& frontiers | Research Topics

Holobiont interactions

Edited by
Jennifer L. Matthews, Ty N. F. Roach
and Alexandra Helene Campbell

Published in
Frontiers in Ecology and Evolution



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/research-topics/29975/holobiont-interactions

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-4621-5
DOI 10.3389/978-2-8325-4621-5

Frontiers in

March 2024

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics March 2024

Holobiont interactions

Topic editors

Jennifer L. Matthews — University of Technology Sydney, Australia

Ty N. F. Roach — University of Hawaii at Manoa, United States
Alexandra Helene Campbell — University of New South Wales, Australia

Citation
Matthews, J. L., Roach, T. N. F,, Campbell, A. H., eds. (2024). Holobiont interactions.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4621-5

Frontiers in Ecology and Evolution 2 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4621-5

& frontiers | Research Topics

Table of

Frontiers in

04

06

22

29

41

52

63

72

87

104

March 2024

Editorial: Holobiont interactions
Jennifer L. Matthews

Wheat Rhizosphere Microbiota Respond to Changes in Plant
Genotype, Chemical Inputs, and Plant Phenotypic Plasticity
Samuel Jacquiod, Tiffany Raynaud, Eric Pimet, Chantal Ducourtieux,
Leonardo Casieri, Daniel Wipf and Manuel Blouin

Rapid acquisition of microorganisms and microbial genes can
help explain punctuated evolution
Eugene Rosenberg

The mesoglea buffers the physico-chemical
microenvironment of photosymbionts in the upside-down
jellyfish Cassiopea sp.

Niclas Heidelberg Lyndby, Margaret Caitlyn Murray, Erik Trampe,
Anders Meibom and Michael Kuhl

Transcriptomic-based selection of reference genes for
quantitative real-time PCR in an insect endosymbiotic model
Agnes Valliert, Elisa Dell’Aglio, Mariana Galvao Ferrarini,

Ophélie Hurtado, Carole Vincent-Monégat, Abdelaziz Heddi,

Rita Rebollo and Anna Zaidman-Rémy

Acidification and hypoxia drive physiological trade-offs in
oysters and partial loss of nutrient cycling capacity in oyster
holobiont

Deevesh Ashley Hemraj, Laura J. Falkenberg, Khan Cheung,

Lauren Man, Alessia Carini and Bayden D. Russell

Disentangling the impacts of macroalgae on corals via effects
on their microbiomes

Cody S. Clements and Mark E. Hay

Inoculation with Roseovarius increases thermal tolerance of
the coral photosymbiont, Breviolum minutum

Karla Heric, Justin Maire, Pranali Deore, Alexis Perez-Gonzalez and
Madeleine J. H. van Oppen

Identification of coral disease within the high-latitude reef,
Lord Howe Island Marine Park

Tess Moriarty, Tracy D. Ainsworth and William Leggat

Environmental generalism, holobiont interactions, and
Pocilloporid corals in the warming oceans of the eastern
coast of Australia

Jessica L. Bergman, Zoe T. Richards, Paige Sawyers and

Tracy D. Ainsworth


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Michael Charleston,
University of Tasmania, Australia

*CORRESPONDENCE
Jennifer L. Matthews
Jennifer.Matthews@uts.edu.au

RECEIVED 05 February 2024
accepTeD 01 March 2024
PUBLISHED 07 March 2024

CITATION

Matthews JL (2024) Editorial:
Holobiont interactions.

Front. Ecol. Evol. 12:1382169.
doi: 10.3389/fevo.2024.1382169

COPYRIGHT
© 2024 Matthews. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other

forums is permitted, provided the original
author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Ecology and Evolution

TYpPE Editorial
PUBLISHED 07 March 2024
D0110.3389/fevo.2024.1382169

Editorial: Holobiont interactions

Jennifer L. Matthews*

Climate Change Cluster, University of Technology Sydney, Ultimo, NSW, Australia

KEYWORDS

holobiont, symbiosis, interactions, metabolism, concept

Editorial on the Research Topic
Holobiont interactions

The holobiont concept has emerged as a theoretical and experimental framework to
study the interactions between hosts and their associated microbial communities in all
types of ecosystems and organisms, providing a paradigm shift from bipartite interactions
to a community-based integration of factors that determine the resilience of organisms. The
spread of this concept across biological sciences, including aspects of mathematics
(bioinformatics, statistics, and modelling), results from a recent realisation of the
ubiquitous nature of host-associated microbes and their central role in host biology,
ecology, and evolution, particularly regarding adaptation to environmental change. Yet,
several challenges in holobiont research remain, including the theoretical and experimental
approaches to elucidate the role of microbiota in host adaptation and evolution, and
inherent bioinformatics challenges of complex multicomponent datasets. Consequently,
the application of holobiont manipulation to enhance host health and ecosystem
restoration is extremely limited.

Understanding the intricate role of microbial communities in influencing a host’s
capacity to adapt to environmental shifts and evolve is a pivotal aspect of holobiont
research. But defining the boundaries of the holobiont, determining which organisms are
integral parts and which are not, and elucidating the stability and flexibility of these
associations over time and space all pose experimental challenges. These challenges include
manipulating or isolating intricate microbial communities to establish causative links in
holobiont studies, which is not always possible with obligate symbionts. Metabolic or
genetic comparisons between symbiotic and artificially acquired aposymbiotic host
counterparts can help unravel organism interactions. For example, Vallier et al.
employed high throughput transcriptomics at various developmental and symbiotic
states to enhance our comprehension of the insect endosymbiotic model involving the
cereal weevil Sitophilus oryzae and its intracellular bacterium Sodalis pierantonius.
Nevertheless, numerous methodological hurdles remain, especially for non-model
organisms. To address these challenges, microscale technologies can play a crucial role.
Lyndby et al, for instance, employed optical and electro-chemical microsensors to
investigate how light is modulated at the water-tissue interface of the upside-down
jellyfish, Cassiopeia. This technological approach represents a significant advancement,
shedding light on microscale interactions within holobionts. In the case of the jellyfish, it
unveiled the mesoglea’s role in buffering the physio-chemical microenvironment,
effectively regulating oxygen and pH dynamics in the dark, while also providing light
attenuation in tissues containing symbionts.
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The intricacies of host-microbe metabolic interactions are further
compounded when considering the influence of neighbouring biotic
environments on microbiomes, as expounded by Clements and Hay in
the context of corals. The authors underscore the prevalent transition
of coral reefs from coral to macroalgal dominance, yet the precise role
of macroalgae in coral decline remains insufficiently understood. This
challenge echoes across holobiont research, necessitating the
development of effective theoretical and experimental approaches.
Designing experiments to explore the nuanced dynamics of host-
microbe interactions and their impact on holobiont health becomes
complex due to the intricate relationships with local and associated
microbial communities. Bergman et al, in their examination of
environmental generalism and holobiont interactions in high-
latitude corals, caution against oversimplification, emphasizing the
context-dependent nature of host-microbe interactions across diverse
environmental conditions, locations, and temporal changes. Despite
these complexities, progress is being made in accessing and unravelling
these intricacies, offering rewarding insights. Jacquiod et al, for
instance, employed bacterial and fungal amplicon sequencing
alongside multifactorial host genotype and environment
information, providing an initial assessment of individual (genotype
and environment) effects as well as their interactions on holobiont
relationships in the field. However, the vast and intricate datasets
generated in multifaceted holobiont research present bioinformatics
challenges. Analysing and interpreting these complex, interdisciplinary
datasets demand advanced computational tools, statistical methods,
and bioinformatics expertise. While demanding, this analytical process
is crucial, as successful application to one organism can lay the
foundation for further methodological advancements in
subsequent studies.

Once armed with an expanded knowledge base, technological
advances, and ability to control associations, there is potential to craft
practical strategies for manipulating the holobiont towards positive
outcomes, such as identifying key pathways for integrative pest
management strategies (e.g. Vallier et al.). However, delving into the
applications of holobiont manipulation for enhancing host health and
contributing to ecosystem restoration remains an area of limited
exploration. Heric et al. showcase a promising example of this
potential for corals, where bacterial probiotics can play a mitigating
role in coral bleaching by diminishing reactive oxygen species (ROS)
levels within the microalgal partner of corals, Symbiodiniaceae,
through the production of bacterial antioxidants. While this
intervention has shown efficacy in cultured environments, its
applicability to Symbiodiniaceae within the coral holobiont,
especially in the context of natural bleaching events, is yet to be
tested. This becomes increasingly crucial considering the escalating
prevalence of coral diseases during bleaching events, as revealed by
Moriarty et al, and the potential protective role of the holobiont
microbiome, or alternatively, its role as a source for opportunistically
pathogenic bacteria.

Holobiont research, particularly in understanding microbiome
interactions, presents a potential, albeit hotly debated, paradigm shift
in our comprehension of evolution and ecology. An influential
contribution to this discourse within our Research Topic is
Rosenberg's article, “Rapid acquisition of microorganisms and
microbial genes can help explain punctuated evolution,” delving into
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the role of microorganisms in the evolutionary processes of animals
and plants. The proposition suggests that the swift incorporation of
microorganisms from the environment into host microbiomes,
coupled with the subsequent integration of microbial genes into host
genomes through horizontal gene transfer, can elucidate instances of
punctuated evolution. This hypothesis finds support in evidence from
significant evolutionary events driven by microorganisms. However,
it’s crucial to emphasise that this perspective doesn’t diminish the
importance of host genetics in steering evolutionary trajectories and
determining adaptive capacities. In a case study on oysters, Hemraj
et al. illuminate how microbiomes respond to acidic and low oxygen
environments, potentially affecting the nutritional status of oysters.
Nevertheless, the study underscores that oysters exhibit the ability to
regulate their physiological processes, maintaining homeostasis in the
short term despite environmental challenges. This dual consideration
of microbial influences and host genetics contributes to a more
nuanced understanding of the intricate interplay in shaping
evolutionary dynamics.

