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ABSTRACT OF THE DISSERTATION 

PHENOMENOLOGICAL AND MOLECULAR BASIS OF THE CNIDARIAN 

IMMUNE SYSTEM 

by 

Tanya Brown 

Florida International University, 2017 

Miami, Florida 

Professor Mauricio Rodriguez-Lanetty Major Professor 

Coral reefs are one of the most diverse ecosystems on the planet due partially to the 

habitat structure provided by corals. Corals are long lived organisms that can live for 

hundreds of years and as a result growth of many species is very slow. As a result of this, 

recovery of corals from disease outbreaks is very slow and difficult and therefore the 

ecosystem is deteriorating rapidly. Due to this increase in disease and its detrimental 

effect on coral reefs, it has become imperative to study how corals respond to disease 

outbreaks. The response of the coral to pathogens is believed to be controlled by the 

innate immune system. However, the immune pathways and components of these 

pathways used by cnidarians to combat pathogens are still rudimentary. This work 

showed that C3 and heat shock protein 70 are components of the coral immune system 

that positively respond to disease occurrence. As disease out breaks become more 

frequent, the question has arisen as to whether cnidarians have homologs to of the 

adaptive immune system that allow them to respond more rapidly to subsequent 
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encounters with the same bacterium. In the cnidarian model system Exaiptasia pallida, 

immune priming occurs up to one month after the initial sub lethal exposure to the 

pathogen. This transient form of priming could be the result of host energy allocation in 

place of establishing long term immune priming which could be too energetically costly. 

Cnidarians may only activate priming during summer months, when ocean temperatures 

and bacterial load are high. Specificity of immune priming in E. pallida requires further 

investigation with more bacterial pathogens. In this dissertation, one bacterial strain 

shows specificity while the other does not. Furthermore, the priming response involves 

many pathways which include pathogen recognition, inflammation, and activation of NF-

κB. The discovery of immune priming in a sea anemone shows that this phenomenon 

evolved earlier in the tree of life than previously thought. Additionally, identification of 

priming in E. pallida is suggestive of its presence in corals which would allow for 

potential vaccinations of vulnerable corals.  
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Chapter 1: Introduction 

Coral reefs are among the most diverse ecosystems in the world with corals forming the 

framework of this ecosystem. Coral reefs provide many benefits as an ecosystem [1]. 

Corals provide structural habitat for many organisms that inhabit coral reefs by providing 

refuge for many fish as well as invertebrates. Additionally, they provide an important 

buffering zone by dampening waves before they reach onshore regions and therefore 

provide protection during hurricanes. Natural products produced by various species of 

corals are providing compounds that are being used by the pharmaceutical industry to 

combat diseases and inflammation [2]. Coral reefs are also very important for tourism, 

accounting for $375 billion dollars annually in total value for goods and services 

worldwide, which includes fisheries. Additionally, NOAA suggests that coral reefs in 

southeast Florida have a value of $8.5 billion dollars (NOAA fisheries: 

http://floridakeys.noaa.gov/corals/economy.html).  

1.1 Coral disease 

Coral reef ecosystems are declining rapidly due to global climate change and disease 

outbreaks. In fact, disease outbreaks have become so dramatic that they have altered the 

seascape and the community structure of the reef. In the Caribbean, coral reefs in general 

were declining at a rate of 5.5-9.2% per year in 2003 [3]. In the Indo-Pacific, the decline 

is slightly less at 2% per year [4]. These numbers have been rapidly increasing since the 

previous surveys and are projected to continue to increase as human impacts on coral 

reefs increase [5]. Not only have the number of incidences of disease increased but also 

the number of known coral diseases has also increased. To date there are 35 reported 
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coral diseases [6] while in 1965 there were two known diseases [7]. These diseases 

impact over 80 coral species. However, of these only five have a known pathogen or 

consortium of bacteria that have fulfilled Koch’s postulates [7-20]. Two of these bacteria 

are Vibrio coralliilyticus [8,9,15] and Serratia marcescens [13]. V. coralliilyticus is a 

coral pathogen that was originally isolated from the coral Pocillopora damicornis where 

it causes tissue damage. It is a gram-negative rod shaped bacteria that has a sheathed 

flagella. Evolutionarily, its closest relatives are V. tubiashii, V. nereis, and V. shilonii [8]. 

Additionally, the bacterium consists of geographically distinct strains that exhibit genetic 

variation [21]. V. coralliilyticus also shows temperature dependent virulence, causing 

tissue damage at temperatures above 27˚C [9] where it attacks Symbiodinium cells [8]. 

The exact mechanism by which V. coralliilyticus regulates its pathogenicity is still 

unknown and may be strain specific, but there are several potential virulence factors that 

are up-regulated in the bacterium at elevated temperatures: motility, host degradation, 

quorum sensing, antibiotic resistance, hemolysis, cytotoxicity and bioluminescence [22].  

The genome of V. coralliilyticus consists of two chromosomes, which is consistent with 

other Vibrio sps [22-24]. The larger chromosome arm, C1, contains genes associated with 

viability and growth, while the smaller arm, C2, has genes that are used for adaptation to 

environmental change [22,25]. Additionally, there are two pathogenicity islands 

associated with this bacterium. Both are found on the C1 chromosome. The first 

pathogenicity island (CP-1) is shown to be upregulated at temperatures above 27˚C and 

thus is considered to contribute to the pathogenicity of the bacterium [22].  

S. marcescens strain PDL 100 is the strain of bacteria that causes white pox disease in the 

coral Acropora palmata. It is a gram-negative motile rod [13]. This bacterium also causes 
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disease in a wide range of plants, invertebrates, vertebrates, and humans [26]. In corals, 

the disease causes rapid tissue loss that is greatest during elevated temperatures [13]. 

White pox forms white patches all along the coral colony and is very contagious, moving 

rapidly along a reef [13]. The method of infection for S. marcescens may be that it 

outcompetes other bacteria in the coral mucus of A. palmata and becomes pathogenic 

[27]. Virulence of S. marcescens has been shown to be driven by pilli adherence to host 

epithelial surfaces, hydrophobicity (allowing for adhesion to more surfaces), 

lipopolysaccharides, and various extracellular compounds (example: an enzyme that 

degrades chitin). Additionally, virulence is likely regulated by the bacterium’s ability to 

swarm where quorum sensing (QS) plays an essential role [28], since during early growth 

on coral mucus, the bacterium behaves enzymaticaly most similarly to commensal 

bacteria in the mucus. However, after overnight culturing of the PDL 100 isolate, the 

enzymatic activity changed to be more similar to the pathogenic human form of the 

bacterium [27]. The chemotactic ability of S. marcescens to coral mucus is increased at 

30˚C in comparison to 20˚C. 

1.2 Immunity in cnidarians 

Due to the rapid decline in coral cover and increase in the number of known pathogens, it 

has become critical to study how corals defend against disease in order to guide 

management plans for the coral reef ecosystem. However, the understanding of the coral 

immune system is still rudimentary. Advances in molecular and cellular biology have 

allowed for some understanding of the innate immune system in cnidarians [5,29-38]. 

Unfortunately, functional studies on the putative immune genes and pathways are 

lacking. In order to gain a better understanding of the cnidarian immune system, 
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functional studies are needed. Genome - wide studies on several cnidarians have shown 

that not all members use the same pathways to defend against pathogens [32]. 

Components of toll-like receptor (TLR), interferon (INF), and complement pathways are 

present in Nematostella, Acropora, Hydra, and Exaiptasia, but the members present 

differ between species [32,36]. For example, all four organisms contain the complement 

pathway component C3 but apexins are only found in Acropora and Hydra [32,35]. 

A generalized model of innate immunity is arising as a result of these studies which 

indicate that the cnidarian immune system functions in the same manner as in other 

organisms. The innate immune system consists of two branches: the first is the sensing 

arm, and the second is the effector arm [5]. The sensing arm is the component that 

recognizes the immune threat that activates the effector arm. The effector arm then 

activates the humoral and/or cellular response such as inflammation or cytotoxic 

responses, and phagocytosis, which will neutralize the threat [5]. The subsequent immune 

response occurs in two phases. The first phase is activated immediately after the pathogen 

has breached the anatomical barriers of the host. At this time, antimicrobial enzymes such 

as lysozyme digest the bacterial cell wall by breaking the peptidoglycan bonds while 

antimicrobial peptides like defensins directly lyse it. Additionally during this phase, 

epithelial cells secrete antimicrobial peptides into the mucosal surface fluids.  

During the second phase of the immune response, cells further sense the presence of the 

pathogen by using pattern recognition receptors (PRR) that bind to highly conserved cell 

wall structures on foreign entities, microbe-associated molecular patterns (MAMP). 

Examples of MAMPs include flagellin, lipopolysaccharide (LPS), lipoteichoic acid, and 

peptidoglycan [39]. Six distinct families of microbe detection receptors have been 
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identified in cnidarians. Three of these are transmembrane receptors or sensors: Toll – 

like receptors (TLRs), lectins, and integrins. The final three are members of families of 

intracellular receptors: nucleotide-binding and oligomerizing domain (NOD)-like 

receptors (NLRs) and the complement like system [5]. The immune response of 

cnidarians is composed of three components: transmembrane, humoral, and cellular. 

These will be discussed below.  

1.2.1 Transmembrane PRRs 

The transmembrane PRRs have been studied in corals. TLR structure has been well 

studied in invertebrates [32,40-44]. They have an outer leucine rich repeat domain (LRR) 

which is responsible for pattern recognition and a cytoplasmic component that is called 

the Toll/interleukin – 1 receptor (TIR) which mediates signal transduction. A complete 

TLR (containing both the LRR and TIR components) has been identified in Acropora 

digitifera [32]. Additionally, the cytoplasmic TIR component alone has been identified 

in: A. palmata, A. millepora, Orbicella faveolata [32,43], and the sea anemone Exaiptasia 

pallida [42]. Several components of pathways associated with the TLRs have been 

identified in the A. digitifera genome: the myeloid differentiation primary adaptor protein 

(MyD88) which activates downstream signaling pathways, homologs of the transcription 

factor NF-κB which leads to cell death, and the mitogen-activated protein kinases 

(MAPK) which are involved in thermal stress amongst other roles [32,43].  

Lectins are a second family of transmembrane receptor proteins that are found 

ubiquitously throughout the animal kingdom. They are important in cell recognition of 

bacteria and viruses. The receptors contain carbohydrate recognition domains which 
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allows for calcium dependent binding to carbohydrate components of foreign entities. 

Lectins have been identified in several corals [45-47]. The lectin, Millectin has been 

identified and described in A. millepora which contains a peptide recognition site and a 

carbohydrate - binding site. It is upregulated in response to LPS but has also been shown 

to recognize non-self structures by binding and agglutinating the pathogens Vibrio 

harveyi and V. coralliilyticus [45]. A second lectin a Techylectin has been identified in 

the scleractinian species Oculina [47]. The coral Techylectin is similar in structure to 

Techylectin isolated from the Japanese horseshoe crab which has broad spectrum 

antimicrobial activities. It is therefore presumed that the Oculina sp. Techylectin also has 

these activities but functional studies are needed [5].  

Microbes that elude immune surface receptors can be sensed at an intracellular level 

using MAMPs which are known as nucleotide oligomerization domain (NOD)-like 

receptors (NLRs). Triggering of NLRs causes the activation of numerous pro-

inflammatory pathways. Analysis of the A. digitifera genome reveled a diverse array of 

NLRs which contain a death-effector domain (DED), death domain (DD), and caspase 

recruitment domain (CARD) which are all involved in apoptosis [5,48]. 

The complement system is a major effector mechanism of the innate immune system. In 

higher vertebrates, the complement system proceeds by three mechanisms: 1) antibody – 

antigen binding (classical pathway), 2) mannose-binding lectin (MBL), and 3) 

spontaneous binding of complement (alternative pathway) [39]. All of these pathways 

lead to the activation of C3 which is cleaved to C3a and C3b. After cleavage, C3a 

diffuses to cause an inflammatory response while C3b remains attached to the microbe 

surface and serves as an opsinin. This opsinin binds to complement receptors to initiate 
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phagocytosis and activates the events that lead to the formation of the membrane attack 

complex (MAC) which ultimately leads to cell lysis [49,50]. Since corals lack an 

adaptive immune system, activation of the complement system should occur by MBL or 

spontaneously [51]. Putative complement genes have been identified in cnidarians. They 

have been identified in three coral species: Swiftia exserta [52], Gorgonia ventalina [29], 

and A. millepora [32]. Additionally, functional studies have identified the over expression 

of C3 in these corals during pathogenic challenge linking it to the immune response 

[53,54]. Genomic sequencing has also revealed the presence of other components of the 

complement system in corals: Factor B, mannose – binding lectin serine protease 

(MASP), MBLs, and ficolins [52,54-61]. The cnidarian model system, E. pallida also has 

components of the complement system. Functional studies have shown that a Factor B 

gene (serine protease that in vertebrates aids in the formation of C3 via the alternative 

pathway)(Ap_Bf-1) and a MASP gene (AP_MASP) are up regulated in challenges with 

S. marcescens but that a second Factor B gene (AP_Bf-2b) is down regulated during 

pathogen challenge [35]. 

1.2.2 Humoral response 

The humoral response of corals is characterized by the synthetic release of chemical 

compounds upon their activation. These chemicals include melanin, antimicrobial 

peptides (AMP), and secondary metabolites. The main function of the compounds is to 

kill the invading microbe by: opsonization and agglutination. This permeabilizes the cell 

membrane of the invading cell causing lysis, and disruption of metabolism [62]. These 

compounds are constitutively present in corals and are stored in granules within epithelial 

cells or contained in free living cells. If they are contained in the free living cells, the 
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compounds can be recruited to the affected areas [63]. These compounds can also be 

synthesized and released in situ in response to mechanical stress, injuries, or pathogen 

detection [64-66].  

Melanization is a humoral response that has been well studied in corals. It involves the 

synthesis and deposition of melanin around foreign entities or wounds [34,63,67-70]. 

Within the melanin synthesis cascade, the enzyme phenoloxidase (PO) is an essential 

component needed to synthesize melanin. In corals, A. millepora, and Porites sp., 

activation of PO has been shown to occur in response to diphenols (DOPA), which are 

catalyzed as a result of enzymatic oxidation after PO is activated [63]. Two melanin 

synthesis pathways have been identified in corals: tyrosinase-type and laccase-type. 

Additionally multiple POs (catecholase, cresolase, and laccase) have been identified in 

several coral families: Pocilloporidae, Acroporidae, Merulinidae, Mussidae, Fungiidae, 

Faviidae, and Poriferidae. The synthesis of melanin has also been shown in response to 

wound healing, pathogenic response, and sustained elevated water temperatures. 

[63,69,71]. Additionally base line PO levels have been assessed as well as size and 

abundance of melanin containing granular amebocytes for several coral species [72]. It 

appears that these baseline values correspond to disease and bleaching susceptibility and 

immunocompetence. Corals with lower baseline values are more susceptible while those 

with higher baseline values are more resistant to disease and bleaching [34].  

Antimicrobial peptides (AMPs) have antimicrobial properties but also show 

immunomodulatory activity such as apoptosis and regulation of gene transcription. 

However, little is known about AMPs in corals. Damicornin which was isolated from 

Pocillopora damicornis is the only AMP isolated from a coral [73]. This AMP inhibits 
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gram negative bacteria and is continuously produced in granular cells from the epithelium 

from where it is released during LPS challenge [73]. Peroxidase enzymes have also been 

linked to immunity in organisms and have been linked to phagocytosis [74] and the 

synthesis of melanin [68]. Peroxidase activity has also been linked to the stress response 

and immune constituent of corals. Peroxidase production was induced in Gorgonia 

ventalina in response to fungal pathogen exposure [68]. Other natural products that 

contain antimicrobial properties have also been studied in gorgonian and scleractinian 

corals. Gorgonians are known to be rich in secondary metabolites with antimicrobial 

properties. For example, nine polycyclized diterpenes were isolated from Briareum 

polyanthes. All of these showed antimicrobial properties against the human pathogens: 

Plasmodium falciparum and Mycobacterium tuberculosis [75]. Additionally some lipid 

metabolites extracted from G. ventalina show inhibitory activity against the known coral 

fungal pathogen Aspergillus sydowii [76-78]. Scleractinian corals Montipora capitata, 

Porites lobata, and Pocillopora meandrina showed some antimicrobial activity against S. 

marcescens, V. coralliilyticus, and V. shiloi. The antibacterial activity of extracts varied 

among the species and as a function of coral health [79]. 

1.2.3 Cell mediated immunity 

Phagocytosis is a fundamental innate immune response and has been found to occur in 

some coral species using amebocytes [5,80]. The role of amebocytes in corals is variable 

and has been studied mostly in gorgonians where they are linked to wound healing and 

protection from infection. In Swiftia exserta amebocytes gather during wound healing as 

in an inflammatory response to clean the wound [81] but in Plexaurella fusifera they line 

the edge of the wound and differentiate to form new epithelial cells [82]. In G. ventalina 
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greater numbers of granular amebocytes are present in tissue infected with A. sydowii 

than uninfected tissue [69,71]. Amebocytes have also been found in scleractinian corals 

in response to immunological challenge but due to their thinner mesoglea in comparison 

to gorgonians the amebocytes are smaller and fewer in number [80,83]. Porites sp. 

showed granular amebocytes in abnormally pigmented tissue [63]. Additionally P. 

cylindrica showed the release of melanin from angular amebocytes and amebocyte 

differentiation from epithelial tissue during wound healing [34]. Unfortunately, other 

scleractinian coral species have shown less infiltration of amebocytes or they are not 

visible during stress. These corals include: Montastrea cavernosa under sediment stress, 

in pigmented tissue of Acropora millepora [63], and wound healing in Montipora 

capitata [83]. 

1.3 Immune priming 

Since corals and invertebrates possess only an innate immune system it is accepted that 

they do not possess any form of immunological memory whereby the organism responds 

more rapidly to secondary encounters with a pathogen. However, despite the lack of the 

adaptive immune system, immunological priming has been documented in several 

invertebrates [84-89]. Immune priming is of interest in cnidarians because they are long 

lived organisms. During their long life they presumably encounter the same bacteria 

many times. Additionally, evidence of potential immune priming exists in cnidarians. 

Two coral species that had previously been susceptible to disease caused by a bacterium 

are no longer susceptible. One example is depicted in the coral, Oculina patagoncia 

which had been susceptible to bacterial induced bleaching by V. shiloi. However, studies 

conducted at a later date no longer caused signs of disease in this species despite the 
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bacterium’s continued adhesion to the coral surface [90]. The second example is seen in 

the coral Acropora palmata which had been susceptible to S. marcescens strain PDL100 

but currently this pathogen no longer causes disease in this species [91]. There are several 

hypotheses for why this change in disease susceptibility could occur.  The first is that 

resistant phenotypes of the coral species could have been selected for. The second is that 

the bacterium may have mutated and can no longer cause an infection. The final reason is 

that the coral may have become immunologically primed to the bacterium. This means 

that the coral remembered a previously encountered bacterium and responded more 

rapidly to it in subsequent encounters. One of the questions raised by this dissertation will 

be to explore the possibility of immune priming in cnidarians. 

1.4 Dissertation objectives, hypothesis, and organization 

The purpose of this dissertation was to identify mechanisms used by cnidarians to defend 

against biotic stressors. First I investigated if known immune gene homologs involved in 

the complement and heat stress pathways in higher vertebrates are also involved in the 

innate immune response of basal metazoans in response to biotic stressors. Secondly, my 

dissertation explored the evolutionary roots of immunological priming by investigating 

whether this phenomenon is found in basal metazoans. The final data chapter explored 

the molecular mechanisms underpinning immunological priming in early diverged 

organisms.   
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Chapter two addressed the following question and hypotheses: 

 Are gene homologs previously associated with the complement system and heat 

stress of evolutionarily more complex organisms also involved in the immune 

response of basal metazoans in response to biotic stressors?  

o HO-2A: If cnidarians use an immune system as a defense mechanism 

against biotic stressors then it should be activated when these stressors are 

introduced into the environment.  

o HO-2B: If c3-like, c-type lectin, and heat shock protein 70 (hsp70) are 

functionally conserved throughout the tree of life, then their expression 

will change when challenged with biotic stressors in basil metazoans. 

Chapter three addressed the following questions: 

 Is immune priming conserved throughout the tree of life? Do basal metazoans 

have the ability to remember a previously encountered biotic stressor and have a 

heightened and quicker immune response to subsequent encounters with the biotic 

stressor? 

o HO-3-A: If immune priming is a phenomenon found throughout the tree of 

life, it will be found in basal metazoans in response to repeated encounters 

with biotic stressors. 

o HO-3-B: If immune priming has been conserved throughout the tree of life, 

the response to biotic stressors will be specific. 

o HO-3-C: If immune priming is conserved in basal metazoans, a proteomic 

signature will be present during the response. 
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The fourth chapter addressed the following question: 

 What are the genes and pathways involved in immune priming in a basal 

metazoan? 

o  HO-4-A: If immune priming occurs in cnidarians, a molecular signature 

will be associated with it. 

Chapter five provides a general discussion and synthesizes the findings from all chapters 

and re-addressees all the hypotheses.  
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Chapter 2: Transcriptional activation of c3 and hsp70 as part of the immune 

response of Acropora millepora to bacterial challenges. 

2.1 Abstract 

The impact of disease outbreaks on coral physiology represents an increasing concern for 

the fitness and resilience of reef ecosystems. Predicting the tolerance of corals to disease 

relies on an understanding of the coral immune response to pathogenic interactions. This 

study explored the transcriptional response of two putative immune genes (c3  and c-type 

lectin) and one stress response gene (hsp70) in the reef building coral, Acropora 

millepora challenged for 48 hours with bacterial strains, Vibrio coralliilyticus and 

Alteromonas sp. at concentrations of 10
6
 cells ml

-1
. Coral fragments challenged with V. 

coralliilyticus appeared healthy while fragments challenged with Alteromonas sp. showed 

signs of tissue lesions after 48 hr. Coral-associated bacterial community profiles assessed 

using denaturing gradient gel electrophoresis changed after challenge by both bacterial 

strains with the Alteromonas sp. treatment demonstrating the greatest community shift. 

