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Chapter 4
Diseases of Scleractinian Corals
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4.1 Introduction

There is a large diversity of coral species, with over 1,300 extant species in the order Scleractinia (phylum
Cnidaria, class Anthozoa; World Register of Marine Species (WoRMS)). The Scleractinia (stony corals) represent
the ecological framework builders of modern coral reefs, providing habitat and refuge for countless other marine
species that inhabit coral reef ecosystems As ecosystem engineers, corals provide important goods and services
that are both ecologically and economically important, including sustaining high biodiversity, protecting
coastlines, supporting fisheries, and contributing an estimated US$ 36 billion to the global economy directly from
tourism-based industries (Spalding et al. 2017).

4.1.1 Coral biology, ecology, and microbiology

Corals build colonies by modular additions of single polyps to achieve complex morphologies. Within the
Scleractinia, polyps are monomorphic (with the exception of the genus Acropora), and all perform the same
functions, including deposition of calcium carbonate, feeding, and reproduction. Modular colonial organisation
of corals allows for the unique capability of sharing resources among polyps through the connective tissue
(coenosarc), responding to environmental cues across a colony, and allowing a coral animal to experience partial
mortality. Within the Scleractinia, symbiosis with unicellular photosynthetic dinoflagellates belonging to the
family Symbiodinaceae is a common characteristic (LaJeunesse et al. 2018) and underpins the coral animal’s
success in oligotrophic waters.

Symbiodiniaceae cells are situated within the coral gastrodermal layer and are particularly abundant in
gastrodermal cells adjacent the free body wall epidermis. Photosynthesis by these symbionts contributes to coral
metabolism by translocating fixed carbon to coral animal cells, providing a significant proportion of their
nutritional needs. Additionally, algal photosynthesis requires sunlight, and therefore this symbiosis plays an
important role in determining the depth distribution of coral species.

An array of other microbial communities has been demonstrated to be associated with corals, including bacteria,
Archaea, fungi, and viruses (reviewed in Bourne et al. 2016b). Collectively, this consortium of host and microbial
cells has been termed the coral holobiont, with the stability of the microbiome linked to whole organism health.
In addition to the coral host’s immune defences (i.e. antioxidant production and melanisation processes; see
Chapter 1 for further details), coral-associated microbial communities are likely involved in coral immunity
either directly through production of antimicrobial compounds (Ritchie 2006) or indirectly through niche
exclusion of opportunistic or pathogenic organisms (Rosenberg et al. 2007; Shnit- Orland and Kushmaro 2009).
While some microbial taxa are directly linked to disease onset (Sweet and Bulling 2017), disturbance of the coral
host’s normal microbial community composition (i.e. dysbiosis) can induce disease or disease-like signs (Egan
and Gardiner 2016; Sweet and Bulling 2017).

The coral holobiont is well studied, and in particular the delicate symbiosis between the coral animal and
Symbiodiniaceae, with environmental stress (particularly temperature increases) resulting in a breakdown of this
partnership and ejection of Symbiodiniaceae cells from the coral tissues (termed bleaching). Climate driven ocean
warming is the biggest threat to coral reefs globally (Hughes et al. 2017a), pushing corals and their relationship
with Symbiodiniaceae above their thermal threshold, leading to sub-optimal coral health and increased incidence
of bleaching and disease (Hoegh-Guldberg et al. 2017). Severe mass bleaching events can result in mass coral
mortality, and subsequent extensive impacts on reef ecosystems, with these impacts predicted to be exacerbated
under future climate scenarios (Hughes et al. 2017b). Synergy between heat stress, bleaching, and disease has
been repeatedly demonstrated, leading to further concerning reduction in coral cover globally (Brodnicke et al.
2019). Combined with localised impacts including eutrophication, overfishing, and coastal development, reefs
globally are in a precarious predicament.

4.1.2 Coral disease background

Black band disease (BBD) was identified in the early 1970’s in the Caribbean through the work of Antonius
(1973). BBD is often described as the first coral disease to be identified, though descriptions of growth anomalies
(GA) on corals were reported a decade earlier (Squires 1965). Since those early studies of rare occurrences of
diseased colonies (Antonius 1973), coral disease has increased in terms of prevalence, diversity of disease types,
and impacts on coral communities and reefs. Initial studies of coral disease focussed on Caribbean corals, in part



due to the detection of novel diseases and significant disease outbreaks in this region (Gladfelter 1982;
McClanahan and Muthiga 1998; Williams et al. 1999). Disease mediated declines in Acropora palmata and Acropora
cervicornis have been so dramatic throughout their Caribbean range that these species were nominated for
inclusion in the United States’ endangered species register (Diaz-Soltera 1999). In part due to disease outbreaks,
Caribbean acroporid corals are now rare on reefs on which they had previously been the dominant coral taxa for
at least 95,000 years (Pandolfi and Jackson 2006).

Until more recently, coral disease was thought to occur only rarely and have little impact on the function of Indo-
Pacific corals and coral reefs (reviewed in Sutherland et al. 2004). Significant disease outbreaks have, however,
now been recorded from numerous Indo-Pacific regions (Antonius 1999; Willis et al. 2004; Aeby 2005; Williams et
al. 2011; Richards and Newman 2019). It is unclear whether the recent emergence of novel coral diseases and
outbreaks on Indo-Pacific reefs represent a real increase in coral disease, or an increase in disease-focussed
research in this region. Nonetheless, disease is now ubiquitous though generally low in prevalence outside of
outbreak conditions on reefs throughout the Indo-Pacific (Willis et al. 2004; Page et al. 2009; Onton et al. 2011;
Aeby et al. 2011).

Despite over 50 years of research which has characterised an extensive array of coral syndromes, the causative
agents of most have remained largely unidentified (Montilla et al. 2019). Currently, there are over 40 different
coral disease syndromes reported in the literature that detail compromised coral health, though many have poor
macroscopic and diagnostic descriptions with little epizootic and aetiologic information. In addition, many
reported diseases lack wide distributions, being reported only from few localised reefs. As a result, many of the
names associated with coral disease syndromes (i.e. WP Type I and Type II, white plague-like, WB type I, type II,
type III etc.) are imprecise and lack clear definitions that discriminate the individual syndromes (Bruckner
2016b).

4.2 Principal diseases

There are nine major scleractinian diseases reported from the Caribbean, including growth anomalies (GA), black
band disease (BBD), white plague (WP), white band disease (WBD), white pox (WPX), yellow band disease
(YBD), dark spot syndrome (DSD), Caribbean ciliate infestations, and Caribbean stony coral tissue loss disease
(SCTLD), and six in the Indo-Pacific Region including black band disease (BBD), white syndromes (WSs), brown
band disease (BrB), skeletal eroding band (SEB), ulcerative white syndrome (UWS), and growth anomalies (GA).
These diseases reported for corals are summarised in Table 4.1. While several other diseases have been detailed,
these main diseases have a broad geographical footprint and repeated observations. Coral bleaching,
representing the loss of the endosymbiotic dinoflagellates (Symbiodinaceae) is by definition also a disease (i.e.
impairment of normal function). Thermally induced bleaching is a physiological response to environmental
stress and is investigated extensively elsewhere, hence is not presented in this chapter. Comparatively less
research has been undertaken to understand diseases of octocorals compared to those affecting scleractinians,
with the exception of Aspergillosis infection of gorgonians. Diseases such as BBD and GA have also been
documented within octocorals (Weil et al. 2015; Kim 2016), however, this chapter specifically focusses on diseases
of scleractinian corals. The diseases are presented in rough chronological order of when they were first reported
in the literature (see Sutherland et al. 2004), though all white diseases are grouped for consistency.
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Figure 4.1 Images of common coral diseases. (a) Acroporid from on the Great Barrier Reef displaying growth anomaly. (b) Montipora sp.
on the Great Barrier Reef displaying black band disease. (c) Acropora cervicornis from Florida with white band disease. (d) Acropora
hyacinthus from the Great Barrier Reef displaying white syndrome. (¢) Siderastrea sp. from the Caribbean with dark spot disease. (f)
Orbicella sp. from Belize with yellow band disease. (g) Acropora muricata from the Indo-Pacific region displaying skeletal eroding band
(h) Acropora muricata from the Great Barrier Reef displaying brown band disease. (i) Montastrea sp. from the Caribbean with stony coral
tissue loss disease. Source: images from the Great Barrier Reef and Indo-Pacific supplied by Cathie Page, images from the Caribbean
supplied by Greta Aeby.

