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Abstract

While 40 different coral diseases have been described globally since the first report in 1973, the
causative agents for most cases have yet to be identified. In Japan, a total of ten coral diseases,
including black band disease, brown band disease, white syndrome, pigmentation response,
and growth anomalies have been confirmed in the field by epidemiological surveys and moni-
toring projects. However, disease-induced coral mortality has yet to be reported. A national
government-based monitoring project for coral reef conservation has recorded the three major
diseases (black band disease, white syndrome, and growth anomalies) in ten areas (Kushimoto,
Shikoku, Amakusa, Yakushima, Chichijima, Setouchi, Kerama, Miyako, Ishigaki, and Sekisei
Lagoon/Iriomote) of Japan since 2003. Furthermore, a substantial number of studies have con-
tributed to the understanding of coral diseases, identifying ten additional diseases in six coral
genera, including a new disease discovered in the temperate coral Turbinaria peltata in 2009.
In order to elucidate the causative mechanism of coral disease, researchers have utilized a vari-
ety of approaches including lipid measurements, molecular technique, and new histopathology
methods. However, despite the efforts, further research is required to fully understand the
mechanism and impacts of coral disease. This chapter summarizes current knowledge on coral

pathogens and discusses the future of coral disease research in Japan.
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4.1 Introduction

In the past several decades, the world’s coral reefs have
shown a decreasing trend in total coral cover, (Hughes et al.
2003; Bellwood et al. 2004; Bruno and Selig 2007), with
32.8% of the 845 species found in reefs currently considered
to be in danger of extinction (Carpenter et al. 2008). The
drivers of coral reef decline has been attributed to coral
bleaching caused by climate change, pollution linked to tour-
ism and industrial development, sediment depositions from
estuarine outflow following heavy rainfall, overfishing, and
predation by the crown-of-thorns starfish, as well as coral
disease (Dustan 1999; Porter et al. 2001; Harvell et al. 2007;
Wilkinson 2008; Maynard et al. 2015).
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Fig.4.1 World coral reef distributions are separated into three regions
(a-i) Indian Ocean, (a-ii) Caribbean Ocean, (a-iii) Pacific Ocean.
Japanese coral reefs are found in five regions within the seas surround-

Since the identification of black band disease (BBD) in
Belize in 1973 (Antonius 1973), over 40 new coral diseases
and syndromes have been reported from the Caribbean,
Indo-Pacific, and Red Sea (Fig. 4.1, Table 4.1; Bruckner
2015), including reports of severe damages to reefs caused
by coral disease. Aronson and Precht (2001) suggested white
band disease to be responsible for the 95% decline in the
Caribbean coral Acropora palmata and A. cervicornis popu-
lations from 1980 to 1990. Due to difficulties of predicting
the timing of occurrence and severity of outbreaks, under-
standing the factors that can lead to and exacerbate the sever-
ity of the outbreaks is imperative.

Woodley et al. (2008) has classified diseases of both stony
and gorgonian corals into the following six categories:

1. Bleaching through loss or degradation of the dinoflagel-
late symbiont caused by biotic (bacteria) and abiotic
(temperature, UV radiation, salinity, toxicants, etc.)
factors

ing (b-i) Honshu, Shikoku, and Kyushu, (b-ii) Yakushima to Amami,
(b-iii) Ogasawara Islands, (b-iv) Okinawa Main, (b-v) Yaeyama Islands

2. Physiological and morphological abnormalities caused
by noninfectious environmental stressors such as toxi-
cants, sedimentation, and pollution

3. Physical damage or trauma caused by predators

4. Parasitic infestation caused by protozoans, metazoans, or
sponges

5. Growth abnormalities caused by hypertrophy, hyperpla-
sia, neoplasia, or tumors

6. Partial or whole colony infections by bacteria, fungi,
virus, or other microorganisms potentially leading to col-
ony mortality

To date, there have been only several cases in which the
causative agent has been experimentally linked to an identifi-
able disease sign, thereby satisfying Koch’s postulate.

White pox (WP) found in A. palmata has been linked to a
rod-shaped gram-negative bacterium, Serratia marcescens,
which causes distinct white patches throughout an
afflicted colony (Patterson et al. 2002). The rod-shaped



