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Abstract

Coral restoration is important in ocean engineering because corals play a crucial role for sustainable
marine ecosystems and in global carbon cycle. Coral microbiome controls the host life and functions
by occupying different coral components such as tissue, skeleton, mucus and surrounding water.
They work together as a complementary community to create the circle of healthy life for coral reefs.
In addition to their role in carbon, nitrogen and sulfur cycling, metabolism and defence, their pattern
of abundance and diversity shapes coral resilience and adaptation to the changing environment.
As coral reefs are facing a tremendous decline by climate change and human activities, we here review
the motors shifting the pattern of natural coral microbiome, and how this microbiome shift could affect
coral health or drive coral adaptation to both climate change and anthropogenic disturbances. The available
coral restoration techniques and their limitations are also discussed, particularly the new arising trend
of coral restoration through coral microbiome. After presenting the high value of microbial community
in maintaining coral reef health, we suggest that coral restoration through their microbiome could be
a self-sustaining tool in fighting worldwide coral decline and urge scientist to draw more attention
toward this new approach.
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Introduction

Coral Reef and Carbon Capture
and Sequestration

Although Tropical coral reef represents 0.1% of
the ocean but is considered one of the most biodiverse
communities on the earth, harbouring one quarter of
all marine life. They support human society through a
range of services such as fisheries, tourism, livelihood,
erosion prevention and defence against disturbed
environmental changes [1]. A tremendous decline of
coral reefs is caused by Climate change, which affect
their function and health [2]. Elevation of carbon dioxide
level associated with climate change leads to water
acidification which disturbs ocean carbonate chemistry
and hence tragically affect coral physiology as the rate
of calcification become slower compared to the rate of
carbonate dissolution, resulting in decline in coral reef
structure and therefore all the community structure
it harbours, most importantly, fishes [3], the coral
bacterial community and coral holobiont in general [4].
For these reasons, carbon footprint is becoming a key
interest for the universal community. More than 25%
of anthropogenic carbon dioxide (CO,) productions are
held by the oceans [5]. Cycling of ocean carbon involves
two main processes according to the type of carbon.
Organic carbon is processed through photosynthesis and
respiration by inhabitants like plants and algae while
inorganic carbon is metabolised through calcification
and dissolution of carbonate present in the water [6].
Calcification occurs in organisms like corals which act
as carbon sinks with their hard skeletons made up of
calcium carbonate [2]. They capture carbon and exhibit
a carbon sequestration potential calculated to be up to
16.5 TgCyr1 [7]. Both calcification and dissolution of
carbonate occur in harmony.

As there is shortage of lands to plant trees, attempts
have been made to use ocean surface and deep bottoms
in order to introduce blue carbon mechanism which
is expected to help overcome ocean acidification [§].
One of the most extensively applied method was
extension of microalgal biomass which is effective
in carbon fixation during photosynthesis with fast
growth rate [9] as they are assessed to yield two- to
ten times more biomass than some terrestrial systems
per unit of land area [10, 11]. After algae start to decay,
carbon dioxide is expected to emit back to the water.
Many trials have been directed towards using shellfish
to sequestrate the organic carbon into calcium
carbonates (oceanacidification.wordpress.com/2008/04/
24/can-seashells-save-the-world/). In the same manner,
corals can also be used to sequester organic carbon
during formation of their calcium carbonate skeletons
with high productivity in coastal ecosystem [8]. Thus,
incorporation of coral reefs can stimulate governments
and public to move forward for coral reef restoration
and rehabilitation that will favour its biodiversity
along with their residing capacity for fisheries. Here

comes the urgent need to a continuous introduction
of novel and more effective coral restoration methods
which facilitate coral rehabilitation to help retaining
the normal calcification rate and normalization of
dissolution process to balance the carbon level in the
water.

Coral Microbial Community

“Coral holobiont” refers to the microbial community
associated with corals such as microalgae, viruses,
bacteria, fungi and archaea [12]. Although it plays a
key role in reef primary metabolism, nitrogen fixation,
cycling of biological matters, and defensive roles [13]
(Fig. 1); coral bacterial association has not gained much
attention as coral-algal relationship which has been
studied extensively over the past two decades [14].

Often, environmental disturbance like climate
change leads to a deficiency in the natural microbiome
and hence dysbiosis, which in turn supports the rise
of opportunistic pathogens [15]. As a multifaceted
microbiome, they are also known for their contribution
to coral resilience through various mechanisms. They
regulate coral larval attachment and metamorphosis
in addition to bacterial and pathogen abundance
under different conditions [16]. However, superficial
spot analysis studies have been made on the factors
that accomplish the perfect structure of the microbial
community associated with corals [17]. Host identity
is likely to play a basic role in structuring coral
microbiome which differs in function and assembly
pattern according to its origin [18]. However, variability
among the microbial community has been reported to
increase with geographical distance, which indicates
that the surrounding chemical and physical parameters
of the environment also influence the microbial
community composition [19].