The generalisability of the holobiont concept across diverse
organisms and ecosystems remains a challenge. Nevertheless, amidst
the aspects requiring refinement, this Research Topic underscores the
active efforts of researchers to address gaps by conducting additional
studies, applying innovative methodologies, reviewing current status,
refining research approaches, and integrating findings from various
biological systems. These collective endeavours aim to unravel the
intricate dynamics of holobiont interactions and enhance our
understanding of this emerging field.
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Wheat Rhizosphere Microbiota
Respond to Changes in Plant
Genotype, Chemical Inputs, and
Plant Phenotypic Plasticity

Samuel Jacquiod', Tiffany Raynaud’, Eric Pimet', Chantal Ducourtieux,
Leonardo Casieri2, Daniel Wipf2 and Manuel Blouin™

" Agroécologie, Institut Agro, INRAE, Université de Bourgogne, University Bourgogne Franche-Comté, Besangon, France,
2 Agroécologie, Institut Agro, CNRS, INRAE, Université de Bourgogne, University Bourgogne Franche-Comté, Besangon,
France

Modern wheat varieties that were selected since the Green Revolution are generally
grown with synthetic chemical inputs, and ancient varieties released before1960
without. Thus, when changes occur in rhizosphere microbiota structure, it is not
possible to distinguish if they are due to (i) changes in wheat genotypes by breeding,
(i) modifications of the environment via synthetic chemical inputs, or (i) phenotypic
plasticity, the interaction between wheat genotype and the environment. Using a
crossed factorial design in the field, we evaluated the effects of either modern or ancient
wheat varieties grown with or without chemical inputs (a N fertilizer, a fungicide, and an
herbicide) on “microbiome as a phenotype.” We analyzed the rhizosphere microbiota
by bacterial and fungal amplicon sequencing, coupled with microscope observations
of mycorrhizal associations. We found that plant genotype and phenotypic plasticity
had the most influence on rhizosphere microbiota, whereas inputs had only marginal
effects. Phenotypic plasticity was particularly important in explaining diversity variations
in bacteria and fungi but had no impact on the mycorrhizal association. Our results show
an interest in considering the interaction between wheat genotype and the environment
in breeding programs, by focusing on genes involved in the phenotypic plasticity of
plant-microbe interactions.

Keywords: genotype, environment, phenotypic plasticity, rhizosphere microbiota, mycorrhiza, plant breeding

INTRODUCTION

Plant genotypes have an influence on the composition of rhizosphere microbiota (Lundberg
et al., 2012; Peiffer et al., 2013) and function (Lemanceau et al., 2017), which in turn affects
plant growth, development, and immunity (Mendes et al.,, 2011; Berendsen et al., 2012). The
rhizosphere microbiota recruited by plants is sensitive to changes in root exudate composition
(Lebeis et al., 2015; Hu et al,, 2018), and recently, plant loci correlated with specific subsets
of rhizosphere microbiota were identified by genome-wide association (Deng et al., 2021).
Understanding factors favoring crop associations with beneficial microbes may help in maintaining
high crop yields while decreasing synthetic chemical inputs (e.g., man-made herbicides, fungicides,
and mineral fertilizers). To steer beneficial interactions between plants and microbiota, two
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Phenotypic Plasticity of Plant-Microbiota Interactions

strategies are developed: manipulating soil microbial community
directly (Jacquiod et al., 2022) and manipulating plant traits
involved in microbial interactions (Bakker et al., 2012). In the
latter, the goal can be to enhance specific microbial functions
(e.g., nitrogen fixation/mineralization) or enhance community
intrinsic properties (e.g., diversity, evenness, and composition)
associated with beneficial effects on plants (Bakker et al., 2012).

However, plant breeding has changed interactions with soil
microorganisms (Milla et al, 2015; Turcotte et al, 2015).
An effect of domestication, from wild relatives to cultivated
varieties, on rhizosphere microbiota was observed in barley
(Bulgarelli et al., 2015), maize (Szoboszlay et al., 2015), foxtail
millet (Chaluvadi and Bennetzen, 2018), and common bean
(Pérez-Jaramillo et al.,, 2017), generally leading to microbiota
changes between wild relatives and selected varieties (Pérez-
Jaramillo et al., 2018). Domestication was also shown to decrease
the mycorrhizal associations and yield gain responsiveness of
selected wheat varieties (Kapulnik and Kushnir, 1991; Hetrick
et al., 1992). A similar effect was observed in relation to a
recent selection effort that started with the Green Revolution
(Smale, 1997) between varieties released after 1960 (hereafter
called “modern”) and those released before 1960 (hereafter
called “ancient”) (Leiser et al., 2016). This recent selection
effort was linked with a relaxed selective process of wheat
microbiota assembly (Hassani et al., 2020), but the effects are
small (Ozkurt et al., 2020) and apparently more pronounced
for fungi (Spor et al., 2020). However, meta-analyses concluded
that agricultural and breeding practices are not responsible
for a decrease in mycorrhizal responses in modern varieties
(An et al, 2010; Lehmann et al, 2012). The first hypothesis
tested in our study is that recent selection has changed wheat
rhizosphere microbiota community structure via deteriorated
ability to maintain high microbial diversity and mycorrhizal
levels in modern varieties.

From another perspective, rhizosphere microbiota changes
observed since the Green Revolution may be attributed to the
field application of synthetic chemical inputs (e.g., fertilizers,
herbicides, and fungicides, hereafter called “inputs”). Effects of
inputs were linked with decreased microbial diversity while
favoring only few taxa (Dunn et al, 2021). Among different
inputs, fertilization is often reported in the literature for
its impact on soil microbiota. In a meta-analysis, long-term
mineral fertilization was linked with increased microbial biomass
(Geisseler and Scow, 2014). Fertilization alters soil microbiota
composition by promoting copiotroph microorganisms (Ramirez
et al., 2010, 2012). Modifications of the bulk soil microbial
reservoir instigated by fertilization are associated with altered
rhizosphere community assembly in lettuces (Chowdhury et al.,
2019), legumes (Weese et al., 2015), and wheat (Ai et al,
2015; Chen et al, 2019). Similarly, fertilization may reduce
the diversity (Egerton-Warburton et al., 2007) and cost-benefit
balance of arbuscular mycorrhizal fungi (Lambers et al., 2009).
Since fertilizers could promote the dominance of copiotrophs and
fungicides could prevent fungal diseases, we formulate a second
hypothesis: the presence of inputs will decrease the microbial
diversity and abundance of arbuscular mycorrhizal fungi in the
wheat rhizosphere.

Furthermore, it needs to be emphasized that the recent
selection effort and the use of inputs are two interconnected
agricultural practices that evolved in parallel: modern varieties
were selected and are generally grown with synthetic inputs,
whereas ancient varieties have been selected before 1960 at a time
where inputs were not used in a systematic way and are generally
grown today in organic farming without synthetic inputs. Studies
on the effect of recent selection efforts on the wheat rhizosphere
microbiota do not explicitly consider inputs (Spor et al., 2020).
Likewise, studies focusing on the effect of inputs on the assembly
of wheat rhizosphere microbiota do not consider the recent
selection efforts between ancient and modern varieties (Chen
et al., 2019). This tangled association between genotypes and
inputs, even if applied at low doses (e.g., Voss-Fels et al.,
2019), prevents the assessment of their relative importance on
wheat rhizosphere microbiota assembly. It is thus paramount to
assess the interaction between genotypes and inputs, a neglected
aspect in rhizosphere microbiota studies. Here, we formulate
our third hypothesis: the effect of recent selection efforts on
wheat rhizosphere microbiota and mycorrhizal associations is
influenced by inputs.

To test our hypotheses, the effects of recent breeding efforts
(ancient vs. modern varieties) and inputs (absence vs. presence)
on rhizosphere microbiota assembly can be described using the
formalism of quantitative genetics “P = G + E + G x E”
(Falconer, 1989). Indeed, beyond morphological or physiological
traits of plants, rhizosphere microbiota can be considered as
an extended phenotype of plants (de la Fuente Cantd et al.,
2020) with an important influence on plant fitness (Lemanceau
et al., 2017). As such, the structural and functional properties
of rhizosphere microbiota can be considered a host phenotype
(Oyserman et al., 2021) that contributes to the inclusive fitness
of the host (Danchin et al, 2011). Here, we thus consider
the diversity of rhizosphere microbiota as a phenotypical trait
“Py which can be determined by (i) plant genotype “G”
(hereafter called “breeding type” differentiating modern and
ancient varieties), (ii) environment “E” (modified by agricultural
practices such as application of inputs, here an herbicide, a
fungicide, and a nitrogen fertilizer), and (iii) interaction between
wheat genotype and inputs “G x E;” defined as plant phenotypic
plasticity. Phenotypic plasticity denotes the ability of a genotype
to exhibit changes in a specific trait across different environments
(Laitinen and Nikoloski, 2019), usually visualized as a “norm
of reaction” where phenotype changes in each genotype are
depicted across environments (Schmalhausen, 1949; Stearns,
1989). Phenotypic plasticity could explain discrepancies between
studies regarding the microbial diversity associated with ancient
and modern varieties due to environmental differences. It is thus
mandatory to evaluate the relative importance of G (hypothesis
1), E (hypothesis 2), and the G x E interaction (hypothesis 3). We
thus set an experiment with five ancient and five modern wheat
varieties with or without inputs (Supplementary Figure 1) and
analyzed rhizosphere microbiota with an integrated approach
coupling microscopic observations of mycorrhiza with amplicon
sequencing of the bacterial (16S rRNA gene) and fungal (ITS2)
communities to determine the relative importance of the three
terms in explaining variations in wheat rhizosphere microbiota.
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MATERIALS AND METHODS

Field Site and Experimental Design

The field experiment was conducted at Institu Agro Dijon (47°
1832 "N 5° 04'02” E, Dijon, France preceding culture: Vicia
faba). The soil is Calcosol (—22 cm: pHp20 = 8; 34.6% clay, 36.2%
loam, and 29.2% sand; 46.2 g.kg~! organic matter, 26.7 gkg~!
organic carbon, and 2.11 g.kg™! total nitrogen; 294 gkg™! total
Ca; 0.02 g.kg™ ! phosphorous pentoxide (P,05); 24.3 cmol kg~ !
CEC). Plots (1 x 1 m?, separated by 0.8-m-wide paths) were
randomized and distributed in three repeated blocks of 20: five
plots for ancient varieties without inputs, five plots for ancient
varieties with inputs, five plots for modern varieties without
inputs, and five plots for modern varieties with inputs for a
total of 60 plots across the three blocks, with N = 15 for each
breeding type x input modality (Supplementary Figure 2). Seeds
were sown manually (3 and 4 November 2016). We selected
two groups of varieties, one that has not been submitted to
the recent selection effort in high input systems and one that
has been selected in such systems. Based on the hypothesis
of disruption of plant-microbial symbiosis, our rationale was
that genotypes continuously grown without synthetic inputs
and exposed to local microbial communities should have kept
ancestral interactions with microorganisms, whereas genotypes
selected in high-input systems could have lost these ancestral
plant-microbe interactions because of evolutionary trade-ofts
between selected traits and symbiosis traits (Porter and Sachs,
2020). In the group of varieties selected in high-input systems,
we chose five of the most common modern varieties currently
grown in the Burgundy region from a diversity of seed suppliers
(Table 1). In the group of varieties selected and grown without
synthetic inputs, we chose five grown locally among 200 owned
by the non-governmental organization “Graines de Noé”!, which
promotes in situ conservation of wheat landraces. Information
on ancient varieties was retrieved from Jacques Le Gouis and
Frangois Balfourier (Centre de Ressources Biologiques « Céréales
a paille » of the INRAE Clermont-Ferrand, France). The panel
(Table 1) is made of two varieties with a name attesting to
their local origin (Barbu du Maconnais and Blé de Sadne) and
the most commonly grown by organic farmers in Burgundy
(Automne Rouge). To avoid a potential bias due to local
selection (small population size amplifying stochastic genetic
effects or inbreeding), we supplemented the panel with Alauda, a
German crossbreed of Probus (1948, Swiss) x Inntaler (< 1960)
specifically selected for organic farming (indeed recent but not
selected in high-input systems) and einkorn wheat (Triticum
monococcum), an external taxon that is likely to share ancestral
plant-microbes interactions, since it was also not selected in high-
input systems. These ancient varieties are not fixed genetically,
but the in situ conservation method and their phenotypical
stability suggested a relative genetic homogeneity. Each variety
was grown either (i) with inputs (w) or (ii) without inputs (w/o).
Inputs included practices typically applied by local farmers in
Burgundy: a fertilizer (ammonium nitrate 27%, Dijon Céréales,
Longvic, France) for a total of 150 kg N.ha~!, was applied as

Uhttp://www.graines- de-noe.org/

50 kg N.ha™! three times, on week 18 after sowing (9 March
2017), week 25 (24 April 2017), and week 30 (30 March 2017);
a herbicide (Bofix™; Dow Agro Science) was supplied once at
0.3 Lha™! on week 23 (10 April 2017), and a fungicide (Bell
Star™; Dow Agro Science) was applied once at 2.5 kg.ha™! on
week 26 (5 May 2017).

