatures of dried material relative to atmospheric N was analyzed with an isotope 
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ratio mass spectrometer [17]. Further, TN to TP ratios were measured photometrically 

following Hansen & Koroleff [32]. 

 

6.3.5 Microbial community composition and diazotroph abundance 

For coral-associated bacterial community analysis, coral tissue was separated from the 

coral skeleton by air-brushing, DNA from coral tissue was subsequently isolated with the 

Qiagen DNeasy Plant Mini Kit (Qiagen, Germany) as per manufacturer’s instructions. The 

relative abundance of tissue-associated diazotrophs was estimated based on relative 

gene copy numbers of the nifH gene in relation to 16S rRNA gene copy numbers. For this, 

qPCR amplifications of both genes were performed and the fold change of relative 

abundance of diazotrophs was calculated based on the 2(- ΔΔCt) method. 

Further, changes in the overall bacterial community composition in the coral tissue were 

determined using MiSeq 16S rRNA gene amplicon sequencing. Sequences were processed 

with mothur v1.36.1 according to the MiSeq SOP (accession date: Feb 13th 2017; [33]). 

For a detailed description of the analysis pipeline, please refer to the Supplementary 

Information. All sequence data are accessible under NCBI’s BioProject ID PRJNA335276 

(http://www.ncbi.nlm.nih.gov/bioproject/335276). 

 

6.3.6 Seawater nutrient measurements 

Treatment water samples for nutrient analysis were collected at all sampling points. 

Treatment water was sampled in 30 mL and 50 mL triplicates for organic and inorganic 

nutrients, respectively, filtered (0.45 µm), and preserved with 100 µl of 35 % phosphoric 

http://www.ncbi.nlm.nih.gov/bioproject/335276
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acid or frozen at -20°C, respectively. Analysis of dissolved organic carbon was performed 

with a Apollo 9000 Total Organic Carbon (TOC) Analyzer™ (Teledyne Instruments Tekmar, 

USA), and TN and TP concentrations were simultaneously measured according to 

standard method (SM) 4500-P J [34]. Samples were analyzed by the Analytical Core Lab 

(ACL) at KAUST, Saudi Arabia and the Marine Chemistry Lab at the University of 

Washington, USA, respectively. 

 

6.3.7 Statistical analysis of physiological parameters and bacterial communities 

All statistical analyses of physiological response parameters were conducted in R v3.2.2 

[35]. N2 fixation, PG, and R rates, as well as maximum quantum yield were tested for 

individual and interactive effects of treatment and time by 2-factorial generalized 

estimation equations generalized linear models for repeated measures (GEEGLMs) in the 

R package geepack [36]. Similarly, Symbiodiniaceae density, seawater nutrient 

concentrations, and nifH gene copy numbers were tested with 2-factorial generalized 

linear models (GLMs). Stable isotope composition and N:P ratios were analysed in 3-

factorial GLMs accounting for individual and interactive effects of treatment, time, and 

compartment. All models were based on a Gamma distribution with best fitting link 

function to account for skewing of data. To illustrate significant differences between 

manipulations, treatment effects of individual time points were compared using unpaired 

Welch’s unequal variances t-test. Bacterial community composition was compared using 

Analysis of MOlecular VAriance (amova) as implemented in mothur. All data are reported 
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as mean ± SE, asterisks indicate statistically significant differences (* p < 0.05, ** p < 0.01; 

for details, see Supplementary Table S6-3). 

 

6.4 Results  

6.4.1 Stimulated N2 fixation, diazotroph abundance, and elemental changes 

Within 7 days of manipulation, DOC additions caused a significant 4-fold increase in 

holobiont gross N2 fixation activity (assessed via acetylene reduction assay) compared to 

controls during both light and dark phase (Figure 6-1; for all model statistics, see 

Supplementary Table S6-3). Light N2 fixation activity was higher and more variable 

compared to dark conditions in both treatments at all times. In contrast to N2 fixation 

activity, the relative abundance of diazotrophs (relative number of nifH gene copies as 

quantified by qPCR) did not exhibit significant changes until day 28, but then experienced 

a 23-fold increase under high DOC compared to same-day ambient controls (Figure 6-1). 
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Stimulated N2 fixation activity concurred with a significant depletion of the isotopic δ15N 

signature and a 40 % increase in the total N to P (N:P) ratio over time for Symbiodiniaceae 

under high DOC (  

 

Figure 6-2). In contrast, coral tissues maintained stable δ15N signatures over time, but 

exhibited a doubling in the N:P ratio under stimulated N2 fixation over the course of the 

experiment.  
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Figure 6-1 | Dinitrogen (N2) fixation activity and responses of coral-associated N2-fixing bacteria 
to stimulation with labile dissolved organic carbon (DOC). (A,B) Light and dark coral-associated 
N2 fixation rates expressed as ethylene (C2H4) evolution (n = 6 each). (C) Relative fold change in 
copy numbers of the nifH gene referenced to the 16S rRNA gene and in relation to day 0 control 
samples (n = 3 each). All data are presented as means ± SE. Asterisks indicate statistically 
significant differences (* p < 0.05, ** p < 0.01). For full model statistics, see Supplementary Table 
S6-3. 

6.4.2 Overall bacterial community  

While diazotroph populations proliferated in the coral tissues, the overall bacterial 

community did not exhibit any significant compositional changes under high DOC over 

the course of the experiment (Supplementary Figure S6-1; Supplementary Table S6-4). 

The overall community was dominated by Gammaproteobacteria (78 – 85 % of all 

sequences) in both treatments and at all time points. While an overall decrease in 

bacterial diversity was observed over time in both treatments (Supplementary Table S6-5) 

no enrichment in potentially pathogenic bacterial families, such as the opportunistic 

Vibrionaceae (class Gammaproteobacteria) as previously reported from corals under DOC 

enrichment and coral bleaching and disease [9,37], was observed.  
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6.4.3 Coral bleaching  

While corals in the control treatment maintained a healthy appearance (
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Figure 6-2), corals in the DOC treatment experienced a pronounced paling over the course 

of the manipulation (  

 

Figure 6-2). These visual symptoms were accompanied by a 60 % loss of symbiotic algal 

cells within 28 days, as well as a small but highly significant reduction in the maximum 
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quantum yield of photosystem II (PS II) of the algal symbionts (
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Figure 6-2). These symptoms coincided with a 30 % decline in holobiont gross 

photosynthesis, contrasted by a 40 % increase in respiration rates (

 

 

Figure 6-2).  
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Figure 6-2 | Physiological responses to labile dissolved organic carbon (DOC). Coral fragments 
subjected to (A) ambient control or (B) DOC enrichment. (C) Stable nitrogen (δ15N) signatures and 
(D) total nitrogen to total phosphorus ratio (N:P) of coral tissue and Symbiodiniaceae (n = 3 each), 
(E) gross photosynthetic (Pg) and respiration (R) rates before and after 28 days of treatment (n = 
3 each). (F) Symbiont densities in hospite (n = 3) and (G) fluorescent maximum quantum yield of 
photosystem II (Fv/Fm; n = 12) over the course of the experiment. All data are presented as means 
± SE. Asterisks indicate statistically significant differences (* p < 0.05, ** p < 0.01). For full model 
statistics, see Supplementary Table S6-3. 
 

6.5 Discussion 

6.5.1 Coral bleaching in the absence of heat stress 

The observed loss of algal symbionts coupled with the decline in photosynthetic and 

nutrient cycling properties in DOC-stressed corals is strikingly similar to bleaching in 
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thermally stressed corals. Therefore, the mechanisms involved in both bleaching 

phenotypes may share some important characteristics. Marked decreases of both, 

photosynthetic O2 evolution and maximum quantum yield, are early responses of 

Symbiodiniaceae to heat stress following the overwhelming of photoprotective 

mechanisms [38]. The drop in maximum quantum yield in the present study was small 

(i.e., an order of magnitude lower compared to bleached corals), yet significant, and 

occurred in the absence of high temperature and light stress. While this minute decrease 

may likely not be of ecological significance, it suggests the existence of mechanisms 

affecting the susceptibility of PSII to environmental stress. Among these mechanisms, an 

increase in the susceptibility to photodamage in corals due to P depletion (or starvation) 

under excess N conditions as proposed by Wiedenmann et al. [7] would be plausible. 

Hence, the observed drop in photosynthetic efficiency may reflect early symptoms of 

disrupted N limitation in these corals.  

Strong reductions in photosynthetic efficiency during heat induced bleaching are well 

documented [7]. Even though the photosynthetic efficiency experienced a significant 

reduction, it remained at an overall high level. Hence, this response is not comparable to 

heat stress responses and not indicative of photodamage and the associated 

accumulation of reactive oxygen species (ROS). As the upregulation of photosynthetic 

ROS production is a central mechanism of current bleaching theories, the apparent 

absence of oxidative stress raises the question about the exact trigger of bleaching in the 

present study [39]. Similarly, Tolleter et al. [40] reported coral bleaching in the dark during 

heat stress, i.e., in the absence of excess photosynthetically derived ROS. Taken together, 
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our results imply that excess photosynthetic ROS production is not necessarily required 

to initiate coral bleaching, and other sources of ROS production (e.g., mitochondria) or 

alternative causes of symbiont expulsion (e.g., retention of photosynthates) will have to 

be considered [41]. 

