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Abstract

Coral reefs are highly productive ecosystems that provide valuable services to coastal communities worldwide.
However, both local and global anthropogenic stressors, threaten the coral-algal symbiosis that enables reef forma-
tion. This breakdown of the symbiotic relationship, known as bleaching, is often triggered by cumulative cell damage.
UV and heat stress are commonly implicated in bleaching, but other anthropogenic factors may also play a role. To
address coral loss, active restoration is already underway in many critical regions. Additionally, coral researchers are
exploring assisted evolution methods for greater coral resilience to projected climate change. This review provides

an overview of the symbiotic relationship, the mechanisms underlying coral bleaching in response to stressors,

and the strategies being pursued to address coral loss. Despite the necessity of ongoing research in all aspects of this
field, action on global climate change remains crucial for the long-term survival of coral reefs.
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1 Introduction

Coral reefs are complex ecosystems that are found in
oceans worldwide and make up one of the most produc-
tive environments on Earth (Brandl et al. 2019; Hoegh-
Guldberg et al. 2017; Munday et al., 2008). Corals are
members of the class Anthozoa, consisting of hard cor-
als, soft corals, and sea anemones. Hard corals are mem-
bers of the order Scleractinia and build large structures
through the excretion of calcium carbonate skeletons.
These reefs not only provide ecosystem services for
marine life but also hold economic, cultural, and natural
services, with the value of these processes placed at $20
trillion US dollars annually (Roth 2014). Human impact
in the Anthropocene has caused a significant decline in
reef health and cover, and management is crucial in order
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to sustain the economies of coastal countries and the mil-
lions of residents who depend on reefs for various pur-
poses (Brandl et al. 2019; Grafeld et al. 2017; Moberg &
Folke 1999; Woodhead et al. 2019).

Coral reefs of the tropics host immense biodiversity,
which stems not from the coral species themselves (esti-
mates of 835 reef-building coral species), but rather from
the 1-9 million species of organisms that reside in coral
reefs (Knowlton 2001; Reaka-Kudla et al. 1997). Coral
reef cover of the ocean floor ranges from 0.1% to 0.5%,
yet they are estimated to hold 25% to 33% of all marine
species, including fishes, corals, marine invertebrates,
and plants (Knowlton et al. 2010; Moberg & Folke 1999;
Sebens 1994). The biodiversity of reefs has been studied
extensively, and results have indicated a positive relation-
ship between biodiversity and ecosystem productivity,
nutrient cycling, and overall enhanced ecosystem func-
tion (Brandl et al. 2019; Gamfeldt et al. 2015). This obser-
vation is dubbed a “biodiversity-ecosystem functioning”
relationship, but the specific causations of this relation-
ship in coral reefs and how coral and coral-dwelling
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organism diversity influence reef productivity is an
emerging field of study (Hooper et al. 2012; McWilliam
et al. 2018). It is known, however, that a healthy, function-
ing reef ecosystem is essential for both direct and indirect
benefits to the lifestyles of millions of people, particularly
those living in coastal locations near coral reefs (Wood-
head et al. 2019). Additionally, having a rich diversity of
species is vital for the scientific field, as the reefs contain
important “genetic libraries” that could provide services
such as assessments of reef health (Moberg & Folke 1999;
Woodhead et al. 2019).

One of the driving factors that allows for such high bio-
diversities of organisms from a wide taxonomic range is
the complex topography created by hard reef-building
corals themselves. This structural complexity creates
many microhabitats for various species and provides
many organisms with shelter, food, and novel niches for
organisms to exploit (Graham & Nash 2013; Rogers et al.,
2014). There have been various studies that have shown
positive associations between the structural complexity
of the environment and species biodiversity not only in
coral reefs (Graham & Nash 2013; Gratwicke & Speight
2005; Luckhurst & Luckhurst 1978) but also in ecosys-
tems such as terrestrial forests or seagrass beds (Heck
& Wetstone 1977; Spies 1998). All species in an ecosys-
tem play a specific functional role, and high biodiversity
allows for these functions to continue even after a decline
of certain species. (Wilson et al. 2009). The leading
causes of decreases in biodiversity are habitat loss and
degradation. As crucial foundation species, healthy corals
are necessary to maintain coastal reef habitats with high
biodiversity.(Hoekstra et al. 2005; Pratchett et al. 2014,).

Across all marine ecosystems, fishes are often the most
well-documented organisms as they are high in abun-
dance and play important roles ecologically and econom-
ically (Cole et al. 2008; De Mitcheson & Erisman 2012;
Dufty et al. 2016; Hixon 2011; Mora et al. 2008). It is very
difficult to accurately define the global abundance of reef
fishes, with some estimates of up to 8000 unique spe-
cies (Hixon 2011). Many different fish taxa serve unique,
important ecological roles, including corallivorous, her-
bivorous, carnivorous, and planktivorous fishes (Cole
et al. 2008b; Kulbicki et al. 2005; Mantyka & Bellwood,
2007; Ogden & Lobel 1978; Siqueira et al. 2021). Her-
bivorous fishes are examples of reef fish that indirectly
contribute to reef health through the consumption of
macroalgae, which can outcompete corals for space on
a reef and have an even larger impact on reefs in which
coral cover is declining (Hughes et al. 2007; Plass-Johnson
et al. 2015). Fishes of different trophic levels may not con-
tribute directly or indirectly to coral health. However, all
play a role in maintaining biodiversity through intra- and
interspecific interactions, such as through competition or
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predation (Boaden & Kingsford 2015; Bostrom-Einarsson
et al. 2013; Robertson 1998). Complex topography has
been correlated with higher abundances of adult fishes
(Graham & Nash 2013; Gratwicke & Speight 2005), facili-
tates larval settlement, and provides shelter for juveniles
(up to 65% of fishes may require coral cover for survival
at settlement) (Jones et al. 2004; Wilson et al. 2009).

Of course, fish are not the only abundant fauna on coral
reefs as there are many invertebrates, both sessile and
mobile, that contribute to the biodiversity and health of
coral reefs but are less accounted for in literature com-
pared to fishes. This research gap is unfortunate, given
that invertebrates account for the greatest biodiversity on
reefs (Stella et al. 2011). The lack of literature is largely
in part due to the research bias of conspicuous organ-
isms (such as fishes and corals) and the complexity of
coral reefs, which creates lots of habitats that are difficult
to study, such as those of cryptic invertebrates (Idjadi
& Edmunds 2006; Knowlton et al. 2010; Nelson et al.,
2016; Stella et al. 2011). However, it is known that certain
invertebrates join reef fishes in playing key ecosystem
roles, such as herbivorous urchins grazing on macroal-
gae species, which can prevent significant overgrowth
of algae on a reef (Nozawa et al. 2020; Ogden & Lobel
1978). Most urchins are nocturnal and take advantage of
the structural complexity of the reef to hide from preda-
tors during the day, and at night they emerge to feed
(Young & Bellwood, 2011). Other studies have shown
overall increases in the biodiversity of invertebrates with
more complex topography, which further emphasizes
the importance of having high abundances of hard coral
(Roth 2014; Yamashita et al., 2014).

The diverse array of organisms present on coral reefs
provides important ecosystem services to over 100 coun-
tries that contain coral reefs on their coastlines (Moberg
& Folke 1999). The economies of these countries directly
benefit from reef-based industries, including fisher-
ies, tourism, aquarium trades, and harvesting of natural
resources (Cesar & Van Beukering 2004; Grafeld et al.,
2017; Moberg & Folke 1999; Spurgeon 1992; Woodhead
et al. 2019). Small-scale fisheries in many smaller coastal
nations provide food, as well as income through the sell-
ing of catches to members of local communities or to
larger commercial fisheries (Grafeld et al. 2017; Wood-
head et al. 2019). In Hawai‘i, nearshore fisheries yield
over 7 million meals annually, as well as over $10 million
USD worth of catch per year (Grafeld et al. 2017). Reef
tourism provides another major economic benefit for
coastal communities, with an economic value of upwards
of $35.8 billion USD annually (Spalding et al. 2017).
Smaller nations such as the Maldives also rely more heav-
ily on tourism for economic development compared to
other methods (Spurgeon 1992). Lastly, various natural
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resources can be harvested to support economies, such
as obtaining fish or coral for the aquarium trades or
using coral to create lime and cement for building infra-
structure (Moberg & Folke 1999; Spurgeon 1992). With
approximately 7.5% of the global human population
dependent on reefs to some extent, maintaining healthy
reefs is crucial (Madin & Madin 2015; Speers et al. 2016).

Activities provided by coral reefs are often dependent
on the quality of the reefs themselves. Reefs with many
attributes such as structural complexity or coral species
diversity provide more habitat for marine organisms such
as fish or invertebrates, which in turn create more eco-
nomic profit through local or tourist use (Pascal et al.
2016). Coral reef fisheries are highly dependent on the
abundance of these attributes to support populations of
species that are fished (Cesar & Van Beukering 2004b;
Nadon et al. 2015). Coral reef fishery revenues are valued
at approximately $6 billion, and support 6 million fishers
across the globe (Hoegh-Guldberg et al. 2019; Nash &
Graham, 2016). Across the other countries with popula-
tions along coastal reefs, many rely on coral reef fisheries
for food and income; there are many fishing households
facing poverty that rely heavily on the local fishing indus-
try for their daily sustenance (Albert et al. 2015; Bell et al.
2018; Cabral & Geronimo 2018; Nash & Graham, 2016).
Anthropogenic pressure on coral reefs has placed these
fisheries in critical states, as the catch per unit effort of
reef fisheries has declined by 60% since 1950, following
the trend in global coral cover decline (Eddy et al. 2021).

Globally, the total GDP from coral reefs is highly vari-
able; data collected by Cesar et al., 2003 showed that
0.2% of Indonesia’s GDP came from reef-related services,
whereas in Bermuda, reef-related services contributed to
12% of the country’s GDP (Allemand & Osborn, 2019).
The economic benefit comes from fishing, tourism, and
coastal protection due to reef-building corals (Allemand
& Osborn, 2019; Chen et al., 2015; Hoegh-Guldberg et al.
2019; Narayan et al. 2016; Pascal et al. 2016; Spalding
et al.,, 2017b). Spalding et al. (2017) projected the global
value of tourism to coral reefs to be approximately $35.8
billion. Small island countries, in particular, are heavily
reliant on reef-related tourism to support their economy
(Hampton & Jeyacheya, 2020). For example, the Republic
of Palau, an island archipelago in the North Pacific, has
8% of its GDP supported solely by the tourist attraction
of diving with sharks on the reefs of Palau (Vianna et al.
2012).

A passive role coral reefs play to benefit the economy
also comes from coastal protection. The strong structures
created by hard corals can act as barriers that dissipate
incoming wave energy through friction or breaking waves
(Beck et al. 2018; Buckley et al. 2022; Symonds et al.
1995). This function protects coastal areas from flooding

Page 3 of 27

due to storms and coastal erosion (Cesar and van Beuker-
ing 2004; Pascal et al. 2016; Van Zanten et al. 2014). Coral
erosion also forms sediment that goes on to comprise the
beaches and nearshore habitats of many coastal locations
(Brown et al. 2021; Dawson and Smithers 2014; Harney
and Fletcher, 2003; Morgan and Kench, 2016). Beck et al.
(2018) modeled the value of protection that coral reefs
provide coastal communities at over $4 billion annually.
Without reefs, the annual damage could more than dou-
ble that. With sea level rise and the frequency of tropical
storms increasing, the loss of reef structure can be det-
rimental to many coastal countries and their residents
(Bhatia et al., 2019; Van Zanten et al. 2014).

In addition to benefits directly to coastlines, coral reefs
enhance neighboring marine ecosystems’ services. As
an example, seagrass meadows store a large amount of
atmospheric carbon dioxide (Duarte et al. 2005; Fourqu-
rean et al. 2012; Mcleod et al. 2011). These ecosystems
are facilitated by adjacent coral reefs, which provide
natural barriers to the seagrass beds and allow them to
better capture organic material (Guerra-Vargas et al
2020; Ranith et al. 2024). Reef degradation can lead to a
parallel loss of carbon storage efficiency in the neighbor-
ing seagrass meadows (Guerra-Vargas et al. 2020). Other
ecosystems, such as mangroves, similarly benefit from
nearby coral reefs (Guannel et al. 2016). Further research
on ecosystem interconnectivity could illustrate the recip-
rocal benefits provided to both coral reefs and their adja-
cent ecosystems.

On a global scale, coral reefs play integral roles in
many important biogeochemical cycles. For example,
coral reefs are responsible for a great deal of oceanic
carbon dioxide (CO,) exchange due to both the calcifi-
cation of corals themselves and the organic matter flux
within them (Gattuso et al. 1995; Kleypas et al. 2011;
Lin et al. 2024). Reef interactions with CO, are highly
complex. Some studies describe reefs as net sinks and
others as sources; many factors, such as seasonality,
contribute to the variability (e.g., Bates 2002; Jiang et al.
2011; Kayanne et al., 1995; Suzuki and Kawahata 2003).
Though they undoubtably play a role (see Watanabe
and Nakamura 2019 for more information), further
research is necessary to more accurately assess the con-
tribution of coral reefs to global carbon dynamics. It is
worth mentioning that the production of calcium car-
bonate (CaCO,) may contribute to buffering the effects
of ocean acidification, indicating that coral reefs influ-
ence ocean pH (Kleypas et al. 2011). In addition to car-
bon, coral reefs influence nitrogen bioavailability in the
ocean. N,-fixing diazotrophs associated with the stony
coral microbiome contribute to the total amount of
bioavailable nitrogen in the ocean (Cardini et al., 2014;
Pogoreutz et al., 2017). Coral rubble and dead coral are
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also associated with diazotroph activity, marking the
importance of coral structures in general as diazotroph
microhabitats (Davey et al. 2008; El-Khaled et al. 2021;
Shasar et al., 1994).

Coral reefs have been under anthropogenic threat for
decades due to factors including overfishing, pollution,
and increasing pressure on coastlines as human popu-
lations increase (Ateweberhan et al. 2013; Hughes et al.
2017; Kleypas et al. 2001). The addition of climate change
as an ongoing threat has greatly accelerated the rates of
species loss in coral reefs (Hooper et al. 2012; Hughes
et al. 2017). Climate change has caused two significant
stressors to coral reefs—ocean acidification and global
warming of seawater (Anthony et al., 2008; Ateweberhan
et al. 2013; De’Ath et al. 2012; Kleypas et al. 2001). Coral
reefs are facing significant bleaching issues worldwide,
with notable examples observed in the Hawaiian Islands
(Fig. 1). This review presents how the ecological and eco-
nomic importance of coral reefs are under threat as the
rate of coral reef loss drastically increases due to localized
unsustainable human activity and global-scale environ-
mental damage (Anthony et al., 2008; Brandl et al. 2019;
Hughes et al. 2017; Moberg & Folke 1999). As this review
is considered a primer, it contains a general overview of
the coral symbiotic interactions and bleaching response.
It further summarizes the threats to corals, particularly
heat and UV stress, among other factors. This review
also compiles research on restoration and assisted evolu-
tion strategies to mitigate coral loss and improve future
resilience. The many topics discussed herein are intended
to provide an in-depth and current overview of coral

A Makapu'y, O'ahu

B Makapu'u Beach Park, O'ahu
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science, aid in identifying knowledge gaps, and highlight
pathways for future research.

2 Symbiotic interactions

The diversity and size of structures corals can build, and
the values these structures provide to hundreds of mil-
lions of organisms (including humans) dependent on
them are not created by the corals alone. The success of
reef-building corals is dependent on their mutualistic
symbiotic relationship with the single-celled photosyn-
thetic dinoflagellates within the family Symbiodiniaceae,
colloquially called zooxanthellae (Fournier 2013). They
reside in the gastrodermal cavity of coral polyps and
provide corals with photosynthetic products (organic
carbon and amino acids) that can supply over 90% of
the coral’s carbon needs, allowing for improved coral
growth and calcification rates, survival, and reproduction
(Fig. 2; Curran & Barnard 2021; Davy et al. 2012; Goreau
& Goreau 1959; Roach et al. 2021; Stat et al. 2008; Tam-
butté 2011; Tanaka et al. 2018) In return, the coral host
provides the dinoflagellates with metabolic waste prod-
ucts such as ammonia and phosphate, as well as a fixed
position in the water column to allow for a steady sup-
ply of light energy (Davy et al. 2012; Hoegh-Guldberg
1999; Roth 2014). Coral hosts may obtain their symbionts
through transmission from parent to offspring (verti-
cal transmission; Hirose et al. 2001), or through uptake
from the environment (horizontal transmission; Berkel-
mans & van Oppen 2006; Finney et al. 2010). The speci-
ficity of symbionts may vary across regions and with
environmental factors such as temperature and nutrient

Fig. 1 (A) Coastal reefs, such as the one shown in the aerial view from Makapu'u, O'ahu, Hawai'i, provide many benefits including tourism, fishery,
and coastal protection. (B) Serious coral bleaching was observed in photos from coral reefs at the Makapu'u Beach Park, O'ahu. Partially bleached
and threatened coral reefs at (C) Molokini, Maui and (D) Captain Cook Monument, the Island of Hawai'i. Photos taken by Z.D.in 2022
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Fig. 2 (A) Diagram of a coral polyp showing where the algal symbionts reside. (B) Simplified schematic of the metabolic relationship
of Symbiodiniaceae. They reside in the gastrodermal cells of coral polyps. (C) Free-living symbionts of species Breviolum minutum. Each cell

is roughly 10 um in diameter

availability (Berkelmans & van Oppen 2006; Finney et al.
2010). This variable, nutrient-recycling symbiosis is criti-
cal for the construction of complex habitats that support
millions of species in oceans and seas that are typically
oligotrophic (Birkeland 1988; Cardini et al. 2015; Stanley
Jr. & van de Schootbrugge 2009). In this symbiosis, algal
symbionts provide photosynthetic products while the
coral hosts provide shelter, access to nutrients derived
from the surrounding ocean water, and access to host-
derived nutrients such as nitrogenous wastes (Davy et al.
2012; Lewis 1973; Muscatine et al. 1984; Rinkevich 1989).
This relationship enhances coral calcification rates and
enables the construction of vast reef structures (Goreau
& Goreau 1959; Tambutté 2011).

Besides nutrient cycling, symbiotic algae associated
with coral hosts gain a direct benefit of improved light
absorption efficiency. The light-scattering effect of the
coral skeleton greatly enhances the ability of algal symbi-
onts to capture light (Enriquez et al. 2005, 2017; Kramer
et al. 2022). This optical scattering has allowed coral-algal
symbiosis to thrive even in mesophotic areas with low
incident irradiance (Kramer et al. 2022). Enriquez et al.
(2017) suggest that the symbiotic coral skeleton morphol-
ogy evolved specifically to improve algal light harvesting

efficiency, thereby increasing the availability of photosyn-
thetic products to the host coral. Furthermore, the coral
tissue itself modulates incident light, creating light gra-
dients that form highly complex microhabitats for algae
(Wangpraseurt et al., 2012, 2019). These microniches
allow the algae to both maximize their photosynthetic
efficiency and avoid excess light stress, again leading to
greater fitness for the entire holobiont (Wangpraseurt
et al. 2012). The optical properties of coral indicate the
antiquity and interdependency of the coral-algal symbio-
sis. Algal symbionts were formerly organized under sev-
eral clades within the genus Symbiodinium. As of 2018,
Symbiodinium clades have been organized into several
genera under the family name Symbiodiniaceae, based
on molecular evidence (LaJeunesse et al. 2018). This reor-
ganization elucidates the large degree of variation within
the family; genera may differ in thermal tolerance, photo-
synthetic productivity, and other such properties (Berkel-
mans & van Oppen 2006; Curran & Barnard 2021). The
more resilient of these genera may repopulate the coral
host following a bleaching event, thereby achieving ther-
mal adaptation (Bowling 2022; Russnak et al. 2021). Of
particular relevance to bleaching is what is now referred
to as Durisdinium spp. (formerly Clade D), which is
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known for its high thermal tolerance (Berkelmans & van
Oppen 2006; Curran & Barnard 2021). Research is ongo-
ing to better understand the physiological differences
between Symbiodiniaceae and their effects on the coral
host (Russnak et al. 2021; Swain et al. 2021; Torres et al.
2021). Such research will be further explained later in
this review.

The coral-algal symbiosis requires careful regulation by
both members (Mayfield & Gates 2007), such as through
protein phosphorylation (Simona et al. 2019), tran-
scriptomic regulation (Zhang et al. 2022), host immune
responses (Mansfield et al. 2017; Zhang et al. 2022), and
other molecular signaling (Rosset et al. 2021). Exces-
sive levels of algal symbionts, poor photosynthetic pro-
ductivity, and other such factors may elicit a response
from either symbiont (Davy et al. 2012; Muscatine et al.
1998; Oakley & Davy 2018). These responses will be fur-
ther explored throughout this paper. Symbiotic cnidar-
ians have been shown to downregulate immune and
inflammatory responses when compared to aposymbi-
otic counterparts (Lehnert et al. 2014; Wolfowicz et al.
2016), suggesting that cnidarian immune systems must
demonstrate tolerance to symbiotic organisms (Mans-
field & Gilmore 2019). The immune system may also
distinguish between preferred Symbiodiniaceae genera,
employing pathways similar to reactive oxygen species
(ROS)-related-bleaching in order to remove undesired
symbionts (Matthews et al. 2017). The recognition of
Symbiodiniaceae, including specific genera, may be
explained by pattern recognition receptors, which serve
to detect microbes in the host innate immune system
(Mansfield & Gilmore 2019). These pattern recognition
receptors are also able to detect signs of cellular dam-
age, such as heat shock proteins (Rosenstiel et al. 2009),
suggesting a dual role in innate immunity and bleach-
ing (Mansfield & Gilmore 2019). The innate immune
response has been induced in bleaching events, as evi-
denced by the modulation of inflammation and other
immune mechanisms in response to environmental
stressors and symbiont presence (Mansfield & Gilmore
2019).

The coral microbiome is not limited to symbiotic
algae and includes bacteria, viruses, fungi, and archaea
(Bourne et al. 2016; van Oppen & Blackall 2019). In
particular, bacterial composition has been the subject
of much research, and bacterial communities are impli-
cated in affecting coral physiology (Osman et al. 2020;
Santoro et al. 2021). Research is ongoing to better under-
stand the interactions between members of the coral
microbiome, such as the effects of ocean acidification,
bacterial infection on microbial community composi-
tions, and the interplay between bleaching and microbi-
ome (Barreto et al. 2021; Santoro et al. 2021; Sun et al.
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2023). Microbiome interactions are beyond the scope
of this review, but it is worth mentioning for its grow-
ing contribution to the coral research field. Additional
information on the coral microbiome and its influence on
the holobiont have been well-discussed in other papers
(see Mohamed et al. 2023; van Oppen & Blackall 2019).
Continuing research on the microbiome beyond algae
is important to fully understand the complexity of sym-
biotic interactions that confer host fitness. Of particu-
lar interest is multi-omics data that could help inform
microbe-host interactions, including both metabolic and
immune functions, among others (Mannochio-Russo
et al. 2023; Pogoreutz et al. 2022; Williams et al. 2021).