4.2.1 Growth anomalies (GAs)

GAs were the first (Squires 1965), and still are one of the most commonly reported syndromes globally (Work et
al. 2015). These present as exuberant distinct tissue and skeletal growths on coral colonies, having grown at a
faster rate than surrounding areas (see Figure 4.1a). Characteristics include aberrant corallite and coenosarc
shapes, often as a result of rapid skeletal accretion (Peters et al. 1986; Work et al. 2008a). They have been reported
from a large number of coral genera, with prevalence ranging from low (< 5%) up to 70% in some reef regions
(Aeby et al. 2011; Work et al. 2015). They are most commonly reported for corals in the families Acroporidae and
Poritidae (Aeby et al. 2011). The classical appearance of GAs in acroporids is described by smooth to rugose,
variably sized skeletal masses with reduced or absent calices. The tissue overlaying the abnormal growth is often
pale or translucent due to the mass of aragonite skeleton underlying the tissue and reduced densities of
Symbiodiniaceae. Plating acroporids often have GAs on the upper surfaces, though in branching colonies they
can be found randomly (Work et al. 2008b). Across all acroporids, the abnormal development of the
gastrovascular canals and excessive accretion of the coenosteum (i.e. skeletal material secreted by the coenosarc)
is consistently observed (Preston and Richards 2020). Visually different GAs have been described for Porites spp.,
including a skeletal growth resulting in a raised appearance demarcated by paler tissues, while a second type
displays very rough surfaces with pale or white patches and occasional pink pigmentation (Kaczmarsky 2006).
The aetiology of GAs is unknown, with previous studies proposing environmental factors, genetic
predisposition, and infectious agents including bacteria, fungi, and viruses (Loya et al. 1984; Peters et al. 1986;
Domart-Coulon et al. 2006; Kaczmarsky 2006; Kaczmarsky and Richardson 2007; Aeby et al. 2011). Ageing and
senescence leading to inadequate cell repair have also been proposed (Hanahan and Weinberg 2000; Work et al.
2015). Elevated activity of the enzyme phenoloxidase in GAs and the healthy tissues of GA-affected colonies,
compared to colonies having no GAs, suggests an immune response in affected colonies (Palmer and Baird 2018).
The impacts of GAs on corals appear to differ depending on species impacted and may reflect the previously
described investment in immunity. In acroporids, GAs impact the host negatively as they can progress and
spread, therefore reducing fitness through reduced growth and reproductive output. GAs have been categorised
as neoplasia conditions (cancerous) and some aspects of the lesions support this. However, diagnosis of
neoplasia in invertebrates is challenging. The nature of GAs indicates aberrant cell division, though further work



is required to appropriately classify these lesions and Work et al. (2015) argue the classification of GAs as true
cancers in other coral genera to be premature.

4.2.2 Black band disease (BBD)

BBD represents arguably the most comprehensively understood coral disease. First reported in the 1970s, it has a
global distribution that infects a wide range of scleractinian taxa (Richardson 2004; Page and Willis 2006; Sato et
al. 2016; Spalding et al. 2017). BBD is often reported to infect dominant coral taxa on reefs, irrespective of
morphology, with at least 42 Caribbean and 57 Indo-Pacific taxa being susceptible. The prevalence of the disease
is generally low (< 1%), though localised outbreaks have been reported that can impact coral population
demographics (Edmunds 1991; Kuta and Richardson 1996; Green and Bruckner 2000; Sato et al. 2009). The lesion
presents as a darkly pigmented band that migrates across corals (see Figure 4.1b), killing the underlying tissues
and leaving behind dead and denuded coral skeleton that is quickly overgrown by algae and other fouling
organisms. Progression rates are, on average 3 mm day~! though can range from 1 mm day~! up to 2 cm day~in
some case studies (Richardson 2004), with higher progression rates resulting in whole colony mortality in days to
weeks. Water-borne transmission of BBD is supported by spatiotemporal patterns in the spread of the disease to
other colonies often following the direction of predominant current and waves (Bruckner et al. 1997; Zverlov et
al. 2005). Gastropods, polychaetes, and reef fishes may also act as vectors, or may facilitate transmission through
physical injury to the coral host (Aeby and Santavy 2006; Chong-Seng et al. 2011; Nicolet et al. 2018).

BBD is characterised as a polymicrobial disease, whereby a consortium of microorganisms forms a microbial mat
that creates and maintains anoxic and sulfidic biochemical conditions that are toxic to the underlying coral
tissues. The microbial communities associated with BBD lesions have been well characterised and are remarkably
consistent across global case studies (reviewed in Sato et al. 2016). Filamentous cyanobacteria affiliated to
Roseofilum reptotaenium (Casamatta et al. 2012) (Figures 4.2 a,b), represent the largest biomass in the microbial
mat, though highly diverse communities of heterotrophic bacteria (Sekar et al. 2008; Sato et al. 2010; Meyer et al.
2017; Sato et al. 2017), a phylogenetically novel lineage of Archaea (Sato et al. 2013), plus a high abundance of
sulphur-oxidising and sulphate- reducing bacteria have been characterised from BBD lesions (Bourne et al. 2011;
Bourne et al. 2013). Histopathology of BBD demonstrates the incursion of cyanobacterial filaments into the
tissues at the lesion interface, with cyanobacterial toxins implicated in contributing to tissue necrosis in some
studies (Richardson et al. 2007). The integrated metabolic pathways that support the microbial consortium in the
lesion have been characterised through metagenomic and meta-transcriptomic approaches, with cyanobacterial-
derived photosynthetically fixed CO2 enhancing productivity and promoting sulphide production within the
lesion (Meyer et al. 2017; Sato et al. 2017). A putative sulphide tolerance metabolic pathway exists in the
dominant Roseofilum reptotaenium cyanobacterium that explains its success and persistence in the lesion (Sato et
al. 2017).

4.2.3 White syndromes (WSs)

Within the literature, there is a historical legacy of different coral diseases being reported that lack clear and
unambiguous descriptions of the gross lesions. This has resulted in descriptions of coral diseases that are open to
subjective interpretation, leading to a proliferation of coral disease names that display similar visible signs of
tissue loss. This is particularly evident for many of the ‘white’ diseases reported in the Western Atlantic, for
which names such as WP, WB, and WPX are frequently reported. Despite varying names, all of these ‘white’
diseases display a tissue loss pattern characterised by a distinct separation of apparently healthy tissue and
freshly exposed white coral skeleton and the absence of visible causative agents at the tissue-skeleton interface.
Distinction between diseases have been made based on taxa affected, rates of tissue loss, slight variations in
pattern of appearance, and lesion progression, locations of the lesions, and if a zone of bleached tissue is present
between healthy and necrotic coral tissues (Bruckner 2016b). Without the standardised and systematic
framework for describing coral lesions (Work and Aeby 2006), and with little definitive identification of the
underlying causation of the diseases, these various disease names have proliferated in the literature and are often
used interchangeably, making it very difficult to compare diseases between different case studies. As a result of
the limited understanding of the epizoology and aetiology of many white disease case studies, and to avoid
confusion, here we discuss the pathology of individual reported case studies using the original disease
nomenclature allocated to disease signs.

