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Stony coral tissue loss disease (SCTLD) is destructive and poses a significant

threat to Caribbean coral reef ecosystems. Characterized by the acute loss of

coral tissue, SCTLD has impacted over 22 stony coral species across the

Caribbean region, leading to visible declines in reef health. Based on the

duration, lethality, host range, and spread of this disease, SCTLD is considered

the most devastating coral disease outbreak ever recorded. Researchers are

actively investigating the cause and transmission of SCTLD, but the exact

mechanisms, triggers, and etiological agent(s) remain elusive. If left unchecked,

SCTLD could have profound implications for the health and resilience of coral

reefs worldwide. To summarize what is known about this disease and identify

potential knowledge gaps, this review provides a holistic overview of SCTLD

research, including species susceptibility, disease transmission, ecological

impacts, etiology, diagnostic tools, host defense mechanisms, and treatments.

Additionally, future research avenues are highlighted, which are also relevant for

other coral diseases. As SCTLD continues to spread, collaborative efforts are

necessary to develop effective strategies for mitigating its impacts on critical

coral reef ecosystems. These collaborative efforts need to include researchers

from diverse backgrounds and underrepresented groups to provide additional

perspectives for a disease that requires creative and urgent solutions.
KEYWORDS

tissue loss, SCTLD, coral disease, Florida reef tract, Caribbean reefs, gender
disparities, inclusivity
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Introduction

Coral diseases can pose a significant threat to the health and

stability of marine ecosystems, jeopardizing the biodiversity,

production, and resi l ience of coral reefs worldwide .

Unfortunately, coral reefs are also threatened by a variety of

additional compounding factors including climate change,

overfishing, coastal development, and pollution (e.g., Gladfelter,

1982; Hughes, 1994; Aronson and Precht, 2001; Bruno et al., 2007;

Walton et al., 2018). These cumulative stressors have destroyed an

estimated 50% of coral reefs worldwide since the 1950s (Eddy et al.,

2021). In recent decades, it has been hypothesized that the Florida

coral reef system and the Caribbean have become more susceptible

to disease outbreaks due to these confounding stressors (van

Woesik and Randall, 2017; Tracy et al., 2019; Vega Thurber et al.,

2020; Hayes et al., 2022). Though the Caribbean contains only 8% of

the global coral cover, an increase of species affected by disease and

an increase is the number of diseases, over 66% of reported coral

diseases in this region, make it a coral disease hotspot (Green and

Bruckner, 2000; Weil, 2004).

Stony coral tissue loss disease (SCTLD) is a sub-acute to acute

tissue loss disease that affects scleractinian corals and can result in

complete colony mortality in a matter of months (Aeby et al., 2019;

Estrada-Saldıv́ar et al., 2020; Meiling et al., 2020; Sharp et al., 2020;

Estrada-Saldıv́ar et al., 2021). It was first observed near Miami,

Florida in 2014 (Precht et al., 2016) and since this initial

observation, SCTLD has spread to reefs in at least 28 countries

and territories across the Caribbean (Roth, L., Kramer, P.R., Doyle,

E., and O’Sullivan, C. 2020. Caribbean SCTLD Dashboard.

www.agrra.org. ArcGIS Online. Accessed Oct 5, 2023). The

etiological agent(s) has not yet been identified, though research

suggests that is it infectious (Dobbelaere et al., 2020; Williams et al.,

2021b; Truc et al., 2023) with waterborne and sediment

transmission ex situ (Muller et al., 2020; Dobbelaere et al., 2022;

Studivan et al., 2022a; Studivan et al., 2022b) and multiple vectors

(Noonan and Childress, 2020; Rosales et al., 2020; Studivan et al.,

2022a; Studivan et al., 2022b). Current hypotheses suggest that

pathogenic bacteria are involved in disease progression (Aeby et al.,

2019; Neely et al., 2020; Ushijima et al., 2020; Shilling et al., 2021;

Walker et al., 2021; Forrester et al., 2022). The etiological agent(s)

also induces transcription of genes involved pathogen detection and

regeneration in the innate immune system (Traylor-Knowles et al.,

2021). Since its emergence, SCTLD has caused the mortality of at

least 30% of corals in the Florida coral reef system (Walton et al.,

2018) and 40-60% loss in coral cover in various regions of the

Caribbean (e.g. Brandt et al., 2021; Estrada-Saldıv́ar et al., 2021;

Heres et al., 2021).

Though it is possible to study disease without identifying the

etiological agent (Vega Thurber et al., 2020), diagnostics, modeling,

and mitigation efforts can be limited. SCTLD is one of the most

impactful coral diseases ever recorded in the Caribbean, so

standardization of diagnostic tools across the field along with

aligned goals for future research is recommended to best navigate

this outbreak. In this review, we examined host species

susceptibility, disease transmission, impacts on the coral immune
Frontiers in Marine Science 02
system, the influence of holobiont constituents, current approaches

for diagnostics, intervention methods, and identify areas of future

research as well as highlighting the need for multidisciplinary

approaches to understand this unprecedented disease outbreak.

We also aim to draw attention to the gender disparity in scientific

authorship and attempt to make an effort toward equality by

highlighting the need to incorporate diversity and inclusion in all

aspects of scientific research.
SCTLD species susceptibility

At least 22 scleractinian coral species, approximately half the

total species in the Western Atlantic and Caribbean, are known to

be affected by SCTLD (Table 1; Supplementary Table 1). Notably, it

is accepted that the Caribbean Acropora species do not appear to be

affected; however, there is no peer reviewed data regarding this.

Susceptibility among affected species varies and is typically

described by the sequence of disease incidence in a species, how

much of the population is affected during the epidemic phase

(disease prevalence), rates of tissue loss on affected corals, and the

overall impact experienced by the population. Highly susceptible

species are typically affected first, exhibit high disease prevalence,

fast rates of tissue loss, and show large population declines. In fact,

the relative abundances of some highly susceptible species, such as

Dendrogyra cylindrus, Dichocoenia stokesii, Eusmilia fastigiata, and

Meandrina meandrites, declined by 90- 100% within months of

local SCTLD emergence in Florida, Mexico, and USVI (Walton

et al., 2018; Estrada-Saldıv́ar et al., 2020; Brandt et al., 2021; Estrada-

Saldıv́ar et al., 2021; Neely et al., 2021a; Hayes et al., 2022).

Moderate and low susceptible species are typically affected later

than highly susceptible species and exhibit lower disease prevalence

and tissue loss rates. However, for moderate and low susceptibility

species, there can be a wide range of intra-species variability in these

susceptibility characteristics, as evidenced during two ex situ

transmission studies (Aeby et al., 2019; Meiling et al., 2021).

These ex situ studies reported variable transmission to different

assumed conspecifics under the same environmental conditions.

These results may reflect differences in defense capacities among

individuals of a species, including tolerance to microbial dysbiosis,

as has been suggested for other coral diseases (MacKnight et al.,

2022), or differences in disease signs and responses among

individuals (Vega Thurber et al., 2020).

Though there is a consensus on the relative susceptibility of

most species to SCTLD, there is disagreement regarding the

susceptibility of Porites astreoides and Agaricia spp. In an ex situ

transmission experiment, Aeby et al. (2019) reported no

transmission of SCTLD from Montastraea cavernosa to P.

astreoides from shared water baths. However, using a similar

experimental design, Meiling et al. (2021) found lesions developed

on colonies of P. astreoides after exposure to diseased Diploria

labyrinthiformis. Notably, these two studies used different species of

diseased source corals (M. cavernosa compared with D.

labyrinthiformis) and the experiments took place in two distinct

geographic regions (Florida versus the U.S. Virgin Islands)
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TABLE 1 SCTLD species susceptibility and lesion progression rates.

Susceptibility Category Species Lesion Progression Rate

In situ References Ex situ References

High Colpophyllia natans 26.76 cm2/day Meiling et al., 2020 7.03 cm2/day Meiling et al., 2021

20-40 cm2/day Sharp and Maxwell, 2018 24.9-31.1%/day* Williamson et al., 2022

13-15.5%/week Williams et al., 2021a

Dendrogyra cylindrus – –

Dichocoenia stokesii 13-15.5% Williams et al., 2021a –

Diploria labyrinthiformis 11.22 cm2/day Elmer et al., 2021 2.5-32.6%/day* Williamson et al., 2022

8.02 cm2/day Meiling et al., 2020

13-15.5%/week Williams et al., 2021a

3.3 cm2/day Aeby et al., 2019

Eusmilia fastigiata – –

Isophyllia rigida – –

Meandrina jacksoni – –

Meandrina Meandrites – –

Pseudodiploria strigosa 6.28 cm2/day Meiling et al., 2020 1.52 cm2/day Meiling et al., 2021

38.87 cm2/day Camacho-Vite et al., 2022

20-40 cm2/day Sharp and Maxwell, 2018

5.3 cm2/day Aeby et al., 2019

13-15.5%/week Williams et al., 2021a

Pseudodiploria clivosa 2.7-4.1%/week Williams et al., 2021a –

Moderate Orbicella annularis 2.24 cm2/day Meiling et al., 2020 6.80 cm2/day Meiling et al., 2021

2.7-4.1%/week Williams et al., 2021a

Orbicella faveolata 5.58 -12.41 cm2/day Elmer et al., 2021 1.32 cm2/day Eaton et al., 2021

2.7-4.1%/week Williams et al., 2021a

Orbicella franksi – –

Montastraea cavernosa 12.6 cm2/day Meiling et al., 2020 2.11 cm2/day Meiling et al., 2021

0.82-4.2 cm2/day Aeby et al., 2019 2.7 cm 2/day Eaton et al., 2021

17.3-138.9 cm2/week Combs et al., 2021 0.03-0.63%/day Aeby et al., 2021

6.5-8.4%/week Williams et al., 2021a

Solenastrea bournoni – 6.5-8.4%/week Williams et al., 2021a

Stephanocoenia intercepta – 2.7-4.1%/week Williams et al., 2021a

Siderastrea siderea – 2.7-4.1%/week Williams et al., 2021a

0.03 cm2/day Meiling et al., 2021

Siderastrea radians – –

Low Agaricia spp. 1.3 cm2/day Elmer et al., 2021 –

Favia fragum – –

Helioseris cucullata – –

Isophyllia sinuosa – –

Madracis auretenra – –

(Continued)
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separated by four years. D. labyrinthiformis is a highly susceptible

coral species that exhibits high rates of tissue loss and is often one of

the first affected species in an outbreak. Compared with M.

cavernosa, which is considered to be a more moderately affected

coral species exhibiting lower tissue loss rates, D. labyrinthiformis

may be a better “spreader” of disease. The temporal difference

between the studies may also have been enough time for the

pathogen(s) to evolve and become more virulent towards P.

astreoides. Finally, characteristics of the exposed corals based on

geographic region could also have played a role in differences

observed between experiments. For example, a coral’s history of

exposure to thermal and other stressors can influence its

susceptibility to disease, and geography can affect the microbial

communities of conspecifics, thereby affecting their tolerance to

dysbiosis and disease exposure. In situ studies from Caribbean

regions have observed P. astreoides with multi-focal lesions, though

this occurred at low prevalence, suggesting P. astreoides is

susceptible but at a low level (Alvarez-Filip et al., 2019; Brandt

et al., 2021; Costa et al., 2021; Williams et al., 2021a; Hayes et al.,

2022). No ex situ experiments have tested the transmission of

SCTLD to Agaricia spp., however, multiple in situ studies have

reported multi-focal lesions on Agaricia spp. corals at low

prevalence coincident with the emergence of SCTLD on other

species, therefore, Agaricia spp. could also be categorized with

low susceptibility but more study is needed (Alvarez-Filip et al.,

2019; Brandt et al., 2021; Combs et al., 2021; Costa et al., 2021;

Heres et al., 2021; Williams et al., 2021a; Hayes et al., 2022).