4 Coral Disease in Japan 43
Table 4.1 Common coral diseases identified worldwide
Location in
Reported year Disease (acronym) Coral affected Location Fig. 4.1 Source
1970s 1973 Black band disease Massie corals Belize A-iii Antonius (1973)
(BBD)
1977 White plague type I Agaricia agaricites Florida A-iii Dustan (1977)
(WPL I)
Shut down reaction Acropora cervicornis, | Belize and Florida A-iii Antonius (1977)
(SDR) Montastrea annularis,
and Siderastrea
siderea
1980s 1982 White band disease Acr. palmata Caribbean Sea A-iil Gladfelter (1982)
type I (WBD I)
1983 Growth anomalies Acr. palmata Venezuela A-iii Bak (1983)
(GAs)
1990s 1994 Dark spot disease Orbicella annularis Colombian Caribbean | A-iii Garzén-Ferreira
(DSD) et al. (2001)
Caribbean yellow band | Orb. annularis and Florida A-iii Reeves (1994)
disease (CYBD) Orb. Faveolata
1996 White pox (WP) Acr. palmata and Acr. | Florida Keys A-iii Holden (1996)
cervicornis
1997 Vibrio shiloi-induced Oculina patagonica Mediterranean coast, A-i Kushmaro et al.
bleaching (VSB) Israel (1997)
Yellow blotch/band Orb. faveolata Florida Keys A-iii Santavy and Peters
(YBL) (1997)
White plague type 11 Millepora alcicornis | Florida Keys A-iii Richardson et al.
(WPL 1II) and Dichocoenia (1998)
stokesi
1998 White band disease Acr. cervicornis San Salvador and A-iii Ritchie and Smith
type II (WBD 1I) Bahamas (1998)
Arabian yellow band Acr. clathrata, Acr. Gulf A-i Korrubel and Riegl
disease (AYBD) pharaonis, Acr. (1998)
tenuis, Acr. valida,
Acr. flouria, Porites
lutea, P. lichen, P.
nodfera, Turbinaria
reniformis, and
Cyphastrea
1999 Skeletal eroding band | Massive and Indo-Pacific A-iand ii Antonius (1999)
(SEB) branching corals
2000s 2001 White plague type III | Orb. annularis and Florida Keys A-iii Richardson et al.
(WPL III) Colpophyllia natans (2001)
2002 Pink-line syndrome P. lutea Lakshadweep island A-i Ravindran and
(PLS) Raghukumar (2002)
2003 Vibrio coralliilyticus- Pocillopora Red Sea A-i Ben-Haim and
induced bleaching damicornis Zicherman-Keren
(VCB) (2003)
Porites ulcerative Porites spp. Philippines A-ii Raymundo et al.
white spot disease (2003)
(PUWS)
2004 Brown band disease Acroporidae Great Barrier Reef A-ii Willis et al. (2004)
(BrBD)
White syndrome (WS) | Acroporidae and Great Barrier Reef A-ii Willis et al. (2004)
Poritidae
2006 Red band disease Pachyseris speciosa Palau A-ii Sussman et al.
(RBD) and Porites sp. (2006)

gram-negative bacterium Aurantimonas coralicida is respon-
sible for white plague type II (WPL II), which causes whit-
ening and tissue mortality at the base of Dichocoenia and

Orbicella colonies (Denner et al. 2003). White plague type I
(WPL 1) in Favia spp. is caused by the rod-shaped gram-
negative bacterium, Thalassomonas loyana, which exhibits
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Table 4.2 Coral diseases identified from Japanese waters

Location in
Reported year Disease (acronym) Coral affected Location Fig. 4.1 Source
2000s 2000 GAs Montipora informis | Sesoko, Okinawa | B-iv Yamashiro et al.
(2000)
2004 WS Table Acropora spp. | Sekisei Lagoon, B-v Biodiversity Center
Okinawa of Japan (2004)
BBD n.d. Sekisei Lagoon, B-v Biodiversity Center
Okinawa of Japan (2004)
2009 Tissue loss Porites cylindrica Sekisei Lagoon, B-v Asoh (2009)
Okinawa
White spot syndromee Turbinaria peltata Miyazaki B-i Yamashiro and
(WPS) Fukuda (2009)
2010s 2012 Pigmenation response P. lutea and P. Zamami and B-iv Weil et al. (2012)
lobata Ginowan,
Okinawa
PUWS P, lutea and P. Zamami and B-iv Weil et al. (2012)
lobata Ginowan,
Okinawa
BrBD A. nobilis Zamami and B-iv Weil et al. (2012)
Ginowan,
Okinawa
Compromised health Oxypora lacera Zamami and B-iv Weil et al. (2012)
conditions (CH) Ginowan,
Okinawa
2017 Skeletal eroding band Montipora spp. Aka, Okinawa B-iv Wada et al. (in press)
(SEB)
n.d. no data

similar signs to WPL II (Thompson et al. 2006). White syn-
drome (WS), which displays rapid loss of tissue leading to
exposure of the skeleton beneath, is caused by an infection
by a gram-negative Vibrio species, affecting Acropora,
Montipora, and Pachyseris species (Sussman et al. 2008).
Other Vibrios have also been identified to cause signs similar
to coral bleaching. V. shiloi-induced bleaching (VSB;
Kushmaro et al. 2001) was identified in Oculina patagonica,
while V. coralliilyticus-induced bleaching (VCB; Ben-Haim
and Rosenberg 2002) has been found in Pocillopora dami-
cornis. Finally, an infection by a cyanobacterium Phormidium
valderianum, leads to a pink discoloration of the tissue in
Porites, known as pink-line syndrome (PLS; Ravindran and
Raghukumar 2002).

Since the first identification of growth anomalies in 2000
(GAs; Yamashiro et al. 2000), ten diseases have been identi-
fied in Japan (Table 4.2). This chapter reviews the coral dis-
eases identified through studies conducted by the Ministry of
Environment, Government of Japan, and Okinawa Prefecture.
We further focus on current researches concerning confirmed
growth anomalies and infectious diseases, events and their
causes, and the future of disease research on Japanese coral
reefs.

4.2  Monitoring Projects for Coral Reef

Conservation

Conservation of coral reefs and major habitats in Japanese
waters has been mainly led by large-scale national govern-
ment survey projects, while small-scale projects covering
smaller reef areas have been led by local to regional monitor-
ing efforts. For most of these projects, in addition to coral
cover and species composition, bleaching severity assess-
ment, crown-of-thorns starfish and mollusk predation, as
well as disease prevalence have also been monitored. In
order to provide an overview of the disease outbreaks
observed in Japanese coral reefs, this section summarizes the
abovementioned surveys and their contributions to the coral
conservation efforts.

