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    Abstract  

  Cnidarians rely on the innate immune defenses based on self/non-self recognition, signaling 
and effector responses to kill pathogens and heal wounds. Like other invertebrates, the 
immune system of cnidarians can be classifi ed into several functional components and 
many of these elements have now been described in various cnidarian model systems. These 
include recognition receptors, toll-like receptors and peptidoglycan binding proteins, pro-
phenoloxidase and melanin synthesis for an impermeable melanin barrier, anti-microbial 
proteins and molecules, reactive oxygen-producing and scavenging systems and wound 
repair and cellular systems. This chapter will summarize the current state of knowledge of 
cnidarian immune pathways and mechanisms. We will summarize the available data, guid-
ing the reader through the steps of initiating and executing an immune response: recogni-
tion, signaling, effector and repair mechanisms. We will also explore the current research of 
constitutive immunity observed in healthy organisms and elicited immune responses seen 
in naturally infected organisms or organisms exposed to live pathogens or pathogen associ-
ated molecular patterns. We will connect these known immune pathways with how they are 
expressed and regulated and how this may infl uence the wide variation in disease resistance 
observed in the fi eld, both within and between species. The overarching goal of this chapter 
is to take the reader from a genomic to phenotypic perspective, while keeping pathways and 
mechanisms in a whole organism and ecological context, whenever possible.  
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  MACPF    Membrane-attack complex–perforin protein   
  MAPK/ERK    Mitogen activation protein kinases/extracel-
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  NF-κB    Nuclear factor kappa light chain of activated 
B cells   

  PAMP    Pathogen/microbe-associated molecular 
pattern   

  PO/PPO    Phenoloxidase/prophenoloxidase   
  PRR    Pathogen recognition receptor   
  ROS    Reactive oxygen species   
  SML    Surface mucus layer   
  SOD    Superoxide dismutase   
  TGF-β    Transforming growth factor beta   
  TIR    Toll/interleukin-1 receptor   
  TLR    Toll-like receptor   

28.1         Introduction 

  Coral diseases   are important processes that affect coral reef 
structure and function (Ruiz-Moreno et al.  2012 ). Not only 
can coral  mortality   be directly due to disease, but the effects 
on coral  physiology  , such as reproduction, could have long 
term effects on coral populations. Therefore understanding 
how corals fi ght disease is more critical than ever. It is likely 
that immunity, and consequentially disease resistance, play 
large roles in the varying temporal, spatial and species- 
specifi c patterns of disease distribution (Pinzon et al.  2014a ). 

 The study of cnidarian immunity has benefi ted from 
advances in cell biology and genomics, enabling researchers 
to discover pathways and processes and compare them 
among the Cnidaria and other phyla (Miller et al.  2007 , 
 2011 ). Full genome and  transcriptome sequencing   and anal-
yses, along with complementary DNA (cDNA) microarrays 
and quantitative real-time polymerase chain reaction 
(qPCR), have opened the doors for discovery of immune-
related genes, especially in non-model organisms. At this 
time, there are certainly gaps in our knowledge regarding 
how and when these pathways are controlled and the down-
stream and phenotypic effects of many of these pathways. 
However, the aforementioned resources have primed the 
fi eld of cnidarian immunology to better piece together 
immune pathways and begin placing them into the context 
of  coral disease   ecology. 

 As  invertebrates  , cnidarians have to rely on the innate arm 
of immunity (Mydlarz et al.  2006 ; Palmer and Traylor- 
Knowles  2012 ) and do not appear to have the ability to 
develop resistance to a particular pathogen. In essence, they 
must use the same arsenal to repeatedly fi ght  pathogens   and 
prevent infections. However, currently the classic dichotomy 
between innate/no memory and  adaptive immunity   is being 
challenged as evidence of immune memory is found in cni-
darians (Netea et al.  2011 ). To date, two lines of evidence 
support the existence of memory in the cnidarian  immune 
system  . For one, tissue transplantation of conspecifi cs and 
rejection among heterospecifi cs has long been attributed to 

immunological memory (Rinkevich  2004 ). A caveat here is 
that the mechanisms behind allorecognition may differ from 
those of ‘training’ an immune system. The second line of 
evidence is the discovery of many classes of receptors that 
recognize molecular patterns of different  pathogens   (Netea 
et al.  2011 ). Recognizing the difference between pathogen 
types and responding with the appropriate binding receptor 
seems like the fi rst step in acquiring memory to that patho-
gen. In fact, heightened immune responses to a second expo-
sure of the same or different pathogen is seen in other 
invertebrate models (Netea et al.  2011 ). 

 Cnidarian immunity is comprised of four categories of 
processes that enable the organism to recognize that it is 
under attack, kill the foreign perpetrator, and repair the 
wound. There are four major functions of the cnidarian 
immune system: (1) immune recognition, (2) intracellular 
signaling, (3) effector response and (4) tissue repair. The fi rst 
step, recognition of a pathogen, leads to the activation of the 
immune system. This is accomplished by membrane bound 
receptors that bind directly to molecular patterns in  patho-
gens   (Rast and Messier-Solek  2008 ). For example, pattern 
recognition receptors, or PRRs, recognize  pathogen        /microbe- 
associated molecular patterns (PAMPs), such as lipopolysac-
charides (LPS) from bacteria or β-glucans from fungi, and 
transmit the signal internally. The signal transduction media-
tors,  signaling molecules   and transcription factors that com-
municate the signal within the cell, comprise the intracellular 
signaling component of immunity (Fig.  28.1 ). The end- 
points of the signaling cascades are the proteins and mole-
cules that kill the  pathogen  . These can comprise antibacterial 
proteins and small molecules, reactive oxygen and nitrogen 
molecules, and cellular activity and barriers. These effectors 
can be variable and novel among taxa (Rast and Messier- 
Solek  2008 ). Finally, the organism must seal off the infection 
and detoxify the tissue in order to heal the wound.

   There are several unique aspects of cnidarian and antho-
zoan  physiology   that infl uence immunity and health of the 
organism. Many cnidarians live with intracellular dinofl agel-
late  symbionts   from the genus  Symbiodinium  and extracel-
lular microbial communities that reside in a host-derived 
mucus layer. This entire group of organisms ( cnidarian host  , 
 algal symbionts   and  microbial associates  ) is typically 
referred to as a  holobiont   (Rosenberg et al.  2007 ). This term 
has been used primarily in  anthozoans  , especially for reef- 
building scleractinian corals, but can be applied to many spe-
cies of cnidarians and other taxa. Although the host is thought 
to be the primary contributor to cnidarian immune responses, 
there is mounting evidence for the important roles that the 
symbiont algal and  microbial communities   play. For exam-
ple, the mechanisms used by the cnidarian host to establish 
and maintain these  symbioses   include many immune pro-
cesses used to protect the host from  pathogens  . Thus, these 
components are of great interest when considering the 
 immune system   of cnidarians. 
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 The health of the cnidarian holobiont relies on balance 
within these delicate symbioses and disruption of the 
  symbiosis   can lead to coral  death  . Breakdown of the symbio-
sis between the dinofl agellate  symbiont   and the host is 
referred to as bleaching. Bleaching can occur when the holo-
biont is stressed due to elevated temperature, excess ultravio-
let radiation or  pathogens         (Baird et al.  2009 ). Additionally, 
shifts in the microbial communities of corals as a result of 
abiotic  stressors   (temperature, dissolved organic carbon,  pH   
and nutrients) can lead to an increase in disease causing 
 pathogens  . Many of the cnidarian host responses to bleach-
ing and shifting microbial communities can elicit immune 
responses, and we acknowledge the overlapping mechanisms 
throughout this chapter. 

 This chapter summarizes the current state of knowledge 
of cnidarian immune pathways and mechanisms by guiding 
the reader through the steps of initiating and executing an 
immune response as explained above. We draw examples 
from the presence of constitutive immunity observed in 
healthy organisms and elicited immune responses seen in 
natural infections or experimental exposures to live  patho-
gens   or PAMPs. We explore the functionality and expres-
sion/regulation of known immune pathways and their 
relation to wide variation, within and between species, in 
disease resistance observed in  nature  . The overarching goal 
of this chapter is to take the reader from a genomic to pheno-
typic perspective, while discussing pathways and mecha-
nisms within a whole organism and ecological context, 
whenever possible.  

28.2     Immune Recognition in Cnidarians 

 The activation of  innate immunity   in both vertebrates and 
 invertebrates   depends on  pathogen   recognition by various 
families of proteins known collectively as pattern recogni-
tion receptors, or PRRs. The term PRR is used to describe a 
diverse family of proteins that function in the recognition of 
potential  pathogens   by binding extracellular domains to pro-
teins or other compounds characteristic of bacterial, fungal, 
protist, or parasitic  pathogens   (Akira et al.  2006 ). The cni-
darian  immune system   is believed to include three main fam-
ilies of PRRs:  Toll-like receptors (TLRs)  ,  lectins  , and 
nucleotide oligomerization domain ( NOD  )-like receptors 
(NLRs) (Miller et al.  2007 ; Schwarz et al.  2007 ,  2008b ; 
Shinzato et al.  2011 ). Here we will discuss what is known of 
the presence and function of these three PRR groups across 
the Cnidaria as well as their expression patterns and impor-
tance to cnidarian immunity. 

28.2.1     Toll-Like Receptors (TLRs) 

  Toll-like receptors (TLRs)   are known to play an important 
role in the activation of  innate immunity   in many species 
(Aderem and Ulevitch  2000 ; Akira and Takeda  2004 ). These 
receptors are glycoproteins embedded within the host mem-
brane which possess domains specifi c for binding to unique 
molecular patterns of  microbes  / pathogens  , commonly 

  Fig. 28.1    General 
scheme of signaling 
pathways ( blue font ) 
and related effector 
responses ( green  and 
 red boxes ) in 
cnidarians.  Dashed line  
at Cell Activation 
indicates that not much 
is known about 
signaling controlling 
cell  migration         and 
phagocytosis in this 
group       
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referred to as pathogen-associated molecular  patterns        , or 
PAMPs, as the ligand. 

 There is an abundance of  genomic data   suggesting the 
presence of a wide repertoire of TLR type receptors in the 
Cnidaria. Binding of TLRs to PAMPs induces activation of 
both infl ammatory and  antimicrobial   immune responses 
(Medzhitov  2001 ). Many TLR type proteins have been pre-
dicted from  Nematostella vectensis  genomic data (Miller 
et al.  2007 ). These include NvTLR-1, which is closely 
related to known Toll/ TLR proteins  , and three Toll/interleu-
kin- 1 (TIR)    receptor proteins with immunoglobulin (Ig) 
domains, NvIL-1R1, NvIL-1R2, and NvIL-1R3. Finally, 
 Nematostella vectensis  also contains a MyD88 protein 
homolog, which functions in downstream transmission of 
TLR signaling (Miller et al.  2007 ). 

 In the  gorgonian    soft coral  ,   Gorgonia ventalina   ,  tran-
scriptomic analysis   contains annotations for three TLRs 
(TLR-2, -4, and -6; Burge et al.  2014 ). In scleractinian cor-
als, several TLR type proteins were initially described from 
the genus  Acropora . These acroporid TLRs are similar in 
sequence to NvIL-1R1, but they currently lack domain 
description (Miller et al.  2007 ). Subsequent genomic studies 
of  Acropora digitifera  have resulted in the discovery of many 
more putative TLR proteins (Shinzato et al.  2011 ) and the 
most recent studies have determined that up to 27 TIR pro-
teins may be present in certain lineages of scleractinian cor-
als (Poole and Weis  2014 ). Despite this knowledge, the exact 
functions of TLR proteins in corals and anemones are still 
not well understood. It can be assumed, based on sequence 
similarities, that cnidarian TLRs participate in recognition 
and activation of the  immune system  . 

 While components of TLRs have been detected in cnidar-
ians, experimental evidence documenting their role in cni-
darian immunity is still emerging. Two studies have 
documented confl icting patterns of TLR expression in cni-
darians exposed to immune challenge (Burge et al.  2013 ; 
Libro et al.  2013 ). While the  transcriptome   of the sea fan 
  Gorgonia ventalina    includes annotations for three Toll-like 
receptors (TLR-2, -4, and -6), none of these were differen-
tially expressed in response to immune challenge with the 
 pathogen    Aplanochytrium  (Burge et al.  2013 ). In contrast, 
  Acropora palmata          displaying symptoms of White Band 
Disease show higher expression levels of two TLR-2 tran-
scripts than do corals with signs of disease (Libro et al. 
 2013 ). 