4.2.3.1 White plague (WP)

WP was first described from the Florida Reef Tract in the mid-1970s and characterised by macroscopic signs of an
advancing distinct margin between apparently healthy coral tissue and newly exposed white skeleton, often
resulting in whole colony mortality (Dustan 1977; Bythell et al. 2004). A subsequent outbreak of WP was reported
in 1995 on the same reefs, though it was named WP type II and distinguished from the first reported outbreak
(WP type I) based on the more rapid rate of lesion progression, higher prevalence and greater number of
susceptible coral species (Richardson 1998). Work and Aeby (2006) provide a definitive gross description of WP-
Type 11 as diffuse, peripherally and basally situated large, irregular, and distinct areas of tissue loss revealing
intact bare white skeleton. An additional type of WP, WP type III was reported in 1999 on reefs in Florida and
characterised by very rapid rates of lesion progression (Richardson et al. 2001). WP type II and type III have been
reported to have spread throughout the wider Caribbean (Nugues 2002; Borger 2003; Croquer et al. 2003) and
other reef systems across the Indo-Pacific and Red Sea (Barash et al. 2005). Confusion in descriptions of gross



lesion characteristics combined with poor understanding of the underlying aetiologies have resulted in more
recent naming of lesions displaying these signs as WP-like disease (Pratte and Richardson 2016), similar to the
grouping of white syndromes of Indo-Pacific corals (see Section 4.2.3.4), until aetiologies of distinct diseases can
be established.

The aetiologic diagnosis of WP-like diseases are reported for some case studies. The bacterium Aurantimonas
coralicidia was identified as the causative agent of WP type II based on isolation of this strain from diseased
colonies of Dichocoenia stokesi followed by inoculation of healthy colonies that subsequently displayed the same
disease signs (Denner et al. 2003). However, later studies highlighted that apparently healthy colonies are not
susceptible to the original or subsequently isolated bacterial strains (Lesser et al. 2007). Another bacterial agent,
Thalassomonas loyana (Barash et al. 2005; Thompson et al. 2006), has been implicated in disease causation for WP
in Red Sea corals (Favia favus), with inoculation of the bacterium supplemented with seawater filtrate containing
an unknown factor from the aquarium water of diseased colonies resulting in disease onset on apparently
healthy colonies (Barash et al. 2005). Microbial community profiling of WP-like diseased tissues of Montastrea
annularis colonies from the US Virgin Islands found a high abundance of sequences related to Roseovarius
crassostreae, a previously identified bacterium involved in juvenile oyster disease, which was suggested to have a
role in WP-like disease causation (Pantos et al. 2003). In all these cases the aetiological agent was not
unequivocally confirmed and therefore definitive causation is still lacking. It is possible that different pathogens
or bacterial consortia produce similar disease phenotypes in different coral species across broad geographic
regions (Sweet and Bulling 2017).

4.2.3.2 White band disease (WBD)

The general distinction between WBD and WP diseases is that WBD is restricted to Caribbean acroporid species
(see Figure 4.1c), while WP occurs on massive and encrusting non-Acropora growth forms, though this distinction
can be argued to be historically arbitrary (Bythell et al. 2004). Similar to WP, two forms of WBD have been
reported in the literature. White band disease (type I) was first reported in the 1970s in the US Virgin Islands
(Gladfelter et al. 1977; Gladfelter 1982). Over the ensuing decades, the disease spread throughout the Caribbean
basin (now reported from more than 27 countries), severely impacting the populations of two of the dominant
framework corals of Caribbean reefs, Acropora palmata and A. cervicornis (Green and Bruckner 2000; Bruckner et
al. 2002). At some sites, the abundance and cover of these corals declined by > 90%, leading to a designation of
these two species as critically endangered (The International Union for Conservation of Nature (IUCN) Red List
of Threatened species; Hogarth 2006). WBD type II was first identified in San Salvador, Bahamas, and contrasts
to WB type I as it affects only A. cervicornis. The gross lesions of both type I and type II are described by a distinct
band of white exposed skeleton that separates live tissue and algal colonised dead skeleton behind the lesion
front (Bruckner 2009). The two types are distinguished based on the rates of tissue loss, which is faster in WBD
type II (up to 10 cm day 1) compared to WBD type I (average 5.5 mm day~?). Type II can be further distinguished
by the presence of a bleached tissue region at the interface of apparently normal tissue and denuded skeleton
(Ritchie and Smith 1998). Like WP, there is a lack of clear distinctions between type I and type II, plus additional
poorly characterised syndromes of acroporids in the Caribbean are reported (i.e. shut-down reaction; Antonius
1977; rapid tissue loss; Williams and Miller 2005). Hence, the general term WBD is now used to describe any
visible white band that results from tissue death and loss that is not related to bleaching, predation or other band
diseases (e.g. BBD or ciliate infections). The unifying characteristics of WBD describe a diffuse, basally situated
lesion with distinct areas of tissue loss that reveal intact, bare skeleton that is well differentiated from the distal
skeleton, which is discoloured and overgrown with algae (Work and Aeby 2006).

Identification of the causative agents of WBD have remained elusive. Transmission studies have variably
indicated an infectious biotic agent, with direct contact, biological vectors, and the water column as possible
modes of spread of the disease (Vollmer and Kline 2008; Gignoux-Wolfsohn et al. 2012; Certner et al. 2017).
Histopathology of the disease lesion demonstrates atrophy, necrosis, and lysing of the surface and basal body
wall and polyp structures at the tissue-lesion margin (Gignoux- Wolfsohn et al. 2020). Early studies also
identified bacterial aggregates in higher abundance in tissue regions adjacent to WBD type I lesions, though
bacterial aggregates are also generally found in healthy coral tissues (Peters 1984; Santavy and Peters 1997; Work
and Aeby 2014). Earlier studies of WBD-type II identified a higher abundance of Vibrio spp. (most closely related
to V. carchariae; synonym V. harveyi) in diseased tissue relative to healthy tissues, though causation was not
demonstrated (Ritchie and Smith 1998; Gil-Agudelo et al. 2006). Other bacterial agents are associated with WBD
diseased tissues including Bacillus sp., Lactobacillus sp. and a Rickettsiales- like organism (Casas et al. 2004; Sweet
et al. 2014), though the latter are consistently observed in both visibly healthy and diseased tissues of WBD
infected colonies (Gignoux-Wolfsohn et al. 2020). Recent studies have suggested that shifts in the microbial
consortia associated with the host coral are linked to gross lesion signs and compromised host health (Sweet and
Bulling 2017). Hence, rather than identifying a single biotic causative agent, it is proposed that dysbiosis of the
associated microbiome results in a transition toward a pathobiome that is characteristic of the disease.

4.2.3.3 White pox (WPX)

The first report of WPX disease was in 1996 on reefs off Key West in Florida (Patterson et al. 2002), though in
following years the disease was also reported more widely across the Caribbean (Porter et al. 2001; Rodriguez-
Martinez et al. 2001; Patterson et al. 2002; Sutherland and Ritchie 2004). The disease affects Acropora palmata



corals and manifests as variable sized, irregular white patches devoid of coral tissues that can develop
simultaneously on different regions of the same colony. Lesions are characterised as focal to multifocal, basal to
apically distributed, small to medium in size, and varying shapes from circular, oblong or pyriform with
extensive tissue loss leaving intact bare white skeleton (Work and Aeby 2006). The lesions progress at an average
of 2.5 cm day~!, with progression greatest at elevated temperatures (Patterson et al. 2002). Lesions vary in size
from generally a few cm in area to > 80 cm? and can coalesce, resulting in whole colony mortality (Sutherland et
al. 2004). Additional case studies have reported syndromes with similar gross lesion characteristics at sites across
the Caribbean, with various names including white- patch disease, patchy necrosis, and necrotic patches
(Bruckner and Bruckner 1997; Rodriguez-Martinez et al. 2001), though these are now generally grouped under
WPX since no comparative pathology studies were conducted.