Rhizosphere Soil Sampling

Sampling was conducted before wheat heading. In each plot,
two plants were sampled in opposed corners (green circles,
Supplementary Figure 2). All field and laboratory equipment
was cleaned with ethanol 70% before each use. Root systems
with adhering soil were retrieved by loosening the soil with a
fork and immediately transferred to the laboratory. Rhizosphere
soil was collected using sterilized brushes. Two rhizosphere soils
coming from the same plot were pooled to obtain representative
samples and stored at —20 °C. Total DNA was extracted from
250 mg of the rhizosphere soil using a DNeasy PowerSoil-htp 96-
well DNA isolation kit (Qiagen, France) based on a combined
mechanical and alkaline lysis coupled with chromatography
purification, which guarantees the molecular-grade recovery of
soil metagenomic DNA.

Microbial Community Sequencing
Bacterial/fungal amplicon sequencing was adapted from
previously described methods (Spor et al., 2020). Total bacterial
and fungal diversity and composition were obtained by
sequencing the V3-V4 hypervariable regions of the bacterial 16S
rRNA gene (small subunit of the ribosomal operon, Baker et al.,
2003; Herlemann et al., 2011) and the ITS2 region (Internal
Transcribed Spacer 2 in the ribosomal operon, White et al,
1990; Thrmark et al, 2012) by Ilumina Miseq 2 x 250-bp
paired-end analysis. For consistency, we analyzed both the 16S
rRNA and ITS2 sequences using an OTU pipeline instead of
Amplicon Sequence Variants (ASV), since the latter is currently
not optimal for fungal ITS (Estensmo et al, 2021). Plant
contaminations were removed from 16S rRNA gene amplicon
sequences by systematically removing OTUs sharing at least 98%
identity with a wheat plastid DNA sequence (Triticum aestivum
chloroplast; accession: NC_002762.1:c123842-122352 and
NC_002762.1:91051-92542). A summary of sequenced samples
is provided in Supplementary Table 1. Raw sequences have
been deposited to the SRA (Sequence Read Archive, bacteria:
SUB9063594, Fungi: SUB9104701) public repository.

Statistical Analysis

Data analysis was performed with the Rstudio software (R
Core Team, 2020). We used the following model: “P ~
E + G/Variety + G*E + block,” where “P” is the rhizosphere
microbiota parameter considered (e.g., diversity indices), “G” is
the genotype, defined as the breeding type (either modern or
ancient varieties), and “E” is the environment, defined as inputs
(either with or without). We added a “variety” factor to consider
the random variance that could arise from the difference between
varieties inside the modern or ancient groups (“G/variety”).
The effect of spatial heterogeneity in our experimental site was
assessed through the “block” factor with an additive effect. Since
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TABLE 1 | Detailed list of modern and ancient wheat varieties used in this study.

Breeding type Variety name Identifier Year of release Accession Provider URL
Modern varieties Rubisco R 2012 36680 RAGT Semences https://ragt-semences.fr/
Descartes D 2014 1365 Secobra https://secobra.fr/bles
Sherlock S 2015 36751 Secobra https://secobra.fr/bles
Alixan A 2005 24559 Limagrain https://www.limagrain.com/
Tulip T 2011 36713 Saaten Union http://www.fiches.arvalis-infos.fr/
Ancient varieties  Barbu du Méaconnais BM End of XIX - Early 1234 Graines de Noé http://www.graines-de-noe.org/
XX centuy
Blé de Saone BL < 1960 1440 Graines de Noé http://www.graines-de-noe.org/
Automne Rouge AR XIX century 1117 Graines de Noé http://www.graines-de-noe.org/
Alauda AL Probus (1948) x 39379 Graines de Noé http://www.graines-de-noe.org/
Inntaler (< 1960)
crossing (2013)
Einkornwheat EN < 1960 26624 URGI - Unité de Recherche https://urgi.versailles.inra.fr/

Génomique Info Projects/Achieved-projects/Siregal

The table features the name, year of release, accession, provider, and URL of each variety.

observations of mycorrhiza were conducted in two batches, we
specifically included an additive “batch” factor in the model
(refer to the Mycorrhizal colonization section). Normality and
homoscedasticity were assessed by Shapiro and Bartlett tests.
Normally distributed data were analyzed with ANOVA models,
followed by post hoc Tukey’s honest significant difference test
(Tukey’s HSD, p < 0.05, package ‘agricolae, de Mendiburu
and Yaseen, 2020). Data that were not normally distributed
were analyzed with the non-parametric Scheirer-Ray-Hare tests
followed by post hoc false discovery rate test correction to account
for multiple testing (FDR, p < 0.05, “rcompanion” and “FSA,”
Sokal and Rohlf, 1995). In the Results section, we present the
percentage of variance explained and associated p-values from the
ANOVA and Scheirer-Ray-Hare models.

Alpha Diversity

Sequencing completeness and quality were verified with
rarefaction curves (“vegan”; Dixon, 2003; Supplementary
Figure 3), enabling the identification of eight outlier samples
coming from the same plate column harboring significantly
higher sequence counts but relatively lower OTU discovery rates
than the others (p < 0.001). The samples were excluded from
further analyses, leaving N = 11-14 in each G x E modality, with
at least four biological replicates per variety (Supplementary
Table 1). Sequencing profiles were resampled at 14,000 counts
to normalize diversity discoveries (Scholer et al., 2017), and
the following indices were used: observed taxon richness (S:
the number of OTUs detected), Chao-1 (estimation of real
taxon richness based on rare taxon occurrence represented by
one sequence in a sample), ACE (abundance-based coverage
estimator: estimation of real taxon richness based on rare taxon
occurrence represented by 10 sequences in a sample), Simpson
Reciprocal index (1/D, D = dominance, the probability of picking
the same taxon twice from two random drawings), Shannon
index (H: a measure of species diversity and evenness based on
the sum of all species contribution in a community), and Pielou’s
equitability (J = H/In(S), an index ranging from 0 to 1 indicating
the level of evenness in the community). The models are available

in Supplementary Table 2 (Bacteria) and Supplementary
Table 3 (Fungi). A PERMANOVA was performed on the six
diversity indices (Supplementary Table 4). The distribution and
phylogenetic composition of core OTU fractions were visualized
in Venn diagrams (Supplementary Figure 4).

Beta Diversity

Resampled sequencing profiles were analyzed by PERMANOVA
(“vegan,” Bray-Curtis dissimilarity, Supplementary Table 4). As
only breeding type and block had significant effects, a partial
distance-based redundancy analysis (db-RDA) was performed to
visualize the profiles with the model: “breeding type + condition
(block)” (“capscale” function, 10,000 permutations). OTUs whose
abundance was significantly altered among breeding types (G),
inputs (E), and phenotypic plasticity (G x E) were detected
using non-rarefied data by quasi-likelihood F-test (QLFT)
under negative binomial distributions and generalized linear
models (nb-GLM, package “edgeR,” Robinson et al., 2009), as
recommended in the literature (Scholer et al., 2017; Jacquiod
etal,, 2020). Only OTUs with abundance fold-change > 2, overall
occurrence > 20 times, and FDR-adjusted p-value < 0.05 were
considered (Supplementary Table 5).

Network Analysis

Modern and ancient wheat variety rhizosphere microbiota were
visualized as networks using Poisson Log Normal (PLN) models,
a performant method for sparse count data that enables control
of dependency effects arising from compositional profiles (PLN,
package “PLNmodels,” Chiquet et al., 2019). Partial correlation
matrices integrating both core bacterial and fungal OTUs in the
ancient (N = 26/26) and modern varieties (N = 24/24) were
computed using the “Total Sum Scaling” offset criteria (TSS) and
the following model: “~ 1 + block + input + offset.” PLN models
were validated with the Bayesian Information Criterion (BIC) to
set the appropriate sparsifying penalty levels. The complexity of
networks was investigated by means of the degree index (average
number of edges per node), node betweenness (average shortest
node path between node pairs), and edge betweenness (average
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shortest edge path between edge pairs). We identified keystone
species, i.e., species that have a disproportionate deleterious effect
on the community network structure upon their removal (Berry
and Widder, 2014), as those having the highest degree, reaching
40% of the total proportion of edges. Edge arithmetic was
applied with the “igraph” package function (Csardi and Nepusz,
20065 Jacquiod et al., 2020) to intersect the modern and ancient
networks. Visualization of the finalized network was performed
with the “Cytoscape” software (Shannon et al., 2003). Separated
networks obtained from the modern and ancient varieties are
presented in supporting information (Supplementary Figure 5).

Mycorrhizal Colonization

Two root systems per plot were collected and pooled together
29 weeks after sowing (22-24 May 2017). The root material was
washed and stained (Vierheilig et al., 1998). Roots were cleared
(90 °C, 5-10 min, 10% KOH), dipped in black ink (90 °C, 5 min,
5% in acetic acid), rinsed (with water), dipped in acetic acid
(8%, 25 min, room temperature), rinsed (with water), dipped in
pure glycerol, and stored (at 4 °C). For microscopic observation,
roots were cut (I cm), and 15 fragments were mounted
with glycerol between slides (see pictures in Supplementary
Figure 6). To avoid discoloration during conservation, the root
samples were divided into two staining batches. A significant
difference in staining intensity was found between the two
batches (Supplementary Figure 7). To account for coloration
fluctuations, the two batches were identified in the statistical
model as a “+ batch” factor. Mycorrhization rates were assessed
according to Trouvelot et al. (1986) via the following indices:
frequency of root fragments with mycorrhizal structures on the
root system scale (F), the intensity of mycorrhizal colonization
on the root system scale (M) or restricted to mycorrhizal
root fragments (m), and arbuscular abundance on the root
system scale (A) or restricted to mycorrhizal root fragments
(a). Univariate models and the global PERMANOVA model are
available in supporting data (Supplementary Tables 4, 6).