4.2.1 National Government-Based Surveys

Coral reefs are increasingly threatened by global climate
change as well the environment destruction caused by
anthropogenic impacts. The goal of the national government
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surveys is to determine the biological and ecological state of
Japanese coral reefs and associated coral communities in
order to better develop conservation policies. Since 2003, the
Ministry of Environment has been conducting surveys in 24
regions where coral reefs exist, as part of the Monitoring Site
1000 project (Biodiversity Center of Japan 2003-2015). The
results of the surveys are summarized according to two geo-
graphical regions (Fig. 4.2). The southern distribution of
Japanese coral reefs can be encompassed by seven areas
(Setouchi, Daito, Okinawa, Kerama, Miyako, Ishigaki, and
Sekisei Lagoon/Iriomote) at south of the Tokara Archipelago.
High- latitude coral reef communities can be found at north
of Yakushima and Tanegashima and encompassed by nine
areas (Tateyama, Kushimoto, Shikoku southwest shore, Iki,
Amakusa, Southern seacoast of Kagoshima Pref., Yakushima,
Kodakarajima, and Chichijima).

Monitoring projects were conducted with between 5 and
125 sites surveyed per area, utilizing the “spot check” method
(Nomura 2004): sites in which corals exhibiting signs of
growth anomalies (GAs), black band disease (BBD), and
white syndrome (WS) have been recorded, in addition to
locations in which signs deviating from the abovementioned
diseases have also been reported.

The results of the surveys related to disease occurrence
have been summarized and shown in Table 4.3. While there
are areas in which diseases have not been reported, GAs have
been reported from eight areas (Kushimoto, Shikoku south-
west shore, Amakusa, Yakushima, Chichijima, Kerama,
Miyako, and Sekisei Lagoon/Iriomote). BBD has been
reported from two areas (Kerama and Sekisei Lagoon/
Iriomote), and WS from eight areas (Kushimoto, Shikoku
southwest shore, Amakusa, Chichijima, Setouchi, Miyako,
Ishigaki, and Sekisei Lagoon/Iriomote) (Table 4.3). Disease
occurrence was highest at Sekisei Lagoon/Iriomote, with all
three disease categories being identified from the site since
2003. In 2004, WS was identified in species of Acropora;
BBD in encrusting Montipora, Echinopora lamellosa, and
Pachyseris; and GAs in tabulate or corymbose Acropora and
Montipora species. In 2014, of the 125 sites surveyed, WS
was identified from 115 of those (92%), GAs from 35, and
BBD from 14. GAs were reported from 2006 in the
Chichijima area of the Ogasawara Islands. In 2007 and 2008,
a high number of cases of GAs were reported for Acroporid
species, including A. hyacinthus and A. florida. In the Miyako
area, only one case of WS was reported in 2006. However,
by 2008, WS was identified in most surveyed sites within the
area. Since 2008, WS was reported from one or two sites,
highlighting the large shift in disease occurrence in some
areas.

Other diseases and disease-like (DL) signs distinguish-
able from the aforementioned diseases have also been
reported from survey areas. Since 2004, patch-like patterns
of coral tissue necrosis have been reported from A. hyacin-

thus in the Kushimoto area. The occurrence of the disease
increased between 2009 and 2014, with the patch-like signs
appearing in approximately half of the survey areas.
Observations of the lesion front with a microscope revealed
ahigh abundance of arod-shaped protozoan (length =500 pm,
width 80 pm). This disease may be related to skeletal erod-
ing band (Antonius and Lipscomb 2000) or brown band dis-
ease (Willis et al. 2004) but further investigation is required.
Colonies of Turbinaria peltata in the same area were also
discovered exhibiting small white patches (<1 cm circular
spots) in 2012 and identified as white spot syndrome
(Yamashiro and Fukuda 2009).

4.2.2 Local to Regional-Scale Monitoring

From the summer of 2009 to the spring of 2010, Okinawa
Prefecture conducted a coastal survey of the islands, encom-
passed by nine areas (Fig. 4.3). Each area was surveyed
once, employing the manta method or the spot check method.
Data on coral cover and abundance of major species, severity
of bleaching and disease, and presence/absence of predatory
species were collected. A summary of the data is provided in
Table 4.4.

Disease surveys were conducted via the manta method
(English and Baker 1994), with diseases categorized into
BBD, WS, GAs, and others. BBD was only identified in the
Miyako area, in 0.1% of corals. WS was identified from six
areas, with percent diseased corals ranging from 0.2% in
Thea and Izena Islands to as high as 3.1% in Ie, Aguni, and
Tonaki areas. GAs were identified in two regions, Ie/Aguni
and Tonaki/Hateruma. 0.6% and 10.9% of corals in the two
regions exhibited signs of GAs, respectively.

4.3  Current States

The goal of this section is to outline the current state
research concerning coral disease in Japan. It summarizes
the five epidemiological surveys that have been conducted.
In addition, this section introduces the three pathological
studies conducted mainly on three types of coral disease
current found in Japan.

4.3.1 Epidemiological Surveys

Of the five epidemiological surveys of Japanese coral reefs
that have been conducted, two comprehensive studies focus-
ing on all diseases currently known have been conducted by
Weil et al. (2012) and Wada et al. (in press). Three have
reported on a subset of known diseases (Asoh 2008, 2009;
Yamashiro and Fukuda 2009; Irikawa et al. 2011).
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Fig.4.2 Area surveyed as part of the monitoring sites, 1000 (national  (viii) Kodakarajima, and (a-ix) Chichijima. (b) Lower latitude survey
government-based survey). (a) High latitude coral community areas: (i)  area: (i) Setouchi, (if) Daito, (iii) Okinawa, (iv) Kerama, (v) Miyako,
Tateyama, (i7) Kushimoto, (iii) Shikoku southwest shore, (iv) Iki, (v)  (vi) Ishigaki, and (vii) Sekisei Lagoon/ Iriomote

Amakusa, (vi) Southern seacoast of Kagoshima Pref., (vii) Yakushima,
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Table 4.3 Confirmed diseases from sites within areas surveyed under the Monitoring Sites 1000 Project (National government survey)