Bacteria are the most abundant as a diverse group
of coral microbial communities [12]. They are found
to be usually distributed in three regions of the coral
reef: the sediment, water column, and coral inner
(tissues and skeletons). Dividing the complex reef into
these different habitats facilitate study and description
of diversity, distribution, abundance in addition to the
fundamental role of complex microbial communities in
coral reef ecosystem. Bacteria belong to each of these
habitats are believed to undergo different functioning
and structured in a different distribution pattern. Here
we discuss the presence of bacterial communities in
different parts of the coral reef and their fundamental
role in nitrogen fixation and organic matters processing,
which then delivered to the reef niche [20].

We here present the support the coral microbiome
provides for their host to adapt to stressful conditions
such as elevated temperature and ocean acidification
[21]. Not only climate change disturbances but also
anthropogenic stresses have a microbial response
through shifting of microbiome composition. Such a
shift might lead to a dominance of macroalgal growth
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a)

Fig. 1. Landscape images of coral reef signifying coral diversity and massive colonies. a) Hurgada, Red Sea, Egypt, b) Marsa Alam, Red
Sea, Egypt; (C, D, E) Weizhou Island, China (Credit to: Amro Abd-Elgawad).

compared to corals following coral deterioration or
bleaching [22]. This shift is driven and intensified by
microorganisms which fastens the mortality rate of
corals and accelerate the expansion of macroalgal mat
in a microbialization effect of the ecosystem [23].

As the knowledge of the fundamental roles of
coral microbiome in the prediction of environmental
disturbance [24, 25], and in coral resilience expands;
and the demand is growing for coral rescuing from
decline, many recent approaches have been introduced
for proposing coral microbiome as a rescue driver
in coral restoration [15]. Here we will summarise
the traditional methods of coral restoration together
with their limitations in addition to the use of arising
techniques using coral microbiome as a self-sustaining
tool with low cost in fighting coral decline.

Abundance, Diversity and Factors Structuring Microbial
Composition in Coral Reef Sediment and Water

Coral reef sediments usually harbor abundant and
diverse microorganisms of similar sizes that have a
fundamental role in coral reef nutrient cycling and
chemical exchange [26] along with benthic phototrophs
[27]. Surface sediments from the Great Barrier Reef
(GBR) have reported the highest bacterial diversity in
sediment surface [28]. In the Gulf of Aqaba, Red sea,

microbial composition varies among different sand
natures as microbiome dominance and taxonomic
profile differed between silicate and carbonate sands,
although bacterial diversity was similar [29]. The sand
of carbonate nature is known to host higher nitrogen
fixation rates than silicate sand, due to diazotrophic
bacteria [30]. Moreover, studies on calcareous coral
sediment indicated that bacterial populations differ
in sand sampled from the shore line compared to
those taken from the outer reef shelf suggesting that
microbiome could be an indicator tool for water quality
[31].

Metagenomic analysis of microbiome structure in
coral reef samples across Heron Island collected from
the water near the surface of coral species, from their
sand substrate and also the surrounding water outside
the reef crest demonstrated that; microbial composition
related to sand and water samples outside the reef crest
are dominated with an oligotrophic community such
as Synechococcus and Prochlorococcus. In contrast to
the community present around coral surface which is
dominant in Copriotrophic species such as Alteromonas
and Psuedomonas [32] (Table 1). Not only microbial
composition; but also, the metabolic function of these
microbial community varied. While water and sand
niches show an abundance of genes linked to metabolic
potentials towards primary production, interestingly,
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the coral surface shows more potential towards dynamic
genes such as cell signaling, motility and chemotaxis
[32]. This explains why the microbial populations
present in the water column around the corals have a
high tendency to work out ecological characters and
shifts in the surrounding reef; due to their sensitivity
towards the environment [25]. The Red Sea exhibits a
continuous decrease of heterotrophic picoplankton and
Synechococcus from the Southern to the Gulf of Aqaba
[33], and this could result in limited colonization due
to high temperature and salinity [34] Similarly, in the
Gulf of Aqaba, Prochlorococcus is present in greater
concentrations than Synechococcus [35].

Its obvious that studies on microbial composition
associated with sediment and water columns around
different coral reefs have shown consistent results.
This suggests that seawater microbial community can
be helpful in accurate prediction of temperature and
eutrophication state. On the other hand, microbial
community related to coral sediment can be governed
by specific factors; for example, sand nature, depth,
porosity and oxygen content, reef location, geographical
distance, climate change and anthropogenic
disturbances (Table 1). The role and pattern structure of
microbiota are fairly variant among different locations
in the coral ecosystems [32]. Coral reefs harbor a mix
of microbial populations which are probably structured
according to habitat composition, presence of specific
coral hosts and also biogeochemical surroundings.

Coral Associated Holobiont

Corals associate with many eukaryotic and
prokaryotic microorganisms. Coral holobiont is a term
describing these metaassociation, composed of the
animal host, symbiotic microalgae, bacteria, viruses,
archaea, and fungi [14]. Here we will discuss associated
microalgae and focus on bacteria as the most dominant
component out of all.

