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Abstract 

Coral reefs around the world have declined due to their exposure to global 

and regional stressors. However, corals of different growth forms differ in their 

sensitivity to stressors. Most previous studies of coral responses to stressors have 

used branching corals as the experimental models, while corals of massive growth 

form have received very little attention because they are in general considered to 

be more tolerant to environmental stressors. The objective of my MPhil thesis was 

to study the effects of high temperature and low salinity on the massive 

scleractinian coral Dipsastraea rotumana in the northern South China Sea, as 

these two environmental stressors have been known to cause coral bleaching in 

subtropical regions in recent years. The coral fragments were exposed to either 

high temperature or low salinity in the laboratory, then determined the 

physiological and molecular responses of D. rotumana and its endosymbiotic 

zooxanthellae (Cladocopium sp.).  

When exposed to 32°C for thirty days, D. rotumana exhibited a 4.54% 

reduction in photosynthetic efficiency (FV/FM) in the first ten days, but this 

parameter became relatively stable in the following days. Cell density of 

zooxanthellae and chlorophyll a concentration fluctuated between 3.96 ± 0.15 × 

106 cells/cm2 and 5.51 ± 0.11 × 106 cells/cm2 and between 7.47 ± 0.21 μg/cm2 and 

10.79 ± 0.30 μg/cm2, respectively. Both values showed a similar changing trend, 

with the lowest point appearing on day 20.  Compared to other species of 

scleractinian corals, D. rotumana displayed higher tolerance to the elevated 

temperature, with no apparent discoloration occurring even after 30 days of 

exposure. The high resistance to thermal stress might be related to an up-

regulation in the expression of genes involved in immunity and cytoskeleton. In 

the zooxanthellae, genes that participated in the photosystems were significantly 

down-regulated on day10, congruent with the physiological responses. 

The responses of D. rotumana to low salinity exposure depended on the 

salinity levels. Photosynthetic efficiencies in the 21 psu and 25 psu treatments 

were similar, and they fluctuated more when compared to the 29 psu treatment 

and the normal salinity control (33 psu). Zooxanthellae cell density and 

chlorophyll a concentration of corals in the 21 psu and 25 psu treatments were 

also lower when compared to the 29 PSU treatment and the control. Notably, 

these compromised physiological conditions occurred only after 20 days of 

exposure to the low salinity treatments, indicating the species is tolerant to this 

environmental stressor. At the molecular level, the hypo-saline stress mainly 

caused an up-regulation of genes involved in the antioxidation network and 

specific response of genes involved in amino acid metabolism and transport. 

Nevertheless, the zooxanthellae cells were less affected by the hypo-saline stress 

than by the thermal stress. 

In conclusion, this study revealed the high-tolerance of the massive coral D. 

rotumana to high temperature and low salinity stressors. As one of the first 

comprehensive transcriptomic analyses of the responses of massive coral species 

and their algal symbionts to the two stressors, this study provides insights into the 

potential responses of massive scleractinian corals to future global warming and 

flooding events. 
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Chapter 1 General Introduction 

1.1 Research background 

Scleractinian corals in the order Scleractinia, also called hard corals, are 

corals that can build themselves a calcium carbonate skeleton. Reef-building 

scleractinian corals play a dominant role in reef ecosystems (Romano & Palumbi, 

1996; Baker et al., 2008; Prada et al., 2010), as they can obtain photosynthetic 

products from endosymbiotic dinoflagellates (i.e. Zooxanthellae belonging to the 

family Symbiodiniaceae which previously classified as a genus called 

Symbiodinium (LaJeunesse et al., 2018)) (Hoegh-Guldberg, 2011) which are 

essential for the survival of scleractinian corals (Davy et al., 2012). However, this 

mutualism is especially sensitive to numerous natural or anthropogenic 

environmental stressors (Glynn, 1991), like seawater temperature and salinity 

changes, increased sedimentation, ultraviolet radiation, and nutrients of pollutants 

(Coles & Brown, 2003). Thus, under the context of global climate change, coral 

reefs are one of the most vulnerable ecosystems in the world (Hughes et al., 2003; 

West & Salm, 2003; Hoegh-Guldberg et al., 2007). During the recent decades, 

global climate has become increasingly abnormal with more extreme weather, 

increased sea surface temperature, reduced seawater salinities during flooding in 

coastal waters, and ocean acidification (Hughes et al., 2003; Hoegh-Guldberg et 

al., 2007). These led to degradation and even mortality of scleractinian corals 

worldwide (Carpenter et al., 2008). It has been predicted that by 2100, there will 

be an increase in sea surface temperature of 2.0 to 4.5 °C (IPCC 2007). Besides, 

this will occur with increasing frequency of intense cyclones and rainfall (Webster 

et al., 2005; Knutson et al., 2009).  

Although the symbiotic relationship of scleractinian corals with 

endosymbiotic dinoflagellates (i.e. Symbiodiniaceae species) is vital for the health 

of coral reefs, it can be affected or even break down when corals suffer extreme 

and prolonged heat stress, resulting in the loss of zooxanthellae from coral 

colonies and whitening of the coral tissues - a condition known as coral bleaching 

(Hughes et al., 2003). Since more than 90% of the coral’s energy is provided by 
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the zooxanthellae, prolonged bleaching will lead to coral mortality (Berkelmans et 

al., 2004). As scleractinian corals dwell in shallow water area or intertidal marine 

zones, the changes in sea surface temperature and seawater salinity are two of the 

most important factors issuing in coral bleaching (Brown, 1997). Over the last few 

decades, the frequency and severity of coral bleaching have both increased 

(Williams & Bunkley-Williams, 1990; Goreau et al., 2000). Some of the 

bleaching events were large in spatial scale: the 1982-1983 events in the 

Caribbean, the 1997-1998 events in the Indian Ocean, Caribbean and tropical 

Pacific, the 2010 events in the Caribbean and tropical Pacific, and the 2014-2016 

events in the Pacific (Glynn, 1991;  Wilkinson, 1998; Alemu & Clement, 2014; 

Doshi et al., 2012; Ritson-Williams & Gates, 2016; Hughes et al., 2017; Xie et al., 

2017). These large-scale bleaching events have resulted in mass coral mortality 

and region-wide degradation of coral reefs. For example, the 1997-1998 bleaching 

events have led to a decline of 16% coral cover around the world in which more 

than 90% loss in coral cover in some reefs in the Indian Ocean (Wilkinson, 1998). 

The 2014-2016 bleaching events affected substantial coral reefs in the Indian 

Ocean (Hughes et al., 2018). A large-scale survey of the Great Barrier Reef 

conducted by Hughes et al. (2017) showed that 91.1% of the reefs have bleached 

in the 2016 bleaching event, which was much more severe when compared to 54.3% 

in the 1998 event and 57.6% in the 2002 event. In addition, there was a higher 

percentage of heavily bleached reefs in 2016 (>60% of corals bleached), 

approximately four times that in 1998 or 2002. 

Under the global background of coral bleaching, more attention should be 

put on subtropical regions like Hong Kong for the following reasons. Firstly, 

located in the subtropical area, Hong Kong has the marginal conditions for coral 

growth (Goodkin et al., 2011). Secondly, it has been proposed that high-latitude 

coral communities are potential to serve as climate change refuges for tropical 

coral species (Glynn, 1996; Riegl, 2003; Beger et al., 2014). Thirdly, despite the 

small marine area (1600km2), there is a high coral diversity in Hong Kong with 84 

species of hard corals (Ang et al., 2004; Chan et al., 2005) and 67 species of soft 

corals and gorgonians (Fabricius & McCorry, 2006; Yeung et al., 2014). Besides, 

except for the bleaching mainly raised by global warming, there are also local 

threats to Hong Kong coral communities, like coastal development, sedimentation 

and pollution (Morton, 1994; Ang et al., 2004; Duprey et al., 2016), irresponsive 
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diving behavior (Au et al., 2014), and coral bioerosion by the sea urchin (Lam et 

al., 2007; Dumont et al., 2013; Qiu et al. 2014; Xie et al., 2016). Therefore, there 

is an urgent need to determine the bleaching thresholds of Hong Kong corals to 

high temperature and low salinity that are known to cause bleaching (McCorry, 

2002; Xie et al., 2017). 

Under normal circumstances, host corals harbor the unicellular 

endosymbionts in vacuoles within their gastrodermal cells (Yellowlees et al., 2008) 

and exhibit a golden brown color as a result of the presence of light-harvesting 

and photosynthetic pigments in chloroplasts within the zooxanthellae cells (Weis, 

2008). Coral bleaching has been considered a host immune response to a 

vulnerable symbiont leading to loss of symbionts and consequently, coral 

decoloration (Weis, 2008). Several mechanisms have been proposed through 

which symbionts can be eliminated from or exit host cells, including in situ 

degradation of symbionts, exocytosis of symbionts and host cell detachment, 

apoptosis, and necrosis (review by Weis, 2008). The sudden loss of 

endosymbiotic dinoflagellates can greatly damage the health of the coral host, as 

the photosynthetic products make up to 63% of nutrients needed by corals 

(Muscatine et al., 1981).  

To combat the degradation of coral reefs under the background of global 

climate changes, there have been substantial efforts devoted to studies of the 

physiological and molecular mechanisms of stress responses in corals and their 

symbiotic zooxanthellae under different environmental conditions (Foret et al., 

2007; Weis, 2008; Kenkel & Matz, 2016) since last century. Benefiting from the 

rapid development of high-throughput sequencing techniques, studies of genetic 

mechanisms of coral bleaching have also evolved from evaluating single to 

several genes (e.g., Smith-Keune & Dove, 2008; Császár et al., 2009) to 

thousands of genes using microarrays (DeSalvo et al., 2008; Bellantuono et al., 

2012), to gene expression profiles using RNA-seq technology (Barshis et al., 2013; 

Rosic et al., 2014; Pinzón et al., 2015; Kenkel & Matz, 2016; Rose et al., 2016; 

Dixon et al., 2020). It has been possible to cost-effectively discover biomarkers of 

coral stress within a complex gene network using RNA-seq (Kenkel et al., 2014; 

Louis et al., 2017). By analyzing the gene expression patterns, it has been 

proposed that there are two types of transcription-level responses that Acropora 

corals employ under all stressful conditions. One type of responses is the general 
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Coral Environmental Stress Responses (ESRs), which have been observed under 

all kinds of high stress conditions, characterized by upregulation of biological 

processes including carbohydrate metabolism, detoxification, cell wall 

modification, protein folding and degradation, DNA damage repair, fatty acid 

metabolism, metabolite transport, vacuolar and mitochondrial functions, 

autophagy, and intracellular signaling and downregulation of growth-related 

processes (review by Dixon et al., 2020). The other set of responses is observed 

under mild stress and is more variable among different environmental conditions 

(Dixon et al., 2020). When being exposed to stressful conditions, the gene 

expression of coral hosts is mainly characterized by upregulation of protein 

folding and degradation, oxidative stress response, immune response, and 

apoptosis and  downregulation of growth-related process (DeSalvo et al., 2012; 

Dixon et al., 2020; Kenkel et al., 2013; Kenkel et al., 2018; Maor-Landaw et al., 

2014; Meyer et al., 2011). 

According to the major growth axis, the growth forms of scleractinian corals 

can be generally classified as arborescent (e.g. Acropora muricata), caespitose 

(e.g. A. vaughani), corymbose (e.g. A. nasuta), digitate (e.g. A. gemmifera), 

tubular (e.g. A. hyacinthus), columnar (e.g. Pavona clavus), massive (e.g. Porites 

lobata), foliose/laminar (e.g. Turbinaria mesenterina), solitary/free-living (e.g. 

Fungia fungires), and encrusting (e.g. Montipora foliosa) (Pratchett et al., 2015). 

Based on this, D. rotumana should be classified into the massive growth form. It 

has been reported that colony morphology could affect bleaching susceptibility 

and subsequent coral mortality, with massive coral colonies showing higher 

tolerance (Loya et al., 2001). There have been some explanations for the 

discrepancies in bleaching susceptibility between branching and massive coral 

colonies from the aspect of physiology (Maor-Landaw & Levy, 2016). One 

explanation is massive corals have thicker tissues, compared to branching species 

(Loya et al., 2001), giving them more photoprotective and self-shading abilities, 

especially when polyps are retracted (Hoegh-Guldberg, 1999). Besides, the colony 

morphology may influence flow regimes and interchange of substances between 

the tissue and water column (Nakamura & Van Woesik, 2001; Loya et al., 2001; 

DeSalvo et al., 2010). Further, it can also be explained that the massive corals 

increase heterotrophic feeding and decrease energy allocated to calcification 

(Grottoli et al., 2006; Levas et al., 2013). 
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Since branching corals are considered to be more susceptible to the 

environmental condition changes than massive and encrusting colony corals 

(Loya et al., 2001), they have been paid more attention to their molecular 

responses to various stressors in previous studies, whereas only a small number of 

such studies have been conducted using massive corals like Porites and Orbicella 

(formerly known as Montastraea) (DeSalvo et al., 2008; Polato et al., 2010; 

Kenkel et al., 2013; Maor-Landaw & Levy, 2016; Hou et al., 2018). Subsequently, 

gene expression knowledge related to massive corals and the molecular 

mechanisms underlying the different susceptibilities among branching and 

massive corals is lacking (Hou et al., 2018; Maor-Landaw & Levy, 2016). A 

comparison between A. palmata (branching coral) and M. faveolata (now 

classified as O. faveolata, massive coral) during a 9-day heat stress experiment 

illustrated that when subjected to thermal stress, there were many parallels 

between the two species including the increase in HSP expression and antioxidant 

enzymes, decrease in expression of Ca2+ homeostasis proteins, restructuring of 

ECM, rearrangement of the actin cytoskeleton and decrease in expression of 

ribosomal proteins (DeSalvo et al., 2008, 2010). Meanwhile, some responses were 

only identified in A. palmata, including osmotic stress, p53, and NF-κB signaling, 

nitric oxide signaling, sensory perception, and the glyoxylate cycle (DeSalvo et al., 

2008, 2010). Additionally, the temporal patterns of these two corals were quite 

different in symbiotic algae density (DeSalvo et al., 2008, 2010). Furthermore, as 

described by Maor-Landaw and Levy (2016), when exposed to a thermal stress 

condition where the temperature increased 1°C per day from 24°C to 34°C, 

Porites showed a different gene expression response from Stylophora pistillata 

and A. eurystoma in that the thioredoxin, peroxiredoxin-6, HSP70, and caspase3 

genes exhibited upregulation only at 34°C. It was hypothesized that Porites might 

expel the symbiotic algae from its tissue to reduce oxidation damage and thus the 

coral stress genes might be activated only after prolonged exposure to thermal 

stress (Maor-Landaw & Levy, 2016).  

Although different responses existed between branching and massive corals, 

common gene expression patterns in thermally stressed cnidarians have been 

revealed, including increased HSP expression, increased antioxidant expression, 

decreased Ca2+ homeostasis, restructured extracellular matrix, cytoskeleton 

reorganization, decreased ribosomal protein expression, and pro-apoptotic 
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responses (Abrego et al., 2008; Barshis et al., 2013; DeSalvo et al., 2010; Fitt et 

al., 2009; Kenkel et al., 2013; Maor-Landaw & Levy, 2016). Fewer studies 

focused on the gene expression of corals in response to hypo-saline stress. Based 

on the limited knowledge, corals exposed to low-salinity conditions also 

experienced some stress-derived responses like increased antioxidant expression 

(Aguilar et al., 2019; Wright et al., 2019), as well as increased amino acid 

metabolism and transport as a kind of specific osmoregulation (Aguilar et al., 

2019). And exposure to low-salinity conditions may have long-term effects on 

coral physiology just like other kinds of environmental stresses (Downs, et al., 

2009). 
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1.2 Objective and purpose 

Dipsastraea rotumana, a species of massive scleractinian coral in the family 

Merulinidae, is widely distributed in the Indo-Pacific and Caribbean regions 

(Veron et al., 2001). Compared with other branching scleractinian corals, D. 

rotumana is predicted to be more tolerant to high-temperature and low-salinity 

environmental conditions. In the present study, the physiological responses, gene 

expression profiles, and molecular mechanisms of the massive coral D. rotumana 

and its intracellular zooxanthellae symbionts exposed to heat stress and different 

degrees of hyposaline stress were investigated. The highest sea surface 

temperature in Hong Kong is July from 27.4 to 30.3 °C, with the prediction of an 

increase of 2.2 to 4.6 °C by 2100, 32 °C was chosen to be the high-temperature 

treatment condition. And the ambient sea water salinity in Hong Kong is 33 psu, 

to test the threshold of D. rotumana, three different gradients of salinities (29 psu, 

25 psu and 21 psu) were chosen. Although in the nature, there will not be a long-

term low-salinity condition for corals at now, to investigate their potential 

response to future climate, above salinities gradients were set in this experiment. 

The objectives of this study were (a) to measure the physiological responses 

of the coral host and algal symbiont to the above stressors; (b) to verify the 

tolerance of D. rotumana to high-temperature and low-salinity; (c) to describe the 

general gene expression profiles of both the coral host and algal symbiont and 

determine the specific response to thermal/hypo-saline stress; (c) to identify 

molecular mechanisms that may interpret the high-tolerance of D. rotumana to 

different environmental stressors.  

This study will help to fill the gaps and deepen the understanding in the 

molecular responses of massive growth form scleractinian corals. And through 

this study, we can know the potential responses to future climate change of the 

massive scleractinian corals in marginal environments like Hong Kong. Besides, it 

will also provide information to coral reef protection activities in field and 

artificial propagation in the future. 
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1.3 Materials and methods 

1.3.1 Sampling and stock information 

A total of four D. rotumana colonies were collected from Tai She Wan 

(22°21'26"N, 114°20'13"E) by SCUBA diving on May 1, 2020. After being 

brought out of the water, they were put into buckets full of seawater. To avoid 

attacks between individuals, the colonies were separated from each other. After 

that, the coral colonies were brought back to the Aquarium Room at Hong Kong 

Baptist University. The Aquarium Room was thermostatic and the room light was 

on from 8 am to 8 pm. The coral colonies were put into stock tanks to acclimate 

for about four weeks until they were in good health conditions. The ambient 

temperature was about 25℃ and one-fifth of the water in the stock tank was 

replaced by artificial seawater (Instant Ocean, Blacksburg, VA, USA) once a 

week. The cultured colonies were then cut into small fragments after acclimation 

in the laboratory using a diamond band saw (Model C-40 Tall, CA, USA) 

approximately ten days before the experiments. To minimize field collection, 

small coral fragments were also used (Barron et al., 2010; Schoepf et al., 2015). 

After fragmentation, the coral nubbins were put into exposure tanks to heal. 

1.3.2 Laboratory experimental system 

The laboratory exposure system was designed to provide a relatively stable 

environment to conduct the experiments and culture the coral specimens before 

the experiments. Independent tanks (30 cm × 40 cm × 60 cm) with separate in-

built filtration systems were used for exposure experiments so that corals can be 

put into tanks with different salinity or temperature settings. Coral rubble and 

ceramic rings were used as filter media in each tank to provide places for 

beneficial bacteria to grow naturally, thriving on the nitrate in the seawater and 

removing the nutrient to prevent its harmful effects on corals. Each tank was also 

equipped with a protein skimmer (Model BM-QQ, Bubble-magus, Jiangmen, 

Guangdong, China) to remove organic waste from the seawater and a pump to 

circulate the water and keep a water current. The tanks were equipped with four 

80W T5 High Output Fluorescent lamps with a 12:12 h light: dark cycle to 
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provide adequate fluorescent lighting to corals. There was also an automatic 

dosing system to add Na2CO3 (carbonate hardness) solution to the tanks, 

supporting the growth of the corals. 

The tanks were filled with seawater freshly blended by using Reef Crystals 

Reefsalts (Instant Ocean, Blacksburg, VA, USA). During the acclimation and the 

healing stage, one-fourth of the water in each tank was replaced by newly mixed 

seawater once a week, and the salinity was maintained at approximately 33‰, 

similar to the mean salinity of seawater in the oceanic eastern waters of Hong 

Kong. The water level was maintained approximately 2 cm lower than the top 

edge of the glass tank by adding deionized water every day to stabilize salinity. 

Because the lamps were fixed, the light intensity was not identical in every place 

inside the tanks, but the lighting levels were quite similar among them (90 to 200 

PAR). The coral nubbins were put on places where the light intensity was between 

100 to 180 PAR (Photosynthetically Active Radiation; measured by a Quantum 

Light Par Meter, Model MQ-300, Apogee, Logan, UTAH, USA). Water quality 

parameters were tested before each experiment by different kits. Ammonia, nitrate, 

nitrite, phosphate, and calcium ion levels were all measured to make sure they 

were in the normal ranges. Carbonate hardness was measured twice a week using 

a KH/Alk Profi-test kit (Salifert, Holland) to adjust the dosing system and 

maintain the KH between 8.0 to 10.0. 

