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The world’s coral reefs are threatened by the cumulative impacts of global climate change and local stres-
sors. Driven largely by a desire to understand the interactions between corals and their symbiotic
microorganisms, and to use this knowledge to eventually improve coral health, interest in coral microbio-
logy and the coral microbiome has increased in recent years. In this review, we summarize the role of the
coral microbiome in maintaining a healthy metaorganism by providing nutrients, support for growth and
development, protection against pathogens, and mitigation of environmental stressors. We explore the
concept of coral microbiome engineering, that is, precise and controlled manipulation of the coral micro-
biome to aid and enhance coral resilience and tolerance in the changing oceans. Although coral micro-
biome engineering is clearly in its infancy, several recent breakthroughs indicate that such engineering
is an effective tool for restoration and preservation of these valuable ecosystems. To assist with identify-
ing future research targets, we have reviewed the common principles of microbiome engineering and its
applications in improving human health and agricultural productivity, drawing parallels to where coral
microbiome engineering can advance in the not-too-distant future. Finally, we end by discussing the
challenges faced by researchers and practitioners in the application of microbiome engineering in coral
reefs and provide recommendations for future work.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coral reefs are the largest structures made by living creatures
and are home to more than a quarter of marine life [1,2]. However,
coral reefs on a global scale have been declining, a result of both
local and global anthropogenic stressors [3–5]. Coral reef restora-
tion (from passive rehabilitation to active human intervention)
has received extensive attention in recent years as one way of try-
ing to mitigate for this loss. Despite this attention, these practices
still confront many theoretical and practical challenges [6].

The health of any given animal or plant is tied to their associ-
ated microbiota. Reef-building corals are thought to be associated
with one of the most abundant and diverse microbiomes studied to
date, including the corals’ photosynthetic algal partners (the Sym-
biodiniaceae) as well as numerous bacteria, fungi, archaea, viruses,
and protists [7,8]. The Symbiodiniaceae, which fix carbon and pro-
vide photosynthates to the coral host, are probably the most well
studied members of the coral microbiome. However, the many
other microbial symbionts also play essential roles across various
biological processes and are therefore critical to host fitness and
survival [9–12]. The association between corals and their micro-
biome provides flexibility for adapting to altered environments
[13]. This flexibility allows the host to acquire new traits by
restructuring its microbial symbionts. It may even facilitate the
coral host in acclimating to new and changing environmental con-
ditions, that is, the coral probiotics hypothesis [14]. If this happens
naturally, then manipulation of the coral microbiome would allow
for the enhancement of host fitness and improve tolerance and
resilience in corals, offering a key tool for coral reef restoration
practitioners [15–17]. This approach, called ‘‘microbiome

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2022.07.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2022.07.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lijietaren@scsio.ac.cn
mailto:zhsimd@scsio.ac.cn
https://doi.org/10.1016/j.eng.2022.07.010
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


J. Li, Q. Yang, J. Dong et al. Engineering 28 (2023) 105–116
engineering” is a mature science in other fields [18,19]. Indeed,
microbiome engineering has been widely applied in improving
human health and agricultural productivity [20].

2. Status of coral reefs

2.1. Rainforests of the sea

Coral reefs are sometimes referred to as the ‘‘rainforests of the
sea,” due to their high biodiversity and primary productivity [21].
Coral reefs occur mainly in tropical and subtropical shallow waters
between 30� N and 30� S, especially in the Indo–Pacific and Atlan-
tic–Caribbean regions. The total area of global coral reefs is esti-
mated to be 2.8 � 105–6.0 � 105 km2 [22,23]. Although coral reefs
account for less than 0.1% of the world’s seafloor, they support
approximately 830 000 multicellular species and provide habitats
for over 25%ofmarine organisms [24,25]. Coral reefs provide a range
of services, including theprovisionof renewable resources (e.g., fish-
eries, materials for medicines, and algae), tourism, and coastal pro-
tection [26,27]. Although putting an economic value on such
important ecosystems is difficult, many have attempted to do so. A
value of more than 2 000 000 USD�ha�1�a�1 has been proposed. Inci-
dentally, this is much higher than all the rainforests and the rest of
the open seas [28].

2.2. Threats to coral reefs

Despite their acknowledged importance, coral reefs are declin-
ing on a global scale at alarming rates. Before the first mass coral
bleaching event occurred in 1998, global coral cover was thought
to be around 30%. Approximately 8% of the world’s coral reefs were
lost because of that 1998 bleaching event. A further 14%, which is
more than all the corals currently existing in Australia, has suc-
cumbed to various stress events between 2009 and 2018 [29].
Many now believe that all coral reefs may disappear by 2070 if cli-
mate change continues at the current rate [30].

Global climate change has led to a significant decrease of corals
cover across different ocean regions all over the world [21]. Coral
bleaching caused by ocean warming is regarded as the main reason
for global coral reef deterioration [25]. In addition to bleaching, coral
diseases (e.g., stony coral tissue loss disease (SCTLD)) are also now
acknowledged as being equally, if not more disastrous, to the health
of the global coral reef system [31,32]. Thermal stress also disrupts
healthy competition between corals and other organisms [33,34]. This
results in a phase shift, whereby coral reefs switch to macroalgae-
dominant ecosystems, which limits recovery to the undisturbed states
[35]. Ocean acidification is also documented to have negative impacts
on coral reefs, including a reduction in the overall calcification rate,
alterations in species interactions, and impairment of population
replenishment, albeit at a slower rate [36,37]. Compromised calcifica-
tion caused by ocean acidification impairs the capacity of corals to
build their skeletons and makes corals more susceptible to distur-
bances and less resilient to damage [25,38].

However, the threats are not only from a global climate change.
Local pressures, such as unmanaged coastal development, pollu-
tion, or overfishing, push coral reefs into states of reduced biodi-
versity, decrease coral coverage, and decrease ecosystem services
[39]. In China for example, coral abundance on the fringing reefs
has declined by over 80% due primarily to coastal development
over just the past thirty years [40]. Pollutants from various land-
based sources often cause eutrophication and stimulate phyto-
plankton and macroalgae blooms, thus slowing coral growth and
reducing species richness [41]. Sedimentation from terrestrial run-
off and dredging can affect corals directly through physical damage
by abrasion and indirectly through a reduction in light availability
due to increased turbidity [42]. Overfishing has resulted in the
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reduction of diversity and biomass of key functional species, such
as top predators and herbivores [43]. Activities associated with
coastal development, such as shoreline modification, and the
growth of recreational and tourism-related activities also cause
negative effects on coral reefs in many areas [44].
2.3. Restoring coral reefs

Coral reef restoration methods are undergoing rapid develop-
ment. They include a range of techniques from passive restoration
(i.e., reducing or excluding anthropogenic impacts) to active
restoration (i.e., artificial intervention) [45]. Direct transplantation
of coral fragments was the earliest method for ‘‘rescuing” degraded
coral reefs [46,47]. Given the low cost and simplicity of this
method, it has been adopted by approximately 20% of recovery
projects [48]. The other traditional method, coral gardening, was
first introduced in 1995 to culture asexual (fragments and colo-
nies) and sexual recruits (or planula larvae) for further transplan-
tation [49]. Currently, coral gardening has many variants
depending on the stage of rearing and has become one of the most
frequently used coral restoration methods [48].

In addition to the above two more ‘‘traditional” methods, a vari-
ety of larval enhancement methods that intervene in spawning,
fertilization, and settlement processes have been developed to
improve larval survival, a major bottleneck of coral reef restoration
practices [50,51]. These methods include spawning induction [52],
artificial spawning hotpots [53], assisted fertilization [54], cross-
fertilization [55], larval cradles [56], and larval seeding [57]. The
idea of assisted evolutionary approaches, which entails the inocu-
lation of tolerant symbiotic microbial communities and Symbio-
diniaceae in the early coral stages, was proposed to promote
coral adaptability to environmental stress [58]. This draws atten-
tion to the fact that symbiotic microbes are also critical for coral
resilience and adaptation in coral reef restoration [59,60]. Micro-
bial approaches to restore corals have shown initial success in lab-
oratory experiments [61–63] but remain to be explored in field
restoration applications.
3. Microbiome and coral health

3.1. Coral microbiome

Reef-building corals are a good example of what has been called
a ‘‘holobiont” or ‘‘metaorganism.” These terms encompass the host
(in this case the coral animal) and its microbial associates (protists,
including the corals endosymbiotic microalgae, bacteria, archaea,
fungi, and viruses [7,8]). Microorganisms have been found to be
distributed across all the known ‘‘compartments” within the coral,
including the calcium carbonate skeleton, tissue, gastrovascular
cavity, and surface mucus layer (as shown in Fig. 1), with densities
in order of magnitudes of about 109 cells�mL�1 [64–67]. Since the
culture-independent technique was first successfully applied to
describe coral-associated microbial communities by Rohwer et al.
[68], the coral microbiome has been extensively investigated. The
microbial community structures in corals can vary with both
physicochemical parameters of seawater and the inner microenvi-
ronment in coral hosts [7], which varies with host species [69],
health state [70,71], life stage/age [72,73], and living conditions,
including season [74,75], geographical position [76], ocean acidifi-
cation [77], temperature [78], nutrients [79], and light [80]. There
are now several theories or hypotheses that point to how the
microbiome in its collective form assists its host and how engi-
neering this part of the holobiont could be used in management
and mitigation practices aimed at restoring or reviving coral
reefs. These include the coral probiotics hypothesis [14], the



Fig. 1. Distribution and functions of the microbiome in the coral holobiont. CAMA: coral-associated microbial aggregates; QSI: quorum sensing inhibitor;
DMSP: dimethylsulfoniopropionate.
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host–microbe coevolution hypothesis [81], and the coral hologe-
nome hypothesis [82]. Most researchers recognize that many
microbial associates supply the host with additional nutrients
and offer a level of immune defense such as antimicrobial
production.
3.2. Nutrient cycles mediated by the coral microbiome

Carbon cycles mediated by the Symbiodiniaceae are fundamen-
tal to the coral reef ecosystem (Fig. 1) [83]. Harbored in the gastro-
dermis of the coral tissue, Symbiodiniaceae transfer fixed carbon to
the coral host in the form of glucose, glycerol, and amino acids,
which provide the coral holobiont with most of its energy require-
ments [64,84,85]. Other endolithic algae, dominated by the green
algae Ostreobium, often present within the inner skeleton, also con-
tribute significantly to the high primary productivity of coral reefs
by supplying alternative sources of photosynthate [86]. They are
particularly important when corals undergo bleaching [87].

In oligotrophic nitrogen-limited waters, biological nitrogen
fixation is important for maintaining coral reefs. Nitrogen fixation
by diazotrophs in the coral host has been shown to provide an
essential source of new nitrogen to coral reef ecosystems [88,89].
There is evidence that the complete nitrogen cycle can be mediated
by the coral microbiome alone, including nitrogen fixation,
nitrification, denitrification, and anaerobic ammonium oxidation
[90–92]. The high concentration of inorganic nitrogen within coral
skeleton pores suggests that microbes in corals can accumulate
and recycle nitrogen nutrients efficiently [93].