Diversity and Role of Microalgae Associated
with Corals

Associated microalgae allow corals to survive in
a very nutrient-poor environment, and at the same
time to grow and expand [36] (Fig. 2). Corals live in
shallow water differ from deep sea corals in their
nutritional uptake. While shallow water corals rely
on photosynthetic zooxanthellae to get their needed
food, deep sea corals lack photosynthesis and hence,
zooxanthellae [37, 38]. This is why corals grow well
only in clear water with less turbidity, to allow sun light
to reach the zooxanthellate for photosynthesis. Both
organisms benefit from this symbiotic relationship;
corals provide protection for microalgae from the
harmful surrounding microorganisms in addition to
carbon dioxide and water coming from their respiration
processes [37, 39]. The associated microalgae, in turn,
provide corals with oxygen, glucose, glycerol and

amino acid needed for their life processes. They also
help corals get rid of their waste. Corals use these
provided substances to produce carbohydrates, fats
and proteins in addition to the synthesis of calcium
carbonate (CaCO,) needed for their skeleton building
[40]. The breakdown of this symbiosis by any mean
of environmental disturbances such as elevated
temperatures, acidification or water pollution would
lead to coral bleaching and propably death of the host.

Diversity and Role of Bacterial Community
Associated with Corals

The difference between coral-associated bacterial
pattern and the free-living bacteria in the water column
around the corals have been thouroughly investigated
[41-44]. Different studies attributed their analysed
microbial composition data to a different taxonomic
level which makes it difficult to report them consistently.
Moreover, researchers use different parameters to
measure the effect of stressors on the coral microbial
community such as alpha diversity (i.e., the total
number of species and their relative abundances, the
Shannon and Simpson Index), beta diversity (i.c., the
difference in community composition), richness (i.c.,
number of species), and evenness (i.e., distribution of
relative abundances of species) [45].

Coral associated bacteria are the most diverse and
abundant coral component out of all. They are found
to be less reactive with the environmental alterations
and that their population patterns are more variant
compared to free-living bacterial communities [25].
Microbiome structure associated with coral tissue and
mucus tends to differ according to coral species rather
than site and is dissimilar to the equivalent seawater [43,
46] (Table 1). It may be mutualistic, pathogenic, or they
might provide other functions related to coral health,
resistance and nutrition in the reef ecosystem [47]
(Fig. 2). Sometimes, they also contribute to coral
disecases. Gammaproteobacteria is the most common
coral- associated bacterial class, however, still
considerable differences existed on species level [48,
49]. The abundance of bacterial species is highly linked
to a few very abundant species and many rare species
[50]. In the Red Sea, corals harbour a few abundant
bacteria, however, they are species specific supporting
the hypothesis of core microbiome [51]. Endozoicomonas
is a core microbiome member for several corals globally
suggesting that coral associated bacteria might be
linked to coral reproductive metabolism [13].

Though minor differences existed among coral
compartments such as skeleton, tissue and mucus,
bacterial diversity was similar. Coral mucus is
considered the interface between the host and the
surrounding environment, so, it tends to be more
likely to get affected by environmental changes [52].
Mucus in Fungia granulosa coral harbors more diverse
microbiota in the natural environment compared to
the aquarium [53] suggesting a functional role of
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Nitrogen fixation

Sulfur cyding

Processing of metabolic waste

Protection against pathogens

(Production of antibiotics)

Carbon fixation

Glucose
Glycerol
Amino acid
Fatty acid
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Fig. 2. Possible roles and relations among coral microbiome and microalgae (Zooxanthellae). Zooxanthellae and corals live in a beneficial
symbiotic relationship. zooxanthellae give corals their colour as well as needed energy and nutrients. They undergo photosynthesis using
the provided carbon dioxide and water by the corals and in turn, they provide corals with the nutrients needed for their life processes such
as amino acids and fatty acids inaddition to sugar and oxygen needed for the production of coral skeletons made of calcium carbonate.
Bacteria also play fundamental roles in coral nutrient cycling. They contribute to nitrogen and sulfur cycles and to phosphorus fixation
and organic remediation, production of antibiotics and secondary metabolism. Also, they also play vital role in coral larval attachment

and metamorphosis.

surrounding water bacteria and microbe-microbe
interaction in structuring the microbial composition
of coral mucus [34]. Also, Gammaproteobacteria has
been reported to show higher abundance in coral mucus
and tissue [43]. These results are in consistence with
those from [52] conducted on Australian corals which
reported that coral associated microbiome differ in their
structure and abundance among coral mucus, skeleton
and tissue and that the most diverse coral microbiome
is present in their skeleton. They also differ in their
response to environmental stress and accordingly their
host. These findings explain how coral species vary
in their adaptation and resilience to environmental
disturbances; mainly because of their associated
microbiome scattered in their different compartments.
With each compartment carrying specific microbial
pattern and function. Depending on the shift in these
microbial association, the coral will draw a picture of
the healthy, resistant or diseased colony.