Transcriptional profiles of c3 and hsp70 increased at 24 hours and correlated with disease 

signs in the Alteromonas sp. treatment. The expression of hsp70 also showed a significant 

increase in V. coralliilyticus inoculated corals at 24h suggesting that even in the absence 

of disease signs, the microbial inoculum activated a stress response in the coral. C-type 

lectin did not show a response to any of the bacterial treatments. Increase in gene 

expression of c3 and hsp70 in corals showing signs of disease indicates their potential 

involvement in immune and stress response to microbial challenges.  
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2.2 Introduction 

Coral reefs worldwide are in decline due to natural and anthropogenic stressors both at 

the local and global scales [1-4]. An emerging factor contributing to their decline is the 

outbreak of destructive diseases caused by bacteria, viruses, protozoa, or fungi that are 

observable in the field as lesions or bands of tissue loss [2,5-7]. However, the causes of 

many coral diseases still remains unknown [2,8,9] due to a number of factors including 

inconsistent disease descriptions [10], complex host/agent interactions, challenging 

experimental systems, and the potential that many pathogens may not be cultured in the 

laboratory [2,11]. Microorganisms may be normal components of the reef ecosystem, 

though altered environmental conditions may shift benign organisms to pathogenic roles 

via the expression of virulence factors [8]. The best studied example is the Vibrio shiloi 

infection of the Mediterranean coral Oculina patagonica where bacterial virulence is 

enhanced by increased seawater temperatures, resulting in coral bleaching [9,12,13]. 

Increases in seawater temperatures might also compromise the immune system in corals 

and therefore affect their ability to fight infections, particularly those corals that have 

undergone bleaching due to thermal stress [14-16]. It remains unknown whether 

environmental stress (e.g. increased water temperatures or eutrophication) taxes the coral 

host metabolically, thus increasing its disease susceptibility. A better understanding of 

the actual mechanisms employed by corals to fight and resist disease-causing agents and 

how host defense mechanisms are compromised by environmental factors is required to 

tease apart these complex interactions. 

Though the current understanding of cnidarian and coral immunity is rudimentary [17], a 

number of studies have provided insight into how cnidarians protect themselves from 
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infection [18,19]. The combination of cellular and humoral factors utilized to respond to 

microbial challenges has been shown to vary from one organism to another. For corals, it 

has been documented that mucociliary activity [20,21], skeletal biomineralization [22], 

antimicrobial activity [23-25], and melanization and phenoloxidase activity [16,26] 

appear to play important roles in the defense against microbial infectious agents.  

Furthermore some cnidarian genes homologous to innate immune genes from higher 

metazoans have been identified [27-33]. However, the functional involvement of these 

putative immune genes in cnidarian immunity has not yet been experimentally verified 

[17]. To avoid falling into the “homology trap” where gene homology is based on the 

wrong notion of concordance [17,34], it is now imperative to start characterizing and 

confirming the functional role of putative immune homolog genes identified in the 

context of coral immune response. Of particular interest in this study are two putative 

coral immune genes: c3 and mannose-binding c-type lectin, which have been shown to be 

involved in the immune repertoire of other biological model systems. Additionally a heat 

stress response gene, hsp70, was assessed due to the general importance of stress core 

genes in the response of organisms to a large number of biological and abiotic stressors 

[35].  

The complement system is an important element of the complement cascade that has 

been well documented in higher metazoans and is involved in opsonization of pathogens, 

chemotaxis and activation of leukocytes, and direct killing of pathogens [36-38]. In some 

invertebrates such as in the horseshoe crab, Carcinoscorpius rotundicausaa, an 

opsonization role has been described for a homolog of complement C3-like protein [39]. 

In cnidarians, several c3 homolog genes have been identified from transcriptome 
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sequencing projects including the octocoral Swiftia [29], the scleractinian Acropora 

millepora [27], the sea anemones Nematostella vectensis [40], and Aiptasia pallida [32]. 

Despite this, the function and involvement of C3-like proteins in cnidarian immunity, 

remains untested.  

Another important component of the immune repertoire in both vertebrate and 

invertebrate organisms are carbohydrate–based recognition receptors such as C-type 

lectins [36,41]. C-type lectins bind to glycans and thus play a role in biological processes 

such as cell-cell adhesion, pathogen recognition, bacterial cell wall recognition, and 

phagocytosis [36,41]. Identified lectin homologs in cnidarians contain extensive sequence 

variation, which may indicate the potential to bind bacterial pathogens [33]. For example, 

in the anemone Nematostella vectensis, 92 putative c-type lectin genes have been 

described [33]. However, the connection of many of these c-type lectin proteins with 

respect to the immune functional response of corals to microbial agents has not been 

established. 

Heat shock protein expression increases after exposure to abiotic stressors including heat 

or cold challenges and biotic challenges during infection and disease development 

[42,43]. The involvement of these proteins in the immune system has also been widely 

reported in higher metazoans showing a connection to the activation of the innate 

complement system [44]. For instance, human HSP70 activates the Toll/IL-1 receptor 

signaling pathway during a highly inflammatory response [42,43]. Moreover, 

accumulation of Hsp70 following sub-lethal thermal treatments in the invertebrate 

Artemia franciscana appears to provide protection against subsequent pathogen 

challenges [43,45]. The involvement of coral hsp70 has been clearly shown in the 
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response to thermal challenges [31,46,47]; however its implication in coral immunity is 

still unknown. 

This study investigated the transcriptional changes of the three genes of interest c3, 

mannose-binding c-type lectin, and hsp70 from the widely distributed Indo-Pacific coral 

Acropora millepora. Challenges were conducted using the identified coral bacterial 

pathogen, Vibrio coralliilyticus and a potential pathogen, Alteromonas sp. The actual 

functional involvement of these putative immune genes in corals during the defense 

response to infectious agents has not been experimentally verified and it is imperative to 

characterize and confirm these functional roles in the context of coral immune response 

[17]. 

2.3 Material and Methods 

2.3.1 Coral collection and acclimation 

Two adult A. millepora coral colonies were collected from reefs around Orpheus Island 

(18°37′06″S 146°29′37″E) in the inner central section of the Great Barrier Reef. Coral 

nubbins 4-5 cm in length were fragmented from the adult coral colonies and acclimatized 

for five weeks in outdoor 5000-L aquaria under natural light conditions at the Australian 

Institute of Marine Sciences (Townsville, Australia). Coral nubbins were then placed in 

experimental aquarium tanks and allowed to recover from the mechanical manipulation 

for eight days prior to experimental treatments.  
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2.3.2 Bacterial strains and culture preparation 

Two bacterial strains were used in this study: V. coralliilyticus strain LMG 23696, 

previously identified as a coral pathogen isolated from Nelly Bay Magnetic Island, 

Australia [48], and an Alteromonas species isolated from A. millepora corals also 

sampled from Magnetic Island. V. coralliilyticus has been implicated as one of the causes 

of white syndrome disease in Acropora corals [11,48] while Alteromonas spp. have been 

correlated with disease and also a normal resident of the mucus layer [49-53] and 

skeleton [53,54]. The 16S rRNA gene sequences for each strain are deposited in the 

GenBank database under the following accession numbers, EU372917 and GU903232 

respectively.  

Bacterial strains were recovered from glycerol stocks and inoculated into the general 

heterotrophic bacterial medium, Marine Broth-2216 (Difco, USA) and grown to end 

logarithmic phase at 27˚C with shaking (150rpm). Cultures were centrifuged at 5,000g 

for 10 minutes, washed and resuspended in phosphate buffered saline (PBS). This process 

was repeated three times to remove residual culture media. The cells were prepared to a 

final concentration of 1 x 10
9
 cells ml

-1
 in PBS. Bacterial cell density was determined by 

counting colony-forming units (CFU; described by Sussman et al [48]) and by 

constructing a cell density calibration curve of absorbance (595nm) vs. CFU. 

2.3.3 Experimental design of bacterial challenge experiments 

Three acclimated coral nubbins were placed in each of nine replicated 5-L aquarium 

tanks. Coral nubbins from colony 1 were placed in three tanks and challenged with V. 

coralliilyticus. Nubbins from colony 2 were placed in three other tanks and challenged 
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with Alteromonas sp. Finally three tanks were allocated for control corals, each 

containing 6 nubbins (three from each colony). Two separate experiments were 

conducted under this experimental design, with the treatment group compared to the 

control nubbins originating from the same colony. Each 5-L aquarium was inoculated 

with the relevant bacterial strain to a final cell concentration of 1 x 10
6
 cell ml

-1 
in each 

tank. Bacteria were not added to control tanks, though a similar volume of PBS was 

added since it was used to wash the bacteria before inoculation in the treatments. The 

aquaria were operated as a closed system: seawater was not replaced for the duration of 

the 48-hour experiment to avoid potential cross-contamination and release of bacteria. 

However, aeration was maintained in the tanks to provide water movement. Temperature 

loggers were deployed in the tanks to assess the temperature fluctuation during the entire 

course of the 48-hour experiment. Visual observations of the coral nubbins were 

conducted every hour for the first 12 hours and then every six hours until the end of the 

experiment.  

Nubbins were collected 6 and 24 hours after the bacterial inoculation. Nubbins could not 

be collected at 48 hours after bacterial inoculation since the Alteromonas sp. inoculated 

nubbins had very little viable tissue associated with them. At each sampling time, one 

coral nubbin from each replicate tank was collected and immediately snap frozen in 

liquid nitrogen, and stored at -80 °C until sample processing. 

A second bacterial challenge experiment was repeated which corroborated the visual 

results of the effect of bacterial inoculation on coral nubbins. All nubbins from this repeat 

experiment were fragmented from a single colony and not acclimatized to the light 

conditions in the outdoor aquarium facility prior to the experiment. All other aspects of 
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the experiment were identical to the first though samples were not collected for 

subsequent molecular analysis.  

2.3.4 PSII quantum yields (Fv/Fm) of coral samples  

The photosynthetic efficiency (PSII quatum yield) of the associated symbiotic 

dinoflagellates (Symbiodinium) from all coral nubbins (treatments and control) were 

assessed using a Maxi imaging-pulse-amplitude-modulation (iPAM) fluorometer (Walz, 

Germany) 48 hours after bacterial inoculation. Coral nubbins were placed in darkness for 

20 min and then exposed to a saturation light pulse (Gain =1–2, Intensity =1–2, 

Saturation Pulse = 7) using the iPAM. The dark adapted PS II quantum yields were 

calculated by using the formula: Fv/Fm= (Fm-F0)/Fm, where Fm =maximal fluorescent 

yield, and F0 =Dark fluorescent yield. 

2.3.5 RNA isolation, cDNA preparation, and gene expression assays by quantitative 

PCR  

Frozen coral nubbins were pulverized into powder using a French press under ultra-

freezing conditions (~ -120°C). Total RNA was extracted from approximately 200 µg of 

frozen pulverized coral tissue samples using the RNeasy Plant Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol. Concentrations of total RNA 

were determined using the NanoDrop ND 1000 UV-Vis Spectrophotometer (NanoDrop 

Technologies Inc, Wilmington DE). Integrity of the samples was checked on MOPS 

denaturing RNA gels (Embi Tec, San Diego, CA). Total RNA (250ng) was reverse 

transcribed to cDNA using the QuantiTect reverse transcription kit (Qiagen, Valencia, 

CA) according to the manufacturer’s protocol. 
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Quantitative real time PCR (qPCR) was performed on the three genes of interest, c3, c-

type Lectin, and hsp70 using a Rotor Gene Q1 cycler (Qiagen, Valencia, CA). Several 

other putative coral immune genes such as TLR4-like, TLR-23-like, and several isoforms 

of C-type lectins were also initially explored but no adequate PCR oligonucleotide were 

developed. One microliter from each of the reverse transcription reactions was used along 

with the Rotor Gene SYBR Green PCR master mix (Qiagen, Valencia, CA) to carry out 

the qPCR according to the manufacturer’s protocol. The primers used to amplify each 

gene are shown in Table 2-1. Primer concentrations were optimized for each of the 

primer pairs, resulting in the use of 1µM for c3 and hsp70, and 0.5µM for c-type lectin. 

Additionally, two internal control genes (ICGs), actin [55,56,57] and ribosomal protein 

12 (rpl12) [56,58], were run simultaneously for normalization of data using a 

concentration of 1µM for both the forward and reverse primers. Reactions for each gene 

of interest and ICGs were performed in triplicate. The comparative delta Ct method was 

used to correct for PCR efficiency and determine relative quantities of the transcript. 

2.3.6 RNA profiling of coral associated bacterial communities using denaturing 

gradient gel electrophoresis 

Total RNA was extracted from coral nubbins collected at 24-hours post bacterial 

challenge using methods described previously. RNA samples (100ng) were reverse 

transcribed using the QuantiTect reverse transcription kit (Qiagen) with 1µM of the 

modified bacterial specific primer 907R (CCTACGGGDGGCWGCAG) [59]. After 

reverse transcription, samples were amplified in 50µl reactions using GoTaq Green 

Master Mix (Promega, Madison, Wisconsin, USA) with 2.5 mM MgCl2, 0.25 μM 907R, 

and 0.75 μM 341F-Clamp 
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(CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGCCTACGGGDGGC

WGCAG) [59]. The PCR program was as follows: 5 minute initial denaturation at 95°C, 

followed by 35 cycles of 95°C for 30 seconds, 51°C for 60 seconds, and 72°C for 60 

seconds, and a final extension for 7 minutes. The PCR products were run on DGGE using 

a 6% acrylimide denaturing gradient gel (30-65% gradient) for 14 hours at 97 volts at a 

constant temperature of 60°C.  

Bands of interest were excised from the gel and incubated at room temperature for 24 

hours in 30µl nuclease–free water followed by recovery of the DNA by ethanol  

precipitation. Samples were resuspended in 30µl nuclease-free water and 1µl of the 

sample was used in a 25μL PCR reaction using GoTaq Green Master Mix (Promega, 

Madison, Wisconsin, USA), 0.25 μM of both 341F and 907R that did not contain a GC 

clamp. The PCR cycle was as follows: 5 minute initial denaturation at 95°C, followed by 

35 cycles of 95°C for 30 seconds, 51°C for 60 seconds, and 72°C for 60 seconds, and a 7 

minute final extension. PCR products were directly sequenced by the DNA Analysis 

Facility at Yale University (New Haven, Connecticut, USA) using the 907R primer. 

Recovered sequence identity was assessed using a BLAST comparison in GenBank and a 

check for chimeras was carried out using Greengenes Bellepheron database [60]. 

2.3.7 Statistical analysis 

Data that were not homoscedastic were transformed prior to downstream analysis. 

Statistical analyses of the gene expression data were performed on each of the genes of 

interest using the relative copy numbers normalized to the geometric mean of the two 

internal control genes following the approach by Vandesompele et al [61] and Rodriguez-
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Lanetty et al. [56]. Significant differences in gene expression among treatments (bacterial 

treatments vs. control) and across time (6 and 24h) were tested with a two-way ANOVA 

(SAS, Cary, NC). Comparisons were only executed within bacterial treatments (i.e. 

within the Alteromonas treatment and separately within the V. coralliilyticus treatment) 

since separate colonies were used in each treatment. 

DGGE gel images were digitized using Gel2K [62] in order to create a presence/absence 

matrix. This data was analyzed with a correspondence analysis and was performed using 

the Vegan package for the R environment [63,64]. 

2.4 Results 

2.4.1 Response of Acropora millepora corals to bacterial challenge 

No bleaching or visible lesions were observed on A. millepora nubbins challenged with 

V. coralliilyticus (1 x 10
6
 bacteria ml

-1
; Figure 2-1A) or the control treatments throughout 

a 48-hour bacterial challenge experiment. In contrast, coral nubbins challenged with 

Alteromonas sp. (1 x 10
6
 bacteria ml

-1
), displayed signs of bleaching and lesions in the 

coenosarc tissue (tissue between polyps) after 24 hours. By 48 hours, most of the 

coenosarc and polyp tissue was degraded in all replicate coral nubbins in this treatment 

(Figure 2-1B). A repeated experiment resulted in the same results with all coral nubbins 

challenged with the Alteromonas sp. showing tissue necrosis (Figure 2-1C), while V. 

coralliilyticus challenged and control nubbins displayed no signs of lesions (Figure 2-2). 

However, coral nubbins challenged with lower concentrations of Alteromonas sp. (1 x 

10
5
 and 1 x 10

4
 bacteria ml

-1
) did not show signs of lesions and/or bleaching (Figure 2-

1D-E).   
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Photosynthetic efficiency (PSII quantum yield; Fv/Fm) of symbiotic dinoflagellates 

(Symbiodinium) was significantly reduced (one-way ANOVA, p<0.01; Figure 2-3) 

following challenge by Alteromonas sp., confirming a bacterial effect on the 

photophysiology of the symbiotic dinoflagellates associated with the coral nubbins. In 

contrast, nubbins challenged with V. coralliilyticus did not show a significant difference 

in photosynthetic efficiency, indicating that Symbiodinium in these coral nubbins were 

not compromised. 

No changes of c3 gene expression was detected (two-way ANOVA, p=0.146; Figure 2-

4A) for coral nubbins challenged with V. coralliilyticus. However, an increase of hsp70 

gene expression was detected at 24h in the challenged corals compared to the controls 

(ANOVA p=0.0149; Figure 2-4C). The gene expression of the c-type lectin in the V. 

coralliilyticus experiment did not show a response to the bacterial challenge (2 way 

ANOVA p=0.9449) but did decrease significantly between 6 and 24 hours for the 

controls (ANOVA, p=0.0068; Figure 2-4E). For coral nubbins challenged with 

Alteromonas sp., which showed signs of tissue lesion and disease, a significant increase 

of gene expression of c3 was detected from 6 hours to 24 hours (two-way ANOVA, 

p=0.002, Tukey, p<0.0001; Figure 2-4B). In addition, the increased c3 gene expression at 

24 hours in this Alteromonas sp. bacterial challenge was significantly higher than 

controls (Tukey, p<0.0001; Figure 2-3B) at the same time point. Similar to the c3 gene 

expression, the transcriptional profile of hsp70 in Alteromonas sp. challenged nubbins 

was significantly higher at 24 hours than controls (ANOVA, p=0.0159; Figure 2-4D). 

Additionally, no significant changes were observed in the gene expression profile of 

control coral nubbins at 6 and 24 hours for hsp70 (ANOVA, p=0.3744). The 
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transcriptional response of the c-type lectin was not affected by the bacterial challenge (2 

way ANOVA p=0.1532) when compared to the controls but did show a nonsignificant 

decreasing trend in expression from 6 to 24 hours (Figure 2-4F).  

2.4.2 Coral associated bacterial shifts during challenge experiments 

Profiling of bacterial communities associated with coral nubbins using denaturing 

gradient gel electrophoresis (DGGE) combined with multivariate correspondence 

analysis of a presence/absence matrix for all observed bands, documented shifts in the 

bacterial community for Alteromonas sp. challenged corals (Figure 2-5; Figure 2-6). The 

bacterial assemblages associated with the Alteromonas treatment clustered separately 

from all controls, differentiated mainly by the CA1 axis of the correspondence analysis, 

which explained 26.9% of the variation (Figure 2-5). V. coralliilyticus treatments also 

clustered separately from its control by the CA2 axis which accounted for 20.8% of the 

variation. Interestingly, the bacterial community profile associated with the V. 

coralliilyticus treated nubbins was similar to the community profiles of control nubbins 

for the Alteromonas sp. treatment (Figure 2-5). All bands that were able to be excised and 

sequenced from the DGGE are deposited in Genbank (accession numbers KC313998 – 

KC314010). The retrieved sequences from both treatments were affiliated within the 

Gammaproteobacteria and profiles were consistent across all the samples, indicative of a 

stable microbial community. Sequences affiliated to the genus Endozoicomonas (BLAST 

identity: 96% sequence identity over 527 bp) were identified as one of the dominant 

members of both microbial communities. None of the dominant bands in the DGGE 

represented any species of Vibrio or Alteromonas sp, corroborating the lack of infection 

by V. coralliilyticus in the experiment. An unclassified sequence to the level of genus but 
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also related to the order of Oceanospirillales (accession number: AB680857) was 

retrieved from only corals challenged with V. coralliilyticus.   

2.5 Discussion 

This study compared the visual tissue disease development and the transcriptional 

response of several putative immune genes from A. millepora to challenge from two 

bacterial strains V. coralliilyticus, and an Alteromonas sp in two separate experiments. 

Transcriptional increases of c3 and hsp70 in the Alteromonas sp. challenged corals 

suggest the involvement of these genes in the immunological/defense response of the 

coral, A. millepora to microbial challenge. Corals challenged with V. coralliilyticus did 

not show visible signs of disease, however, an increase in hsp70 suggests bacterial 

inoculation activates a coral host stress response and implicates heat shock proteins as a 

critical component in the early responses of corals to potential infectious agents. The 

response likely occurs prior to a strong host immune reaction and before visible signs of 

disease is apparent.  

C3 – like protein has previously been postulated to play a role in the innate immune 

system in cnidarians [27,29]. However, this hypothesis has remained untested due to a 

lack of functional data. Findings from this study support the previous hypothesis since the 

expression of c3 in A. millepora increased in response to Alteromonas sp. bacterial 

challenge. The increase in expression coincided with visual signs of disease in the coral 

nubbins at 24. To our knowledge, this is the first study to show transcriptional activation 

of a cnidarian C3–like protein gene in response to a live microbial challenge. A previous 

study in which lipopolysaccharide (LPS) was injected into A. millepora failed to show a 
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significant response of c3 to the treatment [65]. However, their experimental outcome 

could have been due to LPS only being one component involved in bacterial mediated 

virulence. This is corroborated in a study in Drosophila which showed that peptidoglycan 

– free LPS caused a seven-fold weaker response than a living Gram – negative bacterium 

[66]. This highlights the importance of using a live pathogen when screening for 

components involved in the immune response. The transcriptional upregulation of c3 in 

response to microbial challenges reported here, coupled with previous molecular 

characterization showing similarity in functionally critical domain structures and amino 

acid residues of cnidarian C3-like protein homologs to those in higher metazoans 

[27,29,40] are consistent with a key role of C3-like protein in the immune response of 

corals. Additionally, it has previously been demonstrated that the transcriptional 

expression of c3 is localized in the gastrodermal cells [27], the cells lining the 

gastrovascular cavity that interact with a vast number of microbes [67]. Further studies 

are now required to determine whether C3-like protein has a role in opsonization and 

pathogen recognition. Unlike the corals challenged with Alteromonas sp, V. 

coralliilyticus inoculated coral nubbins were visibly healthy after 48 hours, with no 

changes in c3 expression and photosynthetic yield of Symbiodinium being observed. This 

suggests that corals were less compromised physiologically by the bacterial challenge 

with V. coralliilyticus and that the inoculation may not have activated a strong immune 

response. 