Early reports of WPX highlighted it was highly contagious, spreading to neighbouring colonies and rapidly
being transmitted between reefs in the Florida Keys National Marine Park Sanctuary. It is estimated that 88% of
remaining A. palmata corals were lost in this region between 1996 to 2002 (Porter et al. 2001; Patterson et al. 2002;
Sutherland et al. 2004). In other regions such as the United States Virgin Islands, Puerto Rico, and Mexico,
mortality rates were variable and patterns in disease outbreaks followed seasonal drivers (Bruckner 2016a). More
recent studies assessing WPX outbreaks highlight that disease severity and colony mortality was high between
1994-2004 and low in the period between 2008-2014, suggesting that changes in host, causative agent, and
environmental dynamics influence the disease aetiology and complicate diagnosis (Sutherland et al. 2016a).

The causative agent of the disease was originally identified and confirmed by Koch's postulates as the bacterium
Serratia marcescens and was linked to possible human sewage pollution (Patterson et al. 2002; Sutherland et al.
2010). Subsequent studies failed to recover S. marcescens from coral with WPX disease signs and questioned its
role as the aetiological agent of the disease (Lesser and Jarett 2014; Joyner et al. 2015). WPX is still characterised
on gross disease signs, though one form of WPX is termed acroporid serratiosis and is diagnosed if the classic
lesion signs on the A. palmata host co- occur with the presence of the established pathogen S. marcescens
(Sutherland et al. 2016a). However, WPX does not always co-occur with S. marcescens, and hence the same gross
signs may be caused by more than one aetiological agent (Sutherland et al. 2016a).

Histopathology of apparently healthy tissue (1 to 10 cm away from the gross lesion margin) demonstrate tissue
and cellular degeneration characterised by rounding of gland cells in mesenterial filaments and epidermis of the
pharynx, potentially indicating involvement of bacterial derived toxins (for acroporid serratiosis; Sutherland
2015). Atrophy and necrosis in coenenchyme tissues and disruption of the epithelia of the gastrovascular cavity
were also observed in apparently healthy tissues. Bacteria were not directly evident in diseased tissues, though
rickettsia-like bacteria have been observed (Sutherland et al. 2016b). Histopathology of the apparently healthy
tissues and disease lesion tissues of WPX colonies was similar, indicating a potential systemic, whole- colony
response, which may partially explain the patchy distribution of lesions (Sutherland et al. 2016b).

4.2.3.4 White syndromes (WSs) of Indo-Pacific corals

Willis et al. (2004) highlighted the difficulties of assigning causative agents and causal relationships to diseases
that display similar signs. Therefore, it was recommended to group diseases in the Indo-Pacific for which the
underlying disease aetiology is unknown, but with macroscopic signs of irregular white bands or patches as a
consequence of tissue loss, collectively as White Syndromes (WSs). Similar to the Caribbean, there are likely to be
many diseases with varying underlying causative agents that result in gross WS signs in Indo-Pacific corals.
However, this grouping prevents the emergence of multiple disease names which have few distinguishing
diagnostic features (Willis et al. 2004). Once the underlying aetiologies are determined, then more definitive
descriptions using established frameworks can be made (Work and Aeby 2006; Work et al. 2008b; Beeden et al.
2012). Until then, this grouping prevents the erection of distinct disease names that can result in confusion for
researchers and managers.

WS gross lesions are characterised by a diffuse linear (or annular) band or irregular patch comprised of recently
exposed coral skeleton adjacent to healthy tissues (see Figure 4.1d). In some cases, a region of bleached tissue
may precede the advancing lesion, though more commonly there is no transition zone between healthy coral
tissues and freshly denuded coral skeleton (Bourne et al. 2015; Bourne et al. 2016a). WSs were first recorded from
the Great Barrier Reef in 1998/1999, affecting 17 species or growth forms of corals, though disease signs are
particularly prevalent in the fast-growing tabular and branching species of Acropora (Willis et al. 2004). It is
noted, however, that earlier reports of lesions consistent with WSs were observed in the Philippines (Antonius
1985). Multiple localised reports of tissue loss consistent with WS signs were quickly reported from regions
across the Indo-Pacific. The signs were reportedly affecting tabulate acroporids from the North- Western
Hawaiian Islands (Aeby 2005), Marshall Islands (Jacobson et al. 2006), Pilbara region reefs, and Christmas and
Cocos Islands, North Western Australia (Hobbs and Frisch 2010; Page and Stoddart 2010) and the US remote
Pacific Islands (Vargas-Angel 2009; Aeby et al. 2011). WSs were also reported in other coral genera across this
region including Pachyseris, Montipora, Pocillopora, Goniastrea, and Platygyra (Sussman et al. 2008; Page et al. 2009;
Vargas-Angel 2009; Aeby et al. 2011).

Consistent with descriptive frameworks, additional information has been introduced for many WSs, including
Montipora white syndrome, which displays both acute and chronic lesion progression rates in Hawaii (Aeby et al.
2010; Work et al. 2012). A number of diseases have been reported with signs consistent with WSs in massive



Porites corals, and alternative names have been suggested, including Porites white patch syndrome (Séré et al.
2012), Porites tissue loss (Williams et al. 2010), and Porites bleaching with tissue loss (Lawrence et al. 2004; Sudek
et al. 2012). However, no underlying aetiology is provided to support alternative naming, and therefore it is
recommended that they should be categorised under WSs, and more specifically Porites white syndrome.

The challenges associated with assigning causation to WSs have been detailed previously in Bourne et al. (2015).
At the gross level, there are generally no visual signs of microbial communities at the lesion interface. In some
case studies, however, ciliates have been observed at the lesion boundary, and hence ciliates have been suggested
to be one causative agent (Sweet and Bythell 2012), noting that visible ciliate bands are characteristic of BrB
(presented in more detail in Section 4.2.7). Not surprisingly, considering that this grouping of diseases likely
encompasses a range of causative agents, evidence for disease causation at the cellular level has been varied.
Histologically, a range of cellular patterns has been observed for WS lesion tissues. Work and Rameyer (2005)
observed cell necrosis associated with filamentous algae, fungi, and ciliates in histological sections from a range
of corals including tabular acroporids, Montipora, Porites, and Echinopora genera. On the other hand, other case
studies displayed no microbial cells associated with diseased tissue, but instead observed tissue necrosis
characterised by fragmentation, dissolution, or swelling of cell nuclei (Work and Rameyer 2005). Ainsworth et al.
(2007b) investigated WS-infected Acropora corals from Heron Island and did not detect bacteria in histological
sections, nor through florescence in situ hybridisation (FISH) microscopy at the lesion border or in healthy tissue
up to 3 cm away from the lesion (Ainsworth et al. 2007b). Similarly, investigations of Acropora WSs from three
disperse geographic locations, Lizard Island, Western Australia, and Palmyra Atoll, observed no signs of
necrosis, fragmentation, tissue swelling, ciliates, or cyanobacteria in the healthy tissues immediately preceding
the disease lesion (Pollock et al. 2017; Smith et al. 2020). Helminths and fungi were observed in a minority of
samples, though these organisms were also observed in healthy tissues with no gross WS signs. In contrast, high
levels of necrosis and tissue fragmentation characterised the lesion front of samples subjected to histological
investigations (Pollock et al. 2017). FISH also detected no bacteria in healthy tissues (less than 1 cm ahead of WS
lesion fronts), though bacteria were detected in all lesion tissues both at and immediately behind the WS lesion
front (Pollock et al. 2017; Smith et al. 2020). In other coral species (Hydnophora sp. and Stylophora pistillata),
extensive tissue necrosis was partnered with extensive bacterial proliferation penetrating the healthy tissue
layers (Ainsworth et al. 2007a), further highlighting likely differing underlying aetiologies for Indo-Pacific WSs.
Studies on WS of the dominant Hawaiian coral species Montipora capitata demonstrated that at the cellular level,
different microorganisms were associated with a rapidly progressing acute phase (i.e. ciliates) compared to a
slow progressing chronic phase (i.e. helminths and chimeric parasites) (Aeby et al. 2010; Work et al. 2012). The
variety of observations at a cellular level highlights the complexity of disease causation for WSs, which have a
number of potential multiple causes, as well as varying host responses (Work et al. 2012; Aeby et al. 2016).