1.3.3 Measuring physiological variables 

1.3.3.1 Photosynthetic efficiency  

A Pulse Amplitude Modulated (PAM) fluorometer (Mini-PAM-II, Walz, 

Germany) was used to monitor the photosynthetic performance of the corals six 

times a week during the heat and low-salinity exposure experiment, with eight 

measurements per fragment and six fragments per time. Measurements were taken 

in situ by placing the fiber optic probe about 5 mm above the tissue. Because the 

maximum F0 of the dark-adapted plant is 640 and the corresponding maximum 

FV/FM is 0.84 (Heinz Walz GmbH, 2018), FV/FM values higher than 0.84 were 

excluded. When calculating the mean value of a nubbin, the maximum value and 

minimum value were excluded. F0 values less than 100 were also excluded 
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because they may be caused by improper operation. Before measurement, the 

corals were dark-adapted for 45 minutes and were measured at approximately 10 

am. This dark-adapted Fv/FM represented the maximum photochemical quantum 

yield of PS II (Kitajima & Butler, 1975; Jones et al., 2000), which in corals means 

the maximum photochemical efficiency of the symbiotic zooxanthellae (Genty, 

1989; Barron, 2010). FV/FM can be used as a physiological index of corals because 

there is a correlation between the photosynthetic efficiency of symbiotic algae, its 

density, and coral bleaching status (Jones et al., 1998; Jones et al., 2000; Chase et 

al. 2018).  

According to the distribution of the data, linear regression was selected to 

assess changes in FV/FM for the control and exposure groups. Although a 

sigmoidal equation can be used to analyze the heat stress treatment when the 

experimental period is long enough (Chase et al. 2018), based on my experimental 

results, linear regression appeared to be more appropriate. 

1.3.3.2 Coral tissue analysis 

Collected coral fragments were subsequently cut into halves for 

physiological analysis and transcriptomic analysis. Immediately after being cut, 

the coral fragments were maintained at -80˚C before laboratory analysis. Coral 

tissues were removed from the skeleton using a water flosser machine (Model 

WP-670, Waterpik, Fort Collins, CO, USA) with filtered seawater to maintain the 

cell shape. The volume of the resulting tissue suspension was then measured using 

a graduated cylinder and recorded. Coral skeletons were retained after being 

quantified surface areas using aluminum foil (Marsh, 1970). To determine the 

algal symbiont density, 1 ml of the suspension was dropped to the Sedgewick 

rafter to count cell slide (20 × 50) to calculate the algal symbiont density under a 

compound microscope (Model BA210, Motic, Hong Kong, China) with 3 

replicates for each sample. Ten grids were randomly chosen to count the algae 

cells it contained. Then the total symbiotic algae density was calculated and 

normalized to the surface area of the nubbins (cells/cm2). 

Additionally, four replicates of 1 ml tissue suspension were added into a 1.5 

ml tube and centrifuged for 10 min × 15,000 rpm to precipitate the algal cells. 

After this step, the supernatant was discarded, and the remaining algal cells were 
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ground. 1.5 ml acetone was added to each tube to extract the chlorophyll. Then 

the mixture was stored at -20˚C for 24 h. The chlorophyll a concentration within 1 

ml of tissue slurry was measured by a spectrophotometer (UV-1800, Shimadzu, 

Kyoto, Japan) under 663 & 630 wavelengths after extraction overnight and 

reported as μg/cm2. By the equation chlorophyll a = 11.43E663 – 0.64E630 (Jeffrey 

& Humphery, 1975), the chlorophyll a concentration was calculated and 

normalized to the surface area of the fragments (μg/cm2) as estimated by 

aluminum foil (Marsh, 1970). 

1.3.3.3 Coral color analysis 

A digital image analysis method was used in this study to quantify the coral 

color (degree of coral bleaching) (Amid et al., 2018). Pictures of coral fragments 

from each tank were taken every ten days using an Olympus TG-5 digital camera 

to record the color under a colorimetric card. Pictures were analyzed digitally 

using ImageJ 1.52a (Wayne Rasband, National Institutes of Health, USA). 

Pictures were converted from RGB to 8-bit grayscale (pixel range 0–255) to 

assess the bleaching degree. In each picture, eight squares on coral fragments 

were sampled. Each sampling area was approximately 100 mm2 (Fig. 1.2). The 

arithmetic mean of pixel values was then calculated in Excel. 

1.3.3.4 Statistical analyses and visualization 

For repeated-measures experimental design was used in my study, two-way 

repeat-measures ANOVA was conducted by SPSS Statistics 21 to test the 

differences in coral physiology (symbiotic algae density, chlorophyll a 

concentration, and coral color). No data were excluded from the analyses. Linear 

regression was used to evaluate changes in FV/FM values, according to the data 

distribution. The diagrams were created by using Sigmaplot 12.0. 

1.3.4 Transcriptomic analysis 

1.3.4.1 Construction and sequencing of transcriptome libraries 

Total RNA of each samples collected in 2.2.3 was extracted using TRIzol 
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reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. 

After treated with RNase-free DNase I (ThermoFisher Scientific, Waltham, MA, 

USA), total RNA was examined for integrity and purity using 1% agarose gel 

electrophoresis and quantified using a NanoDrop 2000c Spectrophotometer 

(ThermoFisher Scientific, Waltham, MA, USA). Before the library preparation, 

the concentration of the RNA samples was further analyzed using a Bioanalyzer 

2100 (Agilent Technologies, CA, USA). mRNA from eukaryotic organisms was 

enriched using oligo(dT) beads and rRNA was removed using the Ribo-Zero kit 

(Illumina, New England Biolabs, MA, USA). The RNA Integrity Numbers (RIN) 

of the samples were determined, and those with RIN ≥ 2.5 were all used for 

cDNA library construction and sequenced in paired-end mode on an Illumina 

sequencer (Illumina, California, USA). Library construction and sequencing were 

conducted by Novogene, China as a commercial service. 

1.3.4.2 Transcriptome assembly and annotation 

Raw reads were filtered to remove adapters, reads with > 10% unknown “N” 

bases or > 50% bases with a quality score ≤ 5. Trimmomatic v0.39 was used to 

further remove low-quality reads with a quality score < 3 and a length < 36 base 

pairs (bp) (Francis et al., 2013). Clean reads of each species were assembled using 

Trinity 2.8.5 (Grabherr et al., 2011) under the default settings. Candidate open 

reading frames (ORFs) and peptides were identified from the transcripts using 

TransDecoder 5.0.1, and duplicate sequences with at least 95% similarity in 

predicted peptides were removed using CD-HIT (Huang et al., 2010). The 

completeness of the assembled transcriptome was assessed using BUSCO 

(benchmarking universal single-copy orthologs) v3.0.2b (Simão et al., 2015) with 

the Eukaryota Odb9 detaset as the reference. Unigenes (i.e. the longest isoform 

for each gene) were annotated using Diamond v0.9.19.120 (Buchfink et al., 2014), 

which applied BLASTp search against NCBI’s non-redundant (nr) database with 

an E-value of 1 × 10-5 to separate coral and zooxanthellae transcripts. Transcript 

abundance was estimated as transcripts per kilobase million read (TPM) using 

Salmon 0.14.1 (Patro et al., 2015). Gene Ontology (GO) function, Kyoto 

Encyclopedia of Genes and Genomes (KEGG) were assigned by online genome-

wide functional annotation server EggNOG-mapper v2 (http://eggnog-
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mapper.embl.de/) and Uniprot knowledgebase. 

1.3.4.3 Identification of differentially expressed genes (DEGs) and 

functional analysis 

The differentially expressed genes were identified using DESeq2 (Love et al., 

2014) by applying a native script in Trinity. Because there were three biological 

replicates in each treatment, the lowly expressed genes were filtered on a 

minimum counts-per-million (CPM) threshold of at least 0.5 present in the three 

samples. DESeq2 used a Wald test for significance testing and the P-values were 

adjusted for multiple testing using the procedure of Benjamini and Hochberg 

method (Benjamini & Hochberg, 1995). The adjusted P-values and log2FC were 

then used in downstream analysis. The read count matrix of DEGs was 

transformed using variance stabilizing transformation (vst) in R Studio Version 

1.3.1093 to be visualized using a principal component analysis (PCA). The GO 

enrichment analysis of the differentially expressed genes in different contrasts was 

performed using the R package GO_MWU (https://github.com/z0on/GO_MWU), 

using two-tailed Mann-Whitney U tests as described in Wright et al. (2015). The 

raw P-values outputted by DESeq2 were -log10 transformed, then multiplied by -1 

when the gene was down-regulated in the stress treatment when compared with 

the control (Dixon et al., 2015, 2020). 
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Figure 1.1 Diagram of the exposure tank. 
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Figure 1.2 Image analysis of coral color. (A) Images were calibrated and 

integrated into a measuring scale and each selected area was expressed in mm2. (B) 

Note the mean intensity of gray in each photo, with bleaching severity 

corresponding to higher pixel values. A value of 0 is taken to be black and a value 

of 255 is equivalent to white. 
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Chapter 2 Responses of Dipsastraea rotumana to 

heat stress 

2.1 Introduction 

During the past few decades, the gene expression in corals under heat stress 

has been examined extensively in both field and laboratory studies. As 

summarized by Cziesielski et al. (2019), thermally stressed cnidarians including 

corals generally exhibit altered gene expression in several biological processes, 

including increased antioxidant expression and HSP expression, decreased Ca2+ 

homeostasis, restructured extracellular matrix, cytoskeleton reorganization, 

decreased ribosomal protein expression, and pro-apoptotic responses (Abrego et 

al., 2008; Barshis et al., 2013; DeSalvo et al., 2010; Fitt et al., 2009; Kenkel et al., 

2013; Maor-Landaw & Levy, 2016). This is especially true for heat shock proteins, 

SODs, peroxiredoxin, calmodulin, and so on (Abrego et al., 2008; DeSalvo et al., 

2008, 2010). Because these pathways are highly conserved, they are considered as 

the common thermotolerance mechanisms across Metazoa (Cziesielski et al., 

2019). Nevertheless, two stress responses have been found to be distinct to coral 

lineage, including the differential expression of fluorescent proteins (Bay et al., 

2009; Dove et al., 2006; DeSalvo et al., 2008; Kenkel et al., 2011; Smith-Keune & 

Dove, 2008) and the down-regulation of small cysteine-rich proteins (SCRiPs) 

(Sunagawa et al., 2009).  

As scleractinian holobionts, heat stress influences not only the coral host but 

also its symbionts, especially the intracellular dinoflagellate and associated 

prokaryotes and viruses. Previous studies have shown that there are distinct 

differences in heat tolerance between different Symbiodiniaceae strains (Fisher et 

al., 2012; McGinley et al., 2012; Chakravarti et al., 2018). The thermotolerant 

Durusdinium trenchii may lead to up-regulation of heat stress-responsive genes in 

coral hosts to increase coral heat tolerance (Cunning & Baker, 2020). Moreover, 

Buerger et al. (2020) have demonstrated that the climate resilience of corals can 

be enhanced through ex hospite laboratory evolution of their microalgal 

endosymbionts. It has been revealed that the production of reactive oxygen 

species can be induced by thermal stress to the algal symbionts (Weis, 2008). 
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Related mechanisms have been proposed including changes of stress response 

components consisting of the antioxidant network (Lesser, 2006; Bayer et al., 

2012; Krueger et al., 2014; Gierz et al., 2017), cellular components involved in 

the photosystem I & II (Jones et al., 1998; Warner et al., 1999; Takahashi et al., 

2008; McGinley et al., 2012; Gierz et al., 2017), and enzymes participate in fatty 

acid desaturation and metabolism (Ladner et al., 2012; Gierz et al., 2017).  

Although most previous researches focused on either the coral host or the 

dinoflagellate symbiont, some researchers determined the thermal stress responses 

of both. Some orthologs responded in both during the thermal stress, such as 

genes involved in stress response (e.g. SODs, HSPs) and carbon metabolism 

(Leggat et al., 2011). The tolerance to heat stress of different coral hosts and 

dinoflagellate symbiont species varies (Howells et al., 2012). For example, when 

being exposed to thermal stress, P. cylindrica contains a heat-tolerant 

Symbiodiniaceae clade C15 and has a higher concentration of critical host 

proteins than observed for S. pistillata, and these proteins provide greater 

protection from bleaching conditions of high temperature in the light (Fitt et al., 

2009). Further, some researchers reported that the coral host may play a 

prominent role in holobiont thermotolerance (Kenkel et al., 2013) and the coral 

host cells can actively regulate the physiology of the intracellular algal symbionts 

by regulating vacuolar H+-ATPase (VHA) concentration (Barott et al., 2015). 

Here in this study, we exposed the massive stony coral D. rotumana to 

elevated temperature conditions for thirty days to identify both physiological and 

molecular responses in the D. rotumana and its endosymbiotic algae Cladocopium 

sp. This study will provide insights into the molecular mechanisms underlying the 

higher heat tolerance of massive corals when compared with branching corals. 
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2.2 Experimental design 

To ensure there were sufficient samples, about twenty D. rotumana nubbins 

were fragmented from colonies in the stock tanks and put into each exposure tank 

on July 3, 2020 and allowed to heal. The experiments lasted from July 14 to 

August 12. The thermal experiment exposure was implemented in different phases: 

1) Acclimation: corals were held at normal room temperature (25˚C) and salinity 

(33 psu) for ten days; 2) Ramping: the temperature was gradually raised from 25 

to 32˚C with an increase of ~1˚C per day; 3) Stress: coral nubbins were 

maintained at 32˚C until the 30th day from ramping. The temperature in the tank 

was recorded at 1 h intervals with Onset TidbiT v3 loggers (HOBO, MA, USA). 

From the beginning of the experiment, three fragments were randomly sampled 

every ten days and the exposure experiments lasted for thirty days. After sampling, 

about eight fragments remained in each tank. Three more fragments were stored 

in a freezer at -80 ˚C. The unused nubbins were cultured in stock tanks and later 

transferred back to the sea. 
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2.3 Results 

2.3.1 Physiological responses 

At the acclimation phase of the experiment (day 0 to day 1, where the value 

in day 0 represents a mean of the FV/FM value during the acclimation), the high-

temperature treatment had a mean photosynthetic efficiency (FV/FM = ~0.62) 

similar to the control (Fig. 2.1). However, compared to the control, the heat stress 

treatment showed a slight decline during the following ramping process and 

became relatively stable during the heat stress process. From the 5th day, when the 

temperature was raised to 29˚C, the FV/FM value dropped significantly from ~0.62 

to ~0.60 and even lower to about 0.59 on day 11. However, during the following 

period, the FV/FM value fluctuated around 0.60 (Fig. 2.1). The linear regression 

results are shown in Table 2.1. 

At the end of the acclimation phase during the temperature experiment, 

symbiont cell density, chlorophyll a concentration, and coral color were 

approximately similar between the control and high-temperature treatment 

(symbiont algae density: 5.59 ± 0.19×106 cells/cm2; chlorophyll a concentration: 

10.47 ± 0.27 μg/cm2; coral color: 56.23 ± 16.34). Both high-temperature treatment 

and time all had a strong effect on the symbiont algae density of the coral (two-

way repeated-measures ANOVA, p < 0.001). The ramping took eight days in the 

thermal stress experiment. On the 10th day, the symbiotic algae density of corals 

exposed to 32˚C showed a significant decline from 5.51 ± 0.11×106 cells/cm2 to 

4.40 ± 0.15×106 cells/cm2, by 12.7%. As the experiment went on, the symbiont 

cell density declined further to 3.96 ± 0.15×106 cells/cm2 on day 20 but increased 

to 4.81 ± 0.24×106 cells/cm2 on day 30 (Fig. 2.2a). Significant interactive effects 

of temperature × time were also observed (two-way repeated-measures ANOVA, 

p = 0.001). The changing trend of the chlorophyll a concentration resembled that 

of the symbiotic algae density. At the first ten days of the experiment, chlorophyll 

a concentration of corals at 32˚C was relatively constant. However, it dropped 

significantly to 7.47 μg/cm2 on day 20 from 10.79 μg/cm2 on day 10. Compared 

with the beginning of the experiment, chlorophyll a concentration at day 20 

decreased by 28.96%. By the end of the heat stress experiment, it recovered to 

96.7% of the control (Fig. 2.2b). Two-way repeated-measures ANOVA also 
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revealed significant interactive effects of temperature × time (two-way repeated-

measures ANOVA, p < 0.001). The color of coral nubbins in the control group 

was consistently darker than those in the temperature treatment group (Table 2.4). 

Two-way repeated-measures ANOVA revealed that there were no significant 

interactive effects of temperature × time with a p-value of 0.854. Nevertheless, 

after the 30-day heat exposure, there were subtle differences in the corallites in 

that their outlines appeared more obvious than at the beginning (see Fig. 2.3), and 

the green fluorescence was much weaker. 

 

2.3.2 Information on the transcripts 

RNA-Seq produced an average of 59,858,697 paired-end raw reads with a 

length of 2 × 150 bp. Assembly of the reads produced a total of 933,193 

transcripts (N50 = 1,260 bp). Removing the redundant transcripts by CD-HIT and 

manual unigene selection, 180,226 transcripts with 96.3% completeness remained. 

The mapping rates ranged from 38.71% to 57.87%. Among these, 125,759 could 

be annotated by BLASTp search against NCBI’s non-redundant (nr) database. 

30,404 transcripts (83.1% completeness) belonged to scleractinian coral with a 

completeness of 84.5% while 27,743 transcripts (44.7%) belonged to symbiotic 

zooxanthellae with a completeness of 61.8%. 

2.3.3 Coral host transcriptomic responses to heat stress 

2.3.3.1 Differential gene expression and functional analyses 

PCA performed on DEGs (FDR<0.05) revealed that the temperature 

treatment had a strong effect on the gene expression of D. rotumana. Meanwhile, 

for the high-temperature treatment, time influenced the gene expression (Fig. 2.4). 

D. rotumana nubbins were subjected to thermal stress by a gradual increase in 

temperature from 25 to 32 °C and then maintained at 32 °C until 30 days past 

from the very beginning. Samples were collected every ten days from the control 

(25 °C) and the heat stress treatment every ten days. Correspondingly, the 

samples are referred to as Control_D10, Control_D20, and Control_D30 for the 

control and T32_D10, T32_D20, and T32_D30 for the heat stress treatment, 



21 

 

respectively. A total of 3,415 differentially expressed genes (DEGs, FDR < 0.05) 

were found from all groups. The largest numbers of DEGs were found in the 

comparison between  Control_D10 and T32_D10. The number of DEGs 

decreased with time (1,963, 1,510, and 542 for Control_D10 vs. T32_D10, 

Control_D20 vs. T32_D20, and Control_D30 vs. T32_D30, respectively; FDR < 

0.05; Fig. 2.5). It is worth noting that 1,564 DEGs were exclusive to the 

Control_D10 vs. T32_D10 comparison, while only 1,118 and 217 DEGs were 

exclusive to the Control_D20 vs. T32_D20 comparison and Control_D30 vs. 

T32_D30 comparison, respectively. In the overlapping list of DEGs among the 

three comparisons, 78 genes responded identically to heat stress at the different 

time points and 6 genes responded oppositely. Interestingly, most overlapping 

DEGs between the comparison of day 10 to day 30 and day 20 to day 30 

responded identically (95.16% and 98.21%, respectively). However, in the 

overlapping list of the comparison of day 10 and day 20, only 68.97% DEGs 

responded identically. These may indicate that the gene expression pattern of the 

coral host was quite distinct on day 10 from the other stages. 

Among the 30,404 unigenes identified as belonging to D. rotumana, 20, 333 

were annotated with GO terms. Functional enrichment of the DEGs allowed a 

general comparison of the differentially regulated cellular components, molecular 

functions, and biological processes. Many gene ontology (GO) categories were 

enriched both on day 10 and day 20. For example, components of the extracellular 

region (GO:0005615; GO: 0005576), oxidoreductase activity (GO:0016491), 

sulfuric ester hydrolase activity (GO:0008484; GO:0004065), and transition metal 

ion binding (GO:0046914) were all up-regulated. However, only RNA binding 

(GO:0003723) displayed down-regulation at both time points. On day 10, 

axoneme (GO:0005930), DNA-binding transcription factor binding (GO:0001103; 

GO:0061629; GO:0070491; GO:0140297), microtubule motor activity 

(GO:0003777), peptidase activity (GO:0004175; GO:0008233), phosphoprotein 

phosphatase activity (GO:0004721), and phosphotransferase activity, phosphate 

group as acceptor (GO:0016776) were all decreased with P-values less than 0.01. 

