Received: 29 September 2022 Accepted: 1 October 2022

DOI: 10.1111/1462-2920.16237

CRYSTAL BALL

Applied
Microbiology
International

Coral holobiont research needs spatial analyses at the

microbial scale

Madeleine J. H. van Oppen -2

"Australian Institute of Marine Science, Townsville, Queensland, Australia

2School of BioSciences, The University of Melbourne, Parkville, Victoria, Australia

| Jean-Baptiste Raina®

SClimate Change Cluster (C3), University of Technology Sydney, Sydney, New South Wales, Australia

Correspondence

Madeleine J. H. van Oppen, Australian Institute of Marine Science, PMB #3, Townsville, QLD 4810, Australia.

Email: m.vanoppen@aims.gov.au and madeleine.van @ unimelb.edu.au

Funding information

Australian Research Council, Grant/Award Numbers: FL180100036, FT210100100

A BRIEF HISTORY OF CORAL-MICROBE
SYMBIOSIS RESEARCH

Historically, coral research has had a strong microbio-
logical focus because corals engage in symbioses not
only with prokaryotes, viruses and fungi—microbes
found in association with most animals—but also with
unicellular photosymbionts in the family Symbiodinia-
ceae (Dinophyceae). Up until the early 2000s, most of
the coral microbiology literature focused on Symbiodi-
niaceae, aiming to understand the establishment of
their symbiosis with corals, their contribution to the
coral energy budget, their genetic and physiological
diversity and the breakdown of this symbiosis resulting
in the loss of the Symbiodiniaceae from the coral tis-
sues. We now know that so long as in hospite Symbio-
diniaceae are nitrogen-limited, they cannot use much of
their photosynthetically fixed carbon for their own
growth and instead translocate most photosynthate to
the coral host, as such fulfilling most of the coral’s nutri-
tional requirements. This symbiosis underpins the eco-
logical success of reef-building corals and allows these
organisms to thrive in the nutrient-poor waters that are
characteristic of the tropics.

The past 20 years of coral microbiology research
have strongly emphasized the importance of other
microbial associates in coral health and functioning.
Much research effort today is directed at understanding
the diversity and function of coral-associated bacteria
and to a lesser extent that of other groups including

archaea, fungi, viruses and filamentous algae that are
found in the coral skeleton. However, in-depth knowl-
edge of the exact function of individual microbial symbi-
onts other than Symbiodiniaceae is limited to a few
taxa and a handful of functions (e.g., Ceh et al., 2013;
Kuek et al., 2022; Neave et al., 2016; Ritchie, 2006).
Deciphering microbial function has been impeded by
the huge taxonomic diversity of both scleractinian
corals and their associated microbial communities. In
addition, microbial communities exhibit considerable
spatio-temporal variability among coral species, con-
specific colonies and even within the same colonies.
One way to address this challenge and untangle the
function of individual microbial species is to conduct
studies at scales that match the activity and ecology of
these microorganisms.

Despite being classified as basal metazoans, corals
are much more spatially complex than previously antici-
pated (Figure 1), with at least 37 transcriptionally dis-
tinct cell types present in adult corals (Levy
et al., 2021). These cell types are grouped into micro-
environments (‘compartments’; i.e., coral mucus, ecto-
dermis, gastrodermis, skeleton and gastrovascular
cavity). Each compartment harbours specific microbes
(e.g., Symbiodiniaceae occur in the gastroderm, fungi
primarily in the skeleton, Ostreobium only in skeleton,
different bacterial communities are found in mucus, tis-
sue, gastrovascular cavity; Apprill et al., 2016; Hughes
et al., 2022; Kimes et al., 2010; Pollock et al., 2018)
and microbial community structure can even exist
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FIGURE 1 Legend on next page.
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within a compartment (Marcelino et al., 2018). In fact,
we know from other systems that microbial communi-
ties can be highly structured at the microscale.
However, the most common approach to study coral-
associated microbes (e.g., genotyping, amplicon
sequencing, or various omics techniques) involves the
homogenization of coral fragments. Similarly, a much-
used method for photophysiological analysis of Sym-
biodiniaceae, pulse amplitude modulation fluorometry,
is mostly conducted on cell populations rather than
individual cells. If we were to study the complex interac-
tions occurring between trees and insects in a forest,
the bulk-scale approaches used in coral research
would be analogous to grinding up the entire forest eco-
system. To a large extent, the use of these bulk
approaches is due to the limited availability of methods
to examine host-associated microbes at greater spatial
resolution for non-model systems. However, to
advance the field of coral microbial ecology, spatial
approaches at the micrometre scale need to be
embraced.