 In contrast to  Nematostella ,   Gorgonia ventalina   , and 
acroporids, relatively few  TLR proteins   have been found in 
hydractinians. The   Hydra magnipapillata    genome includes 
two TIR domain-containing proteins, Toll-receptor-related 
(HyTRR)-1 and HyTRR-2 (Miller et al.  2007 ; Bosch et al. 
 2009 ) Both proteins contain an extracellular domain lacking 
characteristic leucine-rich repeats (LRRs). However, addi-
tional transcripts containing TLR-associated LRRs, 

HyLRR-1 and HyLRR- 2, have been discovered in the  Hydra 
magnipapillata  genome. HyLRR-2 is reactive to fl agellin in 
the presence of human TIR domains, and is capable of modi-
fying expression of HyTRR-1. Therefore it has been con-
cluded that HyLRR-2 likely acts in tandem with HyTRR-1 to 
bind bacterial fl agellin and induce  innate immunity   in  Hydra 
magnipapillata  (Bosch et al.  2009 ). TLRs in  Hydra , particu-
larly the combination of HyTRR-1 and HyLRR-2, are likely 
important in recognition of bacterial  pathogens   and activa-
tion of immunity. 

 Additional TIRs have been identifi ed in a variety of cni-
darians (Poole and Weis  2014 ).  TIR   domains have been iden-
tifi ed in three  anemone species  ,  Anthopleura elegantissima , 
 Aiptasia pallida  (Lehnert et al.  2012 ), and  Nematostella vec-
tensis  (Putnam et al.  2007 ), and six coral species,  Acropora 
digitifera  (Shinzato et al.  2011 ),   Acropora millepora    (Moya 
et al.  2012 ),  Fungia scutaria  (Poole and Weis  2014 ), 
 Montastraea cavernosa  (Poole and Weis  2014 ),   Pocillopora 
damicornis    (Traylor-Knowles et al.  2011 ), and   Seriatopora 
hystrix    (Poole and Weis  2014 ). 

 Even though TLR pathways are evolutionarily basal and 
present in most cnidarians, some lineages (  Hydra magnipa-
pillata   ) have since lost many major components of the path-
ways (Miller et al.  2007 ; Bosch et al.  2009 ). Other genomic 
studies have found the number of TLR and TIR proteins 
present in cnidarians to be lineage specifi c (Poole and Weis 
 2014 ); however, it is diffi cult to determine whether observed 
patterns are the result of gene expansion or gene loss (Miller 
et al.  2007 ; Bosch et al.  2009 ). Regardless of the mechanism 
of origin, it is believed that the wide variety of  TLR proteins         
present in many  coral genomes   is important for the mainte-
nance of the diverse  microbial communities   associated with 
corals (Poole and Weis  2014 ). Further experimental data will 
likely clarify the mechanisms driving TLR diversifi cation 
between cnidarian lineages as well as the exact roles of Toll/
TLR recognition in cnidarian immunity.  

28.2.2      Lectins   

 Lectins are carbohydrate-binding proteins that act as impor-
tant pattern recognition receptors (PRRs). Different classes 
of lectins have been described in cnidarians (Schwarz et al. 
 2007 ; Wood-Charlson and Weis  2009 ; Hayes et al.  2010 ; 
Kvennefors et al.  2010 ). Binding of lectins to potential 
 pathogens   is believed to trigger activation of the complement 
cascade and opsonization (Dunn  2009 ). Here we will focus 
on four main types of cnidarian lectins (tachylectin-2,  mil-
lectin  , rhamnospondin, and C-type lectins) and their roles in 
the activation of immune responses. 

 Tachylectin-2 was originally isolated from the Japanese 
horseshoe crab,  Tachypleus tridentatus , and is capable of 
binding to N-acetylglucosamine and N-acetylgalactosamine 
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(Beisel et al.  1999 ) and agglutinating bacteria during infec-
tions (Kawabata and Iwanaga  1999 ). Tachylectin-2 homo-
logues have been well documented as PRRs in multiple 
lineages of octocorals, scleractinians, and hydractinians 
(DeSalvo et al.  2008 ; Hayes et al.  2010 ; Burge et al.  2013 ). 
Tachylectin-2 expression increased in   Gorgonia ventalina          
following inoculation with the parasite  Aplanochytrium  
(Burge et al.  2013 ). Furthermore, tachylectin-2 homologues 
have been identifi ed in the scleractinian coral  Orbicella  (for-
merly  Montastraea )  faveolata  (DeSalvo et al.  2008 ) and 
from the genus   Oculina    (Hayes et al.  2010 ). Interestingly, the 
 Oculina  homologue shows high amino acid diversity and a 
strong positive selection signal, indicating that it is not only 
part of the immune system, but is also undergoing rapid 
diversifying selection. This rapid selection indicates adaptive 
evolution, potentially as a result of rapidly changing micro-
bial challenges (Hayes et al.  2010 ). Finally,  Hydractinia 
echinata  also contains a tachylectin-2 homologue gene 
named CTRN. However, no change in expression of CTRN 
was detected following exposure to LPS, suggesting that, 
although similar in sequence to immune functioning tachy-
lectins, CTRN may not play a role in pathogen  recognition   
(Mali et al.  2006 ). 

  Millectin  , a mannose-binding lectin, has been well 
described in   Acropora millepora    as an important PRR and 
elicitor of immune response. Millectin is capable of binding 
and agglutinating a wide variety of Gram-positive and Gram- 
negative bacteria (Kvennefors et al.  2008 ). Millectin also 
shares a high degree of sequence similarly with other animal 
C-type lectins known to have immune functions. Due to these 
attributes, it is believed that millectin both recognizes and ini-
tiates opsonization and phagocytosis of potential  pathogens   
(Kvennefors et al.  2010 ). Interestingly, the sensitivity of mil-
lectin depends upon the type of PAMP encountered. Millectin 
can exist in many different isoforms, enabling it to bind to a 
wide range of  pathogens  , thus increasing  immune system   
effi ciency (Kvennefors et al.  2008 ). Millectin is expressed in 
both  nematocysts   and the gastroderm, therefore coral  patho-
gens   are likely exposed to this PRR at some point (Kvennefors 
et al.  2010 ). Its diverse sensitivity, localization and expres-
sion, makes millectin a primary PRR and elicitor of immune 
response in  Acropora millepora . 

 Several cnidarians express at least one rhamnose-binding 
lectin (RBL) gene, rhamnospondin, which contains multiple 
PRR-type domains (Lopez et al.  2011 ). The RBL domain of 
the rhamnose-binding  lectin   recognizes rhamnose, a compo-
nent of the cell walls of some Gram-negative bacteria, and 
LPS in some Gram-positive bacteria. Expressed mainly in 
the mouth of  Hydractinia symbiolongicarpus , rhamnospon-
din could prevent potential pathogenic bacteria from enter-
ing the organism through opsonization or agglutination, 
although there is no experimental evidence to support this 
(Schwarz et al.  2007 ). Since rhamnospondin and  millectin         

are both highly expressed in areas that come into contact 
with the environment, they may serve homologous functions 
as the primary PRRs preventing infection in  Hydractinia 
symbiolongicarpus  and  Acropora    millepora   , respectively. 

 In addition to the three main lectins described above, 
experimental and genomic studies have resulted in the dis-
covery of a number of other potential C-type lectins (CTLs) 
in cnidarians. The  Nematostella vectensis  genome encodes a 
diversity of CTLs, many of which have extracellular domains 
suggesting their role in recognition and immune function 
(Reitzel et al.  2008 ; Wood-Charlson and Weis  2009 ). 
Furthermore, in   Acropora palmata    colonies infected with 
White Band Disease, three CTLs (C- type mannose receptor 
2, macrophage lectin 2, and collectin-12) exhibited greater 
expression than in coral colonies with no signs of disease. 
These three CTLs can bind to a variety of bacterial, viral, and 
fungal compounds and likely trigger activation of  innate 
immunity   (Libro et al.  2013 ). While not well understood, it is 
likely that cnidarian CTLs function in recognition and acti-
vation of immune responses in a manner similar to the other 
lectins, tachylectin-2, millectin, and rhamnospondin. 

 Cnidarians possess a diverse and lineage-specifi c reper-
toire of lectins capable of recognizing  pathogens   and activat-
ing innate immunity. Localization of expression of some of 
these genes further suggests that lectins may serve as the fi rst 
line of defense against  pathogens   in many cnidarians 
(Schwarz et al.  2007 ; Kvennefors et al.  2010 ). While lectins 
are essential to innate immunity in cnidarians, further 
research is necessary to understand the mechanistic basis of 
the involvement of these genes in activation of immunity.  

28.2.3     NOD-Like Receptors 

 Nucleotide oligomerization domain (NOD)         -like receptor 
(NLR) proteins are a type of PRR in vertebrates character-
ized by the presence of three domains: a NAIP, CIIA, HET-E 
and TP1 (NACHT) domain, one of three types of N-terminal 
effector domains, and a C-terminal leucine rich repeat (LRR) 
domain. While the genomes of several cnidarians have been 
found to contain  NLR-like genes  , the diversity of these genes 
is highly variable across the different lineages (Lange et al. 
 2011 ; Hamada et al.  2013 ). For example, very few identifi -
able NLRs were found in the  Nematostella vectensis  genome 
(Hamada et al.  2013 ). In contrast, the   Acropora digitifera  
genome   includes nearly 500 putative  NLR loci   that include 
NODs, one of the highest numbers among sequenced animal 
genomes. Furthermore, these putative NLRs have a wider 
diversity of protein domains compared to those seen in ver-
tebrates (Hamada et al.  2013 ). In  Acropora digitifera , the 
NACHT domain contains proteins with novel domain struc-
tures not seen in other organisms (Shinzato et al.  2011 ). The 
  Acropora millepora    genome also contains an unexpected 
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number of NOD proteins, many of which have unique 
domain combinations (Lange et al.  2011 ). 

 Similar to  Nematostella ,  Hydra  appears to lack a wide 
diversity of NLR genes. Those NLRs that have been identi-
fi ed lack functional LRRs. Instead, NLRs in   Hydra magnipa-
pillata    may function as a combination of two distinct 
proteins, the second of which contains a necessary LRR. A 
 Hydra  NLR protein has been shown to be capable of inter-
acting with DD-Caspase, suggesting that it may be involved 
in the induction of  apoptosis   or downstream immune path-
ways (Lange et al.  2011 ). The lack of NLR diversity in 
 Nematostella  and  Hydra , particularly in comparison to scler-
actinian corals, is still poorly understood. One hypothesis 
suggests that the diversity of NLRs in corals may serve as an 
 adaptation   to account for a lack of  adaptive immunity  ; how-
ever, that does not explain observed differences in diversity 
among cnidarian lineages, all of which lack adaptive immu-
nity (Hamada et al.  2013 ). The need to maintain a diverse 
 microbial community   may have driven the expansion and 
subsequent diversity of NLRs (Hamada et al.  2013 ). Further 
genomic and experimental studies are necessary to under-
stand the distribution of NLR diversity in cnidarians and to 
elucidate their function in immune  activation     .  

28.2.4     Other PRR’s 

 A variety of immunoregulatory receptors that do not fall into 
one of the three major categories previously discussed have 
also been documented in cnidarians through a variety of 
molecular methods. These include LRR candidate PRRs 
(Schwarz et al.  2008b ) and a transforming  growth factor   β 
(TGF-β) receptor (Detournay et al.  2012 ). Four LRR pro-
teins, which may be important PRRs, were identifi ed in 
expressed sequence tags (ESTs) from   Orbicella faveolata    
and   Acropora palmata   . These may serve roles in recognition 
of and response to microbial infection (Schwarz et al.  2008b ). 
Additionally, the presence of these receptors suggests that 
cnidarians possess a variety of other miscellaneous recep-
tors, which contribute to recognition as well as immune acti-
vation and regulation.   

28.3     Immune Signaling in the Cnidarians 

 Critical to the receptor binding detailed above is transmis-
sion of the signal and activation of the responses that will 
result in a successful immune response. These pathways are 
associated with the receptors and include many of the intra-
cellular domains that propagate the signal though the cell. 
Some pathways are matched with specifi c receptors, whereas 
some are activated downstream from many potential sources. 
The TIRs introduced above, the mitogen-activated protein 

kinases (MAPK), the  prophenoloxidase cascade   and com-
plement will be discussed in this section. 

