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ABSTRACT 
 

Scleractinian corals form the basis of diverse coral reef ecosystems. However, corals 

are in swift decline globally, in part due to rising disease prevalence. Most corals are 

dependent on symbiotic interactions with single-celled algae (family Symbiodiniaceae) to 

meet their nutritional needs. Preliminary evidence suggests that suppression of host 

immunity may be essential to this relationship. To explore potential immunological 

consequences of symbiotic relationships in corals, we investigated constitutive and 

induced immune activity in the facultatively symbiotic coral, Astrangia poculata. Brown 

(high symbiont density) and white (low symbiont density) colonies of A. poculata were 

collected from Rhode Island. First, we compared constitutive immune phenotypes 

between these two groups. Symbiont density was strongly correlated to several of these 

immune phenotypes; catalase activity and melanin were significantly positively 

correlated to symbiont density. Next, we investigated potential variation in induced 

immune response between the two groups. Colonies of A. poculata with variable 

symbiont densities were exposed to a pathogenic challenge. We then measured 

differences in constitutive and induced immunity using transcriptomic approaches. 

Preliminary results indicate significant differences in response to immune challenge as a 

result of variable symbiont density. Our results highlight the complex nature of 

symbiosis-immune interplay in cnidarians and emphasize the need for nuanced 

approaches when considering symbiosis. 
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I. INTRODUCTION 

Reef-building (scleractinian) corals are key ecosystem engineers, which create the 

structural basis of habitat that supports almost a quarter of all known marine life 

(Knowlton et al., 2010). However, the health of coral reefs worldwide is rapidly 

deteriorating, partially as a result of anthropogenic climate change (Burke, Reytar, 

Spalding, & Perry, 2011). Changing environmental conditions such as increasing ocean 

temperatures, excess nutrients, habitat degradation, and ocean acidification all threaten 

the health of coral reefs and have triggered mass die-offs of scleractinian corals 

(Meesters, Pauchli, & Bak, 1997). By far the two largest drivers of coral mortality have 

been outbreaks of pathogenic disease and coral bleaching events, a phenomenon which 

involves the breakdown of the relationship between the host coral and algal 

endosymbiont (T. P. Hughes et al., 2003). As a result of mortality associated with 

increasing frequency of disease and bleaching events, coral reefs are now considered one 

of the most endangered ecosystems (Meesters et al., 1997). Widespread loss of live corals 

has led to an overall decrease in the architectural complexity of the reef environment 

(Hughes et al., 2003). The loss of coral reefs and subsequent loss of the structural 

complexity these corals provide is predicted to result in a great loss of biodiversity 

(Alvarez-Filip, Dulvy, Gill, Cote, & Watkinson, 2009; Pratchett, Hoey, & Wilson, 2014). 

This will be detrimental to the many ecosystem services that they provide, including 

coastline protection and support for fishing industries.  

Disease has been identified as one of the largest drivers of coral declines (Eddy et al., 

2021; Miller et al., 2009). As anthropogenic effects on natural ecosystems have become 
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more pronounced, so too has the severity and prevalence of epizootic disease outbreaks 

which have disproportionately impacted corals (Croquer & Weil, 2009; Meesters et al., 

1997). Current widespread diseases in the Caribbean include White Band, White Plague, 

White Pox, and Stony Coral Tissue Loss Disease (SCTLD; E Weil, 2019; Miller et al., 

2009). Despite the impact of these diseases, in many cases the causative pathogens 

remain unknown (Marshall & Baird, 2000). Several pathogens have been associated with 

the recent outbreak of SCTLD, including Vibrio coralliilyticus,(Palmer & Traylor-

Knowles, 2012) but an official causative pathogen has not yet been identified. Co-

infections with V. corallillyticus and SCTLD have also been identified which may 

suggest that the bacteria play secondary role in lesion progression and disease 

exasperation (Landsberg et al., 2020; Ushijima et al., 2020). Interestingly, susceptibility 

to SCTLD and other diseases is highly variable among and within coral species (Weil, 

2004). Previous work has suggested differential immune gene expression, as a result of 

varying symbiont densities, may impact disease susceptibility under pathogen challenge 

(Lauren E. Fuess, Palacio-Castro, Butler, Baker, & Mydlarz, 2020; Roesel & Vollmer, 

2019) 

While ecological variation in coral disease susceptibility has been well documented, 

the mechanisms contributing to this variation remain poorly understood. This is largely 

due to a gap in knowledge as it pertains to the coral immune response, which was under-

studied until recent years. The cnidarian immune response is a three-step system. The 

immune response is based upon pathogen recognition, signaling pathways, and effector 

responses (Mydlarz, Fuess, Mann, Pinzón, & Gochfeld, 2016). Corals have a variety of 

pathogen recognition molecules, such as Toll-like receptors and NOD-like receptors, 
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which are capable of identifying a diversity of pathogens (Palmer, Bythell, & Willis, 

2010). Post-recognition, signaling pathways are activated to appropriate defense 

mechanisms (Palmer et al., 2010). The end result of these signaling pathways are effector 

responses, which are activated in order to eliminate the threat (Palmer et al., 2010). 

Corals are able to employ a diversity of effector responses including antioxidants, 

antimicrobial peptides, and melanin (Palmer et al., 2010). Preliminary evidence suggests 

that variation in several components of the coral immune response might contribute to 

variations in immunity and disease susceptibility (L. E. Fuess, Pinzon, Weil, Grinshpon, 

& Mydlarz, 2017; Palmer et al., 2010; Traylor-Knowles, 2021). Furthermore, other 

factors such as symbiotic state may also contribute to variation in immunity, though the 

connection between these traits is less well understood (L. E. Fuess, Butler, Brandt, & 

Mydlarz, 2020; Harman, Barshis, Hauff Salas, Hamsher, & Strychar, 2022). This study 

aimed to further understanding of the effects of variation in symbiotic state on host 

immunity, using the facultatively symbiotic coral Astrangia poculata. 