While susceptibility is predominantly distinguished by

incidence rates and prevalence, there are also variable lesion

progression rates among species. Highly susceptible species tend

to have faster lesion progression rates while moderate and low

susceptible species have slower lesion progression rates (Table 1).

Lesion progression rates can be further compared between age

classes. Williamson et al. (2022) found faster rates of tissue loss in

Colpophyllia natans recruits when compared with tissue loss rates of

adults reported in other studies (Meiling et al., 2021), but slower

rates in D. labyrinthiformis recruits. While there are differences in

SCTLD lesion progression rates among species, even the lowest
Frontiers in Marine Science 04
rates are magnitudes higher than other diseases causing acute tissue

loss in the Caribbean and Western Atlantic, such as white plague

(Clemens and Brandt, 2015) and black band (Sato et al., 2011).

Lesions presumed to be SCTLD have a range of gross

morphologies that can vary among species (Figure 1). Lesions

develop on any region of the coral (edge or middle) and can be

focal or multifocal (Aeby et al., 2019). As the tissue is sloughed,

there is a band of white denuded skeleton along the boundary of the

lesion. The rate of tissue loss can be categorized into three categories

defined by the width of the area of exposed skeleton: chronic

(<1cm), subacute (1-5cm) and acute (>5cm) (Figure 1; Aeby

et al., 2021). Some species, including Orbicella spp. and

Montastraea cavernosa, have bleached margins immediately

preceding the lesion boundary (Figure 2; Aeby et al., 2019). The

most unique presumed SCTLD lesions are the chronic tissue loss

patches that pair with dark pigmentation on Siderastrea siderea

(Figure 2A; Aeby et al., 2021; Brandt et al., 2021). Although lesions

present similarly among geographic regions and species, without a

feasible diagnostic tool or confirmed etiological agent(s) it is not

possible to definitively conclude that all corals are affected by the

same disease.
Limitations and future directions

Species susceptibility could be influenced by a variety of factors.

Susceptibility to SCTLD could potentially differ with ranges in depth in

the water column, growth type, spawning type, and Symbiodiniaceae

association; however, these metrics are currently unknown in relation

to SCTLD, but should be recorded in future studies to aid in

deciphering this complex susceptibility trend. It is also possible that

secondary or coinfections (Ushijima et al., 2020) or the stage of the

outbreak and how long the disease has been in the area could influence

lesion progression rates. SCTLD lesion progression has been shown to

stop on corals naturally (Aeby et al., 2021) which could be due to host

response, pathogen evolution, environmental factors, etc.; however, the

mechanisms of this are currently unknown and should be a topic of

future research.
TABLE 1 Continued

Susceptibility Category Species Lesion Progression Rate

In situ References Ex situ References

Madracis decactis – –

Mussa angulosa – –

Mycetophyllia spp. – –

Porites astreoides – –

Porites divaricata – –

Porites furcata – –

Porites porites – –

Scolymia spp. – –
–No published data available.
*Rates documented on recruits.
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Additionally, there is considerable variability among methods

for measuring lesion progression rates. For example, species

susceptibility is variable for some species, such as M. cavernosa,

likely because “susceptibility” is classified by different metrics

among papers. Some coral disease studies have measured the

advancement of the lesion edge linearly by measuring from a

stationary marked point like a nail (Neely et al., 2020; Neely

et al., 2021c), while others have measured linear advancement

from the edge of the lesion (Elmer et al., 2021). Several studies

have measured the areal expansion of each lesion through photo

analysis, either 2D or 3D (Aeby et al., 2019; Meiling et al., 2020;

Combs et al., 2021; Eaton et al., 2021; Meiling et al., 2021), and of

these, some have reported the proportional rate of lesion expansion
Frontiers in Marine Science 05
(Aeby et al., 2019; Meiling et al., 2020; Combs et al., 2021; Williams

et al., 2021a; Williamson et al., 2022).

This variability has made it difficult to directly compare lesion

progression rates among studies, yet it is an important metric for

measuring the impact of disease on a colony, and when combined

with mortality rates, it is an essential input for epidemiological

modeling. Linear rates seem to be highly dependent on the

placement of reference points as well as on the number of

measurements made per lesion and per colony (Elmer et al.,

2021), while proportional rates consider the impact of all lesions

on a colony. We therefore recommend that the coral disease

community come to a consensus on a single metric, such as the

proportional rate, that can be standardized among studies.
FIGURE 1

Photos of multiple Caribbean species of corals with visible disease lesions presumed to be stony coral tissue loss disease (SCTLD). (A) Dendrogyra
cylindrus, (B) Siderastrea siderea, (C) Agaricia agaricites, (D) Pseudodiploria strigosa, (E) Colpophyllia natans, (F) Diploria labyrinthiformis, (G) Eusmilia
fastigiata, (H) Dichocoenia stokesii, (I) Meandrina meandrites. Image credits: (A–C, E–I) Sonora Meiling, (D) Daniel Mele.
FIGURE 2

SCTLD gross lesion morphology. Lesions have been characterized into three categories based on the speed of lesion expansion, approximated by
the linear progression of the lesion edge: chronic (<1cm, A, E), subacute (1-5cm; B, F) and acute (>5cm; C, G). Some species have bleached margins
immediately preceding the lesion border (D, H). Image credit: (A–G) Sonora Meiling; (H) Rosmin Ennis.
frontiersin.org
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SCTLD transmission

SCTLD was first observed near the Port of Miami in Florida in

2014 (Precht et al., 2016). This emergence coincided with the end of

a bleaching event (Walton et al., 2018; Gintert et al., 2019) and a

local dredging project at the port (Gintert et al., 2019; Spadafore

et al., 2021). It was originally hypothesized that stress due to

bleaching led to the emergence of SCTLD (Gintert et al., 2019) or

bleaching in tandem with sedimentation from dredging enabled

favorable conditions for this disease (Spadafore et al., 2021).

Though reef sediment has been implicated as a potential SCTLD

vector (Rosales et al., 2020; Studivan et al., 2022b), it was originally

hypothesized that plumes and proximity to the dredging site did not

correlate with coral mortality at the time of emergence (Precht,

2021) and the disease boundary radiated towards, rather than away

from the dredging site (Gintert et al., 2019; Spadafore et al., 2021).

However, there are contrasting views as additional research

indicates that dredging in the Port of Miami caused significant

impacts on the surrounding reefs due to sedimentation (Cunning

et al., 2019). Since the initial observations of SCTLD near the Port of

Miami, similar disease signs have been recorded along the entire

Florida coral reef tract (Precht et al., 2016; Walton et al., 2018;

Walton et al., 2018; Aeby et al., 2019; Muller et al., 2020; Noonan

and Childress, 2020; Sharp et al., 2020; Combs et al., 2021; Williams

et al., 2021a; Hayes et al., 2022) and at least 28 countries and

territories in the Caribbean (Figure 3) (Kramer, P.R., Roth, L., and

Lang, J. 2019. Map of Stony Coral Tissue Loss Disease Outbreak in

the Caribbean. www.agrra.org. ArcGIS Online. Accessed Oct. 10,

2023) including Mexico (Alvarez-Filip et al., 2019; Estrada-Saldıv́ar

et al., 2021) the U.S. Virgin Islands (Brandt et al., 2021), Puerto Rico

(Williams et al., 2021b), the Bahamas (Dahlgren et al., 2021), Belize

(Lee Hing et al., 2022), Honduras (Truc et al., 2023), and Turks and

Caicos (Heres et al., 2021).

There is low resistance to SCTLD among naïve coral

communities; once the disease reaches a reef, only 0.05-0.1% of

colonies need to be infected to trigger an outbreak (Dobbelaere

et al., 2020). The incubation period ranges from four to 10 days in

laboratory experimental conditions (Aeby et al., 2019; Aeby et al.,

2021; Meiling et al., 2021) and six days to six months on the reef as
Frontiers in Marine Science 06
determined from modelling (Dobbelaere et al., 2020; Guzmán-

Urieta and Jordán-Dahlgren, 2021; Dobbelaere et al., 2022). It is

important to note that the authors Guzmaḿ-Urieta and Jordań-

Dahlgren, 2021 used the term “white syndrome” for the outbreak

described but observed both SCTLD and white plague signs. As

such, we included this in our review of SCTLD studies. Most

epidemiological analyses show significant clustering of diseased

individuals on a reef, suggesting SCTLD is contagious among

colonies (Dobbelaere et al., 2020; Williams et al., 2021b; Truc

et al., 2023). These clusters, and thus the potential risk of an

individual colony contracting disease from a diseased neighbor,

range from 1.5 m to 140 km in studies from Florida (Muller et al.,

2020; Williams et al., 2021a). However, an additional study from

Florida (Sharp et al., 2020) and from Mexico (Guzmán-Urieta and

Jordán-Dahlgren, 2021) found no difference in disease risk

depending on the health status of neighboring corals. These

findings suggest there is variability of SCTLD transmission within

and among regions, or stages within an outbreak (Aeby et al., 2021).

SCTLD likely spreads quickly within and among reefs due to its

high virulence and generalist nature.

Although the etiological agent(s) responsible for SCTLD is (are)

still unknown, various studies have suggested multiple vectors of

transmission. Laboratory studies have demonstrated rapid and

successful transmission via direct contact with a diseased colony

(Aeby et al., 2019; Eaton et al., 2021; Titus et al., 2022), tank water

shared with a diseased colony (Aeby et al., 2019; Aeby et al., 2021;

Meiling et al., 2021), and indirect exposure to sediment that has

contacted a diseased colony (Studivan et al., 2022b). All three modes

(direct contact, waterborne, and sediment) are successful in intra-

and inter-species SCTLD transmission experiments, though varying

levels of susceptibility are reported as discussed above (Aeby et al.,

2019; Eaton et al., 2021; Meiling et al., 2021; Studivan et al., 2022b).

In addition to ex situ experiments, multiple studies have used

modeling to support waterborne transmission of this disease in

situ, (Dobbelaere et al., 2020; Sharp et al., 2020; Guzmán-Urieta and

Jordán-Dahlgren, 2021; Dobbelaere et al., 2022) specifically, by

mean barotropic currents (Dobbelaere et al., 2022) at rates up to

0.15 km/day (Muller et al., 2020; Truc et al., 2023). Some studies

report higher prevalence and faster progression to areas with high
A B

FIGURE 3

Map of SCTLD emergence by year for Florida (A) and the Caribbean (B) as of October 2023. Colored pins denote the year of SCTLD emergence.
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exposure to wind compared to leeward areas (Alvarez-Filip et al.,

2022; Truc et al., 2023). Patterns in disease observations that do not

match hydrodynamic rates or connectivity, such as the disease

emerging at locations like Mexico and the U.S. Virgin Islands, were

up-current of known SCTLD-affected areas at the time of

emergence. This suggest that other vectors, such as ballast water

transport, are acting at large geographic scales (Dobbelaere et al.,

2020; Dahlgren et al., 2021; Rosenau et al., 2021; Evans et al., 2022a;

Studivan et al., 2022a; Studivan et al., 2022b).