Sulfur is also an important nutrient, essential for the normal
growth of coral holobionts. Though sulfur cycling in corals is poorly
described, Symbiodiniaceae and several bacterial groups play
important roles in the sulfur cycle of coral holobionts [59,94].
Dimethyl sulfate compounds (DSCs), produced mainly by Symbio-
diniaceae, function in the antioxidant systems of coral [95]. Addi-
tionally, dimethylsulfoniopropionate (DMSP) was found to be a
sign of the pathogen Vibrio coralliilyticus (V. coralliilyticus) in infect-
ing heat-stressed corals [96]. The DMSP-degrading bacterial groups
are capable of DMSP catabolism, which may restrict pathogenic
infection [94,97].
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3.3. Microbiome contributes to the coral health homeostasis

Through multiple mechanisms, including the mitigation of toxic
compounds, niche competition with exogenous microorganisms,
antagonism against pathogens, and adaptation to environmental
shifts, microbes in coral hosts play important roles (Fig. 1) in host
resilience and ensuring a healthy homeostasis [97]. In recent years,
researchers have shown that the toxic impact of organic pollutants
such as oil can be reduced by microbial degradation [98]. Coral-
associated microbes have been shown to produce antibiotics and
quorum sensing inhibitors (QSIs), which can inhibit the growth
and virulence of pathogens [99,100]. We also know that the coral
microbiome shifts and changes its composition when faced with
stressors (either medium or long term) such as tidal fluxes, marine
heatwaves, and ocean acidification [77,101,102]. Such rapid adap-
tive response has been linked to increasing the corals’ resilience to
repeated environmental stressors [103,104]. The microbiome has
also been reported to be involved in coral larvae development by
producing cues to promote coral larvae settlement and metamor-
phosis [105–109].

Although the functions of the coral microbiome have been
extensively studied in recent years with advanced technologies
such as high-throughput sequencing and nanoscale secondary
ion mass spectrometry (NanoSIMS), we still have a long way to
go in comprehensively understanding their functional mecha-
nisms. Though the co-evolution of coral hosts and the microbiome
is thought to assist coral adaptation to climate change and environ-
mental degradation [81], more evidence from investigations over
long time scales is needed. In addition, basic studies uncovering
the functional mechanisms of the coral microbiome would provide
additional concepts and solutions in microbiome engineering tech-
nologies that enhance coral tolerance.
4. Microbiome engineering and its applications

4.1. Common principles in microbiome engineering

Microbiome engineering is an experimental method that
improves host fitness with designed microbial communities [19].



Fig. 2. The integrated DBTL cycles in microbiome engineering.
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In practice, the common tools and approaches of microbiome engi-
neering usually include chemical-based (prebiotics and antibi-
otics), cellular-based (probiotics and microbiota transplants),
phage-based (bacteriophages), and host-mediated approaches
[110,111]. The application of microbiome engineering can modify
the composition of microorganisms and promote the development
of ecological balance [20].

To promote the process of microbiome engineering, the itera-
tive cycle of design–build–test–learn (DBTL) has been applied to
microbial community construction and the development of tech-
nology [112]. The DBTL cycle starts at the design stage, in which
strategies could be set at cellular level. Usually, there are two
design processes: top-down (from inoculum selection to commu-
nity selection) and bottom-up (from isolate selection to pathway
optimization) [18,113]. At the build stage, the desired bacterial
strains and pathways are produced through engineering, which
usually includes synthetic and self-assembled construction meth-
ods [18,113]. The advancement of automation, genetic technolo-
gies, and individual designs used in the step of building can
accelerate the systematic building of artificial microbiomes [18].
During the next test stage, emerging tools are used to evaluate
microbiome function and determine the effect of the design–build
plan [18,113]. Multi-omic approaches (such as meta-genomics,
meta-transcriptomics, meta-proteomics, and meta-bolomics) can
help us to fully understand microbial community dynamics, and
interkingdom networking, for example, from the perspective of
gene composition and gene expression information across time
and space [114–118]. Multiplexed fluorescence spectral imaging
and sequencing can illustrate the high-resolution analysis of
microscale organization and provide insights into physiological
functions and microbiome–host interactions [119–121]. Isotope
tracing technology has also been used to measure the metabolic
flux of the microbiome through time and space [122,123]. This
can then be used in combination with metabolomics, metapro-
teomics, and physiological experiments to quantify the metabolic
processes of the microbiome. In the final stage, our microbiome
engineering process learns from the past. In this step we analyze
and compare the collected data to help refine the cellular design
for the next iterative cycle [113]. To reach a precise synthetic com-
munity design, mathematical modeling and computational analy-
sis are also recommended [124]. Currently, one of the common
mathematical models for the research of synthetic microbial com-
munities is the generalized Lotka–Volterra model (LV), which is
used to describe the abundance of different species over time
[125–128]. To make a precise prediction for the social interactions
in microbial communities, a set of unstructured kinetic models
were employed to predict parasitism, commensalism, and cooper-
ation among coexisting microbes [129]. There are overlaps and
sub-iterations between the design, build, test, and learn stages
[113] (Fig. 2) [18]. Interdisciplinary research teams with expertise
in experimentation, computation, automation, and practice are
essential for the DBTL approach, ensuring we can move forward
in a logical manner and advance the development of microbiome
engineering for any given host or ecosystem of interest [18].

4.2. The applications of microbiome engineering

The application of microbiome engineering in different fields,
including biotechnology, medicine, agriculture, environmental
bioremediation, and wastewater treatment, is becoming increas-
ingly commonplace [130,131].

In humans, the microbes present in the gastrointestinal tract are
known to play key roles in regulating human health [110,128]. By
regulating the gut microbiome, the health of the host can be
improved [110]. For example, the most blunt and dramatic means
is via fecal microbiota transplantation (FMT). FMT has been success-
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fully used in the treatment of Clostridium difficile infection (CDI), irri-
table bowel syndrome (IBS), and inflammatory bowel disease (IBD)
[132–134]. FMT is now being treated as an investigational new drug
(IND) to treat CDI [135]. Other engineering modalities (e.g., adminis-
tering a formulation of compounds and spores (prebiotics, probiotics,
and synbiotics) and creating synthetic microorganisms (synthetic
microbes)) that can potentially alter the microbiome have been used
in animal model studies with beneficial effects on growth and disease
treatment [20,136]. To date, most of these studies are restricted to
model organisms. Controlled clinical trials are now required to eval-
uate the true effects and impacts on human health, over both the
short and long term [20].

The strategies of microbial community modification (e.g., FMT,
prebiotics, probiotics, antibiotics, phage therapy, clustered regu-
larly interspaced short palindromic repeats (CRISPR), and CRISPR-
associated proteins (CRISPR-Cas) [137]) have also been applied to
animal livestock, farm animals, and aquaculture with beneficial
effects on growth performance and immune responses commonly
observed. Some of these trials and projects have already reached
commercial platforms. For example, Immunogen� contains prebi-
otics of b-glucan and mannan oligosaccharide (MOS) to promote
healthy immune function in fish from the family Cyprinidae [138].

Host-mediated microbiome engineering, microbiome breeding
and transplantation, artificial microbial consortia, and soil addi-
tives (e.g., new organic soil amendments and root exudates) have
been employed to engineer the root-associated microbiome with
the aim of promoting plant growth or controlling agricultural
pathogens [139]. This application of engineering the plant micro-
biome has had limited success due to the availability of functional
native culturable microbes, the difficulty of establishing these cul-
tures in a complex farm environment, and limited knowledge of
stress-associated metabolism [140,141].

Microbiome engineering has also been applied in wastewater
treatment by remediating contaminated groundwater with natural
bacterial communities [142] and recovering wastewater by build-
ing reactor microbiomes [143]. This latter application is driven by
an increased understanding of the roles of various microbial mem-
bers, including the importance of protozoan predation in micro-
biome structuring [144]. In other similar artificial environments
(pipelines, buildings, and ship hulls), microbiome engineering has
been applied to remove specific species or strains deemed to have
harmful properties (e.g., fouling organisms), while simultaneously
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enriching strains with more desirable properties (e.g., anticorro-
sion, antifouling, and self-healing of materials) [110].

Regardless of the target system, advancements in the funda-
mental aspects of research associated with microbiology and
development of the technology around the DBTL cycle has pro-
moted the progress of microbiome engineering. However, there
are gaps in our knowledge that still hamper our progress. For
example, our current understanding of the molecular and ecologi-
cal mechanisms of many microbial communities (such as con-
structing a controllable and stable microbial interaction network
and precisely characterizing and controlling the spatial structure
of microbial communities and functions) remains limited. Being
able to completely control environmental factors and thus the
development and growth of key microbial groups, combined with
the comprehensive use of modern multi-omics technology, will
certainly facilitate our understanding of the functions of these
microorganisms [131]. Once a stable microbiome engineering
approach has been developed, we will be better placed to
predict impacts and apply the ‘‘product” in a safe and controlled
manner [145].
5. Engineering the microbiome to improve coral health

Microbiome engineering in corals has recently progressed from
theory [14,59] to practice [61,62]. It can be achieved through arti-
ficial selection in the host–microbiome association, inoculation of
the host with beneficial microbes, genetic engineering of specific
microbial strains, or a combination of these approaches [15,97].
Although the application of microbiome engineering in corals is
still in its infancy, pioneering studies have shown that it could be
a powerful tool for helping us mitigate the threats associated with
disease, increase coral stress tolerance to pollutants, and enhance
coral resilience in the face of ongoing climate change (as summa-
rized in Table 1 [61,63,98,104,109,146–154]).
5.1. Increasing coral’s nutrition supply

Corals obtain their nutrition via autotrophy and/or heterotro-
phy. The autotrophic process relies on the photosynthetic activity
of the Symbiodiniaceae, which may provide up to 90% of the
energy needed by stony coral [155]. Despite the clear importance
of the Symbiodiniaceae, we know that some essential nutrients
for growth, such as nitrogen, phosphorus, and amino acids, can
not be provided by the symbiotic algae. These nutrients must be
captured via the coral’s food or dissolved compounds [156]. During
times of bleaching, when the symbiotic algae are absent or signif-
icantly reduced, carbon can be assimilated via heterotrophic means
[156]. It has been reported that heterotrophic carbon may meet
15%–35% of daily metabolic demand in healthy corals and up to
100% in bleached corals [156,157].

Some heterotrophic nutrients captured by coral polyps cannot
be used directly by the coral animal itself and instead must be
metabolized and converted by its microbial symbionts. For exam-
ple, phosphorus is not scarce in the environment but is mostly
unavailable due to its easy conversion to the immobile form by
precipitation with metalation [158–160]. Phosphate-solubilizing
bacteria (PSB) can help the host improve phosphorus availability
by solubilizing insoluble phosphorus [161]. In addition, there are
some diazotrophs (nitrogen-fixing bacteria and archaea) that can
convert dinitrogen (N2) into ammonium (NH4

þ) through nitroge-
nase [93]. This will obviously help the host alleviate nitrogen
limitation and improve primary productivity.