Another novel finding from our study is the transcriptional upregulation of hsp70 

detected in both the Alteromonas sp. and V. coralliilyticus treatments. The expression of 

heat shock proteins in general, including Hsp70, have been shown to increase with heat 
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stress in corals [31,68-79]. Our findings suggest that changes in hsp70 transcripts also 

occur in corals in response to microbial challenges, in the absence of thermal stress. 

Several studies conducted on the brine shrimp Artemia have already shown that heat-

induced accumulation of Hsp70 appears to protect Artemia sp. from pathogenic infection 

by V. campbellii [43,80]. Recently, Baruah et al (2011) presented evidence that Hsp70 

enhances resistance to pathogens by priming and enhancing the expression of the 

prophenoloxidase system. Prohaszka and Fust (2004) proposed that extracellular heat 

shock proteins may represent the ancestral danger signal of cell death or lysis-activating 

innate immunity [81]. In support of this hypothesis, human HSP70 has been implicated in 

the antibody-independent activation of the complement immune system, ultimately 

interacting with C3 [42]. Thus, in the Alteromonas sp. challenged nubbins, the increased 

expression of hsp70 could be a downstream result of pathogen recognition and 

subsequent involvement in the immune activation of a C3 – like protein in corals, though 

this hypothesis requires further experimental investigation. A different scenario was 

observed in V.coralliilyticus with a significant increase of hsp70 transcripts, even when 

there was no visible sign of disease, but lack of expression of c3. In this case an increase 

of Hsp70 proteins following host/pathogen recognition was potentially sufficient to 

protect the coral, possibly by activating other constitutive components of the coral 

effector immune systems, such as the pro-phenoloxidase cascade. These findings 

highlight the potential importance of heat shock proteins, in particular Hsp70, as a core 

stressor protein useful in assessing coral health status.  

Unlike the clear transcriptional response of c3 and hsp70 to bacterial challenges, the c-

type lectin gene examined in this study did not show a differential change at the 
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transcriptional level to bacterial treatments. C-type lectins are proteins well known to act 

as pattern recognition receptors enhancing pathogen removal through phagocytosis in 

invertebrates [41] and/or activation of the complement system cascade following 

pathogen recognition in higher metazoans [37]. Moreover, c-type lectins found in 

cnidarian genomes have been shown to have a highly variable substrate-binding region, 

suggesting that this domain may recognize a large range of pathogens [30]. The lack of a 

significant transcriptional response of c-type lectin to the bacterial challenges conducted 

in our study could be attributed to the timing of sampling. It is possible that we could 

have missed an early up-regulation of this gene within the first six hours after bacterial 

inoculation. Consistent with this rationale is the fact that Kvennefors et al (2010) 

documented a significant increase in expression of millectin after only 45 minutes post 

injection with LPS. After this initial peak, expression of the gene decreased gradually 

over the following twelve hours [65]. This could also explain the fact that we detected a 

decreasing trend, though not statistically significant, in the expression of c-type lectin 

from 6 to 24 hours in the bacterial treatments. Further studies are required to confirm 

whether or not the c-type lectin explored here plays a role in coral immunity. 

A. millepora nubbins exposed to V. coralliilyticus did not exhibit detectable signs of 

lesions throughout the 48-hour experimental period. Pathogen infection trials are highly 

problematic due to complex host/pathogen interactions, which are very difficult to control 

in aquarium-based environments. One contributing factor is that V. coralliilyticus has not 

yet been conclusively identified as a pathogen of A. millepora and host specificity is 

important in coral infections. However, some experimental infections on coral juveniles 

suggest that V. corallilyticus can replicate the development of white syndrome disease in 
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A. millepora [82]. V. coralliilyticus virulence has also been demonstrated to be water 

temperature dependent with virulence being activated at 27-29˚C [12,13]. A study 

investigating V. coralliilyticus infection of Pocillopora damicornis demonstrated no 

lesions for treatments at 25˚C [83], temperatures similar to those used in the bacterial 

challenges of this study. Despite the fact that no disease developed during the V. 

corallilyticus treatment, this study focused on exploring the gene expression response of 

coral to the bacterial challenge itself. Alteromonas sp. challenged nubbins did show 

pronounced lesions within 24 hours of treatment. In corals, Alteromonas sp. has been 

correlated to disease but it is also a normal resident of the mucus layer [49-53] and 

skeleton [53,54]. The bacterium has also been isolated from the water column 

surrounding coral colonies indicating that there may be a specific interaction of the 

bacterium with the coral [49,52]. The effect of the bacterium infectivity on coral nubbins 

was density dependent with further challenge experiments showing that an inoculation of 

10
6
 CFU/ml caused disease signs whereas dilutions of 10

5
 and 10

4
 did not. This effect has 

been documented in the larvae of the oyster, Crassostrea gigas where a decreased 

Alteromonas sp. inocula causes a delayed effect in infectivity progression [84].  

Correspondence analysis of bacterial profiles generated from DGGE analysis 

demonstrated that the Alteromonas sp. challenged corals caused a major shift in the coral 

associated bacterial community away from a stable community observed in control 

nubbins. This shift was likely the result of necrosing tissue allowing colonization of many 

other opportunistic bacteria, potentially enhancing a stronger immune response by the 

coral. Previous studies have shown similar shifts in the microbial communities during 

disease and bleaching events [85]. The V. coralliilyticus challenged corals also 
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demonstrated a shift in the bacterial community from its experimental control, though the 

resultant community profile was similar to the control group of the Alteromonas sp. 

treatment. This result further supports the notion that the bacterial community shift was 

unlikely to have a detrimental effect on coral fitness. 

2.6 Conclusions 

Our findings verify, at the transcriptional level, the functional involvement of C3–like 

protein and Hsp70 in the immune response of A. millepora to bacterial challenges. 

Interestingly, this is the first study that reports the involvement of a heat shock protein in 

the coral immune response. Further studies investigating whether these genes have a 

similar role in other coral species are required along with the characterization and 

confirmation of the functional role of these and other putative immune homolog genes 

identified in the context of coral immune response. The derived information is of 

fundamental importance as functional immune genes may be used as bioindicators to 

assess coral health status. 
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Figure 2˗1. Photographs of Acropora millepora coral nubbins from the first experiment at 

48 hours after bacterial inoculation. A. corals challenged with V. coralliilyticus; B. corals 

challenged with Alteromona sp. Photographs of coral nubbins from the second 

experiment at 48 hours after inoculation with Alteromonas sp. at different concentrations. 

C: 10
6
 CFU/ml; D: 10

5
 CFU/ml; E: 10

4
 CFU/ml. 
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Figure 2˗2. A-C: Photographs of V. coralliilyticus inoculated nubbins from the second set 

of experiments at concentrations: 10
4
 CFU/ml (A), 10

5
 CFU/ml (B), 10

6
 CFU/ml (C), and 

control (D), after 48 hours.  
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Figure 2˗3. Dark adapted PSII quantum yield (Fv/Fm) of Symbiodinium associated with 

coral nubbins after 48 hours from the bacterial inoculation during the second set of 

experiments. Error bars indicate standard deviation of the mean. (*) indicates significance 

(p<0.05) between treatment and control.  
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Figure 2˗4. Relative transcriptional expression of the three genes of interest from A. 

millepora at 6 and 24 hours after inoculation with either V. coralliilyticus or Alteromonas 

sp. A-B: c3; C-D: hsp70; E-F: c-type lectin. The Q-RT-PCR data for these genes was 

normalized using internal control genes (ICGs) indicated in Table 1. Error bars indicate 

standard deviation of the mean. (*) indicates significance between treatment and control 

at the indicated hour. Green bars indicate significance at p<0.01and orange bar indicates 

p<0.05. 
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Figure 2˗5. Correspondence analysis (CA) of bacterial 16S rDNA DGGE banding 

patterns. CA1 accounts for 26.9% of the variation; CA2 accounts for 20.8% of the 

variation. C-V, control –colony 1 (orange), C – A, control colony 2 (blue); V, Vibrio 

treatment (red); A, Alteromonas sp. treatment (green).  
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Figure 2˗6. DGGE of bacterial communities from Alteromonas sp. (A) innoculated, V. 

coralliilyticus (V) inoculated, and controls (C). Green arrows indicate bands most closely 

related to Endozoicomonas sp. and orange arrows to Oceanospirillum beijerinckii. 
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Gene PCR 

Product 

Primer Sequence (5’ to 3’) 

c3-like 96 bp For: GTGAAGGTGGAACCAGAGGA 

  Rev: GAACCGGAAGTGATTGTCGT 

c-type lectin 230 bp For: CAGGTCTGGATCGGACTCAT 

  Rev: CATGTCCAGTGGTTGTACGC 

hsp70 128 bp For: GAGCCCTCAGTAACCAGCAC 

  Rev: CATTGTGGAGCGGAAAAGTT 

rpl12 150 bp For: CAAGGCAACACAAGACTGGA 

  Rev: CTTGCGATCTTGGTGGTT 

actin 113 bp For: CTCTTCCCCATGCCATCTTA 

  Rev: TTGATGTCTCGCACGATCTC 

 

 

Table 2˗1. Forward and reverse primers used to amplify the following genes of interest 

(GOI), including internal control genes (ICG), in Q-RT-PCR assays. 
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Chapter 3: Defending against pathogens – immunological priming and its molecular 

basis in a sea anemone, a basal metazoan cnidarian 

3.1 Abstract 

Cnidarians, in general, are long-lived organisms and hence may repeatedly encounter 

common pathogens during their lifespans. It remains unknown whether these early 

diverging animals possess some type of immunological reaction that strengthens the 

defense response upon repeated infections, such as that described in more evolutionary 

derived organisms. Here we show results that sea anemones that had previously 

encountered a pathogen under sub-lethal conditions had a higher survivorship during a 

subsequently lethal challenge than naïve anemones that encountered the pathogen for the 

first time using two different known coral pathogens. Anemones subjected to the lethal 

challenge two and four weeks after the sub-lethal exposure using Vibrio coralliilyticus 

presented seven- and five-fold increases in survival, respectively, compared to the naïve 

anemones. However, anemones challenged six weeks after the sub-lethal exposure 

showed no increase in survivorship. Serratia marcescens challenged anemones subjected 

to a lethal exposure four weeks after the sub-lethal exposure showed increased 

survivorship with 25 percent surviving the secondary exposure. We argue that this short-

lasting priming of the defense response could be ecologically relevant if pathogen 

encounters are restricted to short seasons characterized by high stress. Further studies are 

needed to determine if priming is pathogen specific as V. coralliilyticus appears to 

provide specificity wile S. marcescens does not. The ability to confer specificity may be 
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dependent on how common the pathogen is in the environment. Furthermore, we 

discovered significant changes in proteomic profiles between naïve sea anemones and 

those primed after pathogen exposure suggesting a clear molecular signature associated 

with immunological priming in cnidarians. Our findings reveal that immunological 

priming may have evolved much earlier in the tree of life than previously thought. 

3.2 Introduction 

The ability of the immune system to respond more rapidly and effectively to a pathogen 

that has been encountered previously is a trait well characterized in vertebrates and 

mechanistically explained by the functional uniqueness of the adaptive immune system 

[1]. In contrast, it has long been assumed that invertebrates have an immune response that 

differs considerably from the acquired immune response found in vertebrates. 

Invertebrates possess only an innate immune system, which is characterized by invariable 

pattern recognition receptors (PRRs) that target more general and less specific pathogens-

associated molecular patterns (PAMPs). The current consensus is that invertebrates lack 

the components of the adaptive immune system, such as those well characterized in 

vertebrates including highly variable major histocompatibility complex (MHC) receptors, 

immunoglobulins, and B and T cells that undergo clonal expansion and long term cell 

survival following antigen induced activation [1-4]. These elements of the adaptive 

immune system underlie the mechanism of the immunological memory phenomenon 

demonstrated in vertebrates. However, increasing evidence over the past years suggests 

that invertebrate immunity is much more complex than was generally believed. 

Immunological priming, the stimulation of the immune system with long-lasting effects 

that accelerate subsequent exposures to infectious pathogens, has been documented for a 
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few groups of invertebrates, such as insects and crustaceans [5-10]. The first studies to 

demonstrate that initial pathogen exposure confers lasting specific protection were for the 

crustacean copepod Macrocyclops albidus [6] and for the social insect Bombus terrestris 

[9]. Nevertheless, evidence of immunological priming in many other invertebrates 

remains absent, particularly for early diverging animals.  

A hallmark trait of immune memory in vertebrates is the fact that it is pathogen specific. 

In other words, the improved secondary response is to a particular pathogen not a group 

of bacteria or viruses. Pathogen specific immune priming has been found in several 

invertebrates: fruit fly Drosophila melanogaster [11], the woodlice Porcellio scaber [12] 

and mosquito Anopheles gambiae [13]. The specific immune priming appears to be 

driven by phagocytes in insects. In D. melanogaster, the pathogen specific immune 

priming is found in response to only certain bacteria such as Streptococcus pneumonia 

and Beauveria bassiana [11]. In P. scaber hemocytes showed an increased ability to 

phagocytize a previously encountered bacterial strain than a new bacterial strain [12]. In 

A. gambiae infection with Plasmodium resulted in quantitative and qualitative 

granulocyte differentiation of hemocytes that persisted for the lifespan of the mosquito 

[13]. 

Cnidarians, including corals and sea anemones, are evolutionarily early-diverged 

metazoans and of great interest since some of these invertebrates can live for hundreds of 

years, suggesting they are potentially exposed to the same pathogens on many occasions 

during their lifespans. This has led to the mystery of how these long-lived organisms 

have done so well with only an innate immune system as the protective mechanism 

against infectious agents. As of yet, it is unknown if the defense response of these 
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organisms strengthens upon repeated infections. Pioneering studies on coral skin grafts 

conducted in the late 1970s demonstrated that corals were able to reject skin grafts from 

genetically distinct donors more rapidly the second time the grafts were applied, 

suggesting for the existence of a memory property of non-self recognition [14-16]. Self- 

and allogeneic recognition has also been described in sea anemones [17] and soft corals 

[18]. While this phenomenon is not directly comparable with a defense against a 

pathogen, it might indicate that these basal metazoans have the capacity to remember 

foreign biological interactions. Additionally, understanding this aspect of immunology in 

corals and other cnidarians is imperative in light of the global concern of increasing 

epizootic disease outbreaks currently affecting the health of corals [19-22] and the 

persistence of these fragile coral reef ecosystems [23-26]. 

In the present study, we investigated whether priming is existent in cnidarians in response 

to pathogenic infections and if this response is pathogen specific. There are three 

hypotheses that will be tested in this chapter. The first is that immune priming is a 

phenomenon found throughout the tree of life and that as a result it will be found in basal 

metazoans in response to repeated encounters with biotic stressors. The second is that if 

immune priming is conserved throughout the tree of life, the response to biotic stressors 

will be specific. The final hypothesis is that if immune priming is conserved in basal 

metazoans, a proteomic signature will be associated with the response. 
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3.3 Materials and Methods 

3.3.1 Exaiptasia pallida anemone husbandry 

Anemones used in these experiments were from the clonal CC7 population of Exaiptasia 

pallida (formerly Aiptasia pallida) (Figure 3-1) (John Pringle Lab, Stanford University) 

and were maintained in filtered artificial seawater at approximately 27˚C. Populations 

were kept on a day:night cycle of 12h light:12h dark with 30 to 60 µmole photons m
-2

 s
-1

 

of light and fed freshly hatched brine shrimp nauplii twice a week. E. pallida used in this 

study were all approximately 3mm in diameter and 10 mm high. E. pallida was chosen as 

the study organism for this study since they are easily reared and grown in the laboratory 

and these anemones closely resemble coral species in their associations with the same 

symbiotic dinoflagellate genus, Symbiodinium, and many of the same bacterial species 

[27,28]. These characteristics make the sea anemone an adequate system for asking 

biological questions of relevance for coral reef systems. The clonal CC7 line of sea 

anemones was used for these experiments and has been reared in the laboratory for more 

than six years. Using the clonal line of anemones was advantageous as it removed any 

potential physiological and disease resistance variability that could be associated with 

unknown genetic differences among individual anemones found in a natural population. 

Moreover, the clonal anemones harbor the same symbiotic dinoflagellate type of 

Symbiodinium A4 (sensu: cp23S rRNA genotyping; [29]), indicating that the photo-

physiology of these clonal anemones is likely the same. Since experimental anemones 

were reared under the same environmental conditions for the last six years, the nutritional 

and physiological status of all anemones were presumed to be the same.  
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3.3.2 Pathogenic bacteria species and culture preparation 

Vibrio coralliilyticus strain BAA 450 (ATCC) and Serratia marcescens PDL100 BAA 

632 (ATCC) were used for the infection experiment. V. coralliilyticus is a major coral 

pathogen known to cause coral bleaching [30] and white syndrome in Acropora corals 

[31]. It has also been shown to cause disease and mortality in E. pallida [32]. The 

anemone responds to V. coralliilyticus with darkening of the tissues and retraction of 

tentacles, followed by complete disintegration of polyp tissues [32,33]. The disease 

progression pattern is consistent with the behavior of necrotizing pathogens [32]. S. 

marcescens PDL100 is a bacterial strain that causes white pox disease in Acropora 

palmata [34] and has also been shown to cause mortality in E. pallida [35,36]. S. 

marcescens can degrade E. pallida in three to five days [36]. 

To recover the bacteria from the glycerol stocks, the frozen cultures were streaked out 

and grown overnight on Marine Agar (Difco, USA) at 30˚C. The following day a single 

colony was picked with an inoculating loop and grown to logarithmic phase at 30˚C in 

Marine Broth-2216 (Difco, USA) while shaking at 100 rpm. Cultures were centrifuged at 

10,000g for five minutes, washed and re-suspended in sterile seawater. Bacterial cells 

were prepared to the designated final concentration based on a growth curve of V. 

coralliilyticus and S. marcescens generated with optical density readings at 600nm 

plotted against known bacterial culture concentration (CFU). 

3.3.3 Determination of bacterial concentrations for infection trials 

In order to determine an infective dose of the coral pathogens V. coralliilyticus and S. 

marcescens, ten-day infection trials were conducted on E. pallida anemones. Single 
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anemones, acclimated to the experimental temperature (30˚C), were placed into single 

wells of a twelve-well culture dish containing filtered artificial seawater. During these 

trials, anemones (six per concentration) were challenged with three concentrations of the 

bacterium: 10
6
, 10

7
, or 10

8
 CFU ml

-1
 at 30˚C. A temperature of 30˚C was used since coral 

pathogenic bacteria have been shown to become pathogenic at temperatures exceeding 

28˚C [30,37]. The inoculation of bacteria was conducted using the balneation technique 

[38]. Anemones were monitored daily over ten days to assess behavioral changes and 

mortality events. 

3.3.4 Temperature dependent pathogen virulence 

To test if V. coralliilyticus and S. marcescens showed similar temperature-dependent 

infectivity in E. pallida as they do in corals, infection trials were conducted at 25˚C and 

30˚C for ten days. This experiment also allowed for the determination of the effect of 

experimental temperature on anemone survivorship. The bacterial concentration used for 

this experiment was 10
8 
CFU ml

-1
 for both bacterial strains as this inoculum dose showed 

the most consistent infectivity pattern on anemones (Figure 3-2 and 3-3). Four treatments 

were conducted for each bacterium (+Bacteria at 25˚C, + Bacteria at 30˚C, - Bacteria at 

25˚C, and – Bacteria at 30˚C). Each treatment contained a total of six anemones. The 

anemones were allocated in single wells of twelve-well tissue culture plates. The 

inoculation of bacteria on the + Bacteria treated anemones were conducted using the 

balneation technique [38]. Anemones were monitored daily over ten days to assess 

behavioral changes and mortality events. 
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3.3.5 Determination of sub-lethal pathogen exposure 

The sub-lethal exposure was not defined based on bacterial dose but based on the 

duration of exposure to the pathogen. From the infections experiments described above, 

the survivorship curves showed consistently that no anemone died during the first three 

days of pathogen exposure at a dose of 10
8
 CFU ml

-1
 when V. coralliilyticus was used as 

the pathogen (Figure 3-2) and two days for S. marcescens (Figure 3-3). Based on these 

results, an additional experiment was conducted aiming to confirm if the above described 

sub-lethal exposures at 10
8
 CFU ml

-1
 could be considered a sub-lethal treatment. For this, 

anemones were exposed to either bacterial pathogen for the predetermined exposure time 

(three days for V. coralliilyticus and two days for S. marcescens), and placed in 

pathogen-free filtered seawater. The inoculations were carried out using the balneation 

technique [38]. The survivorship of these anemones was compared to a second group of 

anemones that remained under the bacterial exposure for a total of 10 days. Along with 

these two treatments, a control group of anemones were maintained in pathogen-free sea-

water. The results from this experiment were fundamental to define the sub-lethal 

challenge used in subsequent priming experiments described below. 

3.3.6 Priming experiments on Exaiptasia pallida anemones 

All experiments in this section were conducted at 30˚C and at a final concentration of 10
8 

CFU ml
-1

 of V. coralliilyticus or S. marcescens. Individual E. pallida, acclimated to the 

experimental temperature (30˚C) were placed into a single well of a twelve-well tissue 

culture plate containing filtered artificial seawater. Studies were conducted in three 

phases: sub-lethal exposure, recovery period, and lethal exposure. During the sub-lethal 
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exposure, as indicated in the previous section, anemones (referred to as primed 

anemones) were challenged for three days with V. coralliilyticus (Figure 3-2) or two days 

with S. marcescens. The sub-lethal exposures were followed by recovery periods, which 

varied as two, four, or six weeks. In this phase, anemones were removed from the sub-

lethal exposure wells, transferred to pathogen-free seawater and left to recover during the 

designated recovery times. The final phase of the experiment consisted of the lethal 

exposure. From the previous experiment, it was determined that exposure to pathogen 

concentration of 10
8 

CFU ml
-1

 between 4 and 10 days was considered a lethal challenge 

for V. coralliilyticus (Figure 3-2) and between 3 and 10 days for S. marcescens (Figure 3-

3). During this phase the primed anemones were challenged again with the same 

bacterium. Additionally, a second treatment (defined as non-primed E. pallida) was 

composed of naïve anemones that were not subjected to sub-lethal exposure but 

challenged with the same bacterium in the last phase of the experiment. The control 

anemones were kept at 30˚C for the entire experiment but were never challenged with the 

bacterium. 