Few studies have investigated the role of coral-associated

organisms in SCTLD transmission, and so far, all have focused on

the foureye butterflyfish, Chaetodon capistratus. Noonan and

Childress (2020) found that C. capistratus associates with actively

diseased colonies more than with dead or apparently healthy

colonies in-situ. However, in an ex-situ experiment, Titus et al.

(2022) found no strong feeding preference between diseased and

apparently healthy colonies. These feeding preferences may explain

the negligible effects of the butterflyfish on disease transmission

rates (Titus et al., 2022). The rapid transmission of SCTLD is likely

explained by other modes of transmission and may be more

influenced by the large number of highly susceptible species.
Limitations and future directions

As there are contrasting results about the impact on the

mortality of the surrounding reefs from the dredging project in

the Port of Miami (Cunning et al., 2019; Precht, 2021), future

research is trying to quantify the impacts more in depth.

Additionally, it is unknown whether this dredging is connected to

SCTLD but identifying the etiological agent(s) could potentially

provide insight into its origin. It is also difficult to determine the

rates of transmission on reefs, so it is suggested to record the stage

of the outbreak, initial species impacted, and region of observation

in research studies. As SCTLD continues to spread, continuous

monitoring along with updating SCTLD emergence observations to

an accessible domain, such as www.agrra.org/coral-disease-

outbreak, is needed to continue to track this disease outbreak.
SCTLD ecological impact

Contrary to the hypothesis that higher diversity reefs have lower

disease prevalence (the Diversity-Disease hypothesis; Keesing et al.,

2006; Huang et al., 2016), SCTLD is more prevalent on reefs with

higher diversity (Muller et al., 2020; Costa et al., 2021; Williams

et al., 2021a). In many regions, disease prevalence ranged between

16-57% in the first year of disease emergence (e.g., 2016, 2018, 2019,

etc.; Figure 3) (Precht et al., 2016; Alvarez-Filip et al., 2019; Estrada-

Saldıv́ar et al., 2020; Aeby et al., 2021; Brandt et al., 2021; Estrada-

Saldıv́ar et al., 2021; Williams et al., 2021a; Hayes et al., 2022),

leading to losses of up to 62% coral cover (Brandt et al., 2021;

Estrada-Saldıv́ar et al., 2021; Heres et al., 2021; Kolodziej et al., 2021;

Williams et al., 2021a; Hayes et al., 2022). In contrast, Dobbelaere

et al. (2020) reported prevalence values of <0.4% in Florida, but this

was due to an almost equal rate of full colony death and new colony
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infection over the investigation’s time frame. High disease

prevalence is particularly impactful to coral species diversity

(Alvarez-Filip et al., 2019; Estrada-Saldıv́ar et al., 2020; Brandt

et al., 2021; Heres et al., 2021; Hayes et al., 2022) because highly and

moderately susceptible species are often rare, and thus can be lost

quickly from a site (Costa et al., 2021; Neely et al., 2021a). However,

the impact of SCTLD on integrated coral community metrics, like

overall coral density and coral cover, can be low at some sites

because of the rare nature and typically small size of many highly

susceptible species (Costa et al., 2021). For example, the species D.

stokesii and M. meandrites may be the predominant highly

susceptible species at a site, but the low abundance and small

sizes of these corals mean they contribute minimally to coral

abundance and cover, and therefore these metrics are not as

affected by SCTLD (Costa et al., 2021). Further, integrated coral

community impacts are likely underestimated because in situ

studies often exclude recruits and small juveniles (Williamson

et al., 2022).

There are likely many interacting variables that contribute to

differences in peak SCTLD prevalence and impact among reefs. For

instance, in the Florida coral reef system, multiple studies have

shown variable disease prevalence between nearshore and offshore

reefs (Rippe et al., 2019; Muller et al., 2020; Williams et al., 2021a).

Size structure of coral colonies likely also contributes to variability

in SCTLD prevalence levels. Sharp et al. (2020) and Williams et al.

(2021a) found that larger colonies were more likely to contract the

disease, so coral communities with larger sized species and/or

colonies may exhibit higher disease prevalence, which is expected.

This difference in susceptibility by size may also explain why Aeby

et al. (2021) found size structures dominated by small colonies at

sites that had the disease longer. However, this relationship between

size and disease risk may be restricted to early stages of a local

outbreak, as Aeby et al. (2021); Combs et al. (2021), and Hayes et al.

(2022) found no relationship between size and mortality, lesion

progression rate, nor live tissue area, respectively.

The onset and shift between outbreak stages of SCTLD may be

affected by seasonal temperature changes, which is common for

other coral diseases, though there is considerable variability among

reports. In situ observations from the U.S. Virgin Islands and from

Florida have shown abatement of SCTLD incidence, lesion

progression, and colony death associated with thermal stress and

bleaching from elevated water temperatures (Meiling et al., 2020;

Sharp et al., 2020; Williams et al., 2021a). However, other studies

have found no relationship between SCTLD activity and seasonal

temperature (Aeby et al., 2019; Muller et al., 2020; Hayes et al., 2022;

Truc et al., 2023). SCTLDmight be abated during thermal stress due

to coral bleaching and the subsequent loss of the algal symbiont,

which is discussed further in the Symbiodiniaceae section. The

influence of seasonal temperature changes on SCTLD onset and

progression remains a topic of ongoing research.
Limitations and future directions

It is important to compare the epidemiology of SCTLD among

regions, as this may help in the identification of important disease
frontiersin.org

http://www.agrra.org/coral-disease-outbreak
http://www.agrra.org/coral-disease-outbreak
https://doi.org/10.3389/fmars.2023.1321271
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Papke et al. 10.3389/fmars.2023.1321271
characteristics and aid in the prediction of SCTLD spread and

impact on new areas. However, comparisons can be difficult

because SCTLD outbreaks have not been spatially or temporally

distinct like other past acute tissue loss coral diseases (Cróquer et al.,

2021). Tracking emergence and impacts could also be limited due to

monitoring and reporting resources. SCTLD is extremely persistent

(extending for nearly a decade in Florida) and becomes

geographically expansive in all affected areas. The results of short-

term or geographically limited studies can depend on reef

characteristics, as well as the stage of the outbreak (endemic vs.

epidemic). Standardizing characteristics such as the time since

emergence, coral cover, community composition, and size

distribution would be beneficial for future SCTLD studies.

Along with the impact SCTLD has on coral communities, the

long-term impact on individual colonies affected by SCTLD that

remain partially alive is still unclear. Successful spawning has been

documented for some species from colonies affected by SCTLD

(Quiroz et al., 2023). In an experiment that compared survival

between P. strigosa recruits from crosses containing gametes

collected from an SCTLD-affected colony to those from crosses

containing gametes from only apparently healthy colonies, survival

rates were similar (Quiroz et al., 2023). However, there is still no

information on how these crosses affect disease resistance of the

offspring. Future areas of research could focus on analyses to

evaluate the roles of species, geographic area, stage of outbreak,

environmental variables like thermal stress, and community

dynamics on SCTLD epidemiology.
Coral immunity

In animals, the immune system is the fundamental defense

against pathogens and non-self (Janeway, 2001; Mydlarz et al., 2006;

Tran and Luallen, 2023). It can be broken into two parts: the

adaptive immune system and the innate immune system (Cooper,

2010). In invertebrates, such as corals, the innate immune system

(Mydlarz et al., 2006; Cooper, 2010) is the primary mechanism used

to recognize foreign microorganisms and pathogens (Nyholm and

Graf, 2012) (Figure 4). Innate immunity can be classified into three
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phases: recognition, signaling pathways, and effector responses. All

three of these phases have previously been identified in corals and

are activated in response to coral disease (Palmer et al., 2008;

Mydlarz et al., 2010; Palmer and Traylor-Knowles, 2012). In the

case of SCTLD, research concerning the role of the innate immune

system has just begun.
Immunity response for SCTLD

The innate immune system in corals relies on pattern

recognition receptors (PRRs) such as Toll-like receptors (TLRs),

lectins, and integrins (Brower et al., 1997; Miller et al., 2007;

Kvennefors et al., 2008) for the detection of non-self (Mydlarz

et al., 2006) and for detection of patterns presented by

microorganisms and by damaged host cells (Sato et al., 2009).

After exposure to SCTLD, various coral species show significant

upregulation in immune related genes associated with TLRs

(Traylor-Knowles et al., 2021; Beavers et al., 2023). These include

leucine-rich repeat-containing protein 1 and F-box/LRR-repeat

protein 2 in M. cavernosa, leucine-rich repeat-containing protein

42-like and leucine-rich repeat-containing protein 15-like in O.

faveolata, and Toll-like receptor 6 in other Caribbean species

(Traylor-Knowles et al., 2021; Beavers et al., 2023). These proteins

are part of a larger domain of proteins associated with pathogen

response and detection (Ng and Xavier, 2011).

Integrins are another type of receptor that are important in cell

migration, wound repair and immune response (Takada et al., 2007;

Toledo-Hernández and Ruiz-Diaz, 2014). Recent evidence indicates

that SCTLD transmission in O. faveolata induced transcription of

integrin associated genes including integrin alpha-7 like, which is

correlated with regeneration (Lemons and Condic, 2008). Due to

their role in cell behavior and signaling, the upregulation of

integrins could indicate their importance in detecting SCTLD

related pathogens (Traylor-Knowles et al., 2021; Juliano

et al., 2004).

Lectins are carbohydrate binding proteins that can activate

signals for cell adhesion (Endo et al., 2009). After an SCTLD

lesion appears, there is down regulation of genes associated with
FIGURE 4

A simplified overview of the known invertebrate immunity components impacted by SCTLD synthesized from Traylor-Knowles et al. (2021) and
Beavers et al. (2023). TLR, TOLL-like receptor; PTK, Protein Tyrosine Kinase pathway; TGFb, Transforming Growth Factor-beta pathway.
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the C-type lectin domain in M. cavernosa, including galactose

binding lectin domain (Traylor-Knowles et al., 2021). Galactose

binding lectins play a role in the initial attachment of pathogens to

host cells (Elola et al., 2007; Traylor-Knowles et al., 2021).

Downregulating these lectins can reduce a foreign cell’s ability to

adhere to and invade host cells. However, there is upregulation of

lectin associated genes in O. faveolata, including rhamnose-binding

lectin-like, which is suggested to recognize pathogenic bacteria and

symbiotic Symbiodiniaceae (Zhou et al., 2017; Traylor-Knowles

et al., 2021). The differential response may indicate species-specific

receptor detection, but this must be further explored.

After PRRs have detected potential damage and pathogens,

signals are transmitted by kinases that regulate downstream

signaling pathways (Anderson et al., 2016). Several signaling

pathways have been identified in corals including Protein

Tyrosine Kinase (PTK) pathway and the Transforming Growth

Factor-beta (TGFb) pathway (Fuess et al., 2016; Berthelier et al.,

2017). In response to SCTLD, PTK signaling triggers an immune

response in O. faveolata (Traylor-Knowles et al., 2021).