None of the above GO terms was enriched on day 20, and only the 

mitochondrion-related components (GO:0005739; GO:0098798; GO:0098800) 

and structural constituent of ribosome (GO:0003735) was down-regulated. 
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2.3.3.2 Involvement of oxidative stress genes 

It has been demonstrated that thermal stress can enhance the production of 

reactive oxygen species (ROS) in corals and algal symbionts, consequently 

leading to antioxidant mechanisms (Cziesielski et al., 2019). Antioxidant-related 

genes were detected in the heat-stressed coral transcriptome. Two transcripts of 

encoding catalase (CAT) were found with one displaying significant down-

regulation on day 10 (TRINITY_DN0_c1_g2_i2, 1.81 log2FC; Fig. 2.6A). Five 

probable iron/ascorbate oxidoreductase transcripts were also detected with one 

displaying significant up-regulation on day 10 (1.88 log2FC) and day 20 (0.94 

log2FC), while another one displaying significantly decreased expression on day 

20 (1.66 log2FC; Fig. 2.6A). Further, transcripts encoding  the representative 

antioxidative enzyme peroxiredoxins (Prdx1, Prdx4, Prdx5, and Prdx6) were 

detected and two transcripts exhibited significantly decreased expression in 

thermally stressed host cells on day 10 (TRINITY_DN37186_c0_g1_i2, 2.33 

log2FC; TRINITY_DN16165_c0_g1_i1, 2.22 log2FC; Fig. 2.6A). Three 

transcripts encoding thioredoxin reductases (Trxr1 and Trxr2) and eight 

thioredoxin-like genes were detected, with three of them displaying significantly 

decreased expression on day 20 (1.21 down, largest log2FC; Fig. 2.6A). A further 

19 encoding glutathione S-transferase-like (GSTs) genes were determined in the 

transcriptome, though only two exhibited significant differential expression on 

day 20 (Fig. 2.6A).  

Twenty-eight genes encoding zinc metalloproteinase were found, including 

seven different types. Six transcripts encoding nas-13 showed significantly up-

regulated expression on day 10 (2.15 largest log2FC) and mixed expression on day 

20 (Fig. 2.6A). A transcript (TRINITY_DN65293_c0_g1_i4) encoding nas-14 

was down-regulated at all time points, though only detected significantly on day 

20. Besides, a transcript (TRINITY_DN173537_c0_g2_i5) encoding nas-4 

exhibited significant up-regulation over the course of the experiment (Fig. 2.6A). 

Transcripts encoding 80 heat shock proteins (HSPs; Hsp16, Hsp60, Hsp70, 

Hsp90) and chaperones (DnaJ) were detected in the thermally stressed cells where 

Hsp70 took a large proportion. Though few Hsp70 transcripts exhibited 

significant differential expression, they had a trend of upregulation at the early 

stage and downregulation at the later stage of the experiment. Specially, a 
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transcript encoding heat shock protein 67B1 exhibited significantly increased 

expression at all time points (TRINITY_DN33766_c0_g1_i1; 2.31 log2FC up on 

day 10, 0.78 log2FC up on day 20, and 0.85 log2FC up on day 30). Among the 

DnaJ transcripts, only one was detected with a significantly increased expression 

on day 30 (TRINITY_DN9739_c0_g1_i1,0.64 log2FC; Fig. 2.6A) whereas three 

were determined with significant down-regulation on day 10 (2.20 down largest). 

Twelve transcripts encoding DNA repair proteins (RADs; RAD1, RAD9, 

RAD17) were detected, though none of them exhibited significant differential 

expression. Besides, two cryptochrome (CRY1) transcripts were detected with 

one exhibiting significantly increased expression at all time points 

(TRINITY_DN2968_c0_g6_i2; Fig. 2.6A). Further, four transcripts encoding 

cytochrome P450-like enzymes displayed significant differential expression on 

day 10 and day 20 (Fig. 2.6A). Several transcripts encoding components involved 

in the ubiquitin proteasome pathway (UPP) were detected, including ubiquitin-

conjugating enzymes (E2, E3), deubiquitinating enzymes, and ubiquitin-like 

modifiers. On day 10, thirteen transcripts encoding either E3 ubiquitin-protein 

ligase or ubiquitin carboxyl-terminal hydrolase were detected as significantly 

downregulated whereas another eleven E3 ubiquitin-protein ligase transcripts 

displayed significantly increased expression. On day 20, the expression of 

ubiquitin-related transcripts was quite mixed (Fig. 2.6A). 

Transcripts encoding carbonic anhydrases (CAs; CA1, CA2) were detected 

in the coral cells exposed to thermal stress. Three carbonic anhydrase 2 isoforms 

displayed significantly increased expression on day 10 (2.51 time upregulation, 

largest log2FC) and turned to significantly decreased expression on day 20 (2.00 

down, largest log2FC; Fig. 2.6B). Another three also exhibited significant up-

regulation on day 10. Eighty-one transcripts encoding membrane transport 

proteins from solute carrier group (SLCs) representing members from 15 families 

were found. On day 10, five members displayed significant down-regulation (5.80 

down, largest log2FC) while two exhibited significantly increased expression 

(1.56 up, largest log2FC). Further, on day 20, nine transcripts were detected with 

significantly decreased log2FCs compared to control and two showed a reverse 

expression pattern (Fig. 2.6B).  

One hundred and forty transcripts encoding ribosomal proteins were detected 

in the transcriptome though only 12 transcripts displayed significant differential 
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expression. Nevertheless, in general most of the ribosomal protein genes exhibited 

decreased expression on day 10 (TRINITY_DN1702_c1_g1_i2 ; 1.23 down 

largest log2FC) and day 20 (TRINITY_DN33973_c0_g1_i1; 0.81 down largest 

log2FC), but increased expression on day 30 (TRINITY_DN5544_c0_g1_i3; 0.69 

up largest log2FC; Fig. 2.7B). This result is consistent with the GO enrichment 

result where the structural constituent of the ribosome was down-regulated only 

on day 20. 

2.3.3.3 Involvement of metabolism related genes 

Only a few genes encoding enzymes for lipid oxidation and gluconeogenesis 

were detected with differential expression in the coral exposed to thermal stress. 

One transcript encoding acyl-CoA dehydrogenases (ACADs) displayed 

significantly decreased expression on day 10 (TRINITY_DN770_c1_g1_i2; 0.83- 

log2FC; Fig. 2.6C). Besides, one hydroxyacyl-CoA dehydrogenase (MADH) 

transcript displayed significantly down-regulated expression on day 20 (0.57- 

log2FC). Furthermore, one of the malate dehydrogenases (MDHs) transcript 

exhibited significantly down-regulated expression on day 10 

(TRINITY_DN8406_c0_g1_i1; 1.89-log2FC) while the other exhibited 

significantly up-regulated expression on day 20 and day 30 

(TRINITY_DN2581_c1_g2_i1; 0.53- log2FC and 0.74- log2FC up, respectively; 

Fig. 2.6C). Further, an alanine-glyoxylate aminotransferase 2 (AGXT2) was 

detected in the transcriptome. 

Two genes encoding apolipoproteins that can bind and transport lipids were 

detected with differential expression. A transcript encoding apolipoprotein L3 

displayed significantly increased expression at all time points 

(TRINITY_DN103715_c0_g1_i6) and another one exhibited significantly 

increased expression only on day 10 and day 30 (TRINITY_DN619_c0_g1_i3; 

Fig. 2.6C).  

2.3.3.4 Involvement of genes functioning in tissue integrity and 

immunity 

Actin, actin-binding proteins, and actin-related proteins are important 
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components of the cytoskeleton, responsible for some essential cellular processes. 

Two transcripts encoding actin displayed significant up-regulation on day 10 

(TRINITY_DN6944_c0_g2_i2, 0.89 log2FC up; TRINITY_DN2764_c1_g1_i9, 

0.99 log2FC up) and another two transcripts encoding actin cytoskeleton-

regulatory complex proteins were detected with significantly increased expression 

on day 20 (TRINITY_DN57953_c0_g1_i1, 1.14 log2FC up; 

TRINITY_DN74215_c0_g1_i1, 2.20 log2FC up). Further, collagen transcripts, the 

main component of the extracellular matrix, were also detected in the thermally 

stressed coral transcriptome. Twenty-five out of 74 transcripts encoding collagen 

displayed differential expression at different time points. The general gene 

expression pattern of these transcripts was that they were up-regulated on day 10 

and day 20 and down-regulated on day 30 (Fig. 2.7A). Further, nine transcripts 

encoding exocyst complex components (EXOCs) were found in the transcriptome, 

though none of them exhibited significant differential expression. 

The complement components (C1, C2, C3), which are involved in the innate 

immune system, were detected with differential expression in the coral. Fourteen 

of them exhibited significant down-regulation on day 10 with the largest log2FC 

of 5.88 whereas ten of them showed significantly increased expression on day 20 

with the largest log2FC of 1.14 (Fig. 2.7A). Also, members of the C-type lectin 

domain family, which also contribute to the innate immune system, were found in 

the transcriptome. Although only two out of the eight transcripts showed 

significant differential expression on day 10 (TRINITY_DN33371_c1_g1_i5) and 

day 20 (TRINITY_DN34494_c0_g1_i3), respectively, they showed a common 

tendency of up-regulation (Fig. 2.7A). 

2.3.3.5 Specific stress responses in the coral lineage 

It has been previously reported that there are two stress responses specific to 

corals: one is the differential expression of GFP-like fluorescent proteins, and the 

other is the up-regulation of small cysteine-rich proteins (SCRiPs) (Palmer et al., 

2009; Sunagawa et al., 2009; Kenkel et al., 2013). In the thermally stressed coral 

transcriptome, eight transcripts encoding GFP-like fluorescent protein were 

detected with two encoding cyan fluorescent GFP-like proteins displaying 

significantly increased expression at all time points 
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(TRINITY_DN8239_c0_g1_i10, TRINITY_DN2112_c1_g1_i1) and one 

encoding red fluorescent GFP-like protein displaying significantly decreased 

expression at all time points (TRINITY_DN699_c0_g1_i5; Fig. 2.8B). Although 

only one transcript encoding SCRiPs was found, it exhibited significant up-

regulation at all time points (TRINITY_DN7215_c0_g2_i1; Fig. 2.8B). 

2.3.4 Zooxanthellae responses to heat stress 

2.3.4.1 Differential gene expression and functional analyses 

PCA performed on the DEGs (FDR<0.05) revealed that the temperature 

treatment had a strong effect on the gene expression of the endosymbiotic algae 

cells (Fig. 2.8). The heat stress not only affected the expression of the coral host 

genes but also influenced the algal symbiont gene expression, although the 

changes in gene expression patterns of the coral host were much larger, compared 

to the symbiont’s responses. Only a number of 1,018 differentially expressed 

genes (DEGs) were found from all-time groups in the zooxanthellae. Like the host, 

the largest number of DEGs was still found in the comparison between 

Control_D10 and T32_D10. There were 565, 415, and 394 DEGs for the 

comparison between Control_D10 and T32_D10, Control_D20 and T32_D20, 

and Control_D30 and T32_D30, respectively (FDR < 0.05; Fig. 2.9). The number 

of overlapping DEGs among the three groups was 85 (only three DEGs displayed 

a ≥ 2 log2FC in the expression), smaller than that of 110 between day 20 and day 

30. All overlapping DEGs responded identically between any comparisons. 

Besides, 404 DEGs responded exclusively in the Control_D10 vs. T32_D10 

comparison. For example, in the symbiont, the heat shock protein 90 (HSP90) 

expression decreased and the cytochrome P450, which has been found involved in 

the protection of cells from oxidative stress (Rosic et al., 2010), increased. These 

may indicate that the gene expression profiles in the symbiotic algae were similar 

between day 20 and day 30, but on day 10, the responses of these genes to the heat 

stress were stronger.  

Among the 27,743 unigenes of the symbiont, only 7,837 were successfully 

annotated with GO terms. However, no GO terms passed the FDR of 0.05 in the 

day 10 comparison (CC and BP categories) and day 20 comparison (CC category). 
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GO enrichment analysis showed that on day 10 and day 20, structural molecule 

activity (GO:0003735; GO:0005198), transferase (transferring acyl groups) 

activity (GO:0016747; GO:0016746), and some RNA-related process 

(GO:0006396) were up-regulated and the protein kinase activity (GO:0004674; 

GO:0004672) was down-regulated in the symbiotic algae cells subjected to heat 

stress. Besides, on day 10, the fatty acid synthase activity (GO:0004315; 

GO:0004312) was up-regulated. Furthermore, on day 30, the cellular components 

of the photosystem (GO:0009523; GO:0009521) were enriched with significant 

down-regulation. 

2.3.4.2 Involvement of stress response genes 

A previous study has examined the differential expression of antioxidant 

genes in algal symbiont cells exposed to environmental stressors (Gierz et al., 

2017). However, in our study, only one transcript encoding manganese SOD 

(MnSOD; TRINITY_DN28563_c0_g1_i3) was annotated and no significant 

differential expression changes were detected. Other SODs like copper/zinc SOD 

(CuZnSOD) and ubiquitin and nickel superoxide dismutase (NiSOD), that have 

been reported with significant gene expression in thermally stressed 

Symbiodianiaceae cells (Gierz et al., 2017), were not even detected in our study. 

Additionally, eight transcripts encoding catalase peroxidase (KatG) were 

annotated, although no significant gene expression was detected under any of the 

exposure conditions. Besides, fifteen transcripts encoding ascorbate peroxidase 

(APX), ten transcripts encoding peroxiredoxin (Prx), twenty-five transcripts 

encoding thioredoxin (Trx), and 54 glutathione S-transferase (GST) transcripts 

were all annotated. However, among these genes, only two APX were 

significantly down-regulated (TRINITY_DN558857_c0_g1_i1, down-regulated at 

all time with FDR < 0.05; TRINITY_DN455965_c0_g1_i1, down-regulated at 

day 10 and day 20 with FDR<0.05; Fig. 2.10A) in the heat-stressed algal cells. In 

addition, peroxiredoxin was detected with significantly decreased expression at 

day 20 (TRINITY_DN4555_c0_g2_i1; 0.63 log2FC, FDR < 0.05) and day 30 

(TRINITY_DN251704_c0_g1_i1; 1.24 log2FC, FDR < 0.05; 

TRINITY_DN4555_c0_g2_i1; 0.59 log2FC, FDR < 0.05; Fig. 2.10A). Besides, 

two transcripts encoding glutathione S-transferase were found expressed 
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significantly but oppositely at day 10 (TRINITY_DN12454_c0_g1_i1; 0.77 

log2FC, FDR < 0.05; TRINITY_DN456815_c0_g1_i1; 0.53 log2FC, FDR < 0.05; 

Fig. 2.10A). Twenty-six transcripts encoding cytochrome P450 (CYP) which 

involves the protection of cells from oxidative stress (Rosic et al., 2010) were 

detected in the transcriptome of symbiotic algae cells exposed to thermal stress. In 

addition, one cytochrome P450 704C1 transcript displayed a significantly 

increased expression on day 10 (TRINITY_DN138351_c0_g1_i1, 1.57 log2FC; 

Fig. 2.10A). These results provided a good explanation as to why oxidoreductase 

was not enriched through GO enrichment analysis. 

Transcripts encoding 213 heat shock proteins (HSPs; Hsp90, Hsp70, Hsp75) 

and chaperone proteins (DNAJ, DNAK, CLP) were annotated. Twelve transcripts 

encoding either Hsp90 or Hsp70 expressed significantly, and only two were 

significantly down-regulated at all time points (TRINITY_DN4077_c0_g1_i1, 

TRINITY_DN1449_c0_g1_i4; Fig. 2.10B) while most of them were only 

significantly expressed on day 10. Meanwhile, none of the transcripts encoding 

chaperone proteins was detected expressed significantly at all time points and 

three of them (TRINITY_DN21074_c0_g2_i1, TRINITY_DN511260_c0_g1_i1, 

and TRINITY_DN457472_c0_g1_i1; Fig. 2.10B) displayed significant up-

regulation on day 10. 

Although there were 35 transcripts encoding DNA repair proteins (RAD5, 

RAD16), none of them was differentially expressed. Likewise, cryptochrome 

DASH (CRYD), cryptochrome 2 (CRY2), and DNA photolyases (PHR) showed 

varied expression throughout the experiment, but no significant regulation was 

identified either. Regulators of cell death were also detected in the heat-stressed 

symbiotic algae cells. Twenty-two transcripts encoding metacaspase isoforms 

(mca1, mca1B, mca2, and mca5), which induced programmed cell death, were 

detected and the only one encoding MCA mca1 isoform displayed significantly 

decreased expression at day 10 (TRINITY_DN25643_c0_g3_i1, 1.13 log2FC; Fig. 

2.10B). Seven transcripts encoding apoptosis-inducing factors (AIFM1 and 

AIFM3) were detected, but no one displayed significant expression. In addition, 

anti-apoptosis proteins related genes were also found without significantly 

differential expression, including one transcript (TRINITY_DN14095_c0_g2_i3) 

encoded apoptosis inhibitor 1 (IAP1) and another two transcripts 

(TRINITY_DN458660_c0_g1_i1, TRINITY_DN176592_c0_g1_i1) encoded 
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bifunctional apoptosis regulator (BFAR) which all have anti-apoptotic activity. 

Transcripts encoding known suppressors of apoptosis, protein lifeguard (LFG1, 

LFG2, LFG4, and LFG5), and Golgi anti-apoptotic protein (GAAP) which 

belongs to the Bax inhibitor 1 (BI1) gene family, were detected in the symbiotic 

algae transcriptome. One transcript (TRINITY_DN2057_c0_g2_i1) encoding 

LFG5 were detected significantly down-regulated on day 10 and another 

(TRINITY_DN423415_c0_g1_i1) encoding LFG2 displayed significant up-

regulation on day 10 (Fig. 2.10B).  

Components of the ubiquitin-proteasome pathway (UPP) were found to 

represented by a large number of transcripts (493), including polyubiquitin, 

ubiquitin-protein ligases (E1, E2, and E3), deubiquitinating enzymes (DeSI1, 

DeSI2), and ubiquitin-like modifier proteins (SUMO, NEDD4, NEDD8). 

However, only twenty-five transcripts displayed significant fold changes during 

the experiment. A transcript (TRINITY_DN11547_c0_g1_i4) encoding ubiquitin 

conjugating enzyme E2 was detected with significantly decreased expression at all 

time points, while another transcript (TRINITY_DN19652_c0_g1_i1) encoding 

E3 ubiquitin-protein ligase was found with increased expression at all time points 

(Fig. 2.10D).  

2.3.4.3 Involvement of growth and metabolism related genes 

Serine/threonine-protein kinases play an important role in various signaling 

pathways and participate in the regulation of cell proliferation, meiosis, and 

apoptosis. Seven hundred and twelve transcripts encoding more than 20 

serine/threonine-protein kinase families were detected in the Symbiodiniaceae 

species transcriptome, but few displayed significant differential expression. One 

transcript (TRINITY_DN562910_c0_g1_i1) encoding calcium-dependent protein 

kinase 16 was significantly down-regulated at day 20 (0.86 log2FC down) and 

another two encoding a calcium-dependent protein kinase 4 

(TRINITY_DN11157_c0_g1_i2) and a calcium-dependent protein kinase 7 

(TRINITY_DN28260_c0_g1_i1) were detected significantly down-regulated at 

day 10 (0.95 log2FC and 2.76 log2FC, respectively; Fig. 2.10B). In addition, one 

transcript (TRINITY_DN34881_c0_g1_i1) encoding cyclin-dependent kinase 

displayed significant decreased regulation at day 20 (0.98 log2FC; Fig. 2.10B). 
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Besides, transcripts encoding structural maintenance of chromosome proteins and 

calpains (CAPNs) were also detected. However, only two transcripts encoding 

CAPN14 (TRINITY_DN402886_c0_g1_i1) and CAPN15 

(TRINITY_DN42262_c0_g1_i1) displayed significant but opposite regulation at 

day 10 (Fig. 2.10B). 