Factors Affecting Structure of Coral Associated
Bacterial Community

In order to understand how coral reef responds to
surrounding stress, we first need to know how their
associated microbiome is acting towards this stress. The
stability of coral bacterial associations is governed by
some intrinsic and extrinsic factors. Intrinsic factors are
only biotic factors such as species-specific association.
Coral bacterial communities tend to be species-specific
even in far different places suggesting functions needed
for coral health [54]. However, extrinsic factors could be
biotic or abiotic. Extrinsic biotic factors include micro
and macroorganisms such as bacteria, fungi, protozoans,
ciliate and parasitic organisms [55] in addition to
biofouling; by which a film of microorganisms grows
on the coral surface causing tissue degradation [56].
Also, predator animals can act as vectors in disease
transmission from infected to noninfected coral
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colonies [57]. Bioerosion is a mechanism by which
some marine animals can cause coral decline, such as
drilling, burrowing, or grazing of calcium carbonate
skeleton of corals which they use for sheltering of other
reef organisms [58]. Temperature, acidification, salinity,
light intensity, chemical compounds, oxygen levels and
nutrients, human impact, are examples of extrinsic
abiotic factors affecting the structure of coral associated
microbiome [34]. Temperature elevation is the most
harmful abiotic stress to coral microbiome compared to
other stressors. High temperature causes coral diseases
due to increased abundance of Vibrio sp. [59]. Microbial
pattern is known to alter with bleaching events related
to high temperature but then returns to normal by
disappearance of the associated impact [60]. Many
studies worldwide reported a shift in coral associated
microbial community following environmental stresses
especially elevated temperature, acidification, increase
of nutrients, in addition to anthropogenic disturbances.
Gong et al. [61] sampled some abundant species from
Sanya Bay reef, China, that has an average SST of
27°C [62] as well as Daya Bay reef, China, which has
an average SST of 24°C along the year [63]. He revealed
that the structure of microbiome differed according to
thermal status as well as coral species. On the other
hand, clear shift and sensitivity of microbial population
in association with the CCA Neogoniolithon fosliei to
32°C including reduction in y-proteobacteria (known
to favor coral larval attachment and metamorphosis)
and increase in Bacteroidetes has been reported [64].
Under stressful- temperature, N. fosliei also failed
to perform coral larval metamorphosis hence, clear
impacts on coral settlement [65]. However, it is still
partially unknown how the coral microbiome responds
to elevation in the SST.

Ocean acidification is also known to directly affect
corals such as those with calcium carbonate skeleton [2].
For example, the pH reduction from 8.2 to 7.3 was found
to increase the pathogenic bacteria Alteromonadaceae
and Vibrionaceae in coral species Acropora eurystoma
[4]. However, Cyanobacteria and Gammaproteobacteria
did not have much change in their abundance. As a
response to reduced water quality due to increased
nutrient concentrations, some of the bacteria exhibit
an increase in abundance such as Acropora hemprichii
although other species, such as Endozoicomonas, show
no noticeable change [66]. This is in consistence with
Pinzon et al. [67] who reported interruption of microbial
symbionts in coral mucus due to high level of organic
carbon which favoured the growth of other specific
microorganisms not supporting coral health. A direct
metagenomic comparison between healthy and bleached
Acropora millepora at Great Barrier Reef indicated
metabolic and taxonomical shift in associated microbial
community with increase in genes responsible for
processing carbohydrate, protein and lipid in addition
to sulfur and phosphorus [68]. Anthropogenic effects
such as human pollution, oil spillage, overfishing,
and sedimentation are another form of environmental

Abiotic Stressors

Biotic Stressors

Climate Change

Prokaryotic

Elevated temperature

Coral diseases
PH
Bio-fouling
Salinity

Anthropogenic Impact

Eukaryotic
Human pollution
Predetors
Sedimentation
Bioerosion
Overfishing

Fig. 3. Coral biotic and abiotic stressors.

disturbances that leads to shifting in coral microbiome
and hence coral disease (Fig. 3).

Impact of human activities on coral microbial
composition has been investigated along Jordanian
coast, (Red sea) [69]. The change in microbial
composition in the mucus of the coral Stylophora
pistillata which was collected from five impacted sites,
indicated a high diversity in the bacterial community:
with Proteobacteria being the most abundant among
all sites. Pathogenic Vibrio was presented with various
abundances at all examined sites. In Japan, human
impact on coral reef microbial structure has been
assessed using metagenomic analysis at different water
quality regions from Kingman to Kiritimati islands [70].
Fishing and land use were accompanied by shifts in the
microbial diversity and direction towards heterotrophy.
In addition to the presence of pathogens at the most
populated area of Kiritimati island. Table 2 summarises
some of the coral associated microbiome abundance and
diversity related to health status includes geographical
distance, anthropogenic effect, and thermal regimes. So,
coral microbiome, including bacteria and microalgae,
contribute to coral resilience by undergoing special
shifts under environmental stresses. These shifts could
be towards increasing or decreasing in abundance
or even by undergoing mutations which could be
vertically transferred to the offspring. This leads to
coral acclimatization and then adaptation to challenging
environments (Fig. 3).

