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Abstract Disease is increasingly recognized as a threat to

coral reef ecosystems, particularly in the light of increasing

anthropogenic disturbances that disrupt important symbi-

otic partnerships within the coral holobiont. White syn-

dromes (WSs) are a prevalent group of coral diseases in the

Indo-Pacific region that have been the focus of an

increasing number of investigations over the past decade.

Here, we summarize the current state of knowledge on

WSs, advocate the use of established standardized criteria

to describe disease lesions at gross and cellular levels to

move the field forward, and highlight potential erroneous

characterization of underlying causes that hinders ongoing

progress in coral disease research. We argue for retention

of the general term WSs for Indo-Pacific cases of tissue

loss lacking distinguishing macroscopic signs and with

unknown aetiologies, but erection of more specific names

once standardized criteria are met. Recent advances in WS

disease pathology, microbial ecology, physiology, ecology

and environmental drivers are discussed and the need for

greater application of interdisciplinary approaches is

emphasized. Following recent widespread reports of WSs

on coral reefs, a clear, concise perspective is needed to

provide a focus for further research and avoid confusion in

the study of this virulent group of diseases.

Keywords Coral disease � White syndromes �
Indo-Pacific

Introduction

Consistent disease descriptions and standardized diagnostic

protocols are critical for the effective management of dis-

ease in animal and plant populations. However, despite

increasing impacts of coral diseases on reef ecosystems

worldwide, variable and even contradictory descriptions

and diagnostic criteria continue to hinder research and

management of coral diseases. Our understanding of the

widespread group of coral tissue loss diseases, collectively

known as white syndromes (WSs), has suffered from this

confusion. The term WSs was first used in 1998 to describe

patterns of tissue loss observed on corals in a long-term

monitoring program on the Great Barrier Reef (GBR) that

had commenced 6 yr prior to this first report (Sweatman

et al. 2001). In order to address the difficulty of relating

tissue loss diseases in the Indo-Pacific to diseases with

similar macroscopic signs in the Caribbean, the term WS

was subsequently adopted to describe diffuse patterns of

tissue loss exposing irregular bands or patches of white

skeleton on Indo-Pacific corals (Willis et al. 2004; Beeden
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et al. 2008; Raymundo et al. 2008). In the Caribbean,

similar macroscopic signs of tissue loss are distinguished

by variable characteristics of lesion shape and rate of

progression, which can be difficult to differentiate in field

surveys (reviewed in Bythell et al. 2004). Following dec-

ades of research in the Caribbean, it is clear that estab-

lishing disease causation in corals is notoriously difficult

(Bythell et al. 2002), which partly explains the current

proliferation of names for white diseases in the Caribbean

(e.g. white band I and II, white plague I, II, and III, white

pox), each with potentially different causative agents

(Bythell et al. 2002; Bruno et al. 2003; Lesser et al. 2007).

Indo-Pacific WSs are similarly likely to have different and/

or multiple factors influencing disease initiation, manifes-

tation and progression (Bourne et al. 2009; Work and Aeby

2011). In recognition of the likelihood that it will take

substantial time and resources to identify factors causing

WSs, it was suggested that the most prudent approach for

field studies of coral disease is to refer to patterns of tissue

loss of unknown aetiology on Indo-Pacific corals collec-

tively, rather than to erect a variety of names for macro-

scopic signs that are difficult to distinguish in the field

(Willis et al. 2004). Almost a decade after the term was first

coined, and despite many advances in our understanding of

coral diseases, problems with identifying causes of coral

diseases in general (Lindrop et al. 2008; Rodgers 2010),

and WSs in particular, continue to justify the use of this

collective term to describe unexplained patterns of coral

tissue loss on Indo-Pacific corals.

Multiple factors have contributed to the slow rate of

progress in the field of coral disease research. The lack of

rapid, accurate diagnostic tools for coral diseases (Pollock

et al. 2011) means that lesions are typically characterized

based on underwater observations of macroscopic features,

particularly lesion colour, patterns and extent of tissue loss,

and characteristics of exposed coral skeleton. Not unex-

pectedly, this has led to ambiguous classifications of coral

diseases that are largely open to interpretation. Difficulties

in replicating the reef environment within laboratory

studies, combined with plasticity of microbial associations

within the coral holobiont in experimental settings (Ains-

worth and Hoegh-Guldberg 2009), have further hindered

the development of systematic approaches to teasing apart

potential factors contributing to disease causation. Standard

criteria for characterizing the morphology of coral lesions

at the gross level have been disseminated (Work and Aeby

2006; Work et al. 2008), and such approaches are routinely

used to tease apart disease causation in other animal sys-

tems (Work and Meteyer 2014). Until these standard cri-

teria for disease identification are uniformly embraced,

ambiguity in the field of coral disease research will persist,

impeding the development of comparative frameworks

needed to better define various types of WSs and aid the

identification of their corresponding causative agents

(Work and Aeby 2006; Ainsworth et al. 2007b; Work et al.

2008; Downs et al. 2009; Rodgers 2010). Here, we review

the status of WSs on Indo-Pacific reefs, outline the chal-

lenges hindering research on WSs, and suggest potential

approaches to further our understanding of this elusive

group of diseases.