Cellular component biosynthesis was differentially regulated in the thermally 

stressed algal symbiont cells. Transcripts encoding CDP-diacylglycerol-serine O-

phosphatidyltransferase (pss), phosphatidylserine decarboxylase proenzymes 

(psd), and magnesium-chelatase subunits (chlI, chlH) were all determined in the 

transcriptome. A phosphatidylserine decarboxylase proenzyme (psd) transcript 

exhibited significantly decreased expression at day 20 and day 30 and a 

magnesium-chelatase subunit ChlI transcript was detected with significant down-

regulation at day 10 (Fig. 2.10B). 

Some meiosis-specific and meiosis-related genes have been previously 

annotated in Symbiodiniaceae species (Chi et al., 2014; Levin et al., 2016). Fifty-

two transcripts encoding MEI2 and MEI2-like isoforms were detected in the 

Symbiodiniaceae species transcriptome while nine of them displayed significantly 

decreased expression at different stages of the experiment with the largest down-

regulated log2FC of 2.53 (TRINITY_DN324457_c0_g1_i1; Fig. 2.10B). Besides, 

twelve meiosis-specific transcripts representing five genes (four meiosis-specific 

nuclear structural protein 1(Mns1), three meiotic recombination proteins (DMC1), 

one homologous-pairing protein 2 homolog (Hop2), one meiotic nuclear division 

protein (Mnd), and three muts protein homologs (Msh)) were annotated with 

differential expression in the cells under thermal stress. Besides, twenty radial 

spoke head homologs (Rsph1) were also detected, implicating their involvement 

in axonemal central pair functioning in dynein activity for flagella and cilia 

movement (Gierz et al. 2017). 

Fatty acid desaturation and fatty acid β-oxidation enzyme transcripts were 

detected in the transcriptome. Nine transcripts encoding fatty acid desaturase were 

detected and one (TRINITY_DN9458_c0_g1_i2) encoding delta-5 desaturase 

(fad5) displaying significantly decreased expression over the course of the 

experiment with 0.70 log2FC at day 10, 1.04 log2FC at day 20, and 1.04 log2FC at 

day 30, respectively. Furthermore, three transcripts were annotated as palmitoyl-

monogalactosyldiacylglycerol delta-7 desaturases (fad7), with one displaying 
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significantly decreased expression at day 10 (1.09 log2FC; Fig. 2.10C). Besides, 

four transcripts encoding enoyl-CoA delta isomerases (ECI1, ECI2) were also 

annotated within the transcriptome, although none of them exhibited significantly. 

There were 16 transcripts encoding acyl-CoA dehydrogenase (ACADs) which 

involved in the β-oxidation of fatty acids detected, although no significant 

expression was detected. Six transcripts encoding 3-hydroxyacyl-CoA 

dehydrogenase (HCDH) were determined in the thermally stressed cells; among 

them, only one displayed significantly increased expression at day 10 (0.64 

log2FC; Fig. 2.10C). Four β-ketothiolases (FADA) transcripts were detected 

which function on the final cleavage step of the β-oxidation pathway. Furthermore, 

eight peroxisome membrane proteins (PMP34) transcripts, four peroxisomal 

adenine nucleotide carrier 1 (PNC1), and three ATP-binding cassette sub-family 

D members were all found in the transcriptomes of the thermally stressed cells, 

although none of them exhibited significant differential expression. 

Enzymes involved in the glyoxylate cycle and gluconeogenic pathway were 

detected in the transcriptome of the Symbiodinium cells. Thirty-one transcripts 

encoding citrate synthase (CS), aconitase (acnB), isocitrate lyase (aceA), and 

malate dehydrogenase (MDH2) were determined with differential expression (Fig. 

2.10C). One transcript (TRINITY_DN373517_c0_g1_i1) encoding aconitase 

(acnB) was detected with significant expression at day 20. Besides, two 

transcripts encoding isocitrate lyase (aceA) displayed significantly decreased 

expression, one at all time points (TRINITY_DN3525_c0_g2_i1, 0.81 log2FC, 

0.53 log2FC, and 0.65 log2FC, respectively) whereas the other only on day 10 and 

day 30 (TRINITY_DN3525_c0_g1_i1, 0.56 down and 0.53 down). Five succinate 

dehydrogenase flavoprotein subunits transcripts were also detected while only one 

of them displayed significantly decreased expression at day10 

(TRINITY_DN1599_c0_g2_i1, 0.64 log2FC down).  

2.3.4.4 Photosynthesis related gene responses 

Three transcripts encoding PS II CP47 reaction center protein, CP43 reaction 

center protein, and PS II D2 protein (encoded on plastid mini-circles by psbB, 

psbC, and psbD, respectively) were detected with significant down-regulation at 

day 10 (TRINITY_DN50751_c0_g1_i1, 3.02 log2FC; 
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TRINITY_DN464076_c0_g1_i1, 2.94 log2FC; TRINITY_DN17779_c0_g1_i1, 

3.07 log2FC, respectively; Fig. 2.10E). Meanwhile, another three transcripts 

(TRINITY_DN19363_c0_g1_i1, TRINITY_DN502_c1_g3_i2, 

TRINITY_DN1131_c0_g1_i1) encoding PS II reaction center subunit VI (psbF) 

displayed significantly decreased expression at both day 20 and day 30 or only at 

day 30. Besides, genes encoding other polypeptide subunits of PS II (psbA, psbL, 

psbU, psbV, and psbP) were also annotated but without significant fold changes. 

Eleven transcripts encoding polypeptide subunits of PS I (psaB, psaC, psaD, psaL, 

PSAE, PSAEA, PSAF, and PSAT) were detected in the transcriptome, though no 

significant fold changes were detected. One gene 

(TRINITY_DN115011_c0_g1_i1) encoding PS I P700 chlorophyll a apoprotein 

A1 (psaB) displayed significant down-regulation (2.83-log2FC) at day 10 and 

another gene (TRINITY_DN7501_c0_g1_i1) encoding PS I reaction center 

subunit XI (psaL) was detected slightly up-regulated (0.30 log2FC) at day 20 (Fig. 

2.10E). Transcripts encoding ferredoxin (petF), Ferredoxin-NADP reductase 

(petH), 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (ISPG), and 

ferredoxin-dependent glutamate synthase (FdGOGAT) were detected. One 

transcript (TRINITY_DN20124_c0_g1_i1) encoding ferredoxin displayed 

significant down-regulation at both day 20 and day 30 (0.46 and 0.29 down 

log2FC, respectively), while the other one (TRINITY_DN67518_c0_g1_i2) 

encoding ferredoxin-dependent glutamate synthase was detected down-regulated 

at day 10 (0.83 log2FC; Fig. 2.10E). 

A total of 36 transcripts encoding the rate-limiting Calvin cycle enzyme 

ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCo) were detected in the 

transcriptome. RuBisCo is an enzyme involved in the first major step of carbon 

fixation. Nine RuBisCo isoforms displayed significantly decreased expression at 

day 10 with the largest fold-change of 1.15. Among these isoforms, two were also 

detected to be significantly down-regulated at Day 20 

(TRINITY_DN1710_c1_g1_i4) and day 30 (TRINITY_DN13998_c0_g2_i1), 

respectively (Fig. 2.10E).  

Non-photochemical quenching (NPQ) is one of the photoprotective 

mechanisms against photoinhibition. The xanthophyll cycle contains the removal 

of epoxy groups from xanthophylls (e.g. violaxanthin, antheraxanthin, 

diadinoxanthin) to created de-epoxidized xanthophylls (e.g. diatoxanthin, 
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zeaxanthin) by enzymes. Transcripts encoding enzymes involved in the 

xanthophyll cycle were detected in the transcriptome. Fifteen transcripts were 

encoding the violaxanthin de-epoxidase (vde) and zeaxanthin epoxidase (zep) 

were identified, although none of them expressed significantly during the 

experiment. 

Transcripts encoding light-harvesting chlorophyll (LHC) proteins were 

detected in the algal symbiont transcriptome. LHC proteins play an important role 

in light-absorbing and suppression of damaging photochemical reactions. 

Eighteen transcripts encoding peridinin-chlorophyll a-binding protein (PCP) were 

detected and two of them (TRINITY_DN2893_c0_g1_i10, 

TRINITY_DN27068_c0_g1_i1; Fig. 2.10E) displayed significantly down-

regulation at day 20 and day 30 (FDR < 0.05). Besides, 71 transcripts encoding 

the Symbiodiniacaea specific intrinsic membrane-bound LHC isoforms (apcPC) 

were found, including caroteno-chlorophyll a-c binding protein (ccac), 

fucoxanthin-chlorophyll a-c binding (fcp), and light-harvesting complex stress-

related protein 1 (LHCSR1). Only one transcript encoding fcp showed 

significantly down-regulation at all time points (TRINITY_DN15502_c0_g1_i2; 

1.14 down at day 10, 1.74 down at day 20, 1.67 down at day 30; Fig. 2.10E).  
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2.4 Discussion 

2.4.1 Physiological responses 

As the pace of global warming accelerates and abnormal climate conditions 

happen more frequently, the elevated temperature has become an increasingly 

significant cause of coral bleaching. It is predicted that the global sea surface 

temperature will rise between 1.1 to 6.4°C in the future (Solomon et al., 2007). It 

is therefore imperative to determine the thresholds of thermal tolerance and the 

underlying mechanisms of such stress responses in different species of corals. In 

this study, we exposed D. rotumana to thermal stress (32°C) for 30 days to reveal 

the physiological responses and gene expression patterns of both the coral host 

and algal symbiont, giving a better understanding of how massive corals 

(commonly known to be more resistant to heat stress) may be influenced in the 

future. 

In this study, corals exposed to 32˚C suffered a decrease in various 

physiological variables, especially in the middle stage of the experiment. The 

FV/FM value experienced a period of decrease during the ramping stage but was 

relatively stable when being exposed to the heat stress (Fig. 2.1). It has been 

found that when exposed to elevated temperature over a period of 2 to 3 d, the 

photosynthetic capacity of zooxanthellae in hospite will decrease in reef corals 

from genus Monstastrea, Agaricia and Siderastrea (Warner et al., 1996).  Also, it 

has been reported that in Symbiodiniaceae Clade C strain, growth declined 

markedly at elevated temperature (33 °C), but FV/FM decreased only slightly 

(Karim et al., 2015). Combining with the transcriptomic data, when exposed to 

32˚C, the photosynthesis related genes were also influenced, which may result in 

the decrease of photosynthetic efficiency. However, after the ramping stage, the 

value became relative stable and did not decrease any more. It can be 

hypothesized that the regulation of the coral host cells provided a relatively stable 

condition to symbiotic algae cells. Symbiotic algal density and chlorophyll a 

concentration showed a similar variation curve with decline and recovery (Fig. 

2.2). As coral bleaching has been considered a host immune response to a 

vulnerable symbiont leading to loss of symbionts and consequently, coral 

decoloration (Weis, 2008), the decrease of symbiotic algae density at day 10 and 
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day 20 may be explained as the self-regulation strategy of the coral host. Also, at 

these time points, the regulation was reflected in the transcriptomic level. And 

after that, the physiological functions of both coral host and algal symbionts 

recovered. 

2.4.2 Thermal stress responses of the coral host 

A total of 30,404 transcripts were recorded and annotated as belonging to the 

scleractinian coral D. rotumana with a completeness of 84.5%, and 3,415 DEGs 

(FDR < 0.05) were found through all time periods. This number of total 

transcripts is similar to the previously published D. rotumana transcriptome data 

(Zhang et al., 2019). The DEGs number between control and treatment decreased 

over time with 1,963 at day 10, 1,510 at day 20, and 542 at day 30. Interestingly, 

most overlapping DEGs from the comparison between day 10 to day 30 and day 

20 to day 30 responded to the heat stress in an identical manner (95.16% and 

98.21%, respectively). However, in the overlapping list from the comparison 

between day 10 and day 20, only 68.97% DEGs responded to the heat stress in an 

identical way. This may indicate that the gene expression pattern at day 10 was 

quite distinct from the later stages. As no obvious bleaching phenomenon was 

observed during the experiment, the gene expression profiles could be explained 

as that the coral host could eliminate the influence of thermal stress after the acute 

regulation (10 d). 

2.4.2.1 Coral antioxidation network 

Typically, the maintenance of the cellular redox balance is provided by an 

antioxidation network of enzymes (e.g. superoxide dismutase (SOD), catalase, 

peroxidases) and non-enzymatic antioxidants (e.g. glutathione, Trx, Prx, and 

carotenoids) (Császár et al., 2009; Gierz et al., 2017). Here in this study, numbers 

of transcripts encoding the above enzymes and non-enzymatic antioxidants were 

detected with mixed expression patterns. Several antioxidative components 

displayed significant down-regulation during the experiment, which is opposite to 

the common understanding of their putative roles. Some protein-level studies have 

revealed that corals have the ability to elevate the cellular level of HSPs and 

SODs promptly in response to oxidative stress (Downs et al., 2000, 2002; Brown 
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et al., 2002). Therefore, corals may regulate the expression of antioxidative genes 

at the transcriptional level rapidly after thermally stressed. Besides, within this 

transcriptome, 256 transcripts encoding cytochrome P450 (CYP) were found and 

four of them were significantly up-regulated at different time points (Fig. 2.7A). 

The CYP hemoproteins were reported to be involved in cell detoxification and 

protection from oxidative stress (Goldstone, 2008). Compared with the expression 

of other antioxidant components, increased expression of CYP enzymes may 

suggest that it plays an important role in the long-term antioxidative process. 

Heat shock proteins (HSP) are a family of proteins produced by cells in 

response to stressful conditions. Heat shock genes have been discovered and 

studied for a long time in coral and Symbiodiniaceae transcriptomic responses to 

thermal stress and are the most frequently mentioned biomarkers (Rodriguez-

Lanetty et al., 2009; Kenkel et al., 2011; Leggat et al., 2011; Meyer et al., 2011; 

Rosic et al., 2011; Gierz et al., 2017; review by Louis et al., 2017). Production of 

HSPs can be rendered by kinds of stressors including heat stress and they are 

involved in biological processes such as protein folding and unfolding, sorting 

transport, assembly of complexes (review by Louis et al., 2017), and even 

protection of cells from apoptosis (Li & Srivastava, 2004). In this study, Hsp70 

and four Hsp16 were detected in the transcriptome of the thermally stressed coral 

cells. In previous studies, Hsp70 has been reported with up-regulation during 

laboratory-induced heat stress experiments (Louis et al., 2017). Besides, in the 

comparison between the near-coast and reef coral populations in the coral 

bleaching event of 2016 in Mauritius, Hsp70 was found involved in conferring 

bleaching tolerance to A. muricata colonies (Louis et al., 2020). Hsp70 was found 

to have higher gene expression levels in more heat-tolerant coral populations or 

populations from more thermally extreme habitats (Barshis et al., 2013). Though 

only a few Hsp70 transcripts displayed significant differential expression 

throughout the experiment, the trend of their expression was up-regulation at day 

10 and day 20 and down-regulation at day 30. As Hsp70 plays an important role 

in the cell’s machinery for protein folding and protection of cells from stress, its 

up-regulation may help the coral keep resistant from bleaching, and its expression 

decreased later after an acute regulation. Further, Hsp16 was also found in the 

transcriptome with consistent up-regulation, although not significant. Hsp16 is 

known to be one of the most responsive genes to heat stress in corals (Louis et al., 
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2017), and it could change with hundreds of folds in corals subjected to irradiance 

and thermal conditions (Kenkel et al., 2011). The present study has shown that 

Hsp16 is a good gene expression biomarker of thermal exposure. 

2.4.2.2 Metabolism regulation 

Gluconeogenesis, the metabolic process in organisms to produce sugars (e.g. 

glucose) from non-carbohydrate precursors, has been found to be enhanced in 

coral hosts during bleaching, which may make up for the loss of symbiont-derived 

nutritional products (Kenkel et al., 2013). In this study, a transcript encoding 

pyruvate carboxylase (PC) was detected with up-regulation, but not significant. 

PC is an enzyme that catalyzes the carboxylation of pyruvate to form oxaloacetate 

during gluconeogenesis. However, no phosphoenolpyruvate carboxykinase 

(PEPCK; which catalyzes the step before PC’s catalysis and involvement in 

gluconeogenesis) transcripts were found. Considering the slight changes in 

symbiotic algae cell density and photosynthetic rates during the experiment, it can 

be explained that although symbiont cell density decreased, the products from 

symbiont were not too insufficient to trigger the coral host to convert its internal 

storage to carbohydrate. Further, no transcripts encoding isocitrate lyase and 

malate synthase which are involved in the glyoxylate cycle were detected in the 

transcriptome. Furthermore, transcripts encoding members of the acyl-CoA 

dehydrogenase family, one of the key enzymes of β-oxidation, displayed mixed 

regulation during the experiment. As it has been previously proposed that the up-

regulation of lipid β-oxidation and regulation of glyoxylate cycle confer a 

mechanism of nutritional stress mitigation in coral larvae (Polato et al., 2013), our 

data, therefore, might indicate that the symbiont-derived products were still 

sufficient to the coral host exposed to thermal stress. 

2.4.2.3 Tissue integrity and immune responses 

Matrix metalloproteases (MMPs), a family of enzymes that can work 

collectively to degrade all kinds of extracellular matrix (ECM) proteins (Császár 

et al., 2009). The zinc metalloprotease was reported to be up-regulated in A. 

millepora during exposure to 32°C for 9 days, therefore rendered dysfunction of 

coral cell-adhesion proteins during bleaching (Gates et al., 1992) via remodeling 
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of the ECM (Császár et al., 2009). In this study, twenty-eight transcripts encoding 

zinc metalloproteases (nas) were detected in the thermally stressed coral host. 

Several of them exhibited significant down-regulation at day 10 with the largest 

change of 4.44-fold and general up-regulation in the later stages (Fig. 2.6A). 

These data may indicate that, in thermally stressed D. rotumana coral, the 

expression of zinc metalloproteases was suppressed to prevent degradation of 

ECM proteins and keep the adhesion of cells. 

Complement component 3 (C3) is a protein that plays a central role in the 

complement system and is a key member of innate immunity. In Porites, it was 

significantly down-regulated by 6-fold following heat-light stress (Kenkel et al., 

2011). In this study, C3 genes were detected with up to ~34-fold down-regulation 

at day 10 and ~2.20-fold up-regulation at day20 (Fig. 2.7A). C-type lectins can 

activate pathogen elimination reactions through phagocytosis in invertebrates, 

serving as a pattern recognition receptor (Fujita, 2002). It has been hypothesized 

that C-type lectin could recognize a large variety of pathogens (Kvennefors et al., 

2008). The C-type mannose-binding lectin gene (CLEC), which also contributes 

to the innate immune system, was up-regulated during the experiment in this 

study (Fig. 2.7A). As a C-type mannose-binding lectin gene was down-regulated 

by 3-fold in A. millepora after 10 h thermal stress exposure, it was hypothesized 

that high-temperature might damage the host's innate immune system (Rodriguez-

Lanetty et al., 2009). Further, in invertebrates, the down-regulation of immunity in 

response to thermal stress was considered as a trade-off due to the re-allocation of 

resources to protect themselves from stressors (Rolff & Siva-Jothy, 2003). 

Therefore, the up-regulation of C3 and C-type mannose-binding lectin genes in 

the D. rotumana transcriptome may indicate its resistance of the innate immune 

system to heat stress, as well as its sufficient energy resource. Besides, the 

consistent up-regulation of C-type lectins may suggest that under the thermal 

stress, the coral's immune defense machinery was active to protect itself from 

exotic pathogens. 

2.4.2.4 Mechanisms to prevent exocytosis of symbiont 

It has been reported that the temperature-stressed cnidarians would 

experience rearrangement of the actin cytoskeleton and reconstruction of 
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extracellular matrix (ECM) (review by Cziesielski et al., 2019). Twenty-six 

transcripts of actin were in the transcriptome of the thermally stressed coral cells 

in this study. Although only two transcripts displayed significant up-regulation at 

day 10 (Fig. 2.7A), there was an up-regulation tendency over the detected 

transcripts. Moreover, transcripts encoding actin-related protein 2/3 complex 

subunits (ARPC) was also found with a tendency towards elevated expression at 

all time points. This result may indicate that the rearrangement of the actin 

cytoskeleton was underway when the coral was exposed to heat stress, and these 

patterns a direct response of these genes to heat stress. Collagen, serving as the 

fundamental component of the extracellular matrix, demonstrated similar 

regulation with actin with up-regulation throughout the experiment. These two 

genes were found to be up-regulated in the inshore P. astreoides colonies with 

higher tolerance to heat when compared with offshore colonies of the same 

species (Kenkel et al., 2013). Thus, the trends of up-regulation of these two 

structural genes may suggest that they may enhance the cytoskeletal anchoring of 

the symbionts and enhance the junction among coral gastrodermal cells to prevent 

exocytosis of the symbiont.  