Microbial Community in Relation to Coral Diseases
and Coral Microbialization

Microbes cause coral diseases either directly
through biotic factors or indirectly after coral exposed
to one of the abiotic stresses (Fig. 4). Among coral
diseases caused by pathogenic microbes (biotic factors);
Black Aggressive Band, Black Band Disease, Fungal
Infection, Bacterial Infection, Black Overgrowing
Cyanophyta, and Lethal Orange Disease (Table 3)
(Fig. 5). Although abiotic coral diseases are usually
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Table 2. Influence of different health status and geographical distance on the structure of coral microbiome.

Coral

Geographical

Health status . .
information

Species

Abundance of Microbial community % References

Healthy

Fusibacter >70%
Vibrio >50%

Acropora aspera
Infected

Fusibacter <25%
Vibrio <10%
WHI1-8 <10%

Healthy

Fusibacter 74.5>%
WHI1-8 >20%

Acropora formosa
Infected

Fusibacter >82.5%
WHI1-8 >10%

Healthy Indonesian seas

Fusibacter >55.5%
WHI1-8 >30%

[115]

Cyphastrea sp.

Infected

Fusibacter > 77%

Healthy

Isopora sp.

Fusibacter 57%
Acrobacter > 20%
Clostridium 10%
WHI1-8 3%

Infected

Acrobacter 40%
Fusibacter > 4
WHI1-8 3%

Fungia echinata
mucus

Healthy Andaman Sea

Gammaproteobacteria (64.7%), Alphaproteobacteria
(3.5%) Betaproteobacteria, Flavobacteriia, Clostridia,

[117]
Deltaproteobacteria, and Bacilli<0.1-0.2%)

Japan

Scleronephthya Korea

Healthy

Endozoicimonaceae
[19]

gracillimum :
Taiwan

Mycoplasma

Inner reef from

Pseudodiploria Bermuda archipelago

Gammaproteobacteria, Mollicutes, Bacilli,

Flavobacteria (117]

Healthy

strigosa Outer reef from

Bermuda archipelago

Methanobacteria [117]

A sample for comparative analysis of coral associated microbial community abundance using health status and geographical
distances is summarised. Analysis of healthy and infected different coral associated microbial community indicated the abundance of
Fusibacter with almost all of the tested healthy Acropora aspera, Acropora Formosa, Cyphastrea sp. and Isopora sp. with different
ranges. Interestingly, Vibrio sp., was highly abundant in only one infected species of Cyphastrea sp. while showed less abundance

in infected Acropora aspera. Analysis also indicated abundance of Acrobacter with infected Zsopora sp. On the other hand,
geographical differences have also affected the abundance and diversity of bacterial species associated with corals such

as Scleronephthya gracillimum. Although Taiwan showed less abundance of Endozoicimonaceae than detected in Japan and Korea,
but it presented greater diversity. This may be due to different surrounding parameters among assigned sites, or due to coral reacting

to environmental conditions.

caused by exposure to environmental stresses
either by climate change or by anthropogenic input
(Fig. 5c, d), these environmental disturbances in turn
lead to weakening of host immunity and increase the
growth rate of opportunistic microorganisms resulting
in shift of the microbial population in coral tissue and
mucus layer; known as ‘Coral reef microbialization’.
However, density and dynamics of associated bacteria
make it hard to predict the cost of these changes [48]
Zhang [43]. Coral disease is usually caused by a change
in environmental and anthropogenic parameters which
allow invasion by pathogenic species in addition to the
change in the beneficial microbial composition [4]. This
is the case in the Great Barrier Reef [60], as well as the

Indo-Pacific region [71], where elevation in temperature
affects health and productivity of corals.

On the other hand, few publications have reported
diseases of corals in the Red sea, such as black band
disease, skeletal eroding band and white syndrome.
Surveys in 2008 and 2010 on coral cover in the reef
of Yongxing Island, South China Sea reported rapid
mortality of corals due to black band disease caused
by the invasion of 7. hosinota. However, anthropogenic
disturbances as well as heat stress response in the form
of bleaching should also be accounted for this coral
decline [72].

A recent study [59] exposed Porites compressa to
four stressors to assess compositional and functional
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shift in associated coral microbial patterns. Effect
of elevated temperature, increased nutrients level,
dissolved organic carbon and decreased pH were
tested. Metagenomic analysis revealed an increase in
the abundance of nitrogen and sulfur cycling genes in
addition to genes involved in resistance, pathogenicity,
locomotion, lipid  breakdown, and secondary
metabolism. Moreover, few members of the microbial

composition such as Vibrio sp. can intensely alter the
health performance of the coral microbiome [59] leading
to bleaching which can also be caused by elevated
temperature (Fig. 5a, b). Coral density, intensity of coral
bleaching and decline of water quality are believed to be
the main modes of disease transmission [73]. Generally,
the response of the coral microbiome to environmental
stresses is reliable across variant disturbances,

Fig. 4. Interruption of coral development in Hurgada, Red Sea, over three months period due to stresses: (a, b) Fish bioerosion of
a 21.86 cm? colony of Favia veroni (According to taxonomical identification by Moll and Borel-Best, 1984). (¢, d) Bleaching of
10.3 cm? colony of Goniastrea pectinata (According to taxonomical identification by Ehrenberg, 1834). (e, f) Biofouling of 7.2 cm?
colony of Leptastrea purpurea (According to taxonomical identification by Dana, 1846). All the above colonies have reached complete
degradation after one year from first monitoring. (Photo credit: Amro Abd-Elgawad).
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Table 3. Common coral biotic and abiotic stressors.