Area (Location in States 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Fig. 4.2)
Tateyama (a-i) Total n.d. 5 5 5 6 6 6 6 6 6 6 6
BBD
GAs
WS
Others

Shikoku southwest Total 11 52 30 29 29 30 30 31 33 31 31 32
shore (a-iii) BBD

GAs d

WS 2¢ d

Others d

Amakusa (a-v) Total 12 15 15 15 15 15 15 15 15 15 15 15
BBD
GAs
WS 8 8 f f f f 11
Others

Yakushima (a-vii) Total n.d. 17 18 18 19 19 19 19 19 19 19 19
BBD
GAs 3
WS
Others g g g g g g

(continued)
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Table 4.3 (continued)

Chichijima (a-ix) Total 10 12 12 12 12 12 12 12 12 12 12 12

Daito (b-ii) Total n.d. n.d. n.d. n.d. 15 n.d. n.d. n.d. 18 n.d. n.d. n.d.

Kerama (b-iv) Total 10 10 10 10 10 10 10 12 12 12 12 12

Ishigaki (b-vi) Total 75 75 75 75 75 77 71 77 77 71 77 71

(continued)
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Table 4.3 (continued)

Total total number of sites surveyed, BBD black band disease, GAs growth anomalies, WS white syndrome, n.d. no data
WS, GAs, white spot syndrome (WSS), and disease-like (DL) were observed at many sites
"DL was found in 12 sites, WSS at 2 sites, what is believed to be Porites pink spot syndrome (PPSS) was observed at 1 site

‘What was thought to be WS was observed at two sites

4Of the ten sites in which diseases were confirmed, WS and GA were observed in most. PPSS and white patch syndrome were observed on several coral colonies at a portion

of the surveyed sites
*Brown band disease-like sign was observed at one site (BrBD)

WS was observed at most sites between 2010 and 2011, but only at a few sites between 2012 and 2013

20bservations of DL were continued from 2004, with an increase seen in 2009

"GAs and DL were observed on colonies at 9 sites in 2007, 12 sites in 2008, 11 sites in 2009, 11 sites in 2010, 10 sites in 2011, 11 sites in 2012, 10 sites in 2013, and 9

spots in 2014
BBD and DL were observed at eight sites
iWhile DL was observed for several sites, no additional information available

XWS identified from 44% of sites in 2007, but numbers were showing decline in 2008 and 2009

'DL was observed in 2013, and increases were seen in 2014

Fig.4.3 (a) Local to ) 124° 126° 128" 130°
regional-scale monitoring a2 g ;1:!'/
;

survey areas (conducted by

the Okinawa Prefecture). (b)

Daito Island region, and (c)

Okinawa Islands (i. Theya/

Izena, ii. Okinawa Island, iii.

Ie/Aguni/Tonaki, iv. Kerama 28°
Islands, v. Kume Island), and

(d) Yaeyama Islands region

(i. Miyako Island, ii. Yacyama

Islands, and iii. Hateruma)

Ty

247

131.12° 131.24°

-26.00°

The study conducted by Weil et al. (2012) surveyed scler-
actinian corals, soft corals, sponges, as well as crustose cor-
alline algae for signs of disease and was conducted across
four reef sites, two at Ginowan-Oyama, Okinawa Island, and
two at Zamami, Kerama Islands, in spring and autumn of
2010. The survey identified seven diseases: black band dis-
ease (BBD), white syndrome (WS), pigmentation response
(PR), Porites ulcerative white spots (PUWS), brown band

27

26°

disease (BrBD), crustose coralline white syndrome (CCWS),
and compromised health condition (CH) (Fig. 4.4). Of the
seven, PR, PUWS, BrBD, and CCWS have never been
reported in Japanese reefs previously. First described in the
Philippines in 1996, PUWS is characterized by small ovoid
areas of bleached or necrotic tissue, leading to a multifocal
pattern of skeleton exposure (Raymundo et al. 2003, 2008).
Weil et al. (2012) reported colonies of both Porites lutea and
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Table 4.4 Summarized results of the local to regional-scale monitoring (conducted by Okinawa Prefecture) by area

Okinawa | Kerama | Kume Yaeyama Miyako
Island Islands | Islands | Islands Theya/lzena | Ie/Agunii/Tonaki Island Daito | Hateruma
Area (location in Fig. 4.3) | (C-ii) (C-iv) [ (C-v) (D-ii) (C-i) (C-iii) (D-1) (B) (D-iii)
Survey Sep. Jun. Sep. Jul. Sep. 2011 Feb. 2010-Jul. Jun. Aug. Apr. 2010
period 2009- 2010- |2010- | 2010- 2011 2011- 2011
Jan. Nov. Feb. Mar. Feb.
2010 2010 2011 2011 2012
Number 154 56 17 107 18 16 30 2 7
of survey
point
Composition of coral cover
<5% 62.3 53 11.8 1.9 14.3
5-10% 27.9 35.1 17.6 21.5 61.1 31.3 16.7 50.0
10-25% 9.0 42.1 41.2 27.1 38.9 50.0 63.3 50.0 |57.1
>25% 0.6 17.6 29.4 49.5 18.8 20.0 28.6
Dominant composition of coral species (%)
Porites spp. 29.0 18.6 9.9 7.2 3.0 43 6.9 12.9
Pocillopora 18.9 11.7 19.4 29 4.4 18.7 0.3 43.0 2.0
Spp.
Acropora spp. | 14.2 16.2 28.5 44.0 335 28.9 46.8 10.3
Montipora 1.8 2.0 2.9 2.2 2.0 7.3
Spp.
Faviidae 1.5 0.9 0.1 0.5
Multiple 44 38.0 38.5 30.7 453 453 29.4 384 63.0
species
Others 0.8 7.5 1.6 6.5 1.0 0.8 1.9 1.0 5.8
Non-dominant* | 29.4 6.1 1.3 5.7 10.6 39.9 12.2 57 |11.6
Disease states (%)
Healthy 96.1 98.4 97.3 97.4 99.8 96.3 98.3 100.0 1 89.1
BBD 0.1
WS 0.3 0.7 1.8 0.2 3.1 0.5
GA 0.6
Others 1.1 10.9
n.d. 39 0.3 2.0 0.7 1.1

#Areas in which a dominant species or coral colonies cannot be identified

P. lobata in their survey sites to be affected with
PUWS. Colonies of P. lutea were detected the disease at a
frequency of 23.1+10.4% in Ginowan-Oyama.