RESULTS

Sequencing Statistics
From the 60 initial rhizosphere samples, 51 (bacteria) and
50 (fungi) amplicon profiles passed the quality control

for downstream analysis. For bacterial profiles, 2,099,307
raw sequences were recovered, averaging 41,163 £ 1,049
sequences per sample (standard error of the mean). For
fungal profiles, 3,993,837 raw sequences were recovered,
averaging 79,877 &£ 2,120 sequences per sample. After assembly
and cleaning, the bacterial profiles yielded 1,076,714 raw
sequences, averaging 21,112 % 597 sequences per sample.
Clean fungi profiles yielded 1,333,569 raw sequences, averaging
26,671 + 1,001 sequences per sample. All the bacterial and
fungal profiles could be resampled at a minimal depth of
14,000 sequences.

Effects on the Bacterial Community

We first performed a global analysis on all diversity indices
to detect main effects by PERMANOVA (Table 2 and
Supplementary Table 4), and 63.5% of the variance was
explained by our model, with a significant effect of breeding
type (7.4%, p = 0.013), the G x E interaction (5.7%, p = 0.034),
and different varieties nested in each breeding type (48.8%,
p =0.015). In detail, breeding type (ancient vs. modern varieties)
had a significant effect on all the diversity indices: richness
(explaining 15.57% of the total variance, p < 0.001), Chao-
1 (6.89%, p = 0.025), ACE (5.87%, p = 0.044), Simpson
reciprocal (9.18%, p = 0.032), Shannon (20.08%, p = 0.001), and
equitability (13.82%, p = 0.009) (Table 3 and Supplementary
Table 2). The modern varieties had higher diversity than
the ancient varieties (Figure 1). The presence of inputs had
a significant negative effect on community evenness via the
Simpson reciprocal (7.83%, p = 0.048). The G x E interaction
had a significant effect on richness (7.7%, p = 0.011), ACE (6.8%,
p = 0.031), and Shannon (8.64%, p = 0.038), as the addition
of inputs led to a significant decrease in diversity only for the
ancient varieties (Figure 1). The different varieties nested in
each breeding type was the main source of variation in the
richness (46.1%, p = 0.009), Chaol (49.9%, p = 0.015), and ACE
(47.5%, p = 0.028) indices. No effect of spatial heterogeneity was
detected (block: p > 0.05). The visual distribution of bacterial
taxa in Venn diagrams across G x E treatments allowed the
detection of distinct OTUs associated with breeding type and
inputs and their interaction and covering a broad phylogenetic
diversity (Supplementary Figure 4). The modern varieties
had more unique taxa (61 including unique representatives
from Gemmatimonadetes and TM7) than the ancient ones

TABLE 2 | Permutational analysis of variance for bacterial and fungal alpha diversity (based on the six diversity indices: richness, Chao-1, ACE, Simpson reciprocal,
Shannon, and equitability), beta diversity (based on Bray-Curtis dissimilarity index), and for parameters describing mycorrhizal colonization (F, M, m, A, and a, refer to

Materials and methods for a description).

PERMANOVA Bacteria (Alpha) Bacteria (Beta) Fungi (Alpha) Fungi (Beta) Mycorrhization
Breed (G) 7.38%" 2.60%* 0.02% 2.50%" 2.77%*
Inputs (E) 1.43% 1.75% 0.39% 2.24% 0.79%
GxE 5.71%" 1.81% 10.45%" 1.66% 1.09%
Breed/Variety 47.80%* 30.10% 11.82% 34.74%* 18.81%**
Block 1.22% 6.38% 4.62% 5.38%" 2.8%*
Variance explained 63.53% 42.65% 27.30% 46.52% 26.26%

Percentages of explained variance are given with asterisks indicating the significance of effects. *p < 0.05; *p < 0.01; **p < 0.001.
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TABLE 3 | Analysis of variance for bacterial alpha diversity indices.

Statistical test ANOVA (F) Scheirer-Ray-Hare (H)

Alpha diversity indices Richness Chao-1 ACE Simpson reciprocal Shannon Equitability
Breed (G) 16.57%*** 6.89%* 5.87%" 9.18%" 20.08%** 13.82%**
Inputs (E) 0.06% 2.08% 0.27% 7.83%"* 2.56% 7.24%
GxE 7.74%* 4.21% 6.81%" 4.65% 8.64%" 3.94%
Variety 46.07%** 49.93%* 47.54%* 20.2% 28.61% 23.28%
Block 0.09% 1.1% 1.16% 11.41% 3.42% 8.96%
Variance explained 69.52% 64.21 61.65 53.27 63.31 57.24
Direction of effects Breed (G) Mod > Anc Mod > Anc Mod > Anc Mod > Anc Mod > Anc Mod > Anc

Inputs (E) — — — w/0 > inputs — —
GxE Anc: w/o > inputs - Anc: w/o > inputs - Anc: w/o > inputs -

Normally distributed indices were analyzed by ANOVA, while non-parametric indices were analyzed by Scheirer-Ray-Hare test. Percentages of explained variance are
given, with asterisks indicating the significance of effects. “Block” is the factor identifying the three replicated blocks in the field. “Variety” is a sub-stratum of variance in
the breeding factor, identifying five different wheat varieties inside each breeding type. The directions of significant effects are indicated (Anc = ancient; Mod = modern,

and w/o = without inputs), 'p < 0.1, *p < 0.05; **p < 0.01; **p < 0.001.
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FIGURE 1 | Alpha diversity of the rhizosphere bacterial community (16S rRNA gene amplicon sequencing) presented as reaction norms of ancient and modern
wheat genotypes to environment modification by inputs. Panels are respectively showing: the (A) richness, (B) Chao-1 estimator, (C) ACE estimator, (D) Simpson
Reciprocal index, (E) Shannon index, and (F) Pielou’s equitability. Data are shown as the interaction between breeding type and the presence/absence of inputs
(w/0: without inputs; w: with inputs, N = 11-14 per treatment, error bars are standard error of the mean). Significance was inferred with an ANOVA under Tukey’s
HSD post hoc test for normally distributed data (honest significant differences, p < 0.05). Data that were not normally distributed were analyzed by
Scheirer-Ray-Hare test followed by post hoc false discovery rate test correction to account for multiple testing (FDR, p < 0.05).

(34 including unique representatives from Planctomycetes).
Similar numbers of unique OTUs were detected without (42)
and with inputs (46 including unique representatives from
Gemmatimonadetes and Planctomycetes). The G x E interaction
yielded 98 (without inputs) and 92 (with inputs) unique taxa in
the ancient varieties, while 86 (without inputs) and 110 (with
inputs) unique taxa with similar phylogenetic signatures in all
fractions were observed in the modern varieties.

At the beta diversity level (Table 2), the PERMANOVA
showed a weak but significant effect on breeding type
(2.6%, p = 0.036) but not inputs (1.8%, p = 0.701). Spatial
heterogeneity had a significant effect as well (block: 6.5%,
p < 0.001). A separation between the modern and the
ancient varieties was clearly observed on the constrained
axis (CAPI1: 2.5%, Figure 2A). A total of 23 bacterial OTUs
significantly responded to G, E, and G x E and were
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FIGURE 2 | Beta diversity analysis of the (A) bacterial and (B) fungal communities by partial distance-based redundancy analysis (db-RDA). Partial db-RDAs were
conducted to output the following constrained models: breeding type + condition (block) (10,000 permutations, N = 24 for modern varieties; N = 27 and 26 for
ancient varieties in the bacteria and fungi panels, respectively).

mainly from Bacteroidetes, Proteobacteria, Actinobacteria,
and Verrucomicrobia (Supplementary Table 5). Eleven OTUs
mainly from Flavobacteriaceae (Flavobacterium succinicans),
Cytophagaceae, Cellulomonadaceae, Caulobacteraceae,
Hyphomicrobiaceae, and Verrucomicrobiaceae had higher
abundance in the ancient varieties, while only one unclassified
Gemmatimonadetes OTUs was enriched in the modern varieties.
Only one OTU from Cytophagaceae was altered by input
addition in all the varieties. Ten OTUs from various families
were altered by the G x E interaction, mostly being lowered
in the modern varieties (with or without inputs) than in the
ancient varieties (with or without inputs). Noteworthy is that
a Corynebacteriaceae (OTU_17410, Actinobacteria) and a
Haliangiaceae (OTU_41432, Proteobacteria) were decreased 11
folds by inputs in the ancient varieties.

To summarize (Supplementary Table 7), the main factor that
significantly altered the bacterial component of the rhizosphere
microbiota (P) was a breeding type (G), with higher diversity
and different community structure in the modern varieties.
Phenotypic plasticity (G x E) was the second most structuring
factor of the microbiota with (i) lower richness and evenness
with inputs in the ancient varieties, (ii) three OTUs altered
by the interaction, and (iii) important changes in presence-
absence of OTUs in each G x E modality. The effect of input
(E) was marginal.

Effects on the Fungal Community

A global analysis of all the diversity indices was performed
to detect the main effects by PERMANOVA (Table 2 and
Supplementary Table 4), and 27.3% of the variance was
explained by our model, enabling the detection of an overall
significant effect of the G x E effect (10.5%, p = 0.053), whereas

breeding type (0.02%, p = 0.995), inputs (0.4%, p = 0.765),
and varieties (11.8%, p = 1) had no effect. No effect of spatial
heterogeneity was detected (block: 4.6%, p = 0.444). In detail,
the breeding type had indeed no effect on the fungal diversity
indices (Figure 3, Table 4 and Supplementary Table 3). Unlike
the bacterial profiles, spatial heterogeneity was detected in fungal
evenness indices, including the Shannon index (6.57%, p = 0.005)
and equitability index (17.99%, p = 0.007). The presence of inputs
had a significant negative effect on the Shannon index (6.7%,
p = 0.044), mostly driven by the ancient varieties (Figure 3).
The effect of varieties on each breeding type was not significant
despite a relatively high percentage of variance (up to 30.7%). For
most of the indices, the G x E interaction induced a decrease
in fungal diversity for the ancient varieties with inputs and,
conversely, an increase in the modern varieties, as illustrated by
the crossing of reaction norms (Figure 3) although supported
statistically only for the Chao-1 estimator (13.9%, p = 0.025,
Table 4).