3.3.7 Specificity of immune priming in Exaiptasia pallida anemones 

Specificity of immune priming in E. pallida was assessed. All experiments in this section 

were conducted at 30˚C and at a final concentration of 10
8 

CFU ml
-1

 of V. coralliilyticus 

or S. marcescens. E. pallida were acclimated to the experimental temperature of 30˚C and 

placed into a single well of a twelve-well tissue culture plate containing filtered artificial 

seawater. As in the previous section, the experiments were conducted in three phases: 

sub-lethal exposure, recovery period, and lethal exposure. During the sub-lethal exposure, 

primed anemones were challenged with V. coralliilyticus or S. marcescens for three or 
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two days respectively. The sub-lethal exposures were followed by recovery periods, 

which varied as two or four weeks. In this phase, anemones were removed from the sub-

lethal exposure wells, transferred to pathogen-free seawater and left to recover. The final 

phase of the experiment consisted of the lethal exposure and contained five treatments. 

Primed anemones were randomly divided into two groups. The first group of primed 

anemones was challenged with the same bacterium they were challenged with during the 

sub-lethal phase of the experiment at a pathogen concentration of 10
8 

CFU ml
-1

. The 

second group was challenged with the second bacterium not used in the priming 

experiment at pathogen concentration of 10
8 

CFU ml
-1

. For example if V. coralliilyticus 

was the bacterium used for the challenge experiments during the sub-lethal exposure, half 

of those anemones would be challenged with V. coralliilyticus and the other half with S. 

marcescens. Additionally, two more treatments were tested: non-primed and control 

anemones. Non-primed E. pallida were composed of naive anemones that were not 

subjected to sub-lethal exposure. Half were challenged with V. coralliilyticus while the 

other half were challenged with S. marcescens. The control anemones were kept at 30˚C 

for the entire experiment but were never challenged with the bacterium. 

3.3.8 Quantitative PCR assay for determining Vibrio coralliilyticus load on the 

anemones 

To determine the clearance dynamics of the V. coralliilyticus pathogen by the exposed 

anemones after the sub-lethal exposure time and during the lethal challenge, a 

quantitative real time PCR (qPCR) assay specific to test for pathogen presence was 

conducted. An S. marcescens qPCR assay could not be conducted due to primer 

specificity problems. Anemone samples were collected immediately after finishing the 
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sub-lethal exposure, and two and four days afterwards. During the lethal challenge 

(secondary exposure), anemones were collected at the following time points: one, three, 

seven and ten days after the start of the lethal exposure. For all the sampling times, three 

anemones were collected from each of the three treatments (primed, non-primed and 

controls). Total DNA was extracted from the collected anemones using the DNeasy Plant 

Mini Kit (Qiagen, Valencia, CA). DNA concentrations were estimated using the 

NanoDrop 2000c (Nano-Drop Technology, Wilmington, DE). V. coralliilyticus specific 

primers designed by Polson 2008 were used for the qPCR: 96F (5’-

GTTRTCTGAACCTTCGGGGAACG-3’) and 1019R (5’- 

CTGTCTCCAGTCTCTTCTGAGG-3’) [39]. PCR reactions were conducted in 23µl 

reactions with 12.5µl of SYBR green master mix (BioRad, Hercules, CA) and 0.2µM of 

each primer. The PCR conditions were as follows: 95˚C at 5 min followed by 40 cycles 

of 95˚C at 30 sec, 67˚C at 30 sec, and 72˚C at 60 sec. Dissociation curves were analyzed 

to confirm single product amplification at the end of qPCR runs. Samples were run in 

triplicate and mean values were used for calculations. Pathogen load on the infected 

anemones was expressed as relative proportion to amount of bacteria used at the initial 

inoculation (10
8
 CFU ml

-1
). For the calculations, we used the following equation; 2

(Ct
i
 –Ct 

a
)
; where Cti represented the mean amplification cycle value for the DNA extracted from 

the initial inoculum (10
8
 CFU ml

-1
), and Cta represented the mean amplification cycle 

value for the DNA extracted from the infected anemone. A relative proportion of 1 means 

the pathogen load on an infected anemone corresponds to the same amount of pathogen 

found in concentration of 10
8
 CFU ml

-1
.  
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3.3.9 Statistical analysis of survivorship data and pathogen load on inoculated 

anemones 

For the priming experiments, Kaplan Meier estimators and survival plots were 

constructed for each of the three different recovery periods using the statistical software 

SPSS 21 (IBM). Post hoc comparisons using the Mantel – Cox test were further 

conducted to determine significant differences among the survival curves for each of the 

treatments. Analysis of variance (ANOVA) was performed in conjunction with a Tukey’s 

posthoc test to assess significance difference in the bacterial load on the anemones during 

different times after the sub-lethal challenge and during the lethal challenge. 

3.3.10 Proteomic analysis 

In order to determine the molecular changes underpinning immunological memory in E. 

pallida anemones, a proteomic analysis was conducted by Applied Biomics (Hayward, 

CA) according to the company’s standard protocol. V. coralliilyticus was used as the 

bacterial pathogen for this experiment due to its efficacy as a pathogen. Additionally, this 

pathogen was used since qPCR assays were able to confirm complete clearance of the 

pathogen during the recovery period between the sub-lethal and lethal infections. This 

was not feasible for S. marcescens since primer specificity was not attained for the assay. 

In this analysis, the proteomic profiles of anemones primed with the pathogen during a 

sub-lethal exposure were compared to naïve anemones never exposed to the pathogen 

four weeks after the experimental anemones were subjected to the sub-lethal exposure. 

Fifteen anemones were collected from each of two treatments. These fifteen anemones 

were pooled in three groups of five anemones each and snap frozen in liquid nitrogen. 
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The pooling of anemones was necessary since it allowed enough tissue material for 

extraction of proteins to run the proteomic analyses. Samples were sent to Applied to 

Biomics (Hayward, CA) for two-dimensional differential in-gel electrophoresis (2D 

DIGE) profiling and separation. The 2D DIGE gels were scanned using a Typhoon image 

scanner (GE Healthcare). The images were analyzed using Image Quant software (GE-

Healthcare), and then subjected to in-gel analysis and cross-gel analysis using DeCyder 

software version 6.5 (GE-Healthcare). Protein differential expression ratio changes were 

obtained by in-gel DeCyder software analysis. Of the spots that were differentially 

expressed, 32 were subjected to isolation using an Ettan Spot Picker (GE Healthcare) 

followed by MALDI-TOF (MS) using a 5800 mass spectrometer (AB Sciex). 

Proteins were identified by submitting the peptide mass and fragmentation spectra to GPS 

Explorer version 3.5 using the MASCOT search engine (Matrix Science) where the 

National Center for Biotechnology Information non-redundant (NCBInr) database and E. 

pallida genome (Pringle Lab, Sanford University) were explored. Significant candidates 

had either protein score C.I.% or Ion C.I.% greater than 95. 

3.4 Results 

3.4.1 Host response to bacterial pathogen improves upon repeated pathogen 

encounter  

To assess the response of E. pallida anemones to repetitive encounters with the infectious 

agent, we first determined a sub-lethal exposure of the bacterial pathogens V. 

coralliilyticus and S. marcescens that would allow priming of the host without causing 

mortality. It was determined that a concentration of 1 x 10
8
 CFU ml

-1
 of either bacterial 



68 
 

agent causes stress and mortality in E. pallida anemones after four days of exposure for 

V. coralliilyticus (Figure 3-2) and three days for S. marcescens (Figure 3-3). Within a 

ten-day bacterial exposure using V. coralliilyticus, mortality ranged from 60 to 90% in 

the anemones (Figure 3-2A) while S. marcescens challenge showed 100 to 70% mortality 

during the same time period (Figure 3-3A). However, if anemones were removed from 

the V. coralliilyticus bacterial challenge, washed, and placed in pathogen-free seawater 

after the third day of pathogen exposure, anemones would recover and show 100% 

survivorship comparable to unexposed (control) anemones (Figure 3-4). Based on these 

results, a sub-lethal challenge of a three-day pathogen exposure at 1 x 10
8
 CFU ml

-1
 was 

used for the immune priming experiments. The bacterial challenges were conducted at 

30˚C as it has been shown the virulence in these pathogens increases at temperatures 

above 28˚C [30,36,37]. We demonstrated that this experimental temperature was not a 

factor of mortality during the bacterial exposure trials (Figure 3-2B). The same 

experiment was conducted with a two day challenge using S. marcescens with the same 

results and that temperature was not a factor in these experiments (Figure 3-3B).  

3.4.2 Priming trial with V. coralliilyticus 

Following the above trials, three experiments were performed to evaluate the existence of 

a priming response. Anemones were first subjected to a sub-lethal exposure of V. 

coralliilyticus followed by resting periods (pathogen-free recovering time from the sub-

lethal challenge) of either two, four, or six weeks before exposing the sea anemones again 

to a lethal exposure (ten day pathogen challenge). It is important to note that none of the 

anemones died during the resting period or prior to the lethal challenge. The response and 

survivorship of these anemones (primed group) were compared to anemones that were 
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exposed to a lethal challenge but without prior sub-lethal exposure (non-primed group), 

and also to a control group in which anemones were never exposed to sub-lethal or lethal 

bacterial challenges. The results showed that anemones that had previously encountered 

the pathogen (primed) had a higher survivorship than those anemones that encountered 

the pathogen for the first time (Figure 3-5; Kaplan Meier; Mantel – Cox Post hoc test, p= 

0.0001). The survivorship rate appeared to vary as a function of the lapsed time between 

the two consecutive pathogen exposures. Anemones exposed to the lethal challenge two 

and four weeks after the sub-lethal exposure presented seven - and five - fold increases in 

survival, respectively, compared to the non-primed anemones (Figure 3-5A-B; Kaplan-

Meier; Mantel - Cox Post hoc test; Two weeks, p=0.031; Four weeks, p=0.039). 

However, the experimental group of anemones challenged six weeks after the sub-lethal 

exposure showed a 1.4 fold increase in survivorship that was not statistically significant 

(Figure 3-5C; Kaplan-Meier; Mantel - Cox Post hoc test, p>0.05). The improved 

response of the anemones to repeated encounters of the pathogen suggests the existence 

of transient defense priming that lasts for up to four weeks. 

To determine whether the improved response in the primed anemones was not due to a 

chronic infection that continued over the experimental period, the pathogen load on the 

subjected anemones after the sub-lethal exposure was quantified using quantitative PCR 

(qPCR). Results from the assay indicated that by day four of the recovery period, V. 

coralliilyticus was no longer detectable in E. pallida (Figure 3-6A; ANOVA, p>0.05), 

suggesting that the improved response to pathogen upon repetitive encounters was due to 

a priming phenomenon and not to chronic infection. The same qPCR assay was used to 

confirm that V. coralliilyticus was present in E. pallida hosts throughout the lethal 
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experiment, which showed considerable presence of pathogen load throughout the lethal 

exposure (Figure 3-6B). 

3.4.3 Priming trials with S. marcescens 

A similar experiment to the priming experiment in V. coralliilyticus was performed using 

S. marcescens. In these experiments anemones were first subjected to a sub-lethal 

exposure of S. marcescens followed by a pathogen - free recovery period of either two or 

four weeks before a final lethal exposure to the pathogen. As in the V. coralliilyticus 

experiments, none of the anemones died during the sub-lethal or recovery periods. The 

survivorship of the primed anemones was compared to non-primed and controls during 

the lethal exposure. The results showed that anemones that had previously encountered 

the pathogen survived for a greater length of time (but not number of surviving 

individuals at the end of the experiment) than non-primed anemones during the lethal 

exposure after a two week recovery period (Figure 3-7A; Kaplan-Meier p=0.000). 

However after a four week recovery period, primed anemones showed higher 

survivorship than non-primed individuals (Figure 3-7B; Kaplan-Meier; Mantel - Cox Post 

hoc test p=0.000). The improved response of anemones after four weeks of exposure with 

S. marcescens verifies the existence of the transient form of the priming defense 

encountered with V. coralliilyticus.  

3.4.4 Priming specificity 

In order to test the specificity of immune priming in E. pallida, survival was measured 

under two treatments using both V. coralliilyticus and S. marcescens with a two and four 

week recovery period. Experiments were conducted in three phases as described above. 
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In one experimental set up, S. marcescens was the bacterium used in the sub-lethal 

exposure for two days at a final concentration of 10
8
 CFU ml

-1
. After a pathogen-free 

recovery period of two or four weeks, half of the S. marcescens primed anemones were 

challenged a second time with 10
8
 CFU ml

-1
 S. marcescens while the remaining half were 

challenged with 10
8
 CFU ml

-1
 V. corallillyticus during the ten-day lethal exposure. 

Additionally there were anemones in the lethal exposure that had previously not been 

challenged with any bacterium and were challenged for the first time with either S. 

marcescens or V. coralliilyticus. The second set of priming specificity experiments used 

an identical set up described above except that 10
8
 CFU ml

-1
 V. coralliilyticus was used 

as the challenge bacterium during the sub-lethal exposure.  

In either of the experimental set-ups, none of the anemones died during the sub-lethal or 

recovery periods. When V. coralliilyticus was used as the bacterium during the sub-lethal 

exposure, there was a significant increase in survival of E. pallida exposed to the same 

bacterium during lethal exposure for both the two (Figure 3-8A Kaplan-Meier; Mantel - 

Cox Post hoc test p=0.004) and four (Figure 3-8B Kaplan-Meier; Mantel - Cox Post hoc 

test p=0.023) week recovery periods when compared to those challenged with S. 

marcescens during the lethal exposure. This increased survival of anemones exposed to 

the same pathogen twice as opposed to different pathogens during the sub-lethal and 

lethal exposures indicates that V. coralliilyticus priming may be pathogen specific. 

When S. marcescens was used as the priming bacteria during the sub-lethal exposure, 

there was significantly higher survival of anemones that were challenged during the lethal 

phase of the experiment with V. coralliilyticus after a two week recovery period (Figure 

3-9A Kaplan-Meier; Mantel - Cox Post hoc test p=0.004) but not after four weeks (Figure 
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3-9B Kaplan-Meier; Mantel - Cox Post hoc test p=0.091) in comparison to those 

challenged in both phases with S. marcescens. Interestingly, there was no significant 

difference in survival between both V. coralliilyticus treatments (primed versus non-

primed) during the lethal exposure after a two (Kaplan-Meier; Mantel - Cox Post hoc test 

p=0.378) and four (Kaplan-Meier; Mantel - Cox Post hoc test p=0.320) week recovery 

period. Additionally there was no difference between primed and non-primed anemones 

for the S. marcescens treatment during the lethal exposure after a two (Kaplan-Meier; 

Mantel - Cox Post hoc test p=0. 165) and four (Kaplan-Meier; Mantel - Cox Post hoc test 

p=0.902) week recovery period. Increased survival of V. coralliilyticus challenged 

anemones to S. marcescens challenged anemones during the lethal exposure phase of 

these experiments indicates that a S. marcescens priming response may not be pathogen 

specific. 

3.4.5 Proteomic analysis to dissect the molecular changes associated with the 

immune V. coralliilyticus associated priming response 

Further exploration of the immunological priming phenomenon took place at the protein 

level by analyzing samples collected four weeks following the post-priming phase with 

V. coralliilyticus and immediately before the lethal exposure. V. coralliilyticus was 

chosen for these experiments due to its efficacy as a pathogen as well as the ability to 

characterize pathogen clearance using the qPCR assay.  

A two-dimensional fluorescence gel electrophoresis combined with mass spectrometry 

was used for the analysis. Based on the replicated 2D fluorescent in-gel analysis, a total 

of 1400 spots were detected. From this proteome, 39 spots (2.79%) with at least 1.3-fold 
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change were identified as being differentially expressed between primed and non-primed 

anemones four weeks after the sub-lethal exposure to the primed anemones (Biological 

Variation Analysis, BVA, p<0.05). Among these proteins, 16 were up-regulated, and 23 

proteins were down-regulated in the primed anemones (Figure 3-10). Of the 39 identified 

spots, the protein identities of 32 spots were determined using MALDI-TOF mass 

spectrometry and proteomic database comparisons with high confidence (Confidence 

Interval >95%; Table 3-1). The protein profiles showed surprising complexity as some of 

these spots represented multiple isoforms of proteins varying in molecular mass and/or 

charge (Figure 3-11). The differentially expressed proteins identified through this method 

were involved in 27 different biological processes. The most represented biological 

processes were metabolic process (n=14, GO: 0008152), cellular process (n=13, GO: 

0009987), response to stimulus (n=8, GO: 0050896), and single organism process (n=12, 

GO: 0044699) (Figure 3-12, Table 3-2). The representation of biological processes was 

similar between up-regulated and down-regulated proteins except the categories of 

developmental processes and cellular component organization and biogenesis, which 

were only represented by up-regulated proteins. 

Of the proteins identified in this study, heat shock protein 70 was the most highly up-

regulated protein in primed E. pallida with a 2.02-fold-higher expression in primed as 

opposed to control anemones (Table 3-1). Interestingly, a second protein also identified 

as heat shock protein 70, based on amino acid sequence of the generated mass-spec 

polypeptides was the most highly down-regulated protein with a 9.73 fold decrease in 

expression in primed anemones when compared to controls. However the size of this 
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protein on the gels does not correspond to a 70 kda protein (Figure 3-11) indicating that 

this protein might be a smaller Heat Shock Protein.  

3.5 Discussion 

The sea anemone, E. pallida, showed susceptibility to bacterial challenge with V. 

coralliilyticus and S. marcescens similar to coral species affected by the same bacterial 

pathogen at seawater temperatures 3 to 5˚C warmer than ambient temperatures [30,37]. 

However, the survivorship of the challenged anemones depended on previous pathogen 

exposure. Anemones that encountered the pathogen in sub-lethal conditions prior to lethal 

exposures showed higher survivorship than naïve anemones encountering the pathogen 

for the first time. Such findings suggest the potential presence of a protective priming 

defense mechanism in some members of the phylum Cnidaria. The degree to which 

priming was successful was pathogen specific. Challenge experiments conducted with V. 

coralliilyticus showed greater survivorship during the lethal portion of the experiments 

than S. marcescens. Additionally, mortality occurred more quickly in S. marcescens than 

in V. coralliilyticus. This difference in survival and mortality rate may be due to virulence 

of the bacteria. V. coralliilyticus appears to stimulate an effective priming response while 

S. marcescens could be required to be administered as a non-toxic vaccine such as a heat 

killed bacterial vaccine. The inability to use a live bacterial strain for vaccine purposes 

has also been a problem facing human vaccine developers; most are too toxic or virulent 

to effectively attenuate and are therefore ineffective vaccines [40]. One example of such a 

vaccine given to humans is the tetanus vaccine which is administered as a non-toxic 

vaccine that does not contain bacteria but still elicits an immune response [41]. It is 

therefore possible that in the sea anemone, different vaccine forms are needed depending 
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on the pathogen as is also depicted in humans. However, further research is warranted in 

elucidating if a different form of bacterial preparation is needed to cause more effective 

priming of E. pallida to S. marcescens. The priming response was also shown to be short-

lived, lasting up to one month. The improved response of primed compared to non-

primed anemones was not the result of a sustained immune response due to a chronic 

infection from the sub-lethal exposure, as the pathogen V. corallilyticus was cleared by 

the sea anemones four days after the termination of the sub-lethal exposure and several 

weeks before the second pathogen exposure but are still needed for S. marcescens. This is 

critical as a chronic infection in which a low level response of the immune system 

continues actively combating an infection [42] and cause a more rapid secondary 

response in a subsequent pathogen challenge due to an already engaged immune system 

of the attacked host [9]. It is important to note that it is possible that even though V. 

corallilyticus presence decreases beyond detection, the presence of large concentrations 

of Vibrio at the onset of the experiment may have impacted the other microbial species 

associated with the anemone that may function as beneficial symbionts. Further studies 

are required to explore this possibility. Our findings demonstrate that the cnidarian 

defense system is functionally capable of unexpectedly durable induced protection. This 

suggests that selective pressures that triggered the evolution of immunological priming 

have a signature from early diverging animals. 

Immunological priming has been documented in other invertebrates including 

crustaceans and insects [5-7,9,10]. In these cases, the improved response to the pathogens 

upon multiple encounters was also shown to be short-lived. For instance, the social 

bumble bee, Bombus terrestris, gain increased protection against pathogens upon a 
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secondary exposure that lasted up to 27 days [9]. In this case, priming of this duration 

would compare with an average life span of around 4 weeks for adult B. terrestris 

workers in the field. It highlights the clear ecological, and thus evolutionary, benefits of 

immunological priming in these organisms. In the case of cnidarians, such as anthozoans 

that can live for hundreds of years, immunological priming that confers a lasting 

protection of a month might appear to have a low ecological and evolutionary value. 

Interestingly, a similar timeframe of priming has also been described within the context 

of allorecognition in cnidarians. For example, specific memory of tissue transplantation 

immunity has been demonstrated to last four weeks in the coral Montopora verrucosa 

[16], and eight weeks in the gorgonian, Swiftia exerta [18]. Yet some corals, such as the 

hydrocoral Millepora dichotoma appear not to possess a memory component to 

allorecognition [43]. The three above examples show a varying memory response to 

previously encountered allografts. In the cases that do show allomemory, it appears also 

to be relatively short-lived. While the mechanisms used in alloimmunity by cnidarians 

are unknown, it is possible that common ground might exist between the mechanisms 

modulating the processes of allografting and pathogen recognition. Regardless of the 

similarity between the mechanisms, the question remains as to what would be the 

advantage for a long-lived organism to have such a short-lived priming of their defense 

system. We speculate that short-lasting priming of the defense response could be 

ecologically relevant if pathogen encounters are concentrated and restricted to particular 

seasons (short period of time) characterized by high stress. In such seasons when 

pathogens are more active and virulent, cnidarians could be ecologically and evolutionary 

benefited if they have the capability to remember pathogenic encounters during the 
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duration of the high stress season. This would allow maximizing the allocation of energy 

towards immunological priming when it is most needed since it has been shown to be 

energetically taxing on other organismal processes [44]. In recent years we have learned 

that sustained high temperatures above the average seasonal maximum are often related 

to an increase of disease outbreaks [24,26,30,45-47]. For example, Bruno and 

collaborators (2007) showed a highly significant relationship between the frequencies of 

warm temperature anomalies and the occurrence of white syndrome in Pacific reef-

building corals. High temperatures during the summer months have also been associated 

with the activation of virulence among bacterial pathogens that are common residents in 

the coral reef environment [30,48,49]. Moreover, the high virulence and disease 

prevalence is seasonal in the majority of cases and ceases as the water temperature 

declines at the end of the summer [20,24]. Therefore, it is conceivable that the short 

duration of immunological priming described for E. pallida mirrors the short time 

window when pathogens are seasonally active and during which they could be 

encountered repetitively by the sea anemone. This strategy would allow the sea anemone 

to reallocate energy use to other vital physiological needs during times where pathogens 

are less infectious. Additionally, the duration of priming might also be pathogen specific. 