Additionally, after SCTLD exposure, down regulation of

orthogroups linked to the (TGFb) family suggest that this

pathway is suppressed to initiate an immune response (Traylor-

Knowles et al., 2021; Beavers et al., 2023). Specifically, SMAD6,

which belongs to the TGF-b pathway, had significantly reduced

expression in SCTLD infected corals compared to controls (Beavers

et al., 2023). Suppression of this protein elevates apoptosis in

human cells (Jeon et al., 2008) and there is evidence that signal

t ransduct ion is decreased in spec ies wi th advanced

lesion progression.

Signaling pathways trigger defense mechanisms and effector

responses (Palmer and Traylor-Knowles, 2012), which are specific

immune mechanisms to eliminate pathogens. These mechanisms

can include the production of peroxidases, melanization, and

apoptosis (Palmer et al., 2008; Silva et al., 2008; Palmer et al.,

2011a). SCTLD is associated with upregulation of peroxidases in O.

faveolata and M. cavernosa. Peroxidases induced by pathogen

exposure are often abundant in areas of tissue loss (Palmer et al.,

2011b; Halliwell and Gutteridge, 2015; Abbas et al., 2019). The

upregulation of peroxidases could be an antioxidant immune

effector response to ROS produced by phagocytic cells, but this

needs to be confirmed as peroxidases can also be induced by

thermal stress (Lesser, 2006).

In both O. faveolata and M. cavernosa there is upregulation of

genes associated with increased melanin deposits after an SCTLD

lesion appears (Traylor-Knowles et al., 2021). Melanin deposition

creates a defensive barrier that allows for the encapsulation of

pathogens (Palmer et al., 2008; Mydlarz and Palmer, 2011; Parisi

e t a l . , 2 020 ) and ha s be en shown to i nc r e a s e in

immunocompromised corals (Palmer et al., 2008). Increased

melanin deposits in SCTLD-affected corals suggests an

inflammatory-like immune response to SCTLD pathogens. In

response to SCTLD transmission, corals significantly upregulate

genes involved in apoptosis including programmed cell death

proteins, tumor necrosis factors and apoptosis regulators

(Traylor-Knowles et al., 2021; Beavers et al., 2023). The

upregulation of apoptosis related genes could suggest that
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coordinated apoptosis is occurring to regulate wound healing and

tissue loss (Traylor-Knowles et al., 2021).
Limitations and future directions

Although SCTLD transmission induces transcriptional

activity at every step of the coral innate immune system

(Traylor-Knowles et al., 2021), there are still many unanswered

questions regarding how SCTLD impacts the immune system. For

example, since SCTLD necrosis starts within the gastrodermis

before moving to the epithelial layer (Aeby et al., 2019; Landsberg

et al., 2020), it is crucial to sample before the presence of gross

lesions to understand activating mechanisms of necrosis (Traylor-

Knowles et al., 2021). Furthermore, the role of temperature

variation in immune response to SCTLD needs to be deciphered

as fluctuations in temperature seem to influence innate immune

response parameters (Van DeWater et al., 2016). Additionally, the

role of peroxidases needs to be investigated to determine if

increased concentrations are true immunological responses

(Palmer et al . , 2011b; Traylor-Knowles et al . , 2021).

Understanding the immune response is essential for advancing

SCTLD biomarker discovery and treatment development.
The coral microbiome

The coral microbiome consists of dinoflagellates (Family

Symbiodiniaceae), bacteria, archaea, fungi, and viruses. This

consortium of microorgansims, along with the coral host, is

referred to as the coral holobiont (Rohwer et al., 2002; Bourne

et al., 2009; Blackall et al., 2015; Ainsworth et al., 2017). There are a

variety of hypothesized roles for the coral microbiome (reviewed in

Mohamed et al., 2023), including providing nutrition (Wild et al.,

2004), preventing infection (Ritchie, 2006; Raina et al., 2009; Shnit-

Orland and Kushmaro, 2009; Welsh et al., 2016; Welsh et al., 2017),

and aiding coral recovery after bleaching (Peixoto et al., 2017;

Santoro et al., 2021). Microbes are critical for their host’s fitness

(Bourne et al., 2016), and may serve as indicators of overall coral

health (Glasl et al., 2017). Understanding the interactions of these

microbes can provide insight into which elements of the

microbiome are critical to coral health and how they impact reef

dynamics (Bythell and Wild, 2011; Ainsworth et al., 2017). In the

case of SCTLD, multiple studies show the disruption and change in

the coral microbiome in response to the disease (Rosales et al., 2020;

Becker et al., 2021; Clark et al., 2021; Thome et al., 2021; Work et al.,

2021; Huntley et al., 2022; Rosales et al., 2023).
SCTLD causes Symbiodiniaceae-
host disruption

The emergence of novel coral diseases, in particular SCTLD, has

emphasized the complex interactions between members of the coral

holobiont and expanded research efforts beyond the coral host

(Correa et al., 2009a; Thurber and Correa, 2011; Sweet et al., 2013;
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Soffer et al., 2014; Rosales et al., 2020; Clark et al., 2021; Schul et al.,

2022; Veglia et al., 2022). Specifically, the involvement of

Symbiodiniaceae in SCTLD infection and disease progression is

starting to be investigated. Symbiodiniaceae populations are

responsible for providing up to 90% of the coral’s nutritional

demand in the form of translocated fixed carbon (Muscatine,

1990; McIlroy et al., 2022). The family is comprised of seven

genera: Symbiodinium (formerly clade A), Breviolum (formerly

clade B), Cladocopium (formerly clade C), Durusdinium (formerly

clade D), Effrenium (formerly clade E), Fugacium (formerly clade

F), and Gerakladium (formerly clade G), each comprised of species

and subspecies (Baker, 2003; LaJeunesse and Thornhill, 2011;

LaJeunesse et al., 2018; Davies et al., 2023), though Caribbean

corals typically only associate with Symbiodinium, Breviolum,

Cladocopium, and Durusdinium (Baker, 2003; Van Oppen and

Burghardt, 2009). Field observations, histopathology, and

laboratory-based and molecular-based studies provide strong

evidence of coral-Symbiodiniaceae dysbiosis in response to

SCTLD (Landsberg et al., 2020; Deutsch et al., 2021; Meiling

et al., 2021; Work et al., 2021; Studivan et al., 2022b; Williamson

et al., 2022; Beavers et al., 2023; Studivan et al., 2023).

SCTLD has a distinct species susceptibility hierarchy when

compared to other white diseases (Table 1), which might

correspond with typical Symbiodiniaceae associations. The most

susceptible coral species (principally in the families Meandrinidae

and Mussidae) predominantly host algal symbionts in the genus

Breviolum (Baker, 2003; Lewis et al., 2018). By comparison, coral

species with intermediate susceptibility (i.e., family Faviidae) to

SCTLD typically have very flexible algal symbiont assemblages and

can associate with multiple algal genera (Baker, 2003; Kemp et al.,

2015; Silverstein et al., 2015; Rodriguez‐Casariego et al., 2022).

Coral species with flexible relationships can associate with one or

more Symbiodiniaceae genera at the same time or can shuffle their

Symbiodiniaceae communities from one Symbiodiniaceae to

another in response to an environmental change (Finney et al.,

2010; Silverstein et al., 2012; Cunning and Baker, 2014; Cunning

et al., 2015; Silverstein et al., 2015; Cunning et al., 2018). While it is

most common to find faviid corals associating with Breviolum and

Cladocopium, they have also been found to host Durusdinium and

Symbiodinium (Green et al., 2014; Kemp et al., 2015; Grajales and

Sanchez, 2016; Cunning et al., 2018). Finally, those which have low

to no SCTLD susceptibility (such as those within the families

Acroporidae and Poritidae) tend to associate exclusively with

Symbiodinium (Grajales and Sanchez, 2016; Serrano et al., 2016;

Palacio-Castro et al., 2021).

While evidence suggests varied Symbiodiniaceae genus level

SCTLD susceptibility, species level susceptibility is still poorly

understood. For example, associations with Breviolum spp. are

found in both high susceptibility corals but also in Cladocora

arbuscula and Oculina spp. which apparently exhibit low to no

SCTLD susceptibility; however, there is no peer reviewed data

regarding this. In fact, C. arbuscula and Oculina spp. associate

with Breviolum psygmophilium (Thornhill et al., 2008; Leydet and

Hellberg, 2016; Lewis et al., 2018), a distinct lineage of the genus

Breviolum, which is different from the typical Breviolum species

hosted by the most highly susceptible coral species. This suggests
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not all Breviolum types are equally susceptible to SCTLD.

Addit ional ly , there is physiological var iat ion among

Symbiodiniaceae species, which could confer susceptibility;

however, further investigation is needed to address these intricacies.

Unlike other coral diseases, which tend to increase in prevalence

in the warmer summer months (Bruno et al., 2007; Miller and

Richardson, 2015; Howells et al., 2020), the prevalence of SCTLD on

reefs sometimes decreases in the summer which may be attributed

to the loss of algal symbionts. Notably, these observations have only

been documented in Florida and the U.S. Virgin Islands where

significant declines in disease prevalence, progression, and

mortality have been correlated with coral bleaching (Meiling

et al., 2020; Sharp et al., 2020; Williams et al., 2021a). However,

there is variability among studies as natural variations in seasonal

temperatures have shown no significant effects on incidence,

prevalence, and/or progression (Aeby et al., 2019; Muller et al.,

2020; Hayes et al., 2022). This could suggest a coral’s risk only

decreases when temperatures are high enough to elicit a bleaching

response, thus reducing symbiont populations and potentially

holobiont diversity within the host.

In addition to the interpretation of the species susceptibility

hierarchy and field observations, histopathology has shown

evidence that the associated algal symbionts are affected during

disease onset. Light microscopy has revealed that the algal

symbionts are among the first cells to show signs of disruption

which results in the rapid declines and degradation of coral tissues

(Landsberg et al., 2020; Cróquer et al., 2021). Furthermore,

transmission electron microscopy (TEM) has identified the

presence of viral-like particles within the Symbiodiniaceae cells

which are not present in the coral host. These viral-like particles

resulted in various degrees of changes in the Symbiodiniaceae

ultrastructure which continues to degrade over time, eventually

leading to host cell death (Work et al., 2021).

Finally, various lab-based SCTLD assays and molecular-based

studies show significant involvement of the Symbiodiniaceae

(Deutsch et al., 2021; Meiling et al., 2021; Titus et al., 2022;

Williamson et al., 2022; Beavers et al., 2023). Notably, Beavers

et al. (2023) found increased expression of rab7, a known marker of

Symbiodiniaceae degradation. This study also found evidence of a

functional shift in the coral mucus layer, which is largely fed by

translocated fixed carbon from the Symbiodiniaceae, support of a

viral infection of the Symbiodiniaceae, and various degrees of

disease severity driven by Symbiodiniaceae identity. These

findings provide insight into the complex interactions between

corals and Symbiodiniaceae during SCTLD infection.
Limitations and future directions

Given that the SCTLD causative agent(s) remain unknown, our

knowledge and understanding regarding the coral microbiome is

incomplete and relies on correlative evidence. Collectively, field

observations, histopathology, and microscopy, along with lab- and

molecular-based studies, suggest algal symbionts may play a pivotal

role in SCTLD susceptibility. Differences in genera or species of

Symbiodiniaceae could impact a coral’s susceptibility to SCTLD,
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but more research needs to be done to determine this relationship.