Astrangia poculata as a model species 

Astrangia poculata, a temperate coral, is an excellent model system for addressing 

questions related to coral immunology and symbiosis. A. poculata is a hardy, abundant, 

temperate coral found from as far north as Massachusetts to the Gulf of Mexico (Dimond 

et al., 2012). They are easily accessible across a wide geographic range; in fact, recent 

evidence shows that there is a population off the coast of Texas (Bahr, pers. obs.). 

Furthermore, the abundance of this species provides a distinct advantage over tropical 

coral species, many of which are endangered and difficult to acquire in large numbers. In 

addition, A. poculata is facultatively symbiotic; colonies demonstrate extreme natural 
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variation in symbiont density (Sharp, Pratte, Kerwin, Rotjan, & Stewart, 2017). Symbiotic 

states are broadly classified based on summer color, approximate chlorophyll 

concentration, and symbiont density (“brown” < 106 cells cm-2, “white” 104 -106 cm-2; 

(Sharp et al., 2017). We can leverage this immense natural variation in symbiont density 

to study questions related to immune-symbiosis interplay in cnidarians. 

 
The following chapter is in review in Biology Letters. 
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II. VARIATION IN SYMBIONT DENSITY IS LINKED TO CHANGES IN 

CONSTITUTIVE IMMUNITY IN THE FACULTATIVELY SYMBIOTIC 

CORAL, ASTRANGIA POCULATA. 

A. INTRODUCTION 

Scleractinian corals are key ecosystem engineers, which create the structural basis of 

diverse coral reef systems (Burke et al., 2011). However, the health of coral reefs 

worldwide is deteriorating, largely due to anthropogenic climate change (Meesters et al., 

1997). Changing environmental conditions such as increased ocean temperatures and 

ocean acidification have led to coral die-offs (T. P. Hughes et al., 2003); global coral reef 

cover has declined by 50% from 1957 to 2007 (Eddy et al., 2021). The two largest drivers 

of coral mortality have been disease outbreaks and bleaching events (Croquer & Weil, 

2009; Evans et al., 2020; Miller et al., 2009). Previous studies suggest extensive inter- 

and intraspecific variation in response to disease (Weil, 2004) and propensity to 

bleaching (Marshall & Baird, 2000). However, while the factors contributing to variation 

in bleaching susceptibility have been well studied in many coral species (Krueger et al., 

2015; Marshall & Baird, 2000), the mechanisms driving variation in coral disease 

susceptibility largely remain unknown. 

The coral immune response consists of pathogen recognition, signaling pathways, and 

effector responses (Mydlarz et al., 2016). Corals have a variety of pathogen recognition 

molecules, such as Toll-like receptors and NOD-like receptors, capable of identifying a 

diversity of pathogens (Palmer & Traylor-Knowles, 2012). Post-recognition, signaling 

pathways appropriate defense mechanisms and trigger effector responses (Palmer & 

Traylor-Knowles, 2012). Corals use effector responses such as melanin production, 
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antioxidants, and/or antimicrobial peptides to eliminate pathogens (Palmer & Traylor-

Knowles, 2012). Preliminary evidence suggests that natural variation in several immune 

components might contribute to variation in disease resistance (L. E. Fuess et al., 2017; 

Levy et al., 2021; Palmer et al., 2010). 

Beyond its role in pathogenic defense, the coral immune system also plays roles in 

the establishment and maintenance of symbioses (Davy, Allemand, & Weis, 2012; L. E. 

Fuess et al., 2020; Kvennefors et al., 2010; Mansfield et al., 2017; Mansfield & Gilmore, 

2019; Neubauer, Poole, Weis, & Davy, 2016; Rosset et al., 2021; Tivey et al., 2020; V. 

M. Weis, 2019; V. M. Weis, Davy, Hoegh-Guldberg, Rodriguez-Lanetty, & Pringle, 

2008). The onset and maintenance of coral symbiosis with Symbiodiniaceae is theorized 

to circumvent or modulate host immune response (Davy et al., 2012; Detournay, 

Schnitzler, Poole, & Weis, 2012; Mansfield et al., 2017; Merselis, Lirman, & Rodriguez-

Lanetty, 2018; Meyer & Weis, 2012). Furthermore, modification of immunity may extend 

beyond establishment of the relationship. In the threatened Caribbean coral Orbicella 

faveolata, which is obligately symbiotic, experimentally manipulated higher 

Symbiodiniaceae density was linked to negative effects on host immune gene expression 

(Lauren E. Fuess et al., 2020).  Similarly, a study using Acropora cervicornis, found a 

negative correlation between bleaching and disease, suggesting the reduction in symbiont 

density associated with bleaching might reduce symbiont-associated immune suppression 

and increase host capacity to respond to disease (Merselis et al., 2018). Still 

understanding of the prevalence of potential symbiosis-immune trade-offs across 

cnidarian species, and the effects of natural symbiont density variation (i.e. non-stress 

related) on these tradeoffs, is poorly understood. To better understand how 
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Symbiodiniaceae density and immunity might be linked in diverse scleractinian corals, 

we investigated variation in constitutive immunity among colonies of the facultatively 

symbiotic scleractinian coral, Astrangia poculata, which displays immense natural 

variability in densities of its symbiont Breviolum psygmophilum.   
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B. METHODS 

Sample collection 

Astrangia poculata colonies were collected from Fort Wetherill in Jamestown, Rhode 

Island in April 2021 (41°28′40″ N, 71°21′34″ W) at a depth of 10-15 meters, via 

SCUBA. Colonies were visually assessed and sorted into either high or low symbiont 

density groups (termed “brown” or “white” colonies respectively); 10 colonies of each 

type were collected. Visual assessment of colony color is a reliable method for 

distinguishing corals with high symbiont density (>106 cells cm-2) from those with low 

symbiont density (104-106 cells cm-2 (Sharp et al., 2017)). It should be noted that we use 

the terms “brown” and “white” as colonies grouped in the white category are rarely 

completely aposymbiotic. Following collection, the colonies were returned to Roger 

Williams University where they were maintained for several weeks in closed systems 

containing locally sourced seawater and fed three times weekly with frozen copepod 

feed. Samples were then flash frozen in liquid nitrogen and shipped to Texas State 

University for analyses.    