With the advent of the coral probiotic hypothesis, researchers
have been experimenting with the feasibility of this approach
and have achieved some initial positive results. For example, Zhang
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et al. [63] found that a consortium of potentially beneficial bacteria
consisting of potential diazotrophs and PSB enhanced the total
energy of Pocillopora damicornis (P. damicornis) and significantly
increased the relative abundance of other potentially beneficial
bacteria. Similarly, coral health can also be improved by increasing
the nutrition supply from the autotrophic pathway. For example,
research conducted by Morgans et al. [146] found that the inocula-
tion of Symbiodiniaceae probiotics (Durusdinium trenchii and
Cladocopium goreaui) can ameliorate bleaching-related stress and
mortality of corals exposed to 32 �C for short time periods (six days
in this example). In addition to carbon, nitrogen, and phosphorus,
other elements, including sulfur, iron, and vitamins, are important
for coral nutrient cycling [97]. Therefore, in future studies, addi-
tional cultured microbes should be tested for their capabilities to
provide nutrients, and then applied in an effective, safe, and stable
way.

5.2. Counteracting coral pathogens

Since the 1980s, researchers have described more than 40 coral
diseases, all characterized by changes in pigmentation of the coral
tissue at lesion sites, the presence of bands or mats, and/or the loss
of coral tissue [162]. Among these 40 or so named diseases, only a
handful are particularly common, including black band disease,
brown band syndrome, the white syndromes or band diseases (in-
cluding stony coral tissue loss disease), and yellow-band disease
[163]. The occurrence and spread of coral diseases are thought to
be influenced by various factors, including changes in the environ-
ment, pathogen population dynamics, and the status of the coral
host’s immune system [163–165]. At present, management mea-
sures for coral disease mainly consist of establishing accurate fore-
casting programs and mitigating tissue injury associated with
fishing activities and derelict gear [166,167], sustaining function-
ally diverse fish assemblages [168], reducing entry points for
opportunistic coral pathogens [164], selective breeding of resistant
coral, and manipulating the diseased coral microbiome [163].
Among these measures, microbiome manipulation is a new
approach for coral disease control, showing good application
potential based on some of the studies that are available so far.

With the successful application of phage therapy in other aqua-
culture systems, it has been proposed as a promising approach for
treatment of coral disease [147]. The unique bacterial predator of
vibrios, Halobacteriovorax, could eliminate the increase in V. coral-
liilyticus (known as a temperature-dependent pathogen of some
corals) and prevent secondary blooms of other opportunistic
strains [148,169,170]. When a consortium of beneficial bacteria
was applied to colonies of P. damicornis with V. coralliilyticus, they
survived better than those without the probiotic [61]. These stud-
ies indicate that it is possible to counteract the impact pathogens
have on their host through the practice of microbiome engineering.
The exact mechanisms associated with these probiotics is not well
understood. However, it is likely via direct antagonistic activity
(e.g., antibiotic and anti-toxin products), along with more indirect
modes of action such as niche colonization and the interruption of
communication signals between pathogens [163,171,172].

Quorum sensing (QS) is a good example of this signaling aspect.
It is a universal and critical mechanism for communication
between bacteria. Depending on cell density or number, bacteria
produce self-induced signaling molecules to regulate the genes
and behavior of the entire bacterial community. This is considered
an important pathway associated with bacterial spore production,
antibiotic synthesis, and virulence factors [173,174]. The applica-
tion of QSI is considered to be an effective but experimental treat-
ment for coral diseases [172,175]. Studies have shown that QSI-
producing bacteria are widely distributed in various marine habi-
tats, including seawater, sediment, and corals [176–178]. They



Table 1
Reported case studies across multiple strategies to improve coral health by microbial engineering.

Category Purpose Host species Microbial agents Manipulation approach Effects/results References

Nutrients provision Improve host
nutrient supply

Pocillopora
damicornis (P.
damicornis)

Diazotrophs and
phosphate-solubilizing
bacteria

Inoculate the potential
beneficial
microorganisms for corals
(pBMCs) consortium to
the aquariums every six
days

Enhanced host gross
energy reserves (protein,
lipids, and
carbohydrates) and
increased the relative
abundance of potentially
beneficial bacteria

[63]

Ameliorate
symbionts lost
in bleaching

Acropora millepora Durusdinium trenchii and
Cladocopium goreaui

Inoculate
Symbiodiniaceae to the
tank once every three
days

Increased
photosynthetic
efficiency and decreased
coral mortality

[146]

Pathogen and disease
control

Phage therapy
of coral disease

Favia favus Phage BA3 and its host
Thalassomonas loyana

Inject phage to the boxes
contained disease and
healthy coral colonies via
a syringe

Inhibited the
progression of the white
plague-like disease and
promoted the
transmission to healthy
corals

[147]

Control
pathogen with
predators

Montastraea
cavernosa

Coral pathogen V.
coralliilyticus predators
Halobacteriovorax

Scored with a file to
mimic tissue damage and
inoculated microbes in
the beakers

Predator bacteria
diminished the adverse
effects of pathogens and
maintained the normal
coral microbiome

[148]

Alleviate coral
bleaching

P. damicornis pBMC consortium or
quorum sensing inhibition
(furanone)

Inoculate the bleaching-
induced bacteria (V.
corallilyticus and mixed-
N-acyl homoserine
lactones (AHL) producers)
and antagonistic
microbial agents

Mitigated coral
bleaching by
maintaining a healthy
coral microbiome

[61,149]

Environmental stress
tolerance

Increase coral
heat tolerance

Pocillopora sp. and
Porites sp.

Coral tissues homogenates
of heat-tolerant corals

Inoculate the
homogenates of donor
coral tissues to the heat-
susceptible recipient

Recipients bleached at
lower rates compared to
the control groups when
exposed to short-term
heat stress

[104]

Protect coral via
microbial oil
bioremediation

Mussismilia harttii
and Millepora
alcicornis

Oil-degrading bacteria,
filamentous fungi, and
yeast

Inoculate the oil-
degradation microbes to
the coral culture tanks
with oil

Mitigated the effects of
oil on coral and
maintained the coral
health

[98,150]

Participating coral
development

Promote the
attachment
and/or
metamorphosis
of the coral
larvae

Acropora willisae,
Acropora millepora,
P. damicornis, Porites
astreoides, and
Leptastrea purpurea

Pseudolteromons sp.,
Thalassomonas sp.,
Marinebacter sp., Cytophaga
sp., Roseivivax sp.,
Pseudovibrio sp.,
Acinetobacter sp.,
Microbulbifer sp., and
Metabacillus sp.

Inoculate coral larvae
with bacterial strains

Improved the rate of
attachment and/or
metamorphosis of coral
larvae

[109,151–
154]
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can be isolated and purified, and, when tested, studies have found
them to inhibit the toxicity of some pathogens [178,179]. Further-
more, laboratory experiments have shown that when QSI was
added to corals, bleaching caused by pathogenic QS mechanism
could be significantly relieved [149].

5.3. Improving tolerance to environmental stress

The degradation of coral reefs is caused by many factors, but the
impact from ocean warming is the primary threat. Thermal stress
increases the production of reactive oxygen species (ROS) by Sym-
biodiniaceae. Excess intracellular ROS levels can damage the algal
symbiont’s photosynthetic machinery and inhibit its repair, which
further results in interfering with the supply of fixed carbon to the
holobiont [180,181]. Improving the tolerance of Symbiodiniaceae
and/or removing excess ROS by microbiome engineering would
therefore be an effective strategy in assisting corals in coping with
ongoing ocean warming.

These methods have been explored in the laboratory and cur-
rently show great promise. For example, inoculation of corals with
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heat-acclimated Symbiodiniaceae and/or potential beneficial
microorganisms for corals (pBMC) consortium characterized by
catalase activity, high free radical scavenging ability, and other
beneficial functions can alleviate temperature stresses and miti-
gate coral bleaching [61,182–184]. In addition, Doering et al.
[104] recently introduced the concept of coral microbiome trans-
plantation (CMT). They used fresh homogenate made from heat-
tolerant coral donor tissues to inoculate conspecific heat-
susceptible recipients. They found that coral recipients bleached
at lower rates than the control group when exposed to short-
term heat stress (34 �C). This CMT strategy bypasses the time-
consuming processes of culturing and screening for beneficial bac-
teria from healthy donors. More importantly, it enables the trans-
mission of the ‘‘unculturable” microbiome fraction [104]. However,
the extent to which the manipulations conferred thermal tolerance
to the coral host and the long-term stability of the introduced sym-
biosis remains to be explored further.

Environmental contaminants (e.g., oil spills, microplastics, and
heavy metals) are also a major threat to corals. These contaminants
have been shown to influence coral energetics, growth, feeding
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behavior, photosynthetic performance, energy expenditure, skele-
ton calcification, and even tissue bleaching and necrosis [185]. Tra-
ditionally, after a spill, dispersants were used to break down the
oil. However, scientists have found that the dispersants caused
more damage to the corals than the spill, so more cost-effective
and less damaging degradationmethods were needed [98]. Fragoso
ados Santos et al. [98] applied microbiome engineering to tackle
this issue. They constructed a bacterial consortium from the coral
Mussismilia harttii to degrade water-soluble oil fractions. This bac-
terial consortium accelerated the degradation of petroleum hydro-
carbons and subsequently minimized the negative impacts of oil
exposure on coral health [98]. Another example is the application
of a multi-domain consortium for bioremediation, which main-
tained the physiological integrity of the corals while resulting in
a significant degradation of n-alkane and polycyclic aromatic
hydrocarbon fractions [150].
5.4. Accelerating artificial reproduction

Microbiome engineering can not only be applied to coral adults,
but also has great potential in coral larvae. Corals have R reproduc-
tive strategies, in which parents release a large amount of gametes,
but only a few larvae are able to successfully develop into adults
[186]. In the coral life cycle, larval attachment and metamorphosis
are bottlenecks in the recruitment of new individuals. This process
is affected by many factors, among which crustose coralline algae
(CCA) and microorganisms play an important role [186,187]. A
Pseudoalteromonas strain isolated from CCA significantly promoted
the metamorphosis of Acropora willisae coral larvae, resulting in a
Fig. 3. Schematic of developing microbiom
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metamorphosis rate that reached 51.5% [151]. Various bacteria
from other genera, including Marinebacter, Cytophaga, Thalas-
somonas, Roseivivax, Pseudovibrio, Acinetobacter, Microbulbifer, and
Metabacillus have also been reported to have the ability to induce
the attachment and metamorphosis of coral larvae [109,152–
154]. These studies hint at probiotics that can be used to micro-
biome engineer larval settlement and increase survivorship.
Although few studies focusing on coral have indicated this as a
possibility, much less a success, such a process is already widely
used in the aquaculture industry. For example, probiotics have
been added to the rearing environment of shrimp larvae, improv-
ing the survival rate, promoting larval metamorphosis, and reduc-
ing the quantity of pathogens such as vibrios within the cultures
[188].