For example, in mice different pathogens elicit different lengths of time of priming and 

memory [50]. Pathogens that are encountered more often by a given organism could 

cause longer priming/memory. Further investigations are needed to understand whether 

different pathogens trigger longer immunological memory.  

This study also indicates that some bacteria may cause a bacterial specific immune 

priming response while others do not. V. coralliilyticus conferred a bacterially specific 
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priming response while S. marcescens did not. The nonspecific priming with S. 

marcescens could be due to the fact that it may not be as common of a pathogen in the 

water column as V. coralliilyticus. Thus the anemone’s immune system may not be as 

prepared to defend against it as potentially for a more commonly found bacterium such as 

V. coralliilyticus [51]. Furthermore, specificity of immune priming could occur at the 

species level and thus improved priming could be conferred using any Vibrio sp. Further 

research would be needed to indicate whether E. pallida has the potential to differentiate 

specific Vibrio strains or if any Vibrio sp. could initiate the specific priming 

phenomenon. Pathogen specific immune priming has been found in several invertebrates: 

fruit fly Drosophilla melanogaster [11], the woodlice Porcellio scaber [12] and mosquito 

Anopheles gambiae [13] but not in the meal worm, Tenebrio molitor [51]. 

3.5.1 Proteomic analysis of immune priming in E. pallida 

The phenomenological data presented above indicate that there are responses in 

cnidarians that might be trained by past experience and increase upon a second exposure. 

This adds to the growing notion that invertebrates have extremely plastic immune 

effectors that can generate novel and functional immune response changes in relation to 

past experience. In the past the logical fallacy that because an organism lacks B and T 

cells, the organism will also lack an adaptive immune response has hindered our 

appreciation of the capability of basal metazoans to possess immunological priming and 

memory [52]. These organisms could generate a trained immune response in another way 

as has been documented for insects [53,54]. In our study we attempted to characterize 

molecular changes correlated with the priming phenomenon using a comparative  
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proteomic approach to start dissecting the mechanism underlying an inducible enhanced 

immunity in cnidarians. 

Statistically significant differences in proteomic profiles between naïve sea anemones and 

those primed after pathogen exposure suggests a clear molecular signature associated 

with immunological priming in cnidarians. The group of differentially expressed genes 

was diverse, suggesting that the molecular regulation of the priming defense is governed 

by changes in multiple cellular processes. None of these proteins were identified as 

antimicrobial peptides, which are the molecules normally produced during the actual 

fighting and clearing of pathogen infections in cnidarians [55-57]. In other invertebrates 

such as bumblebees, antimicrobial peptides are produced immediately after the bacterial 

challenge and then subside thereafter when the pathogen load decreases [9]. Therefore, 

the lack of differentially expressed antimicrobial peptides was expected as the proteomic 

analysis was conducted in primed anemones at least three weeks after the pathogen from 

the sub-lethal exposure was cleared. Consequently the changes in protein alteration 

detected in the primed anemones four weeks after the first pathogen exposure seem to be 

related the phenomenon of immunological priming rather than to pathogen clearance. 

Gene ontology analysis indicated that many of the differentially produced proteins linked 

to immune defense priming were grouped into metabolic processes pathways, a pattern 

that has also been detected from transcriptomic analyses in corals affected with disease 

signs [58,59]. An example of a metabolic protein is the Fructose-Bisphosphate Aldolase 

protein that is an enzyme involved in glycolysis, a metabolic process that assures the 

production of energy required for a large number of other metabolic processes. We 

detected a higher amount of this protein in primed anemones suggesting an enhanced 
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metabolic function in primed animals. Previous studies have also shown a correlation 

between increased expression of metabolic enzymes in the response to secondary 

exposure of pathogens [60]. Recently, it was proposed that a shift of central glucose 

metabolism from oxidative phosphorylation to aerobic glycolysis (the “Warburg effect”) 

is the metabolic basis for trained immunity (i.e. the memory characteristics of the innate 

immune system recently described in vertebrates; [61]), providing the energy and 

metabolic substrates for the increased activation of trained immune cells [62]. Further 

experimental and physiological studies are needed to investigate whether an increase of 

glycolysis is indeed a fundamental process in primed “trained” immunity in a basal group 

within metazoans, such as cnidarians. Findings from these future research avenues will 

provide an appreciation of the evolutionary origin for the key role of metabolism in 

innate host defense. 

Many of the identified proteins in this study show homology to immune genes 

functionally characterized in other organisms. Although we need to be cautious when 

borrowing functionality of these proteins based on homology to other organisms [63], 

their expression in this study bolsters the idea that they may be involved in the immune 

response of E. pallida. In the context of cnidarian immunology, we discuss key changes 

in protein production involved in following functional groups: stress response, ion 

transport and proteolysis. 

Several proteins involved in stress response were detected in association with defense 

priming: two heat shock protein 70s (HSP70) and one heat shock protein 60 (HSP60) 

were up-regulated whereas three small heat shock proteins (~20 kDa) were down-

regulated. It is well known that the up-regulation of HSP synthesis provides resistance to 
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toxic stresses such as heat shock [64,65], however, their involvement has also been 

shown in response to many other environmental and biological insults, such as 

pathogenic infections [66]. Recently, we also documented transcriptional up-regulation of 

a HSP 70 gene in the scleractinian coral, Acropora millepora, within hours of exposure to 

bacterial pathogens [38]. There is still no clear understanding of the molecular 

mechanisms involving HSP in response to pathogenic infection and whether its action in 

the immune defense is at the intracellular and/or at the extracellular level. However, it has 

been suggested that many HSPs have the property of damage associated molecular 

patterns (DAMPs) as they can bind to exposed hydrophobic residues of a wide spectrum 

of polypeptides [67]. HSPs could play a critical role in mediating innate immunity by 

activating Toll-like receptor (TLR) signaling due to their status as DAMPs and thus 

induce cytokine- mediated inflammatory responses. For instance, some evidence 

indicates that extracellular HSP70 can interact with TLR4 under a number of pathological 

situations [68,69]. Furthermore, HSP70 has been implicated in immunity stimulation 

either by antibody-independent activation of the complement immune system [70] or by 

enhancing the expression of the prophenoloxidase system [71]. Under the hypothesis of 

DAMP-acting HSPs, it is possible that a higher synthesis of HSPs in primed organism, 

such as in the case of the sea anemone from this study, could allow for a faster response 

at the detection of infection-associated danger through interaction of TLR-HSP-DAMP, 

and thus induce a quicker inflammatory response upon a new exposure to pathogens (see 

model at Figure 3-13). This model is supported by studies conducted on the brine shrimp 

Artemia showing that heat-induced accumulation of HSP70 appears to protect crustacean 

from pathogenic infection by V. campbellii [72]. Current findings have shown that direct 
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delivery of HSP vaccines to crustaceans improve their defense response and success to 

fight infections of pathogens [71-73]. For example, feeding with E. coli YS2 over-

producing DnaK, the prokaryotic equivalent of Hsp70, enhances gnotobiotic Artemia 

larvae survival approximately two- to three-fold upon challenge with pathogenic V. 

campbellii [73]. 

Other proteins detected in this study were putatively characterized as being involved in 

ion transport. One of particular attention was the inotropic glutamate receptor (iGluR)-

like protein found to be up-regulated in the primed anemones. iGluRs are ligand-gated 

ion channels best known for their role in fast excitatory neurotransmission in vertebrate 

and invertebrate nervous systems. However, new findings have shown that many 

homologs of these receptors are implicated in other biological process. A novel family of 

iGluR-related genes from insects (referred to as Ionotropic Receptors, IR) have been 

characterized as chemosensory receptors and are involved in olfaction and gustation 

processes [74,75]. The findings that these receptors are present across diverse groups of 

organisms from bacteria, plants and animals also suggests that this receptor family 

represents an evolutionarily ancient mechanism for sensing both internal and external 

chemical cues [74]. Of great interest are the findings showing that plant iGluRs are 

implicated in sensing a broad range of amino acids as part of the defense mechanism 

against infectious agents [76]. Recent studies examining the wound response and disease 

susceptibility in Arabidopsis thaliana Glutamate-Like Receptors (GLR) knockout 

mutants have provided evidence that some members of the GLR gene family encode 

important components of the plant’s defense response [77]. These discoveries are in line 

with our finding of higher production of iGluR-like proteins in primed Exaiptasia 
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anemones. If involved in recognizing/sensing danger associated molecular components, a 

primed anemone with higher levels of expression of iGluRs would be better prepared to 

respond faster to infectious agents upon secondary exposures (Figure 3-13). 

Finally, we detected a higher production of immune related proteolytic proteins including 

aminopeptidases and cathepsin, suggesting a potential enhancing key role of proteolysis 

in immune priming. For instance, capthepsins are key lytic enzymes and members of the 

proteases machinery packed in host lysosomes. These enzymes are not only involved in 

lysosome-contained pathogen degradation but also have been implicated in activating 

endosomal Toll-Like Receptors (TLR), which induce downstream cytokine-mediated 

pro-inflammatory responses [78,79].  Cathepsins generate a proteolytic cleavage, a 

prerequisite for TLR7 and TLR9 signaling [80,81]. Greater amounts of this protein in 

primed anemones implies that up-take of pathogens via phagocytosis will be digested and 

cleared faster through the phagosome-lysosome pathway. Additionally, their recognition 

by TLRs could be enhanced by a higher rate of proteolytic cleavage.  

3.6 Conclusions 

In summary, while immune priming has been found in several invertebrates [6,9], this 

study discovered for the first time a similar phenomenon in an early diverging animal. 

Our findings support the notion that immunological priming may have evolved much 

earlier in the tree of life than previously thought. Priming effectivity may be driven by the 

natural abundance of bacterial species as well as their ability to elicit a bacterially 

specific response. Additionally, the considerable amount of proteins that appear to be 

involved in the immune response of primed E. pallida suggests immunological priming 
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in cnidarians is a more complex phenomenon than so far has been recognized. 

Furthermore, finding immunological priming in a sea anemone implicates the potential 

presence of the same mechanisms in other cnidarians such as corals. Future research 

addressing these mechanisms might be of crucial influence on developing restoration 

strategies for threatened and endangered coral reef species. As a potential outcome, 

“immunization” could become a tool to improve tolerance and survivorship of long-lived 

wild and re-introduced corals and thus, mitigate the deterioration of coral reef 

ecosystems. 
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Figure 3-13.  Proposed model of Heat Shock Proteins (HSP), Capthesin and Glutamate 

Receptor (iGluR) roles in cnidarian molecular defense priming: (1) HSP are up regulated 

and some are extracellularly secreted where bind to peptides and act as DAMPs; (2) as 

DAMPs, HSP help with a faster activation of the innate complement system, and /or (3) 
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interact and cause a quicker activation of outer host cell membrane TLRs; (4) 

intracellularly, up-regulated HSP proteins can be delivered into lysosomes in which they 

can also interact and activate endosomal cell membrane TLRs; (5)  higher production of 

Capthesin are delivered into lysosomes in which they can also interact and activate 

endosomal cell membrane TLRs; (6) activated TLRs either from the outer membrane or 

endosomal membranes will trigger cell signaling pathways that will converge in the 

activation of transcription factors (likely NF-kappa B) that will ultimately induce the 

expression of immune-related genes (7)  resulting in the production of potential pro-

inflammatory molecules; (8) Higher expression of iGluR expressed on the outer 

membrane will also facilitate a faster sensing of potential DAMPs upon secondary 

exposure of pathogens. 
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2D Gel 

Spot 

Number 

Protein 

Identification 

Exaiptasia  

Genome 
1
  

Gene ID 

Protein 

MW 

(Da) 

Protei

n PI 

Fold 

Change

2
 

P 

value 

T test 

2 Heat Shock Protein 

(70 KDa) 

AIPGENE12496 74,685 5.6 2.02 0.091 

6 Signal Recognition 

Particle 

AIPGENE24594 72,108 6.4 1.88 0.120 

84 MRP Protein AIPGENE1468 95,674 9.3 1.72 0.029 

32 Calumenin - A AIPGENE25880 35,247 4.5 1.69 0.015 

34 Glutamate Receptor AIPGENE24462 101,286 9.2 1.63 0.008 

50 Myosin Heavy Chain AIPGENE8264 220,878 5.4 1.63 0.022 

27 Aminopeptidase AIPGENE26826 53,551 6.4 1.59 0.005 

3 Zona Pellucida AIPGENE843 47,035 5.0 1.57 0.044 

11 Heat Shock Protein 

(60 KDa) 

AIPGENE15267 62,708 5.3 1.57 0.051 

13 Moesin/ezrin/radixin AIPGENE9804 66,884 5.8 1.56 0.064 

43 Fructose-

Bisphosphate 

Aldolase 

AIPGENE2871 38,732 7.6 1.50 0.055 

61 Heat Shock Protein 

(70 KDa) 

AIPGENE12775 41,848 5.4 1.47 0.067 
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57 Voltage Dependent 

Anion Selective 

Channel 

AIPGENE3808 35,188 9.1 1.45 0.027 

82 Rho GDP-

Dissociation Inhibitor 

AIPGENE26434 22,251 4.8 1.32 0.120 

65 Cathepsin AIPGENE26157 36,124 6.7 1.25 0.041 

42 Aspartate 

Aminotransferase 

AIPGENE19338 45,969 6.8 -1.47 0.004 

87 Zinc Finger Protein AIPGENE28354 68,856 8.8 -1.48 0.015 

35 Cysteine Desulfurase AIPGENE22361 54,104 6.2 -1.48 0.091 

39 Fumarylacetoacetase AIPGENE8362 46,370 6.2 -1.49 0.013 

15 Selenium Binding 

Protein 

AIPGENE13749 53,877 5.9 -1.50 0.003 

28 Cysteine Desulfurase AIPGENE22361 54,104 6.2 -1.50 0.005 

14 Bleomycin Hydrolase AIPGENE9335 55,335 5.8 -1.53 0.015 

41 Pancreatic 

Triacylglycerol Lipase 

AIPGENE19570 38,517 8.7 -1.55 0.025 

71 Heat Shock Protein 

(70 KDa) 

AIPGENE8252 41,986 5.3 -1.58 0.055 

46 Calumenin B AIPGENE9938 38,837 5.5 -1.59 0.004 

38 Cysteine Desulfurase AIPGENE22361 54,104 6.2 -1.69 0.002 

56 Hemicentin AIPGENE28714 49,371 6.6 -1.70 0.011 

55 Thyroglobulin AIPGENE20635 314,272 8.6 -1.85 0.004 

74 Nuclear Receptor AIPGENE629 49,435 5.4 -1.91 0.046 
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70 Heat Shock Protein 

(70 KDa) 

AIPGENE8252 41,986 5.3 -2.67 0.002 

68 Cyclic AMP and 

cGMP 

Phosphodiesterase 

AIPGENE4644 51,903 5.8 -4.05 0.017 

69 Heat Shock Protein 

(70 KDa) 

AIPGENE8252 41,986 5.3 -9.73 0.004 

 

Table 3-1. Identification of 32 proteins subjected to Mass Spectrometry analysis. 2D Gel 

Spot Number: Number as indicated on the 2D-DIGE gel on figure X; Protein 

Identification: Identity assigned by BLAST data base searches; Exaiptasia Genome Gene 

ID: Gene ID is based on the mapping identification for the Exaiptasia genome drafted by 

Voolstra, Pringle, Baumgarten [82]; Protein MW: Molecular weight of the protein; 

Protein PI: Isoelectric point of the protein; Fold Change: The fold change is based on 

protein expression of primed anemones versus non-primed (naïve) anemones; P Value T 

test: The significance probability value based on statistical T test. 
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Spot 

Number 

Protein 

ID 

Aiptasia 

Gene ID 

Protein 

MW 

Protein 

PI 

Fold 

Change 

Biological process 

(GO Term) 

Level 3 GO Terms 

2 Heat 

Shock 

Protein 

(70 KDa) 

AIPGENE

12496 

74,685 5.6 2.02 Response to yeast, 

ER overload 

response, activation 

of signaling protein 

activity involved in 

unfolding protein 

response, cerebellum 

structural 

organization, 

cerebellar Purinje cell 

layer development, 

negative regulation of 

transforming growth 

factor beta receptor 

signaling pathway, 

positive regulation of 

protein ubiquination, 

cellular response to 

glucose starvation, 

negative regulation of 

Response to stress, 

cellular response to 

stimulus, single-

organism cellular 

process, anatomical 

structure development, 

single multicellular 

organism process, 

single organism 

developmental process, 

regulation of biological 

process, response to 

endogenous stimulus, 

response to chemical,  

catabolic process, 

organic substance 

metabolic substance 

cellular response to 

stimulus 
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apoptotic process, 

proteolysis involved 

in cellular protein 

catabolic process, 

cellular response to 

interleukin -4 

6 Signal 

Recogniti

on Particle 

AIPGENE

24594 

72,108 6.44 1.88 GTP catabolic 

process, SRP-

dependent 

cotranslational 

protein targeting to 

membrane 

Single organism 

cellular process 

84 MRP 

Protein 

AIPGENE

1468 

95,674 9.3 1.72 Metabolic process Single-organism 

metabolic process, 

nitrogen compound 

metabolic process, 

cellular metabolic 

process,  organic 

substance metabolic 

process 

32 Calumeni

n - A 

AIPGENE

25880 

35,247 4.5 1.69 proteolysis Primary metabolic 

process, organic 
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substance metabolic 

process 

34 Glutamate 

Receptor 

AIPGENE

24462 

101,286 9.2 1.63 Ion transmembrane 

transport, ionotropic 

glutamate receptor 

signaling pathway 

Single organism 

cellular process, single 

organism localization, 

single organism 

signaling, cellular 

response to stimulus, 

regulation of biological 

process 

50 Myosin 

Heavy 

Chain 

AIPGENE

8264 

220,878 5.4 1.63 NA  

27 Aminopep

tidase 

AIPGENE

26826 

53,551 6.4 1.59 Proteolysis, 

regulation of catalytic 

activity, protein 

metabolic process 

Primary metabolic 

process, organic 

substance metabolic 

process,  regulation of 

molecular function 

3 Zona 

Pellucida 

AIPGENE

843 

47,035 5.0 1.57 Receptor mediated 

endocytosis, cell 

adhesion, calcium ion 

binding, negative 

Establishment of 

localization, organic 

substance metabolic 

process, regulation of 
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regulation of 

peptidase activity 

molecular function 

11 Heat 

Shock 

Protein 

(60 KDa) 

AIPGENE

15267 

62,708 5.3 1.57 Fin regeneration, 

protein refolding, 

oxaloacetate 

metabolic process, 

glycerol biosynthetic 

process, aspartate 

biosynthetic process, 

aspartate catabolic 

process, response to 

hormone, glutamate 

catabolic process to 

aspartate, glutamate 

catabolic process t 2-

oxoglutarate, fatty 

acid homeostasis 

Single organism 

metabolic process, 

organic substance 

metabolic process, 

cellular metabolic 

process, primary 

metabolic process, 

nitrogen compound 

metabolic process, 

response to chemical, 

single organism 

cellular process, 

regulation of biological 

quality 

13 Moesin/Ez

rin/Radixi

n 

AIPGENE

9804 

66,884 5.8 1.56 Positive regulation of 

gene expression, 

cellular component 

organization, 

establishment of 

Organic substance 

metabolic process, 

regulation of biological 

process,  cellular 

component 
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endothelial barrier organization, single 

organism 

developmental process, 

single organism 

cellular process, 

anatomical structure 

development 

43 Fructose-

Bisphosph

ate 

Aldolase 

AIPGENE

2871 

38,732 7.6 1.5 Glycolytic process Cellular metabolic 

process, nitrogen 

compound metabolic 

process, organic 

substance metabolic 

process, primary 

metabolic process, 

single-organism 

metabolic process, 

catabolic process 

61 Heat 

Shock 

Protein 

(70 KDa) 

AIPGENE

12775 

41,848 5.4 1.47 NA  

57 Voltage AIPGENE 35,188 9.1 1.45 Anion transport, fin Single organism 
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Dependent 

Anion 

Selective 

Channel 

3808 regeneration, 

regulation of anion 

transport, 

transmembrane 

transport 

localization, 

establishment of 

localization, response 

to stress, single 

organism 

developmental process, 

anatomical structure 

development, 

establishment of 

localization, regulation 

of biological process 

82 Rho GDP-

Dissociati

on 

Inhibitor 

AIPGENE

26434 

22,251 4.8 1.32 Proteolysis, 

regulation of catalytic 

activity, protein 

metabolic process 

Organic substance 

metabolic process, 

primary metabolic 

process, regulation of 

molecular function 

65 Cathepsin AIPGENE

26157 

36,124 6.7 1.25 Proteolysis, 

regulation of catalytic 

activity, protein 

metabolic process 

Organic substance 

metabolic process, 

primary metabolic 

process, regulation of 

molecular function 

42 Aspartate AIPGENE 45,969 6.8 -1.47 Oxaloacetate Single organism 
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Aminotran

sferase 

19338 metabolic process, 

glycerol biosynthetic 

process, aspartate 

biosynthetic process, 

aspartate catabolic 

process, response to 

hormone, glutamate 

catabolic process to 

aspartate, glutamate 

catabolic process to 

2-oxoglutarate, fatty 

acid homeostasis 

metabolic process, 

organic substance 

metabolic process, 

cellular metabolic 

process, single 

organism cellular 

process, biosynthetic 

process, primary 

metabolic process, 

nitrogen compound 

metabolic process, 

response to chemical, 

regulation of biological 

quality 

87 Zinc 

Finger 

Protein 

AIPGENE

28354 

68,856 8.78 -1.48 Regulation of 

transcription, DNA 

template, chitin 

metabolic process 

Organic substance 

metabolic process, 

nitrogen compound 

metabolic process, 

cellular metabolic 

process, biosynthetic 

process 

35 Cysteine AIPGENE 54,104 6.2 -1.48 Metabolic process Nitrogen compound 
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Desulfuras

e 

22361 metabolic process, 

primary metabolic 

process, cellular 

metabolic process, 

organic substance 

metabolic process 

39 Fumarylac

etoacetase 

AIPGENE

8362 

46,370.7 6.2 -1.49 Arginine catabolic 

process, aromatic 

amino acid family 

metabolic process 

Nitrogen compound 

metabolic process, 

organic substance 

metabolic process, 

cellular metabolic 

process, single 

organism cellular 

process, single 

organism metabolic 

process  

15 Selenium 

Binding 

Protein 

AIPGENE

13749 

53,877 5.9 -1.5 Protein transport, 

brown fat 

differentiation 

Single organism 

developmental process, 

single organism 

cellular process 

28 Cysteine 

Desulfuras

AIPGENE

22361 

54,104 6.2 -1.5 Metabolic process Nitrogen compound 

metabolic process, 
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e primary metabolic 

process, cellular 

metabolic process, 

organic substance 

metabolic process 

14 Bleomyci

n 

Hydrolase 

AIPGENE

9335 

55,335 5.8 -1.53 Proteolysis, response 

to drug 

Organic substance 

metabolic process, 

primary metabolic 

process, response to 

chemical 

41 Pancreatic 

Triacylgly

cerol 

Lipase 

AIPGENE

19570 

38,517 8.7 -1.55 Lipid metabolic 

process 

Organic substance 

metabolic process, 

primary metabolic 

process, single 

organism metabolic 

process 

71 Heat 

Shock 

Protein 

(70 KDa) 

AIPGENE

8252 

41,986 5.3 -1.58 NA  

46 Calumeni

n B 

AIPGENE

9938 

38,837 5.5 -1.59 NA  
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38 Cysteine 

Desulfuras

e 

AIPGENE

22361 

54,104 6.2 -1.69 Metabolic process Nitrogen compound 

metabolic process, 

primary metabolic 

process, cellular 

metabolic process, 

organic substance 

metabolic process 

56 Hemicenti

n 

AIPGENE

28714 

49,371 6.6 -1.7 Chitin metabolic 

process 

Organic substance 

metabolic process, 

nitrogen compound 

metabolic process 

55 Thyroglob

ulin 

AIPGENE

20635 

314,272.