The visual distribution of taxa in Venn diagrams across
G x E treatments allowed for the detection of distinct
OTUs associated with breeding type and inputs and their
interaction, showing a clear dominance of Ascomycota
(Supplementary Figure 4). The ancient varieties had more
unique taxa (54, mainly from Chaetomiaceae, Ascobolaceae,
Nectriaceae, and Trichocomaceae) than the modern ones (38
mainly from Nectriaceae, Ascobolaceae, and Trebouxiaceae
including a unique Mortierellasarnyensis). Without inputs, more
unique taxa were detected (56 mainly from Chaetomiaceae,
Lasiosphaeriaceae, Nectriaceae, and Trebouxiaceae and
including unique representatives from Basidiomycota and
Chytridiomycota) than with inputs (36 mainly from Helotiales,
Nectriaceae, Pyronemataceae, and Trichocomaceae and
including unique representatives from Glomeromycota). The
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FIGURE 3 | Alpha diversity of the rhizosphere fungal community (ITS2 gene amplicon sequencing) presented as reaction norms of ancient and modern wheat
genotypes to environment modification by inputs. Panels are respectively showing: the (A) richness, (B) Chao-1 estimator, (C) ACE estimator, (D) Simpson reciprocal
index, (E) Shannon index, and (F) Pielou’s equitability. Data are shown as the interaction between breeding type and the presence/absence of inputs (w/o: without
inputs; w: with inputs; N = 11-14, error bars are standard error of the mean). Significance was inferred with an ANOVA under Tukey’s HSD post hoc test for normally
distributed data (honest significant differences, p < 0.05). Data that are not normally distributed were analyzed by Scheirer-Ray-Hare test followed by post hoc FDR
test correction to account for multiple testing (FDR, p < 0.05).

TABLE 4 | Analysis of variance for fungal alpha diversity indices.

Statistical test ANOVA (F) Scheirer-Ray-Hare (H)
Alpha diversity indices Richness Chao-1 ACE Shannon Equitability Simpson reciprocal
Breed (G) 0% 0.03% 0.01% 0.9% 1.69% 2.33%
Inputs (E) 2.61% 0.01% 0.13% 4.46% * 5.41%" 1.24%
GxE 7.4% 13.9% * 8.37% 3.04% 2.13% 1.71%
Variety 12.4% 11.15% 12.18% 1.05% 30.7% 21.22%
Block 4.8% 5.68% 3.66% 6.57% ** 17.99% ** 9.46%
Variance explained 27.21% 30.77% 24.35% 57.78% 57.92% 35.97%
Direction of effects Breed (G) — — — — — —
Inputs (E) - - - w/o > inputs w/o > inputs -
GxE - Anc: w/o < inputs; - w/o: Anc > Mod - -

Mod: w/o < inputs

Normally distributed indices were analyzed by ANOVA, while non-parametric indices were analyzed by Scheirer-Ray-Hare test. Percentages of explained variance are
given, with asterisks indicating the significance of effects. “Block” is the factor identifying the three replicated blocks in the field. “Variety” is the sub-stratum of variance in
the breeding factor, identifying five different wheat varieties inside each breeding type. The directions of significant effects are indicated (Anc = ancient; Mod = modern;

w/o = without inputs), 'p < 0.1, *p < 0.05; “p < 0.01; **p < 0.001.

G x E interaction yielded unique OTUs in each category from
families Ascobolaceae, Chaetomiaceae, Trebouxiaceae, and
Mortierellaceae. More specifically, in the ancient varieties,
132 unique OTUs were found without inputs (featuring
families Cladosporiaceae, Pleosporaceae, Pyronemataceae,
and Trichocomaceae) and 115 with inputs (featuring

families ~ Herpotrichiellaceae, ~ Hypocreales,  Nectriaceae,
Ophiostomataceae, Pyronemataceae, and Tremellaceae). In
the modern varieties, 130 unique OTUs were found without
inputs (featuring families Cladosporiaceae, Hypocreales,
Nectriaceae, Ophiostomataceae, Plectosphaerellaceae,
and Pyronemataceae) and 128 with inputs (featuring
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families ~ Herpotrichiellaceae, =~ Hypocreales, = Nectriaceae,
Ophiocordycipitaceae, Ophiostomataceae, Plectosphaerellaceae,
and Trichocomaceae). Noteworthy was the unique occurrence of
Glomeromycota in ancient varieties without inputs and modern
varieties with inputs. More specifically, the modern varieties with
inputs have recruited six unique Glomeromycota OTUs from
different phylogenetic origins: Claroideoglomus, Diversispora,
Gigaspora, one unclassified Claroideoglomeraceae, and one
unclassified Glomerales. In the ancient varieties without inputs,
only one unique Claroideoglomus OTU (not the same as in
modern with inputs) was recruited.

At the level of beta diversity (Table 2), the PERMANOVA
showed a significant spatial heterogeneity (block, 5.4%,
p = 0.011). Breeding type (2.5%, p = 0.052) and variety
(34.7%, p = 0.02) had significant effects but not inputs
(22%, p = 0.14). A separation between the modern and
ancient varieties was observed on the constrained axis (CAPI:
2.8%, Figure 2B). Thirty-three fungal OTUs significantly
responded to G, E, and G x E (Supplementary Table 5)
and were mainly from Ascomycota, Basidiomycota, and
Chytridiomycota. Twelve fungal OTUs were altered by
breeding type, being enriched in the ancient varieties,
and were mostly from families Helotiaceae, Erysiphaceae
(Blumeriagraminis), ~Ascobolaceae, Nectriaceae (Fusarium
solani), Leptosphaeriaceae, Sporormiaceae (Preussiaflanaganii),
Russulaceae, and Lobulomycetaceae (Clydaeavesicula). Only
one OTU (Psathyrellapanaeoloides) was enriched in the modern
varieties. Six OTUs from various families were enriched by
inputs (including Blumeriagraminis, Fusarium solani, and
Clydaeavesicula), and three were decreased by inputs (including
Psathyrellapanaeoloides). The G x E interaction altered 12 OTUs
from various families, mostly between ancient varieties without
inputs and modern varieties with inputs (e.g., Blumeriagraminis
and Psathyrellapanaeoloides). The G x E interaction was also
seen amongst ancient varieties depending on input application
(Didymellanegriana and Pseudeurotiumovale favored no inputs,
while Cryptococcus uniguttulatus favored inputs). Among
noteworthy discriminant OTUs, an Ascobolaceae (OTU_3503,
Pezizomycetes, Ascomycota) was found to be impacted by G
(ancient > modern), E (without > with inputs), and G x E
(ancient varieties without inputs > modern with inputs),
a Psathyrellapanaeoloides (OTU_31, Basidiomycota) whose
abundance was increased by 178 folds in the modern varieties
with inputs compared to the ancient ones without inputs, and
a Russulaceae (OTU-113, Basidiomycota) whose abundance
was increased by 30 folds in the ancient varieties with inputs
compared to those without. To summarize (Supplementary
Table 7), breeding type (G) and phenotypic plasticity (G x E)
were equally important in the fungi component of the microbiota
(P). Breeding type (G) affected the community structure, with
13 OTUs enriched in the ancient varieties and only one in
the modern varieties but did not alter the diversity indices.
Phenotypic plasticity (G x E) had an overall important effect
on alpha diversity, with diversity reduction in inputs only for
the ancient varieties and an effect on the abundance of 12
OTUs between the modern varieties with inputs and the ancient
ones without inputs.

Mycorrhizal Colonization

The breeding type had an impact on the intensity of mycorrhizal
colonization in the root system (M, 4.3%, p = 0.005), on
mycorrhizal root fragments (m, 4.5%, p = 0.009), on the
arbuscular abundance in the root system (A, 4.7%, p = 0.018),
and on mycorrhizal root fragments (a, 3.82%, p = 0.002), all being
in favor of higher values in the modern varieties than in the
ancient ones (Figure 4, Table 5 and Supplementary Table 6).
Inputs had an impact only on M (2.6%, p = 0.027) and m
(2.6%, p = 0.046), being higher without inputs. The G x E
interaction had no effect. Varieties in each breeding type had
an effect on m (22.46%, p = 0.01), M (23.63%, p = 9.6E-4), and
a (19.77%, p = 0.03). Spatial heterogeneity slightly affected M
(block: 4.13%, p = 0.02). The frequency of mycorrhization “F”
was not affected. The PERMANOVA on all the indices revealed a
significant effect of breeding type in favor of higher values in the
modern varieties (2.8%, p = 0.008, Table 2 and Supplementary
Table 4). The effect of varieties nested in each breeding type was
also significant (18.8%, p = 0.007), as well as spatial heterogeneity
(block: 2.8%, p = 0.046). To summarize (Supplementary Table 7),
the mycorrhizal indices were primarily altered by breeding type
(G), as mycorrhization was stronger in the modern varieties.
The addition of inputs (E) decreased the intensity of mycorrhizal
colonization in the root system and root fragments. The G x E
interaction had no effects.

Network Analysis

Poisson Log-Normal (PLN) models reached stable solutions
(refer to the two separated networks in Supplementary
Figure 5), resulting in two networks with comparable sizes
in terms of nodes (modern network: 141 nodes, sparsifying
penalty = 0.22, R? = 0.993; ancient network: 158 nodes,
sparsifying penalty = 0.21, R = 0.993). To better visualize
the specific and common parts between the two networks, we
merged them and clustered nodes based on their membership
(either unique or common, Figure 5). The intersection revealed
81 OTUs in common, while 77 and 60 were, respectively, specific
to the network of either ancient or modern varieties. Similar
phylogenetic compositions were found for both networks, with
a dominance of Ascomycota, Proteobacteria, Actinobacteria,
and Bacteroidetes OTUs. Eight keystone species gathering
40% of edges were identified (Supplementary Figure 5).
The network of the ancient varieties had significantly higher
complexity than that of the modern ones for all the tested
indices. In the network of the ancient varieties, three keystone
OTUs centralized most edges, including an Ascobolaceae
(OTU_3503, Pezizomycetes, Ascomycota, degree = 34), an
unclassified fungus (OTU_123, Ascomycota, degree = 26), and
a Cellvibrio (OTU_886, Gammaproteobacteria, degree = 20).
In the network of the modern varieties, one keystone OTU
centralized most edges, Lectera longa (OTU_37, Sordariomycetes,
degree = 54). Among common OTUs, four keystones centralized
most edges: an unclassified Sordariomycetes (OTU_71,
Ascomycota, degree = 38), a Janthinobacteria (OTU_1532,
Oxalobacteraceae, Betaproteobacteria, degree = 18), a Mortierella
(OTU_112, Mortierellomycota, degree = 13), a Pedobacter
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FIGURE 4 | Mycorrhizal colonization for breeding types and inputs that are presented as reaction norms. Panels are respectively showing (A) the frequency of root
fragments with mycorrhizal structures on the root system scale, intensity of mycorrhizal colonization on the root (B) system scale, or (C) restricted to mycorrhizal root
fragments (D) arbuscule abundance on the root system scale or (E) restricted to mycorrhizal root fragments for each type of breeding (modern varieties with
triangles, ancient varieties with circles) in response to the presence of inputs. Significance was inferred by ANOVA under Tukey’s HSD post hoc test for normally
distributed data (honest significant differences, p < 0.05). Data that were not normally distributed were analyzed by Scheirer-Ray-Hare test followed by post hoc FDR
test correction to account for multiple testing (FDR, p < 0.05).
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TABLE 5 | Analysis of variance for mycorrhization indices.