White syndromes of the Indo-Pacific: a cautionary note

on the emerging proliferation of disease names

The first report of an Indo-Pacific WS was published by

Antonius (1985), who noted linear tissue loss progressing

over colonies with a clear interface between living coral

tissue and brilliant white skeleton. Originally called white

band disease (WBD), this pattern of tissue loss clearly

falls within the definition of WS (Table 1). This early

record describes WSs on Philippine reefs affecting over

twenty coral species, predominantly in the family Acro-

poridae (Antonius 1985). Subsequently, WSs were

reported to affect 17 species/growth forms of corals from

a range of important reef-building families on the GBR,

particularly fast-growing, tabular, and branching species

in the families Acroporidae and Pocilloporidae (Willis

et al. 2004). Tissue loss diseases, consistent with the

definition of WSs, have now been reported from most reef

regions throughout the Indo-Pacific (e.g. Raymundo et al.

2003; Timothy et al. 2004; Work and Rameyer 2005;

Ainsworth et al. 2007b; see Table 1). Localized WS

outbreaks have also been reported to affect a range of

species over a wide geographic range (Table 1; Fig. 1),

including: the tabulate coral Acropora cytherea on reefs

in the remote North-Western Hawaiian Islands (Aeby

2005); tabulate species of Acropora in the Marshall

Islands, where outbreaks have resulted in extensive mor-

tality over a number of years (Jacobson et al. 2006);

tabulate species of Acropora at Christmas and Cocos

Islands, North Western Australia (Hobbs and Frisch

2010); species of Pachyseris in Palau (Sussman et al.

2008; Page et al. 2009); and species of Acropora, Mon-

tipora, Pocillopora, Goniastrea, Platygyra and Porites on

reefs of the US remote Pacific Islands (Vargas-Angel

2009; Aeby et al. 2011).

A number of Indo-Pacific diseases with macroscopic

signs consistent with WS have been assigned distinct

names in line with developed comparative frameworks

(Work and Aeby 2006; Work et al. 2008). For example, a

tissue loss disease termed Montipora white syndrome

(MWS) was identified on reefs in Hawaii (Aeby et al.

2010), and subsequent studies have identified both acute

and chronic versions based on differences in the rate of

lesion progression (Work et al. 2012). Another tissue loss
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disease that progresses more rapidly in summer than in

cooler months, and which affects thirty-three coral species

from six families, has been described from Australian

temperate reefs and called Australian subtropical white

syndrome (ASWS; Dalton and Smith 2006; Dalton et al.

2010). There is merit in providing detailed descriptions of

these disease states; however, investigators that observe

tissue loss on these coral genera and species in other reef

regions are now faced with the dilemma of selecting the

most appropriate name in the absence of definitive

aetiologies.

A proliferation of names for Indo-Pacific WSs has

recently emerged, similar to the proliferation of names that

now exist for Caribbean white diseases (reviewed in Bythell

et al. 2004). For example, Séré et al. (2012) reported a dis-

ease from the Western Indian Ocean that affects massive

colonies of Porites lobata and P. lutea and introduced the

name Porites white patch syndrome (PWPS) (Table 1). At

this stage, there are no histological or etiological details that

distinguish PWPS (see Séré et al. 2013) from the more

general case of WS (see similar photo in Beeden et al. 2008,

Sect. 3b WSs), or specific morphological criteria that can be

used to confidently assign this name to signs of tissue loss on

colonies of Porites. In addition, Porites tissue loss (PorTL)

has been introduced to describe irregular patches of tissue

loss with unknown aetiologies on P. compressa (Williams

et al. 2010), and more recently, Porites bleaching with tissue

loss (PBTL) has been introduced for grossly similar mac-

roscopic signs that follow an initial bleaching stage on the

same species (Sudek et al. 2012; Lawrence et al. 2014). We

recommend that all these disease cases be termed Porites

WS, using the coral genus name as an additional layer of

unambiguous information, until the underlying aetiologies

of each disease are determined.

Furthermore, the Caribbean term white plague disease

continues to be applied to cases of tissue loss on Indo-

Pacific reefs (e.g. Barash et al. 2005; Roder et al. 2014),

without clear evidence that field signs or potential causa-

tive agents are consistent with white plague I, white plague

II, or white plague III. In the Caribbean, white plague II has

been associated with Aurantimonas coralicida (Denner

et al. 2003), but recent studies of bacterial communities

associated with white plague-like tissue loss on reefs in the

Red Sea (Thompson et al. 2006) and at Koh Tao, Thailand

(Roder et al. 2014), have not detected this pathogen. To the

contrary, a new causative agent, Thalassomonas loyana sp.

nov., has been identified for white plague-like tissue loss in

Red Sea corals (Thompson et al. 2006), highlighting the

pitfalls of applying names erected for Caribbean diseases to

Indo-Pacific diseases. This proliferation of distinct names

for macroscopically similar disease signs, which often lack

defined, distinguishable aetiologies, leads to confusion

among reef researchers and managers looking to consis-

tently identify the diseases they encounter.

In some cases, new diseases reported from the Indo-

Pacific region have macroscopic signs consistent with the

general WS signs of tissue loss exposing white skeleton, but

also have distinctive lesion shapes, patterns, and progression

characteristics that have been clearly described, setting them

apart and warranting the erection of a specific name. For

example, a multifocal pattern of tissue loss exposing small

circular areas of bare white skeleton, which was first

described from lesions on Porites found on reefs in the

central Philippines, was named Porites ulcerative white spot

disease (PUWS) (Raymundo et al. 2003). The characteristic

progression of PUWS lesions, from discrete, bleached,

round foci that often coalesce and occasionally cause whole

colony mortality (Raymundo et al. 2003), further supports

the need for a specific name for this suite of disease signs.