The coral-algae symbiosis is hypothesized to have per-
sisted since the Triassic period, but during the last half-
century, this symbiosis has been placed under extreme
stress (Lough et al. 2018; Schoepf et al. 2015; Stanley
Jr. & van de Schootbrugge 2009). Environmental pres-
sures that stem from anthropogenic activity affect corals
globally (global warming, ocean acidification) or locally
(pollution, overfishing, coastal development, and over-
exploitation of the ecosystems) (Douglas 2003; Hoegh-
Guldberg 2011; Hughes, Kerry, et al. 2017; Roach et al.
2021). Coral “bleaching” is a term used to describe the
state of corals once they lose their symbiotic dinoflagel-
lates or the pigments of the algae degrade, leaving the
tissues translucent (Douglas 2003; Plass-Johnson et al.
2015). Bleaching renders the coral colony white, the color
of their calcium carbonate skeleton (Ainsworth & Brown
2021; Brown 1997; Douglas 2003; Hoegh-Guldberg
1999). Once the symbionts are lost, if they are not recov-
ered within weeks to months (this requires external con-
ditions to return to normal), corals are threatened with
mortality due to lack of food, damage to cells, and loss
of energy reserves; on a large scale, this can threaten the
health of an entire reef (Ainsworth & Brown 2021; Ains-
worth & Gates 2016; Douglas 2003).

The earliest documented widespread coral bleaching
events were in 1983 during an intense El Nifio event, and
the first global mass coral bleaching event was during the
next extremely strong El Nifo in 1998 (Coffroth et al,
1990; Eakin et al. 2019). Since these first modern bleach-
ing events, databases have estimated 22,650 positive
bleaching reports, and possibly up to 71% of the world’s
coral reefs have experienced bleaching at least once
from 1985 to 2017 (Virgen-Urcelay & Donner, 2023).
At the time of this review, global mass coral bleaching
events since 1998 have occurred in 2010, 2014—2017, and
most recently in 2023-2024. The National Oceanic and
Atmospheric Administration (NOAA) confirmed this
fourth global coral bleaching event was underway as of
April 2024 (NOAA 2024). These events predominantly
stem from prolonged marine heatwaves associated with
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El Nifo occurrences, which cause extreme thermal stress
on corals worldwide and trigger mass bleaching (Eakin
et al. 2019; Oliver et al. 2021). Globally, marine heatwave
duration and frequency have been increasing. Projections
are indicating more rapid increases due to climate change
(Oliver et al. 2018, 2021). With global temperature on the
rise, and many other factors threatening corals globally
and locally, coral bleaching rates have increased fivefold
from 1980 to 2020 (Curran & Barnard 2021). To better
understanding how coral reefs will be affected, research-
ers must continue to monitor coral reefs as well as model
how projected climate change will alter these ecosys-
tems. Bleaching will likely continue to increase if actions
toward reducing greenhouse gas emissions, pollution,
overexploitation, and other pressures on corals are not
reduced.

3 Mechanisms of bleaching

The causes and mechanisms of coral bleaching (sum-
marized in Table 1 and Fig. 3) are varied and complex;
further research into the exact mechanisms and their
relationships to each other is ongoing. Some common
stressors that induce bleaching include thermal stress
(Cleves et al. 2020), osmotic stress (Dias et al. 2019),
pollution (Donovan et al. 2020; Haynes & Johnson

Table 1 Summary of Stressors and Mechanisms of Coral Bleaching
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2000), ocean acidification (Silverman et al. 2009), exces-
sive sunlight exposure (Brown 1997; Downs et al. 2013),
pathogens (Kushmaro et al. 1996, 1997; Rosenberg &
Falkovitz 2004; Rosenberg et al. 2009), and sedimenta-
tion (Duckworth et al. 2017). These stressors can exac-
erbate or moderate one another (Anthony et al. 2007;
Bessell-Browne et al. 2017; Downs et al. 2013), as well
as compound other threats to coral reef survival, such
as changing corallivore populations (Cole et al. 2008;
Renzi et al. 2022).

These stressors induce physiological changes, including
oxidative stress from the accumulation of ROS (Black-
stone 2022; Szab6 et al. 2020; Tolleter et al. 2013; Weis
2008), the inhibition of photosynthesis and the Calvin
cycle in Symbiodiniaceae cells (Pei et al. 2022; Szabé et al.
2020), and abnormal host protein phosphorylation pat-
terns (Sawyer & Muscatine 2001; Simona et al. 2019). If
severe enough, these physiological changes may result in
coral hosts removing algal cells via several mechanisms:
activation of the host immune system, exocytosis, sym-
biophagy, host cell detachment, and apoptosis and/or
necrosis (Bieri et al. 2016; Dunn et al. 2004; Gates et al.
1992; Mansfield et al. 2017; Oakley & Davy 2018; Pei et al.
2022; Sawyer & Muscatine 2001; Zhang et al. 2022). Sym-
biodiniaceae may also migrate to other coral tissue in

Stressor Proposed Mechanism(s)

Source of Stressor

Heat and UV Radiation

(Adir et al., 2003)

Damage to photosynthetic machinery is associated with all light intensi-
ties. Photoinhibition occurs when such damage overwhelms the capacity
for repair, such as with elevated temperatures or increased light intensity

Climate change
Seasonal variations
El Nifo-Southern Oscillation cycle

Oxidative stress, which is associated with photoinhibition, induces
damage to cellular components of both symbionts, initiating bleaching

pathways

(Blackstone 2022; Brown 1997; Cleves et al. 2020; Downs et al. 2013; Pei
et al. 2022; Szab¢ et al. 2020; Tolleter et al. 2013; Weis 2008; Zhang 2022)

Salinity

Hyposalinity is correlated with host tissue swelling and necrosis, dam-
age to and loss of zooxanthellae, reduced photosynthetic efficiency

Variations to global water cycle
Environmental engineering

of zooxanthellae, accumulation of oxidative stress in both symbionts,
and disruption to host detoxification and endocrine pathways (Downs

et al. 2009b, 2013)

Hypersalinity may improve thermal tolerance in coral hosts (Chen et al.

2023; Gegner et al. 2017; Randle et al. 2020)
Pollution

A variety of pollutants cause varying effects ranging from photoinhibition
of the zooxanthellae to necrosis of host cells. (Jones 1997, 2005; Jones

Anthropogenic sources (i.e. waste water runoff,
illegal dumping, etc.)

et al. 2003; Markey et al. 2007). These pollutants are further explored

in Table 2
Acidification

Acidification has variable effects on the coral-zooxanthellae symbiosis

Climate change (Rise in CO, emissions)

For example, acidification may exacerbate bleaching caused by UV radia-
tion (Anthony et al,, 2008), whereas increased levels of bicarbonate may

mitigate oxidative damage (Strohecker et al. 2020)
Pathogens

Certain pathogens may induce bleaching, such as the bacterium Vibrio
shiloi, which infects the coral Oculina patagonica. V. shiloi produces Toxin

Introduction of novel pathogens
Alterations to reservoir/vector (Sussman et al. 2003)

P when exposed to temperatures of 25 °C-30°C, which can then cause
photoinhibition (Banin et al. 2001a, 2001b; Kushmaro et al. 1996, 1997,

Rosenberg & Falkovitz 2004)
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Fig. 3 Summary of the commonly known causes of coral bleaching. More details on the mechanisms of each cause are provided in Table 1

order to avoid expulsion and repopulate the coral follow-
ing a bleaching event (Parrin et al. 2016).

Exocytosis involves the expulsion of algal cells through
the gastrovascular cavity and out of the host’s mouth.
This process occurs on a normal basis as a means to
control the algal population, but temperature- and light-
related bleaching events may also trigger this response
(Davy et al. 2012). Exocytosis-related bleaching occurs
in response to a range of temperatures depending on
factors such as coral species. The condition of Symbiod-
iniaceae cells being expelled may vary depending on tem-
perature. Temperatures of 28°C caused the exocytosis of
viable algal cells, whereas temperatures higher than 28°C
resulted in a greater proportion of apoptotic/necrotic
algal cells being expelled in scleractinian corals (Stry-
char et al. 2004). The exocytosis of photosynthetically
active algal cells in Cyphastrea sereilie occurred at 33°C,
with evidence of photoinhibition occurring beyond 37°C
(Ralph et al. 2001).

Symbiophagy involves the consumption of the algal
symbiont within the host cell via phagocytic pathways.
This mechanism is primarily correlated with thermal

stress, as opposed to light stress (Downs et al. 2009a).
The symbiosis between Symbiodiniaceae and the coral
host is described as an arrested state of phagocytosis
accomplished through the exclusion of the ApRab11 pro-
tein, which is associated with the recycling of endosomes
and internalized transferrin (Davy et al. 2012; Chen et al.
2005). Oxidative stress can reactivate phagocytosis by
interfering with proteins associated with the arrest of
phagocytosis, leading to the in situ degradation of symbi-
ont cells (Davy et al. 2012; Downs et al. 2009a).

Host cell detachment occurs in bleaching events relat-
ing to heat, cold, and chemical stressors (Bieri et al. 2016;
Gates et al. 1992; Sawyer & Muscatine 2001). Detach-
ment involves the dissociation of Symbiodiniaceae-con-
taining coral cells, followed by expulsion using cilia and
actinopharynx muscles. This process may be caused by
disruptions to cell adhesion, such as membrane ther-
motropism, temperature-related denaturation of pro-
teins, and changes in ion gradients (particularly that
of calcium) that potentially interfere with cytoskeletal
structures (Gates et al. 1992; Sandeman 2006). Another
proposed explanation is that host cell detachment is not
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necessarily a mechanism of bleaching, but rather a result
of extreme cellular stress (Buddemeier & Fautin 1993;
Bieri et al. 2016).

Host cell apoptosis and/or necrosis may also occur as a
method of bleaching (Dunn et al. 2004). Apoptosis is the
process of controlled cell death, whereas necrosis is the
process of uncontrolled/accidental cell death. Apoptosis
provides an opportunity to avoid further cellular damage
(e.g., the uncontrolled destruction of lysosomes) while
allowing for the recycling of cellular components. The
pathway of apoptosis and necrosis may be mediated by
ROS, such as nitric oxide, serving as secondary messen-
gers in the apoptosis/necrosis pathways (Laloi et al. 2004;
Perez & Weis 2006). The source of ROS, either from the
coral host or algal symbiont, is debated, but evidence
shows that ROS can cross the symbiosome membrane
(Szabd et al. 2020). Given this finding, additional research
on the holobiont’s biochemical processes could illumi-
nate the mechanisms underlying ROS production and
export. Informing this knowledge gap may aid in finding
means to mitigate ROS damage.

3.1 Heat and light (UV)

Two of the most prominent causes of coral bleaching
include high temperatures and UV radiation (Downs
et al. 2002; Lesser 1997; Oakley & Davy 2018). Although
usually grouped together, excessive heat and UV radia-
tion can cause bleaching independently of each other
(Oakley & Davy 2018; Tolleter et al. 2013). Temperature
and light-associated bleaching involve the accumulation
of oxidative stress, including superoxide radicals (O,"),
singlet oxygen (10,; not technically classified as a ROS
but often associated with ROS production), hydroxyl rad-
icals (OH), hydrogen peroxide (H,0,), and nitric oxide
(NO) (Lesser 1996; Perez & Weis 2006; Szabé et al. 2020;
Weis 2008). Within the algal symbiont, oxidative stress
can accumulate in photosystem II (PSII) (Lesser 1996,
2011; Zavafer & Mancilla 2021), photosystem I (PSI)
(Lima-Melo et al. 2021; Szabé et al. 2020), and the thyla-
koid membrane (Smith et al. 2005). These ROS can dam-
age biomolecules, affect signal transduction, and affect
cellular processes such as apoptosis (Bhatt et al. 2021;
Edreva 2005; Lesser 2011). Under normal circumstances,
the algal cell is able to degrade and replace damaged pro-
teins (such as the D1 protein, a vital component in PSII)
de novo (Kato & Sakamoto 2009). However, when oxida-
tive damage overwhelms repair processes, the coral host
cell may remove algal cells through the mechanisms dis-
cussed in the previous section.

Photoinhibition (the reduction of photosynthetic effi-
ciency) is associated with thermal and light stress and is
implicated in the bleaching process (Smith et al. 2005).
Several mechanisms have been proposed to explain
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photoinhibition. These mechanisms are not necessarily
exclusive and may work in conjunction to explain pho-
toinhibition and associated oxidative damage (Zavafer
& Mancilla 2021). For example, in response to high tem-
peratures and irradiance, damage and reduction in D1
proteins of photosystem II and disruptions to the Calvin
cycle have both been suggested as contributors to coral
bleaching (Douglas 2003). The biochemical pathways of
photoinhibition in symbiotic algae are a prominent gap
in understanding how high irradiance may contribute to
bleaching. In terms of physical mechanisms, the optical
microhabitat (discussed earlier in this review) may play
a role in exacerbating the effect of excess light. Due to
the efficacy of the skeletal light-redistribution proper-
ties and the importance of host coral tissue in attenuat-
ing incident light, bleaching leads to far greater algal
light exposure on bleached corals (Marcelino et al. 2013;
Swain et al. 2018; Wangpraseurt et al. 2017). This effect
creates a positive feedback loop where algal symbionts
that survive initial bleaching events are at greater risk
from photoinhibition, thereby worsening the bleaching.
Research indicates that the optical feedback response
differs by host morphology; tissue thickness contributes
some resistance due to the presence of photoprotected
microniches (Wangpraseurt et al. 2017). Additionally,
corals with skeletal structures that are more efficient at
redistributing light are predictably more at risk from the
optical feedback loop (Marcelino et al. 2013). Further
research in the optical microhabitat and potentially other
physical mechanisms involved in irradiance would aid
in understanding the contribution of light stress to coral
bleaching and mortality.

3.2 Salinity

Corals are osmoconformers, a group of organisms that
maintain their internal fluids isotonic in relation to the
environment (Aguilar et al. 2019). As such, they are sus-
ceptible to the osmolarity of the environment. Ocean
salinity is influenced by the global water cycle, includ-
ing seasonal changes (Durack et al. 2012; Stammer et al.
2021).

Low salinity is cited as another cause of coral bleach-
ing, especially when combined with other factors such as
high temperatures (Glynn 1991; Kerswell & Jones 2003;
Kongjandtre et al. 2021). Despite its prevalence as a fac-
tor in coral bleaching, the exact mechanism by which
salinity-associated bleaching could benefit from further
study. Salinity-related bleaching likely involves damage to
the chloroplast membrane (Downs et al. 2013), which is
correlated with impairment of photosynthesis and sub-
sequent expulsion (Jones et al. 1999; Kerswell & Jones
2003). Several other coral pathomorphologies are associ-
ated with hyposalinity, including host cell tissue swelling
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and death, loss of Symbiodiniaceae symbionts, decreased
symbiont photosynthetic efficiency, disruption of detoxi-
fication and endocrine pathways, and increased oxidative
stress in both symbionts (Downs et al. 2009b).

Conversely, other studies have found that high salin-
ity conferred thermotolerance in corals and coral mod-
els such as Aiptasia spp. (Chen et al. 2023; Gegner et al.
2017; Randle et al. 2020). Although the exact mechanism
of thermotolerance is poorly understood, it is hypothe-
sized that floridoside plays a role. Floridoside is produced
by both coral hosts and algal symbionts in response to
high saline conditions. It has a dual role, acting both as
an osmolyte and an antioxidant. The osmolytic prop-
erty is what likely plays a role in mitigating the bleach-
ing response (Ochsenkiihn et al. 2022). Other potential
explanations include the correlation between high salin-
ity and general stress resilience (Chen et al. 2023; Geg-
ner et al. 2017), as well as shifts in the coral microbiome,
including bacteria implicated in nitrogen cycling (Randle
et al. 2020).

Besides its mitigating effects on coral bleaching, high
salinity is correlated with short-term impairment (and
eventual acclimatization) of coral calcification and pho-
tosynthetic activity in Symbiodiniaceae. This impairment
is likely facilitated by changes to the coral microbiome
(Roethig et al. 2016). Once again, this highlights the need
for a better understanding of the microbiome and how it
influences holobiont resilience.

3.3 Pollution

The wide variety of different pollutants and their respec-
tive effects necessitates that this review focuses on a
select few pollutants associated with bleaching. The
effects of pollutants on coral bleaching vary greatly
depending on a number of factors, including exposure
length, type of pollutant, coral species, coral life stage,
and solubility of pollutant. Common routes of pollu-
tion include short-term acute events (e.g., oil spills) and
chronic events (e.g., terrestrial runoff). Pollutants known
to induce coral bleaching include certain metals, cyanide,
agricultural herbicides and pesticides, antifouling agents,
organochlorines, and oil hydrocarbons (van Dam et al.
2011). Table 2 outlines a list of common pollutants for
each category.

3.4 Ocean acidification

In addition to rising temperatures, ocean acidification
from climate change presents another serious threat to
marine ecosystems, particularly reef-building corals.
Ocean acidification primarily occurs via the uptake of
atmospheric CO, into the ocean. This leads to the lower-
ing of pH, increased levels of bicarbonate (HCO;™), and
decreased saturation states of carbonate (C032_). The
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latter of these effects can affect concentrations of calcium
carbonate (CaCO,) used in calcification (Leung et al
2022). Further research is necessary to better understand
the relationship between ocean acidification and bleach-
ing. One proposed mechanism relating ocean acidifica-
tion and bleaching suggests that a lack of CO, available to
the algal symbiont may reduce the consumption of ATP
and NADPH produced from the photosynthetic elec-
tron transport chain. This blocks the electron transport
chain, causing photoinhibition and accumulation of ROS
(Wooldridge 2009).

The effects of ocean acidification on coral-algal symbio-
sis vary according to several factors such as temperature,
light exposure, region, coral life stage/age, and coral/
Symbiodiniceae species (Bove et al. 2020; Jiang et al.
2022; Kornder et al. 2018). Different experimental mod-
els may have contradicting results, further complicating
the effects of acidification. For example, Albright (2018)
found that ocean acidification reduced coral calcifica-
tion rates due to the depletion of aragonite and carbonate
ions, and Anthony et al. (2008) found that UV radiation
in conjunction with acidification caused bleaching. In
contrast, Bove et al. (2020) found that regular calcifica-
tion rates were observed under both heat stress and
acidification conditions. Additionally, increased levels of
bicarbonate have been proposed to mitigate the damag-
ing effects of ROS, yet increased bicarbonate concentra-
tions may also act as a stressor in the absence of light and
thermal stress (Strohecker et al., 2020).

While not a definitive cause of coral bleaching, the
effects of acidification on the coral-algal holobiont and
coral reef calcification should not be overlooked. Acidi-
fication hampers coral reef resiliency and recovery
through impairment of reproduction, sequential life his-
tory stages, and calcification (Albright & Cooley 2019;
Cornwall et al. 2021; Hoegh-Guldberg et al. 2007).

3.5 Pathogenic infections

Pathogenic microorganisms are also correlated with coral
bleaching, usually in conjunction with elevated tem-
peratures and/or elevated light. Some examples include
Vibrio shiloi-induced bleaching in the coral Oculina
patagonica, Vibrio coralliilyticus-induced bleaching in
the coral Pocillopora damicornis, four Vibrio spp. which
cause Yellow blotch disease (a bleaching-related disease)
in Montastrea spp., and Vibrio fortis which infects the
corals Seriatopora guttatus and Pocillopora damicornis
(Kushmaro et al. 1996, 1997; Rosenberg & Falkovitz 2004;
Sun et al. 2023).

The mechanisms by which pathogens induce coral
bleaching vary. Consider the example of V. shiloi, which
induces bleaching in the coral O. patagonica found in the
Mediterranean Sea. V. shiloi adheres to a receptor present



Cecchini et al. Advanced Biotechnology

(2024) 2:42

Table 2 Common bleaching-related pollutants and their effects on the coral-zooxanthellae symbiosis
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Pollutant Category Common Routes of Pollution Common Effects Examples
Metals Agricultural and mining industries @ Potential incorporation into the coral skeleton and tissues (How-  Copper
Waste runoff ard & Brown 1984; Brown et al. 1991) Zinc
@ Uptake of metals in zooxanthellae and subsequent bleaching Arsenic
(Jones 1997) Cadmium
@ Inhibition of photosynthesis (Jones 2005) Mercury
@ Death of coral host (Jones 1997) Lead
Nickel
Aluminum
Manganese
Iron
Tin
Biocides Agriculture @ Inhibition of photosynthesis (Jones et al. 2003; Owen et al. 2003) Diuron
Antifouling agents @ Impairment of reproduction and larval metamorphosis (Markey Atrazine
etal. 2007) Irgarol 1051
Endosulfan
Chlorpyrifos
Profenofos

Sedimentation

Eutrophication

Dredging
lllegal fishing practices

Agriculture

@ Restricted solute exchange and/or reduced light transmission,
resulting in bleaching but not mortality (Duckworth et al. 2017)

@ Decreased net productivity, growth, calcification, and death

of coral (Rogers 1990)

@ The sediment smothering of corals was highly based on coral
morphology (Smothering was not observed in branching species),
which resulted in bleaching and partial mortality (Jones et al. 2019)
@ High sediment improved coral survivorship under high light/high-
temperature conditions (Anthony et al. 2007)

@ Increased severity of bleaching in elevated nitrogen levels (Dono-

Carbaryl permethrin

Fertilizers

Sewage runoff van et al. 2020)

@ tlevated nutrient levels, when combined with overfishing, can

Nitrogen-based:
ammonium, nitrate,

cause increased competition between coral and macroalgae, disrup-  nitrite

tions to the coral microbiome, increased susceptibility to bleaching

Phosphate

and disease, and mortality (Zaneveld et al.,, 2016)

Microplastics

etal, 2021)
Hydrocarbons Oil spills

Shipping

@ Minor species-dependent effect on thermal tolerance (Reichert

@ Polycyclic aromatic hydrocarbons (Often found in crude oil)
caused bleaching when in conjunction with UV radiation (Carmen

GuzmaN Martinez et al.,, 2007)
@ Crude oil reduces the fitness of zooxanthellae (MUller et al.,, 2021)

only in coral with a photosynthetically active endosymbi-
ont population. At elevated temperatures of 25 °C-30°C,
V. shiloi produces toxins that inhibit photosynthesis and
cause bleaching/lysis of algal cells. One of these toxins,
referred to as Toxin P, binds to algal cell membranes and
creates a channel that enables the transport of NH,, but
not NH, ™. This affects the pH gradient of the thylakoid
membrane and thereby inhibits photosynthesis, poten-
tially triggering bleaching (Banin et al. 2001a, 2001b;
Rosenberg & Falkovitz 2004). V. shiloi also produces
the virulence factor superoxide dismutase (SOD) at ele-
vated temperatures of 30 °C, which serves to protect V.
shiloi from oxidative stress caused by heightened pho-
tosynthetic activity (Banin et al. 2003; Rosenberg et al.
2009). V. shiloi activity depends greatly on temperature;
they are active in the summer when temperatures in the
Mediterranean Sea range from 25-30 °C, but not during

winter when temperatures drop to 16—20 °C. As such,
rising global temperatures may induce pathogen-related
bleaching events even in thermotolerant corals (Sussman
et al. 2003). V. shiloi cannot survive in O. patagonica tis-
sues in winter temperatures. Additionally, O. patagonica
seems to have developed a degree of resistance to V. shiloi
sometime between 2002 and 2004, as evidenced by the
inability to detect V. shiloi in healthy and bleached corals
(Reshef et al. 2006; Rosenberg et al. 2009).

