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A q u a c u ltu re d  co ra ls  a re  ty p ica lly  re a re d  in  d e n s e  in  s itu  (m a r ic u ltu re )  o r  e x  s itu  ( in  a q u a ria )  c u l tu re  facilities . This 
h ig h  d e n s ity  re a r in g  m e th o d  m a lte s  th e s e  co ra ls  p a r t ic u la r ly  v u ln e ra b le  to  specific  d ise a se s  s ince  v im le n c e  a n d  
c o m m u n ic a b ili ty  o f  p a th o g e n s  h a v e  b e e n  s h o w n  to  in c re a se  w ith  h o s t  d en s ity . As su ch , e n t ire  p ro d u c tio n  lin es  
m a y  b e  th re a te n e d .  M a ric u ltu re d  co ra ls  a re  p a r t ic u la r ly  a t  r isk  a s  th e  d iv e rs ity  o f  b o th  d ise a se s  a n d  o f  a ffec ted  
co ra l spec ies  in  th e  m a r in e  e n v iro n m e n t is o n  th e  rise . C oral d isea se s  a re  n o w  a  m a jo r  d r iv e r  o f  co ra l m o rta li ty  
o n  all r e e f  sy stem s  fro m  th e  Indo-P acific  th ro u g h  to  th e  C arib b ean  a n d  n o t  o n ly  a ffec t spec ies  in  situ , b u t  can  b e  
in a d v e rte n t ly  tra n s p o r te d  in to  th e  cu ltu re  sy stem s . T he av o id an ce  o f  d isea se  o u tb re a k s  in  cu ltu re  sy stem s  is o f  
u p m o s t im p o r ta n c e  a n d  th e  m itig a tio n  o f  d isea se s  in  th e se  sy stem s  is v ita l in  th e  m a in te n a n c e  o f  h e a lth y  cu ltu res . 
A lth o u g h  th e  s tu d y  o f  n a tu ra lly  o cc u rrin g  co ra l d isea se s  h a s  b ec o m e  a  p o p u la r  a n d  re la tiv e ly  w e ll-s tu d ie d  to p ic  o v e r 
th e  la s t  fe w  d ec ad es , th e  effec ts  o f  th e s e  d isea se s  o n  co ra l h u s b a n d ry  a n d  a q u a c u ltu re  a re  still v ir tu a lly  u n k n o w n . 
A q u acu ltu re  o f  co ra ls  is a  d e v e lo p in g  in d u s try , b o th  fo r s to ck in g  th e  o rn a m e n ta l in d u s try  a n d  fo r re s to ra t io n  p u r ­
po ses . This o v e rv ie w  o u tlin e s  w h a t  is k n o w n  a b o u t co ra l d isea se s  in  aq u a c u ltu re ; w h a t  im p lic a tio n s  th e se  d iseases  
h av e  o n  th is  ac tiv ity ; w h a t  m a y  b e  th e  c a u ses  o f  th e  d isea se  o u tb re a k s  in  th e se  sy stem s, as  w e ll as  w h a t  m e th o d s  a re  
ava ilab le  fo r m a in te n a n c e  o f  h e a lth y  stocks  a n d  fo r m itig a tio n  o n c e  a  d isea se  h a s  b e e n  o b se rv ed .
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1. Introduction

Coral reefs have a high econom ic value as they  provide coastal p ro­
tection, supply food and natural products, and a ttrac t tourists from  all 
over the  world (Hoegh-Guldberg e t al„ 2007; Leai e t al„ 2012; Moberg 
and Folke, 1999). These highly productive and biodiverse ecosystem s 
also provide hundreds o f species for the  m arine aquarium  hobbyists, a 
trade  th a t has been increasing over the  last decades to a point th a t is 
currently  unsustainable if dem and stays a t its curren t rate (Delbeek, 
2001; Rhyne e t al., 2009; W abnitz e t al., 2003). Corals are am ong the  
m ost lucrative organism s in this trade  and their dem and has been in­
creasing steadily. During th e  last few decades there  has been  a steady 
increase in dem and for corals for basic research, including for natural 
product research ( Leai e t al., 2012; Shafir e t al., 2006). All these activities 
dem and large quantities o f corals, som e o f w hich can be cultured in ex 
situ  system s in o rder to decrease pressure on wild stocks. Coral aquacul­
tu re  m ay supply all the  activities th a t rely on wild-stocks, and is, th ere ­
fore, a practice o f grow ing in terest for conservation, research and o ther 
econom ic purposes. Coupled w ith  this rise in dem and for corals for 
these  purposes, increasing coral m ortality  has been  observed on reefs 
w orldw ide (Hoegh-Guldberg e t al., 2007). This has resulted in increased 
in terest in basic coral biology (W eis e t  al., 2008) as well as on  coral reef 
restoration m ethods, particularly in transplantation  o f cultured coral 
fragm ents (Jaap, 2000) back into th e  natural env ironm ent w here  coral 
cover has been reduced. If the  health  o f cultured fragm ents including 
those produced in in situ coral farms is com prom ised, their use for 
coral reef restoration m ay affect the  ecosystem  as a whole.

Coral aquaculture can be perform ed in situ  or ex situ (in open or 
closed system s). In situ aquaculture, also know n as m ariculture, is the  
culture o f organism s (corals in the  case o f this review) in their local e n ­
vironm ent, e.g., corals th a t are cultured in tropical w aters near to the  
reef ecosystem s. In these  system s, th e  corals are believed to be both 
subject to th e  optim al conditions and benefiting from  th e  elem ents es­
sential for grow th, w hich are produced w ith in  this ecosystem . Despite 
these  advantages, in situ coral cultures suffer from a p lethora o f natural 
stressors including predation, com petition, pollution, storm s and also 
natural disease outbreaks. Ex situ coral aquaculture in contrast, is the  
culture and propagation o f corals outside o f their natural habitat. Ex 
situ  cultures m ay be perform ed in e ither recirculating aquaculture 
system s (RAS), w hich m ay in som e cases be very d istan t from  the 
nearest m arine environm ent, or m ay be near m arine environm ent, 
pum ping natural sea w ater into their system  and are th en  usually 
term ed  flow -through aquaculture system s (FTAS). The flexibility o f ex 
situ  system s is in m any instances higher than  th a t o f in situ systems, 
as m any features o f culture system  can be m anipulated and controlled 
to  m axim ize coral production and guarantee the  successful husbandry 
of corals. On the  o ther hand corals reared in FTAS are cultured in natural 
am bien t conditions th a t are presum ably optim al for their grow th  and 
health. The w ater source, and its trea tm en t before reaching each tank, 
m ay differ betw een  system s and there  is no standard  protocol for either 
FTAS or RAS w ith  regards to use o f natural or artificial seaw ater or a 
m ixture o f the  two. Nonetheless, FTAS usually use natural seawater, 
and include certain filtration and /or sterilizing steps before the  w ater 
reaches the  culture tanks. W hile FTAS discard the  w ater outflow ing 
from  the  tanks and fresh w ater is pum ped in, RAS reuse a high percent­
age of w ater after different filtration steps (M artins e t al., 2010). The 
m ost com m on filtering m ethod utilised involves particle rem oving 
stages, w hile sterilisation is usually perform ed w ith  UV disinfection 
system s. RAS are usually used in facilities w here natural seaw ater is

no t readily available and are therefore associated w ith  the  use o f  artifi­
cial seawater.

All aquaculture system s have advantages and disadvantages. In situ 
m ariculture has relatively low culture costs, as the  env ironm ent freely 
supplies food, w ater and energy essential to  coral grow th. Sim ulta­
neously, the  control o f abiotic and biotic factors is fairly lim ited and is 
m ainly controlled by natural factors, w hich m ay have limiting influ­
ences due to differences in season, as coral grow th m ay no t always be 
m axim ised under natural conditions. Furtherm ore, o th er natural and 
anthropogenic features, such as physicochemical environm ental im ­
pacts, predators, com petitors and pollutants m ay h inder coral produc­
tion. The introduction o f anthropogenic disturbances m ay therefore 
affect coral g row th and survival in bo th  in situ and ex situ  system s 
using natural seaw ater w ithou t appropriate  treatm ent. In this view, 
controlled FTAS and RAS have th e  advantage o f providing b e tte r control 
on the  w ater system  by m anipulation of input w ater and preventing any 
potential problem  associated w ith  m aintaining th e  corals in natural 
seawater. Conversely, one com m on problem  w ith  ex situ system s is 
the  possible deterioration  o f w ater quality following long te rm  use 
in com pletely closed recirculating system s (RAS). If th e  system  is not 
properly m onitored o r th e  w ater is not properly filtered, w ater in 
recirculation system s m ay becom e low  in nutrients and m ay have 
missing elem ents necessary for coral g row th such as strontium , calcium 
and m agnesium . RAS require an  initial biological filter adaptation  peri­
od in order to  reach the  appropriate  physicochemical and biological 
equilibrium  o f the  culture system, and if this equilibrium  is disturbed 
dram atic consequences in th e  production m ay occur, and returning to 
equilibrium  m ay be challenging.