However, discovery of similar lesions on species of Monti-

pora, faviids, and the octocoral Heliopora has led to the

name being modified to a more general version, ulcerative

white spots, to accommodate the additional range of coral

hosts (Beeden et al. 2008; Raymundo et al. 2008). As another

Hawaii

Australia

East Africa

Palau

Phillipines

Indonesia

Japan

Palmyra Atol

South Africa

India
Saudi
Arabia

GBR 

US Remote Pacific Is.

Thailand

Christmas Is.
Cocos Is.

Marshall Is.

Guam

Am Samoa

New Caledonia.
Maurituis

Seychelles
Maldives

Fig. 1 Map showing locations

throughout the Indo-Pacific

where WSs have been reported

236 Coral Reefs (2015) 34:233–242

123



T
a

b
le

2
Id

en
ti

fi
ed

ch
al

le
n

g
es

an
d

so
lu

ti
o

n
s

in
id

en
ti

fy
in

g
W

S
d

is
ea

se
ca

u
sa

ti
o

n

S
el

ec
te

d
k

ey
ch

al
le

n
g

es
in

th
e

co
ra

l

sy
st

em

A
ss

o
ci

at
ed

is
su

es
P

ro
p

o
se

d
so

lu
ti

o
n

C
o

n
fu

se
d

an
d

/o
r

co
n

fl
ic

ti
n

g
d

es
cr

ip
ti

o
n

s

at
th

e
le

v
el

o
f

g
ro

ss
le

si
o

n
s

ar
e

st
il

l

co
m

m
o

n
in

th
e

co
ra

l
d

is
ea

se
li

te
ra

tu
re

R
eg

io
n

al
co

m
p

ar
is

o
n

s
o

f
d

is
ea

se
s

ar
e

d
if

fi
cu

lt
if

st
an

d
ar

d
iz

ed
d

es
cr

ip
ti

o
n

s
o

f
le

si
o

n
s

at
th

e
g

ro
ss

le
v

el

ar
e

n
o

t
fo

ll
o

w
ed

W
h

en
d

o
cu

m
en

ti
n

g
re

ef
h

ea
lt

h
in

re
ef

-w
id

e
su

rv
ey

s,
it

is
im

p
o

rt
an

t
th

at
cl

ea
r

an
d

ea
si

ly

id
en

ti
fi

ab
le

cr
it

er
ia

ar
e

u
se

d
to

d
es

cr
ib

e
m

o
d

es
o

f
co

ra
l

m
o

rt
al

it
y

.
C

o
ra

l
d

is
ea

se

re
se

ar
ch

er
s

n
ee

d
to

em
b

ra
ce

st
an

d
ar

d
cr

it
er

ia
fo

r
ch

ar
ac

te
ri

zi
n

g
co

ra
l

le
si

o
n

s
at

th
e

g
ro

ss
,

m
ic

ro
sc

o
p

ic
,

im
m

u
n

o
lo

g
ic

al
,

an
d

m
ic

ro
b

ia
l

le
v

el
(a

s
o

u
tl

in
ed

in
W

o
rk

an
d

A
eb

y

2
0

0
6

;
R

ay
m

u
n

d
o

et
al

.
2

0
0

8
;

W
o

rk
et

al
.

2
0

0
8

).
W

h
er

e
p

o
ss

ib
le

,
th

e
g

en
u

s
o

f
th

e
co

ra
l

co
lo

n
ie

s
af

fe
ct

ed
ca

n
b

e
ad

d
ed

to
th

e
d

is
ea

se
n

am
e,

th
er

eb
y

ad
d

in
g

an
ad

d
it

io
n

al
la

y
er

o
f

u
n

am
b

ig
u

o
u

s
in

fo
rm

at
io

n
;

fo
r

ex
am

p
le

,
cu

rr
en

t
ac

ce
p

te
d

d
is

ea
se

n
am

es
in

cl
u

d
e

‘‘
M

o
n

ti
p

o
ra

w
h

it
e

sy
n

d
ro

m
e’

’
an

d
‘‘

A
cr

o
p

o
ra

w
h

it
e

sy
n

d
ro

m
e’

’