4 Ongoing strategies to address coral loss

As anthropogenic global climate change shows no signs
of slowing, conservation efforts must adopt a multi-fac-
eted approach toward mitigating the losses of corals and
building a more resilient ecosystem. Strategies adopted
to combat coral loss can be broadly described in two cat-
egories: restoration and assisted evolution. Restoration
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practices focus on mitigating and repairing damages to
coral ecosystems while preserving key species of corals.
For simplicity in this review, environmental interven-
tions, coral transplantation/gardening, and larval propa-
gation fall under restoration strategies. Assisted evolution
addresses the concern of a permanently changed ocean
environment and seeks to create a coral reef ecosys-
tem that can withstand increasingly adverse conditions.
This section primarily discusses selective breeding and
assisted gene flow, but emerging frontiers in biotechnol-
ogy are also explored. Several methods employ a combi-
nation of restoration and assisted evolution to revitalize
and improve the overall health of coral reefs. However,
coral loss intervention strategies vary greatly; many more
examples exist within and beyond those discussed here.

4.1 Coral restoration: establishing a practical toolkit
Restoration projects focus on helping native corals estab-
lish and maintain colonies. As preserving reef ecosystems
is a pressing issue in many coastal communities, a wide
variety of coral restoration programs have been put in
place across the globe. These practices utilize a variety of
methods spanning from a whole-environment approach
down to the coral larvae and gametes. Studies in this sect
of coral research aim to inform ongoing and future resto-
ration programs on how to best improve coral survivor-
ship while reducing costs.

4.1.1 Environmental intervention

The dire need for action regarding coral loss cannot be
understated. In this respect, environmental intervention
strategies may be the most convenient tool available to
quickly deploy. Several types of intervention have been
proposed and, of these, some are already being imple-
mented; a select few discussed here illustrate the poten-
tial benefits of this kind of restoration work.

One of the simplest ways to help corals recover is to
improve their degraded habitats. The disappearance of
coral-dominated benthos often accompanies a phase shift
to macroalgae-dominated benthos as various anthropo-
genic factors allow the macroalgae to outcompete corals
(Ceccarelli et al. 2020; Hughes 1994; Jackson et al. 2014;
Randazzo-Eisemann et al. 2021). In addition to compet-
ing for space, macroalgae may exert some stress on coral
gametes and prevent the settlement of new corals (Cetz-
Navarro et al. 2015). Management strategies for macroal-
gal removal have, therefore, proved an effective tool for
promoting coral growth (Tanner 1995) and even improv-
ing the recruitment of new corals (Smith et al. 2022; Tan-
ner 1995). While working toward the ultimate goal of
mitigating anthropogenic factors, long-term implemen-
tations for macroalgae control should be investigated. A
promising strategy in this type of intervention is a form
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of biocontrol whereby native grazers such as urchins are
added to reefs to consume excess algae (Neilson et al.
2018). Strategies of this nature can be quickly imple-
mented for results (NOAA 2017).

A restoration tactic that has long been favored is the
use of artificial substrate for reefs. Artificial reefs have
been well documented in the scientific literature for the
past half century, but their use may date back far longer
than that (Schuhmacher, 1977; Stone et al. 1979. See
Hylekema et al., 2021 and Lee et al. 2018 for older exam-
ples). Historically, wrecks and tires were considered good
artificial reefs for their structural complexity, but this
is with minimal regard for the corals themselves. Tire
piles and wrecks were easy to implement and had posi-
tive effects on species abundance, largely with respect
to fish (although coral recruitment was seen, particu-
larly on metal surfaces) (Arena et al. 2007; Collins et al.
2002; Fowler and Booth 2012). Additional studies have
demonstrated the success of artificial substrate for coral
settlement (Burt et al. 2009; Clark and Edwards 1994).
Much research herein has been focused on testing differ-
ent materials for coral recruitment. Concrete, gabbro (a
type of coarse-grained igneous rock), and terra cotta have
been identified as good substrates to date (Al-Horani
and Khalaf 2013; Burt et al. 2009; Fitzhardinge and Bai-
ley-Brock 1989; Lam 2003). With the effective materials
identified and deployed, long-term studies for coral sur-
vivorship and overall ecosystem effects should be investi-
gated. Implementation of artificial reefs is documented as
far back as the 1970s in some instances, providing access
to peer-reviewed long-term data (Schuhmacher, 1977;
Stone et al. 1979). Additional research comparing artifi-
cial to natural reefs across time is needed to illuminate
the effects of artificial substrate on corals in situ and the
resulting changes to ecosystems as a whole.

The potential harmful effects of artificial substrate are
largely understudied. A 2021 meta-analysis of Caribbean
artificial reefs found that the benthic community of the
synthetic substrate differed from natural reefs, in some
cases including more non-indigenous species. The study
also highlighted the potential for artificial substrates to
introduce harmful chemicals and excess nutrients, such
as iron, into the ecosystem (Hylkema et al. 2021). This
is especially true in the case of tires which leach foul-
ing agents into the water (Aleksandrov et al. 2002; Col-
lins et al. 2002). Other long-term analyses of this nature
further illustrate the unforeseen effects of certain types
of artificial reefs on community assemblage (Monchanin
et al. 2021).

Another sect of artificial reefs includes biomimetic
structures, designed to mimic natural reef structures
(Evans et al., 2021; Lange et al. 2020; Maslov et al. 2024).
As discussed in the introduction, much of the diversity
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of coral reefs is due to great degrees of structural com-
plexity. With the loss of coral and the threat of algae
phase-shifts, biomimetic reefs may be helpful in miti-
gating biodiversity loss by mimicking this complexity
(see Levy et al. 2022 for more information). In a further
evolution of this field, researchers are also experimenting
with microenvironments that could replicate coral-algal
symbiosis. Although this research has yet to be scaled up,
3D bioprinting can be used to create coral polyp struc-
tures that can successfully host algal symbionts, thereby
replicating to some degree the microhabitat of the coral
reef (Wangpreseurt et al., 2022). On the whole, biomi-
metic environmental engineering could aid in prevent-
ing ecosystem collapse by preserving biodiversity while
coral restoration strategies catch up. Additionally, pro-
moting healthier reefs may have a positive effect on coral
recruitment, leading to the natural restoration of reefs
(coral recruitment is further discussed below). Much of
this research is still in the design phases; more research
is needed to evaluate the efficacy of biomimetic reefs.
However, interest in this field marks an important tran-
sition to more ecologically informed solutions to reef
restoration.

All strategies require long-term monitoring for proper
implementation, but it is particularly relevant in envi-
ronmental intervention strategies as there is an inher-
ent risk in manufacturing ecological change (Hylkema
et al. 2021). Great care should be taken to ensure that
implementation is 1.) effective and efficient and 2.) does
not lead to further unforeseen issues. While this review
focuses mainly on the coral-based research available, it’s
possible that other coastal management strategies in key
locations have an unexpected effect on coral reef ecol-
ogy. Long-term monitoring of such projects and their
resulting influence on corals should also be considered in
future studies.

4.1.2 Coral transplantation and coral gardening

A more direct approach to coral restoration is transplan-
tation, often used in conjunction with a concept known
as coral gardening. Coral gardening involves raising cor-
als in protected nurseries before transplanting them into
degraded reefs (Rinkevich 1995). Both asexual and sexual
recruits can be used in this strategy, but neither should
be the sole focus of restoration efforts. The two types
complement each other and both are necessary for the
most effective implementation. Asexual recruits farmed
from fragments have demonstrated the success of coral
gardening in a variety of protected in situ “nurseries”
(Dehnert et al. 2021; Guest et al. 2014; Shafir and Rink-
evich 2010). Coral colonies grown this way may ben-
efit from the relative cost and speed of implementation
but lack genetic diversity (Levy et al. 2010; Mbije et al.
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2013). To address this drawback, experiments on sexual
recruits have also shown relative success (Chamberland
et al. 2015; Guest et al. 2014; Miller et al. 2022; Pollock
et al. 2017). Corals raised from larvae or gametes pre-
serve genetic diversity, enhancing the overall population
fitness (e.g., Allentoft and O’Brien 2010; Markert et al.
2010). However, there are greater growth times and costs
necessary to rear corals in this way (dela Cruz and Harri-
son 2017; Guest et al. 2014). Additionally, transplantation
success depends on the age and size of coral fragments
reared from larvae. Young corals that spend longer in the
nursery and are larger at the time of transplantation have
significantly lower mortality rates (Guest et al. 2014).
Shorter nursery times may not provide as much of a ben-
efit beyond protected growth, particularly for slow-grow-
ing coral species (dela Cruz et al. 2015). In both sexual
and asexual recruits, protected nurseries serve as effi-
cient staging areas for coral transplantation, given their
effectiveness in augmenting coral growth. Successful
coral nursery operations can be scaled up to lower costs
and improve output efficiency. With ever-improving
methods, the coral gardening approach provides a cost-
effective and robust strategy to restore degraded reefs
(Rinkevich 2014).

Corals need not necessarily be reared in nurseries or
“gardens” to be transplanted, however. Colonies existing
in the environment may be relocated to improve their
survivability. Rodgers et al. (2017) found that relocation
to wave-protected areas from dredged sites allows cor-
als to recover and flourish. This also establishes new reefs
near the degraded ones in just a few years, thereby restor-
ing the local ecosystem. Advantages of direct transplan-
tation include lower costs and no rearing times. These
benefits may come at the cost of decreased survivorship,
as the direct comparison shows that fragmented corals
are more likely to survive transplantations when grown
in a coral nursery (dela Cruz et al. 2015). For a short-term
span of several years, transplantation projects have been
very successful and encouraging in their findings on coral
fitness (Barott, 2021; Rodgers et al. 2017). However, they
highlight the need for additional long-term monitoring of
transplanted reefs in terms of longevity, resilience to sto-
chastic events such as heat waves, and overall ecosystem
effects. Future long-term research would benefit greatly
from a standardized scoring system such as the one
developed by Suggett et al. (2019) to evaluate the success
of various transplantation strategies in the Great Barrier
Reef.

A related branch of research, not discussed in detail
here, is polyp bailout. Walton et al. (2024) show that
coral polyps can be induced with manipulations to salin-
ity and substrate to settle and grow into healthy micro-
propagates. These micropropagates can then be grown to
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transplant into reefs. The mechanics of polyp bailout are
outside the scope of this review, but it is highlighted here
for its relevance to coral restoration. Polyp bailout is an
understudied tactic in coral propagation that would ben-
efit from further investigation. For greater detail on this
phenomenon and its applications, refer to Schweisenberg
etal, 2021.

4.1.3 Larval propagation and settlement enhancement
Another avenue for restoration tactics focuses on the
coral in their larval stage. As this review does not discuss
the complexities of coral reproduction, the research con-
sidered in this section will focus on enhancing the sur-
vival and settlement of larval corals. The findings herein
can inform future research and restoration practices for
greater success in rearing coral from larvae.

Collecting coral gamete bundles as well as swim-
ming larvae allows researchers to increase the amount
of coral larvae available for settlement (dela Cruz and
Harrison 2020; Linden and Rinkevich 2011; Suzuki et al.
2020). Artificially enhanced larval supply directly onto
degraded reefs showed greater degrees of coral settle-
ment and survivorship after 3 years when compared to
natural plots (dela Cruz and Harrison 2017). Although it
may be tempting to add a high density of coral larvae to
improve settlement, studies have found that optimized
densities improve both larval survivorship (Pollock
et al. 2017) and settlement rates (Cameron & Harrison
2020). However, these findings may differ between spe-
cies as Doropoulos et al. (2017) found larval survival was
independent of density in Acropora millepora. Further-
more, the long-term survival of the young corals from
settlement onwards is dependent on how crowded the
substrate is. More densely settled substrates are associ-
ated with lower survivorship, likely because of increased
competition (Suzuki et al. 2012). Therefore, coral larvae
density needs to be optimized in practice using the best
available knowledge for the target species.

Many studies on coral larvae are concerned with
improving settlement on a variety of substrates. Larvae
will preferentially settle in protected nooks such as small
holes or crevices, presumably as protection from grazers
(Doropoulos et al. 2017; Nozawa 2008; Okamoto et al.
2005). Additionally, crustose coralline algae (CCA) has
long been identified as a preferred settlement site for
competent larvae (Abdul Wahab et al. 2023; Diaz-Pulido
et al. 2010; Heyward and Negri 1999; Morse et al. 1988).
Studies built on findings like these can shed further light
on the cues associated with larval settlement. For exam-
ple, Foster and Gilmour (2016) found that red-colored
tiles were preferentially settled when CCA sites were
occupied, indicating that the red color of CCA may be a
cue in the absence of other chemical cues. With further
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research on larval behavior, researchers can produce
increasingly effective artificial substrates and enhance
total coral larvae settlement. Though larval research is a
promising tactic for increasing coral recruitment, there
are many gaps in knowledge within the field. Miller et al.
(2022) found that while settlement was feasible for in situ
mesocosms, there were some occluding factors they
could not identify that led to some trials seeing no settle-
ment. Factors such as UV radiation (Aranda et al. 2011),
temperature (Edmunds et al. 2001), and even sound (Ver-
meij et al. 2010) influence the behavior of larval corals.
Acoustic enrichment, in particular, shows promise as a
restoration tactic. Boulais et al. (2023) demonstrate that
fish larval recruitment is 23 times higher when healthy
reef sounds are played; these early findings indicate simi-
lar positive effects on coral larvae. The hidden complexi-
ties driving larval settlement are a gap in knowledge that
could help advance the practical applications of larval
research.

4.1.4 Interconnections of restoration strategies

The subcategories of coral restoration are not mutu-
ally exclusive; the findings within each category can be
applied elsewhere for greater overall success. Coral gar-
dening and larval propagation exist as independent strat-
egies, but there is a distinct synergy between them. The
relative success of sexually reared coral colonies is dis-
cussed in the coral gardening section; research that pro-
motes larval survival and settlement allows for greater
numbers of coral to be produced in this way, thereby
increasing the overall nursery efficiency (dela Cruz and
Harrison, 2020; Suzuki et al. 2020; Pollock et al. 2017).
For in situ nurseries, there was an initially unexpected
benefit of creating protected breeding populations capa-
ble of supplying the nearby environment with viable
larvae (Amar and Rinkevich 2007; Shafir and Rinkevich
2010). Additionally, outplanted nursery corals contrib-
uted more to the larval pool than their native counter-
parts, perhaps due in part to increased fitness at the time
of maturity (Horoszowski-Fridman et al. 2011). Long-
term monitoring shows that this increased larval supply
persists for several years after transplantation, indicating
the presence of other hidden benefits from the nursery
phase (Horoszowski-Fridman et al. 2020). While there is
a gap in the literature about what could cause this obser-
vation, it highlights yet another synergistic interaction
between coral nurseries and larval propagation.

There is also the possibility of using larval research
applications in environmental intervention. For example,
larval research often occurs on artificial substrates out of
necessity, but the findings of these studies provide insight
into the best practices for enhancing the natural environ-
ment. Artificial substrate additions should consider what
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kinds of properties, such as the red color Foster and Gil-
more (2016) identified, induce greater degrees of coral
larvae settlement. Supplying greater amounts of larvae
onto degraded reefs has already proved successful, as dis-
cussed in the previous section (dela Cruz and Harrison,
2017). Coral larvae could likely be manipulated to settle
in degraded areas without the need for artificial larvae
supply as well. In algae-dominated environments, provid-
ing appropriate preferred substrates like highly rugose
blocks (e.g., Nozawa 2008) could allow natural settlement
and growth to occur where it previously did not. Addi-
tionally, further research on the behavior of swimming
larvae could aid natural recruitment. Coral larvae can
be induced to swim toward certain environmental cues,
such as healthy reef sounds (Boulais et al. 2023; Vermeij
et al. 2010). From both reef sounds and preferrable settle-
ment areas, increasingly biomimetic artificial reefs could
also aid the recruitment of coral larvae. In degraded envi-
ronments near spawning populations, these kinds of cues
can be implemented to passively influence the natural
recovery of reefs.

4.2 Assisted evolution: engineering the seeds of change

Reefs as a whole are able to independently evolve toler-
ance to adverse conditions, with some predicted as likely
to survive even in warmer global temperatures. How-
ever, many more will be lost as temperatures rise (Matz
et al. 2020). With strategies for restoration and manage-
ment ongoing, it is important to look towards the future
of coral conservation. More innovative coral research is
in the early stages with the ultimate goal of understand-
ing and manipulating the coral holobiont. Topics such
as selective breeding, assisted gene flow, and gene edit-
ing fall under this umbrella of assisted evolution. Much
of the research in this category has been with regard to
projected temperature increases, although it is important
to note that bleaching and subsequent coral death have
many causes outside of temperature (as discussed in this
review). Due to the lack of research in assisted evolu-
tion on other stressors, this section will specifically detail
experiments conducted to enhance thermal tolerance.

4.2.1 Selective breeding

Heat-tolerant coral populations are being identified
in many reefs worldwide (Lachs et al. 2023). Although
the precise mechanisms for this observation need bet-
ter characterization, it is clear that a combination of
adaptation and acclimatization has allowed these cor-
als to independently express heat tolerance (Palumbi
et al. 2014). However, further intervention is needed
to ensure the survival of reef ecosystems. One such
intervention, selective breeding, identifies and pro-
duces heat-tolerant corals at a greater rate than natural
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selection. Selective breeding expedites the creation of
thermally tolerant, stable coral populations.

In a recent study, researchers selected wild coral colo-
nies to sexually propagate based on their thermal tol-
erance. An experimental warming period was used to
check the potential parent colonies for heat tolerance,
with a range of individuals’ gametes crossbred and
reared from larvae (Humanes et al. 2021). As this kind
of research is in its early stages, this study serves as a
proof-of-concept for the utility of selective breeding as
well as the challenges to anticipate in the future. In a
further proof of principle, Humanes et al. (2024) show
that adult coral heat tolerance is heritable. However,
they find that short-term heat tolerance traits do not
necessarily translate to long-term tolerance (Humanes
et al. 2024). This indicates the need for both long-term
studies that model marine heatwaves as well as a bet-
ter understanding of the genetic mechanisms underly-
ing thermal tolerance. Although true selective breeding
would require long-term experimental conditions and
many generations of corals, early results on select-
ing for thermal tolerance are promising. Barrot et al.
(2021) found that transplanted corals that were selected
for their bleaching resistance did not lose fitness when
relocated and maintained their response to heat stress.
This again demonstrates the feasibility of selective
breeding in coral conservation.

Phenotypic plasticity (and, therefore, the likelihood
of surviving in high temperatures) comes from a range
of contributing factors in corals. In at least one species
(Montipora capitata), genetics did not account for much
of the phenotypic difference between bleaching and non-
bleaching corals; the researchers indicated that symbi-
otic relationships play a greater role in holobiont fitness
(Drury et al. 2022a, 2022b). Furthermore, one study
found that different symbionts were associated with up
to 14% of differentiated gene expression in the host, sug-
gesting that symbionts are directly involved in host gene
regulation (Cunning and Baker 2020). The particular
interactions of host genetics and symbiont on phenotypic
plasticity also merit further investigation to elucidate
the factors responsible for heat stress responses. Some
research has already been completed in this respect:
Quigley et al. (2020b) tested crossbred juvenile coral with
three different Symbiodiniceae species to determine how
host genetics and associated symbionts contribute to
thermal tolerance. The findings indicated that while sym-
biont species explained most of the bleaching response,
certain genotypes from warmer reefs had greater com-
parative growth and survival rates (Quigley et al. 2020b).
Further research on the interactions requires a bet-
ter understanding of both host and symbiont genetic
expression.
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To this end, Symbiodiniceae projects are underway in
parallel with the holobiont selective breeding research.
In one study, researchers successfully raised the thermal
tolerance of Symbiodiniceae over the course of 2.5 years.
The selectively bred cells showed greater photosynthetic
activity and had less extracellular ROS than wild-type
cells at 31 °C. However, the cells’ increased thermal tol-
erance provided no significant benefits when introduced
to growing coral fragments (Chakravarti et al. 2017). A
similar study with 4 years of selective breeding on the
symbionts corroborates the in vitro increase in thermal
tolerance as well as a lack of consistently proportional
benefit when inoculated to coral hosts. However, three
of the heat-evolved strains (out of a possible 10) con-
ferred thermal tolerance to their hosts; gene expression
analysis on both host and symbiont identified highly
differentiated expression for both (Buerger et al. 2020).
The findings of these two studies indicate the feasibility
of selectively breeding Symbiodiniceae for thermal tol-
erance, but again highlight the need for a better under-
standing of the factors influencing the complex symbiotic
relationship.

4.2.2 Assisted gene flow

There is no guarantee that locally adapted benefits in
coral populations can confer fitness to other popula-
tions. In fact, it would take far too long for these “well-
adapted” individuals to spread to distant reefs (Quigley
et al. 2019). In the meantime, loss of genetic diversity
will afflict coral populations regardless of fitness (source
if can find). Researchers have attempted to combat these
impairments by facilitating the interbreeding of popula-
tions that would be unlikely to breed otherwise. Termed
assisted gene flow (AGF), this manipulation is one way
to prepare coral reef ecosystems for less hospitable
conditions.

By crossing individuals from populations with differ-
ent microclimates, researchers were able to produce a
variety of traits representing a spectrum of coral fitness.
Although purebred crosses had higher survivorship,
some hybrids had other traits (such as decreased time
to reproductive maturity) that demonstrated fitness in
their new environments (Quigley et al. 2021). AGF can
thereby augment local coral populations with traits from
distant populations. To this end, selective breeding can
also successfully increase the genetic variation of coral
populations (Quigley et al. 2020a). This improves the
likelihood that some individuals have traits to adapt to
changing environments, further benefiting coral popula-
tion survival.

One further possibility for AGF is the interspe-
cific hybridization of two closely related coral spe-
cies. Evidence suggests that Acropora hybrids could
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reproductively persist in the wild (Isomura et al. 2016).
Furthermore, Banaszak et al. (2018) achieved interspe-
cific hybridization with Acropora corals and showed that
the hybrid offspring did not suffer from a loss of fitness.
The specific value of this kind of hybridization has yet to
be understood, but it is clear that this is a feasible way
to increase genetic diversity in coral populations. AGF by
hybridization would benefit from more research in situ
on fitness and long-term (multigenerational) monitoring
of hybrid offspring.

4.2.3 Biotechnology innovations

Various other solutions seek to aid in engineering corals
through means other than those listed above. This sec-
tion seeks to highlight a few of the innovative projects
that work outside of the boundaries of restoration and
delve into more potentially powerful (though understud-
ied and perhaps uncertain) means of protecting coral
reefs. Although not all of the examples below fit the
description of assisted evolution, they are categorized
here because, like assisted evolution, the nature of these
projects involves fundamentally changing the coral holo-
biont itself. The aim of this is similar to that of selective
breeding or AGF: creating more rapidly deployed solu-
tions to coral bleaching. Though many more projects
exist under the broad umbrella of biotechnology, those
selected here are chosen for their applicability and prom-
ising early results.