6 

8.56 -1.85 Cell matrix adhesion, 

negative regulation of 

endopeptidase 

activity, negative 

regulation of 

peptidase activity 

Organic substance 

metabolic process, 

regulation of biological 

process, regulation of 

molecular function 

74 Nuclear 

Receptor 

AIPGENE

629 

49,435.8 5.39 -1.91 Regulation of 

transcription, 

intracellular receptor 

signaling pathway, 

response to lipid, 

Single organism 

signaling, cellular 

response to stimulus, 

single organism 

cellular process, 
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organ development regulation of biological 

process, response to 

chemical, single 

multicellular organism 

process, single 

organism 

developmental process 

70 Heat 

Shock 

Protein 

(70 KDa) 

AIPGENE

8252 

41,986 5.3 -2.67 NA  

68 Cyclic 

AMP and 

cGMP 

Phosphodi

esterase 

AIPGENE

4644 

51,903 5.8 -4.05 NA  

69 Heat 

Shock 

Protein 

(70 KDa) 

AIPGENE

8252 

41,986 5.3 -9.73 NA  

 

Table 3-2: Blast2GO gene ontology terms provided for the 30 proteins analyzed by Mass Spectrometry. 
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Chapter 4: Transcriptomics of immune priming in the sea anemone Exaiptasia 

pallida 

4.1 Abstract 

Immunological priming allows for organisms to respond more rapidly to a previously 

encountered bacterial pathogen and has traditionally been viewed as a trait of the 

adaptive immune system. Cnidarians possess only an innate immune system and 

therefore should not possess this trait. However, previous work has shown that the model 

cnidarians Exaiptasia pallida possess a form of immune priming. However, little is 

known about the molecular mechanisms that are underpinning this phenomenon. In this 

study, a whole transcriptome analysis was used to compare gene expression profiles of 

primed, naïve challenged, and unchallenged E. pallida prior to and during the lethal 

exposure. Our findings indicate that priming in E. pallida is a multigene process which 

involves transcripts found in three major steps: signaling, prevention, and protection and 

that many of these genes are unique to priming response. Many of these gene has 

previously been located in the transcriptome of this cnidarian, this is the first time these 

genes have been implicated in immune priming. 

4.2 Introduction 

Immunological memory allows an organism to respond more rapidly to subsequent 

encounters with a pathogen but has long been viewed as a trait of the adaptive immune 

system [1]. Since invertebrate organisms only possess an innate immune system, it is 

generally held that they are incapable of immunological memory. Additionally, these 
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organisms lack critical components of the adaptive immune system central to 

immunological memory: lymphocytes and antibodies are absent in invertebrates [1-4]. 

Despite the lack of classical adaptive immunity components, more recent work has 

documented immunological priming in multiple invertebrates [5-10] including the sea 

anemone Exaiptasia pallida [11]. The bubble bee, Bombus terrestris, gains increased 

immunological protection upon secondary exposure that persists for up to 27 days [10]; 

this duration of pathogen protection is relevant as B. terrestris has a lifespan of just four 

weeks [10]. In our previous study, E. pallida showed an enhanced response to secondary 

pathogen exposure up to one month after the primary exposure using the known coral 

pathogen Vibrio coralliilyticus. While the duration of immune priming may appear brief, 

we speculate that this priming may occur seasonally. Additionally, priming may be 

energetically costly to the organism; the temporary activation of priming during periods 

of high pathogen risk may represent a beneficial energetic compromise [11]. Elucidating 

mechanisms underpinning immunological priming in invertebrates is necessary to aid 

phenomenological studies [12]. Phenomenological studies are critical for uncovering and 

documenting the incident while molecular studies are crucial to identify the mechanisms 

behind invertebrate immune priming. Transcriptomic studies on immune priming will 

allow for the identification of many genes traditionally not viewed as being involved in 

immunity and are imperative in ending studies that borrow functionality from vertebrate 

immunity to invertebrate immunity [13]. Previous invertebrate immunological priming 

studies have largely been phenomenological and offer little in terms of mechanism (e.g. 

[7,10]). From the studies that have been conducted, molecular mechanisms appear to vary 

between organisms. Multiple organisms employ phagocytosis as a part of their innate 
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immune response [14-16]. In the woodlouse Porcellio scaber, enhanced phagocytosis 

activity was demonstrated after the first encounter with Bacillus thuringiensis or 

Escherichia coli [9]. Furthermore, in shrimp, bacterial pre-exposure was shown to 

enhance cellular immunity during secondary challenge by increasing the number of 

phagocytic cells [17].  

In Drosophila, a pathogen response in the form of antimicrobial peptides (AMPs) is 

induced by either Toll or Imd pathways, depending upon the type of pathogen 

encountered [18]. Furthermore, the expressed AMP is specifically triggered by type of 

pathogen encountered; fungal pathogens induce the production of antifungal AMPs while 

gram negative bacteria elicit the production  of AMPs appropriate for the destruction of 

these pathogens [18]. Additionally, it has been suggested that in Drosophila, highly 

diverse isoforms of Dscam formed by alternative splicing may be the driver of immune 

priming [19]. Pattern recognition receptors have more widely been proposed as a 

potential mechanism for immune priming in invertebrates [15]. Recently, a minimal 

proteomic analysis indicated that immune priming in E. pallida is a multi-gene process 

that likely involves heat shock proteins, glutamate receptors, cathepsin, and toll-like 

receptors [11]. Studying disease as it pertains to cnidarians such as corals and sea 

anemones is of critical importance as the world’s coral reefs are in peril, in part due to the 

impacts of widespread coral disease. Disease affects more than 130 coral species 

worldwide [20-22]. The number of known coral-associated diseases has also increased 

from two in 1965 to 25 in 2013 [21,23]. Immune priming is therefore of interest in long-

lived Anthozoans such as corals and sea anemones as these organisms can have lifespans 

of hundreds and even thousands of years [24]. During their lifespan, they will likely 
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encounter and respond to the same pathogen many times. Potential support for the 

existence of immune priming originates from two coral species that displayed 

susceptibility to a bacterial pathogen only to later become resistant to the bacterium in 

subsequent years. The first report of apparent acquired pathogen resistance was observed 

in the coral Oculina patagonica, in which the bacterium Vibrio shiloi was shown to be 

the causative agent of bacteria-induced bleaching [25]. While the original study 

conducted between this coral and pathogen showed reproducible signs of disease [25], 

later studies showed that this strain no longer caused disease in O. patagonica [26]. A 

second example is seen in the bacterium Serratia marcescens PDL 100 which no longer 

causes white pox in the Caribbean coral Acropora palmata [27]. While the transient 

immunological priming found in E. pallida suggests that actively maintaining a primed 

status over periods exceeding multiple months may be too costly for the organism [11], 

priming may still aid in defense against repeated encounters with pathogens during the 

summer months when ocean temperatures are warm and bacterial loads are elevated. 

Short-term memory has also been demonstrated in corals in the context of tissue 

transplantation immunity which lasts for four weeks in the coral Montipora verrucosa 

[28] and eight weeks in the gorgonian Swiftia exerta [29]. 

Corals are notoriously challenging to keep in aquaria for experiments. In order to 

circumvent this problem, the sea anemone E. pallida has been selected as a tractable 

model system to study anthozoans due to its similarity to corals and amenability to study 

in the laboratory [30].  

This study aimed to elucidate the molecular mechanisms underpinning immunological 

priming more extensively in the sea anemone E. pallida using a transcriptomic approach. 
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Understanding the molecular mechanisms that drive immunological memory in 

cnidarians could shed light on how these organisms are able to sufficiently defend 

themselves from pathogens over their extensive life spans. This work addresses multiple 

questions in cnidarian immune priming. First, we ask which gene expression changes are 

associated with immune priming prior in E. pallida, both prior to and following pathogen 

challenge. Second, we seek to identify the transcriptome of infection. This knowledge 

will also allow for a better understanding of the evolution of immune priming. 

4.3 Materials and Methods 

4.3.1 Exaiptasia husbandry 

E. pallida anemones used in this experiment originate from the CC7 clonal population 

(John Pringle Lab, Stanford University) and were maintained in artificial seawater at 

25°C prior to experimental manipulations. The populations were maintained on a day: 

night cycle of 12 hours light:12 hours darkness and exposed to 30 to 60 µmole photons 

m
-2

 s
-1

 of light. Anemones were fed freshly hatched Artemia nauplii two times per week. 

E. pallida used in this study ranged from 3mm to 10mm in height. 

4.3.2 Experimental design and sample collection 

E. pallida priming experiments were conducted as previously described by Brown and 

Rodriguez-Lanetty [11]. Briefly, this experiment compares the transcriptomic states of E. 

pallida with the coral pathogen V. coralliilyticus. A total of 45 anemones were placed in 

individual wells of 12-well culture plates containing 4.5 ml of artificial seawater and 

allowed to recover from handling for 24 hours at 30° C under 30 to 60 µmole photons m
-2

 

s
-1

 of light. After 24 hours, a randomly selected group of 18 anemones were exposed to 
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10
8
 CFU ml

-1
 of V. coralliilyticus, constituting the primed treatment group. The 

remaining anemones were subjected to sham inoculation and randomly assigned to either 

naive (18 individuals) or unchallenged (9 individuals) groups. 

After four days, water changes were performed on all anemones. Anemones were held 

under the aforementioned conditions for four weeks and fed Artemia twice weekly, with 

water changes following feeding. After four weeks, three pools of three anemones (nine 

animals pooled into three biological replicates) were snap frozen from both the primed 

group and naive group, comprising 0h primed and 0h naive samples. Concurrently, the 

remaining nine primed and nine naive animals were exposed to 10
8
 CFU ml

-1
 of the 

pathogen, with the remaining nine unchallenged anemones subjected to sham inoculation; 

these three treatment groups represent 4h primed, 4h naive, and 4h unchallenged groups, 

respectively. Four hours following pathogen challenge, all remaining anemones were 

snap frozen. 

4.3.3 Pathogen culture methods 

Vibrio coralliilyticus strain BAA-450 (ATCC) was recovered from glycerol stocks by 

streaking on a marine agar plate (Difco, USA) and incubating overnight at 30°C. The 

following day a single colony was picked with a sterile inoculation loop and grown to 

logarithmic phase at 30°C in marine broth (Difco, USA) while shaking at 100 rpm. The 

cultures were pelleted by centrifugation at 3900 g for five minutes and then resuspended 

in an equal volume of sterile seawater. Bacterial cells were prepared to a final 

concentration of 10
9
 CFU ml

-1
 according to a growth curve established for V. 

coralliilyticus based upon optical density at 600nm. CFU counts were performed on 
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aliquots of culture to confirm the intended concentration for both priming and infection 

applications. 

4.3.4 Library preparation and sequencing 

Total RNA was extracted from frozen anemone tissue using a hybrid method combining 

an initial homogenization in one ml of Trizol Reagent (Invitrogen, Carlsbad, CA), 

following manufacturer's instructions through the chloroform extraction step. At this 

point, the aqueous phase was recovered, mixed with an equal volume of ethanol, and 

applied to a Qiagen RNeasy Mini Plant Kit (Hilden, Germany) column for DNase 

treatment and cleanup. 

Library preparation and sequencing were performed from two micrograms of total RNA 

by Molecular Research LP (Shallowater, TX, USA). Libraries were prepared using 

Illumina (San Francisco, CA, USA) TruSeq v2 chemistry following ribosomal RNA 

depletion with Ribo-Zero Gold. The 15 libraries were pooled and sequenced in one 

Illumina HiSeq 150 base pair paired-end lane, yielding a minimum of 10 million read 

pairs per library. 

Sequencing data were initially used for a genome-guided assembly, but this proved 

problematic as more than 90% of the reads did not originate from the host mRNA. 

Instead, paired-end reads were mapped to Exaiptasia gene models [31]. This method is 

not ideal as it does not allow for novel transcript discovery, but given the paucity of host 

reads, this was identified as the most reasonable approach. Paired-end reads from each 

sample were mapped using Bowtie [32] implemented through RSEM [33], resulting in a 

range of 192,377 to 1,251,453 mapped read pairs per sample (mean 607,123 pairs, SD 
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293,513). All data was quality trimmed to Q30 using Trimmomatic [34]. Using raw read 

counts from RSEM, gene expression analysis was performed using the R package edgeR 

[35]. Here data was normalized via TMM, fit to a general linearized model, and assessed 

with a full factorial ANODEV. Tests were only performed on gene models to which a 

minimum of 10 reads mapped. All reported genes have a FDR-corrected p-value less than 

0.05. All transcripts were annotated with Blast2GO [36]. Fischer’s exact tests were 

performed to identify overrepresented gene ontology terms, with a FDR-corrected p-

value cutoff of 0.05. 

4.4 Results and Discussion 

4.4.1 Overall trends in gene expression in primed hosts 

Differentially expressed genes were detected in all comparisons, both prior to and four 

hours following challenge (Figure 4-1a). Our analyses detected more differentially 

expressed genes (DEGs) between primed and naïve hosts just prior to pathogen challenge 

(131 DEGs; see Figure 4-2) than four hours following challenge via exposure to V. 

coralliilyticus (28 DEGs). 

Four hours after the pathogen challenge, a greater number of genes were differentially 

expressed in primed vs. unchallenged anemones (151 DEGs) than naïve vs. unchallenged 

anemones (78 DEGs; see Figure 4-4). The greater number of differentially expressed 

genes in primed anemones suggests that these anemones have a greater transcriptional 

response earlier during pathogen challenge, acting more rapidly than naïve anemones. 

Furthermore, of these 151 differentially expressed genes, 117 were upregulated while 32 

were downregulated. These differences in overall gene expression modulation may 
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indicate that primed anemones can mount a more rapid response to the pathogen than 

naïve E. pallida. 

4.4.2 Overrepresented gene ontology terms amongst differentially expressed genes  

Four weeks following the cessation of priming and just prior to pathogen challenge (0h), 

we detected a total of 131 differentially expressed genes between the 0h primed and 0h 

naïve treatments. Of these, 38 were upregulated in the primed treatment. This set of genes 

was enriched for three specific gene ontologies: positive regulation of GTPase activity, 

Rho guanyl-nucleotide exchange factor activity, and phosphoric diester hydrolase activity 

(FDR < 0.05). 4h naive vs. 4h unchallenged and 4h naive vs. 4h primed comparisons 

were not significantly enriched for any gene ontology terms. 

4.4.3 Enrichment of phosphoric diester hydrolase activity 

The significance of this phosphodiesterase activity in primed anemones is currently 

unknown, but in mammalian systems phosphodiesterases are active in macrophages 

where they counter inflammation inhibition through cyclic nucleotide signaling [37-40]. 

A potential role is supported by the fact that two of the phosphodiesterases upregulated in 

0h Primed anemones are cAMP-specific (Table 4-2). 

4.4.4 Enrichment of GTPase and Rho guanyl-nucleotide exchange factor activity 

GTPase and Rho guanyl-nucleotide exchange factor activity have numerous activities in 

cell signaling, but are of particular interest in the context of innate immunity. The basic 

activities of innate immunity - recognition of the pathogen, phagocytosis, and subsequent 

clearing via degradation or apoptosis - must be highly controlled to avoid unnecessary 
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collateral damage to the organism. Rho GTPase is a key regulator of these basic 

activities. One curious observation from the set of genes enriched for the GO terms 

GTPase and Rho guanyl-nucleotide exchange factor activity is the presence of multiple 

genes involved in the activation of ADP ribosylation factor 6 (ARF6), including an arf-

GAP ortholog and multiple GTPase-activating proteins that act on ARF6 

(AIPGENE28379, AIPGENE5416, AIPGENE28597, AIPGENE5417, AIPGENE28598; 

Table 4-1). ARF6 is a small GTP-binding protein involved in membrane trafficking 

during receptor-mediated endocytosis [41] which has been directly implicated in innate 

immunity by its role in the uptake of CpG oligodeoxynucleotide into endosomes, a rate-

limiting step in TLR9 signaling [42]. Modulation of this critical part of a signaling 

cascade could be a characteristic of immune priming. 

4.4.5 Molecular mechanisms of immune priming 

4.4.5.1 Signaling 

Our proposed model of immune priming in E. pallida is a multigene phenomenon (Figure 

4-3). We propose that recognition of V. coralliilyticus is accomplished via a leucine rich 

repeat (LRR), upregulated in primed anemones (anemones that had previously been 

challenged with the pathogen). Two different LRR-containing transcripts, both annotated 

as lrr-containing 16A isoform X2, were identified; one LRR transcript is upregulated in 

primed anemones in comparison to naïve anemones just prior to pathogen challenge 

(AIPGENE19656;  Table 4-3) and another is upregulated following pathogen challenged 

(AIPGENE19649;  Table 4-4). LRRs are evolutionarily-conserved domains that are 

associated with innate immunity in both vertebrates and invertebrates. They act as pattern 
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recognition receptors (PRRs) by sensing pathogen associated molecular patterns (PAMP) 

[43]. Leucine-rich repeat domains have previously been implicated in cnidarian immune 

responses, in particular as a component of the Hydra toll-like receptor; Hydra toll-like 

receptors lack extracellular leucine-rich repeats, but possess separate leucine-rich 

transmembrane proteins which work in tandem with intracellular toll-receptor related 

proteins for the recognition of microbes [44]. Differential expression of LRRs in response 

to PAMPs has been demonstrated in corals, with an LRR transcript downregulated in the 

coral Orbicella faveolata in response to lipopolysaccharide (LPS) challenge [45]. 

In our proposed model (Figure 4-3), an E3 ubiquitin ligase lies downstream of a LRR 

binding with a PAMP. LRRs interact with an E3 ubiquitin ligase [43] which is 

significantly upregulated prior to pathogen challenge and downregulated four hours post-

exposure (Table 4-2). In plants, E3 ubiquitin ligase targets LRR proteins, acting to 

attenuate the immune response and avoid autoimmunity by preventing the buildup of 

resistance proteins [46]. 

4.4.5.2 Prevention 

Four hours after pathogen exposure, a tight junction-associated protein, ZO-1, is 

upregulated in primed E. pallida when compared to naive challenged anemones 

(AIPGENE11422; Table 4-4). Tight junctions are important barriers that prevent the 

entry of pathogens [47]. A congener of V. coralliilyticus, the human pathogen V. cholera, 

produces a toxin, zot, which attacks tight junctions [48]. The role of tight junction toxins 

in V. coralliilyticus is not currently know, but the upregulation of tight junctions at four 

hours could indicate that primed anemones are erecting cell surface barriers to prevent 
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the further entry of pathogens earlier in the immune response than naïve individuals. This 

may represent part of a more effective immune response, reducing the extent of infection 

and reducing lethality in primed anemones. 

4.4.5.3 Protection  

Inflammatory response has been previously identified as a major component of coral 

immune response to disease [45,49-52]. Inflammation appears to be a major protecting 

factor in immunological priming in E. pallida with several components implicated in 

inflammation differentially expressed. Both nuclear factor of activated T cell 

transcription factor 5 (NFAT5) and TRAF2 are upregulated in primed anemones when 

compared to naïve challenged anemones. Integrin-linked kinase (ILK) is a another 

transcript that is implicated in the inflammation and was differentially expressed in all 

three comparisons: downregulated in primed anemones at zero hours in comparison to 

naive hosts, but later upregulated in primed anemones following pathogen challenge, and 

finally downregulated in naive hosts in comparison to unchallenged animals four hours 

after pathogen challenge. In mammalian macrophages, NFAT5 expression is activated by 

the interaction of a TLR with LPS or heat-inactivated Escherichia coli, with downstream 

pro-inflammatory cytokine production leading to macrophage activation [53]. Further, 

NFAT5 is ubiquitously upregulated in response to LPS in the amphioxus species 

Branchiostoma belcheri. [54]. The upregulation of an NFAT5 ortholog (AIPGENE1103; 

Table 4-3) is at zero hours in primed anemones suggests that persistent inflammation may 

be playing a role in immune priming in E. pallida. Further, the aforementioned enriched 

phosphodiesterase activity presumably promotes and maintains this inflammation cycle. 
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TRAF2 is another gene involved in inflammation (AIPGENE19990). It promotes TLR-

stimulated proinflammatory cytokine expression in macrophages [55]. The most common 

cascade of events after TRAF2 activation leads to NF-κB activation [56,57]. While this 

study did not detect differential expression of NF-κB, this is not particularly surprising as 

NF-κB is post-transcriptionally regulated (reviewed by [58]). The activation of NF-κB 

can lead to apoptosis, mediated by Rho guanine nucleotide exchange factor signalling 

[59]. It is important to note that NF-κB is a dimeric transcription factor that can influence 

genes that are involved in a wide range of processes which include immunity, 

inflammation, stress responses [60]. There is also support for an alternate mechanism of 

NF-κB activation in immune priming. Integrin-linked kinase (ILK) is involved in an 

alternative activation of NF-κB signaling by modulating the phosphorylation of p65 at 

Ser536 [61].  