 

Protein extraction  

Tissue was removed from colonies with extraction buffer (TRIS with DTT, pH 7.8) 

using protocols outlined by Fuess (L. E. Fuess, Pinzomicronn, Weil, & Mydlarz, 2016). 

First, tissue was removed and isolated from a fixed surface area (2.14 cm2) on the flattest 

portion of the coral for Symbiodiniaceae density calculation. Then, tissue from the 

remaining fragment was removed and isolated into a separate aliquot. Both aliquots of 
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tissue extracts were homogenized using a Fisherbrand Homogenizer 150 prior to 

downstream processing. 

The Symbiodiniaceae aliquot was processed using a series of consecutive 

centrifugation and wash steps. The homogenate was centrifuged at 376 RCF for 3 

minutes and the supernatant was removed. The resultant pellet was resuspended in 

500µL, and the product was centrifuged again using the same procedure. This step was 

repeated, and the sample was preserved in 500µL of 0.01% SDS in deionized water, 

stored at 4C. 

The host aliquot was processed to obtain subsamples for protein activity assays and 

melanin concentration estimation. Following homogenization, 1 mL of the host aliquot 

was flash frozen, and stored at 20oC for melanin concentration estimation (see Melanin 

section). The remainder of the host aliquot was centrifuged for 5 minutes at 1301 RCF 

using an Eppendorf Centrifuge 5804 R. The resulting supernatant (protein enriched cell-

free extract) was flash frozen in liquid nitrogen and stored at –80oC for downstream 

assays.    

 

Symbiont density 

Symbiodiniaceae density was estimated using a standard hemocytometer and Nikon 

Eclipse E600 microscope. Symbiodiniaceae counts were repeated in triplicate and averaged 

to calculate symbiont density/tissue area. 
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Biochemical Immune Assays 

A Red660 assay (G Biosciences, St. Louis, Missouri) based on existing methods 

(Pinzon, Beach-Letendre, Weil, & Mydlarz, 2014) was used to determine sample protein 

concentration and standardize assays. All immune assays were run in duplicates on 96 

well plates using a Cytation 1 cell imaging multi-mode reader with Gen5 software 

(BioTek). 

 

Prophenoloxidase Cascade Assays (PPO, PO, and MEL) 

Total phenoloxidase activity (PPO + PO) and melanin abundance was estimated using 

previously established methods (L. E. Fuess et al., 2016) adapted to A. poculata. For total 

phenoloxidase activity, 20µL of coral extract were diluted into 20µL of 50 mM 

phosphate buffered saline (pH 7.0) in a 96 well plate (Greiner bio-one, Frickenhausen, 

Germany). Samples were incubated with 25µL of trypsin (0.1 mg/mL) for 30 minutes at 

room temperature, allowing for cleavage of PPO into PO. Post-incubation, 30µL of 

dopamine was added to each well. Absorbance was read every minute for 20 minutes at 

490nm. Change of absorbance at the steepest point of the curve was used to calculate 

total phenoloxidase activity, standardized by protein concentration (L. E. Fuess et al., 

2016; Mydlarz & Palmer, 2011).  

To estimate melanin concentration, subsampled tissue extracts for the melanin assay 

were dried on a speed vac (Eppendorf, Vacufuge plus) in a tared 1.5mL microcentrifuge 

tube. Dried tissues were weighed and processed to assess melanin concentration. Two 

hundred microliters of glass beads (10mm) were added to each tube. Samples were then 

vortexed for 10 seconds and 400uL of 10M NaOH was added to each tube. Tubes were 
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vortexed for 20 seconds and incubated in the dark for 48 hours, with a second 20 second 

vortex occurring after 24 hours. Post-incubation, the tubes were vortexed and then 

centrifuged at 100 RCF for 10 minutes at room temperature. The resultant supernatant 

(40µL) was transferred to a ½ well UV plate (UV-STAR, Greiner bio-one, 

Frickenhausen, Germany). Absorbance was read at 410 and 490nm. We used a standard 

curve of melanin dissolved in 10M NaOH to calculate mg melanin from absorbance (L. 

E. Fuess et al., 2016; Mydlarz & Palmer, 2011). Melanin concentration was standardized 

per mg of dried tissue weight.    

 

Antioxidant Assays  

The activity of two coral antioxidants was investigated: catalase (CAT) and 

peroxidase (POX), following established methods (L. E. Fuess et al., 2016; Mydlarz & 

Palmer, 2011), adapted to A. poculata. Catalase was measured by diluting 5µL of sample 

with 45µL of 50mM PBS (pH 7.0) in a transparent UV 96-well plate (UV-STAR, Greiner 

bio-one, Frickenhausen, Germany). To initiate the reaction, 75µL of 25mM H2O2 was 

added to each well. Absorbance was read at 240nm every 30 seconds for 15 minutes. 

Scavenged H2O2 was calculated as the change in absorbance at the steepest portion of the 

curve. A standard curve was used to determine change in H2O2 concentration (mM), and 

results were standardized by protein concentration (L. E. Fuess et al., 2016; Mydlarz & 

Palmer, 2011).    