A number of studies have detected an increase in Rhodobacteraceae-affiliated sequences in compromised WS
tissues (Sunagawa et al. 2009; Cardenas et al. 2012; Roder et al. 2014; Pollock et al. 2017). This bacterial family is
emerging as a potential indicator of compromised tissue health, though its direct role in disease onset or
progression is unknown (Smith et al. 2020). A number of other studies have identified Vibrio affiliated bacteria as
potential causative agents in WS diseases. Ben-Haim et al. (2003) isolated Vibrio coralliilyticus from necrotic
Pocillopora damicornis tissues sampled from reefs in the Red Sea. Sussman et al. (2008), satisfying Henle-Koch's
postulates, similarly reported V. coralliilyticus strains associated with WS lesions from multiple disease outbreaks
in the Great Barrier Reef (Montipora aequituberculata), Palau (Pachyseris speciosa), and the Marshall Islands
(tabulate acroporids). V. coralliilyticus possessed high metalloprotease activity, which bleached and lysed the
Symbiodiniaceae cells within the coral gastrodermal tissues and resulted in cleavage of coral connective tissues
and paracellular perturbations (Ben-Haim et al. 2003; Sussman et al. 2008; Sussman et al. 2009). Vibrio harveyi was
also implicated in WSs in Indonesian coral studies (Luna et al. 2010). Two pathogenic vibrios have also been
implicated in inducing disease signs consistent with Montipora WS in Hawaii. Vibrio owensii (strain OCN002) was
identified as a bacterial pathogen linked to the chronic phase characterised by diffuse tissue loss (chronic
Montipora WS) and V. coralliilyticus (strain OCNO088) was identified as inducing acute Montipora WS characterised
by faster progressive tissue loss (Ushijima et al. 2012; Ushijima et al. 2014). However, vibrios were not detected in
high abundance using FISH and 165 rRNA gene amplicon sequencing in WSs across three Indo-Pacific sites
(Smith et al. 2020). These disparate patterns highlight the complexity of the involvement of this group in WS
causation, suggesting that it may have a role in some, but not all, WSs. More recently, a bacterium,
Pseudoalteromonas piratica (strain OCNO003) was reported as another aetiological agent of acute Montipora WS,
inducing a switch from the chronic to the acute form of the disease and suggested that similar disease signs
(acute Montipora WS on M. capitata) is caused by multiple bacterial pathogens (Beurmann et al. 2017). The variety
of microbial taxa identified in WS tissues highlights the possibility that dysbiosis caused by many detrimental
taxa may lead to disease signs, rather than a single bacterial agent. Novel studies have applied microscale
tracking combining microfluidics with stable isotopes to view high resolution interactions of putative bacterial
pathogens and host coral tissues (Shapiro et al. 2016; Gibbin et al. 2018). In these studies, the penetration and
dispersal of the coral pathogen V. coralliilyticus, inoculated onto individual Pocillopora damicornis polyps were
visualised, with most pathogen cells located in the oral epidermis (Gibbin et al. 2018).



In addition to microbial-mediated pathways, programmed cell death, and virus-like particles have been
implicated in some WS case studies. Programmed cell death can be instigated by biotic or abiotic factors in other
organisms and can be an effective method for removing pathogens from a host. Ainsworth et al. (2007b) reported
apoptotic cell nuclei within epithelial and gastrodermal tissues at the lesion borders, with transmission electron
microscopy images supporting this. However, Pollock et al. (2017), using the same approach, did not detect
programmed cell death in WS lesion tissues for corals sampled at Lizard Island on the Great Barrier Reef. Patten
et al. (2008) observed virus like particles in WS lesions, though there was no correlation of such particles with
diseased versus healthy tissues (Patten et al. 2008). In contrast, Pollock et al. (2014) reported 65% higher virus like
particle numbers in acroporid tissues displaying WS at Lizard Island.

4.2.3.5 Ulcerative white syndromes (UWS)

Another disease consistent with WSs for Indo- Pacific corals is reported as ulcerative white spots (UWS). First
reported from Porites sp. in the Philippines, the name originally erected was Porites ulcerative white spot disease
(Raymundo et al. 2003). Reports of similar lesions on other coral genera including Montipora, massive
morphologies, and the octocoral Heliopora resulted in the more general nomenclature to accommodate the
increasing range of hosts displaying characteristic lesions for which the underlying aetiology remains unknown.
UWS lesions are distinct from WSs by displaying multifocal patterns of bleached tissue (3 to 5 mm in diameter)
which manifest as small circular or oblong areas that can either regress or progress to full tissue-thickness
ulcerations, resulting in patches of bare white coral skeleton. The small lesions can occasionally coalesce,
resulting in whole colony mortality (Raymundo et al. 2003). Reports from reefs in the Philippines highlight high
prevalence during outbreaks (72% on some reefs; Raymundo et al. 2005), though generally levels are low but
widely distributed across other reef areas including the Wakatobi Marine National Park, Indonesia (Haapkyla et
al. 2007), Zanzibar and Kenya (Harvell et al. 2007), Guam (Myers and Raymundo 2009), Palau (Page et al. 2009),
Maldives (Montano et al. 2016), and the Great Barrier Reef (Willis et al. 2004). Little is known of causative agents
of the lesions, though Vibrio affiliated bacteria have been implicated through isolation and inoculation studies
attempting to satisfy Henle-Koch's postulates, though no direct characterisation of microorganisms within active
lesions was conducted (Arboleda and Reichardt 2010).

4.2.4 Dark spot syndrome (DSD)

Dark spot syndrome (or dark spot disease; DSD) was first reported in association with a bleaching event in the
1990s on Colombian Reefs (Solano et al. 1993; Gil-Agudelo et al. 2004; Borger 2005). Subsequently, it has been
widely reported across the entire Caribbean region. It has been found predominantly affecting three coral species
(Montastraea annularis, Siderastrea siderea, and Stephanocoenia intersepta) (Gil-Agudelo et al. 2004; Weil 2004),
though further studies identified possible wider species susceptibility (Garzon-Ferreira et al. 2001). On Floridian
reefs, the disease was highly prevalent, infecting more than 70% of corals surveyed, highlighting its potential
impact on coral populations (Porter et al. 2011).