6. The way forward

Based on the significance of coral microbiome to coral health,
current developments in coral microbiology, and the principles of
microbiome engineering, we propose a technical flow for develop-
ing microbiome engineering to improve coral health (Fig. 3). The
progress made so far is summarized above. Below we discuss the
remaining challenges that need to be overcome.

6.1. Uncovering the role of the microbiome in coral fitness

Manipulating a coral microbiome does now appear to be possi-
ble. However, we face several challenges to completely understand
the impact of this technique and if the process can be scaled up.
The main issue faced by researchers in this field is untangling the
e engineering to improve coral health.



J. Li, Q. Yang, J. Dong et al. Engineering 28 (2023) 105–116
complex interactions that come with the holobiont or metaorgan-
ism in its entirety. For example, currently we know a lot about the
diversity of microbial symbionts at large spatial and temporal
scales [9,13,102]. However, we know far less regarding changes
at the micro-spatial and short-term time scales. Understanding
the latter aspect is vital if we are to elucidate the mechanistic con-
nections between the microbiome and their hosts within a multi-
dimensional, multi-scale framework (Fig. 3). Additionally, our
current understanding of in situ microbial activities and interac-
tions within coral holobionts is extremely limited [189]. Neverthe-
less, the advancement of imaging technologies such as NanoSIMS,
super-resolution microscopy, confocal Raman microspectroscopy,
and single-cell and (meta)genomic/transcriptomic sequencing will
inform this aspect in the not-too-distant future.

Further, while genomic approaches have undoubtedly provided
us with in-depth insights into the molecular mechanisms
employed by both coral hosts and their microbial symbionts, it is
now critical to combine this genomic information with experimen-
tal evidence allowing for the confirmation of putative symbiont
physiologies and functions in the holobionts. Additionally, the
accumulation of coral genomes will be helpful to understand the
role of the coral microbiome. Although microbial functions have
been successfully evaluated through inoculating corals [61,62], it
is imperative to establish axenic lines and mono- or poly-
associated gnotobiotic animal models that will enable the testing
of microbial functions and effects on coral fitness. Furthermore,
testing the stability of the associations and the functions should
be performed in both relatively short laboratory and long-term
field experiments.

Since corals also interact with other living organisms, in addi-
tion to studying the relationship between the microbiome and
coral hosts, understanding the relationships between interstitial
associates and the coral microbiome will better facilitate coral
restoration. Employing the interstitial associates, which are cap-
able of promoting healthy microbiomes, may indirectly improve
coral health. From this perspective, we should not overlook identi-
fying the beneficial interactions caused by interstitial associates
[190].
6.2. Identifying beneficial microorganisms for coral

Acquiring pure cultures is essential for BMC identification and
microbiome manipulation (Fig. 3). Pure cultures are also necessary
for phenotypic examination and the study of gene function
through genetic manipulation [191]. For this reason, the develop-
ment of approaches for isolating microbial taxa that are essential
for coral functioning is crucial. However, compared with studies
of coral-associated microbiomes using culture-independent
molecular methods, the growth of coral-associated microbes in
pure cultures has received less attention [191].

At present, BMCs are screened out by identifying the genes
involved in nitrogen fixation (nifH), denitrification (nirK), DMSP
degradation (dmdA), ROS scavenging potential, and antagonistic
activity against coral pathogens [61,62]. If we can uncover more
beneficial functions of various coral-associated microorganisms,
this will be very helpful in screening for target strains that can
improve coral health and fitness. The selection of candidates
should use both qualitative and quantitative standards. A precise
and quantitative selection approach will facilitate the optimization
of microbiome engineering that can specifically modify the tar-
geted host traits, such as heat tolerance, immune defense, or rapid
growth. In addition to the small-scale tests, the beneficial charac-
teristics of the microbiome must be verified in mesocosms, which
ideally mimic field conditions as best as possible. This approach
will ensure the results of the field application are properly vali-
112
dated. In each stage, it is essential to evaluate microbial coloniza-
tion, effectiveness, repeatability, and mass application.
6.3. Application of beneficial microbiomes

Effectively delivering the pre- or probiotics is obviously a criti-
cal part of the application process of any microbiome engineering
practice. This will also impact the scalability and therefore the cost
of the process. Many current studies in small experimental systems
inoculate the water column surrounding the corals or nubbins/
colonies directly [61,62]. Application on the scale of a coral reef
will face different challenges. Yet there are no studies that have
tried and tested various possible solutions. Currently only concept
papers have proposed possible large-scale techniques such as the
immobilization or bioencapsulation of microbial cells [10,16].
Detailed testing of these delivery mechanisms needs to be per-
formed in controlled laboratory settings that mimic the natural
environment. Variables measured should include the impacts of
water currents, the dilution effect, and how competition with
indigenous micro- and macro-organisms will affect the probiotics’
success.

The health of corals and reefs should be continuously monitored
with standardized protocols before, during, and after any such
microbiome manipulation trials [16]. This should be coupled with
predefined indicators for each coral species within specific restora-
tion projects (Fig. 3). While monitoring, it will also be necessary to
acquire meta-omic datasets and assess outcomes at the ecosystem
scale. Integrating the in situ abundance and activity of BMCs and
the outcomes of BMCs inoculation could provide guidance for
how often BMCs need to be re-inoculated. Further, specific micro-
bial manipulation strategies must be customized according to the
situation of the target coral reef or a certain coral species.
6.4. Integration of microbiome engineering into reef restoration

Integration of BMCs into the restoration of coral reefs, including
environmental hardening, selective breeding, coral transplanta-
tion, and artificial reef setting, still needs to be examined to deter-
mine the most effective strategy (for example, using BMCs in coral
nurseries and the formation of BMCs biofilms on the surface of arti-
ficial reefs). From the perspective of technology, the establishment
and application of microbiome engineering in coral reef ecosystem
restoration requires a multidisciplinary approach that involves
resource microbiology, microbial ecology, microbial genetics, mar-
ine ecology, materials science, and ecological engineering. Further-
more, the application of microbiome engineering requires
cooperation between the government, industry, and academia to
form rational development, utilization, and management systems.
7. Conclusions

With unprecedented changes in coral reefs occurring in the cur-
rent epoch, the requirements of effective conservation and restora-
tion of corals are more compelling than ever. Microbiome
engineering provides a powerful approach to improve coral health,
although the field of coral microbiome engineering is in its infancy.
Filling large knowledge gaps and finding an optimal method to
implement this approach in a complex ecosystem are crucial for
the successful development and application of microbiome engi-
neering in coral reef restoration. Achievements in animal health
and agriculture productivity could help guide the application of
microbiome engineering in enhancing coral resistance and/or resi-
lience to adverse environments. We propose that microbiome
engineering is a promising approach for improving coral health
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and could facilitate resolving the coral reef crisis in combination
with other restoration practices.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (42122045, 41890853, and 42106197), the Key
Special Project for Introduced Talents Team of Southern Marine
Science and Engineering Guangdong Laboratory (Guangzhou)
(GML2019ZD0401 and GML2019ZD0402), and Strategic Priority
Research Program of Chinese Academy of Sciences
(XDA13020300).

Compliance with ethical guidelines

Jie Li, Qingsong Yang, Junde Dong, Michael Sweet, Ying Zhang,
Cong Liu, Yanying Zhang, Xiaoyu Tang, Wenqian Zhang, and Si
Zhang declare that they have no conflicts of interest or financial
conflicts to disclose.

References

[1] Spalding M, Ravilious C, Green E. World atlas of coral
reefs. California: University of California Press; 2001.

[2] Reaka-Kudla ML. The global biodiversity of coral reefs: a comparison with
rain forests. In: Reaka-Kudla ML, Wilson DE, Wilson EO, editors. Biodiversity
II: understanding and protecting our natural resources. Washington,
DC: Joseph Henry/National Academy Press; 1997. p. 83–108.

[3] Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC,
et al. Coral reefs in the Anthropocene. Nature 2017;546(7656):82–90.

[4] Hughes TP, Kerry JT, Connolly SR, Baird AH, Eakin CM, Heron SF, et al.
Ecological memory modifies the cumulative impact of recurrent climate
extremes. Nat Clim Chang 2019;9(1):40–3.

[5] Sully S, Burkepile DE, Donovan MK, Hodgson G, van Woesik R. A global
analysis of coral bleaching over the past two decades. Nat Commun 2019;10
(1):1264.

[6] Rinkevich B. Ecological engineering approaches in coral reef restoration. ICES J
Mar Sci 2021;78(1):410–20.

[7] Ainsworth TD, Thurber RV, Gates RD. The future of coral reefs: a microbial
perspective. Trends Ecol Evol 2010;25(4):233–40.

[8] Goulet TL, Erill I, Ascunce MS, Finley SJ, Javan GT. Conceptualization of the
holobiont paradigm as it pertains to corals. Front Physiol 2020;11:566968.

[9] Bourne DG, Morrow KM, Webster NS. Insights into the coral microbiome:
underpinning the health and resilience of reef ecosystems. Annu Rev
Microbiol 2016;70(1):317–40.

[10] Peixoto RS, Harkins DM, Nelson KE. Advances in microbiome research for
animal health. Annu Rev Anim Biosci 2021;9(1):289–311.

[11] Raina JB, Tapiolas D, Willis BL, Bourne DG. Coral-associated bacteria and their
role in the biogeochemical cycling of sulfur. Appl Environ Microbiol 2009;75
(11):3492–501.

[12] Lema KA, Willis BL, Bourne DG. Corals form characteristic associations with
symbiotic nitrogen-fixing bacteria. Appl Environ Microbiol 2012;78
(9):3136–44.

[13] Van Oppen MJH, Blackall LL. Coral microbiome dynamics, functions and
design in a changing world. Nat Rev Microbiol 2019;17(9):557–67.

[14] Reshef L, Koren O, Loya Y, Zilber-Rosenberg I, Rosenberg E. The coral probiotic
hypothesis. Environ Microbiol 2006;8(12):2068–73.

[15] Epstein HE, Smith HA, Torda G, van Oppen MJH. Microbiome engineering:
enhancing climate resilience in corals. Front Ecol Environ 2019;17(2):100–8.

[16] Voolstra CR, Suggett DJ, Peixoto RS, Parkinson JE, Quigley KM, Silveira CB,
et al. Extending the natural adaptive capacity of coral holobionts. Nat Rev
Earth Environ 2021;2(11):747–62.

[17] Peixoto RS, Sweet M, Bourne DG. Customized medicine for corals. Front Mar
Sci 2019;6:686.

[18] Lawson CE, Harcombe WR, Hatzenpichler R, Lindemann SR, Löffler FE,
O’Malley MA, et al. Common principles and best practices for engineering
microbiomes. Nat Rev Microbiol 2019;17(12):725–41.

[19] Mueller UG, Sachs JL. Engineering microbiomes to improve plant and animal
health. Trends Microbiol 2015;23(10):606–17.

[20] Foo JL, Ling H, Lee YS, Chang MW. Microbiome engineering: current
applications and its future. Biotechnol J 2017;12(3):1600099.