One feature com m on to bo th  in and ex situ  aquaculture and th a t 
m ay th rea ten  a w hole production line is the  possibility o f contracting 
certain diseases. The high-density  o f individuals in the  cultures carries 
risks related to pathogen comm unicability, and virulence. This th rea t 
is so great th a t any disease outbreak can result in th e  loss o f th e  entire 
production. Coral aquaculture is no t different from  any o ther aquacul­
tu re  venture, and prevention and m itigation of diseases play an  im por­
tan t role in the  m aintenance o f healthy systems.

Although th e  study of naturally occurring coral disease aetiology 
and epidem iology has becom e a popular and w idely-studied topic in 
the  last few decades (M uller and van W oesik, 2012; Pollock e t al., 
2011; Rosenberg and Kushmaro, 2011; Ruiz-Moreno e t al., 2012), the  
causes and effects o f diseases on  coral husbandry and aquaculture are 
still virtually unknow n (Sw eet e t al., 2012). Therefore, recom m enda­
tions to p revent and trea t disease outbreaks are also lacking.

This review  outlines th e  sta tus o f cu rren t know ledge available on 
diseases in coral aquaculture. The overall a im  o f th is review  is to ex­
plore w h a t is know n ab o u t coral diseases in general and particularly  
in aquaculture, w h a t im plications they  m ay have on  th is activity, 
w h a t m ay be th e  causes o f coral diseases in such system s and how  
to avoid th em  or a t th e  very least m anage and m itigate th e ir spread. 
To aid in th e  u n derstand ing  of th e  b est practices in coral aquacu ltu re  
and disease repression, w e provide a sh o rt review  o f w h a t is know n 
regarding how  corals resist and respond  to diseases. Then w e describe 
proposed origins o f diseases p resen t w ith in  coral cu ltu res and how  
various factors affect th e ir developm ent. W henever inform ation is 
available, all aquacu ltu re  system s (m ariculture, FTAS and RAS) will 
be assessed  and differences outlined. Particular em phasis will be pu t 
on know n m ethods to  p rev en t diseases. However, because p revention  
is no t alw ays successful, trea tm e n t o f d iseased  corals is som etim es 
necessary.



126 C. Sheridan e t al. ¡Aquaculture 396 -399  (2013) 124-135

2 . Coral diseases — An overview

2.Í. Sum m ary o f  current knowledge

A disease is defined as any im pairm en t to cells o r tissues o f an 
organism  th a t  results in its dysfunction (S tedm an, 1976). A diseased 
sta te  involves an  in teraction  be tw een  an  organism , its env ironm en t 
and a disease agent (biotic or abiotic) (Stedman, 1976). Diseases m ay 
be e ither com m unicative, spreading the  agent from one individual to 
ano ther (e.g. tuberculosis) or no t (e.g. cancer). In corals, a num ber o f 
diseases have been described and classified morphologically, though 
for m ost o f th em  the  infectious agen t is still unknow n. Disease identifi­
cation is carried ou t for the  m ost part by describing morphological 
changes (anatom ic pathology), w hich occur during the  disease process, 
then  determ ining the  aetiology or cause o f th e  disease and finally 
ascertaining its m echanism  of action (W ork e t al., 2008). Therefore, 
w hen  studying coral disease, it is still difficult or a t tim es impossible 
to differentiate betw een  disease states since m any are characterised 
by the  sam e or very sim ilar morphological signs. A study by Lindop e t 
al. (2008), conducted a t th e  11th International Coral Reef Sym posium  
in Florida, dem onstra ted  th a t even experts in coral disease confused 
sym ptom s such as fish bites w ith  diseases such as w hite  plague. It is 
arguable th a t even the  studies w hich claim  to have fulfilled Koch's 
postulates for a specific d isease such as Aurantimonas coralicida causing 
w hite plague type 11 and Aspergillosis in sea fans being caused by 
Aspergillus sydowii need revisiting as in the  case o f Aurantimonas, for 
exam ple, the  bacterium  has no t been associated w ith  WP again since 
its initial identification (Sunagawa e t al., 2009). As for Aspergillosis, 
A. sydowii has m ore com m only been  associated w ith  healthy corals 
than  sea fans show ing this disease, raising serious doub t over the 
nam ed causal agents (Toledo-Hernández e t al., 2008).

M ost coral diseases are characterised  by changes in coloration 
such as tissue bleaching or spotting, or by loss o f tissue confluence, 
and by m assive cellular necrosis (Table 1 ; Fig. 1 ). However, very  little 
is know n regarding disease aetiology, including param eters such as 
physicochem ical changes in th e  affected tissues. In som e instances, 
certain  functional groups o f m icroorganism s ( th a t m ay rep resen t 
different species) always accom pany particular disease signs (e.g. black 
band disease [BBD]; Cooney e t al., 2002; Kuta and Richardson, 2002) 
though Koch's postulate remains to be fulfilled w ith regards to these 
diseases as well.

Sw eet e t  al. (2012) review ed w h a t is know n regarding coral d is­
eases in th e  w ild and in captive corals and categorised th e  diseases 
as natural and aquarium  disease types. M any o f th e  diseases found 
in th e  field are  also ap p aren t in cu ltu red  corals, bo th  in FTAS and 
RAS system s. Nevertheless, it is a lm ost im possible to confirm  w h e th er 
th e  sam e causative agents affect these  organism s in th e  w ild and in ex 
situ  culture, even w hen  th e  visible signs and progression rates o f 
tissue loss m ay be very  similar. It is likely th a t m any  of th e  diseases 
found in corals in ex  situ  system s are th e  resu lt o f in troduction  
of re levan t pathogens, changes in v irulence factors due to  im proper 
handling, and /or due to stress factors th a t w ere  no t properly addressed. 
Most notable am ong these  ubiquitous diseases are the  aptly  nam ed 
‘w hite  syndrom es’ th a t include m any forms of tissue necrosis.

2.2. Issues in elucidating coral disease aetiology

R eported incidence of coral diseases is increasing w orldw ide and 
has largely been a ttributed  to clim ate change, nam ely increases in sea 
surface tem peratures (Bourne e t al., 2009; Hoegh-Guldberg e t al., 
2007; Vezzulli e t al., 2010). As stated  above, although m any studies 
have a ttem pted  to isolate single pathogens responsible for different 
diseases (review ed in Sweet e t al., 2012), few if any have fulfilled all 
stages o f Koch's postulates (Fredericks and Reiman, 1996). Furthermore, 
w hen independent researchers repeat these studies, they  often fail to ex­
tract similar results (Ainsworth e t al., 2007,2008 ; W ork and Aeby, 2011 ).