To measure peroxidase activity, 20µL of sample was diluted in 20µL of 10mM PBS 

(pH 6.0) in a standard 96-well plate (Costar, Corning, Kennebunk, ME). Fifty microliters 

of 25mM guaiacol in 10mM of PBS (pH 6.0) was added to each well of the plate. To 
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initiate the reaction, 20µL of 20mM H2O2 was added to each well. Absorbance was read 

every minute for 15 minutes at a wavelength of 470nm. Peroxidase activity was 

calculated as the change in absorbance at the steepest portion of the curve, standardized 

by protein concentration (L. E. Fuess et al., 2016; Mydlarz & Harvell, 2007). 

 

Antibacterial Assay  

Antibacterial activity of A. poculata samples was assessed against Vibrio 

coralliilyticus (strain RE22Sm; provided by D. Nelson University of Rhode Island), a 

known coral pathogen (Vidal-Dupiol et al., 2011). Bacterial culture was revived from 

frozen stock and grown overnight in Luria broth (LB). After 24 hours, 1mL of bacterial 

culture was diluted in 100mL of mYP30 broth and grown for an additional 48 hours. 

Prior to assays, the culture was diluted to a final optical density at 600nm of 0.2. To 

initiate the assay, 140µL of bacterial culture and 60µL of sample, diluted to a standard 

protein concentration, were combined into wells of a sterile 96-well plate (Costar, 

Corning, Kennebunk, ME). Sample absorbance was read every 10 minutes at 600nm for 

6 hours at 27oC. Change in absorbance during the logarithmic growth phase of the curve 

was used to calculate growth rate (L. E. Fuess et al., 2016; Pinzon et al., 2014). 

 

Statistical Analyses 

Prior to statistical testing, outliers were identified and removed if necessary, using the 

‘nooutlier’ function in R. Normality was also assessed, and data was transformed as 

needed; Symbiodiniaceae density was square root transformed. We assessed the effects of 

symbiont density on each of our immunological metrics using two approaches. First, we 
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tested for differences in assay activity between colonies grouped as white or brown using 

a t-test. Second, we used a Pearson correlation test to assess direct correlations between 

symbiont density and assay activity. T-tests and correlations were run independently for 

each assay. 
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C. RESULTS  
 

Statistical analysis revealed a significant association between symbiotic state and host 

immune phenotypes. Both melanin concentration (t-test, p=0.0004; Figure 1A) and 

catalase activity (T-test, p=0.048; Figure1B) were significantly higher in brown colonies 

than white. Furthermore, melanin concentration (Pearson correlation, R=0.64, p=0.003; 

Figure 1C) and catalase activity (Pearson correlation, R= 0.62, p=0.005; Figure 1D) were 

significantly positively correlated to symbiont density. No other assays were significantly 

associated with symbiont state or symbiont density (Tables 1-2). 
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Figure 1. Both symbiont state and symbiont density affect melanin concentration and 
catalase activity. A-B: Box and whisker plots displaying differences in immune 
parameters between white and brown colonies for melanin (A) and catalase (B).  C-D: 
symbiont-immune assay correlation results for melanin concentration (C) and catalase 
activity (D).   
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Table 1.1 T-test results for each immunological assay. 
Assay Statistic value dF p-value 

Peroxidase -0.696 13.8 0.498 
Prophenoloxidase -0.816 18 0.425 

Catalase 2.19 12.5 0.0482* 

Antibacterial 1.01 12.9 0.334 

Melanin 4.96 11.2 0.0004* 

  
  
Table 1.2 Pearson-correlation results between assay activity and square-root transformed 
symbiont density. 

Assay corr. value dF p-value 

Peroxidase 0.2430729 17 0.316 

Prophenoloxidase -0.0130134 18 0.9566 

Catalase 0.6155106 17 0.005026* 

Antibacterial -0.06311574 18 0.7915 

Melanin 0.6900038 17 0. 0011* 
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D. DISCUSSION  
 

Here we used a facultatively symbiotic coral, Astrangia poculata, to investigate trade-

offs between constitutive immunity and Symbiodiniaceae density in corals. Past studies 

have suggested trade-offs between the maintenance of symbiotic relationship and 

immunity in obligately symbiotic corals ( Fuess et al., 2020; Merselis et al., 2018). In 

contrast, our results show no trade-offs between Symbiodiniaceae abundance and 

constitutive immunity. Instead, we find a positive association between constitutive 

immunity and Symbiodiniaceae density in A. poculata. These findings confirm the 

complex nature of the relationship between algal symbiosis and immunity in cnidarians 

and highlight the need for further study of symbiosis-immune interplay in diverse 

systems.  

We document positive correlations between symbiont density and two metrics of 

constitutive immunity: catalase activity and melanin concentration. Importantly, while 

both systems function in immunity, they also serve secondary roles in maintenance of 

coral-algal symbiosis (Merle, Sabourault, Richier, Allemand, & Furla, 2007). While 

antioxidant activity is important in combating ROS bursts associated with pathogen 

defense, it is also important in general stress response, including response to thermal 

stressors (Wall et al., 2018). Symbiont release of ROS is believed to be a cause of 

thermally induced bleaching, or breakdown of algal symbiosis (Szabó, Larkum, & Vass, 

2020). Consistent with this theory, increased antioxidant production is associated with 

increased resistance to thermal bleaching (Nielsen, Petrou, & Gates, 2018). Similarly, in 

addition to its roles in encapsulation of pathogens (Palmer & Traylor-Knowles, 2012), 

melanin may play secondary roles in stress response, including protection of algal 
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symbionts from UV damage (i.e., symbiont shading; (Palmer, Bythell, & Willis, 2011)). 

Consequently, observed patterns of higher activity of these two pathways may be 

indicative of algal symbiont management and proactive stress mitigation mechanisms 

rather than direct consequences of symbiosis on immunity. 

A second hypothesis could explain the observed associations between 

Symbiodiniaceae density and immunity more generally: resource allocation theory. 