Calcium influx also appears to be an important protective component of immunological 

priming in E. pallida. We observed notable calcium-binding EF-hand family protein 

activity, with one transcript upregulated in primed individuals when compared to naive E. 

pallida at zero hours (AIPGENE 27831), and another calcium-binding EF-hand family 

protein transcript (AIPGENE 26984) upregulated at four hours. Calcium influx in 

response to the stress associated with pathogen encounters is one of the early responses of 

plants to pathogen encounters [62]. Calcium ions act as a signatures associated with a 

pathogen, with sensing accomplished by the EF-hand family proteins calmodulin and 

calcineurin B-like proteins [63]. The constitutive expression of the EF-hand family 

protein calmodulin can alone elicit a pathogen response, resulting in resistance to 

pathogens [64]. This suggests that calmodulins are rate-limiting factors in the pathogenic 
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response of plants [64]. Though it is currently unknown whether mechanisms of calcium-

mediated pathogen signaling present in plants are conserved in Exaiptasia, the increased 

expression of calcium binding transcripts in primed anemones both prior to and following 

pathogen challenge presents this possibility as a hypothesis.  

4.4.6 A potential role of epigenetics in priming 

Among the genes differentially expressed across time points, the transcript for histone-

lysine N-methyltransferase 2C (KMT2C) is downregulated in primed anemones in 

comparison to naive anemones at both zero and four hours. This may indicate active 

chromatin remodeling associated with immune priming, as KMT2C is a critical 

component of the histone H3 lysine 4 methyltransferase complex and modulates various 

biological processes via heterochromatin modification [65,66]. Trimethylation of H3K4 

is recognized as one of the strongest indicators of transcriptionally-active genes [67]. 

The epigenetic marks upon histone H3 caused by a decreased expression of KMT2C 

could potentially be involved in the persistence of immunological priming over the 

course of thirty days. In mammalian systems, there is a well-described role of epigenetic 

control of the inflammatory response (reviewed by [68]. In human dendritic cells, a 

decrease in H3K4 trimethylation leads to an increase in proinflammatory cytokines [69]. 

Whereas this was the result of the increased expression of a H3K4 demethylase [69], the 

decreased expression of a H3K4 methylase could potentially have a similar outcome over 

time. Histone involvement in immune memory has previously been demonstrated in 

distant taxa, with evidence of H3K4 modifications established during a priming event in 

Arabidopsis thaliana [70]. It remains unclear how a potential H3K4 methylation mark in 
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Exaiptasia is potentially removed, but the decreased expression of KMT2C may suggest 

a lack of maintenance in these marks, potentially promoting an inflammatory response.  

4.4.7 Differentially expressed transcript with ortholog involved in adaptive 

immunity  

Forkhead box (FOX) proteins represent a diverse family of proteins, with several types 

involved in the adaptive immune response [71,72]. This family of proteins is 

characterized by the presence of a conserved 110 amino acid binding domain which is 

known as the forkhead domain or winged helix domain [72]. Forkhead box P3 (FOXP3) 

encodes transcription factors which are necessary for the generation and function of 

regulatory T cells. FOXP3 regulates the expression of TLR10 on T regulatory cells [71]. 

They play an essential role in controlling the immune response by controlling immune 

response, maintaining tolerance, and preventing autoimmunity [73]. FOXO is another 

transcription factor that is a member of this family. It is critical in regulating 

proliferation, apoptosis, and oxidative stress [72]. FOXO1 is found to be more highly 

expressed in T and B cells while FOXO3 shows greater expression in granulocytes, 

macrophages, and dendritic cells [74]. 

Two transcripts annotated as FOXP1 are differentially expressed between 4h Naive and 

4h Primed treatments, with one upregulated in primed anemones (AIPGENE8666; Table 

4) and the other downregulated (AIPGENE8667). The coding sequences of these 

apparent isoforms differ by a single amino acid. The established role of FOXP is as a 

transcription factor that is involved in the formation of lymphoid cells, where it is 

expressed in resting and activated B-cells [75]. While lymphoid and B-cells are important 
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components of immune memory in the adaptive immune system, the function of a 

putative FOXP1 in cnidarian innate immunity remains unknown. Further, it is possible 

that the function of these FOXP1 homologs have diverged widely since the 

cnidarian/bilaterian split; the precise role of these transcripts in cnidarian immune 

priming will require further investigation. 

4.4.8 Incongruence and congruence with proteomic evidence of immune priming 

Previous work conducted on E. pallida immune priming from our research group found 

39 differentially expressed proteins between primed and naïve anemones at zero hours, 

and the identity of 32 of these proteins was determined [11]. When comparing the two 

studies, only one of the proteins was also identified in both the proteomic work as well as 

in this transcriptomic study (AIPGENE28714). This is not entirely surprising since 

proteomics and transcriptomics interrogate different timescales of gene expression. 

Numerous explanations may be involved in the differences observed; for example, 

protein levels may be lagging behind transcription, while some genes may exhibit post-

transcriptional and/or post-translational regulation as shown by Ghazalpour et al. (2011). 

It is also possible that many of the transcripts differentially expressed in primed 

anemones were not detected in the previous proteomic study due to the detection limit of 

the proteomic analysis. Proteomic analysis implementing differential in-gel 

electrophoresis (DIGE) depends upon the separation of proteins based upon mass and 

isolectric point, followed by sequencing of differentially features. Some of the transcripts 

detected could have very similar isoelectric points and therefore separate poorly on the 

gel, preventing identification by DIGE. 
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The only differentially expressed gene in both studies was a rhamnospondin-2 ortholog 

(AIPGENE28714), which was downregulated in primed anemones in comparison to 

naive hosts at zero hours in both studies [11]. Rhamnospondin is a rhamnos-binding 

lectin (RBL) which recognize rhamnos, a mannose derived methylpentos sugar. In fish, 

RBLs are involved in immune response [77], with expression of the protein in cells 

associated with immunity such as lymphocytes, neutrophils, gill mucus cells, intestine 

goblet cells, spleen cells, and thrombocytes [78,79]. RBLs found in chum salmon and 

steelhead trout agglutinate E. coli and B. subtilis by recognition of the LPS and 

lipoteichoic acid of the bacterium. Additionally, it is hypothesized that rhamnospondin 

may possess dual pathogen recognition properties. The RBL domain of the molecule may 

act as a pattern recognition receptor (PRR) while the thrombospondin may act as the 

extracellular domain [80]. In cnidarians, rhamnospondin localized to the mouth of 

Hydractinia may aid in preventing pathogens from entering the organism [80].  

While RBLs are upregulated in oysters in response to virulent Vibrio spp. [81] this study 

instead identifies downregulation prior to challenge. It is relevant that the RBL 

downregulated in primed E. pallida is involved in a priming response, rather than an 

acute infection. There are several cases whereby lectins are beneficially downregulated in 

response to pathogen challenge such as in macrophages [82,83] and in the 

shrimp Litopenaeus vannamei [84]. 

4.4.9 Transcriptome of infection in naive host to first encounter of the pathogen 

The transcriptome of infection in naive hosts in comparison to unchallenged anemones 

(4h naive vs 4h unchallenged) is associated with a dramatic upregulation of transcripts, 
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with 63 differentially expressed gene upregulated in comparison to 15 downregulated 

(Figure 4-1). This pattern of upregulation of genes during an immune challenge has also 

been detected in corals [85] and could be indicative of the host allocating many of its 

resources to immune response. 

One common response to a pathogen challenge is inflammation, and was observed in this 

study through the upregulation of numerous inflammation-related transcripts. A 

proteoglycan transcript is upregulated in naïve anemones (AIPGENE10560; Table 4-5); 

proteoglycans regulate immunity and can activate intracellular inflammasomes [86-88] 

by activating caspase 1 and inducing inflammation in response to microbial infection 

[89]. JUNB is a transcription factor that regulates macrophage activation in response to 

LPS [90]. Macrophages are critical components of the immune system since they engulf 

bacteria and can trigger inflammation [90]. The upregulation of these genes indicates an 

inflammatory response of E. pallida to challenge with V. coralliilyticus, and possibly the 

activity of a yet-to-be-characterized cnidarian counterpart to the vertebrate macrophage. 

Another common theme among differentially expressed transcripts in naïve-infected 

hosts was NF-κB signaling, though genes distinct from the NF-κB-associated signaling 

were observed in primed anemones. One upstream effector of NF-κB signaling, an 

ortholog of caspase recruitment domain-containing protein 9, or Card9 (AIPGENE 5354), 

was upregulated in naïve anemones. In mammalian cells, Card9 binds to Bcl10 and 

subsequently activates NF-κB [91]. 

A transcript for an interferon regulatory factor 8 (IRF8) ortholog is upregulated in naïve 

hosts in comparison to unchallenged animals. IRF8 has numerous roles in vertebrate 
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systems and is required for the formation of macrophages, monocytes, dendritic cells, 

basophils, and eosinophils [92]. Additionally, immune stimulation allows for IRF8 to 

associate with transcription factors that induce an immune response [92]. In Hydra, IRF 

genes and NF-κB regulate the production of cytokines and antimicrobial peptides [93]. A 

second transcript found differentially expressed in this study that relates to NF-κB is 

sprouty homolog 4. In Drosophila, it is upregulated after IFR1receptors are triggered 

[94]; here, we find the upregulation of a putative sprouty homolog 4 activity instead 

accompanying the aforementioned IRF activity. 

Another gene differentially expressed in the naïve challenged host when compared to the 

controls is tumor necrosis factor alpha induced protein (TNFAIP3) which is a gene that is 

induced by tumor necrosis factor (TNF) [95]. TNF is a cytokine that induces cell death 

[96]. TNFAIP3 is a primary mediator of both chronic and acute inflammation [97,98]. 

Additionally, TNFAIP3 has been shown to inhibit NF-κB activation and TNF-mediated 

apoptosis. It is also required for termination of NF-κB signaling in response to bacterial 

lipopolysaccharide (LPS) [95] with increases in expression of TNFAIP3 occurring after 

stimulation with LPS [98]. Therefore, upregulation of this transcript strongly indicates 

that primed E. pallida are undergoing an inflammatory response as well as recognition of 

bacterial LPS. 

The involvement of heat shock proteins (HSPs) has been demonstrated in innate 

immunity in many invertebrates including corals [99]. DNAJ, a chaperone component of 

HSP40 and HSP70 [100], is upregulated in naive E. pallida when compared to controls 

animals. Further, HSPs in plants are mediated by PRRs which recognize PAMPs to 
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activate the immune system [101]. More specifically, HSP40 and HSP70 have been 

implicated as chaperones during microbial pathogenesis in plants [102]. 

Nematogalectin is a lectin that is involved in the formation of nematocysts, the stinging 

cells of cnidarians, in Hydra [103]. Orthologs of nematogalectin are downregulated in 

diseased coral tissue, suggesting a weakened immune system [52]. The upregulation in 

naive E. pallida in this study in comparison to controls could indicate an active defense 

against invading pathogen. 

Hemin receptors are downregulated in naive challenged anemones. Hemin is involved in 

iron acquisition in bacteria which is critical for their survival [104]. Downregulation of 

this gene could indicate that the immune response in E. pallida targets iron acquisition in 

V. coralliilyticus, therefore causing its death. 

4.5 Conclusions 

This study details for the first time the transcriptomic response associated with immune 

priming in an anthozoan, both prior to and following pathogen challenge. The 

transcriptomic signature of priming involved numerous pathways, indicating the 

involvement of potential pathogen recognition receptors, an inflammatory response, and 

activators of NF-κB. While many of these transcripts have previously been identified in 

E.pallida as important components of its immune response, this is the first time they have 

been described as being involved in immune priming. 
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Figure 4-1. Volcano plots indicating differentially expressed transcripts for: A) zero hour 

naïve vs zero hour primed, B) four hour naïve challenged vs four hour primed, C) four 

hour unchallenged vs four hour naïve challenged. Negative values on the x axis indicate 

downregulation of genes on the right side of the comparisons while positive values 

indicate upregulation. Red points indicates FDR-corrected p-values of <0.05. “↑” 
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indicates number of genes significantly upregulated in the comparison. “↓” indicates 

number of genes significantly downregulated in the comparison. 
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Figure 4-2. Venn diagram indicating transcripts that are shared by the treatments which 

are identified by transcript number from the genome (AIPGENE number) and annotation 

from Blast2GO. Total number of differentially expressed genes (DEGs) are also 

indicated. 
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Figure 4-3. Working model of immune priming in E. pallida. Closed lines around gene 

names indicate transcripts differentially expressed in this study. Dashed lines indicate 

transcripts not differentially expressed in this study. 
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Figure 4-4. Counts of differentially expressed genes between pairwise comparisons of all 

treatments (FDR-corrected p-value < 0.05; 2-fold minimum fold change). 
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Table 4-1. Transcripts associated with enriched GO terms found in this study.
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Table 4-2. Genes differentially expressed in primed E. pallida prior to and after the 

secondary challenge. Green indicates genes that are upregulated in primed organisms 

while red indicates downregulation. Log fold change (LogFC) is indicated in the table. 
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Gene ID Annotation logFC FDR 

AIPGENE11903 predicted protein 8.5 8.88E-05 

AIPGENE15346 triple functional domain 8.1 3.26E-02 

AIPGENE19656 

leucine-rich repeat-containing 16A isoform 

X2 8.0 3.69E-02 

AIPGENE28379 

arf-GAP with coiled-coil, ANK repeat and PH 

domain-containing 2 isoform X2 7.9 3.08E-04 

AIPGENE26078 glutamate synthase [NADPH] isoform X1 7.9 3.08E-04 

AIPGENE1103 

nuclear factor of activated T-cells 5 isoform 

X5 7.7 4.40E-04 

AIPGENE21078 tolloid 2 isoform X9 7.7 2.78E-09 

AIPGENE11422 tight junction ZO-1 isoform X3 7.7 4.13E-02 

AIPGENE702 

1-phosphatidylinositol 4,5-bisphosphate 

phosphodiesterase gamma-1-like 7.3 1.01E-03 

AIPGENE10448 

rho guanine nucleotide exchange factor 11-

like 7.1 2.12E-03 

AIPGENE12904 

high affinity cAMP-specific and IBMX-

insensitive 3 ,5 -cyclic phosphodiesterase 8A 

isoform X1 6.7 1.67E-06 

AIPGENE27641 rho GTPase-activating 6-like isoform X2 6.5 1.07E-02 

AIPGENE26457 

biogenesis of lysosome-related organelles 

complex 1 subunit 6 6.5 1.38E-05 
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AIPGENE2200 spliceosome RNA helicase DDX39B 6.5 1.14E-02 

AIPGENE12906 

high affinity cAMP-specific and IBMX-

insensitive 3 ,5 -cyclic phosphodiesterase 8B 

isoform X1 6.2 1.98E-02 

AIPGENE11103 

adenosine monophosphate- transferase FICD 

homolog 6.2 1.93E-02 

AIPGENE16214 60S ribosomal L3 6.1 3.51E-02 

AIPGENE27705 predicted protein 6.0 2.71E-02 

AIPGENE6006 tensin-1-like isoform X8 5.9 4.25E-03 

AIPGENE23550 ATP-binding cassette sub-family A member 1 5.8 4.55E-02 

AIPGENE27625 

serine threonine- kinase DCLK1-like isoform 

X1 5.7 1.88E-02 

AIPGENE26142 

hydroxyacylglutathione hydrolase, 

mitochondrial-like 5.7 1.59E-13 

AIPGENE8370 coiled-coil domain-containing 13-like 4.0 4.30E-03 

AIPGENE9615 guanylate cyclase soluble subunit beta-1 3.5 4.63E-02 

AIPGENE11604 

phosphatase 1 regulatory subunit 12A isoform 

X6 3.2 4.38E-03 

AIPGENE6691 hypothetical protein RirG_067820 3.1 3.09E-02 

AIPGENE1187 E3 ubiquitin- ligase RNF14 2.8 2.07E-03 

AIPGENE4548 

mitochondrial genome maintenance 

exonuclease 1 2.7 3.88E-02 

AIPGENE26093 transmembrane 11, mitochondrial isoform X2 2.7 3.84E-02 
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AIPGENE22130 ---NA--- 2.6 1.01E-02 

AIPGENE27831 

EF-hand calcium-binding domain-containing 

6 2.6 4.00E-02 

AIPGENE16903 ---NA--- 2.5 6.62E-04 

AIPGENE20226 ---NA--- 2.4 4.41E-02 

AIPGENE10554 ---NA--- 2.3 4.31E-02 

AIPGENE10416 thiamine transporter SLC35F3 2.2 4.18E-03 

AIPGENE16130 chitin deacetylase-like 5, isoform H 2.2 4.04E-02 

AIPGENE2697 equinatoxin II short 2.1 8.88E-05 

AIPGENE16938 ---NA--- 2.0 1.14E-02 

AIPGENE25212 eukaryotic translation initiation factor 1b -2.0 1.02E-02 

AIPGENE26133 arginine serine-rich PNISR isoform X1 -2.1 1.34E-02 

AIPGENE26246 tolloid 1 -2.1 4.76E-02 

AIPGENE19068 glycine cleavage system H , mitochondrial -2.1 1.93E-02 

AIPGENE18686 ---NA--- -2.2 4.13E-02 

AIPGENE10233 alanyl-tRNA editing Aarsd1 -2.2 1.28E-03 

AIPGENE26878 

gamma-aminobutyric acid receptor-associated 

-like 2 -2.2 3.57E-02 

AIPGENE29157 glutathione S-transferase Mu 3-like -2.3 1.66E-02 

AIPGENE1209 transmembrane 116 -2.4 3.25E-02 

AIPGENE26754 
1-phosphatidylinositol 4,5-bisphosphate 

-2.4 3.47E-03 
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phosphodiesterase beta-1 

AIPGENE28714 rhamnospondin-2, partial -2.5 8.16E-03 

AIPGENE12493 prostaglandin E synthase 2-like -2.5 3.57E-02 

AIPGENE10280 

lutropin-choriogonadotropic hormone 

receptor isoform X1 -2.6 3.46E-02 

AIPGENE25290 coiled-coil domain-containing 37 -2.6 1.49E-02 

AIPGENE18984 

mediator of RNA polymerase II transcription 

subunit 10 -2.6 1.24E-02 

AIPGENE17468 luc7 3 -2.7 4.04E-05 

AIPGENE26715 PRELI domain-containing 1, mitochondrial -2.7 3.77E-04 

AIPGENE27430 ---NA--- -2.7 3.64E-02 

AIPGENE25810 zinc finger Dzip1-like -2.8 1.10E-03 

AIPGENE19995 P2X purinoceptor 7-like -2.8 3.47E-03 

AIPGENE21872 ---NA--- -2.8 1.92E-02 

AIPGENE10296 ATP-dependent DNA helicase PIF5-like -2.9 4.89E-02 

AIPGENE601 Glutamate--cysteine ligase regulatory subunit -3.0 1.93E-02 

AIPGENE17685 Regulator of G- signaling 12 -3.0 3.57E-02 

AIPGENE7602 palmitoyl- thioesterase 1 -3.1 1.69E-02 

AIPGENE5657 

phospholipid hydroperoxide glutathione 

peroxidase, mitochondrial-like -3.1 4.69E-02 

AIPGENE13422 

polyribonucleotide nucleotidyltransferase 1, 

mitochondrial isoform X2 -3.1 7.52E-03 
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AIPGENE17083 glutathione S-transferase U20-like -3.1 1.69E-02 

AIPGENE13655 caskin-1 -3.1 6.77E-08 

AIPGENE18014 ---NA--- -3.3 4.60E-02 

AIPGENE13240 

beta-1,4-N-acetylgalactosaminyltransferase 3-

like -3.5 1.02E-02 

AIPGENE10764 nap homolog 1 -3.5 2.84E-02 

AIPGENE3926 chromatin assembly factor 1 subunit A -3.5 2.36E-02 

AIPGENE26075 monocarboxylate transporter 10 -3.5 2.10E-02 

AIPGENE25687 chitinase 3-like -3.6 2.58E-03 

AIPGENE18705 NLRC5, partial -3.8 3.57E-02 

AIPGENE1959 serine threonine- kinase WNK4-like -3.9 4.69E-02 

AIPGENE18163 

zinc finger SWIM domain-containing 8 

isoform X1 -3.9 4.38E-03 

AIPGENE22282 allograft inflammatory factor 1 -4.2 6.07E-03 

AIPGENE7509 metallophosphoesterase domain-containing 1 -4.2 1.14E-02 

AIPGENE9708 endothelin-converting enzyme 1 isoform X2 -5.2 4.83E-02 

AIPGENE20964 WD repeat-containing 26 -5.3 3.32E-02 

AIPGENE2174 UPF0364 C6orf211, partial -5.3 2.24E-02 

AIPGENE2756 alkylhydroperoxidase -5.4 3.43E-02 

AIPGENE2805 

EF-hand calcium-binding domain-containing 

6 -5.5 1.24E-02 
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AIPGENE27176 E3 ubiquitin- ligase HECTD1 -5.6 4.13E-02 