M
ac

ro
sc

o
p

ic
cr

it
er

ia
ch

ar
ac

te
ri

zi
n

g

le
si

o
n

s
p

ro
v

id
e

a
b

as
e

d
es

cr
ip

ti
o

n
o

f

ap
p

ar
en

t
co

lo
n

y
h

ea
lt

h
at

a
si

n
g

le
p

o
in

t

in
ti

m
e

an
d

ar
e

n
o

t
n

ec
es

sa
ri

ly

in
d

ic
at

iv
e

o
f

th
e

le
si

o
n

in
it

ia
ti

o
n

,

ca
u

sa
ti

o
n

o
r

p
ro

g
re

ss
io

n

It
is

o
ft

en
ex

tr
em

el
y

ch
al

le
n

g
in

g
to

id
en

ti
fy

th
e

ea
rl

ie
st

st
ag

es
o

f
le

si
o

n
in

it
ia

ti
o

n
o

n
co

ra
ls

.
T

h
er

ef
o

re
,

sa
m

p
li

n
g

o
f

co
ra

l
le

si
o

n
s

m
ay

o
cc

u
r

w
el

l
af

te
r

in
it

ia
l

le
si

o
n

o
n

se
t

an
d

re
p

re
se

n
t

a
la

te
st

ag
e

p
ro

g
re

ss
io

n
,

th
u

s
se

co
n

d
ar

y
co

lo
n

is
er

s
o

f
co

m
p

ro
m

is
ed

co
ra

l
ti

ss
u

e

m
ay

b
e

co
n

fu
se

d
w

it
h

p
ri

m
ar

y
ag

en
ts

A
n

y
d

is
ea

se
in

v
es

ti
g

at
io

n
s

sh
o

u
ld

in
co

rp
o

ra
te

d
et

ai
le

d
ec

o
lo

g
ic

al
su

rv
ey

s,
d

o
cu

m
en

ti
n

g

d
is

ea
se

ab
u

n
d

an
ce

,
p

re
v

al
en

ce
an

d
sp

re
ad

th
ro

u
g

h
a

p
o

p
u

la
ti

o
n

.
A

t
th

e
in

d
iv

id
u

al
co

ra
l

co
lo

n
y

le
v

el
,

le
si

o
n

p
ro

g
re

ss
io

n
sh

o
u

ld
al

so
b

e
m

ap
p

ed
ac

ro
ss

th
e

co
ra

l
co

lo
n

y
.

G
o

o
d

ec
o

lo
g

ic
al

in
fo

rm
at

io
n

o
f

d
is

ea
se

w
it

h
in

a
p

o
p

u
la

ti
o

n
w

il
l

p
ro

v
id

e
th

e
b

es
t

o
p

p
o

rt
u

n
it

y

to
sa

m
p

le
le

si
o

n
s

at
a

ti
m

e
w

h
en

ca
u

sa
ti

v
e

ag
en

ts
ar

e
as

so
ci

at
ed

w
it

h
an

ac
ti

v
el

y

p
ro

g
re

ss
in

g
le

si
o

n

L
in

k
in

g
a

ca
u

sa
ti

v
e

ag
en

t
w

it
h

ri
g

o
ro

u
s

le
si

o
n

d
es

cr
ip

ti
o

n
s

at
th

e
m

o
rp

h
o

lo
g

ic
al

(g
ro

ss
),

ce
ll

u
la

r
an

d
m

ic
ro

b
ia

l
le

v
el

s

O
ft

en
b

ac
te

ri
al

ca
u

sa
ti

o
n

is
b

as
ed

o
n

g
ro

ss
le

si
o

n
s

re
p

li
ca

te
d

ex
p

er
im

en
ta

ll
y

,
th

o
u

g
h

co
m

p
ar

is
o

n
s

o
f

le
si

o
n

s
at

th
e

ce
ll

u
la

r
le

v
el

id
en

ti
fy

in
g

si
m

il
ar

b
ac

te
ri

al
ag

en
ts

in
b

o
th

ex
p

er
im

en
ta

l
tr

ia
ls

an
d

fi
el

d
-

b
as

ed
st

u
d

ie
s

ar
e

la
ck

in
g

C
o

n
tr

o
ll

ed
ex

p
er

im
en

ta
l

st
u

d
ie

s
d

em
o

n
st

ra
ti

n
g

b
ac

te
ri

al
ae

ti
o

lo
g

ie
s

n
ee

d
to

b
e

cl
o

se
ly

li
n

k
ed

w
it

h
h

is
to

lo
g

ic
al

ev
id

en
ce

fo
r

m
ic

ro
b

ia
l

in
v

as
io

n
s

o
r

ca
u

sa
ti

v
e

ef
fe

ct
s

re
su

lt
in

g

in
d

is
ti

n
ct

iv
e

le
si

o
n

s
b

o
th

w
it

h
ex

p
er

im
en

ta
l

an
d

fi
el

d
-b

as
ed

st
u

d
ie

s
(a

s
em

p
h

as
iz

ed

st
ro

n
g

ly
in

W
o

rk
et

al
.

2
0

1
2

)