[21] Chen PY, Chen CC, Chu LF, McCarl B. Evaluating the economic damage of
climate change on global coral reefs. Glob Environ Change 2015;30:12–20.

[22] Yamano H, Sugihara K, Watanabe T, Shimamura M, Hyeong K. Coral reefs at
34�N, Japan: exploring the end of environmental gradients. Geology 2012;40
(9):835–8.

[23] Lough JM. Small change, big difference: sea surface temperature distributions
for tropical coral reef ecosystems, 1950–2011. J Geophys Res Oceans
2012;117:C09018.
113
[24] Hill CEL, Lymperaki MM, Hoeksema BW. A centuries-old manmade reef in the
Caribbean does not substitute natural reefs in terms of species assemblages
and interspecific competition. Mar Pollut Bull 2021;169:112576.

[25] Anthony KRN. Coral reefs under climate change and ocean acidification:
challenges and opportunities for management and policy. Annu Rev Environ
Resour 2016;41(1):59–81.

[26] Spalding M, Burke L, Wood SA, Ashpole J, Hutchison J, zu Ermgassen P.
Mapping the global value and distribution of coral reef tourism. Mar Policy
2017;82:104–13.

[27] Uribe-Castañeda N, Newton A, Le Tissier M. Coral reef socio-ecological
systems analysis & restoration. Sustainability 2018;10(12):4490.

[28] De Groot R, Brander L, van der Ploeg S, Costanza R, Bernard F, Braat L, et al.
Global estimates of the value of ecosystems and their services in monetary
units. Ecosyst Serv 2012;1(1):50–61.

[29] Souter D, Planes S, Jérémy W, Logan M, Obura D, Staub F. Status of coral reefs
of the world: 2020. Report. Global Coral Reef Monitoring Network 2020.

[30] Morrison TH, Hughes TP, Adger WN, Brown K, Barnett J, Lemos MC. Save reefs
to rescue all ecosystems. Nature 2019;573(7774):333–6.

[31] Precht WF, Gintert BE, Robbart ML, Fura R, van Woesik R. Unprecedented
disease-related coral mortality in southeastern Florida. Sci Rep 2016;6
(1):31374.

[32] Dahlgren C, Pizarro V, Sherman K, Greene W, Oliver J. Spatial and temporal
patterns of stony coral tissue loss disease outbreaks in the Bahamas. Front
Mar Sci 2021;8:682114.

[33] Prada F, Caroselli E, Mengoli S, Brizi L, Fantazzini P, Capaccioni B, et al. Ocean
warming and acidification synergistically increase coral mortality. Sci Rep
2017;7(1):40842.

[34] Zhang TY, Qu Y, Zhang QQ, Tang J, Cao RW, Dong ZJ, et al. Risks to the stability
of coral reefs in the South China Sea: an integrated biomarker approach to
assess the physiological responses of Trochus niloticus to ocean acidification
and warming. Sci Total Environ 2021;782:146876.

[35] Ferreira CM, Nagelkerken I, Goldenberg SU, Walden G, Leung JYS, Connell SD.
Functional loss in herbivores drives runaway expansion of weedy algae in a
near-future ocean. Sci Total Environ 2019;695:133829.

[36] Sweet MJ, Brown BE. Coral responses to anthropogenic stress in the 21st
century: an ecophysiological perspective. In: Hughes RN, Hughes DJ, Smith IP,
Dale AC, editors. Oceanography and marine biology. Boca Raton: CRC Press;
2016. p. 44–51.

[37] Kroeker KJ, Kordas RL, Crim RN, Singh GG. Meta-analysis reveals negative yet
variable effects of ocean acidification on marine organisms. Ecol Lett 2010;13
(11):1419–34.

[38] Anthony KRN, Maynard JA, Diaz-Pulido G, Mumby PJ, Marshall PA, Cao L, et al.
Ocean acidification and warming will lower coral reef resilience. Glob Change
Biol 2011;17(5):1798–808.

[39] Cinner JE, McClanahan TR, Graham NAJ, Daw TM, Maina J, Stead SM, et al.
Vulnerability of coastal communities to key impacts of climate change on
coral reef fisheries. Glob Environ Change 2012;22(1):12–20.

[40] Hughes TP, Huang H, Young MA. The wicked problem of China’s disappearing
coral reefs. Conserv Biol 2013;27(2):261–9.

[41] Dadhich AP, Nadaoka K. Analysis of terrestrial discharge from agricultural
watersheds and its impact on nearshore and offshore reefs in Fiji. J Coast Res
2012;28(5):1225–35.

[42] Sheridan C, Grosjean P, Leblud J, Palmer CV, Kushmaro A, Eeckhaut I.
Sedimentation rapidly induces an immune response and depletes energy
stores in a hard coral. Coral Reefs 2014;33(4):1067–76.

[43] Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, et al.
Spatial and temporal patterns of mass bleaching of corals in the
Anthropocene. Science 2018;359(6371):80–3.

[44] Movono A, Dahles H, Becken S. Fijian culture and the environment: a focus on
the ecological and social interconnectedness of tourism development. J
Sustain Tour 2018;26(3):451–69.

[45] Holl KD, Aide TM. When and where to actively restore ecosystems? For Ecol
Manage 2011;261(10):1558–63.

[46] Maragos JE. Coral transplantation: a method to create, preserve, and manage
coral reefs [dissertation]. Honolulu: University of Hawaii Sea Grant; 1974.

[47] Clark S, Edwards AJ. Coral transplantation as an aid to reef rehabilitation:
evaluation of a case study in the Maldives Islands. Coral Reefs 1995;14
(4):201–13.

[48] Boström-Einarsson L, Babcock RC, Bayraktarov E, Ceccarelli D, Cook N, Ferse
SCA, et al. Coral restoration—a systematic review of current methods,
successes, failures and future directions. PLoS ONE 2020;15(1):e0226631.

[49] Rinkevich B. Restoration strategies for coral reefs damaged by recreational
activities: the use of sexual and asexual recruits. Restor Ecol 1995;3
(4):241–51.

[50] Chamberland VF, Vermeij MJA, Brittsan M, Carl M, Schick M, Snowden S, et al.
Restoration of critically endangered elkhorn coral (Acropora palmata)
populations using larvae reared from wild-caught gametes. Glob Ecol
Conserv 2015;4:526–37.

[51] Pollock FJ, Katz SM, van de Water JAJM, Davies SW, Hein M, Torda G, et al.
Coral larvae for restoration and research: a large-scale method for rearing
Acropora millepora larvae, inducing settlement, and establishing symbiosis.
PeerJ 2017;5(2):e3732.

[52] Suzuki G. Optimization of a spawning–induction protocol for the prediction
of natural coral spawning. Fish Sci 2020;86(4):665–71.

[53] Zayasu Y, Suzuki G. Comparisons of population density and genetic diversity
in artificial and wild populations of an arborescent coral, Acropora yongei:

http://refhub.elsevier.com/S2095-8099(22)00565-3/h0005
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0005
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0010
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0010
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0010
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0010
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0015
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0015
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0020
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0020
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0020
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0025
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0025
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0025
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0030
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0030
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0035
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0035
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0040
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0040
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0045
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0045
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0045
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0050
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0050
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0055
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0055
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0055
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0060
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0060
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0060
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0065
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0065
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0070
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0070
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0075
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0075
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0080
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0080
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0080
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0085
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0085
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0090
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0090
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0090
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0095
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0095
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0100
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0100
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0105
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0105
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0110
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0110
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0110
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0115
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0115
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0115
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0120
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0120
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0120
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0125
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0125
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0125
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0130
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0130
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0130
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0135
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0135
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0140
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0140
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0140
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0145
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0145
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0150
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0150
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0155
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0155
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0155
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0160
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0160
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0160
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0165
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0165
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0165
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0170
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0170
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0170
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0170
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0175
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0175
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0175
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0180
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0180
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0180
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0180
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0185
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0185
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0185
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0190
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0190
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0190
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0195
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0195
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0195
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0200
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0200
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0205
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0205
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0205
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0210
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0210
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0210
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0215
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0215
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0215
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0220
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0220
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0220
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0225
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0225
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0230
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0230
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0235
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0235
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0235
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0240
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0240
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0240
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0245
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0245
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0245
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0250
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0250
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0250
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0250
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0255
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0255
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0255
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0255
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0260
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0260
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0265
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0265


J. Li, Q. Yang, J. Dong et al. Engineering 28 (2023) 105–116
implications for the efficacy of ‘‘artificial spawning hotspots”. Restor Ecol
2019;27(2):440–6.

[54] Calle-Triviño J, Cortés-Useche C, Sellares-Blasco RI, Arias-González JE.
Assisted fertilization of threatened staghorn coral to complement the
restoration of nurseries in Southeastern Dominican Republic. Reg Stud Mar
Sci 2018;18:129–34.

[55] ChanWY, Peplow LM, van Oppen MJH. Interspecific gamete compatibility and
hybrid larval fitness in reef-building corals: implications for coral reef
restoration. Sci Rep 2019;9(1):4757.

[56] Suzuki G, Okada W, Yasutake Y, Yamamoto H, Tanita I, Yamashita H, et al.
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(5):1172–82.

[57] Doropoulos C, Vons F, Elzinga J, ter Hofstede R, Salee K, van Koningsveld M,
et al. Testing industrial-scale coral restoration techniques: harvesting and
culturing wild coral-spawn slicks. Front Mar Sci 2019;6:658.

[58] Van Oppen MJH, Oliver JK, Putnam HM, Gates RD. Building coral reef
resilience through assisted evolution. Proc Natl Acad Sci USA 2015;112
(8):2307–13.

[59] Peixoto RS, Rosado PM, de Assis Leite DC, Rosado AS, Bourne DG. Beneficial
microorganisms for corals (BMC): proposed mechanisms for coral health and
resilience. Front Microbiol 2017;8(341):341.

[60] Van Oppen MJH, Medina M. Coral evolutionary responses to microbial
symbioses. Philos Trans R Soc Lond B Biol Sci 2020;275(1808):20190591.

[61] Rosado PM, Leite DCA, Duarte GAS, Chaloub RM, Jospin G, da Rocha UN, et al.
Marine probiotics: increasing coral resistance to bleaching through
microbiome manipulation. ISME J 2019;13(4):921–36.

[62] Santoro EP, Borges RM, Espinoza JL, Freire M,Messias CSMA, Villela HDM, et al.
Coral microbiome manipulation elicits metabolic and genetic restructuring to
mitigate heat stress and evade mortality. Sci Adv 2021;7(33):eabg3088.

[63] Zhang Y, Yang Q, Ling J, Long L, Huang H, Yin J, et al. Shifting the microbiome
of a coral holobiont and improving host physiology by inoculation with a
potentially beneficial bacterial consortium. BMC Microbiol 2021;21(1):130.

[64] Blackall LL, Wilson B, van Oppen MJ. Coral—the world’s most diverse
symbiotic ecosystem. Mol Ecol 2015;24(21):5330–47.

[65] Mahmoud HM, Kalendar AA. Coral-associated Actinobacteria: diversity,
abundance, and biotechnological potentials. Front Microbiol 2016;7:204.