Wada et al. (in press) surveyed all coral colonies found
within an approximately 70,000 m? area of reef off of
Akajima Island, Kerama Islands from May to July in 2010
and 2011, generating a map of disease distribution. BBD,
skeletal eroding band (SEB), GAs, WS, as well as coral
bleaching were confirmed between the two survey sites
(Figs. 4.5 and 4.6). BBD was predominantly confirmed in
encrusting Montipora spp., GAs in Acropora sp. and encrust-
ing Montipora spp., and WS in Acropora sp. SEB, which
was observed in Montipora spp. and Pocillopora spp., has
not been reported in Japan previously. The most commonly
encountered disease for both sites was BBD, with the char-
acteristic black band patterns being formed by an aggrega-
tion of microbes, including cyanobacteria. In order to
determine the pattern of occurrence for BBD, spatial analy-

sis for the distribution of infected encrusting Montipora spp.
was conducted. Infected colonies were distributed in aggre-
gates, similar to what has been reported for cases of BBD
infections of Favia in the Gulf of Aqaba (Zvuloni et al.
2009), a yellow band disease outbreak of Orbicella in the
Gulf of Mexico (Foley et al. 2005), and Aspergillosis infec-
tions in sea fans in the Florida Keys (Jolles et al. 2002). The
mode of transmission of the diseases is likely a result of a
water-borne infection. BBD cases in Montipora exhibited
significant variation in signs, even between colonies found
within the same reef site. The rate of progression of the black
band front varied from 1.1 to 5.5 mm per day in 2010 (n = 15)
and 1.2-3.8 mm per day in 2011 (n = 13), with variation seen
between colonies of the same reef. The band on each colony
also changed in coloration and morphology as the diseased
progressed.

Asoh (2008) reported multifocal pattern of circular or
irregular areas of tissue loss on the branches of Porites cylin-
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Fig. 4.4 Coral diseases identified by Weil et al. (2012) in 2010 at
Kerama Islands and the Ginowan region in Okinawa Prefecture. (a and
b) Colonies of Porites lutea showing signs of Porites ulcerative white
spots (PUWS). (¢ and d) Pigmentation responses expressed as pink spot
and pink lines on Porites colonies. (e) Brown band-like disease signs on

drica in Shiraho reef, Ishigaki Island, Okinawa, in August
and September of 2007. Areas of skeleton exposure were
characterized by thin tissue with a white opaque border. Line
transect surveys were also conducted in September of 2007
and January of 2008 in order to determine the mean propor-
tion of affected P. cylindrica branches. As the result,
0.52+0.16% and 0.08 £0.06% of branches exhibited signs in

Acropora nobilis. (f) Growth anomalies (GAs) on A. cytherea. (g) Black
band disease (BBD) on Pachyseris speciosa. (h) White syndrome (WS)
on A. florida. (i) Crustose coralline white syndrome on unidentified cor-
alline algae (Photos by E. Weil)

the two survey months, respectively. Lesion size also varied
between the 2 months, with colonies exhibiting larger lesions
in higher proportions of the branches (33/34), compared to
January of 2008 (5/39), suggesting that severity of the infec-
tion increases during the summer months. While the cause of
the lesions is unknown, the signs were similar to those
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Fig. 4.5 Coral diseases and bleaching identified by Wada et al. (in
press) between 2010 and 2011 in Kerama Islands and the region of
Okinawa Prefecture. (a) Black band disease (BBD) on Montipora sp.
(b) Skeletal eroding band (SEB) on Montipora sp. (¢) Growth anoma-

recently reported for cases of WS in P. cylindrica in Guam
(Lozada-Misa et al. 2015).

In 2008, colonies of Turbinaria peltata in the temperate
waters around Miyazaki Prefecture were found to have
bleached spots approximately 1 cm in diameter on the coeno-
sac (Yamashiro and Fukuda 2009; Fig. 4.7). Named white
spot syndrome (WSS), the disease was characterized by grad-
ually increasing spots found covering the colony. A greater
than 2/3 reduction in Symbiodinium densities was also
observed, with the disease eventually causing necrosis of the
tissue. Of the 100 colonies surveyed, WSS was confirmed for
1/3 of the coral colonies. Furthermore, colonies of T. peltata
in Kushimoto, Honshu, were also found to show sign of WSS
(Sect. 4.2.1 National Government-Based Surveys), suggest-
ing the potential for future spread of the disease.