H
ar

d
ca

lc
iu

m
ca

rb
o

n
at

e
st

ru
ct

u
re

re
su

lt
s

in
ch

al
le

n
g

es
fo

r
p

ro
ce

ss
in

g
sa

m
p

le
s

to

in
v

es
ti

g
at

e
sc

le
ra

ct
in

ia
n

co
ra

l
sa

m
p

le
s

at
th

e
ce

ll
u

la
r

le
v

el

T
h

e
h

ar
d

ca
lc

iu
m

ca
rb

o
n

at
e

st
ru

ct
u

re
o

f
co

ra
ls

re
su

lt
s

in

d
ec

al
ci

fy
in

g
st

ep
s

p
ri

o
r

to
th

e
ap

p
li

ca
ti

o
n

o
f

ce
ll

u
la

r

ap
p

ro
ac

h
es

su
ch

as
h

is
to

lo
g

y
an

d
fl

u
o

re
sc

en
t

in
si

tu

h
y

b
ri

d
iz

at
io

n
(F

IS
H

)
to

ch
ar

ac
te

ri
ze

le
si

o
n

s.
T

h
es

e

d
ec

al
ci

fy
in

g
st

ep
s

ca
n

d
is

ru
p

t
ce

ll
u

la
r

st
ru

ct
u

re
an

d

as
so

ci
at

ed
o

rg
an

is
m

s,
m

ak
in

g
it

d
if

fi
cu

lt
to

li
n

k

ca
u

sa
ti

v
e

ag
en

ts
w

it
h

th
e

le
si

o
n

In
v

es
ti

g
at

in
g

th
e

ce
ll

u
la

r
re

sp
o

n
se

o
f

th
e

co
ra

l
u

si
n

g
st

an
d

ar
d

iz
ed

h
is

to
lo

g
ic

al
m

et
h

o
d

s

sh
o

u
ld

en
su

re
co

rr
ec

t
em

b
ed

d
in

g
o

f
sa

m
p

le
s

to
p

re
v

en
t

ex
ce

ss
iv

e
ti

ss
u

e
d

is
ru

p
ti

o
n

d
u

ri
n

g
d

ec
al

ci
fi

ca
ti

o
n

.
H

o
w

ev
er

,
d

ev
el

o
p

m
en

ts
in

h
is

to
lo

g
ic

al
p

re
p

ar
at

io
n

o
f

co
ra

l

sa
m

p
le

s
th

at
d

o
n

o
t

re
q

u
ir

e
d

ec
al

ci
fi

ca
ti

o
n

al
lo

w
sy

st
em

at
ic

in
v

es
ti

g
at

io
n

o
f

ce
ll

u
la

r

re
sp

o
n

se
s

an
d

av
o

id
d

is
ru

p
ti

o
n

o
f

ce
ll

u
la

r
st

ru
ct

u
re

s
(K

aw
am

o
to

2
0

0
3

).
S

u
ch

n
o

v
el

te
ch

n
iq

u
es

w
il

l
g

re
at

ly
ai

d
ef

fo
rt

s
to

li
n

k
ce

ll
u

la
r

re
sp

o
n

se
s

w
it

h
b

io
ti

c
ca

u
sa

ti
v

e
ag

en
ts

S
cl

er
ac

ti
n

ia
n

co
ra

ls
ar

e
co

m
p

ri
se

d
o

f
a

co
m

p
le

x
sy

m
b

io
si

s
b

et
w

ee
n

th
e

an
im

al

an
d

it
al

g
al

d
in

o
fl

ag
el

la
te

p
ar

tn
er

(S
ym

b
io

d
iu

im
).

T
h

is
in

ti
m

at
e

re
la

ti
o

n
sh

ip
m

ea
n

s
th

at
th

e
ce

ll
u

la
r

re
sp

o
n

se
o

f
b

o
th

p
ar

tn
er

s
to

d
is

ea
se

n
ee

d
s

to
b

e
u

n
d

er
st

o
o

d
.

In
ad

d
it

io
n

,

re
ce

n
t

re
se

ar
ch

h
as

h
ig

h
li

g
h

te
d

h
o

w

o
th

er
m

ic
ro

b
ia

l
p

ar
tn

er
s,

in
cl

u
d

in
g

B
ac

te
ri

a,
A

rc
h

ae
a,

F
u

n
g

i,
an

d
ev

en

v
ir

u
se

s
ar

e
ce

n
tr

al
to

th
e

fi
tn

es
s

o
f

th
e

co
m

p
le

te
h

o
lo

b
io

n
t

C
o

ra
ls

re
p

re
se

n
t

a
sy

m
b

io
si

s
am

o
n

g
an

an
im

al
(t

h
e

co
ra

l
h

o
st

),
an

al
g

a
(e

n
d

o
sy

m
b

io
ti

c
d

in
o

fl
ag

el
la

te

S
ym

b
io

d
in

iu
m

),
an

d
v

ar
io

u
s

m
ic

ro
b

ia
l

as
so

ci
at

es
;

th
er

ef
o

re
,

u
n

d
er

st
an

d
in

g
th

e
re

sp
o

n
se

o
f

th
e

h
o

lo
b

io
n

t

ca
n

b
e

ch
al

le
n

g
in

g
.

T
o

ac
h

ie
v

e
th

is
,

a
m

u
lt

i-

d
is

ci
p

li
n

ar
y

ap
p

ro
ac

h
is

re
q

u
ir

ed
,

co
m

b
in

in
g

tr
ad

it
io

n
al

b
io

m
ed

ic
al

ap
p

ro
ac

h
es

w
it

h
d

ev
el

o
p

in
g

g
en

et
ic

-
an

d
im

m
u

n
o

lo
g

ic
al

-b
as

ed
m

et
h

o
d

o
lo

g
ie

s.

A
p

ar
t

fr
o

m
ac

co
m

m
o

d
at

in
g

th
es

e
ad

d
it

io
n

al

co
m

p
le

x
it

ie
s,

th
e

ap
p

ro
ac

h
fo

r
d

ia
g

n
o

si
n

g
co

ra
l

d
is

ea
se

sh
o

u
ld

b
e

n
o

d
if

fe
re

n
t

to
ap

p
ro

ac
h

es
ro

u
ti

n
el

y

u
n

d
er

ta
k

en
in

an
y

n
u

m
b

er
o

f
h

u
m

an
an

d
an

im
al

d
is

ea
se

ap
p

li
ca

ti
o

n
s

T
o

u
n

d
er

st
an

d
d

is
ea

se
w

it
h

in
co

ra
ls

,
an

in
-d

ep
th

k
n

o
w

le
d

g
e

o
f

th
e

b
as

ic
b

io
lo

g
y

o
f

ea
ch

h
o

lo
b

io
n

t
m

em
b

er
is

re
q

u
ir

ed
.