One potentiality for quickly conferring fitness is
microbiome manipulation. As discussed previously, cor-
als are closely linked to a host of microbes that affect
their fitness. Although microbiome manipulation is as-
yet underexplored, early findings show positive results
towards both resistance and resilience to bleaching.
When corals were inoculated with microorganisms that
had been screened for beneficial effects, they were more
resistant to bleaching (Rosado et al., 2018). Addition-
ally, Santoro et al. (2021) found that artificially enhanc-
ing the coral microbiome with select beneficial microbes
helps the host survive post-bleaching by downregulat-
ing genes involved in post-heat stress disorder. However,
they were unable to detect the added microbes at the end
of the 15-day recovery period, indicating dynamic inter-
actions with the host during stress recovery. This again
demonstrates the need for research in coral host-microbe
interactions. Greater availability of such information
would enhance the potential to create microbiomes that
aid in coral tolerance. In addition, long-term studies are
needed to understand how manipulating the microbiome
affects both the coral and the environment. A potential
strategy that has been understudied for coral algae is the
experimental mutagenesis of Symbiodiniceae cells to
produce more heat-resistant strains. Gornik et al. (2022)
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demonstrate that Symbiodiniceae species Breviolum
minutum can be transformed with exogenous genes. This
study serves as a proof-of-concept for further research on
bioengineering Symbiodiniceae, particularly as genomes
become better characterized from ongoing genetic
research. An analogous research project on symbiotic
algae in a freshwater hydra showed that experimentally
mutated symbionts were able to confer UV-B resistance
to their hosts (Ye et al. 2020). Although this is not directly
related to coral, the findings of this study are promising
in terms of the feasibility of this strategy for the coral
holobiont.

Various other advancements in biotechnology seek
to provide multifaceted solutions to coral preservation
by targeting areas of need. Some research here seeks to
create long-term cultures of single coral polyps or coral
cell lines to simplify in vitro study and experimenta-
tion (Nowotny et al,, 2021; Pang et al. 2020; Rosental
et al. 2017; Shapiro et al. 2016). Other experiments pro-
vide more accurate methods of assessing in vivo cellular
dynamics, such as O, flux, using nanoparticle technol-
ogy (Fabricius-Dyg et al., 2012; Koren et al., 2016; Kiihl
et al. 2024). These examples are more about the benefit
of coral research on the whole rather than the immediate
applicability of rescuing corals, but there are innovative
projects focused on the bleaching threat as well. Nano-
particle treatments engineered to reduce excess ROS
from heat stress can improve both coral and algal survi-
vorship (Motone et al 2018; Rogers et al. 2022). In a com-
bination of both strategies discussed in the previous two
paragraphs, there is also the possibility of engineering a
microbiome specifically evolved for thermal tolerance
(Maire and Van Oppen, 2022). Much of biotechnology
engineering for coral solutions is still in the early stages,
but there are many potential applications of emerging
research here (see Roger et al. 2023 for more informa-
tion). Innovation and new frontiers in coral science are
increasingly necessary as the bleaching threat worsens.

4.3 Integration of the major strategies

Restoration and assisted evolution tactics are not mutu-
ally exclusive. The intention has always been to apply
assisted evolution outcomes and restoration techniques
in conjunction to promote the growth and preservation
of coral reefs. As of right now, many of the assisted evo-
lution strategies are in experimental phases. However,
some studies have shown success in the integration of the
two methods.

4.3.1 Integration of multiple approaches

One study shows that 8 months of coral acclimatiza-
tion in the favorable conditions of a coral garden, while
associated with some drops in thermal tolerance, still
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retained traits of heat resistance overall (Morikawa and
Palumbi 2019). Selectively bred populations benefit
from coral garden optimization and can be conveniently
reared in these kinds of nurseries for future outplant-
ing. Humanes et al. (2021) showed that a longer nursery
phase for selectively crossbred corals conferred various
benefits to fitness, improving the likelihood of the young
corals surviving outplanting. With the relative success of
selectively bred sexual recruits, future research can ben-
efit immensely from improvements to larval propagation
methods as well as coral gardening advancements. Addi-
tionally, evidence suggests that transplanted corals show
no loss of heat-adaptive traits when relocated (Barott
etal. 2021). It is important to preserve genetic diversity in
assisted evolution strategies to prevent bottlenecking and
reducing the fitness of coral populations as well; coral
nurseries were unexpectedly able to help with this by
being somewhat protected. During one stochastic cold-
water event, many coral colonies that were killed in the
reef had surviving fragments in a pre-established nurs-
ery, thereby preserving those genotypes and the genetic
diversity in populations (Schopmeyer et al. 2012). For the
AGF branch of assisted evolution to be effective, many
diverse populations need to be available. Restorative pro-
tection of reefs ensures that those genetic nuances are
not lost in the meantime.

Assisted evolution can reciprocate a benefit to restora-
tion-based strategies as well: the data supplied by assisted
evolution experiments can provide insight into restora-
tion practices. A necessary step in the assisted evolution
of the coral holobiont is genetic characterization; much
of the genetic work being done on corals focuses on iden-
tifying factors responsible for heat tolerance so that the
mechanisms behind it can be understood and manipu-
lated. These data can inform outplanting efforts regarding
the relative likelihood of survival for transplanted corals
and thereby increase restoration efficiency (Drury and
Lirman 2021; Fuller et al. 2020). Even if the widespread
application of assisted evolution is not adopted, there are
practical uses for this kind of research in restoration. The
strategies and their interactions are summarized in Fig. 4.

4.3.2 Challenges of integration

As restoration methods are well-established and widely
implemented, many encourage a focus on the expan-
sion of these strategies for greater efficiency (e.g., Vardi
et al. 2021). Conversely, advocates for the importance
of assisted evolution point out that corals need to sur-
vive bleaching events in order to contribute to future
reef ecosystems, a consequence that wholesale res-
toration does not address (Caruso et al. 2021). The
critical necessity of ongoing restoration work should
not be trivialized. However, experimental avenues of
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coral research need to be given proper attention as
well. Assisted evolution may be in the early stages and
largely not feasible for deployment, but some early
adopters are already employing the strategies success-
fully (e.g., assisted gene flow; see Caruso et al. 2021 in
conjunction with ‘How do We Restore Corals?;, n.d.).
Long-term monitoring of these strategies will be espe-
cially important to evaluate both the success of imple-
mentation and the potential drawbacks. A common
drawback (and therefore criticism) in selective breed-
ing is the trade-offs that occur when selecting for heat
tolerance. For example, corals with higher thermal tol-
erance tend to suffer lower growth rates as a result (e.g.,
Cornwell et al. 2021; Jones and Berkelmans 2011; Ladd
et al. 2017; Matsuda et al. 2023). And yet improving
genetic diversity within native populations potentially
mitigates trade-offs—this is an instance where AGF
would be beneficial.

It is worth noting as well that human interventions
like assisted evolution have ethical concerns attached
to them (Filbee-Dexter and Smajdor 2019). Although
these concerns merit discussion, the ethical impli-
cations of artificial selection are beyond the scope
of this review. With due consideration and aware-
ness, advances in coral-assisted evolution can greatly
improve the capacity for restoration while being proac-
tive about climate concerns.

5 Conclusions

In either gradual temperature rise (such as in anthro-
pogenic climate change), or sporadic temperature fluc-
tuations (such as those caused by the El Nifio and La
Nina climate patterns), coral bleaching is an imminent
and looming threat. Coral biology encompasses fields
ranging from molecular mechanisms of photoinhibi-
tion and oxidative damage, to the complex interactions
of coral hosts, algal symbionts, and other associated
microorganisms. Given the complexity of the coral-
Symbiodiniaceae symbiosis, and the coral holobiont in
general, coral bleaching likewise involves diverse stress-
ors and mechanisms. Understanding these mechanisms
is of paramount importance in order to best implement
coral conservation, restoration, and related bioengi-
neering practices.

Coral reefs, along with their numerous benefits, are
at great risk from anthropogenic climate change. This
review is meant to serve as an overview of the work done
concerning corals and their importance in the face of cli-
mate change. While not exhaustive, the information cited
here elucidates the variety of branching fields in coral
research and highlights areas of limited understanding.
Investigation into the mechanisms of coral bleaching and
their various causes continues even as new strategies for
management are proposed. However, even with ever-
greater insights on coral holobiont biology, no amount
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of well-informed management strategies can mitigate the
need for decisive climate change action.

Acknowledgements
We thank Skye Inn (UROP, UHM) and the Coral Resilience Lab, HIMB, UHM, for
their help with this paper.

Ethics statement for the use of human and animal subjects
Not applicable.

Author’s contributions

Z.D. developed the idea and outline of the article. PB, T.N,, and E.S. wrote

the manuscript. PB. and Z.D. made the figures and critically revised the
manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding

The work is supported by UHM UROP-Undergraduate Research Opportunities
Program, USDA-NIFA HATCH project HAW05047-H, State of Hawaii Depart-
ment of Agriculture, Center for Tropical and Subtropical Aquaculture through
Grant No. 2020-38500-32559 and 2022-38500-38099 from the U.S. Depart-
ment of Agriculture National Institute of Food and Agriculture.

Data availability
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication

The work described has not been published before and is not under con-
sideration for publication elsewhere. All co-authors have approved the final
version.

Competing interests

Author Z.D. is a member of the Editorial Board for Advanced Biotechnology,
and the author is not involved in the journal’s review and decisions related to
this manuscript.

Received: 13 September 2024 Revised: 10 November 2024 Accepted: 11
November 2024
Published online: 22 November 2024

References

Abdul Wahab MA, Ferguson S, Snekkevik VK, McCutchan G, Jeong S, Severati A,
Randall CJ, Negri AP, Diaz-Pulido G. Hierarchical settlement behaviours
of coral larvae to common coralline algae. Sci Rep. 2023;13:5795.
https://doi.org/10.1038/541598-023-32676-4.

Adir N, Zer H, Shochat S, Ohad I. Photoinhibition - a historical perspective.
Photosynth Res. 2003;76(1-3):343-70. https://doi.org/10.1023/A:10249
69518145.

Aguilar C, Raina J-B, Foret S, Hayward DC, Lapeyre B, Bourne DG, Miller DJ.
Transcriptomic analysis reveals protein homeostasis breakdown in the
coral Acropora millepora during hypo-saline stress. BMC Genomics.
2019;20:1-13.

Ainsworth TD, Brown BE. Coral bleaching. Curr Biol. 2021;31:R5-6. https://doi.
0rg/10.1016/j.cub.2020.10.048.

Ainsworth TD, Gates RD. Corals'microbial sentinels. Science. 2016;352:1518-
1510. https://doi.org/10.1002/2015GL067189.

Albert JA, Olds AD, Albert S, Cruz-Trinidad A, Schwarz A-M. Reaping the reef:
Provisioning services from coral reefs in Solomon Islands. Mar Policy.
2015;62:244-51. https://doi.org/10.1016/j.marpol.2015.09.023.

Page 19 of 27

Albright R, Cooley S. A review of interventions proposed to abate impacts of
ocean acidification on coral reefs. Regional Studies in Marine Science.
2019;29:100612-100612. https://doi.org/10.1016/j.rsma.2019.100612.

Albright, R, 2018. Ocean Acidification and Coral Bleaching, in: van Oppen,
M.JH. Lough, JM. (Eds.), Coral Bleaching: Patterns, Processes, Causes
and Consequences. Springer International Publishing, Cham, pp.
295-323. https://doi.org/10.1007/978-3-319-75393-5_12

Aleksandrov BG, Minicheva GG, Strikalenko TV. Ecological Aspects of Artificial
Reef Construction Using Scrap Tires. Russ J Mar Biol. 2002;28:120-6.
https://doi.org/10.1023/A:1015396512150.

Al-Horani FA, Khalaf MA. Developing artificial reefs for the mitigation of
man-made coral reef damages in the Gulf of Agaba, Red Sea: coral
recruitment after 3.5 years of deployment. Mar Biol Res. 2013;9:749-57.
https://doi.org/10.1080/17451000.2013.765582.

Allentoft M, O'Brien J. Global Amphibian Declines, Loss of Genetic Diversity
and Fitness: A Review. Diversity. 2010;2:47-71. https://doi.org/10.3390/
d2010047.

Amar KO, Rinkevich B. A floating mid-water coral nursery as larval dispersion
hub: testing an idea. Mar Biol. 2007;151:713-8. https://doi.org/10.1007/
500227-006-0512-0.

Anthony KRN, Connolly SR, Hoegh-Guldberg O. Bleaching, energetics, and
coral mortality risk: Effects of temperature, light, and sediment regime.
Limnol Oceanogr. 2007;52:716-26.

Anthony KRN, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Guldberg O. Ocean
acidification causes bleaching and productivity loss in coral reef build-
ers Proceedings of the National Academy of Sciences. 2008;105:45
17442-17446. https://doi.org/10.1073/pnas.0804478105.

Aranda M, Banaszak AT, Bayer T, Luyten JR, Medina M, Voolstra CR. Differential
sensitivity of coral larvae to natural levels of ultraviolet radiation during
the onset of larval competence. Mol Ecol. 2011;20:2955-72. https://doi.
org/10.1111/j.1365-294X.2011.05153 x.

Arena, PT,, Jordan, LK.B,, Spieler, R.E, 2007. Fish assemblages on sunken vessels
and natural reefs in southeast Florida, USA. Biodiversity in Enclosed Seas
and Artificial Marine Habitats. Developments in Hydrobiology 157-171.
https://doi.org/10.1007/978-1-4020-6156-1_14

Ateweberhan M, Feary DA, Keshavmurthy S, Chen A, Schleyer MH, Shep-
pard CRC. Climate change impacts on coral reefs: Synergies with local
effects, possibilities for acclimation, and management implications. Mar
Pollut Bull. 2013;74:526-39. https://doi.org/10.1016/j.marpolbul.2013.
06.011.

Banaszak, AT, Guest, J.R, Pernice, M., Yan Chan, W,, Peplow, L M., Menéndez,

P, Hoffmann, A.AA, H van Oppen, M.J, 2018. Interspecific Hybridization
May Provide Novel Opportunities for Coral Reef Restoration. Frontiers
in Marine Science | www.frontiersin.org 1, 160. https://doi.org/10.3389/
fmars.2018.00160

Banin E, Israely T, Fine M, Loya Y, Rosenberg E. Role of endosymbiotic zoox-
anthellae and coral mucus in the adhesion of the coral-bleaching
pathogen Vibrio shiloi to its host. FEMS Microbiol Lett. 2001a;199:33-7.
https://doi.org/10.1111/).1574-6968.2001.tb 10647 .

Banin E, Khare SK, Naider F, Rosenberg E. Proline-rich peptide from the coral
pathogen Vibrio shiloi that inhibits photosynthesis of zooxanthellae.
Appl Environ Microbiol. 2001b;67:1536-41.

Banin E, Vassilakos D, Orr E, Martinez RJ, Rosenberg E. Superoxide Dismutase
Is a Virulence Factor Produced by the Coral Bleaching Pathogen
Vibrio shiloi. Curr Microbiol. 2003;46:418-22. https://doi.org/10.1007/
500284-002-3912-5.

Barott, KL, Huffmyer, AS, Davidson, JM, Lenz, E.A, Matsuda, S.B., Hancock,
JR., Innis, T, Drury, C, Putnam, H.M,, Gates, R.D,, 2021. Coral bleaching
response is unaltered following acclimatization to reefs with distinct
environmental conditions. Proceedings of the National Academy of
Sciences 118. https://doi.org/10.1073/pnas.2025435118

Barreto MM, Ziegler M, Venn A, Tambutté E, Zoccola D, Tambutté S, Allemand
D, Antony CP, Voolstra CR, Aranda M. Effects of ocean acidification on
resident and active microbial communities of Stylophora pistillata.
Front Microbiol. 2021;12:707674-707674.

Bates NR. Seasonal variability of the effect of coral reefs on seawater CO2 and
air—sea CO2 exchange. Limnol Oceanogr. 2002;47:43-52. https://doi.
0rg/10.4319/10.2002.47.1.0043.

Beck MW, Losada IJ, Menéndez P, Reguero BG, Diaz-Simal P, Ferndndez F. The
global flood protection savings provided by coral reefs. Nat Com-
mun. 2018;9:2186. https://doi.org/10.1038/s41467-018-04568-z.


https://doi.org/10.1038/s41598-023-32676-4
https://doi.org/10.1023/A:1024969518145
https://doi.org/10.1023/A:1024969518145
https://doi.org/10.1016/j.cub.2020.10.048
https://doi.org/10.1016/j.cub.2020.10.048
https://doi.org/10.1002/2015GL067189
https://doi.org/10.1016/j.marpol.2015.09.023
https://doi.org/10.1016/j.rsma.2019.100612
https://doi.org/10.1007/978-3-319-75393-5_12
https://doi.org/10.1023/A:1015396512150
https://doi.org/10.1080/17451000.2013.765582
https://doi.org/10.3390/d2010047
https://doi.org/10.3390/d2010047
https://doi.org/10.1007/s00227-006-0512-0
https://doi.org/10.1007/s00227-006-0512-0
https://doi.org/10.1073/pnas.0804478105
https://doi.org/10.1111/j.1365-294X.2011.05153.x
https://doi.org/10.1111/j.1365-294X.2011.05153.x
https://doi.org/10.1007/978-1-4020-6156-1_14
https://doi.org/10.1016/j.marpolbul.2013.06.011
https://doi.org/10.1016/j.marpolbul.2013.06.011
http://www.frontiersin.org
https://doi.org/10.3389/fmars.2018.00160
https://doi.org/10.3389/fmars.2018.00160
https://doi.org/10.1111/j.1574-6968.2001.tb10647.x
https://doi.org/10.1007/s00284-002-3912-5
https://doi.org/10.1007/s00284-002-3912-5
https://doi.org/10.1073/pnas.2025435118
https://doi.org/10.4319/lo.2002.47.1.0043
https://doi.org/10.4319/lo.2002.47.1.0043
https://doi.org/10.1038/s41467-018-04568-z

Cecchini et al. Advanced Biotechnology (2024) 2:42

Bell JD, Cisneros-Montemayor A, Hanich Q, Johnson JE, Lehodey P, Moore
BR, Pratchett MS, Reygondeau G, Senina |, Virdin J, Wabnitz CCC.
Adaptations to maintain the contributions of small-scale fisheries
to food security in the Pacific Islands. Mar Policy. 2018;88:303-14.
https://doi.org/10.1016/j.marpol.2017.05.019.

Berkelmans R, Van Oppen MJH. The role of zooxanthellae in the thermal
tolerance of corals: a‘'nugget of hope'for coral reefs in an era of cli-
mate change. Proceedings of the Royal Society b: Biological Sciences.
2006;273:2305-12.

Bessell-Browne P, Negri AP, Fisher R, Clode PL, Jones R. Cumulative impacts:
thermally bleached corals have reduced capacity to clear deposited
sediment. Sci Rep. 2017,7:2716-2716.

Bhatt M, Pandey SS, Tiwari AK, Tiwari BS. Plastid-mediated singlet oxygen in
regulated cell death. Plant Biol. 2021;23:686-94. https://doi.org/10.
1111/plb.13260.

Bieri T, Onishi M, Xiang T, Grossman AR, Pringle JR. Relative Contributions
of Various Cellular Mechanisms to Loss of Algae during Cnidarian
Bleaching. PLoS ONE. 2016;11:0152693.

Birkeland, C., 1988. Geographic Comparisons of Coral-Reef Community Pro-
cesses, Proceedings of the 6th International Coral Reef Symposium.

Blackstone NW. Reactive Oxygen Species Signaling Pathways: Arbiters of
Evolutionary Conflict? Oxygen. 2022;2:269-85.

Boaden AE, Kingsford MJ. Predators drive community structure in coral reef
fish assemblages. Ecosphere. 2015;6:1-33. https://doi.org/10.1890/
ES14-00292.1.

Bostrom-Einarsson L, Bonin MC, Munday PL, Jones GP. Strong intraspecific
competition and habitat selectivity influence abundance of a coral-
dwelling damselfish. J Exp Mar Biol Ecol. 2013;448:85-92. https://doi.
org/10.1016/j.jembe.2013.06.017.

Boulais, O,, Schar, D, Levy, J, Kim, K, Levy, N., Reichert, J,, Schiettekatte, N.,
Wangpraseurt, D., Madin, J, Thode, A., 2023. A demonstration of
acoustic enrichment in Hawai'i using autonomous cameras for reef
fish larval detection. Presented at the 185th Meeting of the Acousti-
cal Society of America, Sydney, Australia, p. 010001. https://doi.org/
10.1121/2.0001870

Bourne DG, Morrow KM, Webster NS. Insights into the coral microbiome:
underpinning the health and resilience of reef ecosystems. Annu Rev
Microbiol. 2016;70:317-40.

Bove CB, Umbanhowar J, Castillo KD. Meta-analysis reveals reduced coral
calcification under projected ocean warming but not under acidifica-
tion across the Caribbean Sea. Front Mar Sci. 2020;7:127-127.

Bowling CM. Improving the Heat Tolerance of Vulnerable Corals through
their Algal Symbionts. OUR Journal: ODU Undergraduate Research
Journal. 2022;9:2-2.

Brandl SJ, Rasher DB, Coté IM, Casey JM, Darling ES, Lefcheck JS, Duffy JE.
Coral reef ecosystem functioning: eight core processes and the role
of biodiversity. Frontiers in Ecol & Environ. 2019;17:445-54. https://
doi.org/10.1002/fee.2088.

Brown BE, Tudhope AW, Le Tissier MDA, Scoffin TP. A novel mechanism for
iron incorporation into coral skeletons. Coral Reefs. 1991;10:211-5.
https://doi.org/10.1007/BF00336776.

Brown KT, Bender-Champ D, Achlatis M, Van Der Zande RM, Kubicek A,
Martin SB, Castro-Sanguino C, Dove SG, Hoegh-Guldberg O. Habitat-
specific biogenic production and erosion influences net framework
and sediment coral reef carbonate budgets. Limnol Oceanogr.
2021,66:349-65. https://doi.org/10.1002/In0.11609.

Brown, B.E., 1997. Coral bleaching: Causes and consequences. Coral Reefs
16. https://doi.org/10.1007/5003380050249

Buckley, M.L, Lowe, R.J., Hansen, J.E, Van Dongeren, AR, Pomeroy, A,
Storlazzi, C.D,, Rijnsdorp, D.P, Da Silva, R.F, Contardo, S., Green, RH.,
2022. Wave-Driven Hydrodynamic Processes Over Fringing Reefs
With Varying Slopes, Depths, and Roughness: Implications for Coastal
Protection. JGR Oceans 127, €2022JC018857. https://doi.org/10.1029/
2022JC018857

Buddemeier RW, Fautin DG. Coral bleaching as an adaptive mechanism.
Bioscience. 1993;43:320-6.

Buerger, P, Alvarez-Roa, C., Coppin, C.W,, Pearce, S.L., Chakravarti, L.J.,
Oakeshott, J.G., Edwards, O.R, van Oppen, M.J.H., 2020. Heat-evolved
microalgal symbionts increase coral bleaching tolerance. Science
Advances 6. https://doi.org/10.1126/sciadv.aba2498

Page 20 of 27

Burt J, Bartholomew A, Bauman A, Saif A, Sale PF. Coral recruitment and early
benthic community development on several materials used in the
construction of artificial reefs and breakwaters. J Exp Mar Biol Ecol.
2009;373:72-8. https://doi.org/10.1016/JJEMBE.2009.03.009.

Cabral RB, Geronimo RC. How important are coral reefs to food security in the
Philippines? Diving deeper than national aggregates and averages. Mar
Policy. 2018;91:136-41. https://doi.org/10.1016/j.marpol.2018.02.007.

Cameron KA, Harrison PL. Density of coral larvae can influence settlement,
post-settlement colony abundance and coral cover in larval restoration.
Sci Rep. 2020;10:5488. https://doi.org/10.1038/541598-020-62366-4.