Resource allocation theory posits that organisms allocate a fixed energetic budget to 

competing needs (ex: growth, reproduction, and immunity; (Sadd & Schmid-Hempel, 

2009)). When energy budgets are fixed, increases in any one category come at the cost of 

another (i.e. tradeoffs; (Sadd & Schmid-Hempel, 2009)). Consequently, energetic budgets 

can have significant impacts on resources allocated to immunity. For example, reductions 

in energy budgets caused by starvation resulted in decreased expression of immune genes 

and resistance to pathogens in the cnidarian Nematostella vectensis (Aguirre Carrión et 

al., 2022). Indeed, facultative symbiosis may be a natural source of variation in energetic 

budget; colonies of corals with variable densities of Symbiodiniaceae may vary in their 

base energetic budget due to increased photosynthetically derived carbon. Past studies 

have linked increased photosynthetic energy acquisition to increased Symbiodiniaceae 

density (A. D. Hughes, Grottoli, Pease, & Matsui, 2010; Pupier et al., 2019). 

Consequently, increased B. psygmophilum densities in A. poculata may increase a 

colonies total energetic budget, allowing for greater resource allocation to immunity and 

explaining elevated catalase and melanin levels in colonies with higher B. psygmophilum 

density.  
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Regardless of mechanism, these findings add to a growing body of work considering 

the effects of symbiont density on immunity in cnidarians. Interestingly, previous work in 

obligately symbiotic corals suggests a negative relationship between symbiont density 

and immune gene expression (Lauren E. Fuess et al., 2020; Merselis et al., 2018), 

opposite to this study. A similar pattern was also observed in another obligately 

symbiotic coral, Acropora tenuis; immune gene expression was downregulated to allow 

for the establishment of symbiosis (Yuyama, Ishikawa, Nozawa, Yoshida, & Ikeo, 2018). 

However, these previous studies involved obligately symbiotic corals, whereas our results 

describe patterns in a facultatively symbiotic coral. Variation in symbiont density, and 

therefore energetic budget, is likely more pronounced in the latter group, affecting our 

results. Additionally, the past studies applied broad transcriptomics approaches while this 

study only measured a handful of immune effector responses with dual roles in stress 

response and symbiosis maintenance. A broader approach might yield different results. 

Finally, in the Fuess et al. 2020 study, nutrient enrichment was used to artificially 

manipulate symbiont density (Lauren E. Fuess et al., 2020). Recent findings have 

suggested that nutrient enrichment may inhibit coral immune responses (PO activity) 

(Dougan et al., 2020), suggesting this may have confounded results from the previous 

study. More studies investigating symbiosis-immune interactions in diverse cnidarian 

species using consistent approaches will be essential in disentangling this nuanced 

relationship. 

In summary, our results highlight a positive association between B. psygmophilum 

density and immune parameters in the temperate coral A. poculata, which contrasts with 

past studies of obligately symbiotic corals. This association is most likely either related to 
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the dual function of these parameters or a consequence of increased energetic budgets 

associated with symbiosis. Importantly, our approach only measured a subset of potential 

effector responses. Future studies incorporating more responses or measures of receptor 

and signaling activity would improve interpretation of these trends. Additionally, our 

results are limited to the context of constitutive immunity; further studies considering 

pathogen response would be informative. Finally, our results are limited to the context of 

common garden conditions; additional natural studies which highlight the immunological 

effects of interactions between symbiont density and environmental variation would be 

informative. Nevertheless, our data provides an important first step in highlighting the 

nuanced association between immunity and algal symbiosis in scleractinian corals.  
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III. COMPARISON OF INDUCED IMMUNE RESPONSE ACROSS SYMBIONT 

STATES IN THE FACULTATIVELY SYMBIOTIC CORAL, ASTRANGIA 

POCULATA. 

A. INTRODUCTION 

To better explore the relationship between symbiosis and immunity in Astrangia 

poculata in the context of both constitutive and induced immunity, we ran a subsequent 

experiment combining biochemical and transcriptomic approaches. It is well known that 

establishment of symbiosis involves immune suppression to allow for assimilation of the 

symbiont rather than destruction (Davy et al., 2012; V. Weis, Reynolds, deBoer, & 

Krupp, 2001). Maintenance of this intracellular symbiosis also requires constant 

modulation by the host immune system (V. M. Weis, 2019). Furthermore, recent research 

has found that under pathogen challenge, symbiotic state and/or symbiont cell density can 

impact the host coral immune response to environmental stress and pathogen exposure 

(Harman et al., 2022; Roesel & Vollmer, 2019; Z. Zhou et al., 2019). However, many of 

these studies were conducted in obligately symbiotic cnidarians which demonstrate 

limited natural variation in symbiont density. Here, we leverage Astrangia poculata, a 

temperate facultatively symbiotic coral, to more precisely study the impact of variability 

in symbiont density on host immunity. Specifically, here we investigate how variability 

in symbiont density may impact the response of hosts to pathogenic challenge. Colonies 

of A. poculata with variable symbiont densities were exposed to the known coral 

pathogen, Vibrio corallillyticus (Gibbin et al., 2019; Vidal-Dupiol et al., 2011; Z. Zhou et 

al., 2019). We assayed differences in immunity as a result of immune challenge, 
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symbiont density, and the combination of these two traits, using both biochemical 

immune assays and transcriptomic approaches. 
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B. METHODS 

Based on preliminary findings (Chapter 1), we designed a second experiment to 

investigate the effects of symbiotic state on host response to pathogenic stimuli. Cultures 

of the known coral pathogen Vibrio coralliilyticus were obtained from David Nelson at 

the University of Rhode Island. V. coralliilyticus (strain RE22Sm) was maintained in 

liquid mYP30 media at 27oC in a shaking incubator set to 200RPM. mYP30 media is 

comprised of 1g of yeast extract (Sigma-Aldrich), 5g of Peptone Primatone (Sigma-

Aldrich), 30g of instant ocean salt (Instant Ocean), and DI H2O (pH 7.5-7.6).  