 

6.5.2 The role of the microbiome  

As our observation of DOC-induced bleaching is in apparent contradiction with prevailing 

theories of bleaching (i.e., in the absence of photosynthetic ROS production), the 

mechanism of symbiotic breakdown in the current study deserves further elaboration. 

Previous studies linked the detrimental effects of DOC enrichment on corals to the 

opportunistic growth of heterotrophic (pathogenic) bacteria, virulence gene expression, 

and the formation of hypoxic layers on the coral surface [9,42–44]. Here, however, we 

show that the composition of the bacterial community of P. verrucosa remained stable 

despite elevated DOC conditions over 28 days. While this does not rule out possible 

changes in total bacterial abundance, it suggests strong regulatory forces within the 

holobiont inhibiting the opportunistic growth of potential pathogens. Instead, the 

microbiome was dominated by two bacterial OTUs of the genus Endozoicomonas at all 

times. These Gammaproteobacteria were repeatedly identified as highly prevalent and 

abundant associates of healthy corals, while reductions in their abundance may indicate 

unfavorable environmental conditions [45]. Notably, Endozoicomonas were recently 

suggested to have a major role in structuring coral microbiomes among other putative 

functions [46,47]. 
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In contrast to the overall stable bacterial community composition, the pronounced 

response of diazotrophs highlights that the DOC enrichment stimulated this functional 

group, and potentially affected the activity of other holobiont-associated microbes. 

Stimulated diazotroph proliferation and nitrogen fixation activity of similar magnitude has 

previously been reported for heat stressed corals [25,26], thereby substantiating the 

proposition of a linkage between N2 fixation and coral bleaching. Previous studies 

suggested that N2 fixation in corals is energy-limited [16,22]. Consequently, labile DOC 

addition likely provided a readily available energy source for the metabolism and 

proliferation of coral-associated heterotrophic N2 fixers [48,49]. Additionally, hypoxic 

conditions due to increased bacterial respiration on the coral surface [42–44] may have 

promoted N2 fixation, as the enzyme catalyzing the reaction, nitrogenase, is highly 

sensitive to O2 availability [24]. However, all corals showed highest N2 fixation activity 

during active photosynthesis implying that coral-associated diazotrophs were capable of 

protecting the nitrogenase enzyme from O2 evolution. Hence, energy rather than O2 

availability may be the dominant driver of diel N2 fixation activity in the coral holobiont. 

Noteworthy, N2 fixation activity in the DOC treatment increased before a relative 

proliferation of diazotrophs was observed in the tissue. This implies that diazotroph 

proliferation may have occurred elsewhere earlier in the experiment (e.g., in the mucus 

or coral skeleton). Further, this suggests that N2 fixation activity in the holobiont may be 

limited by energy and environmental conditions rather than diazotroph abundance.  

Importantly, due to the absence of potential pathogen propagation in the overall stable 

bacterial community, we can effectively rule out pathogenicity as suggested in previous 
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studies [42,44]. Consequently, the observation of increased N2 fixation under these 

conditions may provide a mechanistic insight into the processes leading to symbiosis 

breakdown.  

 

6.5.3 The fate of microbially fixed nitrogen 

Although the exact localization of diazotrophs within P. verrucosa remains yet to be 

determined, the stimulated N2 fixation activity likely provided excess N to the coral 

holobiont. Indeed, the depletion in δ15N in Symbiodiniaceae suggests the direct utilization 

of N2 fixation products at significant rates in the Pocillopora verrucosa holobiont, as 

reported previously for other corals [17]. Whilst the underlying mechanism(s) of the 

transfer of N2 fixation products to Symbiodiniaceae remain(s) elusive, Benavides et al. 

[20] recently showed that the direct transfer of fixed N and heterotrophic ingestion of 

diazotrophs provides a non-negligible and important N source for Symbiodiniaceae. This 

uptake of additional N from N2 fixation can explain the observed 40 % increase in the N:P 

ratio in Symbiodiniaceae cells in the current study, which are in general constant [50]. 

Further, the shift in algal symbiont nutrient stoichiometry suggests that excess N uptake 

released Symbiodiniaceae from their N-limited state, an important regulatory mechanism 

maintaining the coral – algae symbiosis [10]. 

As δ15N signatures in coral tissue did not exhibit depletion, we can effectively rule out that 

increased N2 fixation provided a significant source of N to the coral host within the 

experimental time frame. Still, coral tissue N:P ratios experienced an increase steeper 

than that of the algal symbionts. Although speculative at this point, this may hint towards 
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buffering mechanisms. Specifically, the coral host likely ‘sanctions’ N supply to 

Symbiodiniaceae by withholding N from its own metabolism, possibly to restore N 

limitation and prevent P starvation. These mechanisms may involve the storage of N 

derivatives in specialized host cells or organelles as previously suggested [51,52].  

Taken together, our findings suggest that stimulated N2 fixation altered the internal 

nutrient stoichiometry in the coral holobiont and disrupted the N-limited state of 

Symbiodiniaceae. In this context, Godinot et al. [53] and Ezzat et al. [54] previously 

reported shifts towards net release of dissolved inorganic N coupled with increased P and 

decreased N uptake in heat-stressed coral holobionts. This implies that shifts in internal 

nutrient stoichiometry may not be exclusive to DOC-induced bleaching, suggesting similar 

underlying processes may be involved during heat stress-induced (thermal) bleaching.  

 

6.5.4 A putative role of microbial N2 fixation in coral bleaching  

While the exact mechanism triggering symbiont expulsion requires further clarification, 

our findings do not contradict the prevailing bleaching theories, but rather extend our 

current understanding. Hence, we here propose a mechanistic concept integrating the 

observed detrimental role of stimulated N2 fixation activity into the existing models of 

(thermal) bleaching (Figure 6-3). This extended model posits that high temperatures (heat 

stress) or elevated DOC levels both stimulate nitrogenase activity and diazotroph 

proliferation, thereby increasing N2 fixation activity [25,26]. The increased and 

preferential uptake of excess (microbially) fixed N releases the resident Symbiodiniaceae 

population from N limitation, subsequently stimulating nutrient-balanced growth or even 
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shifting algal symbionts to relative P depletion (P starvation). Although the mechanism of 

symbiont expulsion manifested as coral bleaching remains unknown at this point, here 

we demonstrate that the disruption of N limitation alone can rapidly result in the loss of 

algal symbionts. As the present study was not confounded by heat and light stress, the 

reported effects will likely be dramatically pronounced under these conditions. 

Excess N supply from stimulated N2 fixation could ultimately induce P starvation in 

Symbiodiniaceae. Such shifts in the N:P ratio promote alterations in the symbiont’s 

thylakoid membrane composition, increasing its susceptibility to photodamage. 

Simultaneously, the disruption of N limitation of Symbiodiniaceae decouples the tight 

nutrient exchange relationship with the coral host [11]. As Symbiodiniaceae will 

subsequently retain and channel most of their photosynthates into their own cell growth 

and repair, the host would be deprived of its main energy source. The resulting energy 

limitation of host CCMs would cause CO2 limitation of photosynthetic dark reactions in 

Symbiodiniaceae, thereby increasing their susceptibility to photodamage [8]. The 

consequential photosynthetic impairment and subsequent overproduction of ROS would 

cause further damage to the PSII and result in oxidative stress of both Symbiodiniaceae 

and host cells [39].  

Based on the strong increase in N:P ratios in the coral tissue in spite of the increase in 

δ15N, we hypothesize that the coral host simultaneously attempts to restore a stable 

nutrient exchange relationship by altering the nutrient supply to Symbiodiniaceae. This 

could be achieved either by removal, assimilation, or storage of N-derivatives in host cells 

or organelles, or by the upregulation of other microbial N cycling pathways (nitrification, 
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denitrification) coupled with increased P uptake and translocation to 

Symbiodiniaceae[16,51,54].  

Noteworthy, the present study was conducted in the absence of additional light or heat 

stress. Hence, the consequences of altered nutrient cycling would have likely resulted in 

a more pronounced stress response under these conditions. Ultimately, the threshold at 

which coral bleaching occurs likely depends on whether the intensity and duration of 

environmental stress exceed the energetic capability of the coral host to maintain the N 

limitation of Symbiodiniaceae. 
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Figure 6-3 | Conceptual model of the role of coral-associated dinitrogen (N2) fixation in coral 
bleaching. High seawater temperatures or dissolved organic carbon (DOC) stimulate N2 fixation 
activity in the holobiont. Fixed nitrogen (N) is rapidly taken up by Symbiodiniaceae, inducing 
nutrient balanced growth or even phosphorus (P) starvation. This P starvation would alter the 
composition of algal photosynthetic membranes, causing the photosystem II (PSII) to malfunction. 
Under heat stress, damage to PSII would promote the production of reactive oxygen species (ROS) 
in Symbiodiniaceae. The disruption of N limitation would increase the retention of fixed carbon 
by algal symbionts, forcing the coral host to deplete its own energy reserves. This could increase 
the susceptibility to photodamage due to a failure of host carbon concentration mechanisms 
(CCMs) causing CO2 limitation of photosynthetic dark reactions. In order to restore control over 
the symbiosis, we hypothesize the coral host would attempt to increase its P uptake and/or to 
retain N from Symbiodiniaceae.  
 