G
en

o
m

ic
s-

b
as

ed
ap

p
ro

ac
h

es
(g

en
o

m
ic

s,
m

et
ag

en
o

m
ic

s,

m
et

at
ra

n
sc

ri
p

to
m

ic
s)

ar
e

cu
rr

en
tl

y
b

ei
n

g
ap

p
li

ed
to

st
u

d
y

co
ra

ls
an

d
th

ei
r

m
ic

ro
b

ia
l

as
so

ci
at

es
,

w
h

ic
h

sh
o

u
ld

p
ro

v
id

e
th

is
b

as
ic

in
fo

rm
at

io
n

.
H

o
w

ev
er

,
m

o
d

el
sy

st
em

s
ar

e

re
q

u
ir

ed
(S

ym
b

io
d

in
iu

m
cu

lt
u

re
s

an
d

co
ra

l
an

im
al

m
o

d
el

s)
th

at
ca

n
te

as
e

ap
ar

t
th

e

co
m

p
le

x
in

te
ra

ct
io

n
o

f
h

o
st

an
d

d
in

o
fl

ag
el

la
te

p
ar

tn
er

an
d

h
el

p
in

v
es

ti
g

at
e

th
e

d
is

ea
se

re
sp

o
n

se
o

f
ea

ch
p

ar
tn

er
in

is
o

la
ti

o
n

an
d

as
p

ar
t

o
f

th
e

h
o

lo
b

io
n

t.
A

d
d

it
io

n
al

ly
,

re
su

lt
s

d
er

iv
ed

fr
o

m
m

o
le

cu
la

r-
b

as
ed

ap
p

ro
ac

h
es

m
u

st
al

w
ay

s
b

e
m

ap
p

ed
b

ac
k

o
n

to
w

h
at

is

h
ap

p
en

in
g

at
th

e
ce

ll
u

la
r

le
v

el
.

A
d

ed
u

ct
iv

e
ap

p
ro

ac
h

is
re

co
m

m
en

d
ed

,
w

h
er

e
b

o
th

in
fe

ct
io

u
s

an
d

n
o

n
-i

n
fe

ct
io

u
s

ca
u

se
s

o
f

d
is

ea
se

s
ar

e
co

n
si

d
er

ed
.

F
ie

ld
ec

o
lo

g
y

an
d

d
is

ea
se

h
is

to
ry

n
ee

d
s

to
b

e
co

u
p

le
d

w
it

h
ce

ll
u

la
r

m
o

rp
h

o
lo

g
y

o
f

le
si

o
n

s
at

th
e

m
ic

ro
sc

o
p

ic
le

v
el

,
w

h
ic

h
ca

n
th

en
g

u
id

e
ad

d
it

io
n

al
ev

id
en

ce
-b

as
ed

ap
p

ro
ac

h
es

,

in
cl

u
d

in
g

g
en

et
ic

s,
p

ro
te

o
m

ic
s,

to
x

ic
o

lo
g

y
,

an
d

im
m

u
n

o
lo

g
ic

al
in

v
es

ti
g

at
io

n
s.

T
h

es
e

ap
p

ro
ac

h
es

ca
n

b
e

p
er

fo
rm

ed
in

p
ar

al
le

l
w

it
h

at
te

m
p

ts
to

re
p

li
ca

te
le

si
o

n
s

ex
p

er
im

en
ta

ll
y

an
d

u
n

d
er

st
an

d
d

is
ea

se
p

at
h

o
g

en
es

is
,

th
er

eb
y

fu
lfi

ll
in

g
K

o
ch

’s

p
o

st
u

la
te

s.
H

o
w

ev
er

,
th

e
ca

u
sa

ti
v

e
ag

en
t

id
en

ti
fi

ed
m

u
st

b
e

co
n

fi
rm

ed
at

th
e

ce
ll

u
la

r

le
v

el
,

b
o

th
in

th
e

ex
p

er
im

en
ta

l
tr

ia
ls

an
d

fi
el

d
-b

as
ed

le
si

o
n

s

Coral Reefs (2015) 34:233–242 237

123



example, disease signs that presented as blackened spread-

ing lesions on corals on a fringing reef at Magnetic Island in

the central inshore section of the GBR were assigned the

name atramentous necrosis (Jones et al. 2004). Subse-

quently, however, a number of stages in the progression of

the disease were identified, with the initial stage consistent

with WS lesions (Anthony et al. 2008) and the characteristic

greyish black lesions representing a secondary microbial

community (Bourne 2005). Nevertheless, the distinctiveness

of the greyish black lesions, reflecting a white film overlying

black deposits, combined with the presence of similar

lesions on species of several other coral genera, including

Acropora, Echinopora, Merulina, and Turbinaria (Beeden

et al. 2008; Raymundo et al. 2008), supports the maintenance

of atramentous necrosis as an appropriate name for lesions

presenting with these macroscopic signs.