To determine bacterial load in cultures, we generated an OD to CFU standard curve 

using a SmartSpec Plus Spectrophotometer (BioRad) following standard protocols. First, 

we created a serial dilution of bacterial stock ranging from 101 to 10-8. We then estimated 

optical density at 600nm for each dilution until unreadable (101, 10-1, 10-2, 10-3). The 10-8 

dilution culture was then streaked on a plate with mYP30 agar and resulting CFUs were 

counted after 48 hours. These counts were used to create a standard curve of OD to CFU. 

Next, we developed protocols for heat inactivation of V. coralliilyticus by heating 1mL 

aliquots of culture (1 x 107/mL concentration) at 90oC for 5-30 minutes. Aliquots were 

removed every 5 minutes and streaked on separate mYP30 agar plates. Plates were 

checked at 24 and 48 hours to verify heat inactivation. Based on this, it was determined 

that 5 minutes at 90oC was sufficient for inactivation of bacteria.   

Colonies of white and brown A. poculata were collected from Fort Wetherill, 

Jamestown, Rhode Island and sent to Texas State by K. Sharp at Roger Williams 

University. At Texas State, corals were acclimated to the aquarium system following 

established husbandry protocols (Rotjan et al., 2019) for one month. At the end of this 
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period, colonies of A. poculata were exposed to either heat-inactivated V. coralliilyticus 

(1 x 107 CFU in 100uL of buffer) or a buffer control (filtered sea water) via injection (n= 

18 per group; roughly divided between symbiotic state). V. coralliilyticus was grown 

overnight in mYP30 media following standard culturing conditions.  The optical density 

of resulting cultures was measured, and cultures were diluted to a final concentration of 1 

x 108 CFU using our previously established OD standard curve. Cultures were then 

aliquoted into individual microcentrifuge tubes (1mL per tube). Each tube was 

centrifuged at 16000 RCF for 4 minutes. Filtered seawater (FSW) was prepared by 

filtering through a 0.2um filter. The media was removed, and the sample was then 

resuspended in 1mL of FSW and heated for 5 minutes at 90oC in a heat block. Heat 

inactivation was confirmed via plate streaking. Colonies were injected with 100uL of 

either heat inactivated bacteria or FSW in four locations using a PrecisionGlide Needle 

(BD). The samples were then incubated for 4 hours before they were sampled for 

transcriptomic analyses and the remaining colony was flash frozen for immune assays. 

Samples preserved for transcriptomic analyses were stored in 1mL of RNAlater (Sigma-

Aldrich) for 24 hours at 4 oC, then stored in -80oC.   

Immunological Assays & Symbiont Density Estimation 

Samples flash frozen in liquid nitrogen were analyzed using the biochemical immune 

assays and symbiont density estimation methods described in Chapter 1.  

Statistical Analyses- Immune Assays 

Differences in immune activity were assessed using parametric multi-factorial testing. 

First, outliers were identified using a Rosner test and removed. Then, normality was 

assessed with a wilks-shapiro test. Prophenoloxidase and peroxidase activity were non-
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normally distributed and therefore, normalized using a square root transformation. 

Following transformation, the distribution of the data fit the assumption of normality. 

Additionally, symbiont density, which is count data, was square root transformed. We 

then ran three different general linear models (GLM) to assess the impact of symbiont 

density, treatment, and the combination of the two factors on activity of each measured 

immune phenotype independently. First, we ran the model: immune activity ~ 

treatment*symbiont density; no significance was assessed for the interaction of the two 

terms. We then ran the model: immune activity ~ treatment + symbiont density. Finally, 

to look at broad scale differences between corals of high and low symbiont density, we 

ran the model: immune activity ~ treatment*symbiotic state, where symbiotic state was 

reflective of initial broad classifications of colonies into “brown” and “white” groups. 

RNA Extraction 

RNA was extracted from sub-samples preserved in RNA-later using the RNAqueous 

extraction kit (Ambion by LifeTechnologies) following manufacturer’s protocols with the 

addition of a bead beating step prior to lysis to separate coral tissue from the skeleton. 

The sample was added to a tube with the addition 0.5 mm glass beads and the lysis buffer 

and beat on a bead beater (Fisherbrand Bead Mill 24 Homogenizer) for 1 minute 

(Wuitchik et al., 2021). Following extraction, samples were qualitatively assessed using 

the Take 3 plate on the Cytation 1 cell imaging multi-mode reader with Gen5 software 

(BioTek). Samples with 260/280 ratios between 1.962 - 2.136 and RNA concentrations of 

> 20 ug/mL were sent to the University of Texas Genomic Sequencing and Analysis 

Facility for TagSeq library prep and sequencing on NovaSeq with single end, 100 base 

pair reads. A random subset of an additional 11 samples representative of all treatment 
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groups and meeting quality metrics were sent to NovoGene for sequencing on an 

Illumina NovaSeq platform with 150 base pair, paired end reads. These samples were 

used for de novo construction of a reference A. poculata transcriptome. 

Transcriptome Assembly 

A new reference transcriptome for A. poculata was constructed using reads generated 

from the 11 randomly selected corals. Briefly, demultiplexed reads were quality assessed 

and trimmed using Cutadapt (Martin, 2011). Resulting reads were then used to assemble 

a de novo transcriptome in Trinity following standard protocols (Grabherr et al., 2011). 

The resulting transcriptome was then filtered using BBSplit (Bushnell, 2014) to separate 

coral host reads from symbiont reads and generate a host-only reference transcriptome. 

The resulting transcriptome was annotated against the UniProtKB/Swiss-Prot database 

using a blastx algorithm from BLAST (Ye, McGinnis, & Madden, 2006) with an evalue 

cut off of .0001. The results were parsed to isolate the hit with the highest e-value for 

each annotated transcript. 