[66] Sweet MJ, Croquer A, Bythell JC. Bacterial assemblages differ between
compartments within the coral holobiont. Coral Reefs 2011;30(1):39–52.

[67] Pernice M, Raina JB, Rädecker N, Cárdenas A, Pogoreutz C, Voolstra CR. Down
to the bone: the role of overlooked endolithic microbiomes in reef coral
health. ISME J 2020;14(2):325–34.

[68] Rohwer F, Breitbart M, Jara J, Azam F, Knowlton N. Diversity of bacteria
associated with the Caribbean coral Montastraea franksi. Coral Reefs 2001;20
(1):85–91.

[69] Li J, Chen Q, Zhang S, Huang H, Yang J, Tian XP, et al. Highly heterogeneous
bacterial communities associated with the South China Sea reef corals Porites
lutea, Galaxea fascicularis and Acropora millepora. PLoS ONE 2013;8(8):
e71301.

[70] Yang Q, Zhang Y, Ahmad M, Ling J, Zhou W, Zhang Y, et al. Microbial
community structure shifts and potential Symbiodinium partner bacterial
groups of bleaching coral Pocillopora verrucosa in South China Sea.
Ecotoxicology 2021;30(5):966–74.

[71] Li J, Long L, Zou Y, Zhang S. Microbial community and transcriptional
responses to increased temperatures in coral Pocillopora damicornis
holobiont. Environ Microbiol 2021;23(2):826–43.

[72] Lema KA, Bourne DG, Willis BL. Onset and establishment of diazotrophs and
other bacterial associates in the early life history stages of the coral Acropora
millepora. Mol Ecol 2014;23(19):4682–95.

[73] Williams AD, Brown BE, Putchim L, Sweet MJ. Age-related shifts in bacterial
diversity in a reef coral. PLoS ONE 2015;10(12):e0144902.

[74] Li J, Chen Q, Long LJ, Dong JD, Yang J, Zhang S. Bacterial dynamics within the
mucus, tissue and skeleton of the coral Porites lutea during different seasons.
Sci Rep 2014;4(1):7320.

[75] Yu X, Yu K, Liao Z, Chen B, Deng C, Yu J, et al. Seasonal fluctuations in
symbiotic bacteria and their role in environmental adaptation of the
scleractinian coral Acropora pruinosa in high-latitude coral reef area of the
South China Sea. Sci Total Environ 2021;792:148438.

[76] Salerno JL, Bowen BW, Rappé MS. Biogeography of planktonic and coral-
associated microorganisms across the Hawaiian Archipelago. FEMS Microbiol
Ecol 2016;92(8):fiw109.

[77] Shore A, Day RD, Stewart JA, Burge CA. Dichotomy between regulation of
coral bacterial communities and calcification physiology under ocean
acidification conditions. Appl Environ Microbiol 2021;87(6):e02189–10220.

[78] Shiu JH, Keshavmurthy S, Chiang PW, Chen HJ, Lou SP, Tseng CH, et al.
Dynamics of coral-associated bacterial communities acclimated to
temperature stress based on recent thermal history. Sci Rep 2017;7(1):14933.

[79] Zhang Y, Yang Q, Zhang Y, Ahmad M, Ling J, Tang X, et al. Shifts in abundance
and network complexity of coral bacteria in response to elevated ammonium
stress. Sci Total Environ 2021;768:144631.

[80] Pimentel T, Rocha RJM, Rosa R, Soares A, Gomes NCM, Leal MC, et al. Bacterial
communities from corals cultured ex situ remain stable under different light
regimes-relevance for in toto aquaculture. Aquaculture 2016;450:258–61.

[81] O’Brien PA, Webster NS, Miller DJ, Bourne DG. Host–microbe coevolution:
applying evidence from model systems to complex marine invertebrate
holobionts. MBio 2019;10(1). e02241-18.
114
[82] Rosenberg E, Koren O, Reshef L, Efrony R, Zilber-Rosenberg I. The role of
microorganisms in coral health, disease and evolution. Nat Rev Microbiol
2007;5(5):355–62.

[83] LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR,
et al. Systematic revision of Symbiodiniaceae highlights the antiquity and
diversity of coral endosymbionts. Curr Biol 2018;28(16):2570–80.

[84] Tremblay P, Grover R, Maguer JF, Legendre L, Ferrier-Pagès C. Autotrophic
carbon budget in coral tissue: a new 13C-based model of photosynthate
translocation. J Exp Biol 2012;215(8):1384–93.

[85] Burriesci MS, Raab TK, Pringle JR. Evidence that glucose is the major
transferred metabolite in dinoflagellate-cnidarian symbiosis. J Exp Biol
2012;215(19):3467–77.

[86] Sangsawang L, Casareto BE, Ohba H, Vu HM, Meekaew A, Suzuki T, et al. 13C
and 15N assimilation and organic matter translocation by the endolithic
community in the massive coral Porites lutea. R Soc Open Sci 2017;4
(12):171201.

[87] Fine M, Loya Y. Endolithic algae: an alternative source of photoassimilates
during coral bleaching. Proc Biol Sci 2002;269(1497):1205–10.

[88] Cardini U, Bednarz VN, Naumann MS, van Hoytema N, Rix L, Foster RA, et al.
Functional significance of dinitrogen fixation in sustaining coral productivity
under oligotrophic conditions. Proc Biol Sci 1818;2015(282):20152257.

[89] Moynihan MA, Goodkin NF, Morgan KM, Kho PYY, Lopes Dos Santos A, Lauro
FM, et al. Coral-associated nitrogen fixation rates and diazotrophic diversity
on a nutrient-replete equatorial reef. ISME J 2022;16(1):233–46.

[90] Zhang Y, Ling J, Yang Q, Wen C, Yan Q, Sun H, et al. The functional gene
composition and metabolic potential of coral-associated microbial
communities. Sci Rep 2015;5(1):16191.

[91] Glaze TD, Erler DV, Siljanen HMP. Microbially facilitated nitrogen cycling in
tropical corals. ISME J 2022;16(1):68–77.

[92] Tilstra A, Roth F, El-Khaled YC, Pogoreutz C, Rädecker N, Voolstra CR, et al.
Relative abundance of nitrogen cycling microbes in coral holobionts reflects
environmental nitrate availability. R Soc Open Sci 2021;8(6):201835.

[93] Rädecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C. Nitrogen
cycling in corals: the key to understanding holobiont functioning? Trends
Microbiol 2015;23(8):490–7.

[94] Raina JB, Dinsdale EA, Willis BL, Bourne DG. Do the organic sulfur compounds
DMSP and DMS drive coral microbial associations? Trends Microbiol 2010;18
(3):101–8.

[95] Deschaseaux ESM, Jones GB, Deseo MA, Shepherd KM, Kiene RP, Swan HB,
et al. Effects of environmental factors on dimethylated sulfur compounds and
their potential role in the antioxidant system of the coral holobiont. Limnol
Oceanogr 2014;59(3):758–68.

[96] Garren M, Son K, Raina JB, Rusconi R, Menolascina F, Shapiro OH, et al. A
bacterial pathogen uses dimethylsulfoniopropionate as a cue to target heat-
stressed corals. ISME J 2014;8(5):999–1007.

[97] Peixoto RS, Sweet M, Villela HDM, Cardoso P, Thomas T, Voolstra CR, et al.
Coral probiotics: premise, promise, prospects. Annu Rev Anim Biosci 2021;9
(1):265–88.

[98] Fragoso ados Santos H, Duarte GA, Rachid CT, Chaloub RM, Calderon EN,
Marangoni LF, et al. Impact of oil spills on coral reefs can be reduced by
bioremediation using probiotic microbiota. Sci Rep 2015;5(1):18268.

[99] Tang KH, Wang Y, Wang XX. Recent progress on signalling molecules of coral-
associated microorganisms. Sci China Earth Sci 2019;62(4):609–18.

[100] Shnit-Orland M, Kushmaro A. Coral mucus-associated bacteria: a possible
first line of defense. FEMS Microbiol Ecol 2009;67(3):371–80.

[101] Grottoli AG, Dalcin Martins P, Wilkins MJ, Johnston MD, Warner ME, Cai WJ,
et al. Coral physiology and microbiome dynamics under combined warming
and ocean acidification. PLoS ONE 2018;13(1):e0191156.

[102] Sweet MJ, Brown BE, Dunne RP, Singleton I, Bulling M. Evidence for rapid,
tide-related shifts in the microbiome of the coral Coelastrea aspera. Coral
Reefs 2017;36(3):815–28.

[103] Gajigan AP, Diaz LA, Conaco C. Resilience of the prokaryotic microbial
community of Acropora digitifera to elevated temperature. MicrobiologyOpen
2017;6(4):e00478.

[104] Doering T, Wall M, Putchim L, Rattanawongwan T, Schroeder R, Hentschel U,
et al. Towards enhancing coral heat tolerance: a ‘‘microbiome
transplantation” treatment using inoculations of homogenized coral tissues.
Microbiome 2021;9(1):102.

[105] Tebben J, Tapiolas DM, Motti CA, Abrego D, Negri AP, Blackall LL, et al.
Induction of larval metamorphosis of the coral Acropora millepora by
tetrabromopyrrole isolated from a Pseudoalteromonas bacterium. PLoS ONE
2011;6(4):e19082.

[106] Sneed JM, Sharp KH, Ritchie KB, Paul VJ. The chemical cue tetrabromopyrrole
from a biofilm bacterium induces settlement of multiple Caribbean corals.
Proc Biol Sci 2014;281(1786):20133086.

[107] Peng LH, Liang X, Chang RH, Mu JY, Chen HE, Yoshida A, et al. A bacterial
polysaccharide biosynthesis-related gene inversely regulates larval
settlement and metamorphosis of Mytilus coruscus. Biofouling 2020;36
(7):753–65.

[108] Siddik A, Satheesh S. Characterization and assessment of barnacle larval
settlement-inducing activity of extracellular polymeric substances isolated
from marine biofilm bacteria. Sci Rep 2019;9(1):17849.