Cardini U, Bednarz VN, Foster RA, Wild C. Benthic N 2 fixation in coral reefs and
the potential effects of human-induced environmental change. Ecol-
ogy and Evolution. 2014;4:1706-27.

Cardini, U, Bednarz, V.N., Naumann, M.S,, van Hoytema, N., Rix, L., Foster, R.A,,
Al-Rshaidat, M.M.D,, Wild, C,, 2015. Functional significance of dinitrogen
fixation in sustaining coral productivity under oligotrophic conditions.
Proceedings of the Royal Society B: Biological Sciences 282. https://doi.
0rg/10.1098/rspb.2015.2257

Caruso, C,, Hughes, K, Drury, C,, 2021. Selecting Heat-Tolerant Corals for Proac-
tive Reef Restoration. Frontiers in Marine Science 8. https://doi.org/10.
3389/fmars.2021.632027

Ceccarelli, DM, Evans, RD, Logan, M., Mantel, P, Puotinen, M., Petus, C,, Russ,
G.R, Williamson, DH., 2020. Long-term dynamics and drivers of coral
and macroalgal cover on inshore reefs of the Great Barrier Reef Marine
Park. Ecological Applications 30. https://doi.org/10.1002/eap.2008

Cesar HSJ, van Beukering PJH. Economic valuation of the coral reefs of Hawai'.
Pac Sci. 2004;58:231-42. https://doi.org/10.1353/psc.2004.0014.

Cetz-Navarro NP, Carpizo-Ituarte EJ, Espinoza-Avalos J, Chee-Barragén G.

The Effect of Filamentous Turf Algal Removal on the Development of
Gametes of the Coral Orbicella annularis. PLoS ONE. 2015;10:e0117936.
https://doi.org/10.1371/journal.pone.0117936.

Chakravarti LJ, Beltran VH, van Oppen MJH. Rapid thermal adaptation in pho-
tosymbionts of reef-building corals. Glob Change Biol. 2017;23:4675-88.
https://doi.org/10.1111/gcb.13702.

Chamberland VF, Vermeij MJA, Brittsan M, Carl M, Schick M, Snowden S,
Schrier A, Petersen D. Restoration of critically endangered elkhorn coral
(Acropora palmata) populations using larvae reared from wild-caught
gametes. Global Ecology and Conservation. 2015;4:526-37. https://doi.
0rg/10.1016/J.GECCO.2015.10.005.

Chen M-C, Hong M-C, Huang Y-S, Liu M-C, Cheng Y-M, Fang L-S. ApRab11,

a cnidarian homologue of the recycling regulatory protein Rab11,
is involved in the establishment and maintenance of the Aiptasia-
Symbiodinium endosymbiosis. Biochem Biophys Res Commun.
2005;338:1607-16. https://doi.org/10.1016/j.bbrc.2005.10.133.

Chen, C-N.N,, Yong, T.C,, Wang, J.-T,, 2023. Symbiodiniaceae Cell Cloning from
Corals: High Salinity Activates Endogenous Tolerance against the
Bleaching Stress.

Clark, S., Edwards, A.J., 1994. Use of Artificial Reef Structures to Rehabilitate
Reef Flats Degraded by Coral Mining in the Maldives.

Cleves PA, Krediet CJ, Lehnert EM, Onishi M, Pringle JR. Insights into coral
bleaching under heat stress from analysis of gene expression in a sea
anemone model system. Proc Natl Acad Sci. 2020;117:28906-17.

Coffroth, M. A, Lasker, H. R. & Oliver, J. K. Coral Mortality Outside of the Eastern
Pacific During 1982-1983: Relationship to El Nifio. in Elsevier Oceanog-
raphy Series. 1990;52:141-82.

Cole AJ, Pratchett MS, Jones GP. Diversity and functional importance of coral-
feeding fishes on tropical coral reefs. Fish Fish. 2008;9:286-307.

Collins K, Jensen AC, Mallinson JJ, Roenelle V, Smith IP. Environmental impact
assessment of a scrap tyre artificial reef. ICES J Mar Sci. 2002;59:5243-9.
https://doi.org/10.1006/jmsc.2002.1297.

How Do We Restore Corals? [WWW Document], n.d. URL https://restorewit
hresilience.org/our-research (accessed 10.23.23).

Cornwall CE, Comeau S, Kornder NA, Perry CT, van Hooidonk R, DeCarlo TM,
Pratchett MS, Anderson KD, Browne N, Carpenter R. Global declines in
coral reef calcium carbonate production under ocean acidification and
warming. Proc Natl Acad Sci. 2021;118:€2015265118-e2015265118.

Cornwell, B, Armstrong, K, Walker, N.S,, Lippert, M., Nestor, V., Golbuu, Y.,
Palumbi, S.R.,, 2021. Widespread variation in heat tolerance and sym-
biont load are associated with growth tradeoffs in the coral Acropora
hyacinthus in Palau. eLife 10. https://doi.org/10.7554/eLife.64790


https://doi.org/10.1016/j.marpol.2017.05.019
https://doi.org/10.1111/plb.13260
https://doi.org/10.1111/plb.13260
https://doi.org/10.1890/ES14-00292.1
https://doi.org/10.1890/ES14-00292.1
https://doi.org/10.1016/j.jembe.2013.06.017
https://doi.org/10.1016/j.jembe.2013.06.017
https://doi.org/10.1121/2.0001870
https://doi.org/10.1121/2.0001870
https://doi.org/10.1002/fee.2088
https://doi.org/10.1002/fee.2088
https://doi.org/10.1007/BF00336776
https://doi.org/10.1002/lno.11609
https://doi.org/10.1007/s003380050249
https://doi.org/10.1029/2022JC018857
https://doi.org/10.1029/2022JC018857
https://doi.org/10.1126/sciadv.aba2498
https://doi.org/10.1016/J.JEMBE.2009.03.009
https://doi.org/10.1016/j.marpol.2018.02.007
https://doi.org/10.1038/s41598-020-62366-4
https://doi.org/10.1098/rspb.2015.2257
https://doi.org/10.1098/rspb.2015.2257
https://doi.org/10.3389/fmars.2021.632027
https://doi.org/10.3389/fmars.2021.632027
https://doi.org/10.1002/eap.2008
https://doi.org/10.1353/psc.2004.0014
https://doi.org/10.1371/journal.pone.0117936
https://doi.org/10.1111/gcb.13702
https://doi.org/10.1016/J.GECCO.2015.10.005
https://doi.org/10.1016/J.GECCO.2015.10.005
https://doi.org/10.1016/j.bbrc.2005.10.133
https://doi.org/10.1006/jmsc.2002.1297
https://restorewithresilience.org/our-research
https://restorewithresilience.org/our-research
https://doi.org/10.7554/eLife.64790

Cecchini et al. Advanced Biotechnology (2024) 2:42

Cunning R, Baker AC. Thermotolerant coral symbionts modulate heat stress-
responsive genes in their hosts. Mol Ecol. 2020,29:2940-50. https://doi.
org/10.1111/mec.15526.

Curran A, Barnard S. What is the role of zooxanthellae during coral bleaching?
Review of zooxanthellae and their response to environmental stress. S
Afr J Sci. 2021;117:1-7.

van Dam, J,, Negri, A, Uthicke, S., Mueller, J, 2011. Chemical Pollution on Coral
Reefs: Exposure and Ecological Effects, in: Chapter 9 In: Ecological
Impacts of Toxic Chemicals, F. Sanchez-Bayo, PJ. van Den Brink and R.M.
Mann (Eds.). Bentham Science Publisher: Ltd. https://doi.org/10.2174/
978160805121210187

Davey M, Holmes G, Johnstone R. High rates of nitrogen fixation (acetylene
reduction) on coral skeletons following bleaching mortality. Coral Reefs.
2008;27:227-36. https://doi.org/10.1007/500338-007-0316-9.

Davy S, Allemand D, Virginia W. Cell Biology of Cnidarian-Dinoflagellate Sym-
biosis. Microbiol Mol Biol Rev. 2012;76:229-61. https://doi.org/10.1128/
mmbr.05014-11.

Dawson JL, Smithers SG. Carbonate Sediment Production, Transport, and Sup-
ply To A Coral Cay At Raine Reef, Northern Great Barrier Reef, Australia: A
Facies Approach. J Sediment Res. 2014;84:1120-38. https://doi.org/10.
2110/j5r2014.84.

De'ath, G, Fabricius, K.E., Sweatman, H., Puotinen, M.,. The 27-year decline of
coral cover on the Great Barrier Reef and its causes. Proc Natl Acad Sci
USA. 2012;109:17995-9. https://doi.org/10.1073/pnas.1208909109.

Dehnert, I, Saponari, L., Isa, V., Seveso, D,, Galli, P, Montano, S., 2021. Exploring
the performance of mid-water lagoon nurseries for coral restoration in
the Maldives. Restoration Ecology 30. https://doi.org/10.1111/rec.13600

dela Cruz, DW. dela, Harrison, PL.,. Enhanced larval supply and recruitment can
replenish reef corals on degraded reefs. Sci Rep. 2017;7:13985. https://
doi.org/10.1038/541598-017-14546-y.

dela Cruz, DW,, Harrison, PL.,. Enhancing coral recruitment through assisted
mass settlement of cultured coral larvae. PLoS ONE. 2020;15:€0242847.
https://doi.org/10.1371/journal.pone.0242847.

dela Cruz, DW, Rinkevich, B, Gomez, E.D, Yap, H.T.. Assessing an abridged
nursery phase for slow growing corals used in coral restoration. Ecol
Eng. 2015;84:408-15. https://doi.org/10.1016/j.ecoleng.2015.09.042.

Dias M, Madeira C, Jogee N, Ferreira A, Gouveia R, Cabral H, Diniz M, Vinagre C.
Oxidative stress on scleractinian coral fragments following exposure to
high temperature and low salinity. Ecol Ind. 2019;107:105586-105586.
https://doi.org/10.1016/j.ecolind.2019.105586.

Diaz-Pulido G, Harii S, McCook LJ, Hoegh-Guldberg O. The impact of
benthic algae on the settlement of a reef-building coral. Coral Reefs.
2010;29:203-8. https://doi.org/10.1007/500338-009-0573-x.

Donovan MK, Adam TC, Shantz AA, Speare KE, Munsterman KS, Rice MM,
Schmitt RJ, Holbrook SJ, Burkepile DE. Nitrogen pollution interacts with
heat stress to increase coral bleaching across the seascape. Proc Natl
Acad Sci. 2020;117:5351-7.

Doropoulos C, Evensen NR, Gémez-Lemos LA, Babcock RC. Density-depend-
ent coral recruitment displays divergent responses during distinct early
life-history stages. Royal Society Open Science. 2017;4:170082. https://
doi.org/10.1098/r50s.170082.

Douglas AE. Coral bleaching——how and why? Mar Pollut Bull. 2003;46:385-92.
https://doi.org/10.1016/S0025-326X(03)00037-7.

Downs CA, Fauth JE, Halas JC, Dustan P, Bemiss J, Woodley CM. Oxidative stress
and seasonal coral bleaching. Free Radical Biol Med. 2002;33:533-43.
https://doi.org/10.1016/50891-5849(02)00907-3.

Downs CA, Kramarsky-Winter E, Martinez J, Kushmaro A, Woodley CM, LoyaY,
Ostrander GK. Symbiophagy as a cellular mechanism for coral bleach-
ing. Autophagy. 20092;5:211-6. https://doi.org/10.4161/auto.5.2.7405.

Downs CA, Kramarsky-Winter E, Woodley CM, Downs A, Winters G, Loya
Y, Ostrander GK. Cellular pathology and histopathology of hypo-
salinity exposure on the coral Stylophora pistillata. Sci Total Environ.
2009b;407:4838-51. https://doi.org/10.1016/j.scitotenv.2009.05.015.

Downs CA, McDougall KE, Woodley CM, Fauth JE, Richmond RH, Kushmaro
A, Gibb SW, Loya Y, Ostrander GK, Kramarsky-Winter E. Heat-stress and
light-stress induce different cellular pathologies in the symbiotic dino-
flagellate during coral bleaching. PLoS ONE. 2013;8:€77173-e77173.

Drury C, Lirman D. Genotype by environment interactions in coral bleach-
ing. Proceedings of the Royal Society b: Biological Sciences.
2021;288:20210177. https://doi.org/10.1098/rspb.2021.0177.

Page 21 of 27

Drury C, Bean NK, Harris Cl, Hancock JR, Huckeba J, H, CM., Roach, TN.F,
Quinn, RA, Gates, RD.. Intrapopulation adaptive variance supports
thermal tolerance in a reef-building coral. Communications Biology.
2022a;5:486. https://doi.org/10.1038/542003-022-03428-3.

Drury C, Dilworth J, Majerova E, Caruso C, Greer JB. Expression plasticity
regulates intraspecific variation in the acclimatization potential of a
reef-building coral. Nat Commun. 2022b;13:4790. https://doi.org/10.
1038/541467-022-32452-4.

Duarte CM, Middelburg JJ, Caraco N. Major role of marine vegetation on the
oceanic carbon cycle. Biogeosciences. 2005;2:1-8. https://doi.org/10.
5194/bg-2-1-2005.

Duckworth A, Giofre N, Jones R. Coral morphology and sedimentation. Mar
Pollut Bull. 2017;125:289-300.

Duffy JE, Lefcheck JS, Stuart-Smith RD, Navarrete SA, Edgar GJ. Biodiversity
enhances reef fish biomass and resistance to climate change. Proc Natl
Acad Sci USA. 2016;113:6230-5. https://doi.org/10.1073/pnas.15244
65113.

Dunn SR, Thomason JC, Le Tissier MDA, Bythell JC. Heat stress induces dif-
ferent forms of cell death in sea anemones and their endosymbiotic
algae depending on temperature and duration. Cell Death Differ.
2004;11:1213-22.

Durack, PJ., Wijffels, S.E., Matear, R.J., 2012. Ocean salinities reveal strong global
water cycle intensification during 1950 to 2000. science 336, 455-458.

Eakin CM, Sweatman HPA, Brainard RE. The 2014-2017 global-scale coral
bleaching event: insights and impacts. Coral Reefs. 2019;38:539-45.
https://doi.org/10.1007/s00338-019-01844-2.

Eddy TD, Lam VWY, Reygondeau G, Cisneros-Montemayor AM, Greer K, Palo-
mares MLD, Bruno JF, Ota Y, Cheung WWL. Global decline in capacity of
coral reefs to provide ecosystem services. One Earth. 2021;4:1278-85.
https://doi.org/10.1016/j.oneear.2021.08.016.

Edmunds P, Gates R, Gleason D. The biology of larvae from the reef coral
Porites astreoides, and their response to temperature disturbances. Mar
Biol. 2001;139:981-9. https://doi.org/10.1007/5002270100634.

Edreva A. Generation and scavenging of reactive oxygen species in chloro-
plasts: a submolecular approach. Agr Ecosyst Environ. 2005;106:119-33.

El-Khaled YC, Nafeh R, Roth F, Radecker N, Karcher DB, Jones BH, Voolstra CR,
Wild C. High plasticity of nitrogen fixation and denitrification of com-
mon coral reef substrates in response to nitrate availability. Mar Pollut
Bull. 2021;168:112430. https://doi.org/10.1016/j.marpolbul.2021.112430.

Enriquez S, Méndez ER, -Prieto, Rl.,. Multiple scattering on coral skeletons
enhances light absorption by symbiotic algae. Limnol Oceanogr.
2005;50:1025-32. https://doi.org/10.4319/10.2005.50.4.1025.

Enriquez S, Méndez ER, Hoegh-Guldberg O, Iglesias-Prieto R. Key functional
role of the optical properties of coral skeletons in coral ecology and
evolution. Proc R Soc B. 2017,284:20161667. https://doi.org/10.1098/
rspb.2016.1667.

Schuhmacher, H,, 1977. Initial phases in reef development, studied at artificial
reef types off Eilat, (Red Sea):", Helgol~inder wiss. Meeresunters.

Filbee-Dexter, K, Smajdor, A, 2019. Ethics of Assisted Evolution in Marine
Conservation. Frontiers in Marine Science 6. https://doi.org/10.3389/
fmars.2019.00020

Finney JC, Pettay DT, Sampayo EM, Warner ME, Oxenford HA, LaJeunesse TC.
The Relative Significance of Host-Habitat, Depth, and Geography on
the Ecology, Endemism, and Speciation of Coral Endosymbionts in the
Genus Symbiodinium. Microb Ecol. 2010;60:250-63. https://doi.org/10.
1007/500248-010-9681-y.

Fitzhardinge RC, Bailey-Brock JH. COLONIZATION OF ARTIFICIAL REEF
MATERIALS BY CORALS AND OTHER SESSILE ORGANISMS. Bull Mar Sci.
1989;44:567-79.

Foster T, Gilmour J. Seeing red: Coral larvae are attracted to healthy-looking
reefs. Mar Ecol Prog Ser. 2016;559:65-71. https://doi.org/10.3354/meps1
1902.

Fournier, A, 2013. The story of symbiosis with zooxanthellae, or how they
enable their host to thrive in a nutrient poor environment. Master
Biosci Rev-Ec Norm Supérieure Lyon 8.

Fourqurean JW, Duarte CM, Kennedy H, Marba N, Holmer M, Mateo MA,
Apostolaki ET, Kendrick GA, Krause-Jensen D, McGlathery KJ, Serrano
O. Seagrass ecosystems as a globally significant carbon stock. Nature
Geosci. 2012;5:505-9. https://doi.org/10.1038/ngeo1477.

Fowler AM, Booth DJ. How well do sunken vessels approximate fish
assemblages on coral reefs? Conservation implications of vessel-reef


https://doi.org/10.1111/mec.15526
https://doi.org/10.1111/mec.15526
https://doi.org/10.2174/978160805121210187
https://doi.org/10.2174/978160805121210187
https://doi.org/10.1007/s00338-007-0316-9
https://doi.org/10.1128/mmbr.05014-11
https://doi.org/10.1128/mmbr.05014-11
https://doi.org/10.2110/jsr.2014.84
https://doi.org/10.2110/jsr.2014.84
https://doi.org/10.1073/pnas.1208909109
https://doi.org/10.1111/rec.13600
https://doi.org/10.1038/s41598-017-14546-y
https://doi.org/10.1038/s41598-017-14546-y
https://doi.org/10.1371/journal.pone.0242847
https://doi.org/10.1016/j.ecoleng.2015.09.042
https://doi.org/10.1016/j.ecolind.2019.105586
https://doi.org/10.1007/s00338-009-0573-x
https://doi.org/10.1098/rsos.170082
https://doi.org/10.1098/rsos.170082
https://doi.org/10.1016/S0025-326X(03)00037-7
https://doi.org/10.1016/S0891-5849(02)00907-3
https://doi.org/10.4161/auto.5.2.7405
https://doi.org/10.1016/j.scitotenv.2009.05.015
https://doi.org/10.1098/rspb.2021.0177
https://doi.org/10.1038/s42003-022-03428-3
https://doi.org/10.1038/s41467-022-32452-4
https://doi.org/10.1038/s41467-022-32452-4
https://doi.org/10.5194/bg-2-1-2005
https://doi.org/10.5194/bg-2-1-2005
https://doi.org/10.1073/pnas.1524465113
https://doi.org/10.1073/pnas.1524465113
https://doi.org/10.1007/s00338-019-01844-2
https://doi.org/10.1016/j.oneear.2021.08.016
https://doi.org/10.1007/s002270100634
https://doi.org/10.1016/j.marpolbul.2021.112430
https://doi.org/10.4319/lo.2005.50.4.1025
https://doi.org/10.1098/rspb.2016.1667
https://doi.org/10.1098/rspb.2016.1667
https://doi.org/10.3389/fmars.2019.00020
https://doi.org/10.3389/fmars.2019.00020
https://doi.org/10.1007/s00248-010-9681-y
https://doi.org/10.1007/s00248-010-9681-y
https://doi.org/10.3354/meps11902
https://doi.org/10.3354/meps11902
https://doi.org/10.1038/ngeo1477

Cecchini et al. Advanced Biotechnology (2024) 2:42

deployments. Mar Biol. 2012;159:2787-96. https://doi.org/10.1007/
500227-012-2039-x.

Fuller, ZL., Mocellin, V.J.L, Morris, LA, Cantin, N., Shepherd, J,, Sarre, L., Peng, J.,
Liao, Y, Pickrell, J, Andolfatto, P, Matz, M., Bay, LK., Przeworski, M., 2020.
Population genetics of the coral Acropora millepora: Toward genomic
prediction of bleaching. Science 369. https://doi.org/10.1126/science.
aba4674

Gamfeldt L, Lefcheck JS, Byrnes JEK, Cardinale BJ, Duffy JE, Griffin JN. Marine
biodiversity and ecosystem functioning: what's known and what's
next? Oikos. 2015;124:252-65. https://doi.org/10.1111/0ik.01549.

Gates RD, Baghdasarian G, Muscatine L. Temperature stress causes host cell
detachment in symbiotic cnidarians: implications for coral bleaching.
Biol Bull. 1992;182:324-32.

Gattuso J, Pichon M, Frankignoulle M. Biological control of air-sea CO2
fluxes:effect of photosynthetic and calcifying marine organisms and
ecosystems. Mar Ecol Prog Ser. 1995;129:307-12. https://doi.org/10.
3354/meps129307.

Gegner HM, Ziegler M, Rédecker N, Buitrago-Lépez C, Aranda M, Voolstra CR.
High salinity conveys thermotolerance in the coral model Aiptasia. Biol-
ogy Open. 2017,6:1943-8. https://doi.org/10.1242/bi0.028878.

Glynn PW. Coral reef bleaching in the 1980s and possible connections with
global warming. Trends Ecol Evol. 1991;6:175-9. https://doi.org/10.
1016/0169-5347(91)90208-F.

Goreau TF, Goreau NI. The Physiology of Skeleton Formation in Corals. II. Cal-
cium Deposition by Hermatypic Corals Under Various Conditions in the
Reef. Biol Bull. 1959;117:239-50. https://doi.org/10.2307/1538903.

Gornik, S.G., Maegele, |, Hambleton, E.A, Voss, PA, Waller, RF, Guse, A, 2022.
Nuclear transformation of a dinoflagellate symbiont of corals. Frontiers
in Marine Science 9. https://doi.org/10.3389/fmars.2022.1035413

Grafeld Shanna AND, Oleson KLLANDTLANDKIN. Follow that fish: Uncovering
the hidden blue economy in coral reef fisheries. PLoS ONE. 2017;12:1-
25. https://doi.org/10.1371/journal.pone.0182104.

Graham NAJ, Nash KL. The importance of structural complexity in coral reef
ecosystems. Coral Reefs. 2013;32:315-26. https://doi.org/10.1007/
500338-012-0984-y.

Gratwicke B, Speight M. Effects of habitat complexity on Caribbean marine fish
assemblages. Mar Ecol Prog Ser. 2005;292:301-10. https://doi.org/10.
3354/meps292301.

Guannel G, Arkema K, Ruggiero P, Verutes G. The Power of Three: Coral Reefs,
Seagrasses and Mangroves Protect Coastal Regions and Increase Their
Resilience. PLoS ONE. 2016;11:0158094. https://doi.org/10.1371/journ
al.pone.0158094.

Guerra-Vargas LA, Gillis LG, Mancera-Pineda JE. Stronger Together: Do Coral
Reefs Enhance Seagrass Meadows “Blue Carbon” Potential? Front Mar
Sci. 2020;7:628. https://doi.org/10.3389/fmars.2020.00628.