Statistical test ANOVA (F) Scheirer-Ray-Hare (H)
Alpha diversity indices M m a F A
Breed (G) 4.26%** 4.53%** 3.82%" 0.1% 4.7%"
Inputs (E) 2.65%" 2.59%" 0.12% 0.73% 0.53%
GxE 0.52% 0.39% 1.45% 1.55% 2.19%
Variety 23.63%*** 22.46%** 19.77%* 2.7% 8.99%
Block 4.13%" 3.86% 1.29% 3.77% 2.33%
Batch 13.67% 4.43%** 9.06%*** 26.64%* 13.57%***
Variance explained 48.86% 38.26% 35.52% 35.49% 32.3%
Direction of effects Breed (G) Mod > Anc Mod > Anc Mod > Anc - Mod > Anc
Inputs (E) w/0 > inputs w/0 > inputs - - -
GxE — — — —

Normally distributed indices were analyses by ANOVA, while non-parametric indices were analyzed by Scheirer-Ray-Hare test. Percentages of explained variance are
given, with asterisks indicating the significance of effects. “Block” is the factor identifying the three replicated blocks in the field. “Variety” is the sub-stratum of variance in
the breeding factor, identifying five different wheat varieties inside each breeding type. “Series” refers to the two different batches of staining of mycorrhiza. The directions
of significant effects are indicated (Anc = ancient; Mod = modern; w/o = without inputs), ‘p < 0.1, *p < 0.05; *p < 0.01; **p < 0.001.

(Sphingobacteriaceae, Bacteroidetes, degree = 11). Six OTUs in
this network were previously detected as being “discriminant
taxa” (refer to “Network” in Supplementary Table 5). Among
them, Ascobolaceae (OTU_3503, Pezizomycetes, Ascomycota,

degree = 34) was an important discriminant OTU being affected
by G, E, and G x E (Supplementary Table 5). To summarize,
each network had its own set of OTUs. The ancient network
was more complex, including more keystone species than in the
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modern network. Among keystone OTUs in the ancient network,
the OTU_3503 Ascobolaceae was the most centralized one, being
sensitive to G, E, and G x E.

A summary figure was established based on the main
results obtained on the bacterial and fungal communities and
mycorrizha colonization (Figure 6).

DISCUSSION

Modern wheat varieties were selected and are generally grown
with inputs, whereas ancient varieties were selected before 1960,
at a time where inputs were not used in a systematic way, and
are generally grown today in organic farming without synthetic
inputs. This link between genotype (G) and agricultural practices
modifying the environment (E) prevents the assessment of the
relative importance of individual factors (E and G) and their
interaction (G x E) on plant-microbiota relationships. Our
results are a first attempt to quantify the importance of these
effects in the field. As such, spatial variability was important to
consider by setting up three repeated blocks (Supplementary
Figure 2) included in statistical models. This spatial variability
was expected and had a relatively low effect on our recorded
parameters (0.1~18%). In addition, it was important to assess
the variability inside each breeding type by considering variety-
specific variations across the modern and ancient genotypes (by
multi-stratum variance analysis). Indeed, the variety effect nested

inside each breeding type (see model, Supplementary Figure 1)
was sometimes important (1.1-49.9%). However, both spatial and
variety effects did not prevent the detection of significant effects
associated with our factors of interest.

Effects of Breeding on Rhizosphere

Microbiota

Breeding type (G) was the most structuring factor explaining the
outcome of rhizosphere microbiota (Supplementary Table 7).
The recent selection effort from ancient to modern varieties
had a more pronounced effect on bacteria than on fungal alpha
diversity, with modern varieties having more diversity than
ancient ones. All the mycorrhiza indices (except F) were higher
with the modern varieties than with the ancient ones. Therefore,
our results invalidated the first hypothesis that modern varieties
are associated with less diverse communities than ancient
ones. This result is in line with the reduced selectivity of
modern varieties regarding rhizosphere microbial recruitment as
compared to ancient ones (Kiers et al., 2007). Besides, in terms of
community structures (beta diversity), breeding had a small effect
on both bacterial and fungal communities (2.5-2.6%). Different
but not opposite results were reported in the literature about
the recent selection effort on rhizosphere microbial community
structure: (i) no clear difference in bacterial community structure
between ancient (three varieties) and modern (one variety)
breeding types (Cangioli et al., 2022); (ii) stronger effect on
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FIGURE 6 | Summary picture of the main effects detected by PERMANOVA
on the alpha-diversity indices and mycorrhizal colonization parameters. The
figure depicts ancient (tall plants) and modern (short plants) rhizosphere
microbiota with and without inputs. The big triangles and circles depict the
fungal and bacterial communities, respectively. The mycorrhiza is depicted as
a green cell with an arbuscular structure inside. The symbols inside the big
triangles and circles represent OTUs. PERMANOVA results are shown in
Table 2. Only results from G, E, and G x E are shown. For the fungal
community, input addition led to slight reduction in estimated richness for the
ancient varieties and slight increase for the modern varieties. For the bacterial
community, inputs reduced the richness and evenness for the ancient varieties
but led to slight increase in richness for the modern varieties. For the
mycorrhiza, the modern varieties had more pronounced colonization than the
ancient varieties.

bacterial community structure between modern (five varieties)
and ancient (three varieties) breeding types (Kavamura et al.,
2020). However, small effects like ours were already observed
with domestication (from wild relatives to cultivated varieties)
(Ozkurt et al., 2020; Spor et al., 2020) likely associated with
a “relaxed” selective force (Hassani et al., 2020). In addition,
a very strong effect of breeding was noticed on the structure
of the rhizosphere microbiota network, featuring common but
also specific OTUs of modern or ancient varieties. For the
modern varieties, the organization was less complex than for the
ancient ones. The fact that fewer keystone nodes were detected
in the modern network, with clear centralization around Lectera
longa, could be interpreted as a potential weakness in terms of
stability if that one node was to be lost. Noteworthy, while the
ancient network had several keystone OTUs, the modern network
only had one keystone Lectera OTU. This genus contains crop
pathogens (Cannon et al., 2012; Ares et al., 2021) and their
abundance was shown to be an important predictor of wheat
yield (Yergeau et al., 2020). As for the literature and our study,
there is no consensus on the impact of plant breeding on
rhizosphere microbiota diversity. A decrease in the diversity of

symbiotic rhizobia associations was reported in domesticated
legumes (Kim et al., 2014; Sangabriel-Conde et al., 2015). Mutch
and Young (2004) reported limited interactions with symbionts
in domesticated pea and broad bean compared with wild relatives
in non-agricultural soil without inputs. Some studies found more
nuanced results: Leff et al. (2017) reported domestication effects
on the fungal rhizosphere community of sunflowers but not
bacteria. Brisson et al. (2019) reported no effect on diversity but
differences in co-occurrence networks among inbred maize lines,
modern hybrids, and teosinte. Finally, Kinnunen-Grubb et al.
(2020) reported faster bacterial colonization in the rhizosphere
of modern wheat cultivars than in that of ancestors, potentially
due to the relaxed ability of modern varieties to select beneficial
microbial partners (Kiers and Denison, 2008) via the notable
changes in root exudate complexity (Pérez-Jaramillo et al., 2017).
Our results concur with this interpretation, as the ancient
varieties were enriched with specific bacterial and fungal taxa
together with a more complex network structure featuring more
keystone nodes, unlike the modern ones that had higher diversity
but lesser keystones, indicating that their selective force was
potentially relaxed. Similarly, Kiers et al. (2007) showed that
ancient soybean varieties were more performant in maintaining
high seed production when infected with a mixture of effective
and ineffective rhizobium strains, unlike modern ones. However,
a meta-analysis on the effect of breeding on mycorrhizal
association found that modern varieties (> 1950) were more
responsive in terms of increased biomass than old varieties
(1900-1950) and ancestors (< 1900) (Lehmann et al., 2012).
Thus, the fact that modern varieties establish either adaptive or
non-adaptive interactions with soil microbiota is still an open
question (refer to Ghalambor et al., 2007).

Effects of the Environment on

Rhizosphere Microbiota

The presence/absence of inputs (E) had a marginal impact
compared to the other effects (Supplementary Table 7) likely due
to the narrow range of environmental conditions covered in our
study (fixed pedo-climatic conditions, with or without inputs).
The abundance of several OTUs was altered by inputs (up to
55.7 fold increase with inputs compared to no inputs, and only
up to 4.6 fold increase without inputs compared to inputs). This
weak effect might be explained by several reasons, including the
preceding crop, soil fertility, application frequencies, and doses.
The preceding crop was a legume (Vicia faba), which may have
left sufficient organic nitrogen in the soil to hide our mineral
fertilization effect. Regarding soil fertility, a study reports shifts
in bacterial community composition only in soils with low C and
N concentrations (Ramirez et al., 2010, 2012). Since the C and N
concentrations in our soil presented a medium value (26.7 gkg ™!
organic carbon and 2.11 gkg~! total nitrogen), nitrogen was
likely not a limiting factor. Likewise, the effects of inputs on
rhizosphere microbiota become noticeable when the treatments
were repeated several times (Yang et al., 2012; Schlatter et al,,
2017) or when the doses were increased (Kavamura et al.,
2018; Chen et al., 2019). Since our purpose was to match
local agricultural practices in terms of products and doses, this
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might explain the observed weak effects. When noted, the effect
of inputs was negative on microbial communities in terms of
bacterial and fungal evenness, as well as mycorrhizal colonization
intensity (likely without functional consequence since arbuscular
development was maintained). The results are in line with the
literature (Dunn et al., 2021) and support our second hypothesis
that the presence of inputs decreases, although slightly, the
microbial diversity in the rhizosphere. This decrease in diversity
was expected for several reasons. First, the addition of fertilizers
can change bacterial communities. Grunert et al. (2019) reported
that the addition of an inorganic fertilizer reduced the diversity
of tomato rhizosphere microbiota. Second, the effect of fungicide
could have suppressed some fungal taxa. Although supposed
to target specific fungal pathogens, fungicides may impact the
entire rhizosphere fungal community (Esmaeili Taheri et al.,
2015). Furthermore, some fungi could benefit from the decreased
abundance of dominant species, thus increasing community
evenness. Third, we speculated that herbicide application could
have reduced microbial diversity by impacting microorganisms
associated with weed plant species.