28.3.1      TLR      Pathways and TIR Domains 

 Intracellular  toll/interleukin-1 receptor (TIR)   domains are 
found in several proteins associated with  innate immunity         sig-
naling pathways. TIR domains are part of three classes of Toll 
receptor families: IL-1Rs, TLRs Myd88-dependent, and TLRs 
Myd88-independent (Poole and Weis  2014 ). These signaling 
pathways are most commonly initiated by cytokines or 
PAMPs. Upon activation, TIR proteins will employ down-
stream signaling and activate transcription factors. 
Transcription factors can then induce a variety of other path-
ways, including the  melanin   synthesis pathway and transform-
ing  growth factor   beta (TGF-β) pathway (Medzhitov  2001 ). 

 As described above, several components of the Toll path-
way have been identifi ed in cnidarians. Four TIR domain- 
containing proteins were identifi ed by Poole and Weis 
( 2014 ), including TLR-like, IL-1R-like, Myd88 and TIR- 
only proteins. IL-1R-like and Myd88 proteins were identi-
fi ed in three  anemone species  , and in both  Indo-Pacifi c   and 
Caribbean scleractinian corals. However, no TIR domain- 
containing proteins have yet to be identifi ed in  gorgonians  , 
although they are likely to exist (Miller et al.  2007 ). Myd88 
proteins have also been identifi ed in the freshwater hydro-
zoan,   Hydra magnipapillata   , in which they have been shown 
to be highly involved in bacterial recognition (Franzenburg 
et al.  2012 ). 

 One of the most commonly described transcription factors 
associated with Toll pathways in cnidarians has been the 
nuclear factor kappa light chain (NF-κB) transcription factor 
signaling pathway. NF-κB activation alters expression of target 
genes, including innate immune factors such as cytokines or 
 antimicrobials   (Hayden and Ghosh  2004 ). NF-κB  gene homo-
logs   and proteins have been characterized in the anemone 
 Nematostella vectensis  (Wolenski et al.  2011 ) and identifi ed in 
the scleractinian   Acropora millepora    and the hydrozoan  Hydra 
magnipapillata  (Miller et al.  2007 ). The role of NF-κB as an 
important immunity transcription factor has been demonstrated 
in  Hydra , in which exposure to fl agellin caused up-regulation 
of NF-κB (Bosch et al.  2009 ). However, functionality of the 
NF-κB transcription factor in relation to immunity has yet to be 
demonstrated in other cnidarian systems.  

28.3.2     MAPK/ERK Pathway and GTPase 
Immune-Related Proteins 

 The multi-tiered kinase pathway consisting of mitogen- 
activated protein kinases (MAPK) and extracellular signal- 
regulated kinases (ERK) have also been identifi ed in 
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cnidarians as a component of  TLR         pathways (Miller et al. 
 2007 ). MAPK cascades direct many cellular responses and 
are likely involved in many of the immune pathways in cni-
darians. To date, identifi ed involvement and function of 
MAPK signaling have been limited to wound healing. In 
 Nematostella vectensis , MAPK signaling-related genes were 
shown to be critical components of wound healing (Dubuc 
et al.  2014 ). 

 GTPases make up a large family of hydrolase enzymes 
that regulate a variety of cellular functions, including signal-
ing and  gene expression  . GIMAPS, also known as immune- 
associated nucleotide-binding proteins, are a smaller family 
of GTPases. GIMAPs were once thought to only exist in ver-
tebrates and play a role in T cell maturation (Filen and 
Lahesmaa  2010 ). Recently, however, several gene families of 
GIMAPs have been annotated in the  transcriptome   of the 
scleractinian coral  Acropora millepora , where they are up- 
regulated when challenged with bacterial and viral PAMPs 
(Weiss et al.  2013 ). Unlike many of the other immune signal-
ing pathways examined here, no GIMAP genes have been 
detected in either  Nematostella vectensis  or   Hydra 
magnipapillata   .  

28.3.3     Prophenoloxidase Signaling Pathways 

  Melanin   synthesis is a critical component of  invertebrate   
immunity and is largely involved with  pathogen   encapsula-
tion and wound healing. This cascade is initiated by a variety 
of PRRs, including  TLRs   and  lectins  , which subsequently 
trigger several proteolytic reactions that result in the synthe-
sis of melanin. Upon activation, pro-phenoloxidase (PPO) 
enzymes are cleaved into phenoloxidases (PO) by trypsin- 
like serine proteases. POs then oxidize phenols in two steps: 
monophenols   o -phenols   o -quinones. Quinones are 
then polymerized to synthesize the fi nal melanin product 
(Nappi and Ottaviani  2000 ). 

 Unlike many of the other signaling pathways, several com-
ponents of the melanin synthesis cascade have been detected 
in cnidarians through both molecular and biochemical meth-
ods.  Tyrosinase genes   have been identifi ed in the  genomes of 
 Nematostella vectensis    and   Hydra magnipapillata    (Esposito 
et al.  2012 ) and a  laccase-3 like gene   was found in   Pocillopora 
damicornis    (Vidal-Dupiol et al.  2014 ). In addition, expres-
sion of a trypsin-like serine protease was highly up-regulated 
in   Acropora millepora          when challenged with bacterial and 
viral PAMPs (Weiss et al.  2013 ) and a  gene homologous   to a 
shrimp prophenoloxidase activating enzyme was also up-reg-
ulated in  Pocillopora damicornis  exposed to bacteria (Vidal-
Dupiol et al.  2014 ). PPO/PO activity and deposits of melanin 
have been detected biochemically and/or histologically in 
many cnidarians, including sea anemones,  gorgonian  ,  alcyo-
nacean   and scleractinian corals, and hydrozoans (Palmer 

et al.  2008 ; Mydlarz et al.  2008 ; Mydlarz and Palmer  2011 ; 
Gimenez et al.  2014 ). Furthermore, Mydlarz and Palmer 
( 2011 ) demonstrated that several classes of PO enzymes exist 
in scleractinian corals, including laccase, cresolase and cate-
cholase, indicating the potential presence of different signal-
ing cascades. In both  gorgonian   and scleractinian corals, 
higher PPO activity is found in infected versus healthy colo-
nies (Mydlarz et al.  2008 ).  

28.3.4     Complement Pathway 

 The complement pathway is a highly conserved component 
of  innate immunity   throughout  metazoans  . Activation of the 
pathway can occur through three different proteolytic path-
ways: classical, alternative, and  lectin         pathway. All pathways 
ultimately activate the  complement   protein (C3) complex to 
increase infl ammatory responses such as phagocytosis, cell 
lysis, and coagulation. The lectin pathway has been most 
widely detected among cnidarians (Hemmrich et al.  2007 ). 
In this pathway, a lectin binds to a sugar on the pathogen, 
activating mannose-binding lectin associated serine prote-
ases (MASPs), which then activate C2 and C4-like proteins 
to begin formation of the C3 complex (Endo et al.  2006 ). 
After the complex is formed, membrane-attack complex–
perforin (MACPF) effector proteins are secreted to create a 
hole in the microbial membrane resulting in lysis of the 
pathogen. 

 In cnidarians, several components of the lectin comple-
ment pathway have been identifi ed, including MASP, C3, 
and MACPF proteins. Mannose binding proteins have been 
found in the  transcriptomes   of  Nematostella vectensis  and 
two scleractinian corals,  Acropora millepora  and   Orbicella 
faveolata    (Brown et al.  2013 ; Pinzon et al.  2014a ). 
Homologous genes for the C3 complex are found in the tran-
scriptomes of numerous cnidarians, including the anemones 
 Nematostella vectensis  (Kimura et al.  2009 ) and  Aptasia pal-
lida  (Sunagawa et al.  2009b ), the octocorals  Swiftia exserta  
and   Gorgonia ventalina    (Dishaw et al.  2005 ; Burge et al. 
 2013 ), and the scleractinian corals  Acropora millepora  
(Miller et al.  2007 ) and  Orbicella faveolata  (Jorge et al. 
 2015 ). 

 Several additional complement effectors have been pro-
posed and described among cnidarians. A gene matching 
human and abalone macrophage-expressed gene protein 
(MPEG-1) was identifi ed in the  Nematostella  genome, but 
not in the  Hydra  genome (Miller et al.  2007 ). Although the 
function of MPEG in cnidarians has not been described, it is 
believed to represent an MACPF effector related to the com-
plement system (Hemmrich et al.  2007 ). Toxic  nematocyst   
venoms (TX-60A) from the anemones  Actineria villosa  and 
  Phyllodiscus semoni    belong to the MACPF protein family, 
form pores in target cell membranes and play roles in feeding 
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and antipredator defense (Nagai et al.  2002 ; Oshiro et al. 
 2004 ), but could also kill potential  pathogens  . Two 
 Nematostella vectensis  MACPF proteins, one   Acropora mil-
lepora    transcript related to this protein type, and Hy-Mac 
from   Hydra magnipapillata    have been identifi ed (Hemmrich 
et al.  2007 ; Miller et al.  2007 ). In  Acropora millepora , 
expression of two  complement         pathway components, C3 and 
mannose-binding C-type  lectin  , were up-regulated when 
colonies were challenged with bacteria (Brown et al.  2013 ). 
Additional pore-forming toxins have been isolated from 
hydrozoans,  scyphozoans   and other anemones (Narat et al. 
 1994 ; Otero-Gonzalez et al.  2010 ), although  antimicrobial   
functions have not been described. One other  Hydra magni-
papillata  MACPF-domain protein, Hy-Apextrin, has an 
ortholog in  Acropora millepora  but not in  Nematostella  and 
is related to protein families in echinoderms and protozoans, 
although its function in  Hydra  remains unknown (Hemmrich 
et al.  2007 ; Miller et al.  2011 ).   

28.4     Effector Responses in Cnidarians 

 A diversity of effector responses has been identifi ed in cni-
darians. These include a surface  mucus   layer that inhibits 
access of  pathogens   to  cnidarian hosts  , and  antimicrobial 
activity   due to  antimicrobial peptides   and secondary  metabo-
lites  , reactive oxygen species (ROS) released as byproducts 
of various  metabolic processes   in both the host and symbi-
ont,  antioxidants   that protect the host from those processes, 
and compounds produced as intermediates in various signal-
ing pathways (e.g., during melanization activation).  Melanin  , 
the fi nal product of this activation pathway, has antimicrobial 
activity, and provides a mechanism to encapsulate foreign 
cells and enhance structural support for impaired tissue. 
Foreign cells are also encapsulated, phagocytosed and 
expelled by cells that migrate to areas of tissue damage or 
infection. 

28.4.1     Surface  Mucus   Layer 

 The fi rst line of defense against invading  pathogens   in seden-
tary cnidarians, including  anthozoans         and hydrozoans, is the 
surface mucus layer (SML), a dynamic polysaccharide pro-
tein lipid complex covering the animal’s exterior (reviewed 
by Mullen et al.  2004 ; Brown and Bythell  2005 ). Mucous 
secretory cells are abundant in the epidermis and release 
mucus, which varies in composition among species. The 
mucus acts as a physical barrier, and the presence of cilia on 
the ectodermal cells aids in mucuciliary transport of parti-
cles, including foreign cells, towards the  polyp   mouth where 
they can be digested, or removed by sloughing of the mucus 
layer. In general,  gorgonians   have fewer mucous secretory 

cells than scleractinian corals, however, cilia on epidermal 
cells, mesenterial fi laments, and the pharynx may also pro-
duce currents to remove wastes and potential foreign cells. 
Mucus production can vary in response to various  stressors  , 
including disease. Reneger et al. ( 2008 ) observed an increase 
in the size of mucocytes in   Siderastrea siderea    tissue affected 
by Dark Spot Syndrome. 

 The SML also serves as a nutrient source for diverse 
microorganisms, which can reach densities orders of magni-
tude higher in the mucus than in the surrounding seawater 
(Ritchie and Smith  1995 ; Krediet et al.  2009 ,  2013 ). The 
SML represents the natural coral surface  microbiota  , but 
may also include pathogenic species. Putative  pathogens   can 
take advantage of coral mucus as a  nutritional   resource and 
outcompete other  commensals   (Krediet et al.  2009 ). The sur-
face  microbial communities   of healthy and diseased conspe-
cifi cs vary considerably, representing not only changes in 
abundance of  pathogens  , but also in potential competitors 
and opportunistic commensals (Santavy  1995 ; Pantos et al. 
 2003 ; Gil-Agudelo et al.  2006 ; Bourne et al.  2008 ; Sunagawa 
et al.  2009a ; Garcia et al.  2013 ; Meyer et al.  2014 ). 