Exocyst complex components are proteins essential for targeting exocytic 

vesicles to specific docking sites on the plasma membrane (Terbush et al., 1996). 

The exocyst complex component 4 (EXOC4) has been found with a tendency of 

up-regulation in pale P. astreoides corals and has been proposed that it is 

connected to the process of symbiont expulsion (Kenkel et al., 2013). Here in this 

study, nine transcripts encoding exocyst complex components (EXOC1 to 

EXOC8) were detected and there was a trend of down-regulation, though not 

statistically significant. It was quite consistent with the observation in this 

experiment that D. rotumana was tolerant to thermal stress and the endosymbiotic 

zooxanthellae density did not reduce a lot. Therefore, the downregulation of 

exocyst complex components may be a strategy for D. rotumana to keep 

endosymbiotic algae cells, coinciding with the upregulation of actin genes and 

collagen genes mentioned previously. 

Combined with the symbiotic algae density data, although the number 

decreased at the first twenty days, it did not drop off to zero and regained at the 

end. And no apparent discoloration was observed during the experiment. The 

reason why symbiont density maintained at a moderate level may be related to the 
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gene regulation strategies mentioned above. 

Color of reef corals comes from the the presence of light-harvesting and 

photosynthetic pigments in chloroplasts within the zooxanthellae cells (Weis, 

2008). In this study, no apparent discoloration was observed during the 

experiment and the color of corals between control and thermally stressed group 

had no significant difference (Table 2.4, Fig. 2.3). This can be explained by the 

symbiotic algae density changes during the experiment, which decreased a little 

(28% at day 20) but always maintained at a high level in number.  

 

2.4.3 Thermal stress response of the algal symbiont 

Analysis of the symbiotic zooxanthellae Cladocopium sp. transcriptome 

between the treatments revealed 1,018 DEGs (FDR < 0.05), accounting for only 

3.8% of the whole transcriptome. Most DEGs displayed a fold-change less than 

four in expression. For example, in the overlapping list of DEGs among the three-

time points, only three out of 85 exhibited more than 4-fold differential expression. 

This is similar to previous studies of Symbiodiniaceae species where the gene 

expression fold changes were also quite small when compared with the expression 

of host genes (Leggat et al., 2011; Rosic et al., 2011; McGinley et al., 2012; 

Ogawa et al., 2013; Gierz et al., 2017). This may be because of the critical 

translational or post-translational regulation in Symbiodiniaceae cellular 

responses (Gierz et al., 2017). Nevertheless, the large number of 404 DEGs 

responding exclusively in the Control_D10 vs. T32_D10 comparison indicated 

that the gene expression pattern in the intracellular symbiont cells exposed to 

thermal stress may alter over time.  

2.4.3.1 Zooxanthellae antioxidant network 

Thermal stress can lead to increased reactive oxygen species (ROS) 

production, damaging reactions of the symbiotic algal cell’s photosynthesis 

(Alscher et al., 1997; Lesser, 2006; Sandeman, 2006). ROS can cause damage to 

DNA, proteins, and enzymes involved in photosystem II (PS II) and its repair 

mechanism and thylakoid membranes, causing dysfunction of photosynthesis 

(Lesser, 1996, 1997, 2006; Weis, 2008; Roth, 2014). Same with coral host, the 
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antioxidant network of symbiont algae also includes the enzymes like superoxide 

dismutases (SODs), catalase-peroxidases (KatG), and non-enzymatic antioxidants 

like glutathione, thioredoxin (Trx), peroxiredoxin (Prx), and carotenoids (Lesser, 

2006; Bayer et al., 2012; Krueger et al., 2014; Gierz et al., 2017). Within the 

thermally stressed algal symbiont cell transcriptome, MnSOD, KatG, APX, Trx, 

and Prx were all detected with a substantial number of transcripts. However, few 

of them displayed differential expression, and almost all significantly 

differentially expressed antioxidant components exhibited down-regulation 

throughout the experiment (Fig. 2.11A). Compared to previous studies of 

transcriptional changes of cultured Symbiodiniaceae species exposed to 31°C 

(Gierz et al., 2017), the regulation of antioxidant-related genes was quite 

insignificant. This implicated that the intracellular symbiont cells may be less 

affected than the cultured symbiont cells. As proposed by Wietheger et al. 2018, 

the stress response of the various Symbiodiniaceae phylotypes differed from 

thermal and oxidative stress. Within this transcriptome, 26 transcripts encoding 

cytochrome P450 (CYP) were detected, and one of them was significantly up-

regulated at day10 (Fig. 2.9A). The CYP hemoproteins are involved in cell 

detoxification and protection from oxidative stress (Goldstone, 2008). Differential 

expression of the components of the antioxidative network may indicate that 

protection of cells from oxidative stress occurs at the early stage of the thermal 

stress experiment, or that the intracellular symbiont algae cells were less affected 

by the thermal stress because of the protection conferred by the host. Further 

studies are necessary to determine the ROS production in the symbiont cells. 

2.4.3.2 Cell cycle in thermally stressed symbiont cells 

Synthesis of fatty acids and phospholipids is a pre-condition for the 

proceeding of the cell cycle of the symbiont cells and this progression can be 

inhibited when the process is suppressed (free fatty acid (FFA) and 

phosphatidylethanolamine (PE) content decrease) (Wang et al., 2013). Within the 

thermally stressed cells’ transcriptome, components of the CDP-ethanolamine 

pathway (which produces the phospholipid phosphatidylethanolamine (PE)) were 

differentially expressed: the expression of a transcript 

(TRINITY_DN510178_c0_g1_i1) encoding the phosphatidylserine decarboxylase 
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was significantly decreased on Day 20 (0.79-log2FC) and Day 30 (0.86-log2FC 

down; Fig. 2.9B). Another component involved in the CDP-ethanolamine 

pathway, CDP-diacylglycerol-serine O-phosphatidyltransferase 

(TRINITY_DN408988_c0_g1_i1), though showed no significant changes during 

the thermal stress exposure, displayed a trend of down-regulation at the early 

stage and up-regulation at the late stage. Because PEs are essential to construct 

cell membranes and play an important role in membrane fusion and cell division, 

in the thermally stressed symbiont algae cells, decreased expression of enzymes 

involved in the PE synthetic pathway may influence the cell cycle due to 

insufficient PE content. This is consistent with the CDP-ethanolamine pathway 

gene expression changes in cultured Symbiodiniaceae cells exposed to thermal 

stress (Gierz et al., 2017). 

Though transcripts encoding various components implicated in mitosis were 

annotated, they seldom showed significant differential expression. Among these 

transcripts, two encoding calpain-14 (4.35-fold down) and calpain-15 (1.53-fold 

up) displayed significant but opposite regulation at day 10 (Fig. 2.11B). These 

two calpains, both having a high affinity to plant phytocalpains, are involved in 

the regulation of cell proliferation and differentiation during plant organogenesis, 

partly through the CycD/Rb pathway (Ahn et al., 2004). Calpain-D and calpain-15 

isoform X2 have been reported with differential expression in symbiotic 

zooxanthellae, potentially involving cell cycle arrest (Chen et al., 2020). Another 

significantly differentially expressed gene is the cyclin-dependent kinase 3 

(CDK3) at day 20 (Fig. 2.9B), which is a cell cycle regulator. Moreover, a Muts 

protein homolog5 was found significantly up-regulated at day 10 (1.04-log2FC up) 

with up-regulation on day 20 and a down-regulation on day 30 (Fig. 2.9B). This 

protein is involved in DNA mismatch repair (Chen et al., 2020). Linking with the 

physiological responses mentioned before, the expression of these proteins may 

indicate that the mitosis activity of the symbiont cells under thermal stress was 

not as active as in the control, and these cells were under stress at the early stage 

of the experiment, including the arrest of cell cycle and DNA mismatch. 

Nine transcripts encoding meiosis protein mei2 or protein MEI2-like were 

identified in this study (Fig. 2.11B). These genes are known to participate in the 

positive regulation of meiotic nuclear division, and they have been reported to be 

potential RNA-binding proteins important to meiosis commitment, and involved 
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in chromatin organization and remodeling (Anderson & Hanson, 2005; Kaur et al., 

2006). Recently, mei2 and MEI2-like proteins have been identified in 

Symbiodiniaceae clade A1, B, C3, and F (Voolstra et al., 2009; Parkinson et al., 

2016; Gierz et al., 2017; Chen et al., 2020). Besides, two transcripts encoding 

meiotic recombination protein DMC1-like and one encoding meiotic 

recombination protein SPO11-2 were also identified (Fig. 2.11B). DMC1 and 

SPO11 are meiosis-specific proteins (Chi et al., 2014), having been discovered in 

the genomes of S. microadriaticum (Clade A), S. minutum (Clade B), S. goreaui 

(Clade C), and S. kawagutii (Clade F) (Liu et al., 2018). DMC1 plays a central 

role in homologous recombination in meiosis but here the two transcripts 

displayed significant but opposite regulation in the thermally stressed symbiont 

cells. SPO11 is a type II topoisomerase that starts meiotic recombination by 

creating DNA double-strand breaks (Keeney et al., 1997), and it showed 

significantly increased expression with a fold-change of ~5 in this study. The 

function of these RNA binding proteins is still unclear in the thermally stressed 

Symbiodiniaceae cells (Gierz et al., 2017), even though the number of 

differentially expressed transcripts was quite large in the transcriptome. Moreover, 

there was a recovery seen from the physiological variables, but this was not 

coupled with changes in the transcript. 

The stress-reduced molecular response can differ with the type and degree of 

the stress, which minimizes and repairs damage and re-establishes the cellular 

homeostasis by different pathways (Gierz et al., 2017). Here in this study, DEGs 

of the thermally stressed symbiont cells encoding DNA repair proteins, UPP 

components, molecular chaperones (HSPs and DnaJ), serine/threonine-protein 

kinases (calcium-dependent protein kinase), pro-apoptosis (metacaspase), and 

anti-apoptosis (protein lifeguards) were all detected with differential different 

levels of expression. Nevertheless, their changing tendencies were quite mixed, 

indicating a need to further explore their functions in thermally stressed 

Symbiodiniaceae cells. 

2.4.3.3 Fatty acid desaturation and metabolism 

Lipid content and fatty acid profiles of Symbiodiniaceae species have been 

shown to vary in response to thermal stress (McGinley et al., 2012; Hillyer et al., 
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2016, 2017). Analysis of polyunsaturated fatty acids (PUFAs) showed that 

thermal stress rendered modifications of lipogenesis/lysis, membrane structure, 

and nitrogen assimilation in the in hospite Symbiodiniaceae species (Hillyer et al., 

2016). In addition, free fatty acids have been shown to accumulated as a result of 

the increases in the catabolism of lipid stores (Hillyer et al., 2017). By isolating 

thylakoid membranes, it has been reported that fatty acid composition varied 

between dinoflagellate species, and desaturation and isomerization had marked 

effects on the melting point of membranes, increasing the fluidity of membrane 

observed in heat-stressed S. microadriaticum A1 (Díaz-Almeyda et al., 2011). 

Besides, reductions in desaturation ratio and fatty acid-to-sterol ratio in cells of 

Symbiodinium sp. type C1 (now classified as Cladocopium sp.) and subtype D1 

have been reported (Kneeland et al., 2013). Delta-5 desaturase and palmitoyl-

monogalactosyldiacylglycerol delta-7 desaturase are two desaturases in the PUFA 

biosynthesis pathway. The orthologs of palmitoyl-monogalactosyldiacylglycerol 

delta-7 desaturase have been detected in clade C and D type Symbiodiniaceae, 

with significantly elevated dN/dS along the clade D Symbiodiniaceae (Ladner et al., 

2012). Furthermore, increased delta-5 activity and decreased delta-7 activity were 

detected in thermally stressed cells of Symbiodiniaceae clade F (Gierz et al., 

2017). In this study, a delta-5 desaturase B displayed significantly decreased 

expression throughout the experiment and a delta-7 desaturase also displayed 

significant down-regulation at day 10 (Fig. 2.9C). Meanwhile, the enoyl-CoA 

delta isomerases were also found in the transcriptome. Due to a lack of data on the 

quantity and composition of lipids in the thylakoid membranes, it is not possible 

to determine if the desaturase and isomerase activities were specific to membrane 

lipids or catabolism of lipid stores (Gierz et al., 2017).  

Four enzymes (acyl-CoA dehydrogenase, 3-hydroxyacyl-CoA 

dehydrogenase, enoyl-CoA hydratase, and β-ketothiolase) involved in the β-

oxidation pathway of fatty acids have been detected, with a 3-hydroxyacyl-CoA 

dehydrogenase showed significant up-regulation on day 10 and a β-ketothiolase 

displayed significant down-regulation on day 30 (Fig. 2.9C). Although some 

enzymes were annotated to be targeted to mitochondria, it has been reported that 

the β-oxidation only happens in peroxisomes in plant cells (Poirier et al., 2006). 

Besides, the peroxisomal β-oxidation pathway in plants is related to the 

catabolism of lipids from membranes to supply acetyl-CoA to the glyoxylate 
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cycle (Cornah & Smith, 2002). It has been reported that an up-regulation of the β-

oxidation enzymes may contribute to the modification of lipid content in the 

membrane by removing free fatty acids in thermally stressed cells of the use of 

lipid stores (Gierz et al., 2017). However, the number of DEGs detected in this 

study is much smaller than the previous study, therefore it is hard to link the 

change in the expression of these enzymes to the application hypothesized above. 

Enzymes (citrate synthase, aconitate hydratase, and isocitrate lyase) involved 

in the glyoxylate cycle were also detected among the DEGs. The glyoxylate cycle 

is a variation of the tricarboxylic acid cycle and occurs in plants, bacteria, protists, 

and fungi, producing substrates for gluconeogenesis by acetyl-CoA generated by 

β-oxidation (Cornah & Smith, 2002). Both in coral genomes and transcriptomes 

(Meyer et al., 2009; DeSalvo et al., 2010; Kenkel et al., 2013; Shinzato et al., 

2014; review by Gierz et al., 2017) and Symbiodiniaceae species (Lin et al., 2015; 

Gierz et al., 2017), glyoxylate cycle enzymes have been detected. Besides, 

phosphoenolpyruvate carboxykinase (PEPCK) which is involved in 

gluconeogenesis, was not detected in the in-hospite symbiont cells. However, in 

thermally stressed cultured Symbiodiniaceae clade F cells, PEPCKs were detected 

with significant down-regulation at day 4 but significantly up-regulated at day 28 

(Gierz et al., 2017). This might indicate that, although photosynthesis was 

influenced in the early stage of the thermal stress experiment, the β-oxidation 

pathway, glyoxylate cycle, and gluconeogenesis were not adequately conducted in 

the in-hospite symbiont cells in this study. 

2.4.3.4 Photosynthesis 

With the development of sequencing technology, the study of photosynthetic 

machinery has advanced through sequencing of the Symbiodiniaceae chloroplast 

genes to nuclear transcriptomes and genomes (Shoguchi et al., 2013; Barbrook et 

al., 2014; Mungpakdee et al., 2014; review by Gierz et al., 2017). PS II is a 

multisubunit protein-pigment complex that contains proteins such as PS II core 

proteins D1 protein (psbA), D2 protein (psbD), CP43 protein (psbC), CP47 

protein (psbB), and so on (Raymond & Blankenship, 2004). In this study, 

transcripts encoding psbB, psbC, and psbD showed significant down-regulation at 

day 10 (Fig. 2.9E) and a trend of up-regulation in the later stages of the 
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experiment, though not significant. Meanwhile, the photosynthetic efficiency 

(FV/FM) only showed a slight decrease during the first 10 days and became 

relatively stable until the end of the experiment. However, another three 

transcripts encoding cytochrome b559 subunit beta (psbF) displayed decreased 

expression at all time points, though not significant at day 10 (Fig. 2.11E). PsbF 

homologs have been found to participate in a secondary electron transport 

pathway which helps protect PS II from photo-damage and are essential for PS II 

assembly (Burda et al., 2003). Transcripts encoding other subunits of PS II, PS I, 

the cytochrome b6f complex, cytochrome c6, ferredoxin (petF), ferredoxin-NADP 

reductase (Glu2) were also detected in the thermally stressed symbiotic algae cells. 

Few of them displayed significant differential expression and the gene expression 

pattern of transcripts encoding the same substance was quite mixed. 

Photosystem I P700 chlorophyll a is the reaction center pigment that can 

convert light energy into chemical energy. It has been reported that the assembly 

of PS I in Chlamydomonas reinhardtii was dominant by psaA, psaB, and psaC, 

working in concert with other subunits and the photosynthetic ATP synthesis 

depends on the generation of a proton gradient, either by linear electron flow from 

PS II to PS I through the cytochrome b6f complex, or cyclic electron flow (CEF) 

through PS I and the cytochrome b6f complex (Rochaix, 2011; review by Gierz et 

al., 2017). Similar to the change of subunits involved in PS II, psaA and psaB 

showed a trend of down-regulation on day 10 and up-regulation on day 20 and 

day 30, although significant differential expression was detected only at day 10 in 

psaA (Fig. 2.9E). As the chlorophyll a concentration measured during the 

experiment showed a decline at day 20, there may exist a delay in the change in 

the concentration of this pigment in symbiont cells after transcription-level 

changes. This may indicate that the assembly of PS I complex at the early stage of 

the experiment was impaired, and therefore the photoprotection via CEF and the 

synthesis of ATP and reduction of NADP were all disrupted (Gierz et al., 2017). 

The influence of thermal stress to symbiotic algae mainly focused on the 

photosynthesis. As time went by, the expression of these genes turned from down-

regulation on day 10 to up-regulation on day 20 and day 30. This was consistent 

with the photosynthetic efficiency measured by PAM. And this may indicate that 

under thermal stress, the regulation of coral host cells could provide a relative 

stable environment to algal symbiont cells.  
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Table 2.1 Comparison of the linear regression equation and coefficients for 

photosynthetic efficiency (FV/FM) for coral nubbins under control (25°C) and 

high-temperature (32°C) treatments. 

 

Temperature Phase Equation 

Control (25°C) all phases FV/FM=0.63-0.0002x|R=0.1495 

Heated (32°C) Day 1 to Day 11 FV/FM=0.62-0.0027x|R=0.9293 

Heated (32°C) Day 12 to Day 30 FV/FM=0.59+0.0003x|R=0.1406 
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Table 2.2 Symbiotic algae density (cells/cm2) of D. rotumana under control 

(25°C) and high-temperature (32°C) treatments. 

 

Temperatur

e (°C) 
Date 

Density 

(cells/cm2) 
SD 

25 

Day1 5.67E+06 2.59E+05 

Day10 5.52E+06 1.95E+05 

Day20 5.57E+06 1.29E+05 

Day30 5.61E+06 1.87E+05 

32 

Day1 5.51E+06 1.08E+05 

Day10 4.40E+06 1.49E+05 

Day20 3.96E+06 1.48E+05 

Day30 4.81E+06 2.38E+05 
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Table 2.3 Chlorophyll a concentration (μg/cm2) of D. rotumana under control 

(25°C) and high-temperature (32°C) treatments. 

 

Temperatur

e (°C) 
Date 

Chlo a conc. 

(μg/cm2) 
SD 

25 

Day1 10.41572 0.271094 

Day10 10.39429 0.271951 

Day20 10.45613 0.30845 

Day30 10.46335 0.283438 

32 

Day1 10.51576 0.274987 

Day10 10.79375 0.296522 

Day20 7.470421 0.212394 

Day30 10.11303 0.420675 
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Table 2.4 Coral color of D. rotumana under control (25°C) and high-temperature 

(32°C) treatments. The mean intensity of gray ranges from 0 to 255 and the value 

of 255 is equivalent to white. 

 

Temperature 

(°C) 
Date 

Coral color 

(mean intensity of gray) 
SD 

25 

Day1 54.21063 12.13966 

Day10 55.38650 8.75937 

Day20 61.72425 11.30377 

Day30 63.69963 10.60426 

32 

Day1 58.25075 13.01493 

Day10 62.80463 11.00133 

Day20 65.33938 13.34997 

Day30 72.55325 5.09804 
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Figure 2.1 Temporal changes in photosynthetic efficiency (FV/FM) of D. 

rotumana under control (a) and high-temperature (b) treatment. The data on day 0 

represents the average measurements of the acclimation period. All data are 

means and S.E. (n=6). Before applying heat stress (during acclimation), all 

colonies of D. rotumana had similar photosynthetic efficiencies (FV/FM = ~0.62). 

The red line displays the change in temperature during the experiment. 