AIPGENE19076 nuclear receptor coactivator 5 -5.6 1.49E-02 

AIPGENE24226 predicted protein -5.7 1.34E-02 

AIPGENE27631 serine threonine- kinase DCLK2 isoform X1 -5.7 1.14E-02 

AIPGENE9087 

glycerophosphodiester phosphodiesterase 

domain-containing 1 -5.9 4.71E-02 

AIPGENE20477 stomatin 1 -5.9 3.82E-03 

AIPGENE24069 thioredoxin 1 -5.9 2.96E-02 

AIPGENE3682 discoidin domain-containing receptor 2-like -6.0 4.81E-02 

AIPGENE26456 

biogenesis of lysosome-related organelles 

complex 1 subunit 6 -6.0 2.02E-03 

AIPGENE10423 

rho guanine nucleotide exchange factor 11-

like -6.1 3.88E-02 

AIPGENE27094 serine threonine- kinase -6.1 2.98E-02 

AIPGENE15345 triple functional domain -6.4 4.71E-02 

AIPGENE9789 SON isoform X1 -6.4 1.65E-02 

AIPGENE7168 ---NA--- -6.6 2.22E-02 

AIPGENE28598 stromal membrane-associated 1-like, partial -6.6 1.50E-02 

AIPGENE5417 stromal membrane-associated 1-like, partial -6.6 1.71E-02 

AIPGENE9780 

S-adenosylmethionine decarboxylase 

proenzyme -6.7 4.72E-05 

AIPGENE15730 zinc finger Ran-binding domain-containing 2 -6.7 4.76E-06 
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AIPGENE16926 

heterogeneous nuclear ribonucleo A B 

isoform X2 -6.9 6.50E-03 

AIPGENE17334 charged multivesicular body 6-like -7.0 4.35E-03 

AIPGENE8368 NGFI-A-binding 1-like -7.0 4.13E-02 

AIPGENE10555 ---NA--- -7.0 1.05E-07 

AIPGENE4542 poly [ADP-ribose] polymerase 4-like -7.0 3.88E-02 

AIPGENE23841 Aryl hydrocarbon receptor -7.0 3.47E-03 

AIPGENE2268 RNA RNP complex-1-interacting phosphatase -7.1 1.53E-03 

AIPGENE20810 TNF receptor-associated factor 3 isoform X1 -7.1 4.26E-08 

AIPGENE28597 stromal membrane-associated 1-like, partial -7.2 1.53E-03 

AIPGENE5416 stromal membrane-associated 1-like, partial -7.2 1.49E-03 

AIPGENE3347 glycerol kinase-like isoform X2 -7.2 2.04E-08 

AIPGENE25530 serine threonine- kinase N2 -7.4 2.71E-02 

AIPGENE10451 

rho guanine nucleotide exchange factor 11-

like -7.4 2.05E-03 

AIPGENE21371 NLRC3-like -7.5 4.54E-02 

AIPGENE6064 nuclear factor 1 X-type isoform X3 -7.5 2.47E-02 

AIPGENE18841 

AChain A, Crystal Structure Of Menin 

Reveals The Binding Site For Mixed Lineage 

Leukemia (Mll) -7.7 6.37E-04 

AIPGENE14734 

platelet-activating factor acetylhydrolase IB 

subunit alpha -7.8 4.54E-04 
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AIPGENE21076 tolloid 2 isoform X9 -7.9 6.76E-04 

AIPGENE4152 

phosphatase 1 regulatory subunit 12B isoform 

X3 -7.9 2.03E-02 

AIPGENE21221 alsin -7.9 1.27E-04 

AIPGENE3885 

C3 and PZP-like alpha-2-macroglobulin 

domain-containing 8 -8.0 1.61E-02 

AIPGENE4754 integrin-linked kinase -8.0 4.54E-04 

AIPGENE4439 dystrophin-like isoform X1 -8.1 5.21E-04 

AIPGENE20657 Glycogenin-1, partial -8.1 2.60E-04 

AIPGENE15336 triple functional domain -8.3 8.88E-05 

AIPGENE15339 triple functional domain isoform X1 -8.3 1.17E-02 

AIPGENE17495 fibroblast growth receptor 4 -8.3 9.62E-03 

AIPGENE23829 

reversion-inducing cysteine-rich with Kazal 

motifs -8.5 2.02E-02 

AIPGENE9872 histone-lysine N-methyltransferase 2C -8.6 1.02E-02 

AIPGENE4157 

phosphatase 1 regulatory subunit 12B isoform 

X3 -9.2 4.04E-05 

 

Table 4-3. Differentially expressed transcripts from a comparison of zero hour naïve vs. 

zero hour primed treatments. 
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Gene ID Annotation logFC FDR 

AIPGENE2148 GTP-binding 2, partial 9.1 

4.44E-

02 

AIPGENE9872 histone-lysine N-methyltransferase 2C 8.8 

4.14E-

04 

AIPGENE15342 triple functional domain 8.8 

4.27E-

02 

AIPGENE8667 forkhead box P 8.3 

1.23E-

11 

AIPGENE21221 alsin 8.3 

7.17E-

08 

AIPGENE14734 

platelet-activating factor acetylhydrolase IB 

subunit alpha 7.8 

1.06E-

02 

AIPGENE21271 focal adhesion kinase 1 isoform X8 7.6 

4.99E-

03 

AIPGENE25512 

cadherin EGF LAG seven-pass G-type receptor 

1 7.3 

7.92E-

03 

AIPGENE21426 asparagine--tRNA ligase, cytoplasmic 7.3 

2.08E-

02 

AIPGENE1187 E3 ubiquitin- ligase RNF14 6.9 

8.38E-

04 

AIPGENE23257 sequestosome-1 isoform X2 6.7 

4.10E-

02 
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AIPGENE3871 ankyrin repeat 3.4 

3.19E-

02 

AIPGENE7376 heterogeneous nuclear ribonucleor A1 -2.7 

3.04E-

02 

AIPGENE17905 patched domain-containing 3-like isoform X1 -6.0 

1.70E-

02 

AIPGENE695 gamma soluble NSF attachment -6.0 

1.24E-

02 

AIPGENE15047 cubilin -6.2 

1.14E-

02 

AIPGENE20792 

rho guanine nucleotide exchange factor 7 

isoform X1 -7.2 

1.46E-

02 

AIPGENE23711 

single-stranded DNA-binding 3-like isoform 

X3 -7.2 

4.95E-

02 

AIPGENE548 phenylalanine tRNA ligase alpha subunit -7.5 

6.81E-

03 

AIPGENE19990 TNF receptor associated factor 2 like -7.5 

9.34E-

03 

AIPGENE4754 predicted protein -8.0 

3.87E-

03 

AIPGENE15338 triple function domain -8.0 

2.79E-

03 

AIPGENE8207 

hepatocyte growth factor-regulated tyrosine 

kinase substrate -8.1 

4.02E-

03 
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AIPGENE11422 tight junction ZO - 1 isoform X3 -8.3 

2.31E-

03 

AIPGENE26984 calcium ion binding -8.5 

1.21E-

03 

AIPGENE8666 forkhead box P -8.6 

1.23E-

11 

AIPGENE19649 

leucine-rich repeat-conatinaing 16A isoform 

X2 -8.7 

2.79E-

03 

AIPGENE24438 

neural proliferation differentiation and control 

1-like -8.9 

1.03E-

03 

 

Table 4-4. Differentially expressed transcripts from a comparison of four hour naïve vs. 

four hour primed treatments. 
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Gene ID Annotation logFC FDR 

AIPGENE21646 

cAMP-responsive element modulator isoform 

X3 8.9 

7.35E-

07 

AIPGENE28379 

arf-GAP with coiled-coil, ANK repeat and PH 

domain-containing 2 isoform X2 8.6 

7.23E-

04 

AIPGENE11190 nematogalectin-related isoform X1 8.4 

1.04E-

03 

AIPGENE25193 type1 collgen alpha1 chain 8.4 

4.16E-

02 

AIPGENE4149 

phosphatase 1 regulatory subunit 12B isoform 

X3 8.1 

1.22E-

03 

AIPGENE7190 actin-binding LIM 1 isoform X14 7.9 

2.17E-

07 

AIPGENE2642 beta-1,3-galactosyltransferase 5 7.3 

1.19E-

04 

AIPGENE13182 

sushi, von Willebrand factor type A, EGF and 

pentraxin domain-containing 1-like 6.9 

2.32E-

04 

AIPGENE13389 AP-4 complex subunit sigma-1 6.9 

8.32E-

05 

AIPGENE10423 rho guanine nucleotide exchange factor 11-like 6.9 

2.35E-

02 

AIPGENE17751 sodium myo-inositol cotransporter 2 6.8 

1.39E-

02 
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AIPGENE15489 

histidine--tRNA ligase, cytoplasmic isoform 

X1 6.7 

2.57E-

02 

AIPGENE14669 low-density lipo receptor-related 4-like 6.6 

3.13E-

02 

AIPGENE3224 

Arf-GAP with coiled-coil, ANK repeat and PH 

domain-containing 2, partial 6.5 

3.22E-

02 

AIPGENE16874 TNFAIP3 interacting 1 6.5 

4.05E-

02 

AIPGENE11683 ---NA--- 6.4 

2.03E-

03 

AIPGENE23348 transmembrane 9 superfamily member 3 6.3 

1.96E-

02 

AIPGENE3414 dnaJ homolog subfamily C member 21 6.1 

2.95E-

03 

AIPGENE24619 neuropeptide FF receptor 2 6.0 

4.90E-

06 

AIPGENE27789 actin-fragmin kinase-like isoform X1 4.0 

4.71E-

03 

AIPGENE26215 solute carrier family 25 member 36 4.0 

3.44E-

02 

AIPGENE23083 calcium calmodulin-dependent kinase I 3.9 

6.77E-

04 

AIPGENE1126 ---NA--- 3.9 

5.40E-

03 
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AIPGENE2788 hypothetical protein DAPPUDRAFT_225707 3.9 

8.56E-

05 

AIPGENE11806 matrix metalloproteinase-24-like 3.8 

5.98E-

06 

AIPGENE16131 ---NA--- 3.6 

4.05E-

02 

AIPGENE10892 

PREDICTED: uncharacterized protein 

LOC106177382 3.6 

4.33E-

03 

AIPGENE21311 sprouty homolog 4 3.5 

2.43E-

02 

AIPGENE1568 interferon regulatory factor 8 3.4 

1.53E-

04 

AIPGENE22125 hypothetical protein AC249 3.4 

1.82E-

02 

AIPGENE16549 ---NA--- 3.3 

4.05E-

02 

AIPGENE12575 predicted protein 3.2 

2.95E-

03 

AIPGENE17762 predicted protein 3.1 

5.67E-

03 

AIPGENE5210 ---NA--- 3.1 

6.77E-

04 

AIPGENE14815 chymotrypsin-like protease CTRL-1 3.0 

5.50E-

03 
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AIPGENE10221 reverse transcriptase, partial 3.0 

1.96E-

02 

AIPGENE26260 

hypothetical protein 

NEMVEDRAFT_v1g248367 3.0 

1.58E-

03 

AIPGENE14579 hypothetical protein AC249 2.9 

2.50E-

04 

AIPGENE24297 ras-related Rab-24 isoform X1 2.8 

1.83E-

02 

AIPGENE22808 zinc finger 501 2.8 

9.13E-

03 

AIPGENE72 ---NA--- 2.8 

2.52E-

02 

AIPGENE22726 ---NA--- 2.8 

5.08E-

04 

AIPGENE10516 predicted protein 2.7 

3.13E-

02 

AIPGENE6165 integrin alpha-8 2.7 

1.46E-

02 

AIPGENE19884 hypothetical protein BRAFLDRAFT_98085 2.7 

1.83E-

02 

AIPGENE15501 ---NA--- 2.6 

9.13E-

03 

AIPGENE3420 vascular endothelial growth factor C-like 2.6 

6.77E-

04 
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AIPGENE10853 ---NA--- 2.5 

1.17E-

03 

AIPGENE23561 predicted protein 2.5 

5.50E-

03 

AIPGENE8869 predicted protein 2.5 

1.54E-

02 

AIPGENE7998 actin, cytoplasmic 2.5 

9.69E-

03 

AIPGENE14095 ---NA--- 2.4 

1.17E-

03 

AIPGENE9737 pyroglutamylated RFamide peptide receptor 2.4 

4.01E-

02 

AIPGENE15929 vascular endothelial growth factor C-like 2.4 

2.13E-

03 

AIPGENE27791 actin-fragmin kinase-like isoform X1 2.3 

7.08E-

03 

AIPGENE22518 transcription factor ETV6 [Exaiptasia pallida] 2.3 

4.05E-

02 

AIPGENE5354 

caspase recruitment domain-containing protein 

9 2.2 

3.33E-

03 

AIPGENE2207 endonuclease-reverse transcriptase 2.2 

2.29E-

02 

AIPGENE10560 chondroitin proteoglycan 2-like 2.1 

2.31E-

02 
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AIPGENE2530 

SAM pointed domain-containing Ets 

transcription factor isoform X2 2.1 

1.58E-

03 

AIPGENE181 ---NA--- 2.1 

2.29E-

02 

AIPGENE22969 ---NA--- 2.0 

1.61E-

02 

AIPGENE20436 transcription factor jun-B-like 2.0 

7.01E-

03 

AIPGENE22891 Forkhead box C2 -3.3 

1.48E-

02 

AIPGENE4010 histone-lysine N-methyltransferase PRDM6 -3.3 

4.18E-

03 

AIPGENE1175 hemin receptor -3.6 

2.95E-

03 

AIPGENE13390 AP-4 complex subunit sigma-1 -6.3 

7.08E-

03 

AIPGENE28575 ubiquitin-associated domain-containing 1 -6.3 

4.18E-

02 

AIPGENE1276 

unconventional myosin-XVIIIa-like isoform 

X2 -6.7 

1.19E-

02 

AIPGENE548 phenylalanine--tRNA ligase alpha subunit -6.9 

1.91E-

02 

AIPGENE12907 

high affinity cAMP-specific and IBMX-

insensitive 3 ,5 -cyclic phosphodiesterase 8B 

isoform X1 -7.2 

2.83E-

05 
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AIPGENE4754 integrin-linked kinase -7.4 

2.24E-

03 

AIPGENE21965 ---NA--- -7.5 

1.48E-

02 

AIPGENE10019 nucleosome assembly 1-like 1 isoform X1 -7.8 

2.78E-

03 

AIPGENE25530 serine threonine- kinase N2 -7.9 

2.03E-

03 

AIPGENE24438 

neural proliferation differentiation and control 

1-like -8.0 

1.50E-

02 

AIPGENE16583 

Patatin-like phospholipase domain-containing 

7, partial -8.1 

1.89E-

03 

AIPGENE26984 calcium ion binding  -8.1 

1.38E-

03 

 

Table 4-5. Differentially expressed transcripts from a comparison of four hour naive vs. 

four hour unchallenged treatments.  
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Chapter 5: Final conclusions and synthesis 

5.1 Conclusions 

The purpose of this dissertation was to identify mechanisms used by cnidarians to defend 

themselves against biotic stressors. First I explored whether homologs of genes involved 

in the complement immune pathway as well as heat stress were involved in the immune 

response of a basal metazoan to biotic stressors. Secondly I tested the evolutionary roots 

of immunological priming to examine if this phenomenon occurs in basal metazoans. 

Finally, the transcriptional profile of immune priming in cnidarians was analyzed. 

In my first data chapter, I tested whether three gene homologs that are involved in the 

complement system and heat stress are also involved in the immune response of the coral 

Acropora millepora to biotic stressors. The gene c3-like was chosen since C3 is a central 

component of the complement pathway whereby all three known initiation mechanisms 

(alternative, lectin, and classical) converge on it [1]. C3’s function is to bind to the 

surface of the microbial invader and act as an opsonin and thereby tagging it for 

destruction [1]. Additionally, homologs of this gene have been identified in corals [2] but 

its function in cnidarian immunity was never described. Results from this study indicated 

that c3-like is involved in the immune response of A. millepora since it showed increased 

gene expression that coincided with the immergence of disease. The c-type lectin gene 

was also chosen as a gene of interest for this study since it is a pathogen recognition 

receptor which binds to carbohydrates on microorganisms [1,3-6]. Homologs of c-type 

lectins have also been identified in cnidarians [3,5] with one being identified in coral 

immunity against pathogenic challenge [3]. There are many variants of c-type lectins and 
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this study did not find differential expression of this variant of the gene and therefore we 

cannot conclude that it functions in the early response of corals to pathogenic challenge. 

It is important to note though that another variant may respond to pathogenic challenge 

and it is important to study many c-type lectin variants. Finally we chose heat shock 

protein 70 (hsp70) as a gene of interest since it is a gene that is known to be involved in 

heat stress responses of many organisms [7-9] as well as immunity [10,11]. However, 

hsp70 had not been tested in coral immunity before. This study found that hsp70 was 

upregulated in response to visible signs of disease as well as stress with no visible sign of 

disease. This study was important in that it was the first experimental evidence that 

supported the activation of c3-like and hsp70 in the coral immune response over a 24 

hour period. These finding open many new questions for future investigations. Rather 

than focusing on a gene targeted study over time, a transcriptomics approach should be 

taken. It is important to note that there have been resent studies researching 

transcriptomic changes associated with disease [12-16] but these studies only look into 

changes that occur at a snapshot in time. Instead studies should look into transcriptome 

changes that occur at several time points during the challenge experiment. Such studies 

would identify many genes and pathways involved in the immune response of corals and 

track them through time. Additionally these studies would identify genes that were not 

previously considered candidate immune genes and therefore identify new coral 

associated immune genes.  

Chapters three and four investigated the evolutionary roots of immune priming by 

studying whether this phenomenon occurs in a basal metazoan, the cnidarian, Exaiptasia 

pallida and its molecular signature. This phenomenon is usually only associated with the 
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adaptive immune system whereby an organism responds more rapidly to subsequent 

encounters with the same pathogen. It is also the basis for the construction of vaccines 

against many very destructive diseases in many organisms. Despite being traditionally 

viewed as only a component of the adaptive immune system, immune priming has been 

found in invertebrates that only possess an innate immune system [17-23]. The reason for 

investigating this phenomenon in cnidarians is that they are long lived organisms with 

corals able to live for hundreds of years. During this long life, they presumably encounter 

the same bacterium multiple times. Therefore the question was asked if these early 

diverging organisms also possess a form of immunological priming. Results indicated 

that a transient form of immune priming occurred in E. pallida that was present up to one 

month after the first encounter with the pathogen. This short term duration of priming 

was also observed in corals during allorecognition experiments [24-27]. Our study was 

the first to show immune priming to a pathogen in such a basal metazoan and therefore it 

evolved earlier in the tree of life than previously thought. Additionally the study showed 

that immune priming may be pathogen specific depending on the pathogen used since the 

response appeared to be specific for one pathogen but not the other. Pathogen specificity 

is a hallmark trait of adaptive immune memory but has shown mixed results in terms on 

invertebrate priming. It has been shown to be specific in some organisms [28-30] but not 

in others [31]. The discovery of immune priming in E. pallida opens up the question of 

whether immune priming is also present in corals which would greatly benefit from 

possessing a form it. The presence of this would allow for the possibility of creating 

vaccines for disease susceptible corals. The possibility of natural vaccines would be of 
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great benefit to coral reef management strategies and coral restoration since treating 

diseased corals with antibiotics is unrealistic. 

The proteomic and transcriptomic studies conducted for this dissertation indicated that 

immune priming in cnidarians is a multigene process. The proteomic analysis identified 

several heat shock proteins, cathepsin, and a glutamate receptor as constituents of the 

immune priming phenomenon in E. pallida. Heat shock proteins are of interest in 

immune priming as increases in expression have previously been shown to confer 

resistance to ammonia stress in the carp, Cyprinus carpio [32] and immune priming in the 

shrimp Artemia franciscana to Vibrio infections [33]. Increases in expression of 

cathepsin may suggest a role of proteolysis in immune priming. Proteolytic cleavage is 

required for the cleavage of two known immune genes TLR7 and TLR9 [34,35]. 

Additionally, greater concentrations of this protein in primed anemones could indicate 

that there is an uptake of the pathogen by phagocytosis that will be digested and cleared 

faster than naïve animals. Glutamate receptors are of interest with respect to immune 

priming in that in plants, they have been shown to be capable of sensing a broad range of 

amino acids as part of their immune defense [36]. While these genes have been 

implicated in immunity in other organisms, this is the first study to show that they are 

involved in the innate immune response of cnidarians. The transcriptomic study 

conducted in chapter four, showed that immune priming utilized several pathways which 

included pathogen recognition receptors, inflammation response, and activators of NF-

κB. Pathogen recognition receptors are important in that they recognize foreign objects 

and initiate the immune response. The leucine rich repeat (LRR) receptor discovered in 

this study is of particular interest since they are known to recognize pathogen associated 
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molecular patterns (PAMPS) [37] and have been implicated in the immune response of 

other cnidarians such as hydra [38] and corals [39]. An inflammation response associated 

with immune priming is intriguing as it has also been found to be a major constituent of 

the coral immune system [13,15,39-41] but has never been associated with priming. The 

different activators of NF-κB is of particular interest since it is a major constituent of the 

immune response which can lead to apoptosis but can also be involved in immune 

processes such as inflammation and stress response [42]. Its association with immune 

priming has never not been shown. Furthermore, one of the differentially expressed 

proteins from chapter three was also found in the transcriptomic study, a rhamnospondin-

2 orthalog which is a rhamnos binding lectin (RBL). This RBL was downregulated in 

primed anemones when compared to naïve at zero hours in both comparisons. While 

conventional wisdom would suggest that RBLs should be upregulated in response to 

pathogens other studies have also found them to be beneficially downregulated with 

pathogen challenge in macrophages [43,44]. This is the first study to implicate it in 

cnidarians priming. These molecular based studies have illuminated many genes that 

involved in the priming response E. pallida. Future studies can now specifically target 

these genes at more time points. The present study identified these genes during the lethal 

phase of the experiment; it would also be interesting to study the differential response of 

these genes during the sub-lethal and recovery periods. Additionally it would be of 

interest to study the transcriptomic profiles of other cnidarians that are shown to possess 

immunological priming. It is of interest to learn if priming in all cnidarians functions 

similarly at the molecular level. This knowledge could be used in conservation to develop 

management plans. For example, if a particular gene is associated with immune priming 
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in all cnidarans it could be used as a biomarker to establish which organisms are primed 

and more likely to survive a disease outbreak.  

Overall, my dissertation work has shown that the innate immune system of cnidarians is 

more complex than previously envisioned, involving multiple pathways. The work has 

shown that several putative immune genes with homologs in vertebrates and other 

invertebrates, function in the immune response of corals to bacterial challenge. 

Furthermore, we show that immune priming evolved earlier in evolutionary history than 

previously thought and the molecular signature of it in the model cnidarian E. pallida. 

While the work from this dissertation has aided in answering some questions in cnidarian 

immunity, there are still many more waiting to be answered! 
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