Guest JR, Baria MV, Gomez ED, Heyward AJ, Edwards AJ. Closing the circle: is
it feasible to rehabilitate reefs with sexually propagated corals? Coral
Reefs. 2014;33:45-55. https://doi.org/10.1007/500338-013-1114-1.

Haynes D, Johnson JE. Organochlorine, Heavy Metal and Polyaromatic Hydro-
carbon Pollutant Concentrations in the Great Barrier Reef (Australia)
Environment: a Review. Mar Pollut Bull. 2000;41:267-78. https://doi.org/
10.1016/50025-326X(00)00134-X.

Heck KL, Wetstone GS. Habitat Complexity and Invertebrate Species Richness
and Abundance in Tropical Seagrass Meadows. J Biogeogr. 1977;4:135.
https://doi.org/10.2307/3038158.

Heyward AJ, Negri AP. Natural inducers for coral larval metamorphosis. Coral
Reefs: Springer-Verlag; 1999.

Hirose M, Kinzie R, Hidaka M. Timing and process of entry of zooxanthellae
into oocytes of hermatypic corals. Coral Reefs. 2001;20:273-80. https://
doi.org/10.1007/5003380100171.

Hixon MA. 60 Years of Coral Reef Fish Ecology: Past, Present, Future. BMS.
2011,87:727-65. https://doi.org/10.5343/bms.2010.1055.

Hoegh-Guldberg O. Climate change, coral bleaching and the future of the
world’s coral reefs. Mar Freshw Res. 1999,50:839-66. https://doi.org/10.
1071/MF99078.

Hoegh-Guldberg O. Coral reef ecosystems and anthropogenic climate
change. Reg Environ Change. 2011;11:215-27. https://doi.org/10.1007/
s10113-010-0189-2.

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, Gomez
E, Harvell CD, Sale PF, Edwards AJ, Caldeira K, Knowlton N, Eakin CM,
Iglesias-Prieto R, Muthiga N, Bradbury RH, Dubi A, Hatziolos ME. Coral

Page 22 of 27

Reefs Under Rapid Climate Change and Ocean Acidification. Science.
2007;318:1737-42. https://doi.org/10.1126/science.1152509.

Hoegh-Guldberg O, Poloczanska ES, Skirving W, Dove S. Coral Reef Ecosys-
tems under Climate Change and Ocean Acidification. Front Mar Sci.
2017;4:158. https://doi.org/10.3389/fmars.2017.00158.

Hoegh-Guldberg O, Pendleton L, Kaup A. People and the changing nature of
coral reefs. Regional Studies in Marine Science. 2019;30:100699. https:.//
doi.org/10.1016/j.rsma.2019.100699.

Hoekstra JM, Boucher TM, Ricketts TH, Roberts C. Confronting a biome crisis:
global disparities of habitat loss and protection. Ecol Lett. 2005;8:23-9.
https://doi.org/10.1111/j.1461-0248.2004.00686.X.

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA, Matulich KL,
Gonzalez A, Duffy JE, Gamfeldt L, O'Connor MI. A global synthesis
reveals biodiversity loss as a major driver of ecosystem change. Nature.
2012;486:105-8. https://doi.org/10.1038/nature11118.

Horoszowski-Fridman YB, Izhaki |, Rinkevich B. Engineering of coral reef larval
supply through transplantation of nursery-farmed gravid colonies. J
Exp Mar Biol Ecol. 2011;399:162-6. https://doi.org/10.1016/jjembe.
2011.01.005.

Horoszowski-Fridman YB, Izhaki |, Rinkevich B. Long-term heightened
larval production in nursery-bred coral transplants. Basic Appl Ecol.
2020;47:12-21. https://doi.org/10.1016/j.baae.2020.05.003.

Howard, L.S., Brown, B.E., 1984. Heavy Metals and Reef Corals, in: Oceanogra-
phy and Marine Biology An Annual Review. CRC Press.

Hughes TP. Catastrophes, Phase Shifts, and Large-Scale Degradation of a Carib-
bean Coral Reef. Science. 1994,265:1547-51. https://doi.org/10.1126/
science.265.5178.1547.

Hughes T, Bellwood D, Folke C, Mccook L, Pandolfi J. No-take areas, herbivory
and coral reef resilience. Trends Ecol Evol. 2007;22:1-3. https://doi.org/
10.1016/j.tree.2006.10.009.

Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC,
Kleypas J, Van De Leemput IA, Lough JM, Morrison TH, Palumbi SR,

Van Nes EH, Scheffer M. Coral reefs in the Anthropocene. Nature.
2017;546:82-90. https://doi.org/10.1038/nature22901.

Humanes A, Lachs L, Beauchamp E, Bukurou L, Buzzoni D, Bythell J, Craggs JRK,
De LaTorre Cerro R, Edwards AJ, Golbuu Y, Martinez HM, Palmowski P,
Van Der Steeg E, Sweet M, Ward A, Wilson AJ, Guest JR. Selective breed-
ing enhances coral heat tolerance to marine heatwaves. Nat Commun.
2024;15:8703. https://doi.org/10.1038/541467-024-52895-1.

Humanes, A, Beauchamp, E.A, Bythell, J.C, Carl, MK, Craggs, J.R., Edwards, AJ,
Golbuy, Y, Lachs, L, Martinez, H.M., Palmowski, P, Paysinger, F, Randle,
JL, van der Steeg, E, Sweet, M, Treumann, A, Guest, J.R, 2021. An
Experimental Framework for Selectively Breeding Corals for Assisted
Evolution. Frontiers in Marine Science 8. https://doi.org/10.3389/fmars.
2021.669995

Hylkema A, Hakkaart QCA, Reid CB, Osinga R, Murk AJ, Debrot AQ. Artificial
reefs in the Caribbean: A need for comprehensive monitoring and
integration into marine management plans. Ocean Coast Manag.
2021;209:105672. https://doi.org/10.1016/j.ocecoaman.2021.105672.

Idjadi J, Edmunds P. Scleractinian corals as facilitators for other invertebrates
on a Caribbean reef. Mar Ecol Prog Ser. 2006;319:117-27. https://doi.
0rg/10.3354/meps319117.

Isomura N, Iwao K, Morita M, Fukami H. Spawning and fertility of F1 hybrids of
the coral genus Acropora in the Indo-Pacific. Coral Reefs. 2016;35:851—
5. https://doi.org/10.1007/500338-016-1461-9.

Jackson, JB.C,, Donovan, MK, Cramer, K.L, Lam, V.V. (Eds.), 2014. Status and
Trends of Caribbean Coral Reefs 1970-2012. Global Coral Reef Monitor-
ing Network.

Jiang Z-P, Huang J-C, Dai M, Kao SJ, Hydes DJ, Chou W-C, Jan S. Short-term
dynamics of oxygen and carbon in productive nearshore shallow
seawater systems off Taiwan: Observations and modeling. Limnol
Oceanogr. 2011;56:1832-49. https://doi.org/10.4319/10.2011.56.5.1832.

Jiang L, Sun Y-F, Zhou G-W, Tong H-Y, Huang LT, Yu X-L, Liu C-Y, Zhang Y-Y, Yuan
X-C, Qian P-Y, Huang H. Ocean acidification elicits differential bleaching
and gene expression patterns in larval reef coral Pocillopora damicornis
under heat stress. Sci Total Environ. 2022;842:156851-156851. https://
doi.org/10.1016/j.scitotenv.2022.156851.

Jones R. Zooxanthellae loss as a bioassay for assessing stress in corals. Mar Ecol
Prog Ser. 1997;149:163-71. https://doi.org/10.3354/meps149163.


https://doi.org/10.1007/s00227-012-2039-x
https://doi.org/10.1007/s00227-012-2039-x
https://doi.org/10.1126/science.aba4674
https://doi.org/10.1126/science.aba4674
https://doi.org/10.1111/oik.01549
https://doi.org/10.3354/meps129307
https://doi.org/10.3354/meps129307
https://doi.org/10.1242/bio.028878
https://doi.org/10.1016/0169-5347(91)90208-F
https://doi.org/10.1016/0169-5347(91)90208-F
https://doi.org/10.2307/1538903
https://doi.org/10.3389/fmars.2022.1035413
https://doi.org/10.1371/journal.pone.0182104
https://doi.org/10.1007/s00338-012-0984-y
https://doi.org/10.1007/s00338-012-0984-y
https://doi.org/10.3354/meps292301
https://doi.org/10.3354/meps292301
https://doi.org/10.1371/journal.pone.0158094
https://doi.org/10.1371/journal.pone.0158094
https://doi.org/10.3389/fmars.2020.00628
https://doi.org/10.1007/s00338-013-1114-1
https://doi.org/10.1016/S0025-326X(00)00134-X
https://doi.org/10.1016/S0025-326X(00)00134-X
https://doi.org/10.2307/3038158
https://doi.org/10.1007/s003380100171
https://doi.org/10.1007/s003380100171
https://doi.org/10.5343/bms.2010.1055
https://doi.org/10.1071/MF99078
https://doi.org/10.1071/MF99078
https://doi.org/10.1007/s10113-010-0189-2
https://doi.org/10.1007/s10113-010-0189-2
https://doi.org/10.1126/science.1152509
https://doi.org/10.3389/fmars.2017.00158
https://doi.org/10.1016/j.rsma.2019.100699
https://doi.org/10.1016/j.rsma.2019.100699
https://doi.org/10.1111/j.1461-0248.2004.00686.x
https://doi.org/10.1038/nature11118
https://doi.org/10.1016/j.jembe.2011.01.005
https://doi.org/10.1016/j.jembe.2011.01.005
https://doi.org/10.1016/j.baae.2020.05.003
https://doi.org/10.1126/science.265.5178.1547
https://doi.org/10.1126/science.265.5178.1547
https://doi.org/10.1016/j.tree.2006.10.009
https://doi.org/10.1016/j.tree.2006.10.009
https://doi.org/10.1038/nature22901
https://doi.org/10.1038/s41467-024-52895-1
https://doi.org/10.3389/fmars.2021.669995
https://doi.org/10.3389/fmars.2021.669995
https://doi.org/10.1016/j.ocecoaman.2021.105672
https://doi.org/10.3354/meps319117
https://doi.org/10.3354/meps319117
https://doi.org/10.1007/s00338-016-1461-9
https://doi.org/10.4319/lo.2011.56.5.1832
https://doi.org/10.1016/j.scitotenv.2022.156851
https://doi.org/10.1016/j.scitotenv.2022.156851
https://doi.org/10.3354/meps149163

Cecchini et al. Advanced Biotechnology (2024) 2:42

Jones R. The ecotoxicological effects of Photosystem Il herbicides on corals.
Mar Pollut Bull. 2005;51:495-506. https://doi.org/10.1016/j.marpolbul.
2005.06.027.

Jones AM, Berkelmans R. Tradeoffs to Thermal Acclimation: Energetics and
Reproduction of a Reef Coral with Heat Tolerant Symbiodinium Type-
D. Journal of Marine Biology. 2011;2011:12. https://doi.org/10.1155/
2011/185890.

Jones RJ, Kildea T, Hoegh-guldberg O. PAM Chlorophyll Fluorometry: a
New in situ Technique for Stress Assessment in Scleractinian Corals,
used to Examine the Effects of Cyanide from Cyanide Fishing. Mar
Pollut Bull. 1999;38:864-74. https://doi.org/10.1016/50025-326X(98)
90160-6.

Jones GP, McCormick M, Srinivasan M, Eagle JV. Coral decline threat-
ens fish biodiversity in marine reserves. Proc Natl Acad Sci USA.
2004;101:8251-3. https://doi.org/10.1073/pnas.0401277101.

Jones R, Fisher R, Bessell-Browne P. Sediment deposition and coral smother-
ing. PLoS ONE. 2019;14:e0216248. https://doi.org/10.1371/journal.
pone.0216248.

Jones, R, Mueller, J,, Haynes, D., Schreiber, U., 2003. Effects of herbicides
diuron and atrazine on corals of the Great Barrier Reef, Australia.

Mar Ecol Prog Ser 251: 153-167. Marine Ecology Progress Series 251.
https://doi.org/10.3354/meps251153

Kato Y, Sakamoto W. Protein Quality Control in Chloroplasts: A Current
Model of D1 Protein Degradation in the Photosystem Il Repair Cycle.
The Journal of Biochemistry. 2009;146:463-9. https://doi.org/10.
1093/jb/mvp073.

Kerswell AP, Jones RJ. Effects of hypo-osmosis on the coral Stylophora pistil-
lata: nature and cause of low-salinity bleaching. Mar Ecol Prog Ser.
2003;253:145-54.

Kleypas JA, Buddemeier RW, Gattuso J-P. The future of coral reefs in an age
of global change. Int J Earth Sci. 2001;90:426-37. https://doi.org/10.
1007/5005310000125.

Kleypas JA, Anthony KRN, Gattuso J. Coral reefs modify their seawater
carbon chemistry — case study from a barrier reef (M oorea, F rench
P olynesia). Glob Change Biol. 2011;17:3667-78. https://doi.org/10.
1111/).1365-2486.2011.02530.x.

Knowlton N.The future of coral reefs. Proc Natl Acad Sci USA. 2001;98:5419-
25. https://doi.org/10.1073/pnas.091092998.

Knowlton, N., Brainard, R.E,, Fisher, R, Moews, M., Plaisance, L., Caley, M.J,,
2010. Coral Reef Biodiversity, in: Life in the World's Oceans. pp. 65-78.
https://doi.org/10.1002/9781444325508.ch4

Kongjandtre N, Wattana T, Veerapitipath V, Chinchana A. Effect of hyposalinity
on coral bleaching and survival in a hard (Pocillopora damicornis) and
soft coral (Sarcophyton sp.). Naresuan University Journal: Science and
Technology (NUJST). 2021;30:38-49.

Kornder NA, Riegl BM, Figueiredo J. Thresholds and drivers of coral calcifica-
tion responses to climate change. Glob Change Biol. 2018;24:5084-95.
https://doi.org/10.1111/gcb.14431.

Kramer N, Tamir R, Ben-Zvi O, Jacques SL, Loya Y, Wangpraseurt D. Efficient
light-harvesting of mesophotic corals is facilitated by coral optical traits.
Funct Ecol. 2022;36:406-18. https://doi.org/10.1111/1365-2435.13948.

Kihl M, Nielsen DA, Borisov SM. In Vivo Lifetime Imaging of the Internal 02
Dynamics in Corals with near-Infrared-Emitting Sensor Nanoparticles.
ACS Sens. 2024,9:4671-9. https://doi.org/10.1021/acssensors.4c01029.

Kulbicki M, Bozec Y-M, Labrosse P, Letourneur Y, Mou-Tham G, Wantiez L. Diet
composition of carnivorous fishes from coral reef lagoons of New
Caledonia. Aquat Living Resour. 2005;18:231-50. https://doi.org/10.
1051/alr:2005029.

Kushmaro A, Loya Y, Fine M, Rosenberg E. Bacterial Infection and Coral Bleach-
ing Nature (London). 1996,380:396-396. https://doi.org/10.1038/38039
6a0.

Kushmaro A, Rosenberg E, Fine M, Loya Y. Bleaching of the coral Oculina
patagonica by Vibrio AK-1. Marine Ecology Progress Series (Halstenbek).
1997;147:159-65.

Lachs L, Donner SD, Mumby PJ, Bythell JC, Humanes A, East HK, Guest JR.
Emergent increase in coral thermal tolerance reduces mass bleaching
under climate change. Nat Commun. 2023;14:4939. https://doi.org/10.
1038/541467-023-40601-6.

Ladd M, Shantz A, Bartels E, Burkepile D. Thermal stress reveals a genotype-
specific tradeoff between growth and tissue loss in restored Acropora

Page 23 of 27

cervicornis. Mar Ecol Prog Ser. 2017;572:129-39. https://doi.org/10.
3354/meps12169.

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR,
Santos SR. Systematic revision of Symbiodiniaceae highlights the antig-
uity and diversity of coral endosymbionts. Curr Biol. 2018;28:2570-80.

Laloi C, Apel K, Danon A. Reactive oxygen signalling: the latest news. Curr Opin
Plant Biol. 2004;7:323-8. https://doi.org/10.1016/}.pbi.2004.03.005.

Lam KKY. Coral recruitment onto an experimental pulverised fuel ash—con-
crete artificial reef. Mar Pollut Bull. 2003;46:642-53. https://doi.org/10.
1016/50025-326X(02)00482-4.

Lange, C, Ratoi, L, Co, D.L,, 2020. Reformative Coral Habitats - Rethinking
Artificial Reef structures through a robotic 3D clay printing method.
Presented at the CAADRIA 2020: RE:Anthropocene, Bangkok, Thailand,
pp. 463-472. https://doi.org/10.52842/conf.caadria.2020.2.463

Lee MO, Otake S, Kim JK. Transition of artificial reefs (ARs) research and its pros-
pects. Ocean Coast Manag. 2018;154:55-65. https://doi.org/10.1016/j.
ocecoaman.2018.01.010.

Lehnert EM, Mouchka ME, Burriesci MS, Gallo ND, Schwarz JA, Pringle JR.
Extensive differences in gene expression between symbiotic and apos-
ymbiotic cnidarians. G3: Genes. Genomes, Genetics. 2014;4:277-95.

Lesser MP. Elevated temperatures and ultraviolet radiation cause oxidative
stress and inhibit photosynthesis in ymbiotic dinoflagellates. Limnol
Oceanogr. 1996;41:271-83. https://doi.org/10.4319/10.1996.41.2.0271.

Lesser MP. Oxidative stress causes coral bleaching during exposure to elevated
temperatures. Coral Reefs. 1997;16:187-92. https://doi.org/10.1007/
5003380050073.

Lesser, M.P, 2011. Coral bleaching: causes and mechanisms. Coral reefs: an
ecosystem in transition 405-419.

Leung JYS, Zhang S, Connell SD. Is Ocean Acidification Really a Threat to
Marine Calcifiers? A Systematic Review and Meta-Analysis of 980+
Studies Spanning Two Decades. Small. 2022;18:2107407-2107407.
https://doi.org/10.1002/smll.202107407.

Levy G, Shaish L, Haim A, Rinkevich B. Mid-water rope nursery-Testing design
and performance of a novel reef restoration instrument. Ecol Eng.
2010;36:560-9. https://doi.org/10.1016/j.ecoleng.2009.12.003.

Levy N, Berman O, Yuval M, Loya Y, Treibitz T, Tarazi E, Levy O. Emerging 3D
technologies for future reformation of coral reefs: Enhancing biodiver-
sity using biomimetic structures based on designs by nature. Sci Total
Environ. 2022;830:154749. https://doi.org/10.1016/j.scitotenv.2022.
154749.

Lewis DH. The relevance of symbiosis to taxonomy and ecology, with particu-
lar reference to mutualistic symbioses and the exploitation of marginal
habitats. Taxonomy and ecology. 1973;151-172.

Lima-Melo Y, Kilic M, Aro E-M, Gollan PJ. Photosystem | inhibition, pro-
tection and signalling: knowns and unknowns. Front Plant Sci.
2021;12:791124-791124.

Lin H-T, Denis V, Hsieh C-C, Chen C-J, Hsiao WV, Wang P-L, Su C-C, Kuo Y-N.
Inorganic and organic nutrients in tropical-subtropical Western Pacific
coral reef waters. Coral Reefs. 2024;43:1053-69. https://doi.org/10.1007/
500338-024-02522-8.

Linden B, Rinkevich B. Creating stocks of young colonies from brooding
coral larvae, amenable to active reef restoration. J Exp Mar Biol Ecol.
2011;398:40-6. https://doi.org/10.1016/jjembe.2010.12.002.

Lough, JM,, Anderson, K.D.,, Hughes, T.P, 2018. Increasing thermal stress for
tropical coral reefs: 1871-2017. Scientific Reports 8. https://doi.org/10.
1038/541598-018-24530-9

Luckhurst BE, Luckhurst K. Analysis of the influence of substrate variables on
coral reef fish communities. Mar Biol. 1978;49:317-23. https://doi.org/
10.1007/BF00455026.

Madin JS, Madin EMP. The full extent of the global coral reef crisis. Conserv Biol.
2015;29:1724-6. https://doi.org/10.1111/cobi.12564.

Mannochio-Russo H, Swift SOI, Nakayama KK, Wall CB, Gentry EC, Panitchpakdi
M, Caraballo-Rodriguez AM, Aron AT, Petras D, Dorrestein K, Dorrestein
TK, Williams TM, Nalley EM, Altman-Kurosaki NT, Martinelli M, Kuwabara
JY, Darcy JL, Bolzani VS, Wegley Kelly L, Mora C, Yew JY, Amend AS,
McFall-Ngai M, Hynson NA, Dorrestein PC, Nelson CE. Microbiomes
and metabolomes of dominant coral reef primary producers illustrate
a potential role for immunolipids in marine symbioses. Commun Biol.
2023;6:896. https://doi.org/10.1038/542003-023-05230-1.

Mansfield KM, Gilmore TD. Innate immunity and cnidarian-Symbiodiniaceae
mutualism. Dev Comp Immunol. 2019;90:199-209.


https://doi.org/10.1016/j.marpolbul.2005.06.027
https://doi.org/10.1016/j.marpolbul.2005.06.027
https://doi.org/10.1155/2011/185890
https://doi.org/10.1155/2011/185890
https://doi.org/10.1016/S0025-326X(98)90160-6
https://doi.org/10.1016/S0025-326X(98)90160-6
https://doi.org/10.1073/pnas.0401277101
https://doi.org/10.1371/journal.pone.0216248
https://doi.org/10.1371/journal.pone.0216248
https://doi.org/10.3354/meps251153
https://doi.org/10.1093/jb/mvp073
https://doi.org/10.1093/jb/mvp073
https://doi.org/10.1007/s005310000125
https://doi.org/10.1007/s005310000125
https://doi.org/10.1111/j.1365-2486.2011.02530.x
https://doi.org/10.1111/j.1365-2486.2011.02530.x
https://doi.org/10.1073/pnas.091092998
https://doi.org/10.1002/9781444325508.ch4
https://doi.org/10.1111/gcb.14431
https://doi.org/10.1111/1365-2435.13948
https://doi.org/10.1021/acssensors.4c01029
https://doi.org/10.1051/alr:2005029
https://doi.org/10.1051/alr:2005029
https://doi.org/10.1038/380396a0
https://doi.org/10.1038/380396a0
https://doi.org/10.1038/s41467-023-40601-6
https://doi.org/10.1038/s41467-023-40601-6
https://doi.org/10.3354/meps12169
https://doi.org/10.3354/meps12169
https://doi.org/10.1016/j.pbi.2004.03.005
https://doi.org/10.1016/S0025-326X(02)00482-4
https://doi.org/10.1016/S0025-326X(02)00482-4
https://doi.org/10.52842/conf.caadria.2020.2.463
https://doi.org/10.1016/j.ocecoaman.2018.01.010
https://doi.org/10.1016/j.ocecoaman.2018.01.010
https://doi.org/10.4319/lo.1996.41.2.0271
https://doi.org/10.1007/s003380050073
https://doi.org/10.1007/s003380050073
https://doi.org/10.1002/smll.202107407
https://doi.org/10.1016/j.ecoleng.2009.12.003
https://doi.org/10.1016/j.scitotenv.2022.154749
https://doi.org/10.1016/j.scitotenv.2022.154749
https://doi.org/10.1007/s00338-024-02522-8
https://doi.org/10.1007/s00338-024-02522-8
https://doi.org/10.1016/j.jembe.2010.12.002
https://doi.org/10.1038/s41598-018-24530-9
https://doi.org/10.1038/s41598-018-24530-9
https://doi.org/10.1007/BF00455026
https://doi.org/10.1007/BF00455026
https://doi.org/10.1111/cobi.12564
https://doi.org/10.1038/s42003-023-05230-1

Cecchini et al. Advanced Biotechnology (2024) 2:42

Mansfield KM, Carter NM, Nguyen L, Cleves PA, Alshanbayeva A, Williams LM,
Crowder C, Penvose AR, Finnerty JR, Weis VM, Siggers TW, Gilmore TD.
Transcription factor NF-kB is modulated by symbiotic status in a sea
anemone model of cnidarian bleaching. Sci Rep. 2017;7:16025-16025.
https://doi.org/10.1038/541598-017-16168-w.