EXISTING SPATIAL STUDIES HAVE
REVEALED IMPORTANT INSIGHTS INTO
CORAL-MICROBE INTERACTIONS

Despite the predominant use of bulk analyses, a suite
of spatial methods and analyses have been applied to
corals, the earliest of which is the examination of histo-
logical sections with light microscopy. Even with simple
stains, such as haematoxylin and eosin, the location of
individual Symbiodiniaceae cells within the host gastro-
dermal cells and clusters of bacteria within the gastro-
and ectodermis can be easily determined. Higher
resolution microscopy, such as scanning (SEM) or
transmission electron microscopy (TEM), can reveal
the presence and location of individual bacteria, virus-
like particles and other microbes. Nevertheless, these
techniques cannot unambiguously discriminate intracel-
lular prokaryotes and precisely identify the taxonomy of
these microbes. The use of taxon-specific fluorescence
in situ hybridization (FISH) probes coupled with epi-
fluorescence or confocal microscopy can reveal the
spatial organization of complex microbial assemblages,
which has been critical to understanding interactions
between different taxa in other hosts (e.g., Welch
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et al., 2016). Among the first to use FISH in corals were
Bythell et al. (2002) who demonstrated the presence of
coccoid bacterial cells in disease lesions of the Carib-
bean coral Acropora palmata, and Lesser et al. (2004)
who applied a specific 16S rRNA probe to visualize
nitrogen-fixing cyanobacteria within ectodermal cells of
another Caribbean coral (Montastraea cavernosa).
Ainsworth et al. (2006) further optimized the method by
using spectral fluorescence imaging, which allows the
selection of fluorescent emissions that do not overlap
with the autofluorescence spectrum of the coral. While
high levels of autofluorescence derived from the Sym-
biodiniaceae and the coral tissues and non-specific
binding of probes continue to be an issue (Wada
et al., 2016), the former can be overcome by the use of
fluorescence lifetime imaging microscopy (Deore
et al., 2022). The power of FISH combined with three-
dimensional confocal laser scanning microscopy was
recently demonstrated when it revealed that a taxo-
nomically diverse population of bacteria occur within
Symbiodiniaceae cells, which had been overlooked or
were indiscernible in earlier FISH and TEM studies on
Symbiodiniaceae-containing coral tissue sections
(Maire et al., 2021).

To further decipher the functions of coral-associated
microbes as well as their interactions with each other
and with their host, gene products or metabolites can
be co-localized with microorganisms. For instance, in
situ hybridization of coral tissue sections with probes
targeting mRNAs showed that certain coral genes were
only expressed in gastrodermal cells harbouring Sym-
biodiniaceae (Traylor-Knowles et al., 2017). Further,
comparison of gene expression patterns between
Symbiodiniaceae-containing and non-symbiotic gastro-
dermal cells of the coral Stylophora pistillata isolated
via fluorescence-activated cell sorting demonstrated
that certain metabolic pathways are only expressed in
symbiotic cells. These include the complete pathway to
degrade galactose, a major carbohydrate resource
transported from symbiont to host and the pathway for
glutathione production that likely protects the host from
oxidative stress caused by algal photosynthesis (Levy
et al., 2021). Another method that has been employed
in corals to visualize and quantify the incorporation and
cellular exchanges of isotopically labelled metabolites
in situ is nanoscale secondary-ion mass spectrometry
(NanoSIMS). This technique has a spatial resolution of