Fulfilling Koch's postulates for suspected m arine pathogens can be 
challenging because it necessarily involves culture and isolation steps 
(Fredericks and Reiman, 1996). This can be problem atic because certain 
coral diseases are believed to be caused by a consortia o f m icroorganisms 
(e.g. black-band disease; Cooney e t al., 2002; Frias-Lopez e t al., 2003), 
coupled w ith m ost m arine bacteria (the group of microorganisms to 
w hich m ost proposed coral pathogens belong) being un-culturable 
(Ferguson e t al., 1984; Hugenholtz e t al., 1998). A further complication 
arises because m ost studies looking for potential pathogens in wild 
corals use closed aquaria system s for controlled experim ents. Although 
this is unavoidable in the  large part, the  differences betw een the  two 
environm ents m ake it very difficult to infer from one environm ent to 
the  other, making it difficult to link diseases th a t occur in the  controlled 
aquarium  environm ent to those on the  reef system. Indeed, a recent 
study show ed th a t there is a shift in coral associated fiora in healthy corals 
maintained for even short periods in aquarium  systems (Kooperman et 
al., 2007). Sweet e t al. (2012) attem pted to  link visual signs of pathology 
of coral diseases occurring in reef systems around the world, to comm only 
found diseases w ithin aquaria and concluded th a t although there  are cer­
tain similarities betw een diseases such as the  w hite syndrom es (found in 
both aquarium  and wild populations; Fig. 1; Table 1) and brow n jelly 
syndrom e (currently only reported in aquaria; Fig. 1; Table 1), slight 
differences in the  pathology and aetiology resulted in the inability to 
reach strong conclusions about their similarities. Thus it is still unclear 
w hether diseases described in one system  w ere those occurring in the 
other. These differences in pathology m ay be due to differences in the 
physiology of th e  host resulting in microbial and environm ental var­
iations betw een aquaria and the  wild. At present, the  absence o f system ­
atic tests controlling for differences in these factors prevents us from 
ascertaining characteristic disease pathologies for each system. A further 
complication, regarding causal agents o f diseases arises from the inability 
to control o ther non-target microorganisms (e.g. archaea, fungi, ciliates 
and viruses) during experim ental trials. Ciliates for example, have previ­
ously been largely overlooked as potential coral pathogens, since they  
are typically bactivorous. However, recent studies (Ainsworth e t al., 
2007; Sweet and Bythell, 2012; W ork and Aeby, 2011) have show n 
th a t certain ciliate species are responsible for coral tissue loss in diseases 
(at least as far as the  pathology of the  disease is concerned) such as WS 
in both the wild (Sw eet and Bythell, 2012) and w ithin aquaria (Sweet 
e t al., 2012). Furthermore, although several studies have described 
increases in viruses associated w ith stressed corals (Davy e t al., 2006; 
Vega Thurber e t al., 2008; W ilson e t al., 2005), and the  sam e studies 
have implied they  m ight be possible causative agents o f certain diseases, 
their role as pathogens has also been largely disregarded. Finally, as op­
posed to the  generally species-specific bacterial com m unities (Rohwer 
e t al., 2002), corals seem  to harbour a highly diverse and generalist 
archaeal com m unity (Kellogg, 2004; W egley e t al., 2004). Although to 
date no archaeal pathogen has ever been described (Cavicchioli e t al., 
2003), Archaea seem  to possess several characteristics often found in 
bacterial pathogens including: the  ability to; i) live in association w ith 
eukaryotes, (ii) produce potentially toxic molecules, (iii) acquire new  
genes from bacteria and o ther archaea and (iv) contain cellular struc­
tures which m ay confer them  w ith the  ability to avoid im m une defences 
(reviewed in Cavicchioli e t al., 2003; Eckburg e t al., 2003).

2.3. How corals resist and fig h t diseases

Although currently very little is know n about coral im m unity this par­
ticular field is becoming even m ore popular to study. Although corals 
seem  to lack an adaptive or acquired im m une system  (no immunological 
m em ory) they  possess a num ber o f innate im m unity mechanisms 
(Downs e t al., 2009b; Kimura e t al., 2009; Mydlarz e t al., 2009; Palmer 
e t al., 2011; Rinkevich, 2011). These processes provide corals w ith the 
ability to resist or overcome disease. However, investm ent in im m une 
processes is taxon-specific and appears to be largely governed by how 
m uch energy and resources each taxon dedicates to constituent



Table 1
Com m on diseases th a t  m ay affect corals in  m aricu ltu re  an d  in  ex s itu  cu ltu res w orldw ide  (A — aquaria  and  ex  s itu  cultures, IP — Indo-Pacific, M — M editerranean, RS — Red Sea, W A — W este rn  A tlantic an d  Caribbean). The inform ation  
provided th e re in  has been  sum m arised  from  R aym undo e t  al. (2008), S w eet e t  al. (2012), th e  Global Coral D isease D atabase (h ttp ://co ra ld isease .o rg /) an d  th e  lite ra tu re  cited  w ith in  th e  table.

Disease nam e Other common
appellations,
abbreviations

Proposed pathogen Coral species affected Disease description Regions
affected

Key references

Aspergillosis ASP Aspergillus sydowii Only octocorals, primarily Gorgonia, 
Pseudopterogorgia, Plexaura, Plexaurella

Focal/multifocal purple rings(s) progressing outwar WA Nagelkerken e t al. (1997)

Atram entous necrosis AN Unknown. May be prom oted by 
environmental factors

Mostly Montipora spp., but also Acropora, 
Echinopora, Turbinaria, Merulina

Mutlifocal to irregular lesions exposing bare skeleton followed 
by grayish-black fouling community

IP Jones e t al. (2004), Haapkyla et 
al. (2011)

Bacterial bleaching Vibrio coralliilyticus. Vibrio shiloi Pocillopora spp.. Oculina patagonica Focal/multifocal/coalescing tissue discoloration IP, M, 
RS

Ben-Haim e t al. (2003), 
Kushmaro e t al. (1998)

Black band disease BBD Microbial consortium dominated by 
cyanobacteria (Geitlerinema, 
Leptolyngbya, Oscillatoria, 
Pseudoscillatoria spp.)

40 +  coral species, primarily Acropora spp. Black/reddish band tha t radiates outw ard from colony margin 
or lesion

WA, IP, 
RS

Cooney e t al. (2002), 
Richardson (2004), Sussman et 
al. (2006), Rasoulouniriana et 
al. (2009)

Brown band disease BrB Ciliate (Philaster s p.) Primarily on Acropora spp. Brown band located at the interface between living tissue and 
exposed skeleton, usually starts from base of the branch

IP Bourne e t al. (2008), Sweet and 
Bythell (2012)

Brown jelly syndrome BJS, BJ, brow n slime, 
brown jelly

Ciliate (Philaster sp.) Euphyllia, Acropora, Goniopora, Xenia spp. Fast progressing brown jelly-like mass tha t seem s to “float” 
above coral tissue

A Borneman (2002), Sweet e t al. 
(2012)

Caribbean ciliate 
infection

CCI Ciliate (Halofolliculina spp.) 1 0 +  species including Dichocoenia, Montastraea, 
Acropora spp.

Speckled to black band, similar to skeleton eroding band WA Croquer e t al. (2006)

Dark spots syndrome DSS, dark spot 
disease (DSD), DSD 
type II 
Hyperplasia, 
neoplasia, GA, tu ­
mors, calicoblastic 
epithelioma

Fungi & bacteria (Vibrio spp.) Primarily affects Montastraea, Siderastrea spp., and 
Stephanocoenia. Also Agaricia agaricites

Focal to  multifocal, annular to irregular margins, purple to 
brow n in color

WA Gil-Agudelo and 
Garzon-Ferreira (2001)

Growth anomalies Unknown: m aybe genetic or caused 
by environmental stress

Diploria, Colpophyllia, Porites, Montastraea, Agaricia, 
Acropora, Dichocoenia, Madracis, Pocillopora, Pavona, 
Fungia, Madrepora, Montipora, Platygyra, Goniastrea

Focal to  multifocal, circular or irregular abnorm al skeletal 
growths

WA, IP, 
RS

Peters e t al. (1986)

Rapid tissue necrosis Shut dow n reaction, 
RTN

Bacterial (Vibrio harveyi, Vibrio 
alginolyticus)

Affects primarily Stephanocoenia intersepta, 
Siderastrea siderea and Montastraea annularis

Rapidly progressing tissue degradation WA, IP, 
RS, A

Anthony (2004), Luna e t al. 
(2007)

Red band disease RBD, red band 
disease type I, RBD 
type II

Microbial consortium dominated by 
Cyanobacteria (Agaricia spp.)