In 2011, a survey for the presence of GAs in tabulate acro-
porids was conducted in Amuro Island of the Kerama Islands.
GAs were confirmed for 11 acroporid species (A. cytherea,
A. latistella, A. hyacinthus, A. clathrata, A. florida, A. valen-
ciennesi, A. palifera, A. abrotanoides, A. samoensis, A.
digitifera, and A. secale), with A. cytherea showing the high-
est frequency of infection (70/273) in colonies (Irikawa et al.
2011). The researchers found relatively large sizes of A.
cytherea, with GAs appearing and frequency of occurrence
of the disease increasing toward the center of the colony.

lies (GAs) on Montipora sp. (d) White syndrome (WS) on Acropora sp.
(e) Bleaching on Pocillopora sp. An enlarged view of the box is pro-
vided in the corresponding plate labeled (i) (Wada et al. in press)

4.3.2 Pathological Studies

Pathological studies of coral diseases of Japan have been
conducted for GAs, cyanobacteria blooms in gorgonian
coral, and BBD.

GAs have been found to affect a variety of coral species
from the Caribbean and the Indian Ocean. GAs are tumor-like
diseases marked by abnormal skeletal growth (Peters et al.
1997; Sutherland et al. 2004). Since the initial report of tumor-
like growth in Japanese corals in 2000 (Yamashiro et al. 2000),
several additional cases of the disease have been reported
(Yamashiro et al. 2001; Irikawa et al. 2011; Yasuda et al. 2012;
Yasuda and Hidaka 2012). Abnormal growth lesions found on
colonies of encrusting Montipora informis in Sesoko Island,
Okinawa showed a reduction in the number of polyps and
Symbiodinium density in the tissues, as well as finer skeletal
structure than normal (Yamashiro et al. 2000). A significant
reduction in fecundity was also associated with infected colo-
nies. A threefold reduction in lipid storage relative to dry
weight was also seen between healthy (32.2%) and diseased
(10.6%) tissue (Yamashiro et al. 2001), as a direct result of
reduction in stored wax and triacylglycerol. Furthermore,
Yasuda and Hidaka (2012) also reported a lower number of
apoptotic nuclei within the oral gastrodermis and calicodermis
in disease lesions compared to healthy tissue in M. informis and
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Fig. 4.6 Distribution and prevalence of coral diseases and bleaching and bleaching at (a) Nishihama and (b) Mazyanohama at Kerama
identified by Wada et al. (in press) between 2010 and 2011 in Kerama  Islands, Okinawa in (i) 2010 and (i) 2011. Histograms indicate the
Islands and the region of Okinawa Prefecture. Distribution of colonies  number of diseased and bleached colonies at each site. Scale bars indi-
showing disease/bleaching signs of black band disease (BBD), skeletal — cate 100 m (Wada et al. in press)

eroding band (SEB), growth anomalies (GAs), white syndrome (W),

Fig.4.7 White spot
syndrome (WSS) identified
by Yamashiro and Fukuda
(2009) in 2008 in the waters
around Miyazaki Prefecture.
(a) White spots on the colony
of Turbinaria peltata. (b)
Enlarged view of the spots.
(c) Colony fully covered by
WSS
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Fig.4.8 (a—c) Growth
anomalies (GAs) identified by
Yasuda et al. (2012) from
2003 to 2009. (a) GAs on
Porites australiensis
surrounded by healthy tissue.
(b) GA from plate A observed
4 years later (May 2007) with
tissue death occurring from
the center outward. (¢) GAs
located at the margin of a
colony (April 2009) with
tissue death beginning from
the margin. (d—g) Laboratory
experiment in which colonies
were placed in contact with:
(d and e) healthy tissue before
(d) and 6 months later (e, f,
and g) diseased tissue before
(f) and 6 months later (g).
Squares and scale bars
indicate 10x 10 ¢cm and 1 c¢cm,
respectively

Porites australiensis. An increase in BrDU-labeled prolifera-
tive cells within the epidermis, gastrodermis, and calicodermis
of lesion areas was also seen for both M. informis and P. aus-
traliensis. These results suggest changes to cellular kinetics of
disease lesions relative to healthy tissue. Interestingly, disease
lesions of A. cytherea from Amuro Island, Kerama Islands, and
Okinawa showed greater rates of progression in lesions smaller
than 15 cm. Lesions greater than 10 cm were characterized by
necrosis at the center (Irikawa et al. 2011). Long-term monitor-
ing of P. australiensis colonies found in the back reef at Kayo,
Okinawa, between 2003 and 2009 showed variable progression
of the GAs depending on the location of the lesion (Yasuda
et al. 2012). In cases where the disease lesions were located
near the colony center, progression into necrosis also began at
proximal to the center. However, for lesions toward the colony
margins, the tissue necrosis began from the margin of the

lesions (Yasuda et al. 2012; Fig. 4.8a—). The mode of trans-
mission of GA is currently a topic of contention. Field trans-
plant experiments in which healthy A. cytherea fragments were
placed in contact with disease lesions did not result in transmis-
sion of the disease to healthy fragments, even after 2 weeks of
contact (Irikawa et al. 2011). Aquarium experiments on P. aus-
traliensis by Yasuda et al. (2012) also showed GAs to be non-
contagious by contact, as healthy fragments in contact with
diseased lesions continued healthy growth. Furthermore, the
corals continued to show normal growth even after 6 months
and fused completely with the healthy and diseased fragments
(Fig. 4.8d—g). On the other hand, Kaczmarsky and Richardson
(2007) reported contrasting results as successful transmission
was established for Porites corals.