FIGURE 1 Detailed view of the cellular and structural diversity of reef-building corals. The region displayed is a close up of the area in red
on the full coral polyp (top panel). The coloured band on the left-hand size highlight the different cellular layers and compartments. From top to
bottom: seawater (dark blue); coral mucus (light blue); ectodermis: the outermost tissue layer of corals (peach); mesoglea: acellular and gel-like
layer (red); gastrodermis: the inner cell layer that is lining the gastrovascular cavity and harbours Symbiodiniaceae cells (orange); gastrovascular
cavity: the central body cavity of corals where digestion takes place (yellow); calicodermis: aboral ectoderm responsible for calcification (pink);
calcium carbonate skeleton (beige); endolithic band: composed of filamentous algae (Genus: Ostreobium) together with fungi and prokaryotes
(green). In addition, the circled numbers identify specific cellular structures: (1) epidermal cilia; (2) mucus-associated prokaryotes; (3) cnidocytes:
stinging cells embedded in the ectodermis; (4) mucocyte: cells secreting mucus; (5) cell-associated microbial aggregates; (6) granular cells: cells
involved in immune defence; (7) Symbiodiniaceae: family of photosynthetic microalgae (Phylum: Dinoflagellata) that form symbiotic associations

with reef-building corals. Scale bar: 50 pm. lllustration: Philippe Plateaux.
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50 nm and can be combined with TEM to identify
metabolite enrichments in organelles, providing an
unmatched view of subcellular scale processes. Nano-
SIMS was first applied to corals by Clode et al. (2007)
and has since been used to examine assimilation and
translocation of carbon, nitrogen and sulphur com-
pounds by the coral host and Symbiodiniaceae
(e.g., Higuchi et al., 2021; Kopp et al., 2013; Pernice
et al., 2012; Radecker et al., 2021), or bacteria (Lema
et al., 2016; Radecker et al., 2022). Recently, Nano-
SIMS was used in conjunction with FISH, laser capture
microdissection and metagenomics to characterize the
identity, genomic potential and metabolism of coral-
associated microbial aggregates at high spatial resolu-
tion (Wada et al., 2022).

Another way to untangle microbial interactions is to
use live imaging approaches. For example, underwater
microscopy can non-invasively image corals in situ at
the microbial scale (Mullen et al., 2016). In addition,
interactions between coral and microbes within individ-
ual polyps, small fragments or larvae have been
imaged using a microfluidic platform called the ‘coral-
on-a-chip’ (Shapiro et al., 2016; Van Treuren
et al., 2019). Using this device, the pattern of infection
of coral by the fluorescently tagged bacterial pathogen,
Vibrio coralliilyticus, was visualized with fluorescence
microscopy (Shapiro et al., 2016). A variation to this
approach was the inoculation of coral fragments with
V. coralliilyticus labelled with the stable isotope "°N to
examine the fate of the bacterial cells within coral tissue
sections using NanoSIMS and TEM (Gibbin
et al., 2018). V. coralliilyticus-infected coral fragments
were also incubated with '3C to determine how carbon
fixation by the Symbiodiniaceae and the translocation
of photosynthate to the coral host was impacted by
pathogen infection (Gibbin et al., 2019). The use of
microfluidics for studying coral-microbe interactions is
very promising but these tools have so far mostly been
applied to pathogenic interactions with V. coralliilyticus
(Gavish et al., 2021). However, a new microfluidic plat-
form called the PhenoChip, has recently been used to
identify individual Symbiodiniaceae cells with different
photophysiological responses and tolerance thresholds
(Behrendt et al., 2020; Xiao et al., 2022).

THE FUTURE OF SPATIAL ANALYSES IN
CORAL SYMBIOSIS

Recent methodological breakthroughs in other symbi-
otic systems are likely to be transferable to corals.
These advances include spatial metabolomics pipe-
lines enabling the deciphering of host-microbe chemical
interactions at micrometre  resolution  (Geier
et al., 2019), correlative imaging workflows that connect
mass spectrometry imaging to anatomic micro-
structures in three dimensions (Franke et al., 2021;
Geier et al., 2021), simultaneous use of multiple taxon-

specific FISH probes in an autofluorescent host
(Ramirez-Puebla et al., 2022), or the selective capture
of specific microbial cells coupled with low-input omics
techniques (Ellis et al.,, 2021; Schede et al., 2021).
These new capabilities will undoubtedly help to resolve
the spatial distribution of specific coral symbionts,
together with the genes they express or the metabolites
they produce, contributing to illuminate their functional
roles. Understanding which microbial functions under-
pin coral health is critical to the future of coral reefs. Cli-
mate change-driven increases in the frequency,
severity and duration of summer heatwaves are caus-
ing an accelerating decline of coral reefs worldwide.
The functional insights we will obtain by studying coral-
associated microbes at the appropriate scale may drive
novel microbiome manipulation strategies that, in addi-
tion to drastic reductions in our CO, emissions, will be
required to safeguard future reefs.
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