Common on octocorals and also affects Agaricia spp., 
Meandrina, Mycetophylia spp. and other less 
com mon species

Diffuse to  circular red  to dark reddish-brow n band progressing 
from colony margin or lesion

WA Richardson (1992), Sussman et 
al. (2006)

Skeleton eroding band SEB Ciliate (Halofolliculina corallasia) Primarily on Acropora and Pocillopora spp., but 
affects 12 families in total

Black or dark green diffuse/speckled band progressing from 
recently exposed skeleton or lesion

IP, RS, A Riegl and Antonius (2003 )

Trematodiasis Trematode Mainly Porites spp. Focal/multifocal swollen nodules ( -1 -3  mm) IP Aeby (1991)
Ulcerative white spot 

disease
UWS, Pontes 
ulcerative w hite 
spot disease

Bacterial (Vibrio spp.) Primarily Porites spp. Focal/multifocal spots (3 -5  mm, max 5 cm ) of bleached tissue, 
progressing to  multifocal patterns of tissue loss

WA, IP Raymundo et al. (2003)

W hite band disease 
type I

WBD, WBDI Bacteria (undefined) Acropora spp. Progressing band of bleached tissue followed closely by 
necrotic tissue starting from the base of the branch

WA, IP, 
RS

Peters e t al. (1983)

W hite band disease 
type II

WBDII Vibrio charcharia Acropora cervicornis Similar to  WBD type I, bu t tissue loss is preceded by 2 -20  cm of 
bleached tissues

WA, IP, 
RS

Smith and Ritchie (1995)

W hite plague type I WPI, WP a-Proteobacterium  associated w ith 
juvenile oyster disease

40 +  species of non-acroporid massive and plating 
corals

Multifocal to  coalescing tissue loss starting from base or margin 
of colony (or algae/sedim ent interface w ith  colony) and 
followed by algal colonisation, progressing a t 1 m m  to 
> 1 0  cm/day

WA, RS Richardson e t al. (2001 ), 
Pantos e t al. (2003)

W hite plague type II WPII Sphingomonas spp.. Aurantimonas 
corallicida

-1 7  coral species but primarily affects Dichocoenia 
stokesi

Similar to WPI, but much faster rate of tissue loss ( -2  cm/day) WA Richardson e t al. (2001 )

W hite plague type III WPIII Sphingomonas spp., A. corallicida Primarily affects M. annularis and Colpophyllia 
natans

Similar to WPII but the rate of tissue destruction is extremely 
high, leaving w hite skeleton w ith no tu rf algae

WA Richardson e t al. (2001 )

W hite pox W hite patch 
disease, patchy 
necrosis

Serratia marcescens Exclusively affects Acropora palmata Irregular lesions from a few cm2 to 80 cm2 tha t can develop 
simultaneously on all surfaces of the colony

WA Sutherland e t al. (2010)

W hite syndrome WS Vibrio sp.. Arcobacter sp. Many coral species including Turbinaria, Acropora, 
Goniastrea, Pocillopora, Porites, Pavona, Stylophora, 
Montipora, Faviidae

Diffuse areas of tissue loss exposing bare skeleton IP, RS, A Luna e t al. (2010), Sussman et 
al. (2008), Sweet and Bythell 
(2012)

Yellow band disease Yellow blotch 
disease, YBD

Bacterial (Vibrio spp.) Primarily Montastraea spp. Focal/multifocal blotches followed by a circular yellow to w hite 
margin

WA, IP Cervino e t al. (2008), Weil e t al. 
(2009), Croquer e t al. (2013)
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F i g .  1 .  M ajor diseases affecting corals w orldw ide. A —  w hite  plague, B —  w h ite  syndrom e, C —  yellow  band disease, D —  rap id  tissue necrosis, E — w h ite  band disease, F —  w hite  pox, 
G — Caribbean ciliate infection, H — dark  spo t syndrom e, I — grow th anom aly, J — blade band disease, K — brow n jelly  syndrom e, L — brow n band disease. Pictures taken by MS and  CS.

im m unity w hen com pared to o ther processes such as reproduction and 
grow th (Palmer e t al., 2010). As such, Palmer e t al. (2010) show ed that 
coral species w ith  life history strategies aim ed tow ards fast grow th 
and high reproductive ou tp u t (e.g. Acropora spp.) are m ore susceptible 
to disease th an  those favouring slow  grow th and low  reproductive ou t­
pu t (e.g. Porites spp.).

Typical stress responses may include gross physiological responses 
and play an im portant role in coral imm unity. Processes such as mucus 
production, m elanin synthesis (Palmer e t al„ 2008), the deploym ent of 
amoebocytes (Mydlarz e t al„ 2008), production of antioxidants, anti- 
bacterials and free radicals, and processes o f xenophagy (Downs e t al„ 
2009a), all partake in innate im m une responses o f these organisms. In 
addition, as w ith higher organisms, the  presence o f symbionts, including 
eukaryotes and prokaryotes, m ay act as a shield in protecting the  host by 
producing antimicrobials, or by filling specific niches, thus preventing 
invasion by pathogens (Brown and Bythell, 2005; Reshef e t al„ 2006; 
Ritchie, 2006; Shnit-Orland and Kushmaro, 2009; Shnit-Orland e t al„ 
2012).

Removal o f unw anted  microorganisms m ay occur via active removal 
using m ucus as a trap (Brown and Bythell, 2005; Mydlarz e ta l., 2010), or 
once internalized by xenophagy (Downs e t al„ 2009a). In addition 
amoebocytic cells th a t are found in coral tissues w ere show n to have an ­
timicrobial properties in o ther m arine organisms such as sea anem ones 
and m ay play a similar role in corals (Hutton and Smith, 1996). Indeed 
an increasing num ber o f studies have show n th a t am oebocyte num bers 
w ere correlated w ith a diseased state  in gorgonians and in diseased 
scleractinian coral tissues (Domart-Coulon e t al„ 2006; Ellner e t al„ 
2007; Mydlarz e t al„ 2006; Mydlarz e t al„ 2008).

3. Diseases in coral cultures

3.1. Origins and factors influencing disease developm ent in coral cultures

Knowing w here coral disease pathogens originate from and how  they 
affect corals specifically are questions for w hich no unique and simple 
answ er can be found. The m ain issue is th a t in some cases, there  m ight 
no t actually be an original source. For example, the  proposed coral path­
ogens; Vibrio coralliilyticus (Ben-Haim and Rosenberg, 2002) and Vibrio 
shiloi (Kushmaro e t al„ 1996, 1997, 1998) have been found associated 
w ith healthy coral tissues (Bourne and Munn, 2005; Vega Thurber e t 
al„ 2009) and are thought to only becom e pathogenic w hen environ­
m ental param eters and /or host im m unity changes. Therefore it is possi­
ble th a t diseases develop w hen  stressors such as increased tem perature 
either modify the structure o f the coral microbial symbiotic com m unity 
(Vega Thurber e t al„ 2009), or trigger the  production o f virulence factors 
(Bourne and Munn, 2005). W hile in m ost cases the  causes and origins 
o f coral disease developm ent rem ain to be elucidated, a few infection 
pathw ays have been described. These ten d  to  be associated  w ith  
environm ental/anthropogenic factors, biological vectors, or a com bina­
tion thereof. However, the  sources and factors influencing coral disease 
developm ent will be different betw een  coral cultures in th e  natural 
env ironm ent (in situ) and in artificial environm ents (ex situ).

3.1.1. Mariculture (in situ)
In th e  natural env ironm ent, env ironm ental and an thropogenic  

stresses have frequently  been  correlated  to increases in coral disease 
prevalence (Bruno e t al„ 2007; Harveii e ta l., 1999 ,2007). The prim ary
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stressors involved are tem pera tu re  and w a ter quality degradation. 
Therm al stress (h igher th an  norm al seaw ater tem pera tu re) is by far 
th e  m ost referred to o f all environm ental stressors and has often been 
described to be a determ ining factor in facilitating coral disease devel­
o p m en t and infection by pathogens (e.g. Bourne e t al., 2009; Harveii 
e t al., 1999; Kuta and Richardson, 2002; W ard e t al., 2007). The effect 
o f therm al stress as a catalyst for coral disease developm ent is particularly 
likely w hen  coral cover is high (Bruno e t al., 2007), as is expected in coral 
m ariculture facilities. Tem perature stress can increase chances o f coral 
disease developm ent in tw o ways: coral holobiont stress (and decreased 
coral resistance to infection) and/or increased grow th and virulence 
of opportunistic coral pathogens. For example, it was established that 
the  virulence factors associated w ith infections of Oculina patagonica 
by V. shiloi (in the  M editerranean) and of Pocillopora damicornis by 
V. coralliilyticus ( in the  Red Sea and Indo-Pacific) are triggered by elevated 
seaw ater tem peratures (Ben-Haim e t al., 2003; Kushmaro e t al., 1998; 
Toren e t al., 1998). Furthermore, increased tem peratures have been 
show n to decrease the  production o f antimicrobials by symbiotic bacteria 
in the  coral mucus, thereby facilitating the  grow th of opportunistic 
and potentially pathogenic bacteria (Ritchie, 2006). However, Ritchie 
(2006) could not resolve w hether a tem perature-dependent grow th 
of the  population of opportunistic bacteria reduced the population of 
symbiotic bacteria and consequently the  production o f antimicrobials, 
or a tem pera tu re-dependen t shutdow n of antim icrobial production 
by sym biotic bacteria allowed the  developm ent o f opportunists. Later 
w ork  by Shnit-Orland and Kushmaro (2009) supports th e  theory  of 
tem perature-sensitive antim icrobial com pounds suggesting th a t both 
th e  quantity  produced and their stability decrease past a specific 
threshold.