The disease lesion manifests as dark spots (brown, purple or black), that subsequently result in tissue loss,
exposing skeleton that is colonised by algae or other fouling invertebrates (see Figure 4.1e); (Cervino et al. 2001;
Borger 2005). The aetiology of DSD is unknown, though Borger (2005) suggested that lesions may represent a
stress response in the coral. This response is proposed to cause disruption to the endosymbiotic dinoflagellates,
with the Symbiodiniaceae cells appearing pigmented and swollen, many with disruption of their organelles
(Renegar et al., 2008). Both the Symbiodiniaceae populations primarily, and the host tissues secondarily, have
been suggested to be compromised through an unknown aetiological agent (Cervino et al. 2001). Histological
analysis identified fungi associated with disease tissues, similar to Aspergillus sydowii, the pathogen linked to
aspergillosis in sea fans (Renegar et al. 2008; Sweet et al. 2013). Studies have also profiled microbial communities
associated with infected tissues and linked putative pathogens Vibrio carchariae, a cyanobacterium Oscillatoria
(associated with BBD), and a fungal plant pathogen, Rhytisma acerinum, as potential causative agents (Gil-
Agudelo et al. 2007; Sweet et al. 2013). These studies only used molecular profiling and no studies have
demonstrated direct causation or microbial pathogens directly linked with diseased tissues.

4.2.5 Yellow-Band disease (YBD)

YBD has been reported extensively throughout the Caribbean, however diseases with similar gross descriptions
have been found on corals from other regions including Pacific and Arabian Gulf reefs (Bruckner and Riegl 2016).
These yellow diseases have been termed Pacific YBD and Arabian YBD to avoid confusion with the originally
described YBD affecting Caribbean corals. Most studies, including the most thoroughly described disease lesions,
have emerged from the Caribbean and are focused upon here.

First reported to be affecting Montastrea annularis and M. faveolata colonies in 1994 on Florida reefs (Reeves 1994),
Caribbean yellow-band disease is characterised by a band or patch of pale yellow tissue that radiates outwards
from the central lesion (see Figure 4.1f; Cervino et al. 2001; Bruckner and Riegl 2016). Central areas of the lesion
may suffer tissue mortality, with the lesion boundary forming annular bands. Multiple lesions can form on a
single colony and may coalesce, resulting in extensive partial colony mortality. Typical reported rates of lesion
progression are < 1 cm per month, though lesions can be persistent and therefore have extensive accumulated
impacts on coral colonies. There are also seasonal differences in lesion progression, with warmer conditions
promoting the disease prevalence and rates of progression (Cervino et al. 2001; Bruckner and Bruckner 2006).
The disease can have a high prevalence in the M. annularis complex (> 90%) and therefore has contributed to



significant mortality of these corals on Caribbean reefs in the 2000s (Bruckner and Bruckner 2006; Bruckner and
Hill 2009), with longer term impacts on reproductive output also impacting coral populations (Weil et al. 2009).
Original outbreaks of Caribbean yellow-band disease occurred following coral bleaching events, and both
temperature and light have been correlated with the prevalence and virulence of the disease (Bruckner and
Bruckner 2006; Harvell et al. 2009). Experimentally increased nutrients have also been demonstrated to cause
increases in lesion progression rates (Bruno et al. 2003).

Vibrio spp. infecting the endosymbiotic Symbiodinaceae cells have been implicated in the early stages of
Caribbean yellow-band disease onset, with histological studies showing progressive degeneration of
dinoflagellate cells, including swelling, vacuolisation, fragmentation, and loss of cellular integrity (Cervino et al.
2004). This results in breakdown of the symbiotic association between the coral host and Symbiodiniaceae,
leading Cervino et al. (2004) to suggest the disease is principally a disease of the symbiont. Four Vibrio strains
which were recovered from the mucus of diseased corals, reproduced disease signs when healthy corals were
inoculated with all four Vibrio strains, but failed to cause disease when inoculated as individual isolates (Cervino
et al. 2008). Later studies found these vibrios in both diseased and healthy tissues of affected corals (Cunning et
al. 2009), so the specific causative agent (vibrios or other biotic and abiotic agents) remains to be elucidated.
4.2.6 Skeletal eroding band (SEB) and Caribbean ciliate infections (CCl)

SEB is associated with the folliculid ciliate Halofolliculina corallasia and was the first disease described from the
Indo-Pacific (Antonius 1999). The disease presents as a dark band 1-10 cm wide resulting from high densities of
the H. corallasia ciliate (Figure 4.1g). The band is located at the interface of recently denuded skeleton and
apparently healthy coral tissues (Figure 4.2c). This condition is most commonly associated with acroporid and
pocilloporid coral genera, though it has been recorded afflicting over 80 coral species found on reefs across the
Indo-Pacific and the Red Sea (Antonius 1999; Page et al. 2016). Créquer et al. (2006a) reported a similar ciliate
infection on a number of coral species in the Caribbean, with the disease named Caribbean ciliate infection (CCI)
due to potential different aetiologies of this condition and the Indo-Pacific skeletal eroding band (Créquer et al.
2006; Rodriguez et al. 2009; Weil and Rogers 2011). However, recent morpho-molecular studies confirmed that
both of these two conditions display similar macroscopic signs and fine scale skeletal erosion patterns derived
from a common ciliate phenotype unequivocally identified as H. corallasia (Montano et al. 2020). Though a
species complex may exist between Indo-Pacific and Caribbean H. corallasia populations, both disease names
should be synonymised to avoid confusion in reporting of these two diseases (Montano et al. 2020).

The ciliate H. corallasia has a free-living form (see Figure 4.2d) that migrates onto or immediately adjacent to
living coral tissue before transitioning to a sessile form. In its sessile form, the ciliate penetrates living coral
tissues and attaches to the coral skeleton, forming a lorica (sac-like housing) with a rounded posterior and
cylindrical neck. The ciliate and its associated lorica has an average length of 220 ym and width of 95 um, with
the ciliate housed within the lorica and possessing two conspicuous retractable pericytostomial wings bearing
feeding cilia. Often, only the neck of the lorica is visible above the coral skeletal surface. The presence of the
ciliate compromises healthy coral tissues potentially through spinning and chemical secretions, but it also
damages and erodes the coral skeleton (Croquer et al. 2006; Page and Willis 2008; Page et al. 2016). The migration
of the ciliates across the colony surface leaves empty lorica visible behind the advancing front of live ciliates.
Injury of coral tissues facilitates colonisation by H. corallasia, though studies have shown that intact healthy coral
tissues challenged with the ciliate fail to manifest disease signs or tissue loss (Page and Willis 2008). Hence, while
H. corallasia is characteristic of the disease, additional factors that increase ciliate virulence or compromise host
coral tissues may be required to promote halofolliculinid infestations that result in pathogenesis and coral tissue
loss. SEB can sometimes be confused in field observations with BBD when the density of the invading ciliates is
high (Page and Willis 2008). Lesions in SEB are often associated with other potential causative agents including
cyanobacteria, and the contribution of these other agents is unclear in cases where ciliates occur at varying
densities (Page et al. 2016).