Aspergillosis, the most commonly reported disease in
gorgonian corals (sea fans), has been previously reported
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Fig.4.9 Cyanobacteria
bloom on the gorgonian coral
Annella reticulata in Kerama
Islands identified by
Yamashiro et al. (2014). (a)
Colonies of the gorgonian
coral Annella reticulata. (b)
Colonies overgrown by the
cyanobacterium Moorea
bouillonii. (¢) Enlarged view
of M. bouillonii. (d) Close up
of coral branches entangled
by cyanobacterial mats. (e)
Removal of cyanobacterial
mats revealed white dead
branch areas and collapsed
branch leaving only a central
axis (arrow). (f) M. bouillonii
penetrating into host coral
tissue. (g) Terminal end of M.
bouillonii showing a swollen
structure composed of a
multilayer sheath

from the Caribbean in Gorgonia ventalina and is caused by
the fungal pathogen Aspergillus sydowii (Geiser et al. 1998).
While a disease has been reported for gorgonians in Japan,
the causative agent appears to be cyanobacteria. In March of
2009, branches of Annella reticulata colonies, which found
at 20 m depth off the coast of Kerama Islands in Okinawa,
were covered by a filamentous cyanobacterial mat, which
appeared to cause tissue necrosis (Yamashiro et al. 2014;
Fig. 4.9). Determination of the bacterial mats by 16S
sequencing revealed the biofilm mostly comprised of a
microbe closely related to common benthic cyanobacterium
Moorea bouillonii (Yamashiro et al. 2014). The authors
pointed out the anoxic environment at the boundary between
tissue and the cyanobacterial mat as the cause of necrosis but
also suggested the involvement of cytotoxic macrolides and
peptides produced by M. bouillonii (Matthew et al. 2010).

Observations by microscopy revealed tissue penetration by
the cyanobacteria lending strong support to the infection pro-
cess and resultant necrosis (Yamashiro et al. 2014).

First reported in 1973 in the Caribbean waters off the coast
of Belize, BBD has been subsequently identified in corals
worldwide (Sutherland et al. 2004). An aggregation of cyano-
bacteria, sulfate-reducing bacteria, sulfide-oxidizing bacteria,
and a multitude of heterotrophic bacteria often characterize
the distinguishable black band associated with the disease.
Progression of the disease usually leads to tissue necrosis
(Richardson 2004; Bourne et al. 2009). Transmission has
been demonstrated in experiments in which healthy colonies
are placed in contact with those that are diseased, suggesting
the disease to be highly contagious (Kuta and Richardson
1996). Since its confirmation in 2003 at Sekisei Lagoon,
found between Ishigaki Island and Iriomote Island (Sect.
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Fig.4.10 Lesion front
(arrow heads) of black band
disease (BBD) observed by
Wada et al. (in press) in 2010
at Kerama Island, Okinawa.
Illustration shows the
progression front of the BBD
lesion from May 10th to July
28th in 2010. Scale bar
indicates 10 cm (Wada et al.
in press)

4.2.1 National Government-Based Surveys), additional
reports have been made in areas such as Kerama Islands
(Wada et al. in press; Weil et al. 2012) and Okinawa
(Yamashiro 2014) of Japan. Based on the initial observations
of variation in lesion progression of BBD in encrusting
Montipora spp., a comprehensive survey of Montipora colo-
nies off of Akajima Island, Kerama Islands was conducted
over a span of 3 months (Wada et al. in press). While the band
forming lesion front was found to radiate from a centralized
area, as reported by other studies (Fig. 4.10), observations
also revealed band coloration to vary within a colony, ranging
from grey to white in some areas. Stereomicroscopic obser-
vations of samples collected at the end of the study revealed a
filamentous cyanobacterium to be highly abundant between
the boundary of healthy and diseased tissue (Fig. 4.11a).
Additionally, a white filamentous microbe was also found to
be associated with areas directly trailing or above the lesion
front (Fig. 4.11b). A microbe with two conspicuous peristo-
mial wing, in addition to the ciliate previously identified with
SEB, Halofolliculina corallasia (Antonius and Lipscomb
2000), were also found to be present in areas of skeleton
exposure (Fig. 4.11c). Microscopic observations via decalci-
fication and paraffin sectioning revealed an approximately
3 pm cyanobacterium to dominate around the boundary
between healthy and diseased tissue (Fig. 4.11d—e). However,
a larger cyanobacterium (approximately 10 pm) (Fig. 4.11e)
as well as ciliates (Fig. 4.11f) were also present in some spec-
imens. Furthermore, the increase in sulfate-reducing bacteria
with subsequent increase in production of sulfides in sites
lesion formation may be related to formation of the black
band (Bourne et al. 2011; Glas et al. 2012; Sato et al. 2016).

10 May 2010

24 Jul,
28 Jul.

\\

10 Jul.
8 Jul.
6 Jul.
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19y 23 Jun
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The cyanobacteria associated with BBD is also known to pro-
duce the cyanotoxin microcystin (Richardson et al. 2007),
which may also play a role in initiating the disease. However,
spatial localization of each bacterial taxa associated with the
lesion is still unknown, and the mode of progression of the
lesion has yet to be determined. Efforts are currently under-
way to determine the bacterial composition, localization
within the lesion, and mode of progression of BBD using
techniques that will be discussed in the next section.

4.4  Future Directions

Throughout the archipelago of Japan, corals totaling 415 spe-
cies have been reported from as far south as the Yaeyama
Islands of the Ryukyu archipelago and as far north as Boso
Peninsula (Nishihira 2004). Increased sea surface temperature
due to anthropogenic climate change and elevated CO, levels
leading to ocean acidification is major concerns to these coral
reef ecosystems (Hoegh-Guldberg 2011). Coral bleaching and
diseases caused by high sea surface temperatures are consid-
ered major threats to coral reefs (Harvell et al. 1999, 2002;
Hoegh-Guldberg 2011). A survey conducted from 1995 to
2009 across 47 reefs in the Great Barrier Reef showed coral
bleaching and disease to be the cause of 5.6% and 6.5% reduc-
tion in coral cover over the 15 years, respectively (Osborne
etal. 2011). The major bleaching event of 1998 caused signifi-
cant damage to Japanese reefs (Loya et al. 2001; Kayane et al.
2002). The reefs around Okinawa Island and Ishigaki Island
experienced two major bleaching events between 1998 and
2009. As a result, major shifts in coral species composition
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Fig.4.11 Montipora sp. infected with black band disease (BBD) from
Kerama Island. (a) Overall image of the lesion boundary displaying a
black band between tissue and exposed white skeleton. (b) White fila-
mentous organisms above the black band surface. (¢) The ciliate-like
Halofolliculina corallasia on the skeleton surface. (d) Histological sec-
tion of BBD showed the cyanobacterial mat penetrated into the tissue