6.5.5 Ecological relevance of elevated DOC levels on coral reefs  

Coral reefs can be regionally exposed to periodically changing levels of TOC/DOC, and may 

range from low (~130 µM for ambient Red Sea water in the present study) to periodically 

high levels (as observed for some parts of the Caribbean and the Florida Keys; > 1000 µM; 

[43]). The DOC enrichment in the present study achieved a more than 10-fold increase 

(868 - 1609 µM) relative to the untreated ambient control (117 – 154 µM) and therefore 
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constitutes an ecologically relevant enrichment level at an order of magnitude increased 

in comparison to levels reported for coral reefs. It is worthwhile to note that biological 

replicates were supplied from a common reservoir of DOC enriched water, in order to 

exclude confounding effects from differences in DOC enrichment or degradation. This was 

necessary as labile DOC is rapidly consumed in an aquaria set up [55]. A potential carry-

over effect between corals and water coming from any of the aquaria was minimized via 

filtration, the use of protein skimmers, and a high renewal rate of seawater in the tanks. 

While we cannot positively exclude that coral microbiomes were affected by surrounding 

colonies (something also possible in the reef environment; [56]), possible effects are 

assumingly minor in relation to the treatment effect. This is supported by the notion that 

microbial community compositions were maintained throughout the course of the 

experiment on the level of (1) replicate coral colonies, (2) between the control and 

treatment, and (3) that the seawater N and P content showed no differences between 

control and treatment over time. Nonetheless, the DOC enrichment caused a rapid 

significant shift in the N:P ratios of the two main eukaryotic departments of the P. 

verrucosa holobiont: the host and the algal symbiont. These changes were likely 

facilitated by the oligotrophic conditions of the Red Sea water used in this experiment. In 

a naturally less oligotrophic system, such as the Caribbean, higher DOC levels would likely 

be necessary to evoke equivalent responses [43]. Nevertheless, DOC additions in the 

same order of magnitude as employed in the current experiment presented here induced 

coral bleaching and mortality in corals from Panama and the Northern Gulf of Aqaba 

[43,55]. Apart from these environmental factors, the effects of DOC enrichment on coral 
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holobionts also depend on its quality and composition. Whilst a large fraction of DOC in 

the Caribbean is refractory and of terrestrial origin [57,58], the current and previous 

manipulative studies employed mostly labile DOC sources. As labile DOC is readily 

available for microbial utilization, its overall effects on the coral holobiont are different 

from those of refractory DOC. Labile DOC is introduced onto coral reefs from various 

sources. Municipal sewage and algal exudates, for instance, contain significant 

proportions of labile DOC of similar saccharide composition as in the present study 

[27,28]). Indeed, macroalgae exudates differentially enrich and stimulate cell growth, 

favoring the prevalence of opportunistic and potentially pathogenic bacteria, induce coral 

mortality, and cause shifts towards less efficient copiotrophic reef bacterial communities 

[28,44,59]. 

 

6.5.6 Coral reef resilience in a changing ocean  

Coral-associated N2 fixation is increasingly being recognized as beneficial for coral health 

[16] and fundamental for sustaining primary productivity under (seasonally) changing 

environmental conditions [16,21,60]. On the other hand, we show here that diazotroph 

activity can destabilize the coral – algae symbiosis, and thus may pose a threat to overall 

holobiont functioning. While the current study used DOC enrichment to induce bleaching, 

we believe that our findings are likely applicable to thermal bleaching as similar responses 

of the diazotroph community appear to be in place. Thermal bleaching has long been 

recognized as one of the most severe threats to modern coral reefs [61]. Our findings 

imply that the ubiquitous presence of diazotrophs in most coral holobionts may pose a 
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threat to corals in a warming ocean. However, similar as in thermal bleaching, changes in 

the coral-associated N2 fixation activity and its impact on holobiont functioning will be 

largely dependent on the environmental (i.e. holobiont) context [62].  

Reshef et al. [63] suggested that a restructuring of the coral microbiome may facilitate 

the rapid adaptation of coral holobionts to changing environmental conditions. 

Therefore, a reduction in diazotroph abundance or activity could potentially enhance the 

thermal tolerance of corals in a warming world. In the long term, however, the coral’s 

ability to evolve may be hampered by its complex mutualistic relationship with 

Symbiodiniaceae, rendering scenarios likely in which rapid global climate change 

outpaces the coral’s capacity for adaptation [64].  

There may be no rapid solution to reduce the effects of global climate change in the near 

future. All the more important becomes mitigation, e.g., by reducing local anthropogenic 

stressors, in future conservation efforts. Here, we show that DOC enrichment can rapidly 

stimulate the N2 fixation pathway in the coral P. verrucosa. Based on this, we argue that 

the stimulation of N2 fixation may be a possible mechanism rendering reef-building corals 

more susceptible to the effects of global environmental change, particularly heat stress. 

At the same time, the role of N2 fixing bacteria for holobiont functioning largely depends 

on environmental N availability. While helping to sustain productivity during low N 

availability, stimulated N2 fixation together with environmental N enrichment may 

destabilize holobiont functioning. To provide a better understanding of the mechanism 

proposed in this study, follow-up work will have to validate and extend the experiments 

conducted including other coral species that cover different coral functional groups as 
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well as a range of environmental stressors causing bleaching. Further, the mechanism 

proposed here may not be applicable to coral bleaching responses induced by factors 

other than DOC or heat stress (e.g., cold stress induced bleaching).  

The detrimental effects of labile DOC on reef-building corals however remain non-

negligible [42–44,55]. Thus, a priority in local management efforts should be the 

reduction of DOC input and loading on coral reefs. Sources of DOC enrichment on coral 

reefs include sewage, wastewater, and excessive algal abundance [44,65]. Consequently, 

in order to diminish microbially-driven reef degradation processes, management 

measures would benefit best from combined efforts [59,66]. Specifically, improved 

wastewater facilities to effectively retain inorganic and organic nutrients coupled with the 

restoration of herbivorous fish stocks to control for harmful algal growth would likely 

increase the resilience of corals to ocean warming. 
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6.9 Supplementary Information 

 

6.9.1 O2 and N2 fixation measurements 

Gross photosynthetic (PG), net photosynthetic (PN), dark respiration (R; calculated via O2 

evolution), and N2 fixation rates (calculated indirectly from acetylene (C2H2) reduction 

assay) were quantified during incubations in gas-tight 1 L glass chambers. Six fragments 

per treatment were used for repeated O2 evolution and N2 fixation measurements 

respectively, resulting in a total number of 24 measurements. Four additional chambers 

per treatment filled with water from experiment tanks served as controls to account for 

planktonic background metabolism. During incubations, chambers were submersed in a 

water bath to maintain equal temperature, and constantly stirred (600 rpm). All rates 

were corrected for the respective mean seawater control signals and normalized to 

incubation time and coral surface area, which was quantified based on 3D models using 

the digital modeling applications 123D Catch and Meshmixer (Autodesk Inc., USA). 

 Oxygen evolution was based on the difference of O2 concentrations at the start and 

end of the same incubations during light (PN) and dark (R) with a salinity-corrected optode 

sensor (FDO®925 – Optical Dissolved Oxygen Sensor, MultiLine® IDS 3440, WTW GmbH, 

Germany). Incubations lasted ~2 h each to avoid supersaturation/depletion of O2, 

respectively. Gross photosynthesis was calculated based on PG = PN + R. 

 N2 fixation rates were quantified indirectly from C2H4 evolution rates from C2H2 

reduction assays without conversion into actual fixation rates. Corals were incubated for 

24 h in chambers containing 800 mL of seawater from each of the respective treatments 
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(10 % previously saturated with C2H2) and a 200 mL headspace (ambient air enriched with 

10 % C2H2). 1 mL gas samples were collected at 0, 12, and 24 h of incubation. N2 fixation 

rates were calculated based on ethylene (C2H4) concentration differences between time 

intervals from 0 to 12 h (dark phase) and 12 to 24 h (light phase). C2H4 concentrations in 

gas samples were quantified by gas chromatography (Varian 3800 with AL203/KCL 50 x 

0.53 mm column and flame ionization detector). 

  

6.9.2 Symbiodiniaceae density  

Symbiodiniaceae cells were freshly isolated from coral tissue by NaOH extraction. 

Subsamples of individual coral fragments were incubated in 1M NaOH at room 

temperature and frequently and vigorously shaken. After 1 h, the bare skeleton was 

removed, and suspended Symbiodiniaceae cells were spun down in a bench-top 

centrifuge for 5 min at 3,000 rcf, the supernatant discarded, and the Symbiodiniaceae 

pellet washed twice in 1 mL PBS (1x). Subsequently, the pellet was resuspended in a 10 % 

PBS-buffered formaldehyde solution and stored at 4°C until further processing. 