Additionally, determining the impact of temperature and bleaching

impacts in relation to SCTLD prevalence needs to be investigated

further to make inferences about the role of Symbiodiniaceae in

SCTLD infection.

Although coral-algal symbiosis is well-studied, there are a

plethora of other microorganisms, like bacteria, viruses, fungi,

and archaea, contributing to coral health which interact with

other holobiont members. Even though there is a correlation

between SCTLD susceptibility and Symbiodiniaceae identity, this

may be part of a broader system of microbial dysbiosis. The

correlation might not be driven by one specific member of

microbiome, but rather a consortium of changes that occur in

multiple holobiont members. Several studies have found microbial

dysbiosis occurring in multiple holobiont members, triggering a

cascade of effects (Boilard et al., 2020; Claar et al., 2020; Connelly

et al., 2022; Bonacolta et al., 2023; Gardner et al., 2023). Under this

interpretat ion, the relat ionship between SCTLD and

Symbiodiniaceae identity may be the result of functional changes

in the microbiome. Currently there is no conclusive evidence of this,

however this has not been directly tested either and therefore

further research is needed to untangle these intricacies. While

research is still ongoing, understanding which member(s) of the

coral holobiont are affected by SCTLD remains the utmost

importance in identifying the etiological agent(s).
Bacteria are involved in SCTLD progression

The application of multiple classes of antibiotics stops or slows

lesion progression (Aeby et al., 2019; Neely et al., 2020; Shilling

et al., 2021; Walker et al., 2021; Forrester et al., 2022), indicating

that bacteria are likely involved in SCTLD progression.

Furthermore, to decipher which bacteria are involved in disease

progression, next generation sequencing, which can amplify the 16S

rRNA gene used for prokaryotes (Woese and Fox, 1977; Woese,

1987; Weisburg et al., 1991), and shotgun metagenomics have been

used to characterize microbial community shifts in SCTLD-affected

corals (Meyer et al., 2019; Rosales et al., 2020; Becker et al., 2021;

Clark et al., 2021; Thome et al., 2021; Evans et al., 2022b; Huntley

et al., 2022; Rosales et al., 2022; Studivan et al., 2022b). Additionally,

these technologies have provided insight into potential vectors for

SCTLD including reef sediments containing pathogenic microbes

(Studivan et al., 2022b) and biofilm formations, assemblages of

microbes that adhere to a surface, on ship hauls (Evans

et al., 2022a).

The bacterial orders Flavobacteriales, Clostridiales,

Rhodobacterales, Alteromonadales, Vibrionales, Rhizobiales,

Campylobacterales, and Peptostreptococcales–Tissierellales are

enriched at SCTLD lesions when compared to apparently healthy

tissue (Meyer et al., 2019; Rosales et al., 2020; Becker et al., 2021;

Clark et al., 2021; Rosales et al., 2022; Rosales et al., 2023). A meta-

analysis of these studies, the largest conducted for coral disease,

suggests that Rhodobacterales and Peptostreptococcales–

Tissierellales are dominant in SCTLD lesion tissue (Rosales et al.,

2023). These studies have also suggested multiple microbial DNA
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sequences that could serve as indicators for SCTLD infections

(Becker et al., 2021). These SCTLD-associated microbial

signatures have been found in various species of corals, across

various years and geographic regions, and support the hypothesis

that bacteria are involved with SCTLD pathogenesis, though might

not be the initiators of the disease.

Though these technologies can potentially identify

bioindicators specific to SCTLD, there are still challenges in

determining disease etiology. There is a significant amount of

background noise on corals due to their complex microbiome, so

deciphering what is involved with disease progression can be

difficult. A recent study took a different approach to studying

cora l d i sease to concentrate potent ia l l y pa thogenic

microorganisms and test them based on size class in infection

experiments (Evans et al., 2022b). This includes utilizing tangential

flow filtration in combination with sequential size fractionation to

concentrate the microbial community, filter it through various filter

sizes to separate different size fractions, and test the infectiousness

of each size fraction. While seemingly effective at separating

microbes into size classes consisting mostly of microeukaryotes,

bacteria, and viral particles, an experiment using this method was

deemed inconclusive (Evans et al., 2023).

Adding additional complexity to deciphering microbes

associated with SCTLD, microbial composition can differ or vary

across geographic regions of SCTLD zones (vulnerable, endemic,

and epidemic) (Clark et al., 2021; Rosales et al., 2022; Rosales et al.,

2023) and can vary based on coral species and sample area (diseased

tissue vs. apparently healthy tissue) (Meyer et al., 2019; Rosales

et al., 2020; Becker et al., 2021; Clark et al., 2021; Laas et al., 2021;

Rosales et al., 2022; Rosales et al., 2023). These complexities can

create confounding factors among sequencing data and create

challenges to deciphering the microbial interactions associated

with disease lesions and determining the etiological agent(s).

Additionally, it is unknown whether all SCTLD lesions stem

from the same etiological agent(s). It is also possible that certain

microbes are required for gross tissue loss signs or different

microbes could also distinguish differences in lesion types (Aeby

et al., 2019). One known microbial difference across lesion types is

the co-infection of V. coralliilyticus, which was found within 20% of

acute lesions on M. cavernosa and O. faveolata, but was absent in

the slower progressing subacute and chronic lesions (Ushijima et al.,

2020). This bacterium does not initiate disease as the primary

pathogen but can exacerbate the disease if present. These

intricacies create challenges in identifying the etiological agent(s)

and are a topic of ongoing investigation.

Another avenue for using sequencing could be investigating the

impacts of amoxicillin treatment on the coral and surrounding

benthic communities before and after treatment; however, there is

no published data regarding these impacts yet. In addition to

determining the impacts of antibiotics on the microbial

community, investigating alternative treatment options are

underway. Specifically, probiotics, potentially beneficial microbes,

are under consideration as a treatment for SCTLD and is discussed

fur ther in the Intervent ion sec t ion . The bacter ium

Pseudoalteromonas sp. strain McH1-7 slows SCTLD progression

and, more notably, prevents transmission in the lab (Ushijima et al.,
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2023), providing a potential alternative to antibiotic treatment.

Ongoing research is actively exploring the discovery of probiotics

and the establishment of these intervention options for SCTLD and

remains a valuable avenue of research.
Limitations and future directions

While microbial sequencing technologies offer valuable insights

into potential bioindicators for SCTLD and provides a greater

understanding of coral-associated bacteria (Hernandez-Agreda

et al., 2017), it is important to acknowledge its limitations.

Factors such as number of samples generated, primers selected, or

sequencing region selected could introduce biases and effect

analyses (Hernandez-Agreda et al., 2017). For example, the

etiological agent(s) may be relatively rare within the microbiome,

resulting in low detection within sequencing pipelines and

subsequent loss in analyses. Additionally, bacteria may only be

identified to the genus level, creating difficulty when there are

significant differences among species and strains (Claesson et al.,

2010; Poretsky et al., 2014; Gupta et al., 2019).

Additionally, the functionality of these microbes cannot be

determined from presence or absence alone as it is possible that

their presence could indicate colonizers that are associated with

coral tissue breakdown (Egan and Gardiner, 2016; Gignoux-

Wolfsohn et al., 2017; Meyer et al., 2019). For example,

Rhodobacterales are suspected secondary pathogens or

opportunistic colonizers within SCTLD lesions (Rosales et al.,

2020). Sampling from more susceptible coral species and

sampling during active tissue loss (Meyer et al., 2019) while

recording SCTLD zone, lesion type, and sample type will aid in

study comparison and provide more reliable results for microbial

sequencing analyses. Standardization of sampling and methods is

also vital in enabling comparisons of results across studies and

further understanding of the coral microbiome and SCTLD-

associated community assemblages.
Viruses

Over 60 viral families have been associated with corals

(reviewed in Ambalavanan et al., 2021) with bacteriophages,

viruses that infect bacteria, hypothesized to be the most dominant

group (Wegley et al., 2007; Nguyen-Kim et al., 2015). Viruses can

also associate with the Symbiodiniaceae and may impact coral-algal

symbiosis (Correa et al., 2013). Initial observations of suspected

SCTLD-affected M. cavernosa showed no discernable viral-like

particles (VLPs) in Symbiodiniaceae using TEM (Landsberg et al.,

2020); however, another study contradicts this observation as VLPs

were observed using TEM in multiple species of corals of both

apparently healthy and SCTLD-affected, including M. cavernosa

(Work et al., 2021). The VLPS observed were hypothesized to be

Alphaflexiviridae (Work et al., 2021). This VLP identification is

supported by two draft genomes, assembled from additional

samples, which found two viruses in Alphaflexiviridae across all

health states (SCTLD exposed, apparently healthy, and suspected
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SCTLD-affected) (Veglia et al., 2022). However, the ubiquity of

viruses in the ocean could create this contrasting result as latent,

secondary, or coinfections are common. Additionally, these viruses

might not be correlated to SCTLD because filamentous VLPs

associate with a wide variety of corals and Symbiodiniaceae

(Howe-Kerr et al., 2023) without having a causal relationship

with SCTLD.
Limitations and future directions

Multiomics approaches are necessary to understand the coral

holobiont and the roles that each member play in disease (reviewed

in Mohamed et al., 2023). While the identification of VLPs in

diseased coral tissue through TEM alone is not sufficient to confirm

viral pathogens as causative agents, additional multiomics in

tandem with TEM analysis in transmission experiments could

further implicate VLPs in SCTLD if there is a significant

difference between apparently healthy and diseased samples. The

publicly available data generated from studies such as Veglia et al.

(2022) will help resolve the functions of viruses in SCTLD spread

when combined with manipulative studies. Additionally, methods

such as the previously mentioned tangential flow filtration in

tandem with sequencing can be used to target viruses associated

with SCTLD. Finally, the use of bacteriophages to target cultured

bacteria associated with SCTLD could be a potential avenue of

intervention research.
SCTLD diagnostic tools

Histopathology

Histopathology is a useful tool for disease examination that

involves light microscopy of thin tissue sections (Catterjee, 2014)

and documentation of tissue or cellular abnormalities or changes.

Historically, a lack of intentionally collected and preserved healthy

and diseased coral tissues has been an impediment to coral disease

detection and description (Galloway et al., 2005). In recent years,

and particularly throughout the SCTLD outbreak, there has been

increased effort to collect coral tissue samples for histopathological

analysis to assist in the definition, identification, etiology, and

ecology of emerging coral disease.

In the initial histopathological case definition of SCTLD, it was

noted that the pathology first affects the basal body wall and then

migrates toward the oral surface (Landsberg et al., 2020). The case

definition identified gastrodermal tissue necrosis and disintegration

of the mesoglea in diseased tissue and crystalline inclusion bodies in

some specimens (Figures 5B, D; (Landsberg et al., 2020). In

apparently healthy tissues, the gastrodermis binds tightly to the

mesoglea and structures are well-defined (Figures 5A, C). However,

diseased tissues have looser structure, the mesoglea and

gastrodermis appear disconnected, and there is greater tissue

necrosis than in healthy samples. SCTLD presents within the

coral tissue as lytic necrosis, starting in the basal body wall

gastrodermis and extending into the calicodermis. Lesions are
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more advanced in the surface body wall than the basal body wall

(Landsberg et al., 2020). Additional disease characteristics include

vacuolization around the symbiont, symbiont cell exocytosis, body

wall breakage, gastrodermal separation, and necrosis (Landsberg

et al., 2020; Meiling et al., 2021; Studivan et al., 2022b).