within the reefs occurred (Hongo and Yamano 2013; Harii
et al. 2014). However, little is known on the diversity and
impact of coral disease on Japanese reefs. Due to the increas-
ing deterioration of coral reef by infectious diseases world-
wide, gathering data concerning types, occurrence, and impact
of the coral diseases will be imperative in developing effective
conservation strategies in Japan. Efforts toward understanding
the causes of these diseases are also necessary.

While there are over 40 different diseases currently iden-
tified worldwide (Bruckner 2015), the cause is only known
for a handful of infectious diseases, mainly bacteria (Bourne
et al. 2009; Pollock et al. 2011). While fulfilling Koch’s pos-
tulate (Koch 1884; Grimes 2006) has often confounded iden-
tification of the causative agent of coral diseases, these
difficulties stem from several factors:

(i) The majority of marine bacteria are unculturable (Kogure

etal. 1980; Ferguson et al. 1984; Eguchi and Ishida 1990).

(i) Disease pathogens can be masked by opportunistic
infections (Ainsworth et al. 2007).

(iii) There are difficulties in replicating natural conditions in
a controlled or laboratory setting (Lesser et al. 2007).

(iv) Some coral diseases are a synergistic effect of multiple
causative agents (e.g., BBD is considered a polymicro-
bial disease) (Sato et al. 2016).

from right to left. (e) Thick (arrows) and thin (arrowhead) types of the
cyanobacteria found in the mats. (f) The ciliates containing dinoflagel-
lates found in the mats. The symbols indicate the orientation of lesions
showing apparently intact coral tissue (%), lesion front (4), and cyano-
bacterial mat (¢). Scale bars represent 1 mm (a—c), 500 pm (d) and
10 pm (e and f).

Thus, molecular genomics (Pollock et al. 2011), immu-
nological tools (Palmer et al. 2008), as well as histopathol-
ogy (Pollock et al. 2011, Work and Meteyer 2014) are
important approaches in enhancing our understanding of
coral disease. Although a trained eye is required for histo-
pathology work, only a light or fluorescence microscope is
necessary to detect the spatial presence of lesions associ-
ated with microbes (fungi, protozoa, and bacteria), making
it a common diagnostic tool in coral pathology (Work and
Meteyer 2014). Conventional histological preparation for
coral studies requires removal of skeleton consisting cal-
cium carbonate (i.e., aragonite, Lowenstam and Weiner
1989). However, the specimens treated with a decalcifying
agent potentially leave the interactive orientation between
tissue, skeleton canals of gastrovascular canal network
uncertain (Gladfelter 1983), owing to the vacant spaces on
histological sections resulting from skeleton removal.
Additionally, disruption of already fragile tissue can result
in loss of tissue or associated microbes can be problematic
for histopathology (Bourne et al. 2014). In order to cir-
cumvent this issue, the authors utilized a non-decalcifying
sectioning method for observations of diseased coral tissue
(Wada et al. 2016a; Fig. 4.12). While a cryostat and expen-
sive sectioning knives compared to conventional methods
are necessary, this method can dramatically reduce pro-
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Fig.4.12 (a) Simplified
illustration of the
un-decalcified sectioning
method shown by Wada et al.
(2016a). (b) Montipora sp.
infected with black band
disease (BBD). (c, e and g)
Montipora sp. disease lesion
sectioned via the
un-decalcified sectioning
method. Dense aggregation of
cyanobacterial filaments on
the lesion surface as well as
between skeletal parts (black
arrowheads) can be seen
clearly. (d, f and h)
Montipora sp. disease lesion
sectioned via the conventional
decalcified sectioning method.
Cyanobacterial filaments
appear loosely associated with
BBD-affected tissue in
decalcified sections. The
symbols indicate the
orientation of lesions showing
apparently intact coral tissue
(%) and exposed skeleton (¢).
Scale bars represent 200 pm
(cand d), 20 pm (e and f),
and 50 pm (g and h)
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a

Fig.4.13 (a) Aquarium at a coral aqua culture facility. (b) Rapid tissue
necrosis (RTN; Borneman 2001, Luna et al. 2007) affecting Acropora
sp. in an aquaculture aquarium. (c¢) Enlarged image of RTN affecting
Acropora sp. (Photos by R. Nakamura)

cessing time as well as leave tissue near its original state.
Research that a part of authors is currently being done on
BBD utilizing this technique, in conjunction with identifi-

cation of bacterial localization using FISH (Wada et al.
2016b), as well as next generation sequencing of the lesion
microbiome. This new approach to coral histopathology
should become an important tool in determining causative
agents for coral disease.

Currently, there have been reported cases of coral dis-
eases in aquariums and coral aquaculture facilities (Sweet
et al. 2012). Rapid tissue necrosis (RTN; Borneman 2001,
Luna et al. 2007), where sloughing off or death of tissue
leading to colony mortality has been common. Cases of RTN
have also been confirmed in Japanese aquariums (Wada et al.
2012) and aquaculture facilities (Wada et al. 2015)
(Fig. 4.13). Researching diseases affecting cultured corals
will also be an important as a holistic approach to coral
conservation.
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