Read Alignment & Differential Expression Analyses 

TagSeq samples were processed and aligned to the reference genome following an 

open-source pipeline (github.com/z0on/tag-based_RNAseq).   First, reads were 

demultiplexed, trimmed, and quality assessed using a combination of custom Perl scripts 

and cutadapt (Martin, 2011). Resulting reads were then mapped to the generated 

reference transcriptome using Bowtie2 (Langmead & Salzberg, 2012) to generate a read 

count matrix. This matrix was then analyzed using DESeq2 (Love, Huber, & Anders, 

2014) to assess for variation in gene expression as a result of our factors of interest, using 

the following model: gene expression ~ immune treatment + symbiont density + immune 
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treatment*symbiont density. Resulting differential expression results were further 

analyzed for gene ontology enrichment as a result of each model term with the Gene 

Ontology Mann-Whitney U pipeline for R (github.com/z0on/GO_MWU). Significant 

genes and GO terms were identified as those with an adjusted p-value < 0.1. 
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C. RESULTS 

Immune Activity 

Three GLM models were used to analyze the results of each assay. No results were 

significant when analyzing the interaction of symbiont density and treatment (Table 2.1). 

However, two metrics of immunity were significantly impacted by terms in the additive 

GLM (Table 2.2). Catalase was significantly associated with symbiont density (p = 

0.036), whereas melanin was significantly different between treatment groups (p =0.025). 

Finally, several immune parameters were also significantly impacted by factors in the 

interactive GLM assessing treatment and broad classification of symbiont state (Table 

2.3). Specifically, melanin was significantly different between treatment groups 

(p=0.015), and symbiotic states (p=0.005), whereas peroxidase activity was significantly 

different between symbiotic states (p=0.024). No significance was found for the 

interaction of immune challenge and symbiont density/symbiotic state in any of our 

models. 
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Table 2.1 Generalized linear model (GLM) results for each immunological assay, p values 
reported are for the model: Treatment * SQRT symbiont. Tests were run independently for 
each assay. 

 
 
 
 
Table 2.2 Generalized linear model (GLM) results for each immunological assay for the 
model: Treatment + SQRT Symbiont. Tests were run independently for each assay. 
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Table 2.3 Generalized linear model (GLM) results for each immunological assay 
reported for the model Treatment*Symbiotic State. Test were run independently for each 
assay. 
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Transcriptome assembly and alignment 

De novo construction of a reference transcriptome for A. poculata resulted in a host-

only transcriptome of 1,154,619 transcripts with an N50 of 332. A total of 326,864 

(28.3%) transcripts were annotated by comparison to the UniProt database. Alignment of 

TagSeq reads to this reference transcriptome yielded an average mapping rate of 75.49%, 

with an average of 688,248 reads mapped to the host-only transcriptome per sample. 

Immune Challenge 
 

No genes were differentially expressed as a result of immune challenge. However, 41 

biological process GO terms were differentially enriched as a result of this treatment. Ten 

terms related to apoptosis and autophagy were significantly differentially enriched in 

response to immune challenge including: autophagy (delta rank=1102, padj= 0.0412) and 

regulation of intrinsic apoptotic signaling pathway by p53 class mediator (delta rank: -

2198, padj = 0.0396; Figure 2.1). 
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Figure 2.1 GO MWU analysis for terms related to apoptosis and autophagy which 
were significant differentially enriched between treatment groups (control and 
immune challenge). Bars indicated delta rank values; positive values are more 
enriched in immune challenged corals. 
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Symbiont Density 

Symbiont density affected expression of a total of seven unannotated genes. 

Furthermore, only four biological process GO terms were differentially enriched as a 

result of symbiont density: protein-containing complex organization, ubiquitin-dependent 

protein catabolic process via the multivesicular body sorting pathway, plasma membrane 

repair, and aminoglycan catabolic process (Figure 2.2).  

 

 

Interaction effect 

Six genes were differentially expressed as a result of the interaction between symbiont 

density and immune challenge. Of these, 3 were annotated, including Rpl29, Bro, and 

POLDIP2. All six of these genes were positively associated with symbiont density under 

immune challenge conditions only (positive log-fold change; Figure 2.3). A total of 27 

biological process gene ontology terms were differentially enriched as a result of this 

interaction. Of those, six were related to ciliary action, including: cilium movement, 
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Figure 2.2 Gene ontology enrichment results for the impact of symbiont density on 
biological processes. Bar magnitude indicates delta rank; positive values are positively 
associated with symbiont density. 
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microtubule-based movement, cilium or flagellum-dependent cell motility, microtubule-

based process, axonemal dynein complex assembly, and microtubule bundle formation 

(Figure 2.4). All these terms followed negative expression patterns (i.e., negatively 

associated with symbiont density under immune challenge conditions).     
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Figure 2.3 Differential expression of three genes (BRO, POLDIP2, and RPL29) 
involved in ciliary action between control and treatment (pathogen exposed) groups. 
 

Figure 2.4 Gene ontology enrichment results for the interaction effect (symbiont 
density * treatment) on biological processes. Bar magnitude indicates delta rank; 
negative values are positively associated with symbiont density. 
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D. DISCUSSION 

Here we studied the facultatively symbiotic coral, Astrangia poculata to further 

disentangle the relationship between symbiosis and immunity, focusing specifically on 

induced immune response. Results from my first chapter illustrated a clear difference in 

the constitutive immune response between coral colonies of varying symbiont density. In 

this chapter we used expanded analyses to both more comprehensively investigate 

differences in constitutive immunity between corals of variable symbiont density, and 

investigate the effects of this variation on induced responses. Our results confirm the 

findings in our earlier study and highlight important biological processes which may 

modulate the pathogen response in the facultatively symbiotic coral, Astrangia poculata.  