Symbiodiniaceae cell counts were determined using flow cytometry (BD LSRFORTESSA, 

BD Biosciences, US). Counts were normalized to coral fragment surface areas to calculate 

Symbiodiniaceae density/cm-2.  

 

6.9.3 Elemental analyses 

Individual coral branches were air-blasted with filtered seawater (FSW; 0.22 µm) and the 

resulting tissue slurry homogenized for 30 s at 3,500 rcf with an UltraTurrax (T 18 basic, 
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IKA, Germany). Homogenized slurry was separated into Symbiodiniaceae cells and coral 

tissue by two steps of centrifugation (5 min at 3,000 rcf) and resuspension in FSW. Tissue 

and resuspended Symbiodiniaceae cells were separately filtered onto pre-weighed and 

pre-combusted GFF filterss (47 mm, Whatman, GE Healthcare, Germany) and 

subsequently dried at 60 °C until constant weight. Dried samples were directly measured 

with an elemental analyzer (EURO EA 3000, EuroVector, Italy). N contents were calculated 

using elemental standards (OAS; analytical precision ≤ 0.1% of the standard value). 

Isotopic analyses of δ15N signatures of dried material relative to atmospheric N were run 

with an isotope ratio mass spectrometer (Finnigan Corp., San Jose, CA). Isotopic values 

were expressed as either enriched or depleted in δ15N. Average reproducibility based on 

replicate measurements of stable N isotopes is usually about 0.15 ‰ [67]. Analyses of 

total N to P ratios of coral tissue and Symbiodiniaceae cells were conducted 

photometrically (Spectroquant Pharo 300 UV/VIS Spectrophotometer, Merck, Germany) 

from samples extracted from non-acidified GFF filters using a modified protocol for 

marine and brackish seawater samples [32]. Total N and P were measured against 

standard calibrations at 540 and 880 nm, respectively. 

 

6.9.4 16S rRNA gene sequencing & qPCRs  

DNA of coral tissue and associated bacteria was extracted using the Qiagen DNeasy Plant 

Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. Coral tissue was 

air-blasted from the skeleton with AP-1 tissue lysis buffer. 200 µL tissue slurry in 200 µL 

AP-1 were used for DNA extraction. Extracted DNA was quantified using a Qubit 
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fluorometer (Thermo Fisher Scientific, USA) and adjusted to a concentration of 10 ng µL-

1.  

Bacterial community composition was determined from 16S rRNA Illumina MiSeq 

amplicon sequencing. PCR amplifications were performed in triplicate with Qiagen 

Multiplex PCR Kit (Qiagen, Hilden, Germany). All primers contained Illumina adapter 

overhangs (underlined below; Illumina, San Diego, CA, USA). For amplicon-specific PCRs 

of the bacterial community, we used the primers 16SMiSeqF-Andersson 5´-TCG TCG GCA 

GCG TCA GAT GTG TAT AAG AGA CAG AGG ATT AGA TAC CCT GGT A-3´ and 16SMiSeqR-

Andersson 5´-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GCR RCA CGA GCT GAC 

GAC-3´ that target the variable regions 5 and 6 of the 16S rRNA gene. For all PCR reactions, 

10 µL Qiagen Multiplex PCR mix, 0.5 µL of each 10 µM primer mix, 1 µL of DNA template, 

and 8µL RNAse-free water were used for a total reaction volume of 20 µl. The thermal 

profile for the PCRs was as follows: 94°C for 15 min, then 27 cycles of 94°C for 30 s, 51°C 

for 30 s, 72°C for 30 s, followed by one cycle of 72°C for 10 min and hold at 4°C. 10 µL of 

each PCR product was run on an 1% agarose gel to visualize successful amplification. 

Sample triplicates were pooled and purified using the Agencourt AMPure XP magnetic 

bead system (Beckman Coulter, Brea, CA, USA). Purified PCR products were subjected to 

an indexing PCR to add Nextera XT indexing and sequencing adapters (Illumina) according 

to the manufacturer’s protocol. Indexed PCR products were again purified, quantified on 

the BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and QuBit (Quant-IT dsDNA 

Broad Range Assay Kit; Invitrogen, Carlsbad, CA, USA), and pooled in equimolar ratios. 

The final pooled library was purified on a 2% agarose gel to remove excess primer dimer. 
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The MiSeq library was sequenced at 8pM with 10% phiX on the Illumina Miseq, 2x 300 bp 

end version 3 chemistry according to the manufacturer’s specifications at the KAUST 

Bioscience Core lab.  

 For determination of relative gene-copy numbers of 16S rRNA and nifH genes, we 

used qPCR with the Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen, USA) 

according to manufacturer´s instructions. Amplifications were performed in triplicate 

with 10 µL SuperMix-UDG, 0.4 µL ROX reference dye, 0.4 µL of each 10 µM primer, 1 µL 

of DNA template, and 7.8 µL RNAse-free water. To amplify the bacterial 16S rRNA gene, 

the primers 781F 5´-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG -3´ and 1061R 

5´-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA -3´ were used. For amplification of 

nifH, the primers F2 5´-TGYGAYCCIAAIGCIGA -3´ and R6 5´- TCIGGIGARATGATGGC -3´ 

were used [68]. The qPCR reactions were run under the following thermal profile: 2 min 

at 50 °C, 1 min at 94°C, followed by 50 cycles of 94°C for 30 s, 51°C for 1 min, 72°C for 1 

min, and a final extension step of 10 min at 72°C. The specificity of the amplifications was 

confirmed by melting curve analysis. Standard calibration curves were run simultaneously 

covering 6 orders of magnitude (104 – 109 copies of template per assay for the 16S rRNA 

and nifH gene, respectively). The qPCR efficiency (E) was > 85 % for both primers, 

calculated according to the equation E = -1+10(-1/slope). Relative fold change of nifH gene 

copy numbers was calculated as 2(- ΔΔCt) using day 0 control samples as reference.  
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6.9.5 Bacterial community analysis 

Coral tissue-associated bacterial communities were analyzed using mothur v1.36.1 [33]. 

Sequence reads were split according to barcodes, assembled to contigs, quality trimmed, 

and pre-clustered (2 bp difference) [69]. Identical sequences (duplicates) were merged 

using the unique.seqs command and count.seqs was used to calculate the number of 

sequences over samples represented by the remaining representative sequences. Next, 

singletons and rare sequences (n < 10 over all samples) were removed. Remaining 

sequences were aligned against the SILVA database (release 119) [70]. Chimeric 

sequences were removed using the UCHIME command in mothur and sequences assigned 

to chloroplasts, mitochondria, archaea, and eukaryotes were excluded [71]. After this 

procedure, 3,504,646 sequences with an average length of 293 bp were retained for 

subsequent analyses. Sequences were clustered into operational taxonomic units (OTUs) 

and annotated against the Greengenes database (release gg_13_8_99; bootstrap = 60; 97 

% similarity cut-off for OTU) [72]. Bacterial community composition pie charts were 

created on the OTU and class level using the means of relative abundances from 

experimental replicates (n = 3). Alpha diversity measures (number of OTUs, Chao estimate 

of species richness, inverse Simpson index, Simpson evenness) and an Analysis of 

MOlecular VAriance (AMOVA) were subsequently calculated as implemented in mothur. 

All sequence data are accessible under NCBI’s BioProject ID PRJNA335276. 
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Table S6-1 | Seawater maintenance conditions in experimental tanks for treatments over time. 
Data are shown as mean ± SE. Temp = temperature; DO = dissolved oxygen; TN = total nitrogen 
content; TP = total phosphorus content; DOC = dissolved organic carbon. 

 

Days 
Treatment Temp (°C) Salinity 

DO [mg O2 
L-1] TN [µM] TP [µM] DOC [µM] 

0 control 26.84 ± 0.02 41.55 ± 0.04 6.48 ± 0.01 20.75 ± 0.25 0.28 ± 0.01 206 ± 9 

 DOC 26.87 ± 0.02 42.00 ± 0.03 6.49 ± 0.01 18.90 ± 0.94 0.32 ± 0.07 154 ± 3 
7 control 26.77 ± 0.02 40.96 ± 0.02 6.46 ± 0.01 15.17 ± 0.80 0.22 ± 0.01 144 ± 8 

 DOC 26.80 ± 0.02 40.71 ± 0.02 6.44 ± 0.01 16.33 ± 1.89 0.30 ± 0.01 868 ± 7 
14 control 26.81 ± 0.03 40.86 ± 0.02 6.53 ± 0.00 10.95 ± 0.25 0.23 ± 0.04 130 ± 1 

 DOC 26.86 ± 0.02 40.73 ± 0.02 6.52 ± 0.01 13.53 ± 0.08 0.21 ± 0.01 1471 ± 7 
28 control 26.44 ± 0.03 40.70 ± 0.02 6.51 ± 0.00 7.02 ± 0.95 0.23 ± 0.02 117 ± 2 
  DOC 26.86 ± 0.01 40.57 ± 0.02 6.46 ± 0.00 9.24 ± 0.67 0.19 ± 0.02 1609 ± 2 

 

 
Table S6-2 | Results of Generalized Linear Models (GLMs) of total nitrogen (A), total phosphorus 
(B) and dissolved organic carbon (C) content. All models based on gamma distribution and best 
fitting link function. 