Marcelino LA, Westneat MW, Stoyneva V, Henss J, Rogers JD, Radosevich A,
Turzhitsky V, Siple M, Fang A, Swain TD, Fung J, Backman V. Modulation
of Light-Enhancement to Symbiotic Algae by Light-Scattering in Corals
and Evolutionary Trends in Bleaching. PLoS ONE. 2013;8:e61492. https://
doi.org/10.1371/journal.pone.0061492.

Markert JA, Champlin DM, Gutjahr-Gobell R, Grear JS, Kuhn A, McGreevy TJ,
Roth A, Bagley MJ, Nacci DE. Population genetic diversity and fitness in
multiple environments. BMC Evol Biol. 2010;10:205. https://doi.org/10.
1186/1471-2148-10-205.

Markey KL, Baird A, Humphrey C, Negri A. Insecticides and a fungicide affect
multiple coral life stages. Marine Ecology-Progress Series - MAR ECOL-
PROGR SER. 2007;330:127-37. https://doi.org/10.3354/meps330127.

Maslov D, Cruz F, Pinheiro M, Miranda T, Valente IB, Ferreira V, Pereira E.
Functional Conception of Biomimetic Artificial Reefs Using Parametric
Design and Modular Construction. JMSE. 2024;12:1682. https://doi.org/
10.3390/jmse12091682.

Matsuda SB, Opalek ML, Ritson-Williams R, Gates RD, Cunning R. Symbiont-
mediated tradeoffs between growth and heat tolerance are modulated
by light and temperature in the coral Montipora capitata. Coral Reefs.
2023;42:1385-94. https://doi.org/10.1007/500338-023-02441-0.

Matthews JL, Crowder CM, Oakley CA, Lutz A, Roessner U, Meyer E, Gross-
man AR, Weis VM, Davy SK. Optimal nutrient exchange and immune
responses operate in partner specificity in the cnidarian-dinoflagellate
symbiosis. Proc Natl Acad Sci. 2017;114:13194-9.

Matz MV, Treml EA, Haller BC. Estimating the potential for coral adaptation
to global warming across the Indo-West Pacific. Glob Change Biol.
2020;26:3473-81. https://doi.org/10.1111/gcb.15060.

Mayfield AB, Gates RD. Osmoregulation in anthozoan-dinoflagellate symbio-
sis. Comp Biochem Physiol a: Mol Integr Physiol. 2007;147:1-10.

Mbije NE, Spanier E, Rinkevich B. A first endeavour in restoring denuded,
post-bleached reefs in Tanzania. Estuar Coast Shelf Sci. 2013;128:41-51.
https://doi.org/10.1016/j.ecss.2013.04.021.

Mcleod E, Chmura GL, Bouillon S, Salm R, Bjork M, Duarte CM, Lovelock CE,
Schlesinger WH, Silliman BR. A blueprint for blue carbon: toward an
improved understanding of the role of vegetated coastal habitats in
sequestering CO ,. Frontiers in Ecol & Environ. 2011,9:552-60. https://
doi.org/10.1890/110004.

McWilliam M, Chase TJ, Hoogenboom MO. Neighbor Diversity Regulates the
Productivity of Coral Assemblages. Curr Biol. 2018;28:3634-3639.e3.
https://doi.org/10.1016/j.cub.2018.09.025.

Miller, MW, Latijnhouwers, KRW,, Bickel, A, Mendoza-Quiroz, S., Schick, M.,
Burton, K, Banaszak, AT, 2022. Settlement yields in large-scale in situ
culture of Caribbean coral larvae for restoration. Restoration Ecology 30.
https://doi.org/10.1111/rec.13512

De Mitcheson, YS., Erisman, B, 2012. Fishery and Biological Implications
of Fishing Spawning Aggregations, and the Social and Economic
Importance of Aggregating Fishes, in: Sadovy De Mitcheson, Y., Colin,
PL. (Eds.), Reef Fish Spawning Aggregations: Biology, Research and
Management. Springer Netherlands, Dordrecht, pp. 225-284. https://
doi.org/10.1007/978-94-007-1980-4_8

Moberg F, Folke C. Ecological goods and services of coral reef ecosystems. Ecol
Econ. 1999;29:215-33. https://doi.org/10.1016/50921-8009(99)00009-9.

Mohamed AR, Ochsenkihn MA, Kazlak AM, Moustafa A, Amin SA. The coral
microbiome: towards an understanding of the molecular mecha-
nisms of coral-microbiota interactions. FEMS Microbiology Reviews.
2023;47:fuad005

Monchanin C, Mehrotra R, Haskin E, Scott CM, Urgell Plaza P, Allchurch A,
Arnold S, Magson K, Hoeksema BW. Contrasting coral community
structures between natural and artificial substrates at Koh Tao. Gulf of
Thailand Marine Environmental Research. 2021;172:105505. https://doi.
org/10.1016/J.MARENVRES.2021.105505.

Mora C, Tittensor DP, Myers RA. The completeness of taxonomic inventories for
describing the global diversity and distribution of marine fishes. Proc R
Soc B. 2008;275:149-55. https://doi.org/10.1098/rspb.2007.1315.

Page 24 of 27

Morikawa MK, Palumbi SR. Using naturally occurring climate resilient cor-
als to construct bleaching-resistant nurseries. Proc Natl Acad Sci.
2019;116:10586-91. https://doi.org/10.1073/pnas.1721415116.

Morse DE, Hooker N, Morse ANC, Jensen RA. Control of larval metamorpho-
sis and recruitment in sympatric agariciid corals. J Exp Mar Biol Ecol.
1988;116:193-217. https://doi.org/10.1016/0022-0981(88)90027-5.

Motone K, Takagi T, Aburaya S, Aoki W, Miura N, Minakuchi H, Takeyama H,
Nagasaki Y, Shinzato C, Ueda M. Protection of Coral Larvae from Ther-
mally Induced Oxidative Stress by Redox Nanoparticles. Mar Biotechnol.
2018;20:542-8. https://doi.org/10.1007/510126-018-9825-5.

Munday PL, Jones GP, Pratchett MS, Williams AJ. Climate change and the future
for coral reef fishes. Fish and Fisheries. 2008;9:261-85.

Muscatine L, Ferrier-Pagés C, Blackburn A, Gates RD, Baghdasarian G, Allemand
D. Cell-specific density of symbiotic dinoflagellates in tropical anthozo-
ans. Coral Reefs. 1998;17:329-37. https://doi.org/10.1007/5003380050
133.

Muscatine, L., Falkowski, PG., Porter, JW., Dubinsky, Z. Fate of Photosynthetic
Fixed Carbon in Light- and Shade-Adapted Colonies of the Symbiotic
Coral Stylophora pistillata. Proceedings of the Royal Society of London.
Series B, Biological sciences. 1984,222:181-202.

Nadon MO, Ault JS, Williams ID, Smith SG, DiNardo GT. Length-Based Assess-
ment of Coral Reef Fish Populations in the Main and Northwestern
Hawaiian Islands. PLoS ONE. 2015;10:e0133960. https://doi.org/10.1371/
journal.pone.0133960.

Narayan S, Beck MW, Reguero BG, Losada 1J, Van Wesenbeeck B, Pontee N,
Sanchirico JN, Ingram JC, Lange G-M, Burks-Copes KA. The Effective-
ness, Costs and Coastal Protection Benefits of Natural and Nature-Based
Defences. PLoS ONE. 2016;11:¢0154735. https://doi.org/10.1371/journ
al.pone.0154735.

Neilson BJ, Wall CB, Mancini FT, Gewecke CA. Herbivore biocontrol and manual
removal successfully reduce invasive macroalgae on coral reefs. PeerJ.
2018;6:e5332. https://doi.org/10.7717/peer}.5332.

NOAA confirms 4th global coral bleaching event | National Oceanic and
Atmospheric Administration [WWW Document], 2024. URL https://
www.noaa.gov/news-release/noaa-confirms-4th-global-coral-bleac
hing-event (accessed 4.28.24).

NOAA, 2017. Sea Urchins Chow Down to Save Hawaii Coral Reefs [WWW
Document].

Nozawa Y. Micro-crevice structure enhances coral spat survivorship. J Exp Mar
Biol Ecol. 2008;367:127-30. https://doi.org/10.1016/jjembe.2008.09.004.

Nozawa Y, Lin C-H, Meng P-J. Sea urchins (diadematids) promote coral recov-
ery via recruitment on Taiwanese reefs. Coral Reefs. 2020;39:1199-207.
https://doi.org/10.1007/500338-020-01955-1.

Oakley, CA, Davy, SK, 2018. Cell Biology of Coral Bleaching, in: van Oppen,
M.JH. Lough, JM. (Eds.), Coral Bleaching: Patterns, Processes, Causes
and Consequences. Springer International Publishing, Cham, pp.
189-211. https://doi.org/10.1007/978-3-319-75393-5_8

Ochsenkihn MA, Réthig T, D’Angelo C, Wiedenmann J, Voolstra CR. The role
of floridoside in osmoadaptation of coral-associated algal endosymbi-
onts to high-salinity conditions. Sci Adv. 2022;3:21602047-e1602047.
https://doi.org/10.1126/sciadv.1602047.

Ogden JC, Lobel PS. The role of herbivorous fishes and urchins in coral reef
communities. Environ Biol Fish. 1978;3:49-63. https://doi.org/10.1007/
BFO0006308.

Okamoto M, Nojima S, Furushima Y, Phoel WC. A basic experiment of coral cul-
ture using sexual reproduction in the open sea. Fish Sci. 2005;71:263-
70. https://doi.org/10.1111/).1444-2906.2005.00959..

Oliver ECJ, Benthuysen JA, Darmaraki S, Donat MG, Hobday AJ, Hol-
brook NJ, Schlegel RW, Sen Gupta A. Marine Heatwaves. Ann
Rev Mar Sci. 2021;13:313-42. https://doi.org/10.1146/annur
ev-marine-032720-095144.

Oliver, E.CJ., Donat, M.G., Burrows, M.T,, Moore, PJ.,, Smale, D.A., Alexander,

LV, Benthuysen, J.A, Feng, M., Sen Gupta, A, Hobday, A.J,, Holbrook,
N.J, Perkins-Kirkpatrick, S.E., Scannell, H.A, Straub, S.C, Wernberg,

T, 2018. Longer and more frequent marine heatwaves over the

past century. Nature Communications 9. https://doi.org/10.1038/
s41467-018-03732-9

Osman EQ, Suggett DJ, Voolstra CR, Pettay DT, Clark DR, Pogoreutz C, Sampayo
EM, Warner ME, Smith DJ. Coral microbiome composition along the
northern Red Sea suggests high plasticity of bacterial and specificity of
endosymbiotic dinoflagellate communities. Microbiome. 2020;8:1-16.


https://doi.org/10.1038/s41598-017-16168-w
https://doi.org/10.1371/journal.pone.0061492
https://doi.org/10.1371/journal.pone.0061492
https://doi.org/10.1186/1471-2148-10-205
https://doi.org/10.1186/1471-2148-10-205
https://doi.org/10.3354/meps330127
https://doi.org/10.3390/jmse12091682
https://doi.org/10.3390/jmse12091682
https://doi.org/10.1007/s00338-023-02441-0
https://doi.org/10.1111/gcb.15060
https://doi.org/10.1016/j.ecss.2013.04.021
https://doi.org/10.1890/110004
https://doi.org/10.1890/110004
https://doi.org/10.1016/j.cub.2018.09.025
https://doi.org/10.1111/rec.13512
https://doi.org/10.1007/978-94-007-1980-4_8
https://doi.org/10.1007/978-94-007-1980-4_8
https://doi.org/10.1016/S0921-8009(99)00009-9
https://doi.org/10.1016/J.MARENVRES.2021.105505
https://doi.org/10.1016/J.MARENVRES.2021.105505
https://doi.org/10.1098/rspb.2007.1315
https://doi.org/10.1073/pnas.1721415116
https://doi.org/10.1016/0022-0981(88)90027-5
https://doi.org/10.1007/s10126-018-9825-5
https://doi.org/10.1007/s003380050133
https://doi.org/10.1007/s003380050133
https://doi.org/10.1371/journal.pone.0133960
https://doi.org/10.1371/journal.pone.0133960
https://doi.org/10.1371/journal.pone.0154735
https://doi.org/10.1371/journal.pone.0154735
https://doi.org/10.7717/peerj.5332
https://www.noaa.gov/news-release/noaa-confirms-4th-global-coral-bleaching-event
https://www.noaa.gov/news-release/noaa-confirms-4th-global-coral-bleaching-event
https://www.noaa.gov/news-release/noaa-confirms-4th-global-coral-bleaching-event
https://doi.org/10.1016/j.jembe.2008.09.004
https://doi.org/10.1007/s00338-020-01955-1
https://doi.org/10.1007/978-3-319-75393-5_8
https://doi.org/10.1126/sciadv.1602047
https://doi.org/10.1007/BF00006308
https://doi.org/10.1007/BF00006308
https://doi.org/10.1111/j.1444-2906.2005.00959.x
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9

Cecchini et al. Advanced Biotechnology (2024) 2:42

Owen R, Knap A, Ostrander N, Carbery K. Comparative Acute Toxicity of Her-
bicides to Photosynthesis of Coral Zooxanthellae. Bull Environ Contam
Toxicol. 2003;70:541-8. https://doi.org/10.1007/500128-003-0020-6.

Palumbi SR, Barshis DJ, Traylor-Knowles N, Bay RA. Mechanisms of reef coral
resistance to future climate change. Science. 2014;344:895-8.

Pang A-P, Luo Y, He C, Lu Z, Lu X. A polyp-on-chip for coral long-term culture.
Sci Rep. 2020;10:6964. https://doi.org/10.1038/541598-020-63829-4.

Parrin AP, Goulet TL, Yaeger MA, Bross LS, McFadden CS, Blackstone NW. Sym-
biodinium migration mitigates bleaching in three octocoral species. J
Exp Mar Biol Ecol. 2016;474:73-80.

Pascal N, Allenbach M, Brathwaite A, Burke L, Le Port G, Clua E. Economic valu-
ation of coral reef ecosystem service of coastal protection: A pragmatic
approach. Ecosyst Serv. 2016;21:72-80. https://doi.org/10.1016/j.ecoser.
2016.07.005.

Pei J-Y, Yu W-F, Zhang J-J, Kuo T-H, Chung H-H, Hu J-J, Hsu C-C, Yu K-F. Mass
spectrometry—based metabolomic signatures of coral bleaching under
thermal stress. Anal Bioanal Chem. 2022;414:7635-46.

Perez S, Weis V. Nitric oxide and cnidarian bleaching: an eviction notice medi-
ates breakdown of a symbiosis. J Exp Biol. 2006,209:2804-10.

Plass-Johnson JG, Ferse SCA, Jompa J, Wild C, Teichberg M. Fish herbivory as
key ecological function in a heavily degraded coral reef system. Limnol
Oceanogr. 2015;60:1382-91. https://doi.org/10.1002/In0.10105.

Pogoreutz C, Radecker N, Cardenas A, Gardes A, Wild C, Voolstra CR. Nitrogen
Fixation Aligns with nifH Abundance and Expression in Two Coral
Trophic Functional Groups. Front Microbiol. 2017;8:1187.

Pogoreutz C, Oakley CA, Radecker N, Cardenas A, Perna G, Xiang N, Peng L,
Davy SK, Ngugi DK, Voolstra CR. Coral holobiont cues prime Endozoico-
monas for a symbiotic lifestyle. ISME J. 2022;16:1883-95. https://doi.org/
10.1038/541396-022-01226-7.

Pollock FJ, Katz SM, van de Water JAJM, Davies SW, Hein M, Torda G, Matz MV,
Beltran VH, Buerger P, Puill-Stephan E, Abrego D, Bourne DG, Willis BL.
Coral larvae for restoration and research: a large-scale method for rear-
ing Acropora millepora larvae, inducing settlement, and establishing
symbiosis. PeerJ. 2017;5:e3732. https://doi.org/10.7717/peerj.3732.

Pratchett MS, Hoey AS, Wilson SK. Reef degradation and the loss of critical
ecosystem goods and services provided by coral reef fishes. Current
Opinion in Environmental Sustainability. 2014;7:37-43. https://doi.org/
10.1016/j.cosust.2013.11.022.

Quigley KM, Bay LK, van Oppen MJH. The active spread of adaptive variation
for reef resilience. Ecol Evol. 2019;9:11122-35. https://doi.org/10.1002/
ece3.5616.

Quigley KM, Bay LK, van Oppen MJH. Genome-wide SNP analysis reveals an
increase in adaptive genetic variation through selective breeding of
coral. Mol Ecol. 2020a;29:2176-88. https://doi.org/10.1111/mec.15482.

Quigley, K. M., Randall, C.J, van Oppen, M.JH,, Bay, LK, 2020. Assessing the
role of historical temperature regime and algal symbionts on the heat
tolerance of coral juveniles. Biology Open 9. https://doi.org/10.1242/
bio.047316

Quigley, K.M., Marzonie, M., Ramsby, B., Abrego, D., Milton, G., van Oppen,
M.JH., Bay, LK, 2021. Variability in Fitness Trade-Offs Amongst Coral
Juveniles With Mixed Genetic Backgrounds Held in the Wild. Frontiers in
Marine Science 8. https://doi.org/10.3389/fmars.2021.636177

Ralph PJ, Gademann R, Larkum AWD. Zooxanthellae expelled from bleached
corals at 338C are photosynthetically competent. Mar Ecol Prog Ser.
2001,220:163-8.

Randazzo-Eisemann A, Garza-Pérez JR, Penié-Rodriguez |, Figueroa-Zavala B. 25
years of multiple stressors driving the coral-algae phase shift in Akumal.
Mexico Ocean & Coastal Management. 2021;214:105917. https://doi.
org/10.1016/j.ocecoaman.2021.105917.

Randle JL, Cardenas A, Gegner HM, Ziegler M, Voolstra CR. Salinity-conveyed
thermotolerance in the coral model Aiptasia is accompanied
by distinct changes of the bacterial microbiome. Front Mar Sci.
2020;7:573635-573635.

Ranith RP, N, N.M., Nobi, E.P, Raj, A.A, Sivaraj, S.,.. Assessment of coral reef con-
nectivity in improved organic carbon storage of seagrass ecosystems in
Palk Bay. India Marine Pollution Bulletin. 2024;207:116908. https://doi.
0rg/10.1016/j.marpolbul.2024.116908.

Reaka-Kudla, M.L., Wilson, D.E., Wilson, E.O,, 1997. Biodiversity II: Understanding
and Protecting Our Biological Resources. Joseph Henry Press, Washing-
ton, D.C. https://doi.org/10.17226/4901

Page 25 of 27

Renzi JJ, Shaver EC, Burkepile DE, Silliman BR. The role of predators in coral
disease dynamics. Coral Reefs. 2022;41:405-22.

Reshef L, Koren O, Loya Y, Zilber-Rosenberg |, Rosenberg E. The coral probiotic
hypothesis. Environ Microbiol. 2006;8:2068-73.

Rinkevich B. The contribution of photosynthetic products to coral reproduc-
tion. Mar Biol. 1989;101:259-63. https://doi.org/10.1007/BF00391465.

Rinkevich B. Restoration Strategies for Coral Reefs Damaged by Recrea-
tional Activities: The Use of Sexual and Asexual Recruits. Restor Ecol.
1995;3:241-51. https://doi.org/10.1111/}.1526-100X.1995.tb00091 .

Rinkevich B. Rebuilding coral reefs: does active reef restoration lead to
sustainable reefs? Current Opinion in Environmental Sustainability.
2014,7:28-36. https://doi.org/10.1016/j.cosust.2013.11.018.

Roach TNF, Dilworth J, Martin C, Jones AD, Quinn R, Drury C. Metabolomic
signatures of coral bleaching history. Nature Ecology & Evolution.
2021;5:495-503. https://doi.org/10.1101/2020.05.10.087072.

Robertson DR. Implications of body size for interspecific interactions
and assemblage organization among coral-reef fishes. Aust J Ecol.
1998;23:252-7. https://doi.org/10.1111/j.1442-9993.1998.tb00728 x.

Rodgers KS, Lorance K, Dona AR, Stender Y, Lager C, Jokiel PL. Effectiveness
of coral relocation as a mitigation strategy in Kane'ohe Bay. Hawai'i
Peerj. 2017;2017:3346. https://doi.org/10.7717/peerj.3346.

Roethig, T., Ochsenkuehn, M.A,, van der Merwe, R., Roik, A, Voolstra, C.R,,
2016. Response of Holobiont Compartments to Salinity Changes
Indicates Osmoregulation of Scleractinian Corals. American Geo-
physical Union 2016, PC54B-2263.

Roger LM, Russo JA, Jinkerson RE, Giraldo JP, Lewinski NA. Engineered
nanoceria alleviates thermally induced oxidative stress in free-living
Breviolum minutum (Symbiodiniaceae, formerly Clade B). Front Mar
Sci. 2022,9:960173. https://doi.org/10.3389/fmars.2022.960173.

Roger LM, Lewinski NA, Putnam HM, Roxbury D, Tresguerres M, Wangpra-
seurt D. Nanobiotech engineering for future coral reefs. One Earth.
2023,6:778-89. https://doi.org/10.1016/j.oneear.2023.05.008.

Rosenberg E, Falkovitz L. The Vibrio shiloi/Oculina patagonica Model System
of Coral Bleaching. Annu Rev Microbiol. 2004;58:143-59. https://doi.
org/10.1146/annurev.micro.58.030603.123610.

Rosenberg E, Kushmaro A, Kramarsky-Winter E, Banin E, Yossi L. The role of
microorganisms in coral bleaching. ISME J. 2009;3:139-46. https://
doi.org/10.1038/ismej}.2008.104.

Rosenstiel P, Philipp EER, Schreiber S, Bosch TCG. Evolution and Function
of Innate Immune Receptors — Insights from Marine Invertebrates. J
Innate Immun. 2009;1:291-300. https://doi.org/10.1159/000211193.

Rosental B, Kozhekbaeva Z, Fernhoff N, Tsai JM, Traylor-Knowles N. Coral
cell separation and isolation by fluorescence-activated cell sort-
ing (FACS). BMC Cell Biol. 2017;18:30. https://doi.org/10.1186/
$12860-017-0146-8.

Rosset SL, Oakley CA, Ferrier-Pagés C, Suggett DJ, Weis VM, Davy SK. The
molecular language of the cnidarian-dinoflagellate symbiosis. Trends
Microbiol. 2021;29:320-33.