As histopathologists looked further into the relationship

between vacuole size and disease state, an interesting pattern

arose. In healthy samples, the ‘pocket’ or vacuole that surrounds

the symbiont cell is closely associated. In diseased samples, the

vacuole expands, which may imply that nutrient exchange from the

symbiont to the coral animal is impeded (Gates et al., 1992).

Analyses have shown that there is a significant increase in

vacuolization around Symbiodinaceae cells in SCTLD-affected

corals (Meiling et al., 2021). Vacuole size was also correlated with

the gene expression of Rab7 in SCTLD affected colonies (Beavers

et al., 2023). Rab7 is a known marker of Symbiodiniaceae

degradation, indicating SCTLD infects the symbiont, and as the

degradation continues, the vacuole expands, then limiting

communication between the symbiont and the coral host.

Additionally, presumed VLPs have been found in association with

Symbiodinaceae cells in diseased and healthy samples using TEM

(Work et al., 2021), which was discussed previously. Ciliates have

also been seen in histological samples; however they could be

deemed as unrelated to SCTLD (Landsberg et al., 2020) or could

be associated with SCTLD tissue (Eaton et al., 2021), but more

investigation needs to be done due to conflicting reports.

Evidence suggests that as SCTLD progresses, there is a

disruption to the symbiont-host relationship. This appears to
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manifest as vacuolization of the symbiont cells and progress to

symbiont cell exocytosis or in situ degradation, gastrodermal

separation from the mesoglea, and tissue necrosis. This pattern of

infection has been confirmed both in field collected specimens, and

in specimens in which SCTLD was transmitted to apparently

healthy colonies in laboratory settings.
Limitations and future directions

A complicated aspect of using histopathology to investigate

coral disease is that some signs associated with infectious disease are

also present in apparently healthy colonies, as a product of tank

stress, sampling stress, and/or tissue processing (Landsberg et al.,

2020). Distinguishing between a threshold of disease versus

baseline, sampling-, or aquaria-induced stress signs is an

important next step for coral histopathological studies of

infectious diseases. While histopathology has proven to be a

useful tool in confirming or describing coral disease patterns and

pathways, it is best applied in conjunction with molecular

methodologies to describe the genetic, microbial, and

immunological mechanisms of coral pathologies. Additionally,

TEM could be used in tandem with other methods for a more

detailed view of the coral tissue and help in investigations of VLPs

in relation to SCTLD. Since histopathology is time-consuming and

laborious, it may be prudent to develop fast and robust

histopathological diagnostics that indicate coral health status,

particularly during coral disease outbreaks (Eaton et al., 2021).
FIGURE 5

Pictograph of disease signs in apparently healthy (A, C) and diseased P. strigosa (B, D) (figure adapted from Meiling et al., 2021). Open circles indicate
vacuolization, squares denote exocytosis, double sided arrows indicate gastrodermal separation, and single-headed arrows denote amoebocytes.
Within the pictographs: m is mesoglea, e is epidermis, g is gastrodermis, and n is necrosis. Scale bar indicates 20 microns.
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Metabolomics

Metabolomics, the comprehensive study of small molecules,

provides a readout of the biochemical activity and physiological

state of the sampled organism (Goodacre, 2007; Viant, 2008; Patti

et al., 2012; Wishart, 2019). As threats to coral reefs persist, it is vital

to understand underlying chemical mechanisms that mediate

symbiosis and pathogenesis between coral holobiont members

during healthy and diseased states. Advancement in untargeted

metabolomics-based strategies offers an opportunity to connect

cellular pathways with biological mechanisms, which is critical in

unravelling the biological roles of metabolites in cellular physiology.

Recent studies have demonstrated the applicability of metabolomics

to evaluate physiological state and identify diagnostic biomarkers in

Caribbean corals (Lohr et al., 2019; Roach et al., 2020; Little et al.,

2021; Roach et al., 2021).

The characterization of metabolomic profiles of M. cavernosa

from a SCTLD-affected Florida reef revealed that SCTLD-affected

corals displayed a higher degree of intra-metabolomic variation

compared to the visually healthy corals (Deutsch et al., 2021). Inter-

metabolomic variation based on health status was also observed,

where a third of the top metabolites that differentiated visually

healthy corals from SCTLD-affected corals were attributed to

endosymbiotic Symbiodinaceae. These metabolites included

diacylglyceryl-carboxyhydroxymethylcholine betaine lipids, which

are also indicative of bleaching history of stony corals (Deutsch

et al., 2021; Roach et al., 2021), metabolites belong to the Vitamin E

pathway, and glycolipids, a key component of Symbiodiniaceae

thylakoid membranes (Tchernov et al., 2004; Leblond et al., 2015;

Rosset et al., 2019; Haydon et al., 2023). The varied distribution

pattern of these lipids and other algal-associated features suggested

the Symbiodiniaceae were affected by the onset of SCTLD (Deutsch

et al., 2021). Additional metabolomics studies will enable

identification and validation of biochemical pathways affected

by SCTLD.
Limitations and future directions

Even though metabolic contributions of individual holobiont

members are captured by profiling crude organic extracts of coral

fragments using untargeted metabolomics (when present above the

instrumental detection limits, see below) (Muscatine, 1990;

LaJeunesse et al., 2018; Garg, 2021), it remains a challenge to

assign the source of metabolites detected to the organism

producing them, and to identify their chemical structures. To

overcome these challenges, it is important to also characterize the

metabolites produced by the coral microbiome in culture to aid in

this endeavour. To do so, several culture-based methods have been

developed (Sweet et al., 2011; Speare et al., 2020). While only a

handful of publicly available datasets for coral microbiomes exist

and the mass spectral databases generally are sparse for coral

metabolomics, a repository for coral-derived bacteria (Sweet et al.,

2011) and the metabolites produced has been initiated further

supporting these efforts (Deutsch et al., 2022). Furthermore,
Frontiers in Marine Science 14
methods for proper sampling of coral fragments are being

developed (Greene et al., 2020). Since probiotics are a potential

avenue for SCTLD intervention, metabolomic profiling will guide

selection of probiotic candidates as bacteria that produce known

and novel antimicrobials can be identified. The characterization of

metabolomic profiles of SCTLD-associated pathogens is also vital in

identifying potential mechanisms underlying host-pathogen and

pathogen-microbiome interactions (Deutsch et al., 2022). The

continued advancement of experimental and machine-learning

based methods in metabolomics as well generation of microbial

and metabolite databases will permit valuable insights into the

chemical cues employed by the members of the holobiont to sense

the chemical and physical environment, interact with one another,

and to elucidate SCTLD impact on the host, microbiome,

and endosymbionts.

Another challenge underlying the use of metabolite profiling in

studying contributions of microbial members stems from difficulty

in enriching the detectable diversity of low-abundance microbiome-

derived bioactive molecules that remain below the detection limit of

even modern mass spectrometers; however, methods that employ

fractionation of extracts prior to data acquisition would overcome

this limitation. Metabolite annotation, wherein several thousand

detected metabolites are to be identified, is also a challenge;

although the continued development of bioinformatic and

machine learning-based in silico tools to aid these analyses

presents exciting opportunities (Blaženović et al., 2018; Beniddir

et al., 2021; Deutsch et al., 2022; Cai et al., 2023). Given that

biological systems are dynamic, researchers should also focus on

evaluating metabolomics profiles at discrete time points of SCTLD

progression to characterize and understand the flux of metabolites.

Such studies will facilitate identification of early diagnostic markers

of the disease. Studies conducted on corals maintained in aquaria

are also necessary to reduce the inherent variation that arises from

the environment. A controlled environment will enable delineation

of biochemical pathways altered by SCTLD presence from those

affected by other factors present on reefs, such as dissolved reef

metabolites. Such organism-specific chemical cues warrant

investigation, as these molecules will readily diffuse through the

water column and impact reef dynamics (Becker et al., 2023). When

possible, multiple ‘omics approaches should be incorporated in a

study to maximize biochemical insights into the functioning of the

coral holobiont.
Intervention methods for SCTLD

General disease intervention approaches, including vaccination,

selective breeding, injury/stress prevention, medications,

chemotherapy, culling of infected hosts, and vector controls are

common practices to reduce host susceptibility and disease

transmission (McCallum et al., 2004; Smith et al., 2015; Sokolow

et al., 2019). Methods primarily aimed at improving the health of

individuals can also be beneficial after disease onset by decreasing

disease severity and duration in a population or community (Smith

et al., 2015). For SCTLD, several in situ and ex situ intervention
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trials have evaluated various treatments and approaches for

reducing disease impacts on individuals and the coral

community. These intervention approaches include amputation,

culling, genetic rescue, trenching, chlorinated epoxy, antibiotics,

chemotherapeutics, and probiotics. Each has been implemented on

varying scales with various success.
Amputation

Amputation entails excising affected diseased coral tissue from

the rest of the apparently healthy to prevent further disease

progression or rescue the remaining healthy tissue (Miller et al.,

2014). Removing the diseased tissue for other coral diseases has

yielded varying results (Dalton et al., 2010; Beurmann et al., 2017).

For example, amputation ceased tissue loss in 80% of colonies

affected with Australian subtropical white syndrome (Dalton et al.,

2010), but had no significant effect at arresting chronic Montipora

white syndrome (Beurmann et al., 2017). For SCTLD-affected

Dendrogyra cylindrus colonies, removing SCTLD-affected tissue

was effective at halting the disease, but did not protect the coral

from being affected with new lesions, eventually resulting in whole-

colony mortality (Neely and Hower, 2019). The removal of

apparently healthy pillars from diseased D. cylindrus colonies and

transplantation to other areas elsewhere on the reef did not prevent

future SCTLD lesions (Neely and Hower, 2019). Overall, both

amputation methods resulted in poor survival rates as neither

prevented eventual infection of SCTLD (Neely and Hower, 2019).