 
A – total nitrogen (TN) n Df X2 value p value 
treatment 24 1 1.9 0.17 
time 24 3 19.8 <0.01 
treatment x time 24 3 6.9 0.07 
B – total phosphorous (TP) n Df X2 value p value 
treatment 24 1 1.8 0.18 
time 24 3 16.3 <0.01 
treatment x time 24 3 5.0 0.17 
C – dissolved organic carbon (DOC) n Df X2 value p value 
treatment 24 1 194.7 <0.01 
time 24 3 53.2 <0.01 
treatment x time 24 3 27.0 <0.01 
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Table S6-3 | Results of generalized estimating equations (GEEGLMs)* and generalized linear 
models (GLMs)** of individual response parameters. All models based on gamma distribution 
and best fitting link function. 

 
A – N2 fixation (light)* n Df X2 value p value 
treatment 48 1 7.8 <0.01 
time 48 3 10.8 0.01 
treatment x time 48 3 4.6 0.20 
B – N2 fixation (dark)* n Df X2 value p value 
treatment 48 1 10.1 <0.01 
time 48 3 10.6 0.01 
treatment x time 48 3 334.5 <0.01 
C – Gross photosynthesis* n Df X2 value p value 
treatment 48 1 11.2 <0.01 
time 48 3 0.9 0.82 
treatment x time 48 3 2.2 0.53 
D – Respiration* n Df X2 value p value 
treatment 48 1 4.7 0.03 
time 48 3 6.1 0.11 
treatment x time 48 3 3.9 0.270 
E – nifH gene copies (relative) ** n Df X2 value p value 
treatment 24 1 4.2 0.04 
time 24 3 2.7 0.44 
treatment x time 24 3 5.6 0.13 
F – Symbiodiniaceae density** n Df X2 value p value 
treatment 96 1 26.5 <0.01 
time 96 3 13.7 <0.01 
treatment x time 96 3 16.0 <0.01 
G – Maximum quantum yield* n Df X2 value p value 
treatment 48 1 7.8 <0.01 
time 48 3 10.8 0.01 
treatment x time 48 3 4.6 0.20 
H – δ15N signatures** n Df X2 value p value 
treatment 48 1 0.2 0.63 
time 48 1 0.2 0.65 
compartment 48 1 58.3 <0.01 
treatment x time 48 1 0.2 0.67 
treatment x compartment 48 1 4.4 0.04 
time x compartment 48 1 8.0 <0.01 
treatment x time x compartment 48 1 5.5 0.02 
N:P ratio** n Df X2 value p value 
treatment 48 1 7.9 <0.01 
time 48 1 13.8 <0.01 
compartment 48 1 0.0 0.99 
treatment x time 48 1 5.1   0.02 
treatment x compartment 48 1 1.1 0.31 
time x compartment 48 1 4.2 0.04 
treatment x time x compartment 48 1 0.9 0.35 
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Table S6-4 | Analysis of molecular variance (AMOVA) of overall bacterial 16S rRNA sequences. 
SS = sum of squares; MS = mean squares, Df = degrees of freedom. Significant differences are 
presented in bold italic. 0, 7, 14, 28 = duration under exposure to treatment (in days). 

 
A – time among within total F value p value 
SS 0.465 1.367 1.833 2.268 0.03* 
Df 3 20 23   
MS 0.155 0.068       
B – treatment among within total F value p value 
SS 0.145 1.687 1.833 1.893 0.14 
Df 1 22 23   
MS 0.145 0.077       
C – treatment x time among within total F value p value 
SS 0.699 1.134 1.833 1.409 0.15 
Df 7 16 23   
MS 0.1 0.071       

 

 

Table S6-5 | Diversity of bacterial communities associated with the coral Pocillopora verrucosa 
over time for experimental treatments. Simpson = Simpson Evenness; ISI = Inverse Simpson 
Index. All data expressed as mean ± SE.  

 
Days Treatment # sequences Chao Simpson ISI 
0 control 98494 ± 27444 468.7 ± 104.7 2.11 ± 0.31 0.006 ± 0.000 

 DOC 116230 ± 28495 478.2 ± 35.3 2.23 ± 0.49 0.007 ± 0.003 
7 control 138866 ± 25698 295.5 ± 116.3 1.86 ± 0.42 0.011 ± 0.002 

 DOC 165177 ± 38011 227.2 ± 62.6 1.55 ± 0.30 0.014 ± 0.008 
14 control 112061 ± 12852 369.9 ± 30.4 1.86 ± 0.33 0.009 ± 0.002 

 DOC 145226 ± 29028 366.1 ± 31.3 1.59 ± 0.26 0.005 ± 0.001 
28 control 144268 ± 28704 214.8 ± 25.3 1.62 ± 0.27 0.012 ± 0.002 
  DOC 247890 ± 24850 243.1 ± 54.5 1.55 ± 0.32 0.011 ± 0.003 
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Figure S6-1 | Bacterial community composition of the coral P. verrucosa from control and under 
elevated labile dissolved organic carbon (DOC). Inner circles represent community composition 
on the class level, outer circles represent the Operational Taxonomic Unit (OTU) level. All data are 
presented as means based on 3 replicates. 
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7.1 Abstract 

In this thesis, we showed that the mutualistic nature of the cnidarian – algae symbiosis 

arises from the selfish interactions of both partners. In a stable state, the competition for 

resources between host and symbionts stabilizes nutrient availability and thereby ensures 

the translocation of nutrients fundamental to the success of this symbiosis. At the same 

time, the selfish nature of this association may render it highly susceptible to 

environmental change. By comparing the Aiptasia – Symbiodiniaceae symbiosis to the 

Hydra – Chlorella symbiosis, here I illustrate how differences in host control over 

symbiotic nitrogen cycling may determine the bleaching susceptibility of the symbiosis 

during heat stress. Thereby, this comparison may not only help understand the 

performance of these symbiotic systems under stress but may also help identify new 

opportunities for assisted evolution of the coral – algae symbiosis. In particular, 

integrating the role of coral-associated bacteria into the bleaching response of corals 

holds great promise to revolutionize our understanding and management of bleaching in 

times of global change.   
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Coral bleaching | Chlorella| Exaiptasia pallida| Hydra viridissima | Symbiodiniaceae  

mailto:nils.radecker@kaust.edu.sa


 

 

197 

 

7.2 Selfish Partners 

The symbiosis between corals and Symbiodiniaceae is approximately 160 million years 

old [1]. The ecological fitness gained through this symbiosis has enabled corals to radiate 

and become ecosystem engineers of one of the most productive ecosystems on this 

planet. Yet in the four years it took to complete this Ph.D. thesis, I have personally 

witnessed the decay and collapse of this ecosystem. During the 2015/2016 global 

bleaching event, more than 50 % of corals in the inshore reefs near KAUST bleached [2]. 

While these reefs show first signs of recovery at the time this thesis is written, coral cover 

and species composition will unlikely ever return to pre-bleaching conditions.  

In this thesis, we aimed to gain novel insights into the causes of coral bleaching by 

studying the effects of ocean warming on the symbiotic nutrient cycling between corals 

and Symbiodiniaceae. The nutrient exchange has enabled these partners to thrive in co-

existence under oligotrophic conditions for millions of years [1,3]. The mutualistic nature 

of this symbiosis is, hence, without question. Yet in this thesis, we showed that this 

mutualism is not based on the harmonious cooperation of symbiotic partners. 

Symbiodiniaceae fulfill their own metabolic carbon demand regardless of how much total 

carbon is produced via photosynthesis (CHAPTER 1 ). The symbiont is sacrificing the 

fitness of its host for its own fitness gains. Likewise, the host minimizes nitrogen 

availability for their symbionts by actively competing for available inorganic nitrogen. 

Taken together this symbiosis may thus be best described as reciprocal parasitism 

between partners. In a stable state, the oligotrophic conditions of the tropical ocean 

enable the host to efficiently limit the growth of intracellular symbionts by reducing 
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nitrogen availability. As a consequence, excess carbon is translocated to the host, thereby 

fueling host nitrogen demand and carbon dioxide (CO2) release. The increased CO2 

availability further increases photosynthetic carbon fixation by the symbionts (CHAPTER 

2). Under these conditions, the system is self-stabilizing in a state in which carbon 

recycling between partners is maximized. In highly oligotrophic reef environments, the 

system could thus be arrested in a state in which the host effectively starves the symbiont 

of nitrogen. In this light, heterotrophic nitrogen acquisition or prokaryotic nitrogen 

fixation may be important processes in balancing nutrient availability between symbionts 

and optimizing the growth of the holobiont (CHAPTER 3 ).  

Taken together, the findings of this thesis suggest that the fitness of host and symbionts 

are in an inverse relationship due to the competition for resources. As a consequence, 

the fitness of the coral holobiont is optimized only in a narrow window of ecological 

conditions in which neither host nor symbiont outcompete one another (Figure 7-1). 