 The ability of the cnidarian to control production and 
composition of the SML and its associated bacteria may 
serve as an important part of immunity. Antibacterial com-
pounds produced by the  cnidarian host  , as well as its associ-
ated microbial consortium, are released into the mucus and 
play important roles in controlling the mucus-associated 
microbial  community         (Brown and Bythell  2005 ; Reshef 
et al.  2006 ; Ritchie  2006 ; Rosenberg et al.  2007 ; Shnit- 
Orland and Kushmaro  2009 ; Rypien et al.  2010 ; Krediet 
et al.  2013 ). In addition, the presence of quorum  sensing   
molecules within the mucus also point to mechanisms by 
which the bacteria themselves can control the microbial 
community structure (Tait et al.  2010 ; Golberg et al.  2011 ). 
Quorum sensing molecules and activities have been detected 
in the polymicrobial consortium associated with Black Band 
Disease (Zimmer et al.  2014 ) and in  gorgonian corals   (Hunt 
et al.  2012 ).  

28.4.2      Antimicrobial Activity      

28.4.2.1     Antimicrobial Peptides 
  Antimicrobial peptides (AMPs)   are a vital component of the 
innate  immune system   in both vertebrates and  invertebrates  , 
and several representatives have been identifi ed in cnidarians 
(Zasloff  2002 ). AMPs are typically cationic membrane- 
bound peptides and have bactericidal activity against a diver-
sity of  microbes  , largely due to their ability to disrupt 
microbial cell membranes. AMPs are often inducible and can 
be translocated where needed (Vidal-Dupiol et al.  2011 ). 

 The fi rst AMP reported from a scleractinian coral is  dami-
cornin   (Vidal-Dupiol et al.  2011 ), a compound of similar 
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structure to the jellyfi sh AMP aurelin that exhibits  antibacte-
rial activity         against Gram-positive and Gram-negative bacte-
ria (Ovchinnikova et al.  2006 ). 

  Damicornin   is constitutively transcribed in ectodermal 
granular cells in   Pocillopora damicornis   , where it is stored, 
probably as a precursor molecule subject to post- translational 
processing following immune challenge. In response to non-
pathogenic  Vibrio coralliilyticus  (which is non-virulent at 
25 °C), damicornin is released into the coral’s  mucus  . When 
exposed to virulent  Vibrio coralliilyticus  (at 28–32 °C),  dam-
icornin gene expression   increased transiently at day 6 and 
was later repressed. Damicornin exhibited antimicrobial 
activity against Gram-positive bacteria and a fungus, 
although not against Gram-negative bacteria, including the 
coral  pathogens    Vibrio shiloi and Vibrio coralliilyticus  
(Vidal-Dupiol et al.  2011 ). More recently, mytimacin-like 
and LBP-BPI (lipopolysaccharide-binding protein and bac-
tericidal/permeability-increasing protein) genes, which code 
for AMPs in other invertebrates (Krasity et al.  2011 ; Gerdol 
et al.  2012 ) were reported in  Pocillopora damicornis  (Vidal- 
Dupiol et al.  2014 ), and these were down-regulated in 
response to  thermal stress   and exposure to  pathogens  . 

 Three families of AMPs have been identifi ed in  Hydra  by 
a combination of biochemical methods and by mining exist-
ing genomes (reviewed in Augustin et al.  2010 ; Bosch  2012 , 
 2014 ). In  Hydra  spp., AMPs are sequestered into the epithe-
lium and  pathogen   invasion causes increased  expression of 
genes   encoding for AMPs, which induces their production 
(Bosch et al.  2009 ; Augustin et al.  2010 ). Exposure to a  cul-
ture   fi ltrate of  Pseudomonas aeruginosa , a potent immune 
inducer containing LPS and fl agellin, induced expression of 
Hydramacin-1 (Bosch et al.  2009 ), which exhibits strong 
 antibacterial activity   against a diversity of human  pathogens   
(Bosch et al.  2009 ; Jung et al.  2009 ). Hydramacin-1 pro-
motes bacterial aggregation at low concentrations, represent-
ing the initial step of its bactericidal mechanism, which 
includes permeabilizing membranes of viable bacteria, 
although the bacteria die with intact cell membranes, sug-
gesting that  programmed cell death   may be induced (Jung 
et al.  2009 ). However, Hydramacin-1 did not inhibit 
 Pseudomonas aeruginosa , even though  Hydra  spp. tissue 
extract is active against this bacterium, suggesting that addi-
tional components of the  Hydra  tissue extract also possess 
antibacterial  activity      (Bosch et al.  2009 ). 

 The  genomes of  Hydra  spp.   contain genes for numerous 
 arminins   (Franzenburg et al.  2013 ). The fi rst of these 
described was arminin 1a, an  AMP         with no sequence homol-
ogy in other taxa (Augustin et al.  2009 ). Arminin 1a has 
strong broad-spectrum activity against human drug resistant 
 pathogens  , and kills bacteria by disrupting the bacterial cell 
wall without harming eukaryotic cells (Augustin et al.  2009 ). 
The expression of other arminims is species-specifi c 
(Franzenburg et al.  2013 ). Using arminin knockouts, 

Franzenburg et al. ( 2013 ) demonstrated that arminins func-
tion as species-specifi c AMPs, enabling  Hydra  spp. to con-
trol their associated bacterial communities. 

 The periculins represent a third group of AMPs in  Hydra  
spp. with no known orthologs to other AMPs. Periculin-1 
responds rapidly to bacterial fl agellin and LPS, both of which 
cause a dose-dependent increase (Bosch et al.  2009 ). 
Periculin-1 may also respond to viral inducers (Bosch et al. 
 2009 ). Its strong bactericidal activity suggests that periculin 
is involved in  Hydra  spp.  host defense   (Bosch et al.  2009 ). 
Like the arminins, Perculin-1a also reduces overall bacterial 
load in embryonic  Hydra vulgaris , and its strong selectivity 
against certain bacterial species highlights its importance in 
controlling bacterial  community   structure (Fraune et al. 
 2010 ). At least fi ve members of the periculin  family      have 
been identifi ed in  Hydra  spp. (Fraune et al.  2010 ).  

28.4.2.2      Antimicrobial      Secondary Metabolites 
 Antimicrobial secondary metabolites, also called “small 
molecules” or “natural products” are vital to the  survival   of 
sessile marine  invertebrates  . The need to protect surfaces 
from  colonization   by  fouling   organisms and  pathogens   is a 
critical role of these compounds (reviewed in Slattery and 
Gochfeld  2012 ). Although largely studied from a  drug dis-
covery   perspective, recent studies have taken a more ecologi-
cal approach to evaluating the roles of chemical extracts and, 
in some cases, purifi ed compounds, within their host organ-
isms or against ecologically relevant  microbes        . Unfortunately, 
little is known about the receptor mediated activation and 
signaling pathways associated with the biosynthesis of these 
compounds in cnidarians. 

 Whereas anemones produce highly toxic venoms that are 
released by their  nematocysts   and are important in feeding 
and providing  protection   from  predators   and competitors, 
these compounds probably play minimal roles in defense 
from microbial  pathogens   (Bosch  2008 ). However, toxic 
nematocyst venoms from the anemones  Actineria villosa , 
  Phyllodiscus semoni   , and  Stichodactyla helianthus  include a 
class of compounds called the actinoporins, which form 
pores in target cell membranes and are suspected to be 
responsible for killing prey and deterring predators (Narat 
et al.  1994 ; Nagai et al.  2002 ; Oshiro et al.  2004 ; Otero- 
Gonzalez et al.  2010 ), but could also kill potential  pathogens  . 
 Mucus   and tissue extracts from anemones have shown only 
limited antimicrobial activity against microbes (Williams 
et al.  2007 ; Gunasundari et al.  2013 ), whereas mucus from 
the surface of  Metridium senile  stimulated the growth of 11 
marine bacterial strains, suggesting that antibacterial com-
pounds are not an effective defense against pathogenesis in 
this  species      (Astley and Ratcliffe  1989 ). 

 In addition to broad surveys of  antimicrobial activity   in 
 gorgonians   (reviewed in Slattery and Gochfeld  2012 ), some 
studies have targeted particular gorgonian  pathogens  . 
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Nonpolar extracts of the sea fans   Gorgonia ventalina   , 
 Gorgonia fl abellum  and 13 other Caribbean gorgonians 
inhibited spore germination of   Aspergillus sydowii         , the fun-
gal pathogen of sea fans, at natural concentrations (Kim et al. 
 2000a ,  b ; Dube et al.  2002 ). However, since  Gorgonia  spp. 
are the known hosts of  Aspergillus sydowii , this suggests that 
other sources of immune function are necessary to inhibit 
pathogenesis. Extracts from  Gorgonia marinae , which is less 
susceptible to aspergillosis than either of its conspecifi cs, 
had the strongest antifungal activity against  Aspergillus 
sydowii  (Mullen et al.  2006 ). 

 Because of their greater interest in the  pharmaceutical   
arena, more effort has been directed towards identifying spe-
cifi c compounds associated with antimicrobial activity in the 
 soft corals   than in other cnidarians.  Sinularia fl exibilis  pro-
duces the antibacterial diterpenes sinulariolide and fl exibil-
ide, which inhibit the growth of Gram-positive bacteria 
associated with human health (Aceret et al.  1998 ). The 
Antarctic soft coral  Gersemia antarctica  releases potent anti-
microbial compounds into the surrounding seawater (Slattery 
et al.  1997 ). The most active of these compounds was identi-
fi ed as homarine, which is widespread in marine  inverte-
brates  , including cnidarians (e.g.,  gorgonians    Leptogorgia 
virgulata ,  Leptogorgia setacea  and  Eunicella sinuglaris , 
hydrozoan  Tubularia crocea , and scleractinian corals 
  Montipora     capitata  and   Porites    spp.; Affeld et al.  2006 ; 
Targett et al.  1983 ; Maldonado et al.  in review ). In addition 
to  Gersemia antarctica , homarine also exhibits  antibacterial 
activity   in  Leptogorgia virgulata ,  Montipora capitata  and 
 Porites  spp. (Shapo et al.  2007 , Gochfeld unpublished data). 

 There is evidence that some of these antimicrobial metab-
olites are inducible during infections. Kim et al. ( 2000b ) 
found antifungal activity to be higher in tissues closest to 
aspergillosis lesions and in diseased vs. healthy   Gorgonia 
ventalina    colonies. Antifungal activity also increased in 
 Gorgonia ventalina  following experimental inoculation with 
the fungal  pathogen    Aspergillus sydowii , providing strong 
evidence for an inducible defense (Dube et al.  2002 ). 
However, in broader geographic surveys, antifungal activity 
did not correlate with sea fan disease status or history, sug-
gesting selection for resistance over time (Dube et al.  2002 ; 
Kim and Harvell  2004 ; Couch et al.  2008 ). 

 In addition, stimulation of immune  effectors               by disease can 
affect the production of other types of chemical defenses. For 
example, in the sea fan  Gorgonia ventalina , the feeding deter-
rent compound julieannafuran decreased following fungal 
infection, resulting in increased levels of predation on affected 
fans (Slattery  1999 ). Likewise, colonies of  Sinularia  spp. 
affected by  Sinularia  Tissue Loss Disease were more palatable 
to butterfl yfi shes than healthy conspecifi cs (Slattery et al. 
 2013 ), suggesting a reduction in defenses in these corals. 

 Antimicrobial activity in scleractinians has received far 
less attention than in soft-bodied sessile taxa, largely due to 

the supposition that their hard  calcareous skeletons   pre-
cluded the need to synthesize chemical defenses. Clearly, 
that supposition undervalues the importance of immunity in 
scleractinian corals, and studies have demonstrated antimi-
crobial activity in scleractinian coral tissues, their  mucus   and 
in compounds released into the surrounding water. As in 
octocorals, broad surveys of extracts from scleractinian cor-
als documented widespread but selective antibacterial activ-
ity (reviewed in Slattery and Gochfeld  2012 ). For example, 
aqueous extracts from 18 species of Caribbean corals (Pappas 
 2010 ; Gochfeld unpublished data) and 3 species of Hawaiian 
corals (Gochfeld and Aeby  2008 ) showed highly selective 
antibacterial activity against a panel of known coral  patho-
gens  , potential marine  pathogens   from human waste, and 
 coral-associated bacteria  . In contrast, Kelman ( 2009 ) found 
minimal  antibacterial activity   from nonpolar extracts of  Red 
Sea   corals, compared with widespread activity among the 
 soft coral   species tested. Some of these differences may 
refl ect the overall greater antibacterial activity of aqueous 
extracts in the scleractinian corals, as compared to the more 
active nonpolar fractions in soft corals (Gochfeld unpub-
lished data). Likewise, due to differences in extraction meth-
ods, antibacterial activity in protein extracts of corals may 
include activity due to AMPs (such as  damicornin   mentioned 
above), which would not necessarily be present in aqueous 
extracts. Protein extracts from tissues of the Caribbean corals 
  Orbicella faveolata         ,  Stephanocoenia intersepta  and   Porites 
astreoides    also exhibit antibacterial activity (Mydlarz et al. 
 2009 ; Palmer et al.  2011b ). 