Predation scars represent another potential source of

confusion for field-based studies of WS diseases. A range

of vertebrate and invertebrate corallivores produces feed-

ing scars that resemble either focal patterns of tissue loss

characteristic of ulcerative white spots or more diffuse,

irregular patterns of tissue loss characteristic of WSs. For

example, feeding by the spotted coral blenny Exallias

brevis produces round bare patches of exposed skeleton

that could be mistaken for ulcerative white spots, and

feeding by the gastropod Drupella can produce diffuse

bands of exposed skeleton that could be mistaken for

irregular, diffuse WSs. On the other hand, lesions can be

attributed to potential vertebrate or invertebrate coralli-

vores seemingly associated with the lesion, when the role

of the associated organism is quite different. For example,

predation by the crab Cymo melanodactylus was proposed

to cause WS-associated tissue loss on tabular species of

Acropora in the Chagos Archipelago based on in situ

observations of crabs aggregated along borders of WS

lesions (Pratchett et al. 2010, 2013). However, recent

experimental studies show that C. melanodactylus crabs

actually slow WS lesion progression and thus appear to

debride WS lesions rather than progress them (Pollock

et al. 2013). Although the presence of an assumed predator

near a lesion is useful evidence for suggesting predation-

induced tissue loss (Raymundo et al. 2008), recent confu-

sion over the role of C. melanodactylus crabs in WS cau-

sation highlights the need for stronger evidence than simple

correlation to assign disease causation. A decision tree for

distinguishing WSs from other causes of tissue loss, such

as predation (Beeden et al. 2008; Raymundo et al. 2008), is

available and should be applied as standard best practice.

The decision tree distinguishes characteristic patterns of

tissue loss caused by predation from disease signs. For

example, extensive areas of recently exposed white skele-

ton and scalloped lesion borders typical of crown-of-thorns

starfish scars can be distinguished from narrow, linearT
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bands of recently exposed skeleton and diffuse lesion

borders typical of WSs on tabular species of Acropora.

A further complicating factor is that diseases that are

typically separable from WSs based on macroscopic criteria

can be confused with WSs in some cases. For example,

brown band disease (BrB) typically has a characteristic

brown mass of ciliates at the lesion border, and the presence

of visible concentrations of protists or epilithic fauna at the

advancing lesion boundary is typically diagnostic of a non-

WS pathology; however, low ciliate densities can confound

the distinction between BrB and WS during in situ coral

health assessments (Willis et al. 2004). One recent study

comparing WS and BrB lesions on branching species of

Acropora at Heron Island and the Solomon Islands found

similar ciliate- and coral-associated bacterial communities

and concluded that these diseases represent the same syn-

drome (Sweet and Bythell 2012). However, care should be

taken in generalizing from a limited number of cases, and we

stress that WS lesions may be caused by multiple factors.

Similarities or differences in microbial and epilithic com-

munities on a few species at discrete locations are not suf-

ficient to confirm shared disease causation across the Indo-

Pacific. Although it is likely that all progressing lesions

examined in this study were attributable to brown band cil-

iates, this does not warrant synonymizing brown band dis-

ease with the more general category of WSs, which may

have a number of causative agents.

Tackling the challenge of determining white syndrome

causation

Studies of environmental factors associated with increased

prevalence of WSs on Indo-Pacific coral reefs have pro-

duced apparently conflicting results. For example, patterns

of WS abundance on the GBR were first correlated with

warm thermal stress on reefs with high cover of coral hosts

(Bruno et al. 2007; Heron et al. 2010; Maynard et al. 2011).

Strikingly, a 20-fold increase in the abundance of WSs was

recorded following anomalously warm temperatures in

2001–2002 (Willis et al. 2004; Bruno et al. 2007). Mod-

elling studies have also indicated that cold winters can

reduce the likelihood of WS outbreaks, potentially by

reducing pathogen loads (Heron et al. 2010). However, it

has also been shown that periods of cold seawater tem-

perature (cold snaps) correlate with increasing probability

of WS occurrence (Roff et al. 2011; Ban et al. 2012). These

long-term trends on the GBR reflect the difficulties asso-

ciated with characterizing macroscopically similar, but

potentially etiologically distinct diseases even within a

single geographic region.

Detailed histological studies indicate the presence of

multiple host responses associated with WSs, including

apoptosis-induced tissue loss in species of Acropora,

potentially in response to a causative agent or environ-

mental stress (Ainsworth et al. 2007a, b; Work and Aeby

2011). Additionally, the dominant Hawaiian coral Monti-

pora capitata may exhibit either rapidly progressing

(acute) lesions (MWS) associated with ciliates and display

signs of necrosis, or slowly progressing (chronic) MWS

lesions associated with helminths or chimeric parasites and

display signs of wound repair (Work et al. 2012). The

complexity of the WS group of diseases is further high-

lighted by a recent report detailing the ability of a newly

identified marine pathogen Vibrio owensii to induce MWS

tissue loss in Montipora capitata corals in Hawaii (Ushij-

ima et al. 2012). This is in contrast to earlier microbio-

logical and molecular studies that identified other bacterial

pathogen(s), including V. coralliilyticus and V. harveyi, as

causative agents of some WS cases (Luna et al. 2007, 2010;

Sussman et al. 2008). Rather than viewing these studies as

contradictory, it is more reasonable to view them as

mounting evidence that WSs can have multiple causes. It is

unreasonable to expect that one mode of pathogenesis

could explain all types of tissue loss (both rapid and slow

manifestations) of unknown origin across all Indo-Pacific

reef regions.