Indeed, the stable environmental conditions encountered on coral reefs have ensured the 

stability of the coral – algae symbiosis over evolutionary timescales. Yet, anthropogenic 

global warming now undermines the basal mechanisms that ensured the stability of this 

symbiosis. This thesis showed that heat stress disrupts the metabolic equilibrium that 

ensures a balanced fitness of host and symbiont (CHAPTER 4 ). Driven by increased energy 

demand the shift in holobiont metabolism disrupts the critical competition for nitrogen 

between host and symbiont. Coupled with the proliferation of nitrogen-fixing bacteria in 

the holobiont (CHAPTER 5 ), the resulting increase in nitrogen availability implies that the 

host loses its ability to control symbiont growth. The selfish nature of this symbiosis 
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results in the collapse of carbon translocation and thus the ecological benefit of this 

symbiosis to the host.  

 

 

 
 
Figure 7-1 | Relative fitness of the coral holobiont. The fitness of host and symbiont may be in 
an inverse relationship. As a consequence, the optimal fitness of the holobiont is only sustained 
in a narrow window of environmental conditions.   
 

7.3 The Importance of Host Control 

The theoretical implications for the importance of nitrogen cycling in the regulation of 

this symbiosis are best illustrated in a comparison between different modes of host 

control. Symbiodiniaceae are by far the most successful and widespread of 

photosynthetic endosymbionts in the marine environment [4]. Likewise, in the freshwater 

environment endosymbionts of the genus Chlorella are highly prevalent and associated 

with a diversity of hosts [5,6]. Here I would like to compare two cnidarian model systems 

to best illustrate the ecological implications of hosting these algal symbionts. The marine 

host
symbiont

holobiont

re
la

ti
v
e

 fi
tn

e
s
s

relative nitrogen availability



 

 

200 

 

anemone Aiptasia (sensu Exaiptasia pallida) associates with a diverse range of symbionts 

from the family Symbiodiniaceae [7], while the freshwater hydrozoan Hydra viridissima 

hosts Chlorella endosymbionts [8]. Interestingly, these two host species occupy very 

different ecological niches in the freshwater and marine environment, respectively. 

Symbiotic Aiptasia are restricted to the oligotrophic tropical ocean with comparatively 

stable temperature conditions throughout the year [9]. In contrast, symbiotic Hydra can 

be found in freshwater systems even under highly eutrophic conditions and strong 

seasonal fluctuations in temperature [6]. These contrasting ecological niche requirements 

may be explained by their differences in nitrogen cycling between these hosts and their 

symbionts. 

In the oligotrophic ocean, inorganic nitrogen availability is low and resource competition 

for ammonium with the host is sufficient to limit the growth of Symbiodiniaceae [10]. In 

freshwater systems, nitrogen availability is fluctuating and may be periodically high [11]. 

Yet, a stable symbiosis requires that even under these conditions endosymbiotic algae 

have to be nitrogen limited to ensure carbon translocation [12]. Endosymbiotic Chlorella 

have adapted to these requirements by losing their genetic machinery for the efficient 

assimilation of ammonium and nitrate from the environment [6,13,14]. Instead, Chlorella 

rely on amino acids derived from the host metabolism, especially glutamine and 

glutamate, as their main nitrogen source (Figure 7-2) [6,13]. These differences in nitrogen 

acquisition modes likely translate into differences in the overall fitness of the respective 

holobionts. As host and symbiont directly compete for resources in the Aiptasia 

holobiont, fitness of host and symbiont are in an inverse relation (Figure 7-1). In the Hydra 
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holobiont, however, symbionts depend on amino acids derived from the host’s 

metabolism. This parasitic exploitation of its host implies that the fitness of Chlorella 

follows the fitness of its host. Consequently, these differences in symbiotic nitrogen 

cycling translate into a very narrow ecological niche for Aiptasia and a broader ecological 

niche for Hydra.  

These theoretical considerations are particularly interesting in the light of the bleaching 

processes investigated in this thesis. While bleaching has been reported for virtually all 

hosts associated with Symbiodiniaceae [15–18], there are, to the best of my knowledge, 

no reports of heat stress-induced bleaching in hosts associated with Chlorella. Instead, 

the presence of Chlorella even increases the survival of its host during short term heat 

stress [19]. This differential response to heat stress can be explained in light of the 

underlying changes in symbiotic nutrient cycling. In the Aiptasia holobiont, reduced 

energy availability due to heat stress results in reduced competition for ammonium 

between host and symbiont. Consequently, the growth rate of Symbiodiniaceae increases 

and the carbon translocation rate are reduced rate during heat stress (Figure 7-2). In the 

Hydra holobiont, however, reduced energy availability during heat stress reduces the 

fixation of ammonium into amino acids by the host. Consequently, Chlorella have less 

nitrogen available for their growth and will experience stronger nitrogen limitation 

resulting in higher carbon translocation rates to the host (Figure 7-2). It is, thus, evident 

that the differences in symbiotic nitrogen cycling may play an important role in 

determining the thermotolerance of cnidarian – algae symbioses.  
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Taken together, the high bleaching susceptibility of Aiptasia may be the result of the 

ability of Symbiodiniaceae to assimilate inorganic nitrogen. As such, it may be tempting 

to interpret this feature of Symbiodiniaceae as an inherent flaw of this symbiosis. 

However, it is important to consider the ecological advantages of the respective nitrogen 

cycling modes in Aiptasia and Hydra holobionts in a steady state symbiosis. In Aiptasia, 

competition for ammonium locks the symbiosis in a state of high carbon translocation. In 

contrast, in Hydra, high carbon translocation by the symbiont would directly increase the 

availability of nitrogen to the symbiont thereby reducing the carbon translocation rate to 

the host. As a consequence, the H. viridissima – Chlorella symbiosis can never be locked 

in a state of high carbon translocation. The ecological benefits of hosting Chlorella may 

thus be significantly lower than compared to those of hosting Symbiodiniaceae under 

stable environmental conditions. This ecological success is likely reflected in the radiation 

and evolutionary success of marine symbiotic cnidarians compared to their freshwater 

counterparts [1].  
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Figure 7-2 | Expected effects of symbiotic 
nitrogen cycling on symbiotic 
performance of the Aiptasia and Hydra 
holobiont. While (A) Aiptasia (sensu 
Exaiptasia pallida) and Symbiodiniaceae 
compete for available ammonium, (B) 
Hydra viridissima and Chlorella compete 
for available glutamine/glutamate in the 
holobiont. As the fixation of ammonium 
into glutamine/glutamate in the host 
relies on carbon translocation of the 
symbiont, differential responses of the 
two symbiotic systems are to be expected 
(C-H). While in the Aiptasia – 
Symbiodiniaeae symbiosis (red line) 
nitrogen availability for the symbiont is 
lowest during high rates of carbon 
translocation, the nitrogen availability 
increases with carbon translocation to the 
host in the Hydra – Chlorella symbiosis 
(green line). DIN = dissolved inorganic 
nitrogen; DON = dissolved organic 
nitrogen; DOC = dissolved organic carbon. 
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7.4 Bleaching as a Holobiont 

As outlined above, coral bleaching can be explained by the metabolic interaction of corals 

and their endosymbiotic algae. While the study of these interactions in isolation has 

provided valuable insights into the mechanisms of bleaching, the translation of these 

findings into ecologically relevant scenarios may be challenging without considering other 

members of the coral holobiont [20–23]. In this thesis, we showed that nitrogen-fixing 

prokaryotes (diazotrophs) may constitute a significant source of nitrogen for the coral 

holobiont under certain ecological conditions. While these prokaryotes may help stabilize 

the coral – algae symbiosis under oligotrophic conditions, their increased activity may 

exacerbate the bleaching susceptibility of corals during heat stress by adding excess 

nitrogen to the system. Coral species heavily relying on diazotrophs for their nitrogen 

acquisition under stable conditions may thus be less thermotolerant than species with 

the capacity for high heterotrophic nitrogen acquisition [24]. Integrating the role of 

nitrogen-fixing prokaryotes into our understanding of coral bleaching will thus improve 

our ability to predict bleaching susceptibility of coral holobionts, based on the 

composition of their microbial associates and the effect of environmental conditions on 

the interactions between holobiont members. At the same time, nitrogen fixation is not 

the only prokaryotic process that may mediate the bleaching of corals [25–27]. Indeed, if 

nitrogen cycling is an important aspect of coral bleaching, as proposed here, other 

microbial nitrogen cycling processes need to be considered. In addition to nitrogen 

fixation, ammonification, nitrification, denitrification, and anaerobic ammonium 

oxidation (anammox) have all been detected within the coral holobiont [12,28,29]. As 
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nitrification, denitrification and anammox may effectively reduce nitrogen availability in 

the holobiont [12], these processes may help stabilize the coral – algae symbiosis during 

periods of heat stress or elevated nitrogen availability. Yet at this point, the contribution 

of these microbial processes to overall holobiont nutrient cycling and their response to 

environmental change requires further examination.  

In a stable holobiont state, the abundance of bacteria capable of nitrification, 

denitrification, and anammox is likely limited by low substrate availability for these 

processes [12]. Yet, the metabolic shifts from net nitrogen uptake to release during heat 

stress, reported in this thesis, may promote rapid proliferation and act as a cue for the 

colonization of the holobiont by these microbes [30]. The rapid proliferation of these 

bacteria may stabilize nitrogen availability of corals during heat stress. At the same time, 

the net release of ammonium by the holobiont during heat stress may also be a critical 

chemical cue for infection with opportunistic pathogens [31,32]. Disease outbreaks are 

commonly observed during or closely after bleaching in corals [33,34]. Net ammonium 

release may, thus, be a colonization cue for pathogens for at least two reasons: (I.) 