W ater quality degradation is ano ther im portant coral stressor, and is 
usually associated w ith  heavy rainfall, anthropogenic pollution and 
terrestrial runoff, though  the  link betw een  anthropogenic stress and 
disease susceptibility is currently  poorly understood (Raymundo and 
Harveii, 2008). Terrestrial runoff results in higher nu trien t and particu­
late m atter concentrations, increased sedim entation  and reduced light 
penetration  (review ed in Fabricius, 2005). Higher th an  norm al nu trien t 
concentrations often found associated w ith  terrestrial runoff have been 
suggested to be associated w ith  higher coral disease prevalence and 
severity (Bruckner e t al., 1997; Bruno e t al., 2003; Kim and Harveii, 
2002). However, recent w ork suggested th a t their influence on coral 
disease developm ent is minimal, as opposed to th a t o f dissolved and 
particulate organic carbon concentrations (DOC and POC, respectively) 
(Haapkyla e t  al., 2011; Kline e t al., 2006; Kuntz e t al., 2005). Conse­
quently, though  m easures o f dissolved nu trien t concentrations (nitrate, 
phosphate, am m onia) are typical com ponents o f w ater quality assays, 
DOC and POC m easurem ents should also becom e standard, particularly 
w hen  m onitoring coral health  in m ariculture facilities. Furtherm ore, 
although in th e  m arine environm ent, terrestrial runoff affects corals 
prim arily through seaw ater eutrophication  and increased sedim en­
tation, their role as a source o f potential pathogens should no t be 
disregarded. Hum an sewage for exam ple, w as recently identified as a 
likely source of the  faecal coliform bacteria Serratia marcescens, a p ro­
posed coral pathogen o f w hite  pox (Fig. 1 ; Table 1 ) on  Acropora palmata 
in the  Caribbean (Sutherland e t al., 2010).

W hile environm ental factors play a role in coral susceptibility to 
disease, several corallivorous organism s have also been suggested as 
vectors o f coral pathogens. Initially, m any invertebrates w ere suggested 
as vectors o f specific pathogens. In th e  Florida Keys for exam ple, the  
corallivorous snail Coralliophila abbreviata has been  found capable o f 
transm itting  proposed coral pathogens (W illiams and Miller, 2005). 
Similarly, Hermodice carunculata, the  m arine firew orm  has been d em ­
onstra ted  to be acting as a reservoir (in the  w inter) and vector (in the  
sum m er) o f V. shiloi, leading to bleaching o f exposed colonies of 
O. patagonica (Sussm an e t al., 2003). In the  Red Sea, an  outbreak of 
th e  corallivorous snail Drupella com us w as correlated w ith  an  outbreak 
of w hite  syndrom e (Antonius and Riegl, 1997) and the  involvem ent o f

the  crow n of tho rn  starfish, Acanthaster planci, has been  suggested in 
th e  transm ission of Brown Band Syndrom e (Fig. 1 ; Table 1 ) on Acropora 
cytherea in Indonesia (Nugues and Bak, 2009). Among the  vertebrates, 
Aeby and Santavy (2006) show ed th a t under laboratory conditions, 
th e  presence o f Foureye butterflyfish (Chaetodon capistratus) in aquaria 
containing colonies o f Montastraea faveolata (tw o  healthy colonies and 
one infected w ith  black band disease (BBD; Table 1; Fig. 1)) resulted 
in infection of th e  healthy colonies by BBD. However, pathogen tran s­
mission has only been show n in th e  case o f H. camnculata (Sussm an 
e t al., 2003). In all the o ther aforem entioned studies, transm ission of 
coral pathogens could not be distinguished from facilitation (w here a 
corallivorous organism  faalitates coral infection by pathogens through 
feeding scars). Considering the  large diversity o f corallivorous organisms 
on tropical coral reefs (Rotjan and Lewis, 2008), it is likely th a t m any 
other species m ay also play a role in the  transmission and/or facilitation 
of coral diseases.

Finally, the  genetic composition o f the  coral host as well as th a t o f the 
coral's m icrobiota is w orthy  of m entioning here as it can drastically affect 
disease susceptibility. Different disease susceptibilities m ay be observed 
both betw een  coral species and betw een colonies o f the  same species. 
For example, through a com bination o f field surveys and in situ transm is­
sion experim ents Vollmer and Kline (2008) found th a t 6% of Acropora 
cervicornis genotypes w ere  resistant to w hite band disease (WBD; 
Table 1 ; Fig. 1 ), and suggested th a t this finding m ay explain w hy certain 
populations o f A. cervicornis survived the WBD epidem ic th a t started 
in the  1980's. On the  o ther hand, variation in inter-specific disease 
susceptibility has been frequently described. For example, Aeby e t al. 
(2011a) show ed th a t different Acropora species had varying suscepti­
bility to infection by Acropora w hite syndrom e in the  Central Pacific. 
Similar data was obtained in the  US Virgin Islands over a range o f 12 
species o f scleractinian corals (Calnan e t al., 2008). Although regional 
variations are likely to occur, a general pattern  seems to be occurring, 
w hereby fast-growing corals (like Acropora spp. and Pocillopora spp.) 
are typically m ore susceptible than  the  slow growers (such as Porites 
spp.;M ydlarz e t  al., 2010; Palm er e t al., 2010). Firstly, one m igh t 
hypo thesise  th a t  a species-specific  to le rance  to en v ironm en ta l 
stress, as suggested  in th e  case o f th erm al stress by Fitt e t  al. 
(2009), m ig h t lead to  species-specific  suscep tib ility  to infections. 
This is su p p o rted  by d a ta  from  B randt and  M cM anus (2009), w hich  
show ed  a positive corre lation  b e tw een  b leaching e x te n t and coral 
disease  incidence in th e  Caribbean. In add ition , th e  com position  o f 
th e  m icrobial com m unities m igh t also play a role in suscep tib ility  
to d isease  developm en t. It has b een  show n  th a t  corals h a rbour 
species-specific  bacteria l com m unities, w ith  conspecific corals 
show ing little  v aria tion  in th e  com position  o f th e ir  m icrobial associ­
a tes over several th o u san d  k ilom etres, w h ereas th e  m icrobial com ­
m unity  s tru c tu re  o f  d ifferen t species can be d rastically  d ifferent, 
even  over short distances (Rohwer e t al., 2002). Coral m icrobial popula­
tions have also been suggested to evolve according to  several stressors 
(Vega Thurber e t al., 2009), and such modifications have been sug­
gested to play a role in th e  resistance o f corals against infections 
(Reshef e t al., 2006; Rosenberg e t  al., 2007). Finally, as suggested in 
Mydlarz e t al. (2010), different coral species likely m anage their energy 
budgets in a different m anner, w ith  fast-grow ing species (e.g .Acropora 
spp.) dedicating m ore of their energy to grow th  and less to  im m unity 
(Palm er e t al., 2008).

3.1.2. Ex situ culture
As m entioned in the  beginning, ex situ aquaculture system s com e in 

a num ber o f varieties, from  FTAS w here sea w ater is pum ped into the 
culture system  and pum ped back ou t to sea (filtered a t entrance, exit 
or both), to RAS using e ither artificial sea w ater or natural filtered sea 
w ater and a low  percentage o f w ater renewal. In FTAS, w ater is the 
main potential source of pathogens and contam inants as it comes 
directly from the natural environm ent. W hen these systems use am bient 
seawater w ithout proper filtration or UV treatm ent, pathogens m ay enter
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and persist; a t this point stressors m ight cause increases in pathogen 
virulence and grow th (Kimes e t al., 2012; W ard e t al., 2007) resulting in 
the decim ation o f the  culture. The origin o f diseases previously addressed 
for in situ coral aquaculture (see previous Section 3.1) is also applicable 
for ex situ aquaculture system  using natural seaw ater w ithout appropri­
ate pre-treatm ent. However, the input o f natural diseases in an artificial 
environm ent m ay affect the natural behaviour o f the disease agent. For 
instance, high-density o f corals is expected in ex situ aquaculture facilities, 
which will certainly increase the  communicability of the pathogen among 
coral hosts and contribute to the collapse o f the  coral production. On 
the o ther hand, since closed/recirculating systems use either artificial or 
filtered seawater, these systems are not likely to be contam inated by 
pathogens entering naturally through the  w ater inlet. Unfortunately, the 
w ater entering the  culture system  is not the only potential source of 
coral pathogens and even w ith adequate w ater treatm ent, neither FTAS 
nor RAS are entirely w ithout risk o f contamination. Pathogens may 
enter through a variety of pathways, including the introduction of con­
tam inated coral specimens, pathogen-vector species (e.g. H. carunculata 
fireworms and coral-eating snails as discussed in Section 3.1.1), and live 
rock. Live rock in particular has been show n to comm only harbour 
undesired species such as fireworms Hermodice spp. (Calado e t al., 
2007; Cari, 2008). Consequently, disease onset in closed systems suggests 
a lack of prophylaxis or proper quarantine m easures (which are subse­
quently reviewed in Section 4.2).