However, these trials were limited to only five amputation

treatments applied to one coral species, making it difficult to

determine the viability of amputation as an effective intervention

method if scaled-up or applied to different species.
Culling

Culling requires the removal or restriction of an infected

individual from their environment to reduce possible disease

spread and overall pathogen load in the system (Prentice et al.,

2010). Whole coral colony culling has been discussed in various

SCTLD response management plans (Johnston, 2021), however,

implementation of culling as an intervention strategy on SCTLD

has been limited logistically and the effectiveness of the method has

not officially been reported. It is recommended, like in other disease

epidemics, to implement this method at the emergence of the disease

to help reduce the spread and prevalence of SCTLD (Bolzoni et al.,

2014). Unfortunately, since SCTLD is already endemic on many

Caribbean reefs, this is no longer a viable intervention method

(Precht, 2021). This intervention strategy may also be unfeasible in

many regions due to the complexity of permitting and logistics of

removing massive whole coral colonies from the reef.
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Genetic rescue

Aimed at preserving genetic diversity of wild populations

undergoing a bottleneck event in ex situ environments, genetic

rescue involves removing and relocating apparently healthy

individuals or gametes for eventual use in restoration (Hagedorn

and Spindler, 2014; Novak et al., 2020). Cryopreserved and thawed

sperm of the highly susceptible species, Diploria labyrinthiformis,

was successful at fertilizing newly collected eggs (Grosso-Becerra

et al., 2021) and could be used as a method to increase the species’

genetic diversity on SCTLD impacted reefs. In response to SCTLD

outbreaks, efforts have included collection and cryopreservation of

coral gametes as well as collection and maintenance of susceptible

coral fragments that are gene-banked and potentially spawned ex

situ (Hagedorn et al., 2012; Novak et al., 2020; Grosso-Becerra et al.,

2021; Neely et al., 2021b; O’Neil et al., 2021). The D. cylindrus coral

population in Florida was driven to functional extinction by SCTLD

outbreaks (Neely et al., 2021a). As a result, maintaining genetic

diversity of the few remaining D. cylindrus was prioritized. From

2015-2019, 574 fragments representing 128 genotypes were

collected from D. cylindrus colonies and then held in in situ or ex

situ nurseries across five facilities in Florida and South Carolina

(Neely et al., 2021b). Other rescue efforts were also prioritized in

order to maximize tissue area and retain a diverse parental source

for future use in sexual reproduction and restoration (Neely et al.,

2021b). These rescue efforts have been removing healthy corals

ahead of SCTLD emergence. The genetic rescue team has collected

2,283 coral colonies since 2016 and provide a continuous

monitoring dashboard to track the number of colonies that are

rescued by species (https://myfwc.maps.arcgis.com/apps/

dashboards/eba7dc2cabc64f60819e6d4b084d94cd).
Trenching

Trenching creates a physical barrier or “firebreak” between

diseased and apparently healthy tissue to isolate the diseased

tissue from the rest of the coral colony (Aeby et al., 2015). This

method has been used successfully for other coral diseases including

black band and yellow band diseases (Aeby et al., 2015; Walton

et al., 2018). In combination with amoxicillin treatment, 1 cm deep

firebreaks were created 5 cm from SCTLD lesions with chisels and

underwater angle grinders, yielding a 91% success rate on individual

lesions and an 86% rate of SCTLD quiescence on colonies (Shilling

et al., 2021; Walker et al., 2021). The firebreak treatment alone was

less effective at halting SCTLD, ~79% success at halting SCTLD

lesions and ~38% proportion of quiescence on colonies (Shilling

et al., 2021). Since trenching is a very time-intensive method with

no or limited beneficial effects beyond amoxicillin treatment,

researchers recommend deprioritizing trenching as an

intervention approach (Shilling et al., 2021).
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Chlorinated epoxy

Using chlorinated epoxy as an intervention method involves

mixing a ZSPAR A-788 Splash Zone two-part marine epoxy with

chlorine powder (calcium hypochlorite) and applying a band of this

mixture to the disease lesion (Aeby et al., 2015; Neely et al., 2021c;

Shilling et al., 2021; Walker et al., 2021). Chlorinated epoxy

treatments have been used with moderate success at arresting

black band disease lesions (Aeby et al., 2015); however, several

studies have shown that chlorinated epoxy treatment is ineffective at

treating SCTLD (Lee Hing et al., 2022), as the lesion arrest rate of

treated lesions was comparable to untreated lesions (Neely et al.,

2021c; Shilling et al., 2021; Walker et al., 2021). This intervention

method is not recommended for mitigating SCTLD due to the

ineffectiveness of the method on multiple species and Florida reef

locations (Neely et al., 2021c).
Antibiotic treatments

Multiple classes of antibiotics, delivery mechanisms, and

concentrations have been tested for potential efficacy in halting

SCTLD both ex situ and in situ. Tested antibiotic compounds

include ampicillin, gentamicin, paromycin, kanamycin,

chloramphenicol, sulfathiazole, nalidixic acid, and amoxicillin

(Aeby et al., 2019; Miller et al., 2020). Both paromycin and

gentamicin were ineffective against SCTLD, as tissue sloughing

continued until the entire coral fragment reached mortality

(Miller et al., 2020). Both ampicillin and nalidixic acid were also

not successful (Aeby et al., 2019; Miller et al., 2020). When paired

with amoxicillin, both ampicillin and kanamycin proved to be

effective at times, which could be a result of the amoxicillin’s

success. Overall, amoxicillin, as a standalone treatment has been

the most successful SCTLD treatment, resulting in a 97% survival

rate in fragments ex situ (Miller et al., 2020).

The success of the amoxicillin treatment in ex-situ trials led

researchers to test it in the field. A proprietary specialized silicone-

based product, termed CoralCure Ointment Base2b (CoreRx/

OceanAlchemists), was developed to administer the antibiotic

treatment in the field (Neely et al., 2020). Once mixed with

amoxicillin trihydrate, this specialized paste releases amoxicillin

over 72 hours and was developed using polymers that mimic the

consistency of coral mucus (Neely et al., 2020). It adheres to the

coral’s skeleton, but not the living tissue (Neely et al., 2021c). A

common application method is packing the paste into 60 cc

catheter-tip syringes and applying the treatment in 1 cm wide

bands covering the entirety of the lesion and adhering it to both

exposed skeleton and living tissue (Neely et al., 2021c; Walker et al.,

2021). This amoxicillin/CoralCure Ointment Base2B paste was 88-

95% effective at halting SCTLD lesions on multiple species

throughout Florida including: O. faveolata, C. natans, D.

labyrinthiformis, O. annularis, P. strigosa, S. siderea, M.

cavernosa, P. clivosa, and D. stokesii (Neely et al., 2021c; Shilling

et al., 2021; Walker et al., 2021; Lee Hing et al., 2022). Treatment

experiments in the British Virgin Islands had a positive effect on the
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coral community compared to untreated reefs (Forrester et al.,

2022), suggesting that treatment might slow the spread of SCTLD

across a reef (Neely et al., 2021c; Forrester et al., 2022).

Transcriptomic analysis likewise demonstrated that amoxicillin

treatments resulted in the reversal of gene expression pathways to

a pre-diseased state, possibly benefiting the coral immune response

(Studivan et al., 2023).

Although the antibiotic paste has been successful at treating

individual lesions, it does not prevent new lesions from developing

and progressing; therefore, continuous monitoring, revisitation, and

reapplication of antibiotics to corals every few months has been

recommended (Neely et al., 2021c; Shilling et al., 2021; Walker et al.,

2021; Lee Hing et al., 2022), reducing the feasibility to cover larger

spatial and temporal scales. The treatment frequency needed and

the overall treatment success depend on different factors including

environmental conditions and the coral species’ relative

susceptibility (Walker et al., 2021; Forrester et al., 2022). The

amoxicillin/CoralCure Ointment Base2B treatment is currently

the most successful and preferred intervention method for

SCTLD outbreaks. Although effective, the amoxicillin/CoralCure

Base2B method can be expensive due to the price of amoxicillin,

though cheaper than full-scale restoration, and can only be

purchased from a singular source, creating the need for

alternative treatments.
Chemotherapeutics

Iron-chelating compounds, which sequester excess iron using

organic molecules, have been suggested as a chemotherapeutic

treatment and antibiotic alternative due to iron’s role in

increasing disease pathogenicity. Initial ex situ trials with Chelex

100 and 2-bipyridyl (BIP) mixed with a coral dental paste did not

significantly slow SCTLD progression (Miller et al., 2020). However,

the trial’s limitations included a small sample size and potential

interference from molecules that preferentially bound to the

chelator in the artificial seawater used for water changes (Miller

et al., 2020). Further research has been recommended to assess the

viability of chemotherapeutic methods for treating SCTLD (Miller

et al., 2020).
Probiotics

Probiotics are live microorganisms which provide health

benefits to their host (Schrezenmeir and Vrese, 2001). In the

context of disease intervention, probiotics operate by colonizing

niches, excluding pathogens by outcompeting them for nutrients

and space, and/or producing antimicrobial compounds that may

degrade pathogen cell walls, inhibit pathogen growth, and disrupt

cell-cell signaling (Teplitski and Ritchie, 2009). The coral probiotic

hypothesis posits that bacteria play a crucial role in preventing

bleaching and infectious coral diseases, and healthy coral

microbiomes can contribute to resistance against multiple

pathogens (Reshef et al., 2006; Brunt et al., 2007).
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Antibacterial-producing microbes from apparently healthy M.

cavernosa colonies resistant to SCTLD have been isolated and tested

as potential probiotics (Ushijima et al., 2023). One strain isolated

from disease-resistant M. cavernosa fragments, Pseudoalteromonas

spp., McH1-7, was found to produce the antibacterial compounds

koromicin and tetrabromopyrrole among other predicted

antibacterial enzymes (Ushijima et al., 2023). During ex situ trials,

M. cavernosa treated with McH1-7 had reduced mortality, slower

lesion progression rates, and a 59% success rate at arresting disease

progression compared to untreated colonies with active lesions

(Ushijima et al., 2023). Furthermore, McH1-7 completely

protected fragments against SCTLD transmission. This is the first

known prophylactic intervention method, offering hope for an

alternative method that might protect corals from SCTLD.
Limitations and future directions

Waterborne pathogen transmission (Aeby et al., 2019) and

rapid dilution of treatment agents can make it challenging to

replicate land-based intervention methods in the marine

environment. Although the use of antibiotics has been successful

at halting SCTLD lesions, it is important to understand the

secondary impacts that the antibiotic treatments might have on

the coral holobiont, surrounding organisms, and environment

(Shilling et al., 2021; Walker et al., 2021). Studies have also shown

antibiotics to have negative effects on corals resulting in dysbiosis in

the coral microbial communities with the potential of reducing

coral growth and reducing heat tolerance (Dalton et al., 2010; Zhang

et al., 2018; Connelly et al., 2022). Nonetheless, given the extreme

impacts of SCTLD on coral communities, the amoxicillin/

CoralCure Ointment Base2B treatment remains a viable and

recommended primary intervention treatment. It is also

important to continue trials of different intervention treatments

and to understand and reduce the risks of potential negative effects
Frontiers in Marine Science 17
from deploying antibiotics in the environment. Furthermore, efforts

are needed to optimize more preventative, potent, efficient, and

cost-effective SCTLD intervention methods.
Conclusion

The complexity of SCTLD has limited our ability to identify the

etiological agent(s), develop practical diagnostic tools, establish

environmental drivers, understand transmission, and develop

more targeted treatments. Determining the etiology of SCTLD

remains a challenge due to the diversity of coral species affected

and the geographic range impacted. Additionally, visual diagnosis

of SCTLD in the field remains challenging due to variations in host

or symbiont response (Aeby et al., 2019; Aeby et al., 2021; Meiling

et al., 2021; Traylor-Knowles et al., 2021). Potential pathogen

evolution and intraspecific differences in disease presentation also

present complexity and inconsistency in identifying SCTLD across

lesion types, species, or region. Considering these challenges, this

review aimed to provide a comprehensive overview of SCTLD

research with the goal of guiding future efforts toward unraveling

this complex etiology and mitigating SCTLD impacts.