Ammonium may serve as a nitrogen source and further provide an energy source for 

nitrifying pathogens [35]. (II.) Net ammonium release is the result of a compromised 

health state of the holobiont. Hence, pathogens may identify susceptible hosts based on 

their nitrogen fluxes during environmental stress.  

Taken together, the prokaryotic microbiome of corals is likely an important component 

in determining the trajectory of coral holobionts during heat stress. While moderate 

stress effects may be mitigated by beneficial microbes, rapid environmental change may 



 

 

206 

 

overwhelm the ability of the host to maintain a beneficial microbiome composition, 

thereby leading to further destabilization of the holobiont [36].    

 

7.5 Implications for Coral Reef Management 

The findings of this thesis have direct implications for the management of coral reefs in 

light of rapidly progressing climate change. While it is not possible to disentangle whether 

carbon retention by the symbiont or oxidative damage due to reactive oxygen species 

(ROS) are the sole underlying cause of symbiont expulsion during stress, in this thesis we 

showed that the ecological advantages of the coral – algae symbiosis may be reduced or 

lost well before the expulsion of symbionts. The cause of coral mortality during heat stress 

clearly lies in the energy starvation of the host [37,38]. Thus, the reduction or complete 

failure of carbon translocation by the algal symbionts will directly contribute to the 

degradation of coral reefs during climate change.  

The increased production and release of photosynthetic ROS is a direct consequence of 

heat stress and, thus, climate change [39]. As such current coral reef management plans 

rarely include any mitigation strategies to actively prevent coral bleaching [40]. In 

contrast, carbon translocation rates by the symbiont do not depend on temperature 

alone. Symbiont densities, nutrient availability, and microbiome composition potentially 

affect symbiotic carbon translocation rates during heat stress. Hence, improving the 

water quality of corals may be one of the most feasible ways to reduce bleaching 

susceptibility of corals [41]. Indeed, DeCarlo & Harrison [42] attributed the lack of mass 

bleaching on the Great Barrier Reef during record high temperatures in 2004 to a 
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reduction in the upwelling of nutrient-rich water. Importantly, the prevention of coral 

bleaching does not depend on low organic and inorganic nutrient availability alone. 

Rather, nutrient species and ratios may be central. For instance, elevated phosphate 

levels may reduce bleaching susceptibility in corals [43], which can potentially be 

attributed to a stabilization effect on the nitrogen-limited state of the coral holobiont.  

While management of water quality may mitigate some climate change effects, the 

current and predicted rates of ocean warming may exceed the mitigation potential for 

passive management strategies [40]. Hence, active measures for preserving holobiont 

functioning have to be considered. While phosphate fertilization may provide short-term 

relief for corals during climate change, the potential negative effects of such drastic 

interventions on the ecosystem-scale are impossible to predict and may easily outweigh 

their benefits [43,44]. In contrast, the targeted manipulation of coral microbiota promises 

to be a more cost-effective and sustainable approach to assist adaptive responsive within 

coral holobionts in times of climate change [25]. In this light, the enrichment of the coral 

microbiome with nitrifying and denitrifying bacteria may help stabilize symbiotic nutrient 

cycling during stress. While manipulation of coral microbiota however may only provide 

a short-term stress relief for the coral holobiont, it may, following careful examination of 

potential risks, be the safest and most effective way to actively preserve the integrity of 

the coral – algae symbiosis on small to medium scales.  
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7.6 Directions for Future Research 

In this thesis, we showed that coral bleaching may be the consequence of the effects of 

heat stress on nutrient cycling within the coral holobiont. Yet, in order to validate the here 

proposed link between nutrient retention, phagosome maturation, and symbiont 

expulsion, radically different experimental approaches will be required. Importantly, the 

findings of this thesis suggest that the mechanism of bleaching may not be restricted to 

corals but potentially apply to other heterotroph – phototroph endosymbioses as well. 

Given the current experimental limitations of the coral – algae symbiosis and the lack of 

efficient gene-editing tools, the use of more established symbiotic model systems could 

directly contribute to our understanding of the interactions involved in bleaching.  

As outlined in the Aiptasia and Hydra comparison above, the stability of symbiotic systems 

may show strong variations depending on the metabolic interaction of host and symbiont. 

By linking the stability of the symbiosis to its underlying nutrient exchange across a variety 

of symbiotic systems, future research may validate the findings of this thesis and further 

identify universal mechanisms of host or symbiont control that enable the persistence of 

the symbiosis.  

Understanding the cellular controls of these symbioses will further require an in-depth 

study of the mechanisms of phagosome arrest and its consequences for the interaction 

between host and symbionts. Surprisingly, chloroplasts may prove to constitute an ideal 

model system to investigate the importance of the phagosome for symbiotic interaction 

and bleaching. Chloroplasts are ‘photo-endosymbionts’ that exist intracellular both with 

and without surrounding phagosome membrane [45]. While primary chloroplasts likely 
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lost their surrounding phagosome membranes during the evolution of the symbiosis, 

secondary and tertiary chloroplasts, i.e. chloroplasts that were acquired by their host 

through feeding on photosynthetic organisms, are commonly surrounded by phagosome 

membranes [45]. Interestingly, while primary chloroplasts appear to be true obligate 

symbionts, loss of secondary and tertiary chloroplasts during heat stress or altered 

nutrient availability has been reported [46,47]. Future efforts linking the loss of secondary 

and tertiary chloroplasts to phagosomal processes may thus not only help identify 

mechanisms of the bleaching cascade but may further shed light on a key step in the 

evolutionary transition of an endosymbiont into an obligate organelle.  
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8 APPENDIX | Annotated List of Publications from the Dissertation Work  
 
Please see below for a complete list of publications from the time period of this PhD. Grey 

annotations highlight the context of the publication in light of the topic of this thesis. All 

listed items are either published or full manuscripts are available upon request.  

 

1) Pogoreutz, C., Rädecker, N., Cárdenas, A., Gärdes, A., Voolstra, C.R., and Wild, C. 

(2017) Sugar enrichment provides evidence for a role of nitrogen fixation in coral 

bleaching. Glob. Chang. Biol. 23: 3838–3848. 

See chapter 5 of this thesis.  

 

2) Pogoreutz, C., Rädecker, N., Cárdenas, A., Gardes, A., Wild, C., and Voolstra, C. R. 

(2017). Nitrogen fixation aligns with nifH abundance and expression in two coral 

trophic functional groups. Front. Microbiol. 8, 1187.  

See chapter 3 of this thesis.  

 

3) Mies, M., Sumida, P. Y. G., Rädecker, N., and Voolstra, C. R. (2017). Marine 

invertebrate larvae associated with Symbiodinium: a mutualism from the start? Front. 

Ecol. Evol. 5, 56. 

In this review, we propose that mutualistic nutrient exchange is not present during 

initial establishment of the cnidarian – algae symbiosis but establishes itself as 

symbionts proliferate and start competing for available nitrogen.   
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4) Rädecker, N., Pogoreutz, C., Wild, C., and Voolstra, C. R. (2017). Stimulated respiration 

and net photosynthesis in Cassiopeia sp. during glucose enrichment suggests in 

hospite CO2 limitation of algal endosymbionts. Front. Mar. Sci. 4, 267.  

See chapter 2 of this thesis.  

 

5) Rädecker, N., Pogoreutz, C., Ziegler, M., Ashok, A., Barreto, M. M., Chaidez, V., et al. 

(2017). Assessing the effects of iron enrichment across holobiont compartments 

reveals reduced microbial nitrogen fixation in the Red Sea coral Pocillopora verrucosa. 

Ecol. Evol. 7, 6614–6621.  

Although Red Sea coral reefs are highly oligotrophic, nitrogen fixation rates of Red Sea 

corals are comparable to corals from other regions. Low iron availability has been 

proposed to limit nitrogen fixation in the Red Sea. Here, however, we show that 

nitrogen fixation in Red Sea corals is not limited by environmental iron availability. 

This observation aligns with findings in chapter 5 that coral-associated nitrogen 

fixation appears to be energy (carbon)-limited. 

 

6) Gegner, H. M., Ziegler, M., Rädecker, N., Buitrago-López, C., Aranda, M., and Voolstra, 

C. R. (2017). High salinity conveys thermotolerance in the coral model Aiptasia. Biol. 

Open 6, 1943–1948. 

The bleaching susceptibility of corals depends on environmental conditions. Yet, our 

knowledge how these regional conditions shape thermotolerance is limited. Here, we 

show that the coral model Aiptasia is more thermotolerant under high salinity 
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conditions. As high salinity increases carbon release by Symbiodiniaceae, altered 

nutrient cycling during high salinity conditions may stabilize nutrient exchange in this 

symbiosis during heat stress. 

 

7) Cárdenas, A., Neave, M. J., Haroon, M. F., Pogoreutz, C., Rädecker, N., Wild, C., et al. 