Disease Symptoms Abiotic stressor Biotic stressor References
Formation of a black band on Phormidium corallyticum
Black Band the surfface of thfa coral. The is one of more than.SOO [118]
pathogenic bacteria completely species found associated
degrade the coral tissue. with this disease.
. A shift from domination
Complete coral tissue by Psuedomonads to
White Band degradation Y 1suet . [119]
. . domination by Vibrio
(Acroporid-specific) ;
carchariae.
Lesions which expand and Aurantimonas coralicida
White Plaque develops as a band to cover the . [118]
and other bacteria
coral colony.
Elevated temperature, ocean
Discolouration of coral colony acidification, UV radiation and
Bleaching with degradation of coral pollution cause migration of [2]
tissue. Zooxanthellae and whitening of
coral colonies
Bacterial Dlscologratlon .Of.t he cpral Vibrio shiloi
. colony with the insider tissue . [120]
Bleaching . and V. patogonica
ntact
Fungal Infection . .
(Aspergillosis) Sea Fans Fungus Aspergillus sydowii, [121]
Unknown, might be accumulation
Small, circular areas of dark of zooxanthellae pigments, an
Dark Spot brown or purple spots that | endolithic fungus, or accumulations [118]
increase by time. of zymogen granules as a defensive
against endolithic invasion.
Yellow Band Yellow blotches that continue Unknown [118]
to an o-ring shapes.
Caribbean Ciliate | Tissue loss disease resembling Ciliate protozoan [118]
Infection black band disease. Genus Halofoliculina
Species of Cyanophyta
Black overgrow the coral, and feed .
. Calothrix crustacea
Overgrowing on the polyps or erode the [118]
C. scopulorum
Cyanophyta coral skeleton, cause collapse
of a branching coral.

characterized by an increase in the relative abundances
of Vibrionales, Flavobacteriales, Rhodobacterales, and
Alteromonadales [45].

Role of Microbiome in Coral Resilience

The ability of corals to tolerate heat stress is a
key factor that reflects their capacity to adapt to
climate change. Coral holobiont includes host coral,
the dianoflagellate microalgae, bacteria, virus, fungi
and archaea [74]. Coral species exhibit their tolerance
through carrying leading genes which support their
resistance [75, 76] or through shift in their microbial
composition [18] such as species and genotype of
Symbiodiniacea and bacteria associated with corals
[14].

In addition to their role in cycling carbon,
nitrogen and sulphur, osmoregulation and oxidative
stress responses in corals and on coral reef [77],

microbes associated with corals have a fundamental
participation in regulation of larval attachment, and
pathogen abundance under disturbed environments,
hence, controlling the overall adaptation of coral reef
ecosystems to climate change [78]. Not only the bacteria
associated with corals but also the surrounding bacteria
may play a role in the early stages of coral growth.
For example, y- protobacteria which has been reported
to grow as a film on the surface of Crustose Coraline
Algae (CCA) proved to perform a fundamental role in
larval settlement as well as metamorphosis [79].

A high number of antibacterial genes have been
reported in genomes from different corals [78].
These are known to help to secure corals against
infecting pathogens. The fundamental role of specific
bacteria is indicated by their vertical transmission
and conservation in different coral tissues [13, 80].
Unlike the high variability of microbiome present in
outer mucus cover, the microbial population associated



The Unseen Drivers of Coral Health... 999

Fig. 5. Impacted coral colonies from Weizhou Island, China. a) and b) Bleaching events which could happen due to bacterial infection or
temperature elevation. Arrows in ¢) and d) indicate the different appearance of coral diseases and coral bleaching due to microbial shift
and migration of microalgae following environmental stress. (Photo credit: Amro Abd-Elgawad).

Elevated A
temperature and

Acidification
Microbial shift by decrease in diversity
due to climate change

= )
and anthropogenic (
disturbance . Ny
/
Microbial shift by mutation @ O

Shift in microbial nitrogen cycling capacity

/
9 . Microbial shift by increase in diversity \,

vertical transfere of microbial shift ~ Adaptation of corals to

Transgenerational
environmental stress

adaptation

Fig. 6. A) Role of microbiome in coral resilience. Coral microbiome participates in coral resilience through many mechanisms; they
may adapt to elevated temperature through decrease and increase in diversity, or through mutations which results in more thermotolerant
genes. The new microbial community pattern will in turn lead to adaptation of corals to disturbing environmental conditions. Vertical
transfer of the new microbial pattern to the next coral generation expands the area of adapted corals.