Finally, it has been argued th a t m any coral diseases are the  result of 
an  increase in abundance of specific opportunistic coral pathogens fol­
lowing changes in environm ental param eters (Lesser e t al., 2007). 
Though no t subjected to natural o r anthropogenic modifications o f the 
environm ent, closed system s could nevertheless be affected by changes 
in environm ental conditions (e.g. tem pera ture  and n u trien t loadings) 
th rough  certain unplanned events such as equ ipm ent dysfunction. 
Such environm ental changes have been show n to cause shifts o f the 
coral microbial population from m utualistic/com m ensal to potentially 
pathogenic and opportunistic (Vega Thurber e t al., 2009).

3.2. Difference in coral associated bacterial communities between natural 
and aquarium environments

Although aquarium  corals all originally stem  from w ild populations, 
they  will likely undergo strong selection by th e  tim e they  reach th e  end 
user. Many of th e  m ore susceptible genotypes w ould have failed to su r­
vive the  long transporta tion  from collection, holding in local facilities, 
international freighting and finally life w ith in  the  aquaria. Interestingly, 
Acropora muricata, for exam ple, th a t will undergo stress responses and 
u ltim ately bleach and /or contract diseases such as w hite  syndrom e 
w hen  exposed to tem peratures o f 32 °C in reef system s such as the 
G reat Barrier Reef, can w ithstand  tem peratures in excess o f 33 °C in 
th e  aquarium  and suffer no visible ill effects (Sw eet pers. obs.). Eventual­
ly these aquarium  corals w hen  pushed to th e  limits experience w hat 
appears as a rapid tissue loss or w h a t has also been term ed as shut 
dow n reaction (SDR) in the  aquarium  trade, ra ther than  a progressive 
disease syndrom e as is often seen in the  wild following stressful condi­
tions. In som e cases, certain susceptible coral species such as Acroporids, 
w hich are vulnerable to increasing tem perature  stress over m uch of their 
range such as the  Great Barrier Reef, appear to be m ore to lerant to high 
tem peratures in so called ho t spots such as Thailand. There are two 
m ain theories as to w hy this occurs: 1) the  pathogenic agents causing 
diseases such as WS are not present in Thailand, therefore even if the 
corals do becom e stressed they  don 't subsequently succumb to a disease 
state  or 2) the  corals in this area have already undergone a strong 
selection pressure (similar to th a t experienced w ith aquarium  corals) 
and therefore those which rem ain are m ore capable o f w ithstanding 
any potential pathogens. Alternatively, there  is a third option w hereby 
th e  microbial com m unity o f the colonies in Thailand includes certain 
“probiotic" strains th a t a re capable o f mitigating these diseases.

Bacteria have often been proposed as the m ain causal agents o f m any 
coral diseases in the  wild (Bourne e t al., 2009; Cooney e t al., 2002; Pantos 
e t al., 2003; Sussman e t al., 2008). However, few studies have looked 
a t bacterial com m unities in aquarium  diseases (Kooperman et al., 
2007; Luna e t al., 2007, 2010). Bacterial associates o f healthy aquarium  
corals from a variety o f different species such as Acropora pulchra, 
A. muricata, P. damicornis, Seriatopora hystrix, Montipora capricornis and 
Euphyllia yaeyamaensis appear to show  hom ogeneity in their bacterial 
com m unities under aquarium  conditions. W hen kept w ithin the  same 
aquaria, healthy corals show  similar com m unity profiles betw een 
species (Sw eet e t al. pers. obs.), a result th a t contrasts w ith the  unique 
microbial species assem blages associated w ith  particular host species 
in the  wild (Ainsworth and Hoegh-Guldberg, 2009; Ceh e t al., 2011; 
Gil-Agudelo e t al., 2007; Guppy and Bythell, 2006; Rohwer e t al., 2002). 
Although Ceh e t al. (2011) did note th a t the  variation in bacterial 
com m unity structure observed in in situ colonies w as m ainly due to spa­
tial differences ra ther than  differences betw een species, in m ost studies a 
greater distinction occurs betw een host species than  betw een those w ith 
higher spatial distribution (Ainsworth and Hoegh-Guldberg, 2009; 
Guppy and Bythell, 2006; Kvennefors e t al., 2010; Rohwer e t al., 2001, 
2002). W hen corals contract WS in aquaria, the  bacterial comm unities 
change from their healthy s ta te (Sweet e t al., in press), as is seen in the 
wild (Pantos and Bythell, 2006; Rohwer e t al., 2002; Sweet and Bythell, 
2012), bu t different species and /or individuals o f the  sam e species have 
no single dom inant pathogen in comm on, suggesting th a t in this case 
either the  corals sam pled w ere all show ing different diseases or that 
bacteria are no t the  causal agents o f WS in aquaria (Luna e t al., 2007, 
2010; Sussman e t al., 2008; Sweet e t al., 2012).

4. Preventing coral diseases

4.1. Policy, m anagem ent and good practice

It has been argued th a t poor m anagem ent both in exportation, im­
portation and regulation in the animal trade has led to som e w idespread 
ecological problems. This is particularly the  case in the  aquarium  indus­
try. Two prom inent cases include the  release o f tw o species o f lionfish 
(Pterois volitans and Pterois miles) from aquaria in the  Caribbean and 
the  spread of the  am phibian fungus Batrachochytrium dendrobatidis, 
w hich causes Chytridiomycosis (Gahi e t al., 2012; Gründler e t al., 2012; 
Rasconi e t al., 2012). Zoos, public and private aquaria and hobbyists 
around the world have been partially implicated for the  significant 
spread in these particular cases, either accidently by releasing captive 
anim als by good natured people or simply by unwittingly transporting 
diseased anim als from site to  site (as is thought to be the  case w ith 
the  Chytrid fungus) (Der Sluijs e t al., 2011; Lannoo e t al., 2011; 
Puschendorf e t al., 2011). Although no coral species are yet officially 
considered exotic/invasive species, they  m ay also arise several concerns. 
The corals Tubastraea coccinea and Tubastraea tagusensis, both originally 
from the Pacific Ocean, w ere introduced in Brazil in the  1980s and are 
threatening local benthic biodiversity (Lages e t al., 2011). Coral diseases 
associated w ith these introduced species have currently not been 
reported, how ever the  possibility rem ains th a t pathogenic organisms 
(responsible for certain coral diseases) m ay have also been transported 
around the  world in a similar m anner. Indeed the  w hite diseases 
(w hite plague and W hite Band) found throughout the  Caribbean are a 
relatively recently phenom enon, first being reported in the  early 1970s 
(Aronson e t al., 2005; Bythell e t al., 2004; Gladfelter, 1982) and spread­
ing rapidly w ith very high m ortality rates following their introduction. 
This suggests th a t the  causal agents o f these diseases m ay have been 
introduced into the  Caribbean and not be native to the  location. W ith 
growing evidence linking the  pathogenic agents (nam ely the  ciliate; 
Philaster sp.) associated w ith WS in the  Indo-Pacific and the  sam e/sim ilar 
species found w ithin aquaria w orldwide, there  is potential th a t a release 
o f this pathogen m ay have occurred via aquaria. Lessons should be 
learned from previous errors, and m anagem ent o f m arine invertebrates
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in general should be improved. Adhering to strict m anagem ent practices 
m ay help prevent further ecological problem s and, therefore, should be 
im plem ented a t som e point betw een the  initial production o f the 
aquacultured organism  and its use by the  consum er.