(2018). Excess labile carbon promotes the expression of virulence factors in coral reef 

bacterioplankton. ISME J. 12, 59–76. 

Increased dissolved organic carbon in reef water is not only a cause of coral bleaching. 

Here, we show that labile sugars can further stimulate a shift towards a pathogenic 

lifestyle in coral reef bacterioplankton thereby potentially contributing to the 

outbreak of coral diseases.  

 

8) Pogoreutz, C., Rädecker, N., Cárdenas, A., Gärdes, A., Wild, C., and Voolstra, C. R. 

(2018). Dominance of Endozoicomonas bacteria throughout coral bleaching and 

mortality suggests structural inflexibility of the Pocillopora verrucosa microbiome. 

Ecol. Evol. 8, 2240–2252.  

The role of bacterial associates in coral holobiont function remains largely unknown. 

Here, we show that Endozoicomonas, the most abundant and wide-spread coral 

associated bacterium, forms a stable association with its coral host regardless of the 

health state of the holobiont.  
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9) Bang, C., Dagan, T., Deines, P., Dubilier, N., Duschl, W. J., Fraune, S., et al. (2018). 

Metaorganisms in extreme environments: do microbes play a role in organismal 

adaptation? Zoology 127, 1–19.  

Among other aspects, in this review we identify two modes of mutualistic nutrient 

exchange symbioses depending on whether productivity of host and symbiont shows 

a positive or negative correlation. Productivity between host and symbiont in the 

cnidarian – algae symbiosis shows a negative correlation, thereby rendering this type 

of symbiosis highly susceptible to changes in environmental conditions.   

 

10) Rädecker, N., Raina, J.-B., Pernice, M., Perna, G., Guagliardo, P., Kilburn, M. R., et al. 

(2018). Using Aiptasia as a model to study metabolic interactions in cnidarian-

Symbiodinium symbioses. Front. Physiol. 9, 214.  

See chapter 1 of this thesis.  

 

11) Roth, F., Wild, C., Carvalho, S., Rädecker, N., Voolstra, C. R., Kürten, B., et al. (2019). 

An in situ approach for measuring biogeochemical fluxes in structurally complex 

benthic communities. Methods Ecol. Evol. 10, 712–725.  

All measurement reported in this thesis were performed under controlled laboratory 

conditions. While these measurements allow to reliable quantify processes in the 

absence of environmental noise, they do not allow to account for the complexity of 

processes under natural conditions. Here, we therefore report the development of 
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new incubation chambers that facilitate the in situ measurement of biogeochemical 

processes of benthic communities.   

 

12) Ziegler, M., Roik, A., Röthig, T, Wild, C., Rädecker, N., Bouwmeester, J., Voolstra, C. R. 

(2019). Ecophysiology of reef-building corals in the Red Sea. Coral reefs of the Red Sea. 

33-52.  

In this book chapter, we review how Red Sea coral holobionts have adapted to cope 

with the extreme and highly variable conditions of the Red Sea. Among others, 

changes in microbial nitrogen cycling help to compensate for seasonal changes in 

nutrient availability.  

 

13) Rädecker, N., Chen, J. E., Pogoreutz, C., Herrera, M., Aranda, M., and Voolstra, C. R. 

(in press). Nutrient stress arrests tentacle growth in the coral model anemone 

Aiptasia. Symbiosis. 

In this publication, we show that symbiotic Aiptasia can survive even in absence of 

food and under conditions of severe nutrient starvation. While starvation alters host 

morphology, this observation highlights the ecological advantage of hosting 

symbionts in highly oligotrophic conditions.  

 

14) Tilstra, A., Pogoreutz, C., Rädecker, N., Ziegler, M., Wild, C., Voolstra, C. R. (under 

review). Relative diazotroph abundance in symbiotic Red Sea corals decreases with 

water depth. Front. Mar. Sci. 
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In this publication, we show that the abundance of nitrogen-fixing microbes in is 

highest in shallow water corals. As such, shallow water corals could be more 

dependent on nitrogen fixation and thus more susceptible to changes in temperature 

or water quality.  

 

15) Gegner, H., Rädecker, N., Ochsenkühn, M., Barreto, M., Ziegler, M., Reichert. J., et al. 

(under review). High levels of floridoside at high salinity link osmoadaptation with 

bleaching susceptibility in the coral-algal endosymbiosis. BMC Ecology. 

Using a metabolomics approach, here we show that heat stress drastically reduces 

the availability of glucose and other metabolites linked to the cellular energy 

metabolism in Aiptasia and corals from the Red Sea. 

 

16) Pernice, M., Raina, J.-B., Rädecker N., Cárdenas, A., Pogoreutz, C., Voolstra, C. R. 

(under review). Down to the bone: the role of overlooked endolithic microbiomes in 

reef coral health. ISME J.  

In this review, we highlight the coral of endolithic microbes in the overall nutrient 

cycling of the coral holobiont. During bleaching the rapid proliferation of endolithic 

algae may stabilize nitrogen availability and further provide an alternative source of 

photosynthates for the coral host.  

 

17) El-Khaled, Y. C., Roth, F., Rädecker, N., Kharbatia, N., Jones, B.H., Voolstra, C. R., Wild, 

C. (under review). Simultaneous measurement of dinitrogen fixation and 
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denitrification in aquatic samples using a combined acetylene reduction and inhibition 

assay. Front. Mar. Sci. 

Microbial denitrification may help to stabilize coral holobiont nutrient cycling during 

periods of high nitrogen availability. Yet, few studies have measured this process in 

corals so far. Here, we therefore highlight an easy and cost-effective technique to 

simultaneously measure nitrogen fixation and denitrification in aquatic organisms.  

 

18) Rädecker, N., Pogoreutz, C., Gegner, H., Cárdenas, A., Roth, F., et al. (in preparation) 

Heat stress destabilizes symbiotic nutrient cycling in corals. 

See chapter 4 of this thesis.  

 

19) Roth, F., Karcher, D. B., Carvalho, S., Rädecker, N., Thomson, T., Saalman, F., et al. (in 

preparation) High rates of carbon and dinitrogen fixation indicate a critical role of 

benthic pioneer communities in the nutrient dynamics of degraded coral reefs. 

With corals in global decline, it remains unclear how this shift in benthic communities 

will affect overall biogeochemical cycling in the coral reef environment. Here, we 

show that pioneer communities may rapidly compensate the loss of benthic carbon 

and nitrogen fixation following coral mortality.  

 

20) Rädecker, N., Pogoreutz, C., Roth, F., Wild, C., Duarte, C. M., Voolstra, C. R. (in 

preparation). The Secondary Reef Hypothesis: nutrient dynamics of degraded coral 

reefs support ecosystem succession and recovery. 
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Coral reefs have been in decline long before the first outbreak of coral bleaching. In 

this hypothesis paper, we propose that anthropogenic alterations of nutrient 

availability due to overfishing and eutrophication no longer support corals as 

dominant benthic ecosystem engineer. Nutrient cycling properties in emerging 

communities may help to restore nutrient regimes of healthy reefs, thereby 

supporting succession processes similar to those during secondary rainforest 

establishment.  

 

21) Gegner, H., Roth, S. K., Roth. F., Robitzch Sierra, V. R., Rädecker, N. (in preparation). 

Towards a sustainable exploitation of the Red Sea coast of Saudi Arabia: an example 

from the Al Lith area. 

Saudi Arabian reefs are remarkably thermotolerant. Yet, the last global bleaching 

event has caused largescale mortality of reefs in the southern and central Red Sea. In 

this book chapter, we discuss the implications of climate change for ecotourism in 

Saudi Arabia.  

 

22) Rädecker, N., Pogoreutz, C., (in preparation) Why are coral reefs oases in a marine 

desert? 

In this article we explain how nutrient recycling helps coral reefs to thrive in 

oligotrophic conditions for a young and curious audience (Frontiers for Young Minds).  
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23) Klein, S. G., Geraldi, N. R., Schmidt-Roach, S., Ziegler, M., Czielski, M., Martin, C., et al. 

(in preparation). Warming drives responses of reef-building corals to climate change. 

Using a meta-analysis approach, we show that ocean warming even under optimistic 

climate change scenarios will drastically compromise the holobiont functioning of 

symbiotic corals. In particular, calcification an indirect reflection of energy availability 

is among the most impacted processes.  

 

24) Rädecker, N., James, B. A., Pogoreutz, C., Voolstra. C. R. (in preparation) Collapse of a 

seasonal aggregation of migratory soaring raptors at a landfill near the Saudi Arabian 

west coast. 

One cannot be in the lab all the time.  

 

25) Roth, F., Rädecker, N., Carvalho, S., Duarte, C. M., Saderne, V., Anton, A., et al. (in 

preparation). Thermal stress intensifies functional differences between coral and 

algae dominated reef communities. 

Using in situ measurements, we show that the processes identified in chapter 4 

reduce net productivity of coral communities during warm summer months. As 

competing algae communities are not compromised by heat stress, ocean warming 

may drive coral reef decline not only in the form of coral bleaching by also by shifting 

the competitiveness of benthic functional groups in the reef.  

 
 

 