Multiple issues confound current approaches used to

investigate causation of WS diseases. For example, disease

causation is often inferred from aquarium-based bacterial

infection challenges that experimentally produce gross

disease lesions similar to those of a known coral disease.

Definitive attribution of disease causation, however, will

require putative bacterial pathogens identified in aquarium-

based infection experiments to be successfully localized at

the cellular level within field-derived disease samples.

Additionally, molecular-based bacterial community profil-

ing techniques are often used to infer ‘‘potential patho-

gens’’ within WS samples, based solely on retrieved 16S

rRNA genes that demonstrate high sequence similarities to

other known pathogens. While bacterial community pro-

filing is valuable for assessing community structure and

identifying microbial shifts, disease causation cannot be

attributed to specific bacterial species and strains based on

this technique alone.

Progress in the development of effective approaches for

the study of WSs and their causes on Indo-Pacific reefs will

be expedited if we build on knowledge developed for other

animal groups. Standardized criteria for disease charac-

terization have proven to be extremely useful in other

animal systems and involve field-based investigations,

microscopic-based pathology approaches, laboratory

investigations to detect the causative agent(s), and infec-

tion trials to satisfy Koch’s postulates (Bower et al. 1994;

Lightner 1996; Lightner and Redman 1998; Wobeser

2010). Although these approaches have been used in coral
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disease investigations, they are often undertaken in isola-

tion and without integration, thereby providing a partial or

incomplete picture of the disease pathology (Work and

Meteyer 2014). It is true that unique characteristics of

corals, such as their hard external skeletons and lack of

standard animal models, pose a number of challenges to

studies of disease causation (outlined in Table 2). How-

ever, rigorous application of comprehensive, established

diagnostic methodologies combined with the development

of genomics-based approaches (e.g. detailing the immune

system and microbiome of the coral holobiont) and tar-

geted investigations employing appropriate and stringent

experimental designs still constitute the most effective

approach to begin teasing apart complex interactions

between the environment and causative agents of WSs

(Table 2).

The application of approaches developed in biomedical

and veterinary science to systematically describe coral

lesions (Work and Aeby 2006) provides an important

starting point for investigating WS causation. Disease

lesions that display different macroscopic signs must be

carefully separated by observable differences using

available classification frameworks (Work and Aeby

2006; Beeden et al. 2008; Raymundo et al. 2008). Ideally,

rigorous descriptions at the gross morphological, cellular

and microbial levels should accompany disease descrip-

tions (Work and Aeby 2006; Work et al. 2008; Bourne

et al. 2009). As Work et al. (2012) highlight, controlled

experimental studies demonstrating bacterial aetiologies

must be closely linked with histological evidence of

bacterial invasions or causative agents that result in dis-

tinctive lesions. The complex and dynamic nature of the

coral holobiont must also be considered in both experi-

mental and field studies, which will require a deeper

understanding of coral cellular biology, as well as of coral

immune responses to environmental stress and microbial

challenge. In addition, greater knowledge of the func-

tional roles of coral-associated microbes within coral

microhabitats is required, particularly how potential

microhabitat-specific microbial associations change in

response to environmental stress. The critical role of

microbes in the health of organisms, ranging from corals

to humans, has become increasingly clear in the last few

years (Turnbaugh et al. 2007; Bourne et al. 2009; Ains-

worth et al. 2010; Cho and Blaser 2012) and represents an

important area for future research in corals. Once baseline

understanding of WSs and their causes is established,

regional comparisons will enable disease pathologies to

be accurately grouped, defined, and categorized. How-

ever, in the absence of such information, disease lesions

characterized by tissue loss without distinguishing mac-

roscopic signs (Table 1) should be grouped under the

general category of WSs.

Developing an effective approach for naming

and investigating white syndromes

There is an urgent need for a coordinated body of

researchers and specialists in Indo-Pacific coral diseases

that could evaluate proposals for erecting new names for

Indo-Pacific diseases, including for Indo-Pacific tissue loss

syndromes. Ideally, such a body would evaluate proposals

against a standard set of criteria. A newly established

Action Network for Coral Health and Resilience

(ANCH&R) in the Indo-Pacific (Wilson pers comm) would

be a useful starting point for developing such a coordinated

body of experts. We also highlight the dire need for greater

cross-disciplinary interactions between ecologists, micro-

biologists, immunologists, cell biologists, animal patholo-

gists, and geneticists to address complex issues and

knowledge gaps associated with understanding coral dis-

eases such as WSs and to identify their causative agents.

Coral disease investigations often provide only part of the

story and lack a holistic, integrative understanding of the

host, causative agent and environmental conditions that lead

to observed disease signs. Although such multi-disciplinary

studies are time consuming and challenging, they will

provide the best approach for definitive identification of

disease causation. The establishment of shared, open access

tissue depositories and online resources for accurate com-

parison of macroscopic, microscopic, physiological, and

microbial characteristics of WSs, in both field and aquaria

studies, is also necessary to further advance our ability to

characterize and understand this prevalent group of dis-

eases. These approaches must be adopted rapidly in order to

understand and potentially manage increasing levels of

coral disease that continue to contribute to worldwide coral

reef ecosystem declines.
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