Effects of Phenotypic Plasticity on

Rhizosphere Microbiota

We advocate that the lack of consensus in the literature regarding
the effect of plant domestication and recent breeding efforts
on plant-microbiota association might partly stem from the
interaction between genotype and the environment. Indeed,
differences in microbiota diversity between modern and ancient
varieties can depend on input application. Phenotypic plasticity, a
ubiquitous aspect of organisms, describes the ability of a genotype
to produce different phenotypes in response to environmental
variations (Gause, 1947; Bradshaw, 1965). Variations in the
morphology, immunity, or exudation of a given genotype
influence the rhizosphere, seen here as an “extended phenotype”
(de la Fuente Cantd et al, 2020) or the “microbiota as a
phenotype” (Oyserman et al.,, 2021). However, changes in the
environment such as input applications could influence soil
microbiota and lead to the recruitment of different rhizosphere
microbiota. Indeed, we found that phenotypic plasticity, the
G x E interaction, had an important impact on plant-
microbiota relationships. It was, after breeding type, the second
most structuring force (Supplementary Table 7) and could
have potentially been higher provided that a wider range of
environmental conditions was investigated. For bacterial alpha
diversity, the effect of phenotypic plasticity (5.7%) was in the
same range as the breeding type (7.4%), while for fungi, the
breeding type had no effect, whereas phenotypic plasticity was
significant and relatively important (10.5%). The ancient varieties
had a decreased bacterial and fungal diversity due to inputs,
whereas the modern varieties were not affected. Furthermore,
the presence of core fractions uniquely detected in each G x E
modalities reinforces the idea that a real interaction occurred.
This was particularly true for Glomeromycota, as previously
reported by Lehmann et al. (2012), whose occurrence in our core
fractions of breeding types depended on inputs. Furthermore,
the discriminant analysis revealed that phenotypic plasticity
was altering the same number of OTUs than breeding type,

especially between modern varieties with inputs compared
to ancient varieties without inputs. This was obvious with
OTU_3503, a keystone of the ancient network, whose abundance
in the rhizosphere was further decreased by the interaction
of breeding and inputs. Thus, the G x E interaction was
important in understanding the variations of microbial diversity,
validating our third hypothesis that the effects of the recent
selection efforts on microbiota diversity depend on the presence
of inputs. However, phenotypic plasticity had no impact on
mycorrhizal colonization or on the beta diversity of bacterial and
fungal communities. Cases of interaction between genotype and
environment were reported for other plant species and traits (e.g.,
maize yield variations across North America: G = 7%, E = 43%,
and G x E = 6%; Gage et al., 2017). Regarding plant-microbiota
interactions, G x E was shown to affect the phyllosphere,
and to a lesser extent, the rhizosphere microbiota of Boechera
stricta (Brassicaceae), with stronger effects on evenness than the
genotype itself (Wagner et al., 2016). Although not referring to
phenotypic plasticity, a study on domestication reported that
the fungal community of a wild rice relative was more affected
by a fungicide than a cultivated one (Shi et al., 2019), which is
consistent with our results. This lower sensitivity of microbiota
to the effect of inputs with modern varieties could be explained
either by an ecological or a genetic mechanism. In the light of our
results and those from Shi et al. (2019), the fungicide treatment
might explain that phenotypic plasticity is detrimental to fungi
in the ancient varieties but not in the modern varieties perhaps
because of the more easily degradable exudates released in the
rhizosphere of the modern varieties (Pérez-Jaramillo et al., 2016,
2018). However, since the bacterial community was also affected
by phenotypic plasticity, we cannot exclude that plasticity was
due to genetic difference: our discriminant OTU analysis suggests
that the modern varieties could have lost their ability to regulate
rhizosphere microbiota according to soil fertility, which changed
with the addition of fertilizer. The lack of regulation in modern
varieties is coherent with the reported relaxed selective force they
exert on their rhizosphere microbiota (Kiers et al., 2007; Hassani
et al,, 2020). In that regard, our sequencing results revealed
that G x E was responsible for the differential recruitment
of unique OTUs among the Glomeromycora phylum, which
was more pronounced in the modern varieties with inputs.
While likely without functional consequences based on our
microscopic mycorrhizal observations, this might indicate that
the relaxed selection of the modern varieties is accentuated
with inputs. Since they were selected with inputs, the modern
varieties might have experienced a lower range of variation in
soil fertility than the ancient ones. This modified regulation in
plant-microbiota interaction is consistent with results from Gage
et al. (2017), showing that variation in phenotypic plasticity
is disproportionately controlled by regulatory genes compared
to other traits. To prevent the environmental impacts of
agriculture, incentives to reduce chemical inputs are increasing.
From that perspective, the choice of varieties that promote
intrinsic microbial community properties such as richness and
evenness is an important lever (Bakker et al., 2012). As reports
on the importance of the interaction between genotype and
environment on plant microbiota increase, it is high time to put
emphasis on plant and microbe genes involved in phenotypic

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2022 | Volume 10 | Article 903008


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Jacquiod et al.

Phenotypic Plasticity of Plant-Microbiota Interactions

plasticity, for instance through breeding programs. This could
allow for the selection of varieties without a priori on
agricultural practices they will be exposed to, especially regarding
synthetic inputs. This perspective is realistic since genes
responsible for yield (i.e., mean trait value) and phenotypic
plasticity (i.e., variance) are distinct (Gage et al, 2017),
theoretically enabling their concomitant selection by breeders
to spawn plastic varieties with enhanced reaction capacity
toward a changing environment while maintaining decent yields
(Kusmec et al., 2017).
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The punctuated mode of evolution posits that evolution occurs in rare
bursts of rapid evolutionary change followed by long periods of genetic
stability (stasis). The accepted cause for the rapid changes in punctuated
evolution is special ecological circumstances — selection forces brought
about by changes in the environment. This article presents a complementary
explanation for punctuated evolution by the rapid formation of genetic
variants in animals and plants by the acquisition of microorganisms from
the environment into microbiomes and microbial genes into host genomes
by horizontal gene transfer. Several examples of major evolutionary events
driven by microorganisms are discussed, including the formation of the first
eukaryotic cell, the ability of some animals to digest cellulose and other plant
cell-wall complex polysaccharides, dynamics of root system architecture,
and the formation of placental mammals. These changes by cooperation
were quantum leaps in the evolutionary development of complex bilolgical
systems and can contribute to an understanding of the mechanisms underlying
punctuated evolution.

KEYWORDS

holobiont, punctuated evolution, horizontal gene transfer, gene variation, placental
mammals, hologenomes, microbiome

Introduction

The punctuated equilibrium mode of evolution, although first introduced by
Simpson (1944), is generally attributed to the paleontologists Eldredge and Gould
(Eldredge, 1971; Eldredge and Gould, 1972; Gould and Eldredge, 1977). Punctuated
evolution posits genetic stability followed by rare bursts of rapid evolutionary change.
Once a species appears in the fossil record, the population will become stable, showing
little evolutionary change for most of its geological history. This state of little or
no morphological change is called stasis. In contrast, phyletic gradualism is a more
gradual, continuous model of evolution that occurs uniformly by the steady and
slow transformation of whole lineages. Eldredge and Gould argued that the degree
of gradualism, commonly attributed to Charles Darwin (Rhodes, 1983), is virtually
nonexistent in the fossil record and that stasis dominates the history of most fossil
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species. According to Gould and Eldredge (2016), “Phyletic
gradualism was an a priori assertion from the start—it was never
“seen” in the rocks; it expressed the cultural and political biases
of 19th-century liberalism.” More studies that are recent have
provided support for the theory of punctuated evolution (Erwin
and Anstey, 1995; Palmer et al., 2012; Cross et al., 2016; Gemmell
et al., 2019; Schmidt and Wolf, 2021).

What is the accepted explanation for the bursts of rapid
evolutionary change? The most common cause designated to
the rapid changes in punctuated evolution is special ecological
circumstances, which select specific genetic variants in the
population (Rhodes, 1983). For example, when a species
acquires a gene that allows it to exploit some feature of the
changed or changing environment, such as a new environmental
niche, the species may then show rapid changes in other traits as
it adapts to this new niche (Milligan, 1986). Another example is
extreme events, such as volcanism and asteroid impacts, which
can be major drivers of evolutionary change by providing new
niches (Grant et al., 2017).

This article presents complementary mechanisms for
the understanding of punctuated evolution, derived from a
consideration of the role of microorganisms in the evolution
of animals and plants (Margulis, 1999; Margulis and Sagan,
2003; Rosenberg and Zilber-Rosenberg, 2018). Although never
specifically referring to punctuated evolution, the symbiogenesis
theory of Margulis posits that organisms come about primarily
through the merger of separate organisms.

Punctuated evolution driven by
acquisition of microorganisms

One of the most profound evolutionary events was the
formation of the eukaryotic cell by the acquisition of one
bacterium by another. Mitochondria and chloroplasts were
probably formed by the acquisition of Alphaproteobacteria
(Roger et al, 2017) and cyanobacteria (Ponce-Toledo et al,
2017), respectively. The nucleus of eukaryotic cells was possibly
generated by the acquisition of an Archaea (Williams et al., 2020)
or a virus (Takemura, 2020). Thus, it is generally accepted that
eukaryotes were not formed by the slow process of mutation but,
rather, by endosymbiosis, followed by the gradual conversion of
the endosymbiont into an organelle. After the eukaryotic cell was
formed, the acquisition of bacteria and viruses has continued
to play a fundamental role in the evolution of eukaryotes to
this day. Today, all eukaryotes (plants and animals) are not
individuals but complex systems referred to as holobionts,
composed of the host and myriad microorganisms living on or
in them.

Prokaryotes were on this planet for 2.1 billion years before
there were any animals or plants (Mikhailovsky and Gordon,
2021). During this time, they evolved enormous biochemical
diversity and split into two domains: Bacteria and Archaea.
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Mutation and evolution in prokaryotes is much faster than in
eukaryotes because they are haploid single cells, they multiply
rapidly, and they readily exchange genetic information (Pepper,
2014). Animals and plants come into random contact with
billions of microorganisms during their lifetime via air, water,
and through interaction with organic and inorganic surfaces.
Occasionally, some of these microbes find a niche and, under
appropriate conditions, amplify on or in the host and affect
the phenotype of the holobiont. Unlike mutation, which causes
changes in existing genomes, the acquisition of a microbe
introduces thousands of new genes into the holobiont. This
way, rather than reinventing the wheel, animals and plants
can acquire pre-evolved genetic information in the form of
microbes. It is likely that, after the microbe is acquired,
mutations and selection occur in both the microbe and host to
optimize the interaction.

A major evolutionary event driven by the acquisition of
microbes was the ability of some animals to digest cellulose
and other plant cell-wall-complex polysaccharides. With few
exceptions (Sharma et al, 2016), animal genomes do not
code for the synthesis of cellulose-degrading enzymes. Instead,
animals such as ruminants and termites rely totally on anaerobic
cellulolytic microorganisms that are present in the internal space
of their digestive tract. How did they gain access to these
specialized microbes? It seems likely that at least some of the
cellulose-degrading bacteria in ruminants originated from the
consumption of grass, straw, and foliage that contained these
bacteria on their surfaces (Sari et al., 2017). Gilbert (2020)
discusses the ability of symbionts to promote development
supporting the evolution of herbivory. It has been suggested that
the first ruminant evolved in Southeast Asia about 50 million
years ago from a small forest-dwelling omnivore, and, later,
ruminants evolved from this original taxon (Hackmann and
Spain, 2010).