[109] Petersen LE, Moeller M, Versluis D, Nietzer S, Kellermann MY, Schupp PJ.
Mono- and multispecies biofilms from a crustose coralline alga induce
settlement in the scleractinian coral Leptastrea purpurea. Coral Reefs 2021;40
(2):381–94.

http://refhub.elsevier.com/S2095-8099(22)00565-3/h0265
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0265
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0265
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0270
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0270
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0270
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0270
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0275
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0275
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0275
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0280
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0280
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0280
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0280
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0280
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0285
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0285
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0285
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0290
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0290
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0290
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0295
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0295
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0295
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0300
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0300
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0305
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0305
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0305
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0310
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0310
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0310
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0315
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0315
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0315
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0320
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0320
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0325
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0325
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0330
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0330
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0335
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0335
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0335
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0340
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0340
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0340
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0345
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0345
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0345
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0345
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0350
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0350
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0350
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0350
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0355
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0355
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0355
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0360
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0360
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0360
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0365
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0365
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0370
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0370
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0370
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0375
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0375
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0375
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0375
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0380
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0380
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0380
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0385
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0385
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0385
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0390
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0390
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0390
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0395
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0395
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0395
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0400
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0400
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0400
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0405
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0405
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0405
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0410
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0410
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0410
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0415
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0415
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0415
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0420
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0420
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0420
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0420
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0425
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0425
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0425
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0430
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0430
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0430
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0430
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0430
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0430
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0435
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0435
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0440
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0440
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0440
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0445
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0445
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0445
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0450
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0450
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0450
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0455
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0455
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0460
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0460
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0460
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0465
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0465
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0465
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0470
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0470
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0470
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0475
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0475
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0475
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0475
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0480
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0480
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0480
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0485
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0485
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0485
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0490
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0490
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0490
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0495
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0495
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0500
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0500
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0505
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0505
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0505
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0510
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0510
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0510
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0515
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0515
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0515
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0520
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0520
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0520
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0520
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0520
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0525
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0525
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0525
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0525
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0530
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0530
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0530
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0535
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0535
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0535
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0535
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0540
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0540
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0540
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0545
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0545
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0545
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0545


J. Li, Q. Yang, J. Dong et al. Engineering 28 (2023) 105–116
[110] Sheth RU, Cabral V, Chen SP, Wang HH. Manipulating bacterial communities
by in situ microbiome engineering. Trends Genet 2016;32(4):189–200.

[111] Kessell AK, McCullough HC, Auchtung JM, Bernstein HC, Song HS. Predictive
interactome modeling for precision microbiome engineering. Curr Opin
Chem Eng 2020;30:77–85.

[112] Pham HL, Ho CL, Wong A, Lee YS, Chang MW. Applying the design–build–test
paradigm in microbiome engineering. Curr Opin Biotechnol 2017;48:85–93.

[113] Whitford CM, Cruz-Morales P, Keasling JD, Weber T. The design–build–test–
learn cycle for metabolic engineering of Streptomycetes. Essays Biochem
2021;65(2):261–75.

[114] Dunn WB, Ellis DI. Metabolomics: current analytical platforms and
methodologies. Trends Analyt Chem 2005;24(4):285–94.

[115] Maron PA, Ranjard L, Mougel C, Lemanceau P. Metaproteomics: a new
approach for studying functional microbial ecology. Microb Ecol 2007;53
(3):486–93.

[116] Bashiardes S, Zilberman-Schapira G, Elinav E. Use of metatranscriptomics in
microbiome research. Bioinform Biol Insights 2016;10:19–25.

[117] Kougias PG, Campanaro S, Treu L, Tsapekos P, Armani A, Angelidaki I. Spatial
distribution and diverse metabolic functions of lignocellulose-degrading
uncultured bacteria as revealed by genome-centric metagenomics. Appl
Environ Microbiol 2018;84(18):e01244–10318.

[118] Tatta ER, Imchen M, Rasineni GK, Kumavath R. Microbial-mediated
remediation of environmental contaminants by integrated multi OMIC’s
approaches. In: Kumar A, Kumar R, Shukla P, Pandey MK, editors. Omics
technologies for sustainable agriculture and global food
security. Singapore: Springer Singapore; 2021. p. 109–24.

[119] McCarthy ME, Birtwistle MR. Highly multiplexed, quantitative tissue imaging
at cellular resolution. Curr Pathobiol Rep 2019;7(3):109–18.

[120] Maynard KR, Tippani M, Takahashi Y, Phan BN, Hyde TM, Jaffe AE, et al.
dotdotdot: an automated approach to quantify multiplex single molecule
fluorescent in situ hybridization (smFISH) images in complex tissues. Nucleic
Acids Res 2020;48(11):e66.

[121] Wilbert SA, Mark Welch JL, Borisy GG. Spatial ecology of the human tongue
dorsum microbiome. Cell Rep 2020;30(12):4003–15.

[122] Jang C, Chen L, Rabinowitz JD. Metabolomics and isotope tracing. Cell
2018;173(4):822–37.

[123] Allen DK, Young JD. Tracing metabolic flux through time and space with
isotope labeling experiments. Curr Opin Biotechnol 2020;64:92–100.

[124] Zomorrodi AR, Segrè D. Synthetic ecology of microbes: mathematical models
and applications. J Mol Biol 2016;428(5, Pt B):837–61.

[125] Cao HT, Gibson TE, Bashan A, Liu YY. Inferring human microbial dynamics
from temporal metagenomics data: pitfalls and lessons. BioEssays 2017;39
(2):1600188.

[126] Friedman J, Higgins LM, Gore J. Community structure follows simple
assembly rules in microbial microcosms. Nat Ecol Evol 2017;1(5):0109.

[127] Gonze D, Coyte KZ, Lahti L, Faust K. Microbial communities as dynamical
systems. Curr Opin Microbiol 2018;44:41–9.

[128] Venturelli OS, Carr AC, Fisher G, Hsu RH, Lau R, Bowen BP, et al. Deciphering
microbial interactions in synthetic human gut microbiome communities. Mol
Syst Biol 2018;14(6):e8157.

[129] Xu P. Dynamics of microbial competition, commensalism, and cooperation
and its implications for coculture and microbiome engineering. Biotechnol
Bioeng 2021;118(1):199–209.

[130] Albright MBN, Louca S, Winkler DE, Feeser KL, Haig SJ, Whiteson KL, et al.
Solutions in microbiome engineering: prioritizing barriers to organism
establishment. ISME J 2022;16(2):331–8.

[131] Leggieri PA, Liu Y, Hayes M, Connors B, Seppälä S, O’Malley MA, et al.
Integrating systems and synthetic biology to understand and engineer
microbiomes. Annu Rev Biomed Eng 2021;23(1):169–201.

[132] Fang H, Fu L, Wang J. Protocol for fecal microbiota transplantation in
inflammatory bowel disease: a systematic review and meta-analysis. BioMed
Res Int 2018::8941340.

[133] Hvas CL, Dahl Jørgensen SM, Jørgensen SP, Storgaard M, Lemming L, Hansen
MM, et al. Fecal microbiota transplantation is superior to fidaxomicin for
treatment of recurrent Clostridium difficile infection. Gastroenterology
2019;156(5):1324–32.

[134] Huang HL, Chen HT, Luo QL, Xu HM, He J, Li YQ, et al. Relief of irritable bowel
syndrome by fecal microbiota transplantation is associated with changes in
diversity and composition of the gut microbiota. J Dig Dis 2019;20(8):401–8.

[135] Vyas D, Aekka A, Vyas A. Fecal transplant policy and legislation. World J
Gastroenterol 2015;21(1):6–11.

[136] Khan S, Hauptman R, Kelly L. Engineering the microbiome to prevent adverse
events: challenges and opportunities. Annu Rev Pharmacol Toxicol 2021;61
(1):159–79.

[137] Jin Song S, Woodhams DC, Martino C, Allaband C, Mu A, Javorschi-Miller-
Montgomery S, et al. Engineering the microbiome for animal health and
conservation. Exp Biol Med 2019;244(6):494–504.

[138] Song SK, Beck BR, Kim D, Park J, Kim J, Kim HD, et al. Prebiotics as
immunostimulants in aquaculture: a review. Fish Shellfish Immunol 2014;40
(1):40–8.

[139] Arif I, Batool M, Schenk PM. Plant microbiome engineering: expected benefits
for improved crop growth and resilience. Trends Biotechnol 2020;38
(12):1385–96.

[140] Vinocur B, Altman A. Recent advances in engineering plant tolerance to
abiotic stress: achievements and limitations. Curr Opin Biotechnol 2005;16
(2):123–32.
115
[141] Clouse KM, Wagner MR. Plant genetics as a tool for manipulating crop
microbiomes: opportunities and challenges. Front Bioeng Biotechnol
2021;9:567548.

[142] Löffler FE, Edwards EA. Harnessing microbial activities for environmental
cleanup. Curr Opin Biotechnol 2006;17(3):274–84.

[143] McCarty PL, Bae J, Kim J. Domestic wastewater treatment as a net energy
producer—can this be achieved? Environ Sci Technol 2011;45(17):7100–6.

[144] Burian A, Pinn D, Peralta-Maraver I, Sweet M, Mauvisseau Q, Eyice O, et al.
Predation increases multiple components of microbial diversity in activated
sludge communities. ISME J 2021;16:1086–94.

[145] Sweet M, Ramsey A, Bulling M. Designer reefs and coral probiotics: great
concepts but are they good practice? Biodiversity 2017;18(1):19–22.

[146] Morgans CA, Hung JY, Bourne DG, Quigley KM. Symbiodiniaceae probiotics
for use in bleaching recovery. Restor Ecol 2020;28(2):282–8.

[147] Atad I, Zvuloni A, Loya Y, Rosenberg E. Phage therapy of the white plague-like
disease of Favia favus in the Red Sea. Coral Reefs 2012;31(3):665–70.

[148] Welsh RM, Rosales SM, Zaneveld JR, Payet JP, McMinds R, Hubbs SL, et al.
Alien vs. predator: bacterial challenge alters coral microbiomes unless
controlled by Halobacteriovorax predators. PeerJ 2017;5:e3315.

[149] Zhou J, Lin ZJ, Cai ZH, Zeng YH, Zhu JM, Du XP. Opportunistic bacteria use
quorum sensing to disturb coral symbiotic communities and mediate the
occurrence of coral bleaching. Environ Microbiol 2020;22(5):1944–62.

[150] Silva DP, Villela HDM, Santos HF, Duarte GAS, Ribeiro JR, Ghizelini AM, et al.
Multi-domain probiotic consortium as an alternative to chemical
remediation of oil spills at coral reefs and adjacent sites. Microbiome
2021;9(1):118.

[151] Negri AP, Webster NS, Hill RT, Heyward AJ. Metamorphosis of broadcast
spawning corals in response to bacteria isolated from crustose algae. Mar
Ecol Prog Ser 2001;223:121–31.

[152] Tran C, Hadfield MG. Larvae of Pocillopora damicornis (Anthozoa) settle and
metamorphose in response to surface-biofilm bacteria. Mar Ecol Prog Ser
2011;433:85–96.

[153] Sharp KH, Sneed JM, Ritchie KB, Mcdaniel L, Paul VJ. Induction of larval
settlement in the reef coral Porites astreoides by a cultivated marine
Roseobacter strai. Biol Bull 2015;228(2):98–107.

[154] Zhang Y, Zhang Y, Yang Q, Ling J, Tang X, Zhang W, et al. Complete genome
sequence of Metabacillus sp. cB07, a bacterium inducing settlement and
metamorphosis of coral larvae. Mar Genomics 2021;60(3):100877.

[155] Iluz D, Dubinsky Z. Coral photobiology: new light on old views. Zoology
2015;118(2):71–8.

[156] Houlbrèque F, Ferrier-Pagès C. Heterotrophy in tropical scleractinian corals.
Biol Rev Camb Philos Soc 2009;84(1):1–17.

[157] Grottoli AG, Rodrigues LJ, Palardy JE. Heterotrophic plasticity and resilience
in bleached corals. Nature 2006;440(7088):1186–9.