The diverse research on the SCTLD outbreak has highlighted

another issue in the marine sciences, the contrasting lack of

diversity in this same area of study. For any investigation into

coral disease etiology, especially SCTLD, fostering multidisciplinary

collaborations can advance the pace and scope of knowledge

acquisition. While there are various issues at hand, this article

comments on the disproportion of female representation in marine

research. Women are less likely to be named on a scientific

publication across various scientific fields at the same career stage

and are less likely to be named on high-impact articles (Ross et al.,

2022). These inequities are also compounded by women from

underrepresented groups (Ahmadia et al., 2021). Specifically, in

coral reef research, there is still a persistent gender gap in
FIGURE 6

Suggestions for future directions for SCTLD research.
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authorship that has not improved in recent decades (Ahmadia et al.,

2021). As of 2018, only 33% of publications on coral reef science

have contributions by authors that identified as female (Ahmadia

et al., 2021). The complexity of SCTLD requires an inclusive

approach to aid in research endeavors. Increasing the diversity of

voices could improve research quality, provide additional

perspectives, acknowledge valuable research contributions, and

foster greater collaborations. A recent report from Elsevier found

that female representation in research is increasing, but there is still

inequality in authorship across all EU countries surveyed except

Portugal (De Kleijn et al., 2020). Addressing the gender disparity in

scientific authorship across all fields is an essential step towards

improving research quality and enhancing inclusivity.

Additionally, these collaborative efforts should not only

encompass a wide array of backgrounds and expertise from

researchers, but also encompass a wide array of diagnostic

methods (‘omics, TEM, histology, etc.) for both in situ and ex situ

investigations. Baseline profiles of naïve healthy coral samples

remain a priority to facilitate comparative analyses. Furthermore,

understanding the baseline conditions of reefs prior to disease

outbreaks is essential for understanding how environmental

factors may influence SCTLD’s spread and impact. This

comprehensive approach should involve examining timepoints

before, during, and after the appearance of lesions and include

exploring naïve populations to aid in diagnostics and pathogen

identification. In addition to these multidisciplinary efforts, we have

proposed additional future directions for SCTLD research

(Figure 6). Given the increasing impact of anthropogenic and

global stressors, it is likely that SCTLD will not be the last highly

virulent coral disease. Therefore, the establishment of standardized

methods and diverse international collaborations is essential not

only for the present, but also to better prepare for disease responses

in the future.
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Cróquer, A., Weil, E., and Rogers, C. S. (2021). Similarities and differences between
two deadly Caribbean coral diseases: white plague and stony coral tissue loss disease.
Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.709544

Cunning, R., and Baker, A. C. (2014). Not just who, but howmany: the importance of
partner abundance in reef coral symbioses. Front. Microbiol. 5. doi: 10.3389/
fmicb.2014.00400

Cunning, R., Silverstein, R. N., and Baker, A. C. (2015). Investigating the causes and
consequences of symbiont shuffling in a multi-partner reef coral symbiosis under
environmental change. Proc. R. Soc B. 282, 20141725. doi: 10.1098/rspb.2014.1725

Cunning, R., Silverstein, R. N., and Baker, A. C. (2018). Symbiont shuffling linked to
differential photochemical dynamics of Symbiodinium in three Caribbean reef corals.
Coral Reefs 37, 145–152. doi: 10.1007/s00338-017-1640-3

Cunning, R., Silverstein, R. N., Barnes, B. B., and Baker, A. C. (2019). Extensive coral
mortality and critical habitat loss following dredging and their association with
remotely-sensed sediment plumes. Mar. pollut. Bull. 145, 185–199. doi: 10.1016/
j.marpolbul.2019.05.027

Dahlgren, C., Pizarro, V., Sherman, K., Greene, W., and Oliver, J. (2021). Spatial and
temporal patterns of stony coral tissue loss disease outbreaks in the Bahamas. Front.
Mar. Sci. 8. doi: 10.3389/fmars.2021.682114

Dalton, S. J., Godwin, S., Smith, S. D. A., and Pereg, L. (2010). Dynamics of bacterial
community development in the reef coral Acropora muricata following experimental
antibiotic treatment. Mar. Freshw. Res. 61, 342–350. doi: 10.1007/s00338-011-0800-0

Davies, S. W., Gamache, M. H., Howe-Kerr, L. I., Kriefall, N. G., Baker, A. C.,
Banaszak, A. T., et al. (2023). Building consensus around the assessment and
interpretation of Symbiodiniaceae diversity. PeerJ 11, e15023. doi: 10.7717/peerj.15023

De Kleijn, M., Jayabalasingham, B., Falk-Krzesinski, H.J., Collins, T., Kuiper-Hoyng,
L., Cingolani, I., Zhang, , et al. (2020). The Researcher Journey Through a Gender Lens:
An Examination of Research Participation, Career Progression and Perceptions Across
the Globe (Elsevier). Available at: https://www.elsevier.com/gender-report
frontiersin.org

https://doi.org/10.3389/fmars.2021.731037
https://doi.org/10.1016/j.tim.2017.06.007
https://doi.org/10.1016/j.tim.2017.06.007
https://doi.org/10.7717/peerj.8069
https://doi.org/10.1038/s42003-022-03398-6
https://doi.org/10.1038/s42003-022-03398-6
https://doi.org/10.3390/jmse9070711
https://doi.org/10.3390/jmse9070711
https://doi.org/10.7717/peerj.1616
https://doi.org/10.1669/0883-1351(2001)016%3C0195:APATCO%3E2.0.CO;2
https://doi.org/10.1669/0883-1351(2001)016%3C0195:APATCO%3E2.0.CO;2
https://doi.org/10.1146/annurev.ecolsys.34.011802.132417
https://doi.org/10.1038/s41467-023-38612-4
https://doi.org/10.1111/1462-2920.15718
https://doi.org/10.1093/pnasnexus/pgad287
https://doi.org/10.1039/D1NP00023C
https://doi.org/10.1007/s00338-017-1621-6
https://doi.org/10.3354/dao03088
https://doi.org/10.1111/mec.13400
https://doi.org/10.3390/metabo8020031
https://doi.org/10.3390/microorganisms8111682
https://doi.org/10.1007/s00285-013-0726-y
https://doi.org/10.1007/s00338-023-02352-0
https://doi.org/10.1016/j.tim.2009.09.004
https://doi.org/10.1146/annurev-micro-102215-095440
https://doi.org/10.3389/fmars.2021.715329
https://doi.org/10.1073/pnas.94.17.9182
https://doi.org/10.1371/journal.pbio.0050124
https://doi.org/10.1111/j.1365-2761.2007.00836.x
https://doi.org/10.1016/j.jembe.2011.07.028
https://doi.org/10.1016/j.trac.2022.116903
https://doi.org/10.3389/fmars.2022.790818
https://doi.org/10.3389/fmars.2022.790818
https://doi.org/10.4103/jomfp.JOMFP_125_15
https://doi.org/10.1111/mec.15494
https://doi.org/10.1093/nar/gkq873
https://doi.org/10.3390/microorganisms9112181
https://doi.org/10.3390/microorganisms9112181
https://doi.org/10.1007/s00338-015-1327-6
https://doi.org/10.1007/s00338-015-1327-6
https://doi.org/10.1371/journal.pone.0252593
https://doi.org/10.3389/fmars.2021.814124
https://doi.org/10.3389/fmars.2021.814124
https://doi.org/10.1016/j.plrev.2009.12.001
https://doi.org/10.1007/s00338-008-0464-6
https://doi.org/10.1038/ismej.2012.75
https://doi.org/10.3389/fmars.2021.682688
https://doi.org/10.3389/fmars.2021.709544
https://doi.org/10.3389/fmicb.2014.00400
https://doi.org/10.3389/fmicb.2014.00400
https://doi.org/10.1098/rspb.2014.1725
https://doi.org/10.1007/s00338-017-1640-3
https://doi.org/10.1016/j.marpolbul.2019.05.027
https://doi.org/10.1016/j.marpolbul.2019.05.027
https://doi.org/10.3389/fmars.2021.682114
https://doi.org/10.1007/s00338-011-0800-0
https://doi.org/10.7717/peerj.15023
https://www.elsevier.com/gender-report
https://doi.org/10.3389/fmars.2023.1321271
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Papke et al. 10.3389/fmars.2023.1321271
Deutsch, J. M., Jaiyesimi, O. A., Pitts, K. A., Houk, J., Ushijima, B., Walker, B. K., et al.
(2021). Metabolomics of healthy and stony coral tissue loss disease affected
montastraea cavernosa corals. Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.714778

Deutsch, J. M., Mandelare-Ruiz, P., Yang, Y., Foster, G., Routhu, A., Houk, J., et al.
(2022). Metabolomics approaches to dereplicate natural products from coral-derived
bioactive bacteria. J. Nat. Prod. 85, 462–478. doi: 10.1021/acs.jnatprod.1c01110

Dobbelaere, T., Holstein, D. M., Muller, E. M., Gramer, L. J., McEachron, L.,
Williams, S. D., et al. (2022). Connecting the dots: transmission of stony coral tissue
loss disease from the marquesas to the Dry Tortugas. Front. Mar. Sci. 9. doi: 10.3389/
fmars.2022.778938

Dobbelaere, T., Muller, E. M., Gramer, L. J., Holstein, D. M., and Hanert, E. (2020).
Coupled epidemio-hydrodynamic modeling to understand the spread of a deadly coral
disease in Florida. Front. Mar. Sci. 7. doi: 10.3389/fmars.2020.591881

Eaton, K. R., Landsberg, J. H., Kiryu, Y., Peters, E. C., and Muller, E. M. (2021).
Measuring Stony Coral Tissue Loss Disease Induction and Lesion Progression Within
Two Intermediately Susceptible Species, Montastraea cavernosa and Orbicella
faveolata. Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.717265

Eddy, T. D., Lam, V. W. Y., Reygondeau, G., Cisneros-Montemayor, A. M., Greer, K.,
Palomares, M. L. D., et al. (2021). Global decline in capacity of coral reefs to provide
ecosystem services. One Earth 4, 1278–1285. doi: 10.1016/j.oneear.2021.08.016

Egan, S., and Gardiner, M. (2016). Microbial dysbiosis: rethinking disease in marine
ecosystems. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.00991

Elmer, F., Cruz, Y., Dock, C., Ortega, A., Wedel, S., and Hertler, H. (2021).
Determining lesion progression rate of stony coral tissue loss disease using structure-
from-motion photogrammetry. GCR 32, SC12–SC17. doi: 10.18785/gcr.3201.15

Elola, M. T., Wolfenstein-Todel, C., Troncoso, M. F., Vasta, G. R., and Rabinovich, G. A.
(2007). Galectins: matricellular glycan-binding proteins linking cell adhesion, migration, and
survival. Cell. Mol. Life Sci. 64, 1679–1700. doi: 10.1007/s00018-007-7044-8

Endo, Y., Nakazawa, N., Iwaki, D., Takahashi, M., Matsushita, M., and Fujita, T.
(2009). Interactions of ficolin and mannose-binding lectin with fibrinogen/fibrin
augment the lectin complement pathway. J. Innate Immun. 2, 33–42. doi: 10.1159/
000227805

Estrada-Saldıv́ar, N., Molina-Hernández, A., Pérez-Cervantes, E., Medellıń-
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