B) Healthy coral colony found in a severely damaged site by climate change and anthropogenic disturbances in Weizhou Island, China.
The coral colony shows large size and healthy colour indicating good adaptation to the surrounding impact most likely due to the
provided resilience by the associated microbiome. (Photo credit: Amro Abd-Elgawad).
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with the insider coral tissues is not as much variable
which tends to be consistent with specificity to their
host [80]. A bacterial shift which is presented by a
decrease or increase in the number of specific groups
in addition to undergoing mutations causes changes in
metabolic productivity in a direction favoring the new
disturbed conditions (Fig. 6). For instance, movement
of corals to water with higher temperature resulted in
a change of symbiotic bacterial population related to
thermotolerance [21]. Also, high bacterial diversity in
deep water suggests they may have an additional role
concerning relation to nutrient cycling [81, 82]. So, as
holobionts, the short life cycle and fast growth rate of
microbes together with their diverse genetic material,
provide corals with different mechanisms of adaptation
to environmental disturbances including climate change
and human impacts.

Coral Restoration
Limitation of Traditional Methods

Climate change distresses coral reefs in several
ways. Sea surface temperatures (SST) beyond the
thermal stability of corals can cause break down of
the partnership between corals and their holobionts
(including microalgae and bacterial communities),
leading to coral bleaching events [60]. Also, a high
level of CO, increases the acidity of the surrounding
seawater causing difficulties in coral calcification
processes for building skeletons [3]. Consequently,
the ocean acidification will adversely affect bacterial
pattern associated with the corals [4]. Apart from
climate change, other anthropogenic activities
severely contribute to coral decline, such as nutrient
augmentation, poor water pollution and eutrophication
[83].

Many different techniques have been invented as
dispirit needs are growing to rescue coral reefs from
decline. Coral restoration and rehabilitation involved
many different methods, for example, transplantation,
coral gardening, micro-fragmentation, genetic diversity
in asexual propagation, larval enhancement, artificial
reefs, substratum stabilisation, substratum enhancement
with electricity. The restoration methodologies currently
used have limited scientific publications with good
replicable data to judge persistence, mortality, recovery,
and development of colonies during various stages of
the restoration mission. So far, they have not reached
a so-called sustained coral recovery; possibly, because
coral restoration needs close and frequent management,
observation, and maintenance for a very long period.
This is not applicable with short term projects applied
for coral restoration especially with often repeated
disturbances that do not allow establishment of new
coral recruits.

Projects involved in coral restoration should aim
to re-establish the breeding population of the reef

ecosystem [84, 85]. Such populations should not
need continuing interferences and should improve
autonomous larval attachment, metamorphosis and
settlement. The fundamental target of self-sustaining
coral breed is a missing key in most of coral reef
restoration missions. This is due to the average
monitoring period of one year which is far beyond the
time needed by corals to reach a satisfying stage of
recovery [86].

Most of the latest coral restoration techniques do not
maintain genetic diversity of corals. Almost all studies
are interested in using specific species of corals which
proved to give good results in asexual propagation such
as Acroporids [87]. The clonal methods commonly
used in coral gardening lack the variation in genotypes
and hence decrease coral adaptation [86]. Supported
fertilization [88] or creating nurseries from coral larvae
[89] could be the solution to obtain genetic variation in
coral gardening [86] but still needs more investigation
for successful application.

High cost, poor efficiency and small-scale
application are also limitations to strengthen the coral
resilience to environmental disturbances. It has become
a warning that while coral restoration plans aim to fight
coral reef decline, on the contrary, some techniques
may participate in the loss of some reef habitat. For
example, some artificial reef models made of concrete
and cement can directly contribute to climate change,
because these materials used emit not less than 5-7%
of the global carbon [86]. Furthermore, (~60%) of the
ongoing coral restoration projects use plastic materials
to attach coral fragments to the models of restoration,
as well as steel which is also commonly used in coral
restoration [90]. All these materials can accumulate on
reefs, influencing the microbial community as well as
all forms of life included in the coral reef ecosystem.

Microbial Management of Coral Reef

Coral Microbiome as Bioindicators
of Coral Threat

Usually, coral decline is measured by the health
status of the coral reef including apparent diseases or
bleaching and the benthic composition in relation to the
environmental stress [91]. However, this diagnosis is not
very beneficial as it occurs after corals reach advanced
deterioration. More rapid response to the environmental
change could be a solution to predict coral threat [25].
The use of coral microbial composition as a possible
indicator to climate change has been suggested by
many publications [25, 92]. As the case of using a
microbialization score in water, for measuring human
impact, also measuring microbial shift (increase or
decrease in some groups) especially in the surrounding
water can assist in the prediction of the coral decline
as they are more sensitive to environmental change
in contrast to coral associated microbiome which is
more species- specific [25]. However, not enough data
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is available on a long-term monitoring for microbial
composition during different environmental stresses.
[25, 93].