The p ipeline o f coral trad e  usually  follows certain  steps: collection, 
packaging, shipping, receiv ing/im portation  by w holesale, retail and 
finally ends w ith  th e  private consum er. This long pa th  also creates 
opportun ities to im p lem en t m anagem ent rules to reduce/m itigate  
these  po ten tial th rea ts  th rough  general im provem en t in policy, m an ­
ag em en t and good practice. Currently, coral trade is regulated in 176 
countries via the  Convention on International Trade in Endangered 
Species o f W ild Fauna and Flora (CITES) w hich covers > 2 0 0 0  coral 
species. However, the  scope of CITES is lim ited to regulating the  trade 
of coral species for country/species com binations for w hich it was 
found th a t th e  trade of specim ens could be detrim ental. However 
certain recent developm ents such as the  EU Wildlife Trade Regulation 
Captive Breeding Database, which was developed for EU CITES authorities 
(http://captivebreeding.unep-wcmc.org/Home/About, 02/12/12), could 
be adapted to include information on breeding stocks affected by 
parasites/pathogens. Besides CITES, o ther organizations m ay also have 
an im portant role in future m anagem ent practices, such as the Marine 
Aquarium Council (MAC). This organization aims to prom ote a responsi­
ble aquarium  trade, particularly o f m arine ornamentals. Already, MAC has 
in practice several standards and certification processes covering corals, 
such as the  “Collection, Fishing and Holding Standard" (Holthus, 1999), 
which addresses harvesting, handling prior to export, holding, packaging 
and transporting. The application of this and o ther standards yet to be 
developed can improve m anagem ent practices throughout the pipeline.

Corals a re  usually  collected from  specific sites, m ost notably in 
Indonesia, Fiji and the  Philippines (Tissot e t al., 2010), th en  transported  
by freight and held in d istribution areas. Som etim es these corals (as is 
th e  case for reef fish) are held in quaran tine  tanks. A lthough quarantine 
should last a t least th irty  days, this is o ften ignored as it is not a requ ire­
m en t by law. As this step often comes w ith  additional costs it is unfor­
tunately  m issed ou t to keep exportation  costs a t a com petitive price. 
From here, th e  corals are th en  distributed to  various outlets for further 
sale. Currently, corals are very m uch in th e  shadow  o f general aquarium  
trade  w ith  m ost legislation and policies focusing on higher organism s 
such as the  reef fishes. Evidence indicates th a t collection o f som e coral 
reef anim als for these trades has caused virtual elim ination o f local 
populations and m ajor changes in com m unity/age structure (Tissot e t 
al., 2010). M anagem ent and enforcem ent o f collection activities in 
m ajor source countries, such as Indonesia and the  Philippines, rem ain 
weak. S trengthening trade  laws in countries th a t im port these corals 
and strengthening of the  enforcem ent capabilities com bined w ith 
increasing consum er and industry dem and for responsible conservation 
can create strong incentives for im proving m anagem ent in source 
countries. Im plem enting local and national m anagem ent m easures is 
particularly im portan t as th e  addition o f international regulations 
using existing conventions (e.g. CITES) takes a long tim e and such pro­
posals m ay be rejected; for exam ple the  addition o f the  Coralliidae from 
th e  M editerranean Sea w as rejected a t the  15th CITES Conference o f the 
Parties in Doha (Qatar) (Tissot e t al., 2010). Currently, there  is a glim ­
m er o f positive action being undertaken, w ith  num erous governm ental 
and international agencies w orking together to develop ‘Coral Health 
Certifications,’ ye t these are still in their early developm ental stages 
(Berzins e t al., 2008; Cato and Brown, 2008).

One further area for im provem ent is the  detection o f diseases before 
transportation . Coral diseases, unlike those in fish (w hich often m ani­
fest them selves quickly), can take days or w eeks to show  progressive 
lesions. M ost com m only th e  response by aquarists to  d isease outbreaks 
is fragm entation, rem oval o f the  dyeing section and /or a w a ter change. 
Molecular screening for potential pathogens is one w ay to identify 
th e  onset o f disease before visual signs are evident as changes in the  
microbial diversity have frequently been observed in apparently  healthy 
tissues in advance o f the disease lesions (Pantos e t al., 2003; Sweet and

Bythell, 2012). These techniques (e.g. non-culture dependant molecular 
analysis tools such as polymerase chain reaction (PCR), quantitative 
PCR, Denaturation Gradient Gel Electrophoresis and/or deep sequencing, 
coupled w ith culture dependant techniques) w ere previously restricted 
to Universities w ith specialised equipm ent and personnel bu t are in­
creasingly becom ing m ore and m ore easily achievable for anyone or 
any business and m ore im portantly to m ost a t significantly lower costs 
than  in previous years. There is the potential th a t commercial ventures 
and Universities could offer their services to screen corals for known 
(potential) pathogens and highlight risks before visual signs are ob­
served. Conducting these trials before transportation or during the  quar­
antine period will significantly reduce the  risk o f transporting specific 
pathogens around the world and further reduce the  risks o f these same 
pathogens being introduced into the  wild. However, as m ost coral patho­
gens can be found in both healthy tissues and the  disease lesions, as we 
discussed in Sections 2.1 and 2.2 (Klaus e t al., 2005; Ritchie, 2006; 
Ritchie and Smith, 2004), there  is a strong possibility th a t the pathogens 
are everywhere. In the  light o f this, it m ay be m ore im portant to m onitor 
the conditions that the corals are kept in/transported in during the first 
few steps till retail. Keeping healthy corals will allow the  corals them ­
selves to fend off any opportunistic pathogens.

4.2. Technical means

M aintaining an  aquaculture facility free o f diseases does no t m ean 
keeping it pathogen free, as opportunistic pathogens m ay be found on 
a variety o f environm ents including healthy corals (Bourne and Munn, 
2005; Sunagawa e t al., 2009), sedim ents (Richardson, 1997) and algae 
(Nugues e t al., 2004). However th e  possibility o f disease developm ent 
from opportunistic pathogens should be taken into account right from 
the  initial design of the  aquaculture system. Aquaculture system s should 
be conceived in such a w ay as to  p revent th e  spread of disease if it 
develops in any given section o f th e  system. Keeping corals in replicate 
system s isolated from one ano ther w ould therefore inhibit disease 
spread betw een system s as m any diseases have high virulence w ith 
coral colonies nearest to the  diseased colony m ost a t risk o f contracting 
the  disease (Aeby e t al., 201 lb ; Roff e t al., 2011 ). Coral culture system s 
could be e ither com pletely isolated or sem i-isolated (separated  w ater 
source and culture tanks or culture tanks separated after the  filtration 
system  respectively). A com pletely isolated design w ould be safer bu t 
w ould also result in higher initial costs and further m aintenance costs. 
A sem i-isolated system  w ould be less costly bu t if a pathogen entered 
the  system  and if th e  filtration/sterilisation equ ipm ent was not suffi­
cient, the  pathogen has the  potential to spread to all culture tanks.

In o rder to p reven t th e  in troduction  o f opportun istic  pathogens 
into an  aquacultu re  system , it is im p o rtan t to have sufficient filtration 
and sterilisation  o f all incom ing w a te r and q u aran tine  for all o th er 
inputs. Filtration can be chemical (such as activated carbon), mechanical 
(filters) or biological (live rocks), w hereas sterilisation is comm only 
perform ed using UV light or through ozonation. Quarantine duration 
depends largely on the host organism  being treated and/or the  pathogen 
of concern; in fish for exam ple quarantine lasts usually betw een two 
weeks and 90 days (Kent e t al., 2009). However, often even despite 
quarantine procedures, potential pathogens can slip unnoticed into the 
aquaculture system  as their grow th can be controlled by beneficial 
microbes (Ritchie, 2006) until a stress causes a disturbance favouring 
pathogen developm ent (e.g. Mao-Jones e t al., 2010; Vega Thurber e t al., 
2009). For the same reasons, the use o f prophylactic treatm ents should 
be avoided during quarantine, unless pathogen screening has identified 
a known pathogen for which an effective treatm ent exists. The careless 
use o f prophylactic treatm ents m ight prevent the appearance o f disease 
signs (Kent e t al., 2009) and result in the introduction o f infected organ­
isms into aquaculture systems which w ere thought to  be safe.

Disease developm ent is often the  result o f degradation o f environ­
m ental conditions w hich e ither affects the  coral host directly or indirect­
ly through modification o f its environm ent or o f its microbial/microalgal

http://captivebreeding.unep-wcmc.org/Home/About
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symbioses. For exam ple Raymundo e t al. (2009) suggested th a t func­
tionally diverse fish com m unities minim ise coral disease developm ent 
through the  control o f corallivorous fish w hich exacerbates disease 
developm ent. Furthermore, increases in algal prevalence, as a result of 
environm ental degradation for example, can also induce coral m ortality 
through the  release o f com pounds enhancing microbial activity (Smith 
e t al., 2006). As such, m aintaining healthy environm ents can provide 
an inexpensive prophylaxis m easure. It is therefore crucial to m onitor 
w ater quality param eters (e.g. tem perature, pH, nu trien t content) reg­
ularly. Furtherm ore, as highlighted by Kline e t al. (2006) on  top of 
“com m on" n u trien t concentration m easurem ents (e.g. nitrate, phos­
phate, am m onia), w a ter quality m onitoring should include m easures 
o f DOC and POC as these  ten d  to drive coral disease developm ent.