Roth, M.S., 2014. The engine of the reef: Photobiology of the coral-algal
symbiosis. Frontiers in Microbiology 5. https://doi.org/10.3389/fmicb.
2014.00422

Russnak V, Rodriguez-Lanetty M, Karsten U. Photophysiological tolerance
and thermal plasticity of genetically different Symbiodiniaceae endo-
symbiont species of Cnidaria. Front Mar Sci. 2021;8:657348-657348.

Sandeman IM. Fragmentation of the gastrodermis and detachment of
zooxanthellae in symbiotic cnidarians: a role for hydrogen peroxide
and Ca2+ in coral bleaching and algal density control. Rev Biol Trop.
2006;54:79-96.

Santoro, E.P, Borges, R.M,, Espinoza, J.L, Freire, M., Messias, C.S.M.A,, Villela,
H.D.M., Pereira, L.M., Vilela, C.L.S., Rosado, J.G., Cardoso, PM., 2021.
Coral microbiome manipulation elicits metabolic and genetic
restructuring to mitigate heat stress and evade mortality. Science
Advances. 7:eabg3088-eabg3088.

Sawyer SJ, Muscatine L. Cellular mechanisms underlying temperature-
induced bleaching in the tropical sea anemone Aiptasia pulchella. J
Exp Biol. 2001;204:3443-56.

Schoepf, V., Stat, M,, Falter, J.L., McCulloch, M.T,, 2015. Limits to the thermal
tolerance of corals adapted to a highly fluctuating, naturally extreme
temperature environment. Scientific Reports 5. https://doi.org/10.
1038/srep17639


https://doi.org/10.1007/s00128-003-0020-6
https://doi.org/10.1038/s41598-020-63829-4
https://doi.org/10.1016/j.ecoser.2016.07.005
https://doi.org/10.1016/j.ecoser.2016.07.005
https://doi.org/10.1002/lno.10105
https://doi.org/10.1038/s41396-022-01226-7
https://doi.org/10.1038/s41396-022-01226-7
https://doi.org/10.7717/peerj.3732
https://doi.org/10.1016/j.cosust.2013.11.022
https://doi.org/10.1016/j.cosust.2013.11.022
https://doi.org/10.1002/ece3.5616
https://doi.org/10.1002/ece3.5616
https://doi.org/10.1111/mec.15482
https://doi.org/10.1242/bio.047316
https://doi.org/10.1242/bio.047316
https://doi.org/10.3389/fmars.2021.636177
https://doi.org/10.1016/j.ocecoaman.2021.105917
https://doi.org/10.1016/j.ocecoaman.2021.105917
https://doi.org/10.1016/j.marpolbul.2024.116908
https://doi.org/10.1016/j.marpolbul.2024.116908
https://doi.org/10.17226/4901
https://doi.org/10.1007/BF00391465
https://doi.org/10.1111/j.1526-100X.1995.tb00091.x
https://doi.org/10.1016/j.cosust.2013.11.018
https://doi.org/10.1101/2020.05.10.087072
https://doi.org/10.1111/j.1442-9993.1998.tb00728.x
https://doi.org/10.7717/peerj.3346
https://doi.org/10.3389/fmars.2022.960173
https://doi.org/10.1016/j.oneear.2023.05.008
https://doi.org/10.1146/annurev.micro.58.030603.123610
https://doi.org/10.1146/annurev.micro.58.030603.123610
https://doi.org/10.1038/ismej.2008.104
https://doi.org/10.1038/ismej.2008.104
https://doi.org/10.1159/000211193
https://doi.org/10.1186/s12860-017-0146-8
https://doi.org/10.1186/s12860-017-0146-8
https://doi.org/10.3389/fmicb.2014.00422
https://doi.org/10.3389/fmicb.2014.00422
https://doi.org/10.1038/srep17639
https://doi.org/10.1038/srep17639

Cecchini et al. Advanced Biotechnology (2024) 2:42

Schopmeyer SA, Lirman D, Bartels E, Byrne J, Gilliam DS, Hunt J, Johnson ME,
Larson EA, Maxwell K, Nedimyer K, Walter C. In Situ Coral Nurseries
Serve as Genetic Repositories for Coral Reef Restoration after an
Extreme Cold-Water Event. Restor Ecol. 2012;20:696-703. https://doi.
0rg/10.1111/j.1526-100X.2011.00836.x.

Schweinsberg M, Gosser F, Tollrian R. The history, biological relevance,
and potential applications for polyp bailout in corals. Ecol Evol.
2021;11:8424-40. https://doi.org/10.1002/ece3.7740.

Sebens KP. Biodiversity of Coral Reefs: What are We Losing and Why? Am Zool.
1994,34:115-33. https://doi.org/10.1093/icb/34.1.115.

Shafir, S., Rinkevich, B., 2010. Integrated Long-Term Mid-Water Coral Nurseries:
A Management Instrument Evolving into a Floating Ecosystem. Univer-
sity of Mauritius Research Journal 16.

Shapiro OH, Kramarsky-Winter E, Gavish AR, Stocker R, Vardi A. A coral-on-
a-chip microfluidic platform enabling live-imaging microscopy of
reef-building corals. Nat Commun. 2016;7:10860. https://doi.org/10.
1038/ncomms10860.

Shashar N, Feldstein T, Cohen'Y, Loya Y. Nitrogen fixation (acetylene reduction)
on a coral reef. Coral Reefs. 1994;13:171-4. https://doi.org/10.1007/
BF00301195.

Silverman, J, Lazar, B, Cao, L., Caldeira, K, Erez, J,, 2009. Coral reefs may start
dissolving when atmospheric CO2 doubles. Geophysical Research
Letters 36.

Simona F, Zhang H, Voolstra CR. Evidence for a role of protein phosphoryla-
tion in the maintenance of the cnidarian-algal symbiosis. Mol Ecol.
2019;28:5373-86.

Siqueira AC, Morais RA, Bellwood DR, Cowman PF. Planktivores as trophic driv-
ers of global coral reef fish diversity patterns. Proc Natl Acad Sci USA.
2021;118:€2019404118. https://doi.org/10.1073/pnas.2019404118.

Smith DJ, Suggett DJ, Baker NR. Is photoinhibition of zooxanthellae photosyn-
thesis the primary cause of thermal bleaching in corals? Glob Change
Biol. 2005;11:1-11. https://doi.org/10.1111/}.1529-8817.2003.00895 x.

Smith, H.A, Brown, D.A, Arjunwadkar, C\V, Fulton, S.E, Whitman, T,, Hermanto,
B., Mastroianni, E., Mattocks, N., Smith, AK., Harrison, PL., Bostrom-Ein-
arsson, L, McLeod, .M., Bourne, D.G., 2022. Removal of macroalgae from
degraded reefs enhances coral recruitment. Restoration Ecology 30.
https://doi.org/10.1111/rec.13624

Spalding M, Burke L, Wood SA, Ashpole J, Hutchison J, zu Ermgassen, P,. Map-
ping the global value and distribution of coral reef tourism. Mar Policy.
2017;82:104-13. https://doi.org/10.1016/j.marpol.2017.05.014.

Speers AE, Besedin EY, Palardy JE, Moore C. Impacts of climate change and
ocean acidification on coral reef fisheries: An integrated ecological-
economic model. Ecol Econ. 2016;128:33-43. https://doi.org/10.1016/j.
ecolecon.2016.04.012.

Spies, Thomas A., 1998. Forest Structure: A Key to the Ecosystem. Proceed-
ings of a workshop on Structure, Process, and Diversity in Successional
Forests of Coastal British Columbia 72.

Spurgeon JPG. The economic valuation of coral reefs. Mar Pollut Bull.
1992;24:529-36. https://doi.org/10.1016/0025-326X(92)90704-A.
Stammer D, Martins MS, Kéhler J, Kohl A. How well do we know ocean salinity

and its changes? Prog Oceanogr. 2021;190:102478-102478.

Stanley, G.D., van de Schootbrugge, B., 2009. The Evolution of the Coral-Algal
Symbiosis, in: Coral Bleaching: Patterns, Processes, Causes and Conse-
quences. pp. 7-19. https://doi.org/10.1007/978-3-540-69775-6_2

Stat, M., Morris, E.,, Gates, R.D,, Karl, D.M,, 2008. Functional diversity in coral-
dinoflagellate symbiosis.

Stella, J.S., Pratchett, M.S., Hutchings, PA.,, Jones, G.P, 2011. Coral-associated
invertebrates: Diversity, ecological importance and vulnerability to
disturbance, in: Oceanography and Marine Biology: An Annual Review.

Stone, R.B,, Pratt, H.L, Parker, RO, Davis, G.E., 1979. A Comparison of Fish Popu-
lations on an Artificial and Natural Reef in the Florida Keys.

Strohecker J, Golladay J, Paramo M, Paramo M, El Rahmany W, Blackstone NW.
Reactive oxygen species and the stress response in Octocorals. Physiol
Biochem Zool. 2021;94:394-410.

Strychar KB, Coates M, Sammarco PW, Piva TJ. Bleaching as a pathogenic
response in scleractinian corals, evidenced by high concentrations of
apoptotic and necrotic zooxanthellae. J Exp Mar Biol Ecol. 2004;304:99—
121. https://doi.org/10.1016/j.jembe.2003.11.023.

Suggett DJ, Camp EF, Edmondson J, Bostrém-Einarsson L, Ramler V, Lohr K, Pat-
terson JT. Optimizing return-on-effort for coral nursery and outplanting

Page 26 of 27

practices to aid restoration of the Great Barrier Reef. Restor Ecol.
2019;27:683-93. https://doi.org/10.1111/rec.12916.

Sun X, LiY,Yang Q, Zhang H, Xu N, Tang Z, Wu S, Jiang Y, Mohamed HF, Ou D.
Identification of quorum sensing-regulated Vibrio fortis as potential
pathogenic bacteria for coral bleaching and the effects on the micro-
bial shift. Front Microbiol. 2023;14:1116737-1116737.

Sussman M, Loya Y, Fine M, Rosenberg E. The marine fireworm Hermodice
carunculata is a winter reservoir and spring-summer vector for the
coral-bleaching pathogen Vibrio shiloi. Environ Microbiol. 2003;5:250-5.
https://doi.org/10.1046/}.1462-2920.2003.00424.x.

Suzuki A, Kawahata H. Carbon budget of coral reef systems: an overview of
observations in fringing reefs, barrier reefs and atolls in the Indo-Pacific
regions. Tellus b: Chemical and Physical Meteorology. 2003;55:428.
https://doi.org/10.3402/tellusb.v55i2.16761.

Suzuki G, Arakaki S, Suzuki K, lehisa Y, Hayashibara T. What is the optimal den-
sity of larval seeding in Acropora corals? Fish Sci. 2012;78:801-8. https://
doi.org/10.1007/512562-012-0504-6.

Suzuki G, Okada W, Yasutake Y, Yamamoto H, Tanita |, Yamashita H, Hayashibara
T, Komatsu T, Kanyama T, Inoue M, Yamazaki M. Enhancing coral larval
supply and seedling production using a special bundle collection
system “coral larval cradle”for large-scale coral restoration. Restor Ecol.
2020;28:1172-82. https://doi.org/10.1111/rec.13178.

SwainTD, Lax S, Lake N, Grooms H, Backman 'V, Marcelino LA. Relating Coral
Skeletal Structures at Different Length Scales to Growth, Light Availabil-
ity to Symbiodinium, and Thermal Bleaching. Front Mar Sci. 2018;5:450.
https://doi.org/10.3389/fmars.2018.00450.

SwainTD, Lax S, Gilbert J, Backman V, Marcelino LA. A phylogeny-informed
analysis of the global coral-symbiodiniaceae interaction network
reveals that traits correlated with thermal bleaching are specific to
symbiont transmission mode. Msystems. 2021;6:10-1128.

Symonds G, Black KP, Young IR. Wave-driven flow over shallow reefs. J Geophys
Res. 1995;100:2639-48. https://doi.org/10.1029/94JC02736.

Szabd, M., Larkum, AW.D,, Vass, I, 2020. A review: the role of reactive oxygen
species in mass coral bleaching. Photosynthesis in algae: biochemical
and physiological mechanisms 459-488.

Tambutté S, Holcomb M, Ferrier-Pagés C, Reynaud S, Tambutté E, Zoccola D,
Allemand D. Coral biomineralization: From the gene to the environ-
ment. J Exp Mar Biol Ecol. 2011;408:58-78. https://doi.org/10.1016/].
jembe.2011.07.026.

Tanaka Y, Suzuki A, Sakai K. The stoichiometry of coral-dinoflagellate symbiosis:
Carbon and nitrogen cycles are balanced in the recycling and double
translocation system. ISME J. 2018;12:860-8. https://doi.org/10.1038/
$41396-017-0019-3.

Tanner JE. Competition between scleractinian corals and macroalgae: An
experimental investigation of coral growth, survival and reproduction.
J Exp Mar Biol Ecol. 1995;190:151-68. https://doi.org/10.1016/0022-
0981(95)00027-0.

Tolleter D, Seneca FO, DeNofrio JC, Krediet CJ, Palumbi SR, Pringle JR, Gross-
man AR. Coral bleaching independent of photosynthetic activity. Curr
Biol. 2013;23:1782-6.

Torres AF, Valino DAM, Ravago-Gotanco R. Zooxanthellae diversity and
coral-symbiont associations in the Philippine Archipelago: speci-
ficity and adaptability across thermal gradients. Front Mar Sci.
2021;8:731023-731023.

van Oppen MJH, Blackall LL. Coral microbiome dynamics, functions and
design in a changing world. Nat Rev Microbiol. 2019;17:557-67.

Van Zanten BT, Van Beukering PJH, Wagtendonk AJ. Coastal protection by coral
reefs: A framework for spatial assessment and economic valuation.
Ocean Coast Manag. 2014;96:94-103. https://doi.org/10.1016/j.0ceco
aman.2014.05.001.

Vardi T, Hoot WC, Levy J, Shaver E, Winters RS, Banaszak AT, Baums 1B, Cham-
berland VF, Cook N, Gulko D, Hein MY, Kaufman L, Loewe M, Lundgren
P, Lustic C, MacGowan P, Matz MV, McGonigle M, McLeod |, Moore
J,Moore T, Pivard S, Pollock FJ, Rinkevich B, Suggett DJ, Suleiman S,
Viehman TS, Villalobos T, Weis VM, Wolke C, Montoya-Maya PH. Six
priorities to advance the science and practice of coral reef restoration
worldwide. Restor Ecol. 2021;29:1-7. https://doi.org/10.1111/rec.13498.

Vermeij MJA, Marhaver KL, Huijbers CM, Nagelkerken 1, Simpson SD. Coral
Larvae Move toward Reef Sounds. PLoS ONE. 2010;5:e10660. https://
doi.org/10.1371/journal.pone.0010660.


https://doi.org/10.1111/j.1526-100X.2011.00836.x
https://doi.org/10.1111/j.1526-100X.2011.00836.x
https://doi.org/10.1002/ece3.7740
https://doi.org/10.1093/icb/34.1.115
https://doi.org/10.1038/ncomms10860
https://doi.org/10.1038/ncomms10860
https://doi.org/10.1007/BF00301195
https://doi.org/10.1007/BF00301195
https://doi.org/10.1073/pnas.2019404118
https://doi.org/10.1111/j.1529-8817.2003.00895.x
https://doi.org/10.1111/rec.13624
https://doi.org/10.1016/j.marpol.2017.05.014
https://doi.org/10.1016/j.ecolecon.2016.04.012
https://doi.org/10.1016/j.ecolecon.2016.04.012
https://doi.org/10.1016/0025-326X(92)90704-A
https://doi.org/10.1007/978-3-540-69775-6_2
https://doi.org/10.1016/j.jembe.2003.11.023
https://doi.org/10.1111/rec.12916
https://doi.org/10.1046/j.1462-2920.2003.00424.x
https://doi.org/10.3402/tellusb.v55i2.16761
https://doi.org/10.1007/s12562-012-0504-6
https://doi.org/10.1007/s12562-012-0504-6
https://doi.org/10.1111/rec.13178
https://doi.org/10.3389/fmars.2018.00450
https://doi.org/10.1029/94JC02736
https://doi.org/10.1016/j.jembe.2011.07.026
https://doi.org/10.1016/j.jembe.2011.07.026
https://doi.org/10.1038/s41396-017-0019-3
https://doi.org/10.1038/s41396-017-0019-3
https://doi.org/10.1016/0022-0981(95)00027-O
https://doi.org/10.1016/0022-0981(95)00027-O
https://doi.org/10.1016/j.ocecoaman.2014.05.001
https://doi.org/10.1016/j.ocecoaman.2014.05.001
https://doi.org/10.1111/rec.13498
https://doi.org/10.1371/journal.pone.0010660
https://doi.org/10.1371/journal.pone.0010660

Cecchini et al. Advanced Biotechnology (2024) 2:42

Vianna GMS, Meekan MG, Pannell DJ, Marsh SP, Meeuwig JJ. Socio-economic
value and community benefits from shark-diving tourism in Palau: A
sustainable use of reef shark populations. Biol Cons. 2012;145:267-77.
https://doi.org/10.1016/j.biocon.2011.11.022.

Virgen-Urcelay A, Donner SD. Increase in the extent of mass coral bleaching
over the past half-century, based on an updated global database. PLoS
ONE. 2023;18:e0281719.

Walton E, Badder L, Galindo-Martinez CT, Berry DB, Tresguerres M, Wang-
praseurt D. Advancing the coral propagation toolkit via hypersalin-
ity induced coral micropropagates. Front Mar Sci. 2024;11:1454887.
https://doi.org/10.3389/fmars.2024.1454887.

Wangpraseurt D, Jacques S, Lyndby N, Holm JB, Pages CF, KiihI M. Microscale
light management and inherent optical properties of intact cor-
als studied with optical coherence tomography. J R Soc Interface.
2019;16:20180567. https://doi.org/10.1098/rsif.2018.0567.

Wangpraseurt D, Sun'Y,You S, Chua S, Noel SK, Willard HF, Berry DB, Clifford
AM, Plummer S, Xiang Y, Hwang HH, Kaandorp J, Diaz JM, La Jeunesse
TC, Pernice M, Vignolini S, Tresguerres M, Chen S. Bioprinted Living Coral
Microenvironments Mimicking Coral-Algal Symbiosis. Adv Funct Mate-
rials. 2022;32:2202273. https://doi.org/10.1002/adfm.202202273.

Wangpraseurt, D,, Larkum, AW.D, Ralph, PJ., Kihl, M., 2012. Light gradients and
optical microniches in coral tissues. Front. Microbio. 3. https://doi.org/
10.3389/fmicb.2012.00316

Wangpraseurt, D,, Holm, J.B,, Larkum, AW.D,, Pernice, M., Ralph, PJ,, Suggett,
D.J., Kahl, M., 2017. In vivo Microscale Measurements of Light and Pho-
tosynthesis during Coral Bleaching: Evidence for the Optical Feedback
Loop? Front. Microbiol. 8. https://doi.org/10.3389/fmicb.2017.00059

Watanabe, A, Nakamura, T, 2019. Carbon Dynamics in Coral Reefs, in: Kuwae,
T, Hori, M. (Eds.), Blue Carbon in Shallow Coastal Ecosystems. Springer
Singapore, Singapore, pp. 273-293. https://doi.org/10.1007/978-981-
13-1295-3_10

Weis VM. Cellular mechanisms of Cnidarian bleaching: stress causes the col-
lapse of symbiosis. J Exp Biol. 2008;211:3059-66. https://doi.org/10.
1242/jeb.009597.

Williams A, Pathmanathan JS, Stephens TG, Su X, Chiles EN, Conetta D, Putnam
HM, Bhattacharya D. Multi-omic characterization of the thermal stress
phenome in the stony coral Montipora capitata. Peer). 2021,9:e12335.
https://doi.org/10.7717/peerj.12335.

Wilson SK, Dolman AM, Cheal AJ, Emslie MJ, Pratchett MS, Sweatman HPA.
Maintenance of fish diversity on disturbed coral reefs. Coral Reefs.
2009;28:3-14. https://doi.org/10.1007/500338-008-0431-2.

Wolfowicz |, Baumgarten S, Voss PA, Hambleton EA, Voolstra CR, Hatta M, Guse
A. Aiptasia sp. larvae as a model to reveal mechanisms of symbiont
selection in cnidarians. Sci Rep. 2016;6:32366-32366.

Woodhead AJ, Hicks CC, Norstrom AV, Williams GJ, Graham NAJ. Coral reef
ecosystem services in the Anthropocene. Funct Ecol. 2019;33:1023-34.
https://doi.org/10.1111/1365-2435.13331.

Wooldridge SA. A new conceptual model for the warm-water breakdown of
the coral-algae endosymbiosis. Mar Freshw Res. 2009;60:483-96.

Ye S, Bhattacharjee M, Siemann E. Stress tolerance alteration in the fresh-
water cnidarian green hydra (Hydra viridissima) via symbiotic algae
mutagenesis. Symbiosis. 2020;82:189-99. https://doi.org/10.1007/
513199-020-00712-w.

Zavafer A, Mancilla C. Concepts of photochemical damage of Photosystem
Il'and the role of excessive excitation. J Photochem Photobiol, C.
2021;47:100421-100421. https://doi.org/10.1016/} jphotochemrev.2021.
100421,

Zhang Y, Ip JC-H, Xie JY, Yeung YH, Sun Y, Qiu J-W. Host-symbiont transcrip-
tomic changes during natural bleaching and recovery in the leaf coral
Pavona decussata. Sci Total Environ. 2022;806:150656-150656.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 27 of 27


https://doi.org/10.1016/j.biocon.2011.11.022
https://doi.org/10.3389/fmars.2024.1454887
https://doi.org/10.1098/rsif.2018.0567
https://doi.org/10.1002/adfm.202202273
https://doi.org/10.3389/fmicb.2012.00316
https://doi.org/10.3389/fmicb.2012.00316
https://doi.org/10.3389/fmicb.2017.00059
https://doi.org/10.1007/978-981-13-1295-3_10
https://doi.org/10.1007/978-981-13-1295-3_10
https://doi.org/10.1242/jeb.009597
https://doi.org/10.1242/jeb.009597
https://doi.org/10.7717/peerj.12335
https://doi.org/10.1007/s00338-008-0431-2
https://doi.org/10.1111/1365-2435.13331
https://doi.org/10.1007/s13199-020-00712-w
https://doi.org/10.1007/s13199-020-00712-w
https://doi.org/10.1016/j.jphotochemrev.2021.100421
https://doi.org/10.1016/j.jphotochemrev.2021.100421

	Saving coral reefs: significance and biotechnological approaches for coral conservation
	Abstract 
	1 Introduction
	2 Symbiotic interactions
	3 Mechanisms of bleaching
	3.1 Heat and light (UV)
	3.2 Salinity
	3.3 Pollution
	3.4 Ocean acidification
	3.5 Pathogenic infections

	4 Ongoing strategies to address coral loss
	4.1 Coral restoration: establishing a practical toolkit
	4.1.1 Environmental intervention
	4.1.2 Coral transplantation and coral gardening
	4.1.3 Larval propagation and settlement enhancement
	4.1.4 Interconnections of restoration strategies

	4.2 Assisted evolution: engineering the seeds of change
	4.2.1 Selective breeding
	4.2.2 Assisted gene flow
	4.2.3 Biotechnology innovations

	4.3 Integration of the major strategies
	4.3.1 Integration of multiple approaches
	4.3.2 Challenges of integration


	5 Conclusions
	Acknowledgements
	References