  



52 

 

 

Figure 2.2 (a) Symbiotic algae density (cells/cm2) of D. rotumana under control 

(black points) and high-temperature (white points) treatments. Points and error 

bars represent means and S.E., respectively, for nine replicates per treatment 

group (the three biological replicates were separated into three sub-replicates). 

Before exposed to the salinity stress (during acclimation), all nubbins of D. 

rotumana had approximately equivalent symbiotic algae density (μ = 5.59 ± 

0.19×106 cells/cm2). (b) Chlorophyll a concentration (μg/cm2) of D. rotumana 

under control (black points) and high-temperature (white points) treatments. 

Points and error bars represent means and S.E., respectively, for twelve replicates 

per treatment group (the three replicates were separated into four sub-replicates). 

Before exposed to the salinity stress (during acclimation), all nubbins of D. 

rotumana had approximately equivalent chlorophyll a concentration (μ = 10.47 ± 

0.27 μg/cm2). Redline shows the change of temperature in the high-temperature 

treatment group. 
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Figure 2.3 Photograph of D. rotumana fragments in the control (A) and heat 

stress treatment (B) taken at day 30. At the end of the heat stress exposure, no 

conspicuous bleaching phenomenon was observed in both groups. 
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Figure 2.4 Principal component analysis (performed by DEGs; FDR<0.05) 

showing the influence of high-temperature and time on gene expression of D. 

rotumana. 
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Figure 2.5 Venn diagram showing the number of differentially expressed coral 

genes detected in contrasts between control and heat treatment group at different 

time points. 
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Figure 2.6 Heatmap illustration of the differentially expressed genes involved in 

stress response and metabolism (FDR<0.05) in D. rotumana on day 10, day 20, 

and day 30. Data are displayed as log2FC relative to control; if a gene exhibited 

significant differential expression at any time point, its log2FC at all time points 

were shown above. (A) Differential expression of genes involved in antioxidant 

network (enzymes and non-enzymatic antioxidants), molecular chaperones, and 

selected ubiquitin-proteasome pathway components. (B) Differential expression 

of transcripts encoding carbonic anhydrases, membrane transport proteins from 

solute carrier groups, and ribosomal proteins. (C) Differential expression of 

metabolism genes. Abbreviations: CAT, catalase; PIAO, probable iron/ascorbate 

oxidoreductase; Prdx, peroxiredoxin; Trx, thioredoxin; GST, glutathione S-

transferase; nas, zinc metalloproteinase nas; CYP, cytochrome P450; Hsp, heat 

shock protein; DnaJ, chaperone protein DNAJ; CRY1, cryptochrome-1-like; 

MARCH3, E3 ubiquitin-protein ligase MARCH3; DZIP3, E3 ubiquitin-protein 

ligase DZIP3; HECTD3, E3 ubiquitin-protein ligase HECTD3-like; IQUB, IQ and 

ubiquitin-like domain-containing protein; NEDD4, E3 ubiquitin-protein ligase 

NEDD4-like; MIB2, E3 ubiquitin-protein ligase MIB2-like; MYLIPB, E3 

ubiquitin-protein ligase MYLIP-B-like; NEDD8, NEDD8-conjugating enzyme 

ubc12; RNF213, E3 ubiquitin-protein ligase rnf213-like; rnf25, E3 ubiquitin-

protein ligase RNF25-like; SUMO1, small ubiquitin-related modifier 1-like; 

TRIM, E3 ubiquitin-protein ligase TRIM-like; TTC3, E3 ubiquitin-protein ligase 

TTC3-like; UBE, ubiquitin-conjugating enzyme E-like; UBR, E3 ubiquitin-

protein ligase UBR-like; ZSWIM2, E3 ubiquitin-protein ligase ZSWIM2-like; 

USP, ubiquitin carboxyl-terminal hydrolase-like; CA, carbonic anhydrase; SLC, 

solute carrier family; MRPL, 39S ribosomal protein; RPL, 60S ribosomal protein; 

RPS, 40S ribosomal protein. 
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Figure 2.7 Expression heatmaps of differentially expressed genes (FDR<0.05) 

associated with coral tissue integrity, immunity, and specific stress response to 

coral lineage in thermally stressed D. rotumana at Day10, Day20, and Day30. 

Data are displayed as log2FC relative to control; if a gene exhibited significant 

differential expression at any time point, it was shown above. (A) Differential 

expression of genes involved in tissue integrity and immunity. (B) Differential 

expression of GFP-like protein and small cysteine protein genes. Abbreviations: 

Arp, actin-related protein; C2, complement C2-like; C3, complement C3-like; Cr, 

Complement receptor; CLEC, C-type lectin domain family. 
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Figure 2.8 Principal component analysis (performed by DEGs; FDR<0.05) 

showing the influence of high-temperature on gene expression of algal symbionts. 
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Figure 2.9 Venn diagram showing the number of differentially expressed 

symbiotic algae genes detected in contrasts between control and heat treatment 

groups. 
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Figure 2.10 Expression heatmap of selected differentially expressed genes in 

Cladocopium sp. cells exposed to thermal stress at Day10, Day20, and Day30. (A) 

Differential expression of antioxidant defenses. (B) Differential expression of 

genes participating in the cell cycle. (C) Differential expression of metabolic 

genes. (D) Differential expression of genes involved in UPP. (E) Differential 

expression of genes involved in photosynthesis. Abbreviations: APX, ascorbate 

peroxidase; Prx, peroxiredoxin; GST, glutathione S-transferase; CYP, 
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Cytochrome P450; psd, phosphatidylserine decarboxylase proenzyme; ChlI, 

magnesium-chelatase subunit ChlI; CDK, cyclin-dependent kinase; CAPN,  

clapain; Msh, muts protein homolog; mei2, meiosis protein; mei2-like, meiosis 

protein-like protein; DMC1, meiotic recombination protein DMC1-like; SPO11-2, 

meiotic recombination protein SPO11-2; mca, metacaspase; LFG, protein 

lifeguard; Stk381, serine/threonine-protein kinase 38-like; ATPK1, 

serine/threonine-protein kinase AtPK1; CPK, ; HRP, heat shock-related protein; 

Hsp, heat shock protein; DnaJ, chaperone DNAJ; fad, delta fatty acid desaturase; 

HCDH, 3-hydroxyacyl-CoA dehydrogenase type-2; FADA, 3-ketoacyl-CoA 

thiolase A, peroxisomal; CS, ATP-citrate synthase; acnB, aconitate hydratase 2; 

aceA, isocitrate lyase; SDHB, Succinate dehydrogenase [ubiquinone] iron-sulfur 

subunit; e3 upl, E3 ubiquitin-protein ligase; Otub1, Ubiquitin thioesterase OTUB1; 

SKP1, SCF ubiquitin ligase complex protein SKP1a; ubc, ubiquitin conjugating 

enzyme; ubp, ubiquitin carboxyl-terminal hydrolase; ule, ubiquitin-like modifier-

activating enzyme; ulp, ubiquitin-like-specific protease; psbB, photosystem II 

chlorophyll-binding protein CP47; psbC, photosystem II chlorophyll-binding 

protein CP43; psbD, photosystem II protein D2; psbF, cytochrome b559 subunit 

beta; petF, ferredoxin; Glu2, ferredoxin-dependent glutamate synthase; psaA, 

photosystem I P700 chlorophyll a apoprotein A1; psaL, photosystem I reaction 

center subunit XI; rbcl, ribulose bisphosphate carboxylase; PCP, peridinin-

chlorophyll a-binding protein; ccac, caroteno-chlorophyll a-c-binding protein; fcp, 

fucoxanthin-chlorophyll a-c binding protein. 
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Chapter 3 Responses of Dipsastraea rotumana to 

low salinity stress 

3.1 Introduction 

In the world ocean, most coral reefs are located in tropical and subtropical 

waters where salinity is relatively constant over a long time-period (Coles & 

Jokiel, 1992). However, the increasing extreme rainfall events and freshwater 

intrusion can render significant reductions in salinity, leading to massive mortality 

of coral species and reef organisms (Coles & Jokiel, 1992). Numerous studies 

have reported such events in the past century (review by Coles & Jokiel, 1992). 

For instance, a flood event that happened in June 1926 in Tahiti caused a coral 

death over a prolonged period of 6 months (Crossland, 1939). Orr and Moorhouse 

(1933) have reported a minimum salinity of 17 psu at the Low Isles on the Great 

Barrier Reef during a 1928-1929 expedition, leading to the destruction of corals 

within 24 h. Goodbody (1961) also described three rainfall events that happened 

in Jamaica from 1956 to 1958 with the lowest salinity of 5.4 psu during a 5-day 

rain in October 1958, resulting in enormous mortality of local corals. And at the 

end of the rainy season in 1995, Nakano et al. (2009) observed a severe salinity 

reduction around Khang Khao Island, Thailand where the salinity reduced to 

23~25 psu, causing colony bleaching or partial or complete colony death in P. 

damicornis and some Acropora species. However, Porites spp. did not exhibit any 

conspicuous effects in the event. More recently, Butler et al. (2015) have 

described that about 56% corals degraded over the course of repeated flooding 

from 2010 to 2013 in Hervey Bay, Queensland, Australia. As Glynn (1991) 

described, reduced salinities (EISO-related causes, resulting from high rainfall) is 

the second most cited cause of coral bleaching (Kerswell & Jones, 2003).  

Salinity is important to osmoregulation and other physiological processes 

that are necessary for reef organism survival (Coles & Jokiel, 1992). Corals can 

absorb water rapidly from the environment to become iso-osmotic, and when 

subjected to low-salinity seawater, they gain water much faster than inorganic 

ions (Rankin & Davenport, 1981). The uptake of too much water may cause 

damage to the coral tissue (Kerswell & Jones, 2003) and cytoskeleton and 
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membrane at the cellular level (Mayfield & Gates, 2007). Appropriate amounts of 

water and osmolytes are important for cells to maintain a variety of biochemical 

reactions (Atkinson, 1969). Hypo-saline experiments had been conducted one 

hundred years ago when Vaughan (1916) firstly exposed 17 species of Florida 

corals to 18 psu for 6 to 24 h, and two genus massive corals Siderastrea and 

Porites displayed the highest resistance. However, as more experiments and 

observations were conducted, it was controversial that if corals exposed to low-

salinity seawater do not bleach but die directly (Hoegh-Guldberg, 1999). 

Compared to heat stress responses, much less is known about coral gene 

expression in response to hypo-saline stress. The current understanding of the 

molecular response of corals to hypo-osmotic stress is mainly from other marine 

invertebrates like oysters, mussels, and sea anemones (Deaton & Hoffman, 1988; 

Lockwood & Somero, 2011). For example, responses to hypo-saline stress in 

mussels involve the up-regulation of oxidative stress proteins and proteolysis and 

expression changes in membrane transporter proteins (Lockwood & Somero, 

2011). For corals, it was reported that the superoxide dismutase (SOD) activities 

and glutathione concentration increased in A. millepora, P. damicornis, and 

Stylophora pistillata when they were exposed to hypo-saline stress (Gardner et al., 

2016). More recently, Aguilar et al. (2019) have revealed that acute salinity stress 

(1 h and 24 h exposures) in A. millepora can induce not only up-regulation of 

genes involved in the mitigation of macromolecular and oxidative damage, but 

also specific responses of up-regulation of genes involved in amino acid 

metabolism and transport. Interestingly, dimethylsulfoniopropionate (DMSP), 

which was believed to be only generated by photosynthetic organisms before, has 

been found to potentially serve as a scavenger of reactive oxygen species (ROS) 

as well as a molecular sink for excess methionine produced by proteolysis and 

osmolyte catabolism in corals under hypo-osmotic stress (Aguilar et al., 2017). 

Although studies in hypo-saline tolerance of Symbiodiniaceae are lacking, 

some researchers focused on the effects of hypoosmotic stress on coral-algal 

physiology. For example, it was found that the photosynthesis: respiration ratios 

decreased in Porites and Pocillopora when they experienced a salinity decrease 

from 30 psu to 20 psu, which suggested that photosynthetic activities decreased in 

the algal symbionts (Moberg et al., 1997). A study of the Exaiptasia pallida and 

its symbionts exposed to 24 psu revealed a significant up-regulation in the 
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expression of HSP70 from 1 h to 2, 4, and 8 h (Ellison et al., 2017). 

Here in this study, we identified both physiological and molecular responses 

in the D. rotumana and Cladocopium sp. exposed to different degrees of hypo-

salinity. It is the first description of gene expression patterns of both the coral host 

and the algal symbionts under hypoosmotic stress. 
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3.2 Experimental design 

Colonies of D. rotumana were fragmented into approximately 80 nubbins 

and allowed to heal in exposure aquaria on July 3, 2020. After ten days, the 

experiments began, which lasted from July 14 to August 12. The salinity 

experiment was implemented in phases as follows: 1) Acclimation: corals were 

held at normal salinity for ten days; 2) Diluting: salinity was gradually decreased 

from 33 psu to the target salinities 21, 25, and 29 psu (decrease of ~1 psu/day) by 

adding deionized water; for different salinity exposure treatment, the time needed 

to reach the planned salinity was different; 3) Stress: corals were maintained in 

low-salinity conditions for 30 days from diluting. The salinity of each tank was 

also measured every day using a handheld refractometer, and adjustments were 

made if the salinity levels had changed due to evaporation. 
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3.3 Results 

3.3.1 Physiological responses of the hypo-saline stressed 

corals 

At the acclimation phase of the experiment (Day 0 to Day 1, where the value 

in Day 0 represents a mean of the FV/FM value during the acclimation), all 

treatment groups had similar photosynthetic efficiencies (FV/FM = ~0.62). Based 

on the distribution of the measurement data, linear regression was used to assess 

changes in FV/FM for each group (Fig. 3.1, Table 3.1). Unlike the high-

temperature treatment group mentioned before, the measurements of fragments 

exposed to low-salinity fluctuated slightly daily. Nevertheless, the trends are 

clearly seen from the Figure below. For the control, 29 psu, and 25 psu treatment 

groups, FV/FM either remained constant over time or even increased slightly, while 

in the 21 psu treatment the FV/FM experienced a very slight decrease from ~0.62 

to ~0.60 (see Fig. 3.1).  

At the end of the acclimation phase during the saline experiment, symbiotic 

algae density, chlorophyll a concentration, and coral color were similar among all 

treatments (symbiotic algae density: 5.50 ± 0.22×106 cells/cm2; chlorophyll a 

concentration: 10.48 ± 0.26 μg/cm2; coral color: 59.48 ± 10.63). The symbiotic 

algae density of corals in the control maintained constant among the four 

samplings, while in the other three low-salinity exposure groups, the symbiotic 

algae density level dropped slightly to varying degrees. The symbiotic algae 

density of corals in the 29 psu group dropped significantly at the end of the 

salinity stress experiment, while in the other two lower salinity groups, it 

decreased even earlier from ten to twenty days after the low salinity exposure (Fig. 

3.2). The percentage that every treatment of coral fragments dropped in symbiotic 

algae density from day 0 to day 30 was 12.5%, 21.0%, and 22.7% (Table 3.2), 

respectively. By conducting two-way repeated-measures ANOVA, it was found 

that there was an effect of the interaction of salinity × time on the symbiotic algae 

density (two-way repeated-measures ANOVA, p = 0.001). As the experiment 

went on and the salinity decreased, the symbiotic algae density of corals was more 

and more impacted.  
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Similarly, there were differences in the chlorophyll a concentration of corals 

among the different salinity treatment groups. The chlorophyll a concentration of 

coral fragments in the 29 psu treatment was relatively constant, compared with 

that of corals in the lower salinity treatments. Ten days after the diluting, corals 

fragments in the 25 psu and 21 psu treatments began to show decreased 

chlorophyll a concentration. As time went on, the reducing trend slowed down 

(Fig. 3.3). By the end of the heat stress, there was a 6.1% and 11.5% decrease in 

chlorophyll a concentration of corals exposed to 25 psu and 21 psu (see Table 3.3), 

respectively. Repeated-measures ANOVA revealed significant effects of salinity 

and time, and there were significant interactions between salinity and time with all 

p-values less than 0.001.  

To avoid mistakes in determining pigmentation from photographs, when 

identifying the grayscale color of the images, places where the camera focused on 

the floating debris were not counted. The color of the corals all become a little 

paler on day 30 than on day 0 (Fig. 3.4, Table 3.4). By converting and analyzing 

the digital images of the corals at different time points, no significant effect of the 

interaction between salinity and time was found (two-way repeated-measures 

ANOVA, p = 0.174). However, time and salinity all had significant effects on 

coral color with p = 0.008 and p = 0.001, respectively. In general, all the coral 

fragments from the four treatments showed a trend from fleshy towards skinny 

(Fig. 3.4). 
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3.3.2 Transcriptomic responses in the coral host 

3.3.2.1 Differential gene expression and functional analysis 

PCA revealed that the hypo-saline treatment had a strong effect on the gene 

expression of D. rotumana. However, the different salinity treatments did not 

result in significant differences in gene expression (Fig. 3.5). The D. rotumana 

fragments were subjected to hypo-saline stress with a gradual decrease in salinity 

from 33 psu to different levels of low salinity and then maintained at the target 

salinity for 30 days from the very beginning. Samples were collected every ten 

days from the control (33 psu) and the hypo-saline treatments. The samples would 

be referred to as Control_D10, Control_D20, and Control_D30 for the control and 

S21/25/29_D10, S21/25/29_D20, and S21/25/29_D30 for hypo-saline treatments, 

respectively. A total of 5,081 differentially expressed genes (DEGs, FDR < 0.05) 

were detected from all comparisons.  

For the salinity treatments, the number of DEGs was 3,204, 3,144, and 1,155 

for the comparison between Control and S21, Control and S25, and Control and 

S29, respectively. The DEG numbers in each treatment group at all time points 

were also different, with 91 in S21, 87 in S25, and 7 in S29. Comparison between 

the time points revealed 2,130, 2,554, and 1,888 DEGs at day 10, day 20, and day 

30,           respectively. These DEG numbers reflected that the response of the 

coral host to low-salinity changed with time (Table 3.5). 

GO enrichment was conducted for DEGs from each salinity and time point. 

In the coral host, many gene ontology (GO) categories were enriched at the same 

time point in different salinity conditions showed a similar trend, although some 

were lacking in some groups. For example, several categories were up-regulated 

at all time points: mitochondrion components (GO:0005739; GO:0098800), 

oxidoreductase activity (GO:0016491), and structural constituent of ribosome 

(GO:0003735). Some categories experienced up-regulation at day 10 but down-

regulation at day 20 and day 30, such as extracellular region components (GO: 

0005576). Conversely, the endoplasmic reticulum membrane (GO:0005789) was 

down-regulated at day 10 whereas up-regulated at day 20 and day 30. Additionally, 

other categories displayed down-regulation at all time points, such as motor 

activity (GO:0003774) and passive transmembrane transporter activity 
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(GO:0005216; GO:0015267; GO:0022803). 

3.3.2.2 Involvement of oxidative stress and osmoregulation related 

genes 

Corresponding with the GO enrichment results, genes related to antioxidants 

were detected in the transcriptome of corals exposed to hypo-saline conditions. 

One transcript encoding catalase (CAT) was significantly up-regulated at day 10 

(TRINITY_DN0_c1_g2_i2, 0.63 log2FC; Fig. 3.6A). One superoxide dismutase 

transcript (SOD, TRINITY_DN60846_c0_g1_i1) was detected with significantly 

increased expression at day 10 (1.14 log2FC) at 21PSU and day 20 at 21PSU and 

25PSU (0.76 log2FC and 0.65 log2FC, respectively). Further, transcripts encoding 

the representative antioxidative enzyme peroxiredoxins (Prdx1 and Prdx5) were 

detected with Prdx1 (TRINITY_DN5982_c0_g1_i3) exhibiting significantly 

increased expression in thermally stressed coral host cells at day 30 and 25 psu 

(Fig. 3.6A). Furthermore, ten transcripts encoding glutathione S-transferase-like 

(GSTs) genes exhibited significant differential expression in the coral host cells; 

most of them displayed up-regulation at 25 psu (Fig. 3.6A). Besides, the 

glutathione (GSH) redox system-related enzymes were also detected. For example, 

one transcript encoding glutathione peroxidase 5 (Gpx5, 

TRINITY_DN4132_c0_g1_i3) exhibited significant up-regulation at day 20 in 

both the 21 psu (0.87 log2FC) and 29 psu (1.19 log2FC) treatments (Fig. 3.6A).  