 The isolation techniques and manipulation of the corals 
may have underestimated the antimicrobial compounds in 
scleractinian  corals     . For example, Geffen and Rosenberg 
( 2004 ) described the rapid release of coral antibacterial com-
pounds into the surrounding water following mechanical dis-
turbance of several species of  Red Sea   corals. The release 
was fast and potent, killing Gram-negative and Gram- 
positive bacteria, including coral  pathogens  , within 1 min of 
release. In a follow-up study, antibacterial activity was 
released upon repeated  disturbance  , suggesting that it is con-
stitutively present rather than inducible upon infection or 
damage (Geffen et al.  2009 ). 

 While  antimicrobial activity   now appears to be wide-
spread in corals, there is signifi cant intraspecifi c variability 
in activity due to a diversity of  stressors  , including disease, 
suggesting either that healthy corals remain healthy due to 
different constitutive levels of chemical defenses or that 
pathogenesis induces up- or down-regulation in the produc-
tion of these defenses. Differences in antibacterial activity in 
extracts from colonies of   Siderastrea siderea    affected by 
Dark Spot Syndrome compared to healthy colonies may be 
related to differences in the concentrations of two uncharac-
terized compounds, suggesting the potential for induced 
antimicrobial defenses (Gochfeld et al.  2006 ; Pappas  2010 ). 
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Extracts from healthy colonies of  Montipora capitata  exhib-
ited greater antimicrobial activity against certain bacteria 
than did healthy tissues on colonies affected by   Montipora    
White Syndrome, suggesting that greater constitutive levels 
of antibacterial defense in healthy corals may protect them 
from  pathogens   (Gochfeld and Aeby  2008 ). In addition, 
extracts from diseased tissues on  Montipora  White 
Syndrome-affected colonies exhibited higher levels of anti-
bacterial activity against the coral pathogen  Aurantimonas 
coralicida  than did healthy tissues on those diseased colo-
nies, indicative of a locally induced defense (Gochfeld and 
Aeby  2008 ). Protein extracts from   Orbicella faveolata    colo-
nies affected by Yellow Band Disease had higher levels of 
antibacterial activity in both healthy and infected tissues of 
diseased colonies than in healthy colonies, suggesting a sys-
temic response to infection (Mydlarz et al.  2009 ). 

 Surprisingly, in spite of their  toxicity         towards humans, 
little is known about antimicrobial activity in hydrozoans 
beyond their reported  AMPs  . Two species of fi re coral, 
  Millepora    spp., from the  Red Sea   exhibited minor antibacte-
rial and antifungal activity against human, animal and plant 
 pathogens         (Al-Lihaibi  2005 ).  

28.4.2.3     Other  Antimicrobial   Mechanisms 
 Protease inhibitors counteract the impacts of proteases pro-
duced by many pathogenic  microbes  , which aid in  coloniza-
tion   of host tissue and evasion of host immune defenses. By 
inhibiting these processes, serine protease inhibitors reduce 
pathogen growth or kill them outright (Augustin et al.  2010 ). 
  Hydra magnipapillata    produces a kazal-type serine protease 
inhibitor, Kazal-2, which has potent anti-staphyloccocal activ-
ity (Augustin et al.  2009 ).   Gorgonia ventalina    produces prote-
ase inhibitors that are active against proteases secreted by the 
fungal pathogen   Aspergillus sydowii    (Mann et al.  2014 ). 

 Lysozyme-like activity in sea fans is facilitated by a small 
lysozyme-like protein commonly grouped with  AMPs   due to 
its small size and ability to hydrolyze the peptidoglycans in 
bacterial cell walls (Couch et al.  2008 ). Lysozyme-like activ-
ity was greatest in colonies of  Orbicella faveolata  affected 
by Yellow Band Disease (Mydlarz et al.  2009 ).  Mucus   from 
the anemone  Anthopleura elegantissima  also contains a 
lysozyme- like enzyme that lyses bacteria (Phillips  1963 , 
cited in Mullen et al.  2004 ). 

 Chitinases are enzymes that hydrolyze chitin, a major 
component of fungal cell walls. Exochitinase is found in 
healthy   Gorgonia ventalina         , but only a transient increase in 
exochitinase activity was observed in response to fungal 
infection, suggesting that it serves primarily as a constitutive 
defense (Douglas et al.  2006 ). Exochitinase was released 
into the water surrounding the sea fan and did exhibit limited 
antifungal activity against  Aspergillus sydowii  (Douglas 
et al.  2006 ). Chitinases have also been reported from three 
species of hydrozoans,  Hydra attenuata ,  Hydra circumcincta  

and  Podocoryne carnea  (Klug et al.  1984 ). The fi rst chitinase 
cDNA from a cnidarian was cloned from  Hydractinia echi-
nata  by Mali et al. ( 2004 ), and in-situ hybridization indicated 
localized expression of this gene in the  ectoderm   and hyper-
plastic stolons, which are induced during allorecognition of 
histoincompatible colonies, suggesting a potential function 
in  immunity  .   

28.4.3     Cellular Responses 

 Maintenance of an intact epithelium layer is essential to pro-
tection from  pathogens   and other  stressors  . In contrast to the 
hydrozoans,  anthozoans   have circulating populations of 
amoebocytes that can migrate to sites of injury and phagocy-
tose foreign cells resulting in exposure to proteolytic enzymes 
and  free radicals   (Mullen et al.  2004 ). Many cnidarians can 
mount an  infl ammation   response, which consists of an attempt 
to destroy or isolate the source of damage and any affected 
host cells. This typically involves rapid infi ltration of injured 
tissue by immune cells and initiation of phagocytosis. 
Phagocytic cells can engulf and destroy  pathogens   or other 
foreign cells, often with the aid of ROS or  antimicrobial   com-
pounds produced by the phagocytes, or encapsulate foreign 
cells and thereby provide a barrier between affected and 
healthy tissue (Palmer et al.  2008 ). In cnidarians, phagocyto-
sis is also a primary means of acquiring  nutrition   and of main-
taining  host-symbiont relationships   (Mullen et al.  2004 ). 

28.4.3.1     Mobile  Cytotoxic         Cells and Reactive 
Oxygen and Nitrogen 

 In the anemone   Actinia equina   , amoebocytes are stored in the 
mesenterial fi laments. Whereas only hyaline amoebocytes 
were observed to phagocytose and kill Gram-negative bacte-
ria, mixed  cultures   of hyaline and granular amoebocytes also 
produced  antibacterial activity   upon stimulation by LPS, 
likely via the production of superoxide anions and other ROS 
through an oxidative burst (Hutton and Smith  1996 ). 

 In  gorgonians  , immediately following injury, a signifi cant 
increase in amoebocytes was observed in the immediate 
vicinity (<1 mm) of the damaged tissue, with a decline in 
amoebocytes in adjacent tissues, suggesting that amoebo-
cytes migrate from adjacent tissues to the site of repair 
(Meszaros and Bigger  1999 ). Following tissue damage in 
 Swiftia exserta , granular cells staining positive for peroxi-
dase were associated with phagocytosis of foreign particles, 
but the population of phagocytic cells was not uniform, indi-
cating that multiple cell types may be involved in this pro-
cess (Olano and Bigger  2000 ). 

 Amoebocytes also play critical roles in the cellular 
response to disease in  gorgonians  . In the sea fan   Gorgonia 
ventalina   , an infl ammatory response is characterized by mas-
sive increases in granular acidophilic amoebocytes. 
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Amoebocyte aggregation was associated with both naturally 
occurring infections and in the immediate area of experimen-
tal inoculations with the fungal pathogen   Aspergillus sydowii    
(Mydlarz et al.  2008 ; Couch et al.  2013 ). However, there was 
no evidence that amoebocyte  migration   from immediately 
adjacent tissue was responsible for this increase (Mydlarz 
et al.  2008 ). Fungal hyphae infi ltrate the gorgonin axial skel-
eton, where host-produced melanin is deposited, and melano-
somes were detected in amoebocytes adjacent to these 
 melanin   bands in infected sea fans, pointing to granular 
amoebocytes as the sites of melanin synthesis. Since amoebo-
cytes are responsible for phagocytosis and melanin produc-
tion, they likely play a role in the antifungal activity observed 
in or adjacent to fungal lesions (Mydlarz et al.  2008 ). 

 In colonies of the hybrid  soft coral    Sinularia maxima  x 
 polydactyla  affected by  Sinularia  Tissue Loss Disease, dis-
eased tissue was also characterized by a proliferation of 
 amoebocytes  , which were frequently observed to envelop 
unidentifi ed foreign eukaryotic cells (Slattery et al.  2013 ). 
Although not confi rmed, these foreign cells may represent 
the disease agent, as all of these cells were engulfed by 
amoebocytes. Mesogleal amoebocyte area was also signifi -
cantly increased in diseased tissue, although this appeared to 
be a localized response, as healthy tissue on diseased colo-
nies did not differ in amoebocyte area from healthy colonies 
(Slattery et al.  2013 ). 

 In scleractinian corals,  amoebocytes      containing acido-
philic granules have been observed in  Montastraea caver-
nosa  (Vargas-Angel et al.  2007 ), in which a rapid  migration   
of granular amoebocytes was observed during tissue repair 
(Renegar et al.  2008 ). Chromophore cells infi ltrating the 
 calicoblastic epithelium   in skeletal tissue anomalies of 
 Porites compressa  (Domart-Coulon et al.  2006 ) and melanin- 
containing granular cells in the epidermis or gastrodermis of 
several species of  Indo-Pacifi c   corals (Palmer et al.  2008 , 
 2010 ) likely also represent  amoebocytes  . 

 An important role of mobile amoebocyte or phagocytic 
cells is the release of reactive oxygen and nitrogen species to 
aid in pathogen killing. Hydrogen peroxide as part of an oxi-
dative burst has been identifi ed in several  gorgonian corals   
(Mydlarz et al.  2006 ), or as a constitutive release into the 
surrounding water (Shaked and Armoza-Zvuloni  2013 ; 
Armoza-Zvuloni and Shaked  2014 ). In a process called 
ETosis, chromatin is expelled from cell nuclei in response to 
an oxidative burst, LPS, or bacteria (Robb et al.  2014 ). To 
date, this has been studied in only a few  invertebrates  , but 
phagocytes in the  mesoglea   of the anemone   Actinia equina    
produce ROS via a respiratory burst, which releases chroma-
tin that may combine with the  mucus   to trap  microbes  , where 
they may come into contact with  antimicrobial   compounds 
or ROS that destroy them (Robb et al.  2014 ). 

 Nitric oxide synthase (NOS) has been measured in the sea 
anemone  Aiptasia pallida , the scleractinian coral   Acropora 

millepora    and the  soft coral    Lobophytum paucifl orum , indi-
cating that it is widespread among cnidarians (Safavi- 
Hemami et al.  2010 ). Nitric oxide (NO) was induced in 
response to LPS in  Aiptasia pallida  (Perez and Weis  2006 ), 
suggesting a potential role in response to  pathogens        . 

 Other cellular responses to infection have been observed 
in scleractinian corals. For example, zymogen granules were 
concentrated in the calicodermis in response to endolithic 
fungi associated with Dark Spot Syndrome in   Siderastrea 
siderea   , and mucocyte size increased in Dark Spot Syndrome- 
affected tissues (Renegar et al.  2008 ), suggesting the need 
for greater  mucus   production, a common sign of stress in 
corals.  Hydra  spp. do not have mobile phagocytes, and thus 
the epithelium serves as the sole center of the innate  immune 
system  , employing complex signaling pathways and defen-
sive molecules, including  AMPs   (Bosch et al.  2009 ). 
However, upon exposure to  culture   fi ltrates of  Pseudomonas 
aeruginosa , ectodermal epithelial cells of   Hydra magnipa-
pillata    changed  morphology   and acquired a large number of 
granules, and endodermal epithelial cells were observed to 
engulf  bacteria   (Bosch et al.  2009 ).  