4.2.7 Brown band disease (BrB)

BrB was first reported in 2003 from the Great Barrier Reef, though since has been recorded across the Indo-Pacific
(Harvell et al. 2007; Nugues and Bak 2009; Page et al. 2009; Qiu et al. 2010; Onton et al. 2011; Weil et al. 2012) with
similar disease signs also being reported from Caribbean reef systems (Randall et al. 2015). BrB is distinctively
characterised by a brown band of variable width which separates apparently healthy tissues from exposed white
coral skeleton (Figure 4.1h). There may also be a narrow zone of bleached tissue or denuded coral skeleton
between the brown band and live apparently healthy tissue (Figure 4.2e). The brown band is comprised of a
dense population of ciliates, which can consist of mixed populations, though generally is dominated by a
protozoan scuticociliate of the class Oligohymenophorea (Bourne et al. 2008). Morphological work further
identified the dominant ciliate as Porpostoma guamense, which was characterised from infected Acropora colonies
from Guam (Lobban et al. 2011). Ciliates within the band can reach densities of ~ 120 cells ml~! and actively feed
on coral tissues, progressing at rates > 2 cm day~! (Lobban et al. 2011). The ability to feed on living tissue means
P. guamense is an ectoparasite of coral polyps and ingests Symbiodiniaceae cells along with the coral tissues
(Figure 4.2f). These Symbiodinaceae cells remain actively photosynthesising, thereby benefiting the ciliate
through a mixotrophic energy acquisition (Ulstrup et al. 2007). The corallivorous gastropod Drupella sp. was



demonstrated to be an effective vector for BrB to spread between colonies (Nicolet et al. 2013). Additionally,
predation by marine fishes and other invertebrates increased the occurrence of BrB through feeding scars, which
create wounds sufficiently extensive to facilitate colonisation of coral tissues by the ciliates (Chong-Seng et al.
2011; Katz et al. 2014).

Ciliate species consistent with those found in BrB have been identified at the lesion interface of other diseases
including WS (Indo-Pacific) and WBD (Caribbean) and are implicated in conferring the macroscopic visible signs
of these diseases (Sweet and Bythell 2012; Sweet et al. 2014). However, Philaster sp. ciliates appear to be
secondary colonisers within lesions resulting from alternate aetiologies. Other broad studies on WS have not
consistently observed ciliates at the lesion interface (Pollock et al. 2017; Smith et al. 2020). Hence, while ciliates
are linked to some WS cases, these are unlikely the primary causative agents, instead being histophagic, feeding
on damaged tissues and endosymbionts. However, at high densities ciliates may play a role in pathogenesis
through removal of coral tissues by their feeding activities resulting in denuded skeleton. Nicolet et al. (2013)
reported visual differences in WS and BrB disease with the role of ectoparasite Porpostoma guamense and other
distinct histophagic ciliates potentially contributing to these gross differences.
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Figure 4.2. Tmages of common coral diseases and photomicrographs of microorganisms implicated in disease causation. (a) Macroscopic
appearance of black band disease. (b) Photomicrograph of the dominant cyanobacterium (Roseofilum reptotaenium) associated with the
black band disease microbial mat. (¢) Halofolliculina bands associated with skeletal eroding band bordering healthy coral tissues. (d)
Photomicrograph of a motile swarmer folliculind ciliate Halofolliculina corallasia associated with skeletal eroding band. (e) Image of
Acropora tenuis from the GBR with ciliates associated with brown band disease bordering healthy coral tissue. (f) Photomicrograph of the
dominant protozoan scuticociliate (Class Oligohymenophorea; Genus Porpostoma) found in brown band disease lesions. Source: images
supplied by Cathie Page and David Bourne.

4.2.8 Stony coral tissue loss disease (SCTLD)

SCTLD was first reported in reefs off Florida in 2014, and subsequently spread through almost the entirety of the
Florida Reef Tract (Precht et al. 2016; Walton et al. 2018) and is now also reported in many other regions of the
wider Caribbean (Jamaica, Mexico, US Virgin Islands, Dominican Republic, Turks & Caicos Islands, Belize,
Puerto Rico, and Grand Bahama (Alvarez-Filip et al. 2019; Weil et al. 2019)). The disease causes extensive coral
mortality on already degraded reefs, compounded by observations that SCTLD disease signs have been reported
for a large number (~ 24) of important reef-building coral genera (Muller et al. 2020). The environmental and
ecological drivers of the disease outbreak are poorly understood, though the first reports coincided with a
summer bleaching event across the Florida Reef Tract, combined with localised dredging operations which
increased sedimentation deposition onto reefs in the vicinity of the Port of Miami, Florida (Miller et al. 2016;
Walton et al. 2018). Disease transmission can occur by direct contact between coral colonies or through the water
column (Aeby et al. 2019), with modelling studies reporting the epizootic followed a contagion model with
spread up to 100 m day~! and potentially facilitated by water currents (Muller et al. 2020).

Signs of SCTLD vary within and among affected coral species (Aeby et al. 2019), displaying focal or multifocal
diffuse areas of tissue loss, and lesion boundaries adjacent to bleached tissues in some case studies (see Figure
4.1i). The rate of tissue loss can vary from acute (3-4 cm day ™) to sub- acute, influenced by host species,



individual host genotype, region, and time of year. A detailed case definition for SCTLD is available (NOAA
2018), with gross morphology of tissue loss distributed basally, peripherally, or both. Tissues bordering the
lesions have indistinct bands (1-5 cm) of pallor, progressing to normal pigmentation away from denuded
skeleton. Histological investigations report that tissue lesion pathology first affects the gastrodermal basal body
wall, displaying signs of degradation, fragmentation, and swelling associated with disintegration of the mesoglea
and subsequently progresses towards the oral surface, manifesting as tissue necrosis. Landsberg et al. (2020)
histologically characterised SCTLD lesions from eight coral species, with all displaying lytic necrosis originating
in the gastrodermis of the basal body wall, which progresses to the surface body wall as the lesions advance. The
host cells display degenerative changes including disintegration of the mesoglea layers, degradation and
fragmentation of the gastrodermal cells, plus mucocyte hypertrophy. In addition, endosymbiotic
Symbiodiniaceae cells displayed a range of changes including necrosis, peripheral nuclear chromatin
condensation, cytoplasmic vacuolation, deformation and degradation of chloroplasts, highlighting that SCTLD
lesions result as a consequence of the disruption to the coral host and symbiont physiology leading to tissue
sloughing from the underlying skeleton (Landsberg et al. 2020).

The aetiologic diagnosis of SCTLD is currently unknown, with studies showing the application of antibiotics or
human wound treatment patches containing antiseptics and natural antioxidants can slow or halt lesion
progression, suggesting some involvement of bacteria in the disease (Neely et al. 2020; Contradi et al. 2020).
Higher relative abundance of sequences affiliated with the bacterial orders Rhodobacterales and Rhizobiales
(Rosales et al. 2020) and an unclassified genus of the Flavobacteriales (Meyer et al. 2019) have been detected in
disease lesions, though it is unknown if these taxa have a direct role in lesion progression or are secondary
colonisers of compromised tissues. An obvious host-cell inflammatory response was not observed in
histopathology studies, which may indicate that bacteria, fungi and parasites are not primary causes of the
disease (Landsberg et al. 2020). Other aetiological causes under investigation include viral pathogens, toxicants,
metabolic dysfunction and other environmental factors. Due to the ecological impact of the SCTLD disease
outbreak across such a broad geographic and taxonomic range, and its occurrence on coral reefs already under
intense pressures, significant research efforts are currently focussed on understanding this disease. However, a
number of management failures in the early stage of the outbreak may have prevented effective management to
stop spread and mitigate its impacts (Precht 2019).

4.3 Control and treatment of coral diseases

Control and treatment of coral diseases in open reef environments in which there are few physical barriers to
disease spread is challenging, with prevention of outbreaks the best long-term option. This is best achieved
through mitigation of anthropogenic stressors on coral reef ecosystems, which, if unchecked, may result in
widespread disease outbreaks impacting coral community assemblages (Harvell et al. 1999, 2002, 2007). The
biggest threat currently facing coral reefs is the global anthropogenic warming of seawater that is likely to
contribute to the increased virulence of coral pathogens, and/or decreased coral host immunity, and ultimately
deterioration of the functional coral holobiont, resulting in coral bleaching, disease outbreaks, and ultimately
high coral mortality (Bruno et al. 2007; Muller et al. 2008; Heron et al. 2010; Brodnicke et al. 2019). Unfortunately,
given current climate modelling projections, global seawater temperatures will continue to rise, driving further
coral disease outbreaks. Difficulty in unambiguously identifying the causative agents of many coral diseases has
hindered the development of potential control and treatment strategies. However, there have been a number of
approaches trialled at different scales, and current global concern regarding declining reef ecosystem health is
driving exploration of new approaches for mitigating coral diseases and building resilience in coral populations
(Bostrom-Einarsson et al. 2018; National Academies of Sciences 2018, 2019).