Results from our immune assays are congruent with the trends we saw in the first 

chapter. While there were no significant differences in induced immunity between corals 

of variable symbiont density, our results suggest that melanin abundance is consistently 

linked to symbiont density. This is also consistent with recently published independent 

studies investigating A. poculata innate immunity (Harman, Barshis, Hauff Salas, 

Hamsher, & Strychar, 2022). The lack of observed differences in induced immunity is 

more likely an artifact of the experimental approach rather than a true lack of difference. 

Corals were exposed to the heat-killed pathogen for 4 hours which was an optimal time 

point for capturing differences in gene expression, but less ideal for measuring changes in 

protein activity, due to the lag between signal detection and induction of protein 

responses (Mydlarz & Harvell, 2007). Future studies with extended sampling should be 

used to clarify the effects of variation in symbiont density on induced immunity using 

protein-based approaches.  
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Gene expression analyses provided further context regarding differences in 

constitutive immunity between corals of variable symbiont density. Though no genes 

were significantly differentially expressed as a result of immune challenge, eight terms 

related to autophagy were significantly differentially enriched in response to immune 

challenge. These terms included a general autophagy term and various vacuole assembly 

processes, which suggests the mounting of an immune response via autophagosomal 

vacuoles (Downs et al., 2009).  A term related to apoptosis was also negatively enriched 

in relation to immune challenge. This is unsurprising as both apoptosis and autophagy 

have been previously linked to coral immunity (L. E. Fuess et al., 2017). Specifically, 

autophagy has been posited to confer disease resistance, whereas apoptotic responses are 

associated with disease susceptibility (L. E. Fuess et al., 2017).  During immune 

challenge, autophagy may be initiated in order to consume non-essential cell components 

which can then be used as resources for macromolecule formation and creation of 

effector molecules (L. E. Fuess et al., 2017; Maiuri, Zalckvar, Kimchi, & Kroemer, 

2007). Autophagy is also immune mechanism itself, triggered by receptors such as toll-

like receptors. These receptors bind to microbial associated molecular patterns on the cell 

surface of the pathogen and activate autophagic signaling to eliminate intracellular 

pathogens (Cooney et al., 2010; L. E. Fuess et al., 2017; Shi & Kehrl, 2008). Autophagy 

as a whole is a more rapid and efficient pathogen response compared to apoptotic 

signaling (L. E. Fuess et al., 2017). Apoptosis, or programmed cell death, has also been 

linked to bleaching and the innate immune response to pathogen exposure (Lesser, 2011; 

Oakley & Davy, 2018; F. Zhou, Yang, & Xing, 2011). Fuess et al., found that coral 

colonies that were more susceptible to disease exhibited more reliance upon apoptotic 
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immune responses than did those that were classified as disease resistant (L. E. Fuess et 

al., 2017). Furthermore, Tchernov et al., found that an apoptotic response was higher in 

coral colonies that soon experienced fatality then those that survived the immune 

challenge (Tchernov et al., 2011). These findings suggest that A. poculata mounts a 

robust immune response to pathogen exposure that is marked by signatures of potential 

disease resistance.  

In addition to noting strong differences in apoptosis and autophagy as a result of 

immune challenge in A. poculata, we also observed differences in ciliary action induction 

in response to immune challenge between corals of differing symbiont density. Previous 

studies have illustrated a link between ciliary movement & biogenesis and stress 

condition such as sediment stress (Erftemeijer, Riegl, Hoeksema, & Todd, 2012). Several 

studies have found that corals increase ciliary action and slough off mucus sheets to move 

excess sediment and associated bacteria away from the coral (Erftemeijer et al., 2012). 

Indeed, ciliary action is essential for the regulation and maintenance of the coral’s surface 

mucosal layer (Brown & Bythell, 2005), which is often regarded as the coral’s first layer 

of defense (Bakshani et al., 2018). Mucopolysaccharides associated with the surface 

mucus layer can trap or repel bacteria (Rublee, Lasker, Gottfried, & Roman, 1980). 

Apical cilia provide water flow to sweep mucus and other trapped particles like bacteria 

off the surface of the coral (Mullen, Peters, & Harvell, 2004). Multiple studies have 

linked ciliary action to the coral infection response directly (Gavish, Shapiro, Kramarsky-

Winter, & Vardi, 2021). Preliminary evidence also suggests important roles of ciliary 

action in stress response in Astrangia poculata specifically (Peters & Pilson, 1985). Here 

we documented increased ciliary action in response to immune challenge in corals with 
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lower symbiont density. This suggests that corals with lower symbiont density are more 

apt to induce essential initial defense mechanisms within the surface mucosal layer than 

colonies with higher symbiont density. Our findings here may be linked to differences in 

dynamic energy budget as a result of variable symbiont density. Corals with higher 

symbiont density may have a greater energetic budget (Muller, Kooijman, Edmunds, 

Doyle, & Nisbet, 2009) which they can use to sustain costly cellular immune responses 

(antimicrobial peptides). Consequently, they may be less reliant on initial mechanical 

defense. Colonies of lower symbiont density, however, may compensate for reduced 

energetic budget by instead inducing immune-protection responses, preventing further 

infection, and avoiding costly immune defenses. 

Overall, our results emphasize the need for nuanced approaches when evaluating the 

relationship between symbiosis and immunity in corals. Our immune assay results 

confirm the previously documented positive relationship between melanin concentration 

and symbiont density (Harman, Barshis, Hauff Salas, Hamsher, & Strychar, 2022). Gene 

expression results, suggest that Astrangia induces autophagy and suppresses apoptosis in 

response to immune challenge, which is characteristic of a beneficial immune response. 

We also demonstrate that corals with lower symbiont density demonstrate stronger 

induction of ciliary responses in response to immune challenge. This is likely linked to 

differences in energetic budgets and used as a response to prevent initial pathogen 

infection/ invasion through the gastrovascular cavity (Gavish et al., 2021). Combined our 

results provide an important first step to broadly characterizing the A. poculata immune 

response and understanding the relationship between symbiosis and immunity in this 

important study species. 
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