28.4.3.2     Encapsulation 
 Scleractinians and  gorgonians   can also encapsulate invading 
 microbes   by increasing deposition of skeleton and protein-
aceous organic material, such as collagen or gorgonin, to 
form a nodule surrounding the foreign organism (Mullen 
et al.  2004 ). Gorgonians may separate the host from the para-
site by formation of a proteinaceous capsule (Goldberg et al. 
 1984 ).   Gorgonia ventalina    secretes gorgonin to surround 
invading algal fi laments (Morse et al.  1977 ) and an unidenti-
fi ed parasite (Mullen et al.  2004 ). Scleractinians may exhibit 
accelerated growth in response to the presence of foreign 
organisms, such as epibionts or parasites (Aeby  2003 ; 
D’Angelo et al.  2012 ), which may encapsulate and attempt 
to minimize their damage to host tissues. 

 An increase in purple-pigmented  calcium carbonate scler-
ites   in gorgonians occurs in response to biotic  stressors  , 
including fungal infection (Alker et al.  2004 ; Mydlarz and 
Harvell  2007 ), and in response to predation (Puglisi et al. 
 2002 ). The purple pigment appears to be due to a carotenoid, 
some of which have  antioxidant   or antifungal activity 
(Leverette et al.  2008 ), but otherwise the function is unknown. 

 Although less studied than in corals, the melanin- 
synthesizing pathway has been found to occur in several spe-
cies of anemones. The Argentinian anemones  Aulactinia 
marplatensis  and  Bunodosoma zamponii  exhibited PO activ-
ity in all tissues, and the high constitutive levels in  B. zam-
ponii  were considered likely to provide resistance against 
disease (Gimenez et al.  2014 ). Upon exposure to the polymi-
crobial consortium associated with Caribbean Yellow Band 
Disease in corals, PPO activity in  Aiptasia pallida   polyps   
was up-regulated 8.5-fold over healthy polyps (Zaragoza 
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et al.  2014 ). To corroborate the end product of this pathway 
in anemones,  melanin         granules were observed in  Aiptasia 
pallida  following infection with   Serratia marcescens    
(Zaragoza et al.  2014 ). 

 In   Gorgonia ventalina   , melanin is deposited as a localized 
band along the axial skeleton in areas adjacent to fungal 
hyphae, and acts both to strengthen the skeleton and to 
encapsulate the fungal hyphae so they are unable to penetrate 
surrounding tissue (Petes et al.  2003 ; Mullen et al.  2004 ; 
Mydlarz et al.  2008 ). An increase in PPO activity was 
observed in conjunction with this increase in melanin depo-
sition and granular amoebocytes in fungal-infected tissues 
(Mydlarz et al.  2008 ; Couch et al.  2013 ).  Melanin deposition 
in  Gorgonia ventalina    was also observed in response to an 
unidentifi ed parasite (Mullen et al.  2004 ) and to aggregations 
of Labyrinthulomycetes (Burge et al.  2012 ). PO, PPO and 
melanin were found constitutively in colonies of the  soft cor-
als  Sarcophyton  sp.   and  Lobophyton  sp., with  Sinularia  sp. 
having the highest level of enzyme activity (Palmer et al. 
 2010 ,  2012 ). 

 The melanin synthesis pathway is also active in sclerac-
tinian corals. Interspecifi c constitutive differences in immune 
responses may play a role in relative susceptibility to dis-
ease. For example,   Acropora millepora          had constitutive lev-
els of PO that were half those of   Porites    sp., with no  melanin   
deposition, whereas  Porites  sp. had higher constitutive levels 
of PO and an inducible melanin response. These factors may 
contribute to the greater susceptibility of  Acropora  spp. than 
 Porites  spp. to diseases (Palmer et al.  2008 ). A more exten-
sive survey of scleractinian coral  species   from the Great 
Barrier Reef found that all contained PO, PPO and melanin- 
containing granular cells, and that these constitutive indica-
tors of immunity, along with fl uorescent protein concentration, 
were good predictors of relative susceptibility to bleaching 
and disease (Palmer et al.  2010 ,  2012 ). Likewise,   Porites ast-
reoides    had signifi cantly higher PPO activity and melanin 
concentration than   Orbicella faveolata    (Palmer et al.  2011b ). 
Melanin concentration was signifi cantly correlated with  phy-
logeny   at the species level in Caribbean corals and was 
higher in corals that experienced less disease pressure 
(Pinzon et al.  2014a ). 

 Palmer et al. ( 2008 ) found up-regulation of PO activity in 
abnormally pigmented tissues of   Acropora millepora   , 
although no melanin deposition was observed, confi rming 
the inducibility of PO activity in corals, but also indicating 
that PO activity does not necessarily lead to melanin deposi-
tion. In contrast, a fourfold increase in the density of granu-
lar cells containing melanin was observed in pigmented 
regions of  Porites  sp. colonies and assumed to be involved in 
encapsulation (Palmer et al.  2008 ). Melanin-containing 
granular cells are also present in the epidermis of pigmented 
tissues in  Porites  trematodiasis (Palmer et al.  2009b ). These 
studies confi rmed that melanin represents the biochemical 

content of the granular cells observed in  anthozoan         cellular 
responses (i.e., amoebocytes) to invasion. Since abnormally 
pigmented tissues are commonly observed in corals and are 
due to a diversity of causes, it appears that melanization is a 
generalized defensive response to localized stress. 

 Exposure to commercial LPS, in combination with ele-
vated seawater temperature, induced a signifi cant increase in 
PPO activity, but not melanin concentration, in 
 Stephanoecoenia intersepta  and  Porites astreoides , although 
not in   Orbicella faveolata    (Palmer et al.  2011b ). PO activity 
was signifi cantly reduced in colonies of  Acropora millepora  
affected by White Syndrome relative to healthy colonies, 
although PO activity in diseased colonies was induced at the 
border of the lesion (Palmer et al.  2011a ).  Porites compressa  
affected by  Porites  Bleaching and Tissue Loss Disease also 
showed a decline in melanin containing granular cell densi-
ties in affected tissues (Sudek et al.  2012 ).    

28.5     Repair Mechanisms in Cnidarians 

  Pathogenic   infections and physical injuries trigger cellular 
and tissue repair mechanisms in all organisms. These 
responses are critical for individual  survival   and species  fi t-
ness   (Reitzel et al.  2008 ). In cnidarians, responses to  stress-
ors   and repair mechanisms are complex and dynamic (Olano 
and Bigger  2000 ), integrating several cellular components 
and events (Reitzel et al.  2008 ). Among the best character-
ized repair mechanisms are  antioxidants  ,  apoptosis  , and 
wound healing (Fig.  28.2 ). These mechanisms are an essen-
tial part of an effi cient immune response in Cnidaria (Wenger 
et al.  2014 ).

28.5.1       Antioxidants 

 Continuous production of exposure to oxygen radicals can 
result in  oxidative stress   (Tarrant et al.  2014 ), an imbalance 
between ROS production and antioxidant defenses (Sies 
 2000 ; Betteridge  2000 ; Lesser  2006 ). Common sources of 
ROS in the immune response include respiratory burst and 
other disruptions of cellular and physiological processes 
(Betteridge  2000 ; Landis and Tower  2005 ; Tarrant et al. 
 2014 ). High levels of ROS affect cellular integrity, lead to 
tissue damage, diminish whole organism defensive responses 
and/or cause  death   (Betteridge  2000 ; Palmer et al.  2009a ; 
Tarrant et al.  2014 ). To limit ROS levels and prevent oxida-
tive stress, the cell uses various enzymatic and non- enzymatic 
antioxidants (Halliwell  1994 ; Hawkridge et al.  2000 ; Kim 
et al.  2011 ; Tarrant et al.  2014 ). The enzymes  superoxide dis-
mutase (SOD)  , catalase and peroxidase play important roles 
in controlling  free radical   levels and preventing oxidative 
stress. SOD  catalyzes         superoxide oxidation to molecular 
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oxygen and reduction to hydrogen peroxide, while catalases 
and peroxidases convert hydrogen peroxide to oxygen and 
water (Halliwell  1994 ; Betteridge  2000 ). Together, these 
three enzymes control ROS levels; however, during stress, 
up-regulation of heat shock proteins also contributes to regu-
lating ROS and repairing cells (Feder and Hofmann  1999 ; 
Tarrant et al.  2014 ). 

 Through genome and  transcriptome sequencing  , many 
antioxidant genes have been identifi ed in the Cnidaria. 
 Antioxidant   genes have been found in the sea anemones, 
 Nematostella vectensis  (Goldstone  2008 ; Reitzel et al.  2008 ) 
and  Aiptasia pallida  (Sunagawa et al.  2009b ). An analysis of 
the  Nematostella vectensis  genome described the “defen-
some” (the battery of genes in charge of immune production), 
in which antioxidants play a key role in immune responses 
(Goldstone  2008 ). Two kinds of SOD ( CuZnSOD   and 
 MnSOD  ) and several  catalase genes   were identifi ed in the 
 genomes and transcriptomes of the corals  Acropora digitifera    
(Shinzato et al.  2011 ),   Acropora palmata    (DeSalvo et al.  2010 ) 
and   Orbicella faveolata    (DeSalvo et al.  2008 ). Antioxidant 
genes were also part of the immune responses of the sea fan 
  Gorgonia ventalina    to the unicellular parasite  Aplanochytrium  
(Burge et al.  2013 ). Genes for catalase have been identifi ed in 
 Hydra vulgaris  (Wenger et al.  2014 ). These sequences have 
helped characterize the protein structure of cnidarian SOD and 
 catalases         (Dash et al.  2007 ; Dash and Phillips  2012 ). 

 Protein activity levels of antioxidants, such as SOD, cata-
lase and peroxidase, have been measured in many different 

species.  Anemonia viridis  has two kinds of SOD (CuZnSOD 
and  MnSOD  ) enzymes, both of which are found in the  ecto-
derm   and the endoderm of this anemone. In the ectoderm, 
SOD activity is low and catalase activity is high, in an appar-
ent discordance between the functions and relation between 
these enzymes (Richier et al.  2003 ). The reason could be that 
catalase acts against external  stressors   in addition to scav-
enging hydrogen peroxide produced by  SOD   (Merle et al. 
 2007 ). SOD and catalase activity were observed in 24 cni-
darians from the Great Barrier Reef (Shick and Dykens 
 1985 ), and demonstrated a positive correlation across most 
of the collected species, implying that catalase activity is 
related to the production of hydrogen peroxide by SOD. 

 Hawkridge et al. ( 2000 ) used immunocytochemical tech-
niques to establish the presence, location and distribution of 
SOD, catalase and glutathione peroxidase in the sea anem-
one  Anemonia viridis  and in the coral   Goniopora stokesi   . 
Antioxidants in these two cnidarians are associated with 
granular vesicles and accumulation bodies, indicating the 
conformation of peroxisomes (Hawkridge et al.  2000 ). Five 
peroxidase isoforms occur in the sea fan   Gorgonia ventalina    
and were induced following experimental inoculation with 
the fungal  pathogen     Aspergillus sydowii    (Mydlarz and 
Harvell  2007 ). Furthermore, peroxidase was localized in 
granular amoebocytes in the process of phagocytosis in the 
 gorgonian    Swiftia exserta  (Olano and Bigger  2000 ). 
Peroxidase, along with other antioxidant enzymes, occurs 
constitutively in seven species of healthy Caribbean sclerac-

  Fig. 28.2    Schematic 
representation of the 
steps involved in tissue 
repair and wound 
healing after a  pathogen   
attack and lesion       
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tinian corals (Mydlarz and Palmer  2011 ). Peroxidase activity 
varied at the genus and species level in Caribbean  corals   and 
was correlated with disease prevalence (Pinzon et al.  2014a ). 

 There are several other antioxidant systems that may 
serve as supplemental systems when enzymatic antioxidant 
systems are overwhelmed. Fluorescent proteins (FPs) have 
multiple functions in anthozoan  symbioses  , primarily in pho-
toprotection (Salih et al.  2000 ). With respect to immunity, 
their most important role is to scavenge hydrogen peroxide, 
and thereby contribute to the host’s  antioxidant         defense 
(Palmer et al.  2009a ). Coral tissue often develops abnormal 
pigmentation in response to injury or infection, and red FPs, 
which exhibit signifi cantly greater total fl uorescence and 
hydrogen peroxide scavenging activity, are often associated 
with this pigmentation response (Palmer et al.  2009a ,  b ). FPs 
are locally induced in  Porites compressa  tissue harboring 
parasitic trematodes (Palmer et al.  2008 ), with the resulting 
pink tissue attracting coral-feeding butterfl yfi shes that con-
sume the parasite and enable the coral  polyps   to recover 
(Aeby  1992 ). 