The first approach to treat and manage a coral disease was conducted on BBD-infected colonies in the 1980s
(Hudson 2000). The partially successful treatment involved using an aspirator device to remove the microbial
mat infecting the colony and the pressing of modelling clay into the coral skeleton at the site post-aspiration to
seal the wound and reduce reinfection (Hudson 2000). Epoxy resin has similarly been used to mechanically block
progression of coral lesions (Miller et al. 2014), with chemical treatments such as chlorine also included in the
resin (Aeby et al. 2015). Randall et al. (2018) explored three mitigation strategies for YBD, including shading,
underwater aspiration of the disease tissue followed by sealing with modelling clay, and creating a firebreak
through chiselling a trench between the lesion and adjacent apparently healthy tissues. The firebreak method
was identified as the best for slowing the spread of the disease, though long-term benefits were unclear (Randall
et al. 2018). Removal of the region or branch of a coral colony that displays disease signs or removal of whole
colonies from the population can also be undertaken to reduce disease spread (National Academies of Sciences
2018). In aquarium settings, the screening of corals for disease agents prior to their introduction to aquaria, and
the removal of any colony displaying disease signs is the best recommended approach to prevent transmission
through the closed system (Sweet et al. 2011). Antibiotic treatments have also been trialled successfully in
aquarium settings to both control disease and help identify if bacteria are implicated as biotic agents of the
disease (Sheridan et al. 2013; Sweet et al. 2014). All these approaches, however, are small scale, labour intensive,
and expensive, resulting in limited applicability at broader reef ecosystem scales.

Phage therapy has been trialled to control coral disease progression and transmission in both closed
experimental systems and open reef environments. The concept of phage therapy is based upon the principle



that every bacterium has one or many bacteriophages that have evolved (or coevolved) to infect and/or lyse that
bacterium (Keen 2015). If a coral bacterial pathogen is known, then a phage can be isolated, grown in high
abundance, and added to control the pathogen and prevent disease progression and/or transmission. The
approach has been used widely in both human and agricultural systems (Doss et al. 2017). Bacteriophages
targeting the coral pathogen V. coralliilyticus have been isolated and used effectively in small-scale experimental
aquarium systems to stop progression of WP-like lesions on Favia favus in the Red Sea (Efrony et al. 2007, 2009;
Cohen et al. 2013). A proof-of-concept field study was also conducted in the Red Sea and was shown to be
effective in mitigating disease impacts (Atad et al. 2012). While the approach offers promise, there are many
challenges to applying phage therapy to control coral diseases in open reef ecosystems, with an extensive
risk/benefit analyses required for each application to ensure the benefits of disease control are not offset by other
deleterious impacts to coral reef ecosystems (National Academies of Sciences 2018).

Manipulation of the coral microbiome, essentially through addition of probiotics is emerging as another potential
option to increase coral resilience to environmental stress and disease. The addition of beneficial microorganisms
for corals may enhance nutrient cycling (including acquisition of heterotrophic nutrients), biological control of
potential pathogens, supply essential trace nutrients, metals or vitamins, and mitigate the effects of reactive
oxygen species (Peixoto et al. 2017). Rosado et al. (2018) demonstrated the potential for these microbes to
minimise the impacts of environmental stressors. A range of bacterial species displaying potential beneficial
traits were isolated and applied as a cocktail to corals in aquaria. These were subsequently subjected to bacterial
challenge with the coral pathogen V. coralliilyticus and heat stress to simulate a bleaching event. Inoculated corals
displayed improved health compared to controls, measured as lower bleaching metrics (Rosado et al. 2018).
Heterotrophic feeds may provide an efficient route to deliver probiotics to corals, with recent studies
demonstrating rotifers ingested beneficial microbes, which were subsequently ingested by Pocillopora damicornis
corals (Assis et al. 2020). This approach could be applicable to coral aquaculture facilities, which are becoming
more numerous and of increased size in response to increased reef restoration efforts (Barton et al. 2017).
Manipulation of the cell-to-cell chemical signalling (quorum sensing) of the coral microbiome may also hold
promise for disease treatment. Quorum sensing through acyl homoserine lactones (AHLSs) in bacterial
communities can control the coordinated expression of virulence genes (Teplitski and Ritchie 2009), and hence
disrupting (or ‘quenching’) AHL signals may allow the host to prevent pathogenesis. Interference of quorum
sensing as disease biocontrol has been investigated in agriculture and other model systems (reviewed in Teplitski
and Ritchie 2009). BBD microbial communities have demonstrated AHL-based quorum sensing activities, and
hence may play a role in pathogenesis (Zimmer et al. 2014). A proof-of-concept study in corals conducted by
Certner and Vollmer (2017) showed that microbial communities isolated from WBD-infected corals that were
exposed to a quorum sensing inhibitor (i.e. antagonist of AHLs) were unable to establish disease signs on A.
cervicornis (Certner and Vollmer 2018). The same microbial communities without the inhibitor treatment
established WBD signs within 2 days. While the application of quorum quenching to disease biocontrol ex situ
may be promising, the application in situ in open ocean systems remains a challenge.

4.4 Future directions

Diagnosis of coral diseases and the identification of their causative agents has proved challenging since the first
reported cases emerged in reef ecosystems over 50 years ago (Montilla et al. 2019). The limited success in
conclusively assigning causative agents to many coral diseases highlights the complex interactions that occur
between the coral host, its diverse and complex microbiome, and the surrounding environment (Bourne et al.
2016b). There remains a critical need for systematic morphological descriptions of coral diseases at the gross and
cellular levels to enable comparative studies across large geographical regions (Work and Aeby 2006; Bourne et
al. 2009). In addition, the links between host immunity, homeostasis of the microbial symbiont community,
primary vs. opportunistic pathogens, the role of dysbiosis in disease onset, and how all these factors are
influenced by environmental pressures, requires further elucidation (Vega Thurber et al. 2020). Genomic tools
offer new ways to explore these questions as well as the interactions between holobiont members and their
surrounding environment. However, genomics is only part of the toolkit to help elucidate disease causation
through a deductive approach and should not be the focus at the expense of classical biomedical approaches to
standardise disease case definitions (see Chapter 3 for more detailed discussion of this point).

4.5 Summary

® Novel coral diseases continue to be reported from coral reefs globally, however inconsistencies in
disease nomenclature and the failure to apply systematic morphological descriptions of diseases at both
the gross and cellular levels results in proliferation of diseases assumed to have narrow geographic
distributions.

® The causation of most coral diseases remains poorly understood and remains an urgent research
priority considering the increasingly emerging links between environmental stress and disease
outbreaks.

® Dysbiosis is increasingly linked to many coral diseases through a shift in the symbiotic microbiome
allowing proliferation of opportunistic bacteria/pathogens.



® Reefs globally are declining at an alarming rate and disease outbreaks have historically, and will
continue to, contribute to this loss of coral cover and coral reef ecosystem functioning.

® Ongoing coral declines have led to research focussed on methods to mitigate further anthropogenic
contributions to environmental impacts on coral reefs, build coral resilience, and increase disease
resistance in the face of a rapidly changing environment.
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