As an osmoconformer, it is unsurprising to find the significant expression of 

genes involved in the transport of ions or some organic molecules in the 

transcriptome of salinity stressed corals. Here in this study, members of solute 

carrier families and some ion channels were detected. An anion exchange protein 

2, also known as solute carrier family 4 member 2 (SLC4A2, 

TRINITY_DN14334_c0_g1_i1), showed significant up-regulation at day 20 and 

day 30 at 25 psu (0.93 log2FC and 0.84 log2FC, Fig. 3.6B). Eight transcripts 

encoding Na+ and Cl− dependent transporters (SLC6) were detected with 

significant differential expression (Fig. 3.6B). The regulation directions of these 

transporters were not identical, however, with one transcript encoding SLC6A6 

(TRINITY_DN29779_c0_g1_i13) significantly up-regulated at all time points in 

the 25 psu treatment with the largest log2FC of 1.62 at day 10 (Fig. 3.6B). While 
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two Na+/(Ca2+−K+) exchangers (SLC24) were detected with the opposite 

regulation direction where the SLC24A2 (TRINITY_DN42079_c0_g1_i2, 

significant at 25PSU) was down-regulated at day 10 at all hypo-saline groups but 

the SLC24A3 (TRINITY_DN10209_c0_g1_i4, significant at 29PSU) was up-

regulated at day 20 at all hypo-saline groups. Furthermore, a multifunctional anion 

exchanger, sulfate transporter (Solute carrier family 26 member 2, 

TRINITY_DN28890_c0_g1_i1) exhibited significantly increased expression at 25 

psu over the whole period of the experiment with the largest log2FC of 2.58 on 

day 10 (Fig. 3.6B). However, a significant up-regulation was detected in ATP-

dependent channels, including potassium channels (KCA) and calcium channels 

(CAC) at day 10 but down-regulation at day 20 and day 30 (Fig. 3.6B). Another 

ATPase sodium pump subunit alpha (ATP1A1) displayed significantly increased 

expression at 25 psu over the experiment with the largest log2FC of 1.24 on day 

10 (Fig. 3.6B).  

3.3.2.3 Involvement of proteolysis genes 

Many genes involved in ER-associated degradation (ERAD) and the 

ubiquitin-proteasome system (UPS) showed down-regulation at day 10 but up-

regulation at day 20 (Fig. 3.6C). The translocation protein SEC62 

(TRINITY_DN4902_c1_g1_i1) which is considered to be part of the SEC61 

transport systems, was detected with significant down-regulation at day 10 and 25 

psu. Five transcripts encoding subunits of dolichyl-diphosphooligosaccharide--

protein glycosyltransferase (OST) were all detected with significant up-regulation 

at day 20 and 21 psu except one was significant at 25 psu (Fig. 3.6C). There was 

an up-regulation of the transcript encoding alpha-glucosidase II (GLcII, 

TRINITY_DN6195_c0_g1_i1) which involved protein glycosylation at all time 

points at 21psu with the value at day 10 having with the largest log2FC of 2.31 

and day 30 at 25PSU (Fig. 3.6C). Besides, another gene involved in protein 

glycosylation, i.e. calreticulin (CRT, TRINITY_DN1239_c0_g1_i9) displayed 

significant down-regulation at day 10 but up-regulation at day 20 (Fig. 3.6C). 

Several ER luminal chaperones and co-chaperones were also down-regulated at 

day 10 and up-regulated at day 20, such as endoplasmic reticulum chaperone BiP 

(BiP, TRINITY_DN58560_c0_g1_i2) and BiP co-chaperone ERdj6 (DnaJ Hsp40 
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family member, TRINITY_DN54131_c0_g1_i1). A similar changing trend was 

also observed for other genes related to ERAD, including the ER degradation-

enhancing alpha-mannosidase-like proteins (EDEM, 

TRINITY_DN2306_c0_g1_i1, and TRINITY_DN9431_c0_g1_i1), the 

endoplasmic reticulum lectin 1 (XTP3B, TRINITY_DN9593_c0_g1_i1), the 

translocon-associated protein (TRAP, TRINITY_DN11194_c1_g1_i4), and the 

DERLIN (protein sel-1 homolog 1), although most were only detected to be 

significant at one time point (Fig. 3.6C). 

The trend of down-regulation at day 10 but up-regulation at day 20 was also 

recorded for genes involved in unfolded protein response (UPR). Three major 

trans-membrane proteins play important roles in sensing stress in the UPR system 

(Aguilar et al., 2019). Transcripts encoding Serine/threonine-protein 

kinase/endoribonuclease IRE1 (IRE1, TRINITY_DN515_c0_g1_i5) and its 

interacting pro-apoptotic effector BAX (BAX, TRINITY_DN19952_c0_g1_i2) 

were detected to be significant down-regulation at day 10 and 25 psu while BAX 

displayed significant up-regulation at day 20 and 21 psu and 29 psu (Fig. 3.6C). 

Additionally, the cyclic AMP-dependent transcription factor ATF-6 alpha (ATF6, 

TRINITY_DN189071_c0_g4_i1) also exhibited significant down-regulation at 

day 10 and 25 psu (Fig. 3.6C). 

3.3.2.4 Involvement of betaine and glutamate catabolism 

Several of the enriched GO terms are related to amino acid metabolisms, 

such as cellular nitrogen compound and amide metabolic process consistent with 

the evidence found at the gene level. Genes involved in the glycine betaine 

catabolism were detected with significant up-regulation in the transcriptome. The 

transcripts encoding choline dehydrogenase (CHDH, 

TRINITY_DN19596_c0_g1_i1) and betaine aldehyde dehydrogenase (BADH, 

TRINITY_DN603_c0_g2_i1) were detected with significant up-regulation in the 

transcriptome, which indicated that they work successively to convert choline into 

glycine betaine. Three transcripts encoding betaine-homocysteine S-

methyltransferase (BHMT), which functions in the first step of glycine betaine 

catabolism, displayed significant up-regulation at all time points at the lowest 

salinity experimental condition and some time points of other salinity conditions 
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(Fig. 3.7). While the other three enzymes, dimethylglycine dehydrogenase 

(GMGDH, TRINITY_DN3369_c0_g2_i1), glycine N-methyltransferase (GNMT, 

TRINITY_DN15347_c0_g1_i3), and sarcosine dehydrogenase (SARDH, 

TRINITY_DN38095_c0_g1_i2) which functions in later steps of glycine betaine 

catabolism exhibited significant up-regulation at day 10 and day 20 (Fig. 3.7). 

Another enzyme, creatine amidinohydrolase (CAH), which catalyzes the 

creatinase activity, was also found to exhibited significantly increased expression 

at all time points in the 21 psu treatment (Fig. 3.7). Besides, the enzyme urease 

(UREASE, TRINITY_DN4207_c0_g2_i1), which is involved in the urea 

catabolic process, was found up-regulated at all time points (Fig. 3.7). 

The alanine-glyoxylate aminotransferase 2 (AGT, 

TRINITY_DN6121_c1_g1_i3), which is involved in glycine synthesis, was 

detected with significant up-regulation at day 20 and day 30 (Fig. 3.7). Genes 

participated in other free amino acids metabolic process were also detected with 

significantly differential expressions, such as dimethylglycine dehydrogenase 

(GLDC), dihydrolipoyl dehydrogenase (DLD), D-3-phosphoglycerate 

dehydrogenase (3PGDH), phosphoserine aminotransferase (PSAT), 

phosphoserine phosphatase (PSPH), nitric oxide synthase (NOS), ornithine 

aminotransferase (OAT), arginase (ARG) and glutamate dehydrogenase (GDH) 

(Fig. 3.7). 

3.3.2.5 Specific stress responses in the coral lineage 

Six transcripts encoding the GFP-like fluorescent chromoprotein were 

detected in the transcriptome and most of them exhibited significant up-regulation 

throughout the experiment at all salinity conditions. Besides, the fold-changes of 

these transcripts were much bigger than other DEGs, with the largest log2FC of 

4.72 (Fig. 3.6D).  

3.3.3 Zooxanthellae responses 

3.3.3.1 Differential gene expression and functional analysis 

PCA performed on DEGs (FDR<0.05) revealed that the hypo-saline 

treatments had little influence on the gene expression of algal symbiont (Fig. 3.8). 
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Compared to the coral host, the numbers of DEGs found in algal symbiont at 

different time points and different salinity conditions were all quite small (Table 

3.6) with only 256 DEGs detected between all comparisons between treatment 

groups and control groups. The 29 psu treatment group had the smallest DEG 

numbers which indicated that the gene expression pattern of algal symbionts at 29 

psu resembled that of the control. By contrast, the symbiotic dinoflagellates at 21 

psu and 25 psu were influenced to a larger extent, especially in the genes related 

to photosystem and ribosome. Meanwhile, the number of GO terms enriched by 

all genes was also small. At 21 psu, structural molecule activity (GO:0003735; 

GO:0005198) was significantly up-regulated at day 10 but significantly down-

regulated at day 30. In addition, at day 20, photosystem (GO:0009523; 

GO:0009521) and plastid thylakoid membrane (GO:0009535; GO:0055035; 

GO:0042651; GO:0034357) were significantly up-regulated. While in the 25 psu 

treatment, photosystem and plastid thylakoid membrane significantly down-

regulated at day 10 but significantly up-regulated at day 20. Although in the 29 

psu treatment few GO terms were enriched, the photosystem and membrane 

protein complex (GO:0098796) were all significantly down-regulated at day 10. 

3.3.3.2 Involvement of photosynthesis related genes 

In the 21 psu treatment, transcripts encoding PS II D1 protein (psbA, 

TRINITY_DN517089_c0_g1_i1, 3.53 log2FC), D2 protein (psbD, 

TRINITY_DN17779_c0_g1_i1, 3.76 log2FC), CP47 reaction center protein (psbB, 

TRINITY_DN50751_c0_g1_i1, 3.69 log2FC), and CP43 reaction center protein 

(psbC, TRINITY_DN464076_c0_g1_i1, 3.65 log2FC) were significantly down-

regulated at day 10 (Fig. 3.9A). Besides, a transcript encoding PS I P700 

chlorophyll a apoprotein A2 (psaB, TRINITY_DN26562_c0_g1_i2) was also 

significantly downregulated with a 3.68 log2FC at day 10 (Fig. 3.9A). However, at 

day 20, transcripts encoding proteins involved in PS I and the light-harvesting 

chlorophyll (LHC) proteins were significantly up-regulated. Three transcripts 

encoding PS I reaction center subunits (psaD, TRINITY_DN6715_c0_g1_i1, 0.45 

log2FC; psaF, TRINITY_DN3443_c0_g1_i1, 0.39 log2FC; psaL, 

TRINITY_DN7501_c0_g1_i1, 0.45 log2FC) were found, as well as transcripts 

encoding fucoxanthin-chlorophyll a-c binding proteins (fcp; 
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TRINITY_DN332_c0_g3_i1 and TRINITY_DN2143_c0_g1_i1) and caroteno-

chlorophyll a-c-binding protein (ccac; TRINITY_DN4637_c0_g1_i5) (Fig. 3.9A). 

However, no transcripts encoding photosynthesis-related proteins were detected at 

day 30. 

Similarly, in the 25 psu treatment, transcripts encoding members of the 

photosystem were found. One transcript encoding cytochrome b559 subunit beta 

(psbF, TRINITY_DN1131_c0_g1_i1), which forms part of the reaction center 

core of PS II, was detected with -0.74 log2FC  (Fig. 3.9A). Protein psbN and PS II 

12kDa extrinsic protein (psbU) were also detected in the transcriptome with 

significant down-regulation (Fig. 3.9A). Nine transcripts encoding peridinin-

chlorophyll a-binding protein (PCP), fucoxanthin-chlorophyll a-c binding proteins 

(fcp), and light-harvesting complex I LH38 protein (LH38) were all detected to be 

significantly down-regulated at day 10. Furthermore, one Mg-chelatase subunit I-

1 (CHLI1, TRINITY_DN8137_c0_g1_i1) which involves chlorophyll 

biosynthesis was also detected with a significantly decreased expression at day 10. 

In addition, a  Ferredoxin--NADP reductase (petH, TRINITY_DN9154_c0_g1_i2; 

0.34 log2FC) was also found to exhibit significantly decreased expression. At day 

20, only one transcript encoding PS I reaction center subunit II (psaD, 

TRINITY_DN6715_c0_g1_i1) was found with a significantly increased 

expression (0.44 log2FC) (Fig. 3.9A).  

3.3.3.3 Involvement of translation related ribosomal proteins 

In the 21 psu treatment, ribosomal proteins were detected to show significant 

up-regulation at day 10. These include eight transcripts encoding 40S ribosomal 

proteins: RPS8, RPS9B, RPS17, RPS18, and RPS27A (Fig. 3.9B). Besides, 

RPL10-like, RPL23A, RPL27, RPL34A, RPL35, RPL35AB, and RPL36A were 

also detected at day 10 (Fig. 3.9B). However, no transcript encoding ribosomal 

proteins were detected in the following days. 

In the 25 psu treatment, several ribosomal proteins were detected with a 

significant differential expression both at day 10 and day 20. At day 10, 40S 

ribosomal proteins (RPS11 and RPS24A), and 60S ribosomal proteins (RPL3, 

RPL7A, RPL18, RPL30, and RPL37) were all significantly down-regulated; 

whereas, at day 20, 40S ribosomal proteins (RPS8 and RPS27A) and 60S 
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ribosomal proteins (RPL27, RPL32A, and RPL35AB) displayed significant up-

regulation (Fig. 3.9B). 

In the 25psu and 29 psu treatments, the major basic nuclear protein 2 (HCC2) 

was annotated mainly in the later stage of the experiment. In both treatments, it 

exhibited significant down-regulation with the largest log2FC of 3.64 at day 30 at 

25 psu (Fig. 3.9C). This protein has been found in Crypthecodinium cohnii 

(dinoflagellate), but its function is still unknown. 
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3.4 Discussion 

With the increasing greenhouse effect and climate changes, stony corals 

around the world are facing unprecedented challenges. Most studies of coral 

bleaching have focused on the effects of elevated temperatures (e.g. Coles & 

Jokiel, 1992; Berkelmans, 2002, 2009; Manzello et al., 2007; Wooldridge, 2009; 

Cziesielski et al., 2019). Nevertheless, other environmental stressors including 

low salinity have been reported to cause coral bleaching (Hughes et al., 2003; 

Hoegh-Guldberg et al., 2007). Therefore, this study assessed the potential 

physiological responses and gene expression patterns of the stony coral D. 

rotumana exposed to different degrees of low salinity, revealing the general and 

specific responses of the coral host and algal symbiont to osmotic stress.  

3.4.1 Physiological responses 

The purpose of different salinity exposure experiments was to determine the 

hyposaline-tolerance of D. rotumana. In the 29 psu treatment, except for the 

symbiotic algae density at day 30, no measured variables were abnormal 

compared to the control. Considering the FV/FM, symbiotic algae density, 

chlorophyll a concentration, and color, D. rotumana was quite tolerant of this 

slightly decreased salinity condition. However, when the salinity was reduced to 

25psu and 21 psu, the symbiotic algae density and chlorophyll a concentration 

were significantly reduced. The levels of decrease in symbiotic algae density of 

the two salinity exposure groups were ~20% and were not different between these 

two treatments. Nevertheless, the decline in chlorophyll a concentration in the 21 

psu treatment was almost two-fold higher than in the 25 psu treatment. 

Correspondingly, image analysis revealed that the color of corals exposed to the 

two lower salinity treatments was paler than those exposed to 29 psu and 33 psu. 

Therefore, even though 21 psu is not lethal to D. rotumana, because the corals 

survived from the 13-day diluting process as well as the 17-day exposure at 21 

psu. According to Coles and Jokiel (1992), a number of hypo-salinity exposure 

experiments have been conducted in the last decades to determine the impacts of 

osmotic stress. Among those coral species tested, Stephanaria (now accepted as 

Psammocora), Favia (now accepted as Dipsastraea), Leptastrea, and Fungia 
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survived 1 to 4 months at 22‰ in Hawaii while other genera like Montipora, 

Acropora, etc. only survived one week or shorter (Edmondson, 1928). 

Considering the results of this study, Dipsastraea, should have a higher tolerance 

to low salinity conditions than many other scleractinian coral species. 

It has been widely discussed that the discoloration of corals following 

osmotic stress is not caused by the loss of symbiotic algae, but by the direct death 

of the coral (Hoegh-Guldberg, 1999; Kerswell & Jones, 2003). However, whilst 

no apparent bleaching phenomenon was observed, the results of this study refute 

Hoegh-Guldberg’s (1999) suggestion and support that of Kerswell and Jones 

(2003). For D. rotumana, a loss of symbiotic algae occurred when it was 

subjected to a low salinity environment for long periods (i.e. days). In turn, the 

concentration of chlorophyll a was reduced. This conclusion should be verified to 

see if it is prevalent among all species of stony corals in future studies. In the wild, 

osmotic stress of corals mainly results from rainfall and flood, and consequent 

problems may emerge, such as large loads of suspended sediment, turbidity, and 

high nutrient concentration (Devlin et al., 2012; Berkelmans et al., 2012; Jones & 

Berkelmans, 2014). Thus, corals in the wild face much more challenges including 

hypo-salinity than those under experimental conditions. It is unknown if D. 

rotumana is more tolerant or not in the wild than in the lab when exposed to hypo-

saline stress. 

3.4.2 Hypo-saline stress response of the coral host 

A total of 30,404 transcripts were determined and annotated as belonging to 

D. rotumana, and 5,081 DEGs (FDR < 0.05) were found through all time groups. 

The number of overlapping DEGs at day 10 was the largest among all time points 

with 205 genes. At day 20 and day 30, the overlapping DEG numbers were the 

same, 142 genes. The number of DEGs shared by the 21 psu and 25 psu 

treatments at different time points was always bigger than in other treatments. 

Besides, the majority of the DEGs among groups responded identically. These 

results indicate that the two low salinity treatments induce similar responses in the 

corals at the same time point. Nevertheless, the numbers of DEGs from each time 

point at different salinity were quite irregular.  
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3.4.2.1 Common responses 

It has been shown that a variety of environmental stressors, including low-

salinity (Downs et al., 2009; Tomanek et al., 2012; Aguilar et al., 2019), high-

temperature (Barshis et al., 2013), high CO2 (Moya et al., 2015) and even LED-

light (Strader et al., 2016), could induce the up-regulation of components involved 

in antioxidation network to protect corals against the reactive oxygen species 

(ROS). In this study, genes encoding catalase (CAT), iron/ascorbate 

oxidoreductase (PIAO), superoxide dismutase [Cu-Zn] (SOD), thioredoxin (Trx), 

and peroxiredoxin (Prdx) were all detected in the transcriptome, often with 

significant expression in the 21 psu and 25 psu treatments (Fig. 3.6A). The up-

regulation of these genes indicated a strong response to oxidative stress at day 20 

and the magnitude of response declined at a later stage of the experiment. Besides, 

as seen from data in the present study, the 29 psu was not severe enough to cause 

significant antioxidation activities in D. rotumana. Furthermore, the regulation 

trend of glutathione S-transferase (GST) was consistent with that described above, 

supporting my interpretation of the results. 

For components involved in the ERAD system and the UPR system, down-

regulation was observed at day 10 whereas up-regulation was observed at day 20, 

which indicates that the accumulation of misfolded proteins began after 20 days of 

exposure to low salinity. It has been reported that in A. millepora the misfolded 

proteins accumulated as early as 1 h after the onset of osmotic stress (Aguilar et 

al., 2019), the misfolded protein disposition response in D. rotumana was delayed. 

Besides, major components that were not detected with a significant expression at 

day 30 may suggest that at this time point D. rotumana had acclimated to the 

hypo-saline condition. A sustaining up-regulation was observed on alpha-

glucosidase II (GlcII), which involved the glycosylation process over time. In A. 

millepora, GlcII was found to increase after 24 h of hypo-saline stress (Aguilar et 

al., 2019). In this study, the ER-lumenal HSP70 BiP was up-regulated at day 10 

and day 20 under low-salinity conditions. This also happened when the A. 

millepora was infected by bacteria or lipopolysaccharide (Brown et al., 2013; 

Aguilar, 2016).  
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3.4.2.2 Osmoregulation and transportation 

Like other invertebrates, anthozoans do not tend to change cell volume and 

intracellular ion concentration when in equilibrium with external osmotic pressure 

(Mayfield & Gates, 2007). However, when subjected to a hypo-saline 

environment, transmembrane transport of ions is important for cell volume 

regulation, mediated by Ca2+-ATPases, H+ translocating ATPases, secondary 

active transporters, and channels (Hasegawa et al., 2000). Increased transcription 

of genes encoding potassium channels and calcium channels was observed at day 

10. Although this result is not consistent with the previous study (Aguilar et al., 

2019) conducted on A. millepora, it is reasonable that when the environmental 

salinity level decreased, the voltage-gated channels in D. rotumana cells were up-

regulated to export cations, responding to hypo-saline stress. Besides, the 

transcription of genes encoding the SLC6 family of proteins was detected with up-

regulation at day 20 and day 30. SLC6 family proteins are specific transporters for 

amino acids and osmolytes like betaine, taurine, and creatine. In this case, they 

might play an important role in osmolytes transportation.  