[158] Ezzat L, Maguer JF, Grover R, Ferrier-Pagès C. Limited phosphorus availability
is the Achilles heel of tropical reef corals in a warming ocean. Sci Rep 2016;6
(1):31768.

[159] Rawat P, Das S, Shankhdhar D, Shankhdhar SC. Phosphate-solubilizing
microorganisms: mechanism and their role in phosphate solubilization and
uptake. J Soil Sci Plant Nutr 2021;21(1):49–68.

[160] Kannapiran E, Ravindran J. Dynamics and diversity of phosphate mineralizing
bacteria in the coral reefs of Gulf of Mannar. J Basic Microbiol 2012;52
(1):91–8.

[161] Jiang H, Qi P, Wang T, Chi X, Wang M, Chen M, et al. Role of halotolerant
phosphate-solubilising bacteria on growth promotion of peanut (Arachis
hypogaea) under saline soil. Ann Appl Biol 2019;174(1):20–30.

[162] Moriarty T, Leggat W, Huggett MJ, Ainsworth TD. Coral disease causes,
consequences, and risk within coral restoration. Trends Microbiol 2020;28
(10):793–807.

[163] Vega Thurber R, Mydlarz LD, Brandt M, Harvell D, Weil E, Raymundo L, et al.
Deciphering coral disease dynamics: integrating host, microbiome, and the
changing environment. Front Ecol Evol 2020;8:575927.

[164] Maynard J, van Hooidonk R, Eakin CM, Puotinen M, Garren M, Williams G,
et al. Projections of climate conditions that increase coral disease
susceptibility and pathogen abundance and virulence. Nat Clim Chang
2015;5(7):688–94.

[165] Maynard JA, Anthony KRN, Harvell CD, Burgman MA, Beeden R, Sweatman H,
et al. Predicting outbreaks of a climate-driven coral disease in the Great
Barrier Reef. Coral Reefs 2011;30(2):485–95.

[166] Lamb JB, Wenger AS, Devlin MJ, Ceccarelli DM, Williamson DH, Willis BL.
Reserves as tools for alleviating impacts of marine disease. Philos Trans R Soc
Lond B Biol Sci 2016;371(1689):20150210.

[167] Lamb JB, Williamson DH, Russ GR, Willis BL. Protected areas mitigate diseases
of reef-building corals by reducing damage from fishing. Ecology 2015;96
(9):2555–67.

[168] Raymundo LJ, Halford AR, Maypa AP, Kerr AM. Functionally diverse reef–fish
communities ameliorate coral disease. Proc Natl Acad Sci USA 2009;106
(40):17067–70.

[169] Kimes NE, Grim CJ, Johnson WR, Hasan NA, Tall BD, Kothary MH, et al.
Temperature regulation of virulence factors in the pathogen Vibrio
coralliilyticus. ISME J 2012;6(4):835–46.

[170] Welsh RM, Zaneveld JR, Rosales SM, Payet JP, Burkepile DE, Thurber RV.
Bacterial predation in a marine host-associated microbiome. ISME J 2016;10
(6):1540–4.

[171] Stecher B, Maier L, Hardt WD. ‘Blooming’ in the gut: how dysbiosis might
contribute to pathogen evolution. Nat Rev Microbiol 2013;11(4):277–84.

http://refhub.elsevier.com/S2095-8099(22)00565-3/h0550
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0550
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0555
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0555
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0555
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0560
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0560
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0565
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0565
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0565
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0570
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0570
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0575
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0575
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0575
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0580
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0580
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0585
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0585
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0585
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0585
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0590
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0590
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0590
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0590
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0590
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0595
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0595
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0600
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0600
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0600
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0600
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0605
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0605
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0610
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0610
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0615
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0615
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0620
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0620
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0625
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0625
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0625
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0630
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0630
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0635
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0635
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0640
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0640
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0640
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0645
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0645
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0645
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0650
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0650
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0650
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0655
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0655
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0655
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0660
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0660
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0660
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0665
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0665
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0665
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0665
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0665
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0665
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0670
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0670
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0670
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0675
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0675
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0680
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0680
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0680
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0685
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0685
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0685
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0690
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0690
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0690
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0695
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0695
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0695
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0700
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0700
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0700
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0705
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0705
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0705
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0710
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0710
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0715
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0715
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0720
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0720
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0720
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0725
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0725
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0730
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0730
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0735
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0735
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0740
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0740
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0740
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0745
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0745
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0745
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0750
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0750
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0750
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0750
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0755
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0755
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0755
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0760
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0760
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0760
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0765
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0765
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0765
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0770
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0770
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0770
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0775
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0775
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0780
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0780
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0785
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0785
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0790
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0790
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0790
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0795
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0795
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0795
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0800
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0800
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0800
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0805
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0805
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0805
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0810
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0810
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0810
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0815
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0815
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0815
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0820
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0820
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0820
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0820
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0825
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0825
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0825
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0830
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0830
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0830
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0835
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0835
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0835
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0840
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0840
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0840
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0845
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0845
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0845
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0850
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0850
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0850
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0855
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0855


J. Li, Q. Yang, J. Dong et al. Engineering 28 (2023) 105–116
[172] Certner RH, Vollmer SV. Inhibiting bacterial quorum sensing arrests coral
disease development and disease-associated microbes. Environ Microbiol
2018;20(2):645–57.

[173] Natrah FM, Ruwandeepika HA, Pawar S, Karunasagar I, Sorgeloos P, Bossier P,
et al. Regulation of virulence factors by quorum sensing in Vibrio harveyi. Vet
Microbiol 2011;154(1–2):124–9.

[174] Rutherford ST, Bassler BL. Bacterial quorum sensing: its role in virulence and
possibilities for its control. Cold Spring Harb Perspect Med 2012;2(11):
a012427.

[175] Certner RH, Vollmer SV. Evidence for autoinduction and quorum sensing in
white band disease-causing microbes on Acropora cervicornis. Sci Rep 2015;5
(1):11134.

[176] Ma ZP, Song Y, Cai ZH, Lin ZJ, Lin GH, Wang Y, et al. Anti-quorum sensing
activities of selected coral symbiotic bacterial extracts from the South China
Sea. Front Cell Infect Microbiol 2018;8:144.

[177] El-Kurdi N, Abdulla H, Hanora A. Anti-quorum sensing activity of some
marine bacteria isolated from different marine resources in Egypt. Biotechnol
Lett 2021;43(2):455–68.

[178] Kalia VC. Quorum sensing inhibitors: an overview. Biotechnol Adv 2013;31
(2):224–45.

[179] Busetti A, Shaw G, Megaw J, Gorman SP, Maggs CA, Gilmore BF. Marine-
derived quorum-sensing inhibitory activities enhance the antibacterial
efficacy of tobramycin against Pseudomonas aeruginosa. Mar Drugs 2014;13
(1):1–28.

[180] Lesser MP, Farrell JH. Exposure to solar radiation increases damage to both
host tissues and algal symbionts of corals during thermal stress. Coral Reefs
2004;23(3):367–77.

[181] Lesser MP. Oxidative stress in marine environments: biochemistry and
physiological ecology. Annu Rev Physiol 2006;68(1):253–78.
116
[182] Chakravarti LJ, Beltran VH, van Oppen MJH. Rapid thermal adaptation in
photosymbionts of reef-building corals. Glob Change Biol 2017;23
(11):4675–88.

[183] Damjanovic K, Blackall LL, Webster NS, van Oppen MJH. The contribution of
microbial biotechnology to mitigating coral reef degradation. Microb
Biotechnol 2017;10(5):1236–43.

[184] Dungan AM, Bulach D, Lin H, van Oppen MJH, Blackall LL. Development of a
free radical scavenging bacterial consortium to mitigate oxidative stress in
cnidarians. Microb Biotechnol 2021;14(5):2025–40.

[185] Huang W, Chen M, Song B, Deng J, Shen M, Chen Q, et al. Microplastics in the
coral reefs and their potential impacts on corals: a mini-review. Sci Total
Environ 2021;762:143112.

[186] Randall CJ, Negri AP, Quigley KM, Foster T, Ricardo GF, Webster NS, et al.
Sexual production of corals for reef restoration in the Anthropocene. Mar Ecol
Prog Ser 2020;635:203–32.

[187] Yang F, Mo J, Wei Z, Long L. Calcified macroalgae and their bacterial
community in relation to larval settlement and metamorphosis of reef-
building coral Pocillopora damicornis. FEMS Microbiol Ecol 2021;97(1):
fiaa215.

[188] Wang R, Guo Z, Tang Y, Kuang J, Duan Y, Lin H, et al. Effects on development
and microbial community of shrimp Litopenaeus vannamei larvae with
probiotics treatment. AMB Express 2020;10:109.

[189] Garren M, Azam F. New directions in coral reef microbial ecology. Environ
Microbiol 2012;14(4):833–44.

[190] Ainsworth TD, Renzi JJ, Silliman BR. Positive interactions in the coral macro
and microbiome. Trends Microbiol 2020;28(8):602–4.

[191] Sweet M, Villela H, Keller-Costa T, Costa R, Romano S, Bourne DG, et al.
Insights into the cultured bacterial fraction of corals. mSystems 2021;6(3):
e01249–10320.

http://refhub.elsevier.com/S2095-8099(22)00565-3/h0860
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0860
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0860
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0865
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0865
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0865
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0870
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0870
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0870
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0875
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0875
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0875
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0880
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0880
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0880
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0885
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0885
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0885
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0890
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0890
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0895
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0895
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0895
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0895
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0900
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0900
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0900
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0905
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0905
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0910
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0910
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0910
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0915
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0915
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0915
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0920
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0920
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0920
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0925
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0925
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0925
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0930
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0930
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0930
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0935
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0935
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0935
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0935
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0940
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0940
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0940
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0945
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0945
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0950
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0950
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0955
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0955
http://refhub.elsevier.com/S2095-8099(22)00565-3/h0955

	Microbiome Engineering: A Promising Approach to Improve Coral Health
	1 Introduction
	2 Status of coral reefs
	2.1 Rainforests of the sea
	2.2 Threats to coral reefs
	2.3 Restoring coral reefs

	3 Microbiome and coral health
	3.1 Coral microbiome
	3.2 Nutrient cycles mediated by the coral microbiome
	3.3 Microbiome contributes to the coral health homeostasis

	4 Microbiome engineering and its applications
	4.1 Common principles in microbiome engineering
	4.2 The applications of microbiome engineering

	5 Engineering the microbiome to improve coral health
	5.1 Increasing coral’s nutrition supply
	5.2 Counteracting coral pathogens
	5.3 Improving tolerance to environmental stress
	5.4 Accelerating artificial reproduction

	6 The way forward
	6.1 Uncovering the role of the microbiome in coral fitness
	6.2 Identifying beneficial microorganisms for coral
	6.3 Application of beneficial microbiomes
	6.4 Integration of microbiome engineering into reef restoration

	7 Conclusions
	Acknowledgments
	Compliance with ethical guidelines
	References