The Possible Role of the Microbiome
in Coral Reef Restoration

Understanding the role of microorganisms in
preserving coral health and ecological functioning,
together with an appreciation of possible integration in
restoration and management of declining coral species
is growing [94]. In the same manner as introducing
microbiome engineering (ME) for soil and plant
microbiota for obtaining desirable traits; coral ME has
been also explored but still at its early stages [95]. In
order to perform ME in corals, two tasks need to be fully
explored: 1) Identification of beneficial functional genes
of the microbiota; and this can only be done through
functional genomic studies such as metatranscriptomics
and metabolomics. 2) Identification of host-microbe
interaction  specificity, otherwise the inoculated
microbiota will only provide a short-term host resilience.
Fragmentation and transplantation of resistant coral
colonies have been lately used without looking at the
inside of the resistant corals and the driver of their
tolerance to environmental stress as an indirect way to
enhance coral resilience, however, the most important
limitation of this methodology is the no reproducibility
plus the long time needed for the coral generations to
appear (Evolution 21; www.aims.gov.au/evolution-21).
Another more precise methodology involved direct
inoculation of coral species with beneficial microbiota
such as heat resistant symbiodineace members or
bacteria which are previously known for giving
capability for water soluble oil degradation or supports
heat resistance [96]. Current studies detected shuffling
of symbiotic clades following coral bleaching events
due to heat stress leading to new microbial community
composition. This may occur through horizontal
transfer of tolerant genes or symbiont switching. The
domination of heat tolerant symbionts following sever
bleaching supports the Adaptive Bleaching Hypothesis
(ABH) [97]. Recently, attempts have been made to
introduce modified recruits of heat-resistant corals
through hybridization between tolerant and bleached
corals [98]. Hybridization involves gene transfer of
natural healthy resistant beneficial microorganisms
for corals or even the genetically engineered ones the
diseased or unhealthy corals as an attempt for resistance
transformation [99, 100] and hence increases genetic
diversity, which could increase the adaptability of new
corals to the environmental conditions. The alternative
approach is known as assisted evolution which involves
production of coral species with enhanced tolerance
by increasing coral microbiome evolutionary changes
[15]. However, it is still early to know if this technique
could be used for the long term and what will be
the implications on the whole ecosystem. Another
possibility is the direct implementation of beneficial

microbial cues to corals in coral restoration. This could
be done through enhancing coral larval attachments and
metamorphosis as well as preventing colonization of
harmful competitive microbes [101]. In addition, Phage
therapy has also been suggested for controlling spread
of coral bacterial diseases [102]. However, all the above
methods have not been yet well established and needs
more attention for further development and to test their
feasibility in coral restoration.

Microbial symbionts with short life cycles will have
more chance to rapidly adapt to the environment than
their coral hosts that is too slow to keep up with the
speed of climate change [103]. Establishment of new
tolerant coral mutants requires several generations,
signifying that only short life cycle model organisms
could succeed to adapt at a considerable rate in relation
to the fast-environmental disturbance [104].

As the trend of coral restoration grows
rapidly globally, we encourage researchers to use
environmentally friendly substitutes and self-breeding
biosource materials such as high tolerant microbiome
and genetically modified bacterial species which
favour coral larval attachment and metamorphosis.
Rapid growth and cell division of bacterial microbiome
makes them unique with short life cycles for better
experimenting the adaptation to environmental
stresses. Microbial restoration is also believed to be
ideal as a large scale costless and environmental free
self-sustaining coral restoration tool. It is the time to
incorporate microorganisms in the ecological studies
on coral reef and in the restoration policy to build a
database of coral reef function and production including
these microorganisms [94].

Conclusion

Coral reef is one of the most reproductive marine
ecosystems, as well as a carbon capturing and
sequestering ecosystem. Using of Corals in blue carbon
mechanism is a promising and hopeful trend to help in
reducing water acidification [8]. Yet, facing tremendous
deterioration due to global environmental stresses
[105]. They harbour diverse and abundant microbiome
associated with nutrient cycling, modifications in coral
health, symptoms of specific diseases and/or bleaching
and resilience to climate change or anthropogenic
impact [106, 107]. As microbial community of coral
reef has been described as predictors of environmental
disturbances in coral reef ecosystems, this suggests
that coral acclimatizes to environmental disturbances
by a shift in their microbial pattern [18, 108] which
allows them to be used as indicators for environmental
disturbance to reinforce effective application of coral
repair policies [25]. Recently, significant attraction
is growing towards coral microbiome as a possible
approach in sustaining coral fitness and gaining coral
resilience [96, 97]. Separate studies using metabarcoding
[110],  metagenomics,  metatranscriptomics  and
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metabolomics [111] have surely added to the baseline
of coral microbiome. Hence, comes the urgent need
for broad management and extensive comparison of
available data on coral microbial population worldwide.
Developing this kind of baseline information allows to
link the structure of coral microbiome with biotic and
abiotic stressors and shed light on the origin of coral
diseases. Gathering of these data will assist the rescuing
of coral reefs and provide novel sights for the emerging
microbiome engineering trend and it add-value in coral
reef restoration [15].

However, combined studies of the three techniques
are needed to correlate diversity and abundance to the
metabolic functions of coral microbiome. Furthermore,
to predict their response to environmental changes
and hence, save more time for coral rescuing before
reaching final stages of deterioration.

By knowing the succession of events during
coral decline, it is possible to design a tool for coral
restoration which can serve coral microbial community
instead of working on the coral itself. After presenting
the high value of microbial community in maintaining
coral reef health, we hence call scientists engaged in
coral restoration, to avoid using harmful structures or
materials to microbes in their models of restoration.
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