When responding to osmotic stress, marine invertebrate cells can synthesize 

compatible organic osmolytes (COOs) to regulate cell volume in order to avoid 

disruption of cellular functions (Mayfield & Gates, 2007). It has been reported 

that the most common COOs in anthozoan cells are glycerol, a polyol, and free 

amino acids (Deaton & Hoffmann, 1988; Shick, 2012; Aguilar et al., 2019). 

COOs like free amino acids hardly affect cell protein structure and function when 

they accumulate or are depleted (Mayfield & Gates, 2007). In previous studies of 

Acropora, Fungia, Pocillopora, Montipora, and Tubastrea, glycine betaine is 

thought to be crucial in coral osmoregulation (Yancey et al., 2010; Hill et al., 

2017; Aguilar et al., 2019). In the present study, genes that participated in glycine 

betaine catabolism were detected with up-regulated expression over the 

experiment (Fig. 3.7), indicating a depletion of glycine betaine when the coral was 

exposed to hypo-saline conditions. This result is congruent with that of the 

previous hypo-osmotic stress study using A. millepora (Aguilar et al., 2019). 

Besides, an increase in expression of BHMT, which functions in the first step of 

glycine betaine degradation, was also observed in the Pacific oyster Crassostrea 

gigas (Zhang et al., 2015). The free amino acid (FAA) concentration was found to 
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be reduced in other marine invertebrates like the sea anemone Metridium senile 

and the bivalve Noetia ponderosa (Deaton & Hoffmann, 1988; Pierce & Warren, 

2001) when subjected to hypo-osmotic conditions. In this study, an increase in 

osmotic amino acid catabolism was observed, but whether ammonia production in 

D. rotumana was enhanced is unknown, although an up-regulation of GDH was 

observed in A. millepora, which suggests increased ammonia production. 

Considering the up-regulation of members in solute carrier family 6 (SLC6), it is 

possible that the level of free amino acid decreased during the experiment, and 

further studies focusing on amino acid concentration in coral cells under hypo-

saline stress are needed to confirm the conclusions drawn based on transcriptome 

data. 

However, to confirm the conclusions above, other methods like chemical 

analysis of amino acid types and concentration and detection of some biological 

products by some proteome methods, could be considered. 

3.4.3 Hypo-saline stress responses of the algal symbiont 

The most significant changes that happened in Cladocopium sp. in this study 

were genes involved in photosynthesis. It has been illustrated that elevated 

temperature can influence the photosynthesis efficiency of endosymbiotic 

dinoflagellates by causing damage to several photosynthetic proteins: 

photosystem I (PS I) (McGinley et al., 2012; Gierz et al., 2017), photosystem II 

(PS II) (Warner et al., 1999; Takahashi et al., 2008; Hill et al., 2011), light-

harvesting complexes (LHC) (Takahashi et al., 2008), the Calvin cycle (Jones et 

al., 1998; Leggat et al., 2004), or the thylakoid membrane (Tchernov et al., 2004; 

Díaz-Almeyda et al., 2011). For example, psaA was found to be down-regulated 

among multiple strains of Symbiodiniaceae species exposed to thermal stress 

(McGinley et al., 2012; Gierz et al., 2017). Besides, different strains of 

Symbiodiniaceae responded differently to environmental stresses like elevated 

seawater temperature and ocean acidification (Suggett et al., 2008; Brading et al., 

2011; McGinley et al., 2012). Here in the present study, the effect of different 

degrees of hypo-saline stress on gene expression of endosymbiotic Cladocopium 

sp. was firstly reported. Several genes encoding proteins involved in PS I, PS II, 

and LHC were down-regulated after 10 days of exposure in the 21psu and 25 psu 
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treatments. Considering the log2FC of these genes at different salinity conditions, 

the lower salinity (21 psu had stronger effects on the gene expression regulation. 

At 21 psu, the core photosystem genes including psaA, psaB, psbA, psbB, psbC, 

and psbD were all significantly down-regulated after 10 days of exposure. 

Therefore, the assembly of the new PS I and PS II complexes could be impaired, 

which could, in turn, disrupted the photoprotection via cyclic electron flow (CEF) 

and ATP synthesis and NADP reduction (Gierz et al., 2017).  

The phenomenon that the algae cells were only influenced slightly, and the 

influence became weaker over time my indicate that the coral host succeeded in 

maintaining the osmotic balance in their cells, providing a relative stable osmotic 

environment to the symbiotic algae cells. But this hypothesis should be confirmed 

by further studies. 
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Table 3.1 Comparison of the linear regression equation and coefficients for 

photosynthetic efficiency (FV/FM) for coral nubbins under control (25°C) and 

high-temperature (32°C) treatments 

 

Temperature Equation 

Control (33 psu) FV/FM=0.63-0.0002x|R=0.1495 

29 psu FV/FM=0.62+0.0003x|R=0.3186 

25 psu FV/FM=0.61+0.0008x|R=0.5921 

21 psu FV/FM=0.61-0.0002x|R=0.1951 
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Table 3.2 Symbiotic algae density (cells/cm2) of D. rotumana under control (33 

psu) and low-salinity (29/25/21psu) treatments. 

 

Salinity 

(psu) 
Date 

Density 

(cells/cm2) 
SD 

33 

Day1 5.67E+06 2.59E+05 

Day10 5.52E+06 1.95E+05 

Day20 5.57E+06 1.29E+05 

Day30 5.61E+06 1.87E+05 

29 

Day1 5.41E+06 1.83E+05 

Day10 5.59E+06 2.05E+05 

Day20 5.42E+06 2.42E+05 

Day30 4.85E+06 1.06E+05 

25 

Day1 5.50E+06 1.53E+05 

Day10 5.26E+06 1.34E+05 

Day20 4.62E+06 1.83E+05 

Day30 4.35E+06 1.45E+05 

21 

Day1 5.30E+06 1.65E+05 

Day10 5.15E+06 2.02E+05 

Day20 4.22E+06 1.52E+05 

Day30 4.10E+06 0.71E+05 
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Table 3.3 Chlorophyll a concentration (μg/cm2) of D. rotumana under control (33 

psu) and low-salinity (29/25/21 psu) treatments. 

 

Salinity 

(psu) 
Date 

Chlo a conc. 

(μg/cm2) 
SD 

33 

Day1 10.4157 0.27109 

Day10 10.3943 0.27195 

Day20 10.4561 0.3085 

Day30 10.4634 0.28344 

29 

Day1 10.5024 0.274987 

Day10 10.4725 0.296522 

Day20 10.4512 0.212394 

Day30 10.4022 0.420675 

25 

Day1 10.5727 0.21954 

Day10 10.2769 0.27672 

Day20 10.3008 0.17410 

Day30 9.9240 0.27660 

21 

Day1 10.4373 0.31823 

Day10 9.8348 0.26017 

Day20 9.7381 0.28184 

Day30 9.2378 0.24901 

 

  



86 

 

Table 3.4 Coral color of D. rotumana under control (33 psu) and low-salinity 

(29/25/21 psu) treatments. The mean intensity of gray ranges from 0 to 255 and 

the value of 255 is equivalent to white. 

 

Salinity 

(psu) 
Date 

Coral color 

(main intensity of gray) 
SD 

33 

Day1 54.21063 12.13966 

Day10 55.3865 8.759373 

Day20 61.72425 11.30377 

Day30 63.69963 10.60426 

29 

Day1 59.12525 7.74346 

Day10 65.22825 5.041048 

Day20 64.14063 7.651527 

Day30 65.37813 10.38052 

25 

Day1 62.57638 11.48189 

Day10 69.7055 12.70788 

Day20 66.50614 7.258847 

Day30 69.41513 8.790419 

21 

Day1 62.02225 10.55365 

Day10 72.35113 12.04898 

Day20 55.65688 5.944102 

Day30 73.308 6.229125 
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Table 3.5 Illustration of the DEG numbers (FDR<0.05) in coral host at different 

time points and salinity conditions. 

 

 21PSU 25PSU 29PSU 

Day10 749 1812 404 

Day20 2014 787 599 

Day30 1105 1238 275 
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Table 3.6 Illustration of the DEG numbers (FDR<0.05) in algal symbiont cells at 

different time points and salinity conditions. 

 

 21PSU 25PSU 29PSU 

Day10 42 171 0 

Day20 18 14 6 

Day30 2 2 7 
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Figure 3.1 Temporal changes in photosynthetic efficiency (FV/FM) of Dipsastraea 

rotumana under control (a) and low-salinity (b: 29 psu, c: 25 psu, d: 21 psu) 

treatments. The data on day 0 means the average measurement of acclimation 

period; points and error bars represent means and S.E. for six replicates per 

treatment group. Before exposed to the salinity stress (during acclimation), all 

nubbins of D. rotumana had approximately equivalent photosynthetic efficiency 

(FV/FM = ~0.62). Blue line displays the change of salinity. 
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Figure 3.2 Symbiotic algae density (cells/cm2) of D. rotumana under control (a) 

and low-salinity ((b) 29 psu; (c) 25 psu; (d) 21 psu) treatments. Points and error 

bars represent means and S.E. for nine replicates per treatment group (the three 

replicates were separated into three sub-replicates). Before exposed to the salinity 

stress (during acclimation), all nubbins of D. rotumana had approximately 

equivalent algal symbiont density (μ = 5.50 ± 0.22×106 cells/cm2). Blue lines 

display the change of salinity in different groups. 
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Figure 3.3 Chlorophyll a concentration (μg/cm2) of D. rotumana under control (a) 

and low-salinity (b: 29 psu, c: 25 psu, d: 21 psu) treatments. Points and error bars 

represent means and S.E. for twelve replicates per treatment group (the three 

replicates were separated into four sub-replicates). Before exposed to the salinity 

stress (during acclimation), all nubbins of D. rotumana had approximately 

equivalent chlorophyll a concentration (μ = 10.48 ± 0.26 μg/cm2). Blue line 

means the change of salinity in different treatment groups. 
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Figure 3.4 Dipsastraea rotumana coral fragments color of the three salinity 

exposure treatments and control group on day1 (left) and day30 (right). (A)-(B) 

control group; (C)-(D) 29 psu treatment group; (E)-(F) 25 psu treatment group; 

(G)-(H) 21 psu treatment group. 
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Figure 3.5 Principal component analysis (performed by DEGs; FDR<0.05) 

showing the strong effects of different salinity conditions had on gene expression 

of D. rotumana. 
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Figure 3.6 Heatmap illustration of differentially expressed antioxidant, transport, 

and ERAD-associated genes (FDR<0.05) in D. rotumana at day 10, day 20, and 

day 30. Data are displayed as log2FC relative to control; if a gene exhibited 

significant differential expression at any time point, it was shown above, and the 

blank means the gene is not significant. (A) Differential expression of genes 

related to antioxidant network. (B) Differential expression of genes involved in 

the transport of ions or some organic molecules. (C) Differential expression of 

genes related to proteolysis within the ER. (D) Differential expression of GFP-like 

protein genes. (A)-(C): scale bar ranging from -3 to 3. (D): scale bar ranging from 

-5 to 5. Abbreviations: CAT, catalase; PIAO, probable iron/ ascorbate 

oxidoreductase; SOD1, superoxide dismutase [Cu-Zn]; Prdx, peroxiredoxin; Trx, 

thioredoxin; Gpx, ; GST, glutathione S-transferase; SLC, solute carrier family 
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member; ATP1A1, sodium/potassium-transporting ATPase subunit alpha 

(Na(+)/K(+) ATPase alpha subunit); KCN, Potassium voltage-gated channel 

subfamily member; CA, Voltage-dependent calcium channel subunit; SEC62, 

translocation protein SEC62; OST, dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit; GLcII, Alpha-glucosidase 2; CRT, calreticulin; 

GRP94, heat shock protein HSP 90-beta; BiP, HSP70, endoplasmic reticulum 

chaperone BiP; ERdj6, ER-resident protein ERdj6; EDEM, ER degradation-

enhancing alpha-mannosidase-like protein; XTP3B, Erlectin; TRAP, translocon-

associated protein subunit; DERLIN, protein sel-1 homolog; IRE1, 

serine/threonine-protein kinase/endoribonuclease IRE1-like isoform; TRAF2, E3 

ubiquitin-protein ligase TRAF2; TNF-R, tumor necrosis factor receptor 

superfamily member; c-Jun, JUN, transcription factor AP-1; BAX, apoptosis 

regulator R1; CAPN7, calpain-7; ATF6, cyclic AMP-dependent transcription 

factor ATF-6 beta; WFS1, wolframin; eIF2a, eukaryotic translation initiation 

factor 2-alpha kinase; GFP, GFP-like fluorescent chromoprotein. 
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Figure 3.7 Expression of genes involved in amino acid metabolism under hypo-

saline stress at different time points. Colors represent up-regulated (red), down-

regulated (blue) and mixed (purple) genes (FDR < 0.05). When a gene showed 

significantly differential expression at any time points no matter which hypo-

saline treatment group it was from, it was shown above. (Adapted from Aguilar et 

al., 2019 Figure. 3). Abbreviations: CHDH, choline dehydrogenase; BADH, 

alpha-aminoadipic semialdehyde dehydrogenase; BHMT, betaine--homocysteine 

S-methyltransferase; DMGDH, dimethylglycine dehydrogenase; GNMT, glycine 

N-methyltransferase; SARDH, sarcosine dehydrogenase; MAT, S-

adenosylmethionine synthase; C β S, cystathionine beta-synthase; ANPEP, 

aminopeptidase; GGT, gamma-glutamyltranspeptidase; GS, glutamine 

synthetase;NOS, nitric oxide synthase; GST, glutathione S-transferase; GPx, 
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glutathione peroxidase; OAT, ornithine aminotransferase; ARG1, arginase-1; 

GDH1, glutamate dehydrogenase; GDH2, NAD(P)H-utilizing glutamate 

dehydrogenase. 

  



98 

 

 

 

Figure 3.8 Principal component analysis (performed by DEGs; FDR<0.05) 

showing different salinity conditions had little effect on gene expression of algal 

symbionts. 
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Figure 3.9 Heatmap illustration of differentially expressed photosynthesis, 

ribosomal protein, and major basis nuclear genes (FDR<0.05) in algal symbiont at 

day 10, day 20, and day 30. Data are displayed as log2FC relative to control; if a 

gene exhibited significant differential expression at any time point, it was shown 

above, and the blank means the gene is not significant. (A) Differential expression 

of genes involved in photosynthesis. (B) Differential expression of transcripts 

encoding ribosomal proteins. (C) Differential expression of major basic nuclear 

protein. psbA, photosystem II protein D1; psbB, photosystem II chlorophyll-

binding protein CP47; psbC, photosystem II chlorophyll-binding protein CP43; 

psbD, photosystem II protein D2; psbF, cytochrome b559 subunit beta; psbN, 

protein psbN; psbU, photosystem II 12 kDa extrinsic protein; psaA, photosystem I 
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P700 chlorophyll a apoprotein A1; psaB, photosystem I P700 chlorophyll a 

apoprotein A2; psaD, photosystem I reaction center subunit II; psaF, photosystem 

I reaction center subunit III; psaL, photosystem I reaction center subunit XI; 

LH38, light-harvesting complex I LH38 proteins; ABA2, zeaxanthin epoxidase; 

atpA, ATP synthase subunit alpha, chloroplastic; ccac, caroteno-chlorophyll a-c-

binding protein; chlI, magnesium-chelatase subunit ChlI; FCP, fucoxanthin-

chlorophyll a-c binding protein; LHCSR1, light-harvesting complex stress-related 

protein 1; PCP, peridinin-chlorophyll a-binding protein; cytB, cytochrome b6; 

petH, ferredoxin--NADP reductase; HCC, major basic nuclear protein; RPL, 60S 

ribosomal protein; RPS, 40S ribosomal protein. 
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Chapter 4 General conclusions and discussion 

4.1 General conclusions 

In this study, the physiological and molecular responses of the massive 

scleractinian coral D. rotumana and its endosymbiotic dinoflagellates 

(Cladocopium sp.) to thermal stress and hypo-saline stress were examined. This is 

the first study describing the gene expression patterns of both coral host and algal 

symbiont exposed to high-temperature and low-salinity environmental conditions.  

Chapter 1 of this thesis provides the essential background information and 

general methods included in the thesis. As global warming becomes more and 

more serious, particular emphasis has been placed on coral bleaching. Among the 

problems arising from climate change, elevated temperature and reduced salinity 

are the two most common factors leading to coral bleaching in tropical and 

subtropical areas. Researchers have studied the underlying mechanisms of corals’ 

responses to extreme environmental stressors using developed techniques. 

However, more attention has been paid to the branching corals, which are 

considered to be more vulnerable to climate changes. Massive corals, such as D. 

rotumana, which are more likely to survive under extreme environmental 

conditions, have been neglected in previous studies. Therefore, it is urgent to 

study how massive corals, like D. rotumana, respond to high-temperature and 

low-salinity stresses and whether they utilize different molecular mechanisms to 

tackle such environmental challenges. 

Chapter 2 of the thesis reported an experimental study examining the 

physiological and molecular responses of D. rotumana exposed to 32°C. It was 

found that D. rotumana displayed high tolerance to the elevated temperature 

because no apparent discoloration (i.e. coral bleaching) occurred during the 30-

day experiment. Throughout the experiment, the physiological variables including 

photosynthetic efficiency, symbiotic algae density, and chlorophyll a 

concentration were all affected with a slight decrease. Through the transcriptomic 

analysis, it can be hypothesized that the high resistance of D. rotumana to thermal 

stress may be related to the up-regulation of genes involved in immunity and 

cytoskeleton. The endosymbiotic dinoflagellate cells were only slightly influenced 
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by the thermal stress and they were still able to provide photosynthetic products to 

the coral host. Overall, my results showed that both partners of the coral holobiont 

were resistant to thermal stress, and they interacted to maintain nearly normal 

metabolism. 

Chapter 3 of the thesis reported an experimental study aiming to determine 

the effects of different degrees of hypo-salinity on D. rotumana. When being 

exposed to different degrees of low-salinity, D. rotumana showed different 

magnitudes of reaction. The 21 psu and 25 psu treatments had a similar influence 

on the coral host. However, the 29 psu treatment had less influence on it. When 

exposed to hypo-saline conditions, the up-regulation of genes related to the 

antioxidation network and specific response of genes involved in amino acid 

metabolism and transport was observed in D. rotumana. Osmoregulation was the 

reaction of the coral host response to hypo-saline stress that is distinct from other 

stressors. The endosymbiotic dinoflagellate cells were even less affected by the 

hypo-saline stress than by the thermal stress which may indicate the strong 

osmoregulation of the coral host cells 

 

4.2 Implications and perspectives 

This study has provided empirical data to show that D. rotumana has a high 

tolerance to thermal stress and hypo-saline stress. The results of the two 

experiments showed that when exposed to elevated temperature or reduced 

salinity conditions, D. rotumana and its endosymbiotic dinoflagellates were only 

slightly affected compared to other coral species, and as time went by, the extent 

of influence they received was alleviated. In the future, if artificial measures need 

to be taken to save the corals in the wild, this study can provide information to 

help decide on which species more efforts should be put. And when preparing the 

artificial coral propagation, massive corals with higher resistance to 

environmental stressors like D. rotumana could be given priority. 

However, there are some indications through this study. In this study, there 

was only one replicate tank at each condition. Although this was common in such 

kinds of experiments, considering experimental error, more replicates should be 

included in future studies if possible. Besides, colony divergence can be another 
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influencing factor and could be taken into consideration. Further, in this study, 

measures were only taken from physiological and molecular levels. If some other 

method, like the measurement of ROS concentration, analysis of amino acids, and 

detection of some biological products by some proteome methods could be 

considered, the hypothesis proposed from transcriptomic results would be verified. 

Last but not least, to avoid user variation associated with manual hemocytometer 

cell counting, automated cell counters can be utilized to investigate the symbiotic 

algae density. 

However, it is still unknown that how the coral host and algal symbiont 

interact with each other to maintain the symbiosis relationship. Further researches 

can focus on the interaction between the two symbiotic partners to reveal the 

contributions they make to keep the holobiont healthy. 
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