  Mycosporine-like amino acids   and  dimethylsulfoniopro-
prionate   represent other antioxidant molecules and mecha-
nisms identifi ed in cnidarians (Lesser  2006 ; Van Alstyne 
et al.  2006 ). Their roles have mainly been characterized in 
response to  environmental stress  , but like FPs, they may be 
important in immunity as supplemental antioxidant 
 systems  .  

28.5.2     Apoptosis 

  Apoptosis   is a key biological process important in many 
aspects of the development and functionality of all organ-
isms, including defense against diseases (Zmasek et al.  2007 ; 
Di Pietro et al.  2009 ). In fact, as a testament to the critical 
role of apoptosis in immunity, some  pathogens   develop regu-
lating factors to control apoptosis as a way to increase viru-
lence (Hedrick et al.  2010 ). During apoptosis, old, damaged 
and/or infected cells are destroyed.  Cell death   starts with 
signaling recognition and activation of the initiation cas-
pases, and is followed by the activation of executing caspases 
and cell deletion (Dunn et al.  2006 ). This process is highly 
conserved in  nature         and is regulated by pro- (e.g., Bax) and 
anti- (e.g., Bcl2) apoptosis proteins. Apoptosis-related pro-
teins include NB-ARC, caspases, caspase  recruitment   
domain (CARD), death domain (DD) and death domain 
effectors (DDE) (Zmasek et al.  2007 ). These proteins form 
the same complexes, with similar domain organization (i.e. 
CARD-NB-ARC-repeats) among cnidarians and across ver-
tebrates.  Genomic data   from  Nematostella vectensis  and 
  Hydra magnipapillata    indicate that cnidarians possess some 
of the most variable apoptosis-protein cores among animals, 
with 4–11 proteins (Zmasek et al.  2007 ). 

 Several genes associated with apoptosis, including both 
pro- and anti-apoptotic regulators were differentially affected 
in White Band Disease infected   Acropora cervicornis   . Tumor 
 necrosis   factor receptor superfamily member 1A (TNFRSF1A) 
and caspase 3 (CASP-3) genes were up- regulated, while cas-
pase 8 (CASP-8) was down-regulated in White Band Disease 
infected corals (Libro et al.  2013 ). Similarly, in  Indo-Pacifi c   
acroporid corals, individuals infected with White Band 
Disease had cellular markers indicative of apoptosis. The pro-
portion of apoptotic cells was dramatically increased in dis-
eased corals; that, combined with the absence of a clear 
pathogen, suggested that apoptosis was part of the disease 
etiology (Ainsworth et al.  2007 ). Characteristic blebbing of 
apoptotic  cells   was also detected in the wound-healing clot of 
 Porites cylindrica  (Palmer et al.  2011c ).  

28.5.3     Wound Healing 

 Wound healing is important as it re-establishes the function(s) 
of injured areas and prevents infections (Poss  2010 ; Galliot 
 2012 ). In sessile organisms, including most cnidarians, which 
are continuously exposed to physical damage by both abiotic 
and biotic  stressors  , including disease, wound healing is 
extremely important (Reitzel et al.  2008 ). Immediately after 
injury, the host response is activated to prevent infection and 
start the removal of cellular debris around the wound area 
(Peiris et al.  2014 ). Wound healing involves several phases: 
plug formation,  infl ammation  , tissue proliferation and matura-
tion (DesVoigne and Sparks  1968 ; Fontaine and Lightner 
 1973 ; Sherratt and Murray  1990 ; Theopold et al.  2004 ; Palmer 
et al.  2011c ). The coordination and synchronization of the dif-
ferent components of this process is complex and involves 
several pathways (Godwin and Brockes  2006 ; Gurtner et al. 
 2008 ; Godwin and Rosenthal  2014 ). Differences in the heal-
ing and regeneration capabilities across taxa have been linked 
to the complexity of the  immune system   (Godwin and Brockes 
 2006 ; Godwin and Rosenthal  2014 ; Peiris et al.  2014 ). In gen-
eral, organisms with “simple” immune systems (e.g., cnidari-
ans) have a higher regeneration capacity, while higher animals 
with “complex” immune systems (e.g.,  mammals        ) usually 
show low regeneration capabilities (Peiris et al.  2014 ). 

 Genomic analyses are now revealing details of the wound 
healing process in cnidarians (Pang et al.  2004 ; Reitzel et al. 
 2008 ). In  Nematostella vectensis , the cells around an injury 
tend to cluster together, triggering the  expression of genes   
related to wound healing and regeneration. The MAPK/ERK 
and Wnt pathways are actively involved in this process (Pang 
et al.  2004 ). MAPK/ERK regulates cell movement and rec-
ognition while Wnt regulates axis formation (Pang et al. 
 2004 ). In   Hydra magnipapillata   , Wnt3 signaling appears to 
be the primary tissue regeneration mechanism (Lengfeld 
et al.  2009 ; Galliot and Chera  2010 ). In these two cnidarians, 
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regeneration and wound healing act in conjunction with 
apoptosis to control cell proliferation (Pang et al.  2004 ; 
Galliot and Chera  2010 ). 

 Several cell types with wound healing potential are known 
in the anemone   Actinia equina    (Hutton and Smith  1996 ) and 
the  gorgonians    Swiftia exserta  and  Plexaurella fusifera  
(Meszaros and Bigger  1999 ; Olano and Bigger  2000 ). 
Amoebocytes play a key role by aggregating near wound 
sites and initiating the production of connective mesogleal 
fi bers to seal the wound (Meszaros and Bigger  1999 ; Mydlarz 
et al.  2008 ). This process was detailed in higher resolution 
studies of wound healing in  Porites cylindrica  and   Acropora 
millepora         . A sequence of four main events was characterized 
(Palmer et al.  2008 ,  2011c ). First, plug formation via degran-
ulation of melanin-containing granular cells occurs, indi-
cated by a lack of melanin-containing granular cells and an 
increase in extracelluar melanin. This degranulation likely 
releases  antimicrobial   and  cytotoxic   material, including mel-
anin, which can kill foreign organisms, and may also explain 
an immediate decline in zooxanthellae in the wound vicinity. 
In stage 2, immune cells, including eosinophilic (acido-
philic) granular amoebocytes infi ltrate the area as part of an 
infl ammatory response, and spread out along the lesion edge. 
Agranular hyaline cells and fi broblasts with extensive pseu-
dopodia help to connect the tissue components, and are 
assumed to secrete collagen. Stage 3 is characterized by 
granular tissue formation (proliferation) with an increase in 
melanin, possibly to provide structural support. Stage 4, mat-
uration, is characterized by tissue differentiation, re- 
melanization of eosinophilic granular amoebocytes and 
 apoptosis   or  programmed cell death   of some immune cells. 

 Finally, another wound-healing related pathway in cnidar-
ians is the Notch signaling pathway. This pathway regulates 
cell fate and differentiation, controls proliferation, and has 
been associated with wound healing (Chigurupati et al.  2007 ; 
Marlow et al.  2012 ). In  Nematostella , Notch is fundamental 
for cellular differentiation during development and for cnido-
cyte cell fate (Marlow et al.  2012 ). In  Hydra vulgaris , Notch 
signaling is essential to control the differentiation of intersti-
tial cells (Kasbauer et al.  2007 ). All of these functions play 
signifi cant roles during the fi nal stages of wound healing.   

28.6     Overlap Between Immunity 
and  Symbiosis   

 Many Cnidarians, predominantly  anthozoans   (such as anemo-
nes and corals), form mutualistic relationships with  dinofl a-
gellate   symbionts that provide much of the  nutritional         resource 
for the host in exchange for protection (Baird et al.  2009 ). 
Since the symbiont is intracellular, both the establishment and 
breakdown of the symbiosis involves host immunity (Vidal-
Dupiol et al.  2009 ). Even though this review has focused on 

the immune responses of cnidarians to  pathogens  , we will 
briefl y highlight the overlap and integration of immune func-
tions in both facilitating the formation of the symbiosis and 
protecting the host from  pathogens  . A primary function of 
 innate immunity   is discrimination of self vs. non- self. The cni-
darian  immune system   must thus be able to differentiate 
between non-self cells that can be tolerated, including the 
symbionts, and  pathogens   that need to be eliminated. 

 Cellular and physiological processes need to be modifi ed 
to facilitate the formation of the symbiosis. A number of 
changes in  gene expression   are observed during the estab-
lishment of symbiosis in corals. These changes involve genes 
regulating cellular processes, such as those involved in cell 
cycle progression and apoptosis, and genes coding for lectin 
and other PRR domains (Schwarz et al.  2008a ). Many of 
these patterns of gene expression are similar to those that 
occur during host-pathogen interactions (Rodriguez-Lanetty 
et al.  2006 ). Therefore, there is strong evidence for the 
involvement of multiple recognition genes that have shared 
function in both  host defense   and symbiont recognition 
(Rodriguez-Lanetty et al.  2006 ; Schwarz et al.  2008a ). 

28.6.1     Establishment of  Symbiosis   

 The recognition of symbionts by  cnidarian hosts   is believed 
to be largely dependent on  lectin  /glycan interactions. In 
order for symbionts to be recognized by the host, they must 
possess an intact cell surface. Furthermore, α-mannose/α- -
glucose and α-galactose residues have been identifi ed as 
potential  Symbiodinium  cell-surface ligands essential in rec-
ognition (Wood-Charlson et al.  2006 ). One of the fi rst lectins 
described as having a potential role in the recognition of 
 symbionts   was SLL-2, a D-galactose binding lectin isolated 
from the  soft coral    Sinularia lochmodes . SLL-2 is highly 
expressed near the surface of symbionts, suggesting its role 
in the maintenance of symbiosis (Jimbo et al.  2000 ). A sec-
ond lectin important in symbiosis is CecL from the sclerac-
tinian coral  Fungia echinata , which binds to melibiose, 
lactose, and D-galactose. Exposure of symbionts to CecL 
triggers phenotypic changes, such as reduced motility and 
growth, suggesting that CecL, may play an important role in 
regulating  symbiotic relationships   in cnidarians (Jimbo et al. 
 2010 ). Finally,   Pocillopora damicornis    C type lectin (PdC- 
Lectin), which is specifi c for mannose, is believed to mediate 
molecular interactions between the host and symbiont. PdC- 
Lectin is highly expressed in endodermal tissue that is in 
contact with transient free zooxanthellae. Furthermore, 
expression of this protein has been shown to decrease just 
prior to bleaching, suggesting a role in the maintenance of 
symbiosis (Vidal-Dupiol et al.  2009 ). 

 Other  lectins         that have been identifi ed as crucial to symbi-
otic processes in cnidarians also have immune functions. The 
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best documented of these molecules is  millectin   (Kvennefors 
et al.  2008 ,  2010 ), which binds both bacterial  pathogens   and 
certain members of the genus  Symbiodinium . Millectin binds 
  Symbiodinium  clades   C1, C2, and A1, leading to agglutina-
tion and opsonisation of the potential symbionts (Kvennefors 
et al.  2008 ). Furthermore,  millectin   has been observed in 
coral epithelial cells and surrounding  Symbiodinium  
(Kvennefors et al.  2010 ). Based on these fi ndings, it is 
hypothesized that millectin plays a role in triggering the 
phagocytosis of  Symbiodinium , while other proteins deter-
mine whether the phagocytosed cells will become resident in 
host cells (Kvennefors et al.  2008 ). In addition to millectin, 
the  complement   protein C3 is also believed to play a role in 
symbiosis. C3 is expressed in areas of the gastroderm in 
close association with symbionts. C3 may serve a similar 
role to millectin, mediating phagocytosis of  Symbiodinium  to 
initiate  symbiosis  ; however, further evidence is needed to 
fully understand its role in mediating this  symbiosis   
(Kvennefors et al.  2010 ). 

 In addition to the dual use of cnidarian receptors for 
immune function and establishment of symbiosis, a number 
of effector responses may also affect both immunity and 
symbiosis. The sphingosine rheostat, a homeostatic cell reg-
ulatory pathway consisting of the sphingolipids sphingosine 
(Sph) and sphingosine 1-phosphate (S1P), impacts a number 
of cellular functions, including immunity, cell fate, and cell 
differentiation (Spiegel and Milstien  2000 ).  Transcriptomic 
analysis         has identifi ed the sphigosine rheostat as a potential 
pathway involved in the regulation of symbiosis in cnidari-
ans (Rodriguez-Lanetty et al.  2006 ). Furthermore, excess 
S1P may reduce the prevalence of heat-induced bleaching in 
cnidarians, while excess Sph may increase bleaching fre-
quency in response to  heat stress   (Detournay and Weis  2011 ). 
Whereas evidence indicates that the sphigosine rheostat 
plays a role in regulating symbiosis, the potential impacts of 
this system on immunity are unknown. 