4.3. Genetic selection

Genetics play a key role on in ter- and intra-specific resistance to dis­
ease, and this is a particularly im portan t issue as aquacultured corals are 
usually reproduced by fragm entation of m other colonies, resulting in 
genetically identical clones. Coral susceptibility to infection o f disease 
has been discussed in Section 3.1.1 along w ith  th e  genetic aspect o f var­
iations betw een  species and colonies specifically. As there  is no guide­
book w ith  the  “strongest" coral species, or w h a t genotypes are m ore 
resistant to diseases, it is recom m ended to conduct an  initial screening, 
searching for candidate colonies w ith  enhanced im m unity and growth. 
However, investigations aim ing to identify im m unity  genes in corals are 
only ju s t em erging (Hayes e t al., 2010). Nevertheless, since im m unity is 
often enhanced a t the  expense o f grow th and reproduction (Sadd and 
Schmid-Hempel, 2009), selecting fast grow ers to  enhance coral produc­
tion m ight be a risky strategy.

The w idespread propagation by fragm entation o f cultured corals has 
ano ther im portan t implication. Since fragm ented colonies are geneti­
cally identical, genetic diversity will tend  to decrease over time, and 
this can in tu rn  negatively affect coral disease resistance (Nunes e t al., 
2009; Spielman e t al., 2004). M anagers will therefore need to  weigh 
the  advantages o f selecting for coral genotypes w ith  enhanced im m uni­
ty  against th e  draw backs of seeing disease resistance decreasing w ith 
tim e as a result o f th e  loss o f genetic diversity.

5. Treating coral diseases

Various attem pts have been m ade to trea t coral diseases in ex situ 
cultures using a num ber o f “hom e rem edies" (e.g. tinctures o f iodine, 
fresh w ater dips, addition o f antibiotics) (Sw eet e t al., 2012). These are 
usually trialled by either hobbyists and reported in blog sites or by zoos 
and public aquariums. The m ost com m on m ethod reported in the  grey 
literature to  elim inate a disease is fragm entation of the coral, w hich elim ­
inates the  diseased fraction. However, this does not necessarily m ean 
th a t the pathogen will be elim inated from the  aquaculture system  as 
w ith regard to bacteria for example, apparently  healthy tissue in advance 
of the lesion interface has been show n to have changeable diversity 
com pared to healthy corals and m ay contain the  pathogens specific to 
one or m ore disease (Croquer e t al., 2013 ; Sweet and Bythell, 2012). Little 
work is currently done on systematically trialling these potential cures in 
a scientific setting. However, w ork a t Newcastle University (Sweet pers. 
obs.), in collaboration w ith the  aquarium  a t Hornim an M useum  and 
Gardens in London is currently underway, w ith the  aim  of systematically 
testing suggested cures and developing a trea tm en t for a range of coral 
diseases usable w ithin aquaculture. Potential cures are currently  being 
trailed against potential pathogens such as the  bacteria, Vibrio harveyi, 
and an Arcobacter species, as well as ciliates, such as Philaster sp., all of 
w hich have previously been linked to diseases such as WS, BrB and BJS 
(Table 1; Fig. 1), in both aquaria and in the wild (Luna e t al., 2007, 
2010; Sussman e t al., 2008; Sweet and Bythell, 2012).

A nother trea tm e n t op tion  curren tly  being tes ted  is th e  use o f 
pro-biotic bacteria, w hich m ay provide a health  benefit to  th e  coral

host (Teplitski and Ritchie, 2009). Probiotic bacteria m ay interfere 
w ith  pathogens through interference o f cell-cell signalling (Defoirdt e t 
al., 2011 ; H unt e t al., 2012; Skindersoe e t al., 2008), pathogen exclusion 
(Mao-Jones e t al., 2010; Reshef e t al., 2006) and the  production of 
antimicrobials (Ritchie, 2006; Shnit-Orland and Kushmaro, 2009). As a 
result, Teplitski and Ritchie (2009) proposed that inoculating corals 
w ith beneficial bacteria initially isolated from the  reef or bacterial viruses 
(know n as phages) could protect them  against pathogens and stressors.

Finally the  m ost recent option is the  use of phage therapy, w hich uses 
lytic bacteriophage viruses to highly selectively target specific coral 
pathogens (Efrony e t al., 2007, 2009). However, their high specificity is 
a double-edged sword; on one hand, the  property w hich makes them  
relatively risk free for environm ental usage, nam ely their high specificity 
to certain bacterial hosts m eans th a t there  is little risk o f having the 
phage targeting non-pathogenic bacteria in symbiosis w ith the  coral 
host. In contrast, this specificity m eans th a t this m ethod can only be 
used for diseases for w hich the aetiology has been resolved and consists 
o f a single pathogen, as m any of th e  proposed pathogens are under great 
debate the  usefulness o f this technique is therefore limited a t current 
times. That said, phage therapy has been applied successfully in the 
case o f tw o coral diseases, 1) bacterial bleaching o f P. damicornis by 
V. coralliilyticus (Efrony e t al., 2007) and 2) w hite plague disease of 
Favia favus caused by Thalassomonas loyana (Atad e t al., 2012; Efrony 
e t al., 2009). These studies provide the  only strong evidence linking 
specific causal agents to certain diseases/syndrom es to date. Further­
more, Atad e t al. (2012) took this process to the  next level and w ere 
the  first to successfully prevent both progression and transm ission of a 
coral pathogen (T. loyana in this case) w ithin the  natural environm ent, 
a result show ing high prom ise for the  future trea tm en t o f coral diseases 
in both m ariculture and ex situ aquaculture.

6. Conclusion and future studies

Diseases are a com m on problem  of all aquaculture ventures and 
coral aquaculture is no exception. W hile m uch inform ation is available 
on th e  origin and trea tm en t o f diseases in aquaculture species such as 
fish and crustaceans (Bondad-Reantaso e t al., 2005; Defoirdt e t  al., 
2011 ; Kent e t al., 2009), our cu rren t understanding of coral diseases is 
still insufficient to provide m anagers w ith  a com prehensive guidebook 
to  p revent and /or trea t diseases in coral aquaculture. W hile several 
prom ising trea tm en ts are being looked into, so far th e  best option to 
deal w ith  diseases in coral aquaculture rem ains th rough  prevention. 
Most im portantly, it is im perative to develop a m ultifunctional toolbox 
for assessing disease state  in corals. As stated by W ork e t al. (2008), 
m ethods applied in biomedical sciences, including rigorous anatom ical 
description, use o f  appropriate  diagnostic m ethods and controlled ex­
perim ental design, should be applied in investigating coral diseases. 
Such a toolbox w ould be o f particular use to aquaculture as it may 
allow  for the  discrim ination o f healthy and diseased colonies prior to 
introduction into culture systems. Molecular biology in particular m ay 
provide prom ising tools w ith  potential applications in disease outbreak 
identification, as well as genetic selection o f candidate coral species 
and /or colonies to culture. However, because the  use o f fragm entation 
techniques to propagate corals is still th e  m ost popular m ethod in aqua­
culture facilities, m anagers will have to  consider the  costs o f seeing 
disease resistance decreasing w ith  the  loss o f genetic diversity (Nunes 
e t al., 2009; Spielman e t al., 2004). Nevertheless, progress is continuous­
ly being m ade to use sexual reproduction techniques to create large coral 
num bers to use in aquaculture (Petersen, 2008). Compared to fragm en­
tation, this is a m uch m ore efficient m ethod to produce a large num bers 
o f corals. Furthermore, sexual reproduction will retain and even increase 
genetic variability w ithin the  cultured organisms.

Despite unden iab le  know ledge gaps, research  into coral disease 
understanding, prevention and trea tm en t is advancing quickly. Howev­
er, as highlighted in this review, our understanding of these  processes in 
coral aquaculture is currently  ra ther lim ited, w hich underlines the  need
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for increased investm ent in collaborative research betw een  scientists 
and hobbyists/aquarists. Such collaborations m ight allow  for th e  devel­
o p m en t o f significant im provem ents in coral culture system  design and 
m anagem ent.
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