 In contrast, recent studies have suggested that TGF-β may 
have effects on both establishment of symbiosis and immu-
nity in cnidarians (Detournay et al.  2012 ). Binding of TGF-β 
to its cellular receptor results in the production of SMAD 
intermediate compounds which can regulate expression of 
immune genes, resulting in immunosuppression (Massague 
 1998 ). Genes encoding for both TGF-β and its receptor have 
been found in  Aiptasia pallida , in which  Symbiodinium  may 
up-regulate host expression of TGF-β, thereby resulting in 
immunosuppression and tolerance of symbiosis (Detournay 
et al.  2012 ). While most known cnidarian immune receptors 
are designed to elicit an up-regulation of immune response, 
immunosuppression by a TGF-β receptor suggests that other 
mechanisms may exist in cnidarians in which immunity may 
be suppressed via receptor action. 

 In conclusion, the signifi cant systemic overlap in pro-
cesses involved in both the establishment of symbiosis and 

the  immune system   suggests that many of the genes and mol-
ecules essential to the establishment and maintenance of 
 symbioses   have been evolutionarily co-opted from existing 
immune pathways. Therefore, when considering questions 
of cnidarian immunity, it is essential to also consider the 
potential effects of symbiotic processes on immune func-
tions of the host  organism  .  

28.6.2     Breakdown of Symbiosis 

 The breakdown of symbiosis (known as bleaching) also 
involves many overlapping processes with immunity. ROS 
are produced as part of metabolism in photosynthetic symbi-
onts (Lesser  2006 ,  2007 ; McGinty et al.  2012 ). During  stress  , 
the levels of ROS can exceed constitutive  antioxidant   sys-
tems and become harmful to the host coral. This is believed 
to be one of the drivers of  coral bleaching   (Lesser  2006 , 
 2007 ). Since ROS is also a powerful  signaling molecule         and 
part of the oxidative burst in phagocytes, cross-talk between 
algal ROS and host immune pathways may occur (Mydlarz 
et al.  2009 ). 

 Antioxidants, such as  SOD  , are expressed by both the  cni-
darian host   and the  algal symbiont  , and can aid in regulating 
 oxidative stress   during pathogen-induced host responses 
(Mydlarz et al.  2006 ) and during thermal and  UV stress   in 
corals (Lesser  1997 ; Lesser and Farrell  2004 ). In the anem-
one  Anemonia viridis  and the coral   Goniopora stokesi   , SOD 
and catalase were found throughout the tissue in both spe-
cies, but were localized in the  cnidae  , intracellular granules 
throughout the host, and the symbiont itself (Hawkridge 
et al.  2000 ). Downs et al. ( 2002 ) and McGinty et al. ( 2012 ) 
also showed that various   Symbiodinium  clades   produce 
  antioxidants   and can increase production at elevated 
temperatures. 

  Apoptosis   is a key player during the breakdown of sym-
biosis in cnidarians. The activation of apoptotic pathways 
(along with  autophagy  ) during bleaching may remove sym-
biont cells identifi ed as dysfunctional (Yu et al.  2006 ). This 
is essentially an activation of immune pathways to reject and 
remove foreign  invaders   (“symbiosis gone wrong”). During 
 thermal stress  , the corals  Acropora aspera  and  Stylophora 
pistillata  regulate pro- (Bax-like) proteins and anti- (Bcl2- 
like) apoptosis genes by differentially expressing them in 
different areas of the  polyps  . Apoptosis is initially active in 
the gastrodermis. Later, as stress continues, and  Symbiodinium  
cell density is reduced, the activity is centered in the epithe-
lium (Ainsworth et al.  2008 ; Kvitt et al.  2011 ). In   Acropora 
millepora         , up-regulation of Bcl2-like genes may be a protec-
tive response in the unaffected or surviving cells during 
high-temperature stress (Pernice et al.  2011 ). Bcl2 up- 
regulation might also help surviving corals to recover faster 
from thermal related bleaching events (Kvitt et al.  2011 ). 
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 In addition to the intrinsic Bax-Bcl2 controlled activation, 
apoptosis can be activated by extrinsic mechanisms such as 
the tumor necrosis factor (TNF)  pathway   (Hedrick et al. 
 2010 ). Several TNF receptors are critical for the onset of 
apoptosis in corals (Quistad et al.  2014 ). Activation of the 
TNF pathway is important against biological  stressors   
(Ainsworth et al.  2007 ; Libro et al.  2013 ) and may also play 
a signifi cant role in the survival and adaptation of corals to 
 climate change   (Barshis et al.  2013 ; Palumbi et al.  2014 ). 
Additionally, MAPK signaling is likely involved in exocyto-
sis of  Symbiodinium  in two scleractinians,   Acropora palmata    
and   Orbicella faveolata   , and in  Nematostella vectensis  
(Granados-Cifuentes et al.  2013 ). 

 Immune responses in some  coral diseases   seem to origi-
nate from  Symbiodinium . Caribbean Yellow Band Disease 
appears to be caused by  Vibrio  spp. that infect the symbionts 
and cause chlorosis (Mydlarz et al.  2009 ). The coral   Orbicella 
faveolata    up-regulates immune effector responses when 
infected with Caribbean Yellow Band Disease, illustrating 
the crossover of immune and symbiosis signaling. In several 
other disease systems, such as   Oculina    bacterial bleaching 
(Rosenberg et al.  2009 ) and  Acropora  White Syndrome 
(Sussman et al.  2008 ), bacterial virulence factors affect the 
 Symbiodinium  directly, eliciting disease etiology in the coral. 
Since the health of the symbiont is inextricably linked to 
health of the  coral host  , adopting a ‘your fi ght is my fi ght’ 
approach against symbiont diseases would be advantageous 
to both members of the  symbiosis  .   

28.7     General Conclusions and Discussion 

 Despite their basal phylogenetic placement, cnidarians pos-
sess a highly complex innate  immune system  . To recognize 
 invaders  , three main groups of receptors ( TLRs  ,  lectins        , and 
NLRs) likely initiate downstream immune responses. The 
diversifi cation and variation in the PRRs across different cni-
darian lineages may be attributed to each lineage’s unique 
ecological needs, primarily the demand for maintenance of 
diverse  holobionts   (Miller et al.  2007 ; Schwarz et al.  2007 , 
 2008b ; Shinzato et al.  2011 ). The need to recognize and dis-
tinguish between  commensal   and pathogenic microorgan-
isms, including  algal symbionts  , may be a selective force 
driving this diversity of PRRs in cnidarians (Hayes et al. 
 2010 ; Hamada et al.  2013 ; Poole and Weis  2014 ). Signaling 
cascades in the Cnidaria are among the most complex com-
ponents of the immune response. Many of the cascades are 
highly conserved within  invertebrate    innate immunity   (i.e., 
PPO and  TLR  ), while others are homologous with mamma-
lian cascades (e.g., GIMAP GTPases). Since many of these 
cascades work behind the scenes, identifying effector 
responses that have clear phenotypes has been more fruitful. 
 Antimicrobial activity   (e.g., AMPs and secondary metabo-

lites) and encapsulation (cellular and skeletal) have been 
identifi ed in cnidarians, and many of these cellular mecha-
nisms play roles in would healing and tissue repair. 

 One of the goals of this chapter was to connect what is 
known about the presence of immune genes to phenotypes of 
either immunity itself or disease resistance. It was clear after 
compiling the data that for many of the known immune path-
ways, information providing this direct connection either 
exists in fragmented form or does not exist at all. There is 
also a disparity in the type of information available on each 
of the four stages of immunity we described. For example, 
 receptor identity and signaling cascades   are heavily refl ected 
in  genomic data  , with the presence of  gene homologs   in 
 genomes and transcriptomes  , while information on effector 
responses and, to some extent  wound repair  , rely predomi-
nantly on observations of cellular, biochemical and antimi-
crobial activity. 

 In addition to understanding the genome to phenotype 
links within one arm of immunity, we still need more infor-
mation on the identities of and mechanisms by which PRRs 
lead to specifi c effector responses. For example, in other 
 invertebrate         systems, activation of TLRs and subsequent sig-
naling pathways lead to up-regulation of  AMPs   (Aderem and 
Ulevitch  2000 ; Akira et al.  2006 ). While these elements have 
been identifi ed in the Cnidaria, especially within the 
Anthozoa, the connections between the entire cascade are 
not fully understood (Fig.  28.3 ). The discovery of the AMP 
 damicornin   in the coral   Pocillopora damicornis   , and identifi -
cation of its genetic sequence, cellular localization, 
  antibacterial activity   and response to  pathogen   challenge 
(Vidal-Dupiol et al.  2011 ) bring us a few steps further to this 
goal. Likewise, while it is clear that amoebocytes and other 
mobile  cytotoxic   cells respond to infections and aggregate 
near lesions or wounds (Mydlarz et al.  2008 ; Palmer et al. 
 2008 ,  2011c ), it is less clear what genes or upstream pro-
cesses control differentiation and movement of these cells. If 
this process is analogous to other invertebrates, it is likely the 
integrin or  lectin  /complement pathway are involved, but 
again, this is still unknown. In many cases, as the tools and 
experimental techniques advance, so will our understanding 
of the connection between  genotypes   and phenotypes.

   Another main goal of understanding cnidarian immunity 
is elucidating which elements lead to organismal disease 
resistance. Diseases affecting scleractinian corals, one of the 
 cnidarian groups   hardest hit by disease, are caused by a 
diversity of etiological agents (e.g., bacteria, fungi, viruses, 
etc.), increasing the challenge of this endeavor. It is unlikely 
that one cascade or PRR is responsible for resistance against 
all types of  pathogens  , but identifying the genetic basis of 
variation in susceptibility to a particular disease will help aid 
in predicting population-wide consequences of a disease out-
break. To date, several phenotypes have been linked to 
species- specifi c disease resistance, including PO/PPO 
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(Palmer et al.  2010 ; Pinzon et al.  2014a ) and antimicrobial 
activity (Pinzon et al.  2014a ), but the basis for this variation 
is not well understood (Pinzon et al.  2014b ). 

 Despite signifi cant progress in the last 10–15 years, much 
is still unknown about cnidarian immunity, mainly with 
respect to how it is coordinated and executed, and how key 
processes are translated from receptor to effector. Confi rming 
these specifi c functional linkages will require empirical con-

trolled experiments in which  cnidarian host         responses (both 
genotypic and phenotypic) to specifi c  stressors  , such as 
pathogen challenge, are evaluated. Advances in the fi eld of 
cnidarian immunity are expected to increase exponentially in 
the coming years as more genomic and molecular resources 
become available. With tools in place, discerning and linking 
gene networks to their function in fi ghting  pathogens   and 
their roles in disease resistance will become possible.     

  Fig. 28.3    Details of three coral immune pathways ( lectins  ,  antimicro-
bial peptides   and prophenoloxidase) and the known and (yet) unknown 
linkages between the  genome   (i.e. gene identity) and phenotype (e.g., 
effectors and role in disease or pathogen exposure). Select examples 
and references for Response to Disease are as follows: (1)   Acropora 
cervicornis    with White Band Disease (Libro et al.  2013 ), (2)   Pocillopora 
damicornis    exposed to bacteria (Vidal-Dupiol et al.  2014 ), (3)   Acropora 
millepora          exposed to bacteria (Brown et al.  2013 ), (4)   Gorgonia venta-
lina    following inoculation with the parasite  Aplanochytrium  (Burge 
et al.  2013 ), (5)  Acropora millepora  following exposure to many  patho-
gens   (Kvennefors et al.  2008 ), (6)  Pocillopora damicornis  exposed to 

bacteria (Vidal-Dupiol et al.  2011 ), (7)   Gorgonia ventalina    infected 
with   Aspergillus sydowii    (Mydlarz et al.  2008 ), (8)  Acropora millepora  
exposed to PAMPs (Weiss et al.  2013 ), (9) Wound healing in  Pocillopora 
damicornis  (Palmer et al.  2012 ).  Two-headed arrow  signifi es the  inter-
action between genome and phenome   that can go in either direction, 
images are generic representations of  genome to phenome in coral 
immunity   ( left  to  right ): generic heat map of gene expression, generic 
 cell signaling pathway  ,  ameobocytes   aggregating in   Gorgonia venta-
lina   ,  melanin deposition in  Gorgonia ventalina   , clear zone of  inhibition   
showing  antibacterial activity  ,  Gorgonia ventalina  showing whole 
organismal immune response to  Aspergillus sydowii        
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