Following the original acquisition of an anaerobic cellulose-
degrading bacterium by a mammal, and, along the way,
additional ones, there would be a strong selection for optimizing
the interaction between the bacterium and the host, including
changes in the host size, shape, internal organs, and teeth. These
new adaptations helped ruminants leave more descendants and
become one of the most widespread groups of large mammals
they are today. A key point is that the evolution of ruminants
was driven initially by the acquisition of cellulose-degrading
bacteria. Large amounts of cellulose were already available in the
environment as a selective force (Sarkar et al., 2009). The higher
ruminants (Pecorans) are believed to have rapidly evolved in
the Mid-Eocene, giving rise to five distinct extant families:
Antilocapridae, Giraffidae, Moschidae, Cervidae, and Bovidae
(Decker et al., 2009). The acquisition of cellulose-degrading
bacteria made this rapid radiation possible.

Another example of how the acquisition of a microbial
symbiont can lead to rapid evolution is the evolution and
expansion of shallow-water scleractinian corals, following
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the uptake of dinoflagellates roughly 240 million vyears
2016).
photosymbiosis allowed for growth in a nutrient-poor, low-

ago (Frankowiak et al, The coral-dinoflagellate
productivity marine environment. Isotopic data support the
role of photosymbiosis during the sudden Triassic expansion
of coral reefs (Stanley, 2003). At present, we are living through
a punctuated evolution event in the opposite direction. Global
warming is causing disruption of coral symbioses, loss of coral
reefs, and changed distributions of corals (Loya et al., 2001).

The acquisition of microorganisms not only played a crucial
role in the emergence of chloroplasts, as discussed above but
also in the continuing evolution of plants (Cordovez et al,
2019). One of the interesting contributions of microbiota to
plants is the synthesis of the hormone auxin, indole-3-acetic
acid. Auxin underpins plant development and growth (Frick and
Strader, 2018). Bacteria and filamentous fungi, attached to roots
in the rhizosphere, synthesize auxin (Wagi and Ahmed, 2019),
which initiates several growth and developmental processes in
plants, such as root hair and tip growth, formation of lateral
roots, and the dynamics of root system architecture (Zamioudis
et al., 2013). These auxin-producing microorganisms were, and
probably still are, the driving force behind the evolution of plant
synapses and other interactive behaviors of higher plants.

In conclusion, this section demonstrated that acquired
beneficial microbes have the potential to be amplified and to
spread rapidly to other holobionts in a manner similar to
pathogen epidemics. This could accelerate the rate of adaptation
and evolution of whole groups of holobionts. Such evolutionary
changes by cooperation sometimes brought about quantum
leaps in the development of biological complex systems. Gilbert
(2019) has recently reviewed some of the literature on evolution
by symbiosis but does not relate them to punctuated evolution.

Punctuated evolution driven by
horizontal gene transfer

Horizontal gene transfer (HGT), also known as lateral gene
transfer, refers to the movement of genetic material, and together
with it genetic information across normal mating barriers,
between more or less distantly related organisms. Thus, it differs
from the standard vertical transmission of genes from parent to
offspring. HGT enables the acquisition of novel traits via non-
Mendelian inheritance of genetic material. HGT is generally
associated with gene transfer between different types of bacteria
and is a well-known and ubiquitous evolutionary mechanism in
prokaryotes (Soucy et al., 2015; Kloub et al., 2021). An average
of 81% of the genes in 181 sequenced prokaryotic genomes has
been subject to HGT during the long history of prokaryotic
evolution (Dagan et al., 2008). It was observed that HGT is more
frequent than mutation in E. coli colonizing the mammalian gut
(Frazao et al., 2019). Most prokaryotes possess different classes
of mobile genetic elements that allow for the acquisition, loss,
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or rearrangement of sometimes large regions of their genome.
Transposons, plasmids, genomic islands, and viruses, including
bacteriophages, mediate HGT. One of the best-studied examples
of HGT in bacteria is the evolution of antibiotic resistance
(Maclean and San Millan, 2019). T would like to suggest that
HGT could play a vital role in the genetic adaptation that is
suggested to occur during punctuated evolution as a result of
environmental changes. This can be achieved first by HGT
between microorganisms within holobionts and, second, by
HGT between these microorganisms and their host.

HGT between bacteria that are part of plant, animal, and
human holobionts can bring about evolutionary change. For
example, the ability of Far East Asian people to break down agar
(an abundant ingredient in their diet since antiquity) originated
from HGT between bacteria in their gut. Agar-decomposing
genes, present in a marine bacterium, were transferred to a
human gut bacterium, Bacteroides plebeius, by HGT as a result
of eating food that contained raw seaweed (Hehemann et al,
2010). Although HGT usually occurs between bacteria in the
same ecological niche, apparently the marine bacterium was
present in the gut long enough to have some of its genes
transferred to the resident gut bacterium. These genes code
for the porphyranases that degrade the polysaccharide agarose
of agar (Li et al., 2014). Westerners lack these enzymes and,
therefore, cannot digest agar. The bacteria with the transferred
genes spread throughout the Far East Asian population by
vertical and horizontal transmission (Hehemann et al.,, 2012;
Porter and Martens, 2017). This is an interesting example of a
very fast, but minor, metabolic evolutionary change that could
not be observed in fossil records.

The recent availability of a large number of high-quality
sequences of fungus, plant, and animal genomes has led to the
conclusion that HGT in these organisms has been more frequent
events than observed previously (Li et al, 2018). It should
be noted that the observable HGT events are probably only
those occurring relatively late in evolutionary time scales since
early ones are already masked by many genetic mutation events
(Nielsen et al., 2014). Sixty sequenced fungal genomes contained
713 horizontally transferred genes from bacteria (Naranjo-Ortiz
and Gabaldon, 2020). Invertebrate genomes contain numerous
bacterial, fungal, and viral genes (reviewed by Drezen et al,
2017). For example, the genomes of 12 Drosophila species
showed, on average, 40 foreign genes that had been horizontally
transferred from bacteria and fungi (Crisp et al., 2015). When
the Drosophila species were placed on a phylogenetic tree, there
was a correspondence between the number of HGT events and
the length of each branch, suggesting that HGT has occurred
throughout Drosophila evolution and is likely to be ongoing
(Serrato-Capuchina and Matute, 2018).

The evolutionary significance of HGT in plants has been
reviewed by Wickell and Li (2020). Analysis of the 13.7-
megabase genome of the extremophile red alga Galdieria
sulphuraria indicated that 5% of its protein-coding genes were
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acquired by HGT from bacteria and archaea (Schonknecht et al.,
2013). Genomic data have uncovered that 57 gene families
in the moss Physcomitrella patens genome were derived from
prokaryotes, fungi, or viruses by HGT (Yue et al., 2012). Many of
these genes are involved in essential or plant-specific activities,
such as xylem formation, plant defense, nitrogen recycling,
and the biosynthesis of starch, polyamines, hormones, and
glutathione. Clearly, HGT has played an important role in the
direction and the rate of evolution in plants (Ma et al., 2022).

Horizontally transferred genes can also be found in
vertebrates (Dunning Hotopp, 2018). It was estimated that the
human genome contains 1,467 HGT regions, involving 642
known genes (Huang et al., 2017). However, it is not clear
when these HGT events took place. In one study, Crisp et al.
(2015) reported that 145 human genes, which are not present in
other primates, were probably attributed to HGT. The majority
of the 145 genes identified in the study came from bacteria,
but some originated from viruses and yeasts. Popov et al.
(2019) have suggested that viruses and intracellular microbial
pathogens were the modes of acquisition of bacterial genes into
the human genome.

A major event in the evolution of mammals, the formation
of placental mammals, which includes humans, was driven by
the acquisition of the gene coding for the protein syncytin from
a retrovirus by HGT (Dupressoir et al., 2012). It is assumed
that the ancestor of placental mammals was solitary, seasonally
breeding, insectivorous, and likely nocturnal (Wu et al., 2017).
The original function of syncytin in such an ancestor was to
allow retroviruses to fuse host cells so that they could move
from one cell to another. Now, syncytin is necessary for the
development of the placental syncytium, an essential part of the
mother-fetus barrier. Endogenous retroviruses have been shown
to be involved in placentation in various mammalian species
Nakaya and Miyazawa, 2015; Hao et al., 2020, demonstrating
that this event occurred a number of times during evolution.
Moreover, recent molecular dating estimates for placental
mammals echo fossil inferences for an explosive diversification
about 76 million years ago (Halliday et al., 2015; Phillips and
Fruciano, 2018). These data are consistent with the punctuated
theory of evolution.

Discussion

Evolution depends both on a selective force and variants
in the population that can benefit from this selected force.
With regard to punctuated evolution, the rare bursts of
rapid evolutionary change are generally attributed to extreme
environmental events, such as large changes in temperature,
and mass extinctions caused by volcanism or asteroid impact
(Marshall, 2015; Grant et al,, 2017). These extreme events set
up strong selection pressures on organisms and are analogs
of the dramatic changes documented in the fossil record.
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When an organism acquires a genetic variation that allows
it to exploit some feature of the changed environment-
a new environmental niche-the species may then show
rapid changes in other traits as it adapts to this new
niche (Milligan and Wood, 1986).

This article presents data demonstrating that the rate
of formation of variants in the population can also help
explain punctuated evolution. According to neo-Darwinian
theory, formulated in the 1940s, genetic variation is ultimately
generated by mutation (Hershberg, 2015; Ibraimov, 2020).
However, evolving a novel function by mutation is a very
slow process. For example, it was reported that laboratory
adaptive evolution of E. coli to grow on a novel substrate,
1,2-propanediol, took ~700 generations (Lee and Palsson,
2010), and the ability to grow on citrate required ~31,000
generations (Lenski, 2017). One would expect that evolution by
mutation in animals and plants would be much slower than in
bacteria (Weller and Wu, 2015).

Acquisition of microorganisms from the environment and
horizontal gene transfer bring forth underappreciated rapid
modes of genetic variation (Zilber-Rosenberg and Rosenberg,
2021). Rather than “reinvent the wheel,” holobionts have the
ability to acquire genes and clusters of genes in a single step that
initially evolved in microorganisms. If the acquisition provides
a selective advantage to the holobiont, then it will multiply
in the population by vertical and horizontal transfer and lead
to the evolution of new species. Furthermore, changes in the
composition of the microbiome have been shown to drive
speciation in Nasonia wasps (Brucker and Bordenstein, 2013)
and two house mice subspecies (Wang et al., 2015).

What is often not appreciated is that acquisition of
microbiota can not only affect the metabolism of animals and
plants but also their morphology. Examples include the hindgut
of termites (Brune, 2014), rumen (Jami and Mizrahi, 2012),
the squid eye organ (Nyholm and McFall-Ngai, 2004), and the
nodule of legumes (Veldzquez et al., 2017), In each of these
examples, the morphology of the holobiont has undergone an
evolutionary change while optimizing the interaction of the host
with its microbiota for the benefit of the holobiont.

Cooperation is a fundamental property of all biological
systems, from genes and cells to animals and societies.
Evolutionary history can be viewed as a series of major
transitions in which replicating units came together and formed
new, more complex levels of biological organization (West
et al, 2015). As examples, in this article, I discussed how
eukaryotic cells were formed from the union of archaea and
eubacteria, the formation of ruminants by the acquisition of
cellulose-decomposing bacteria, the emergence of coral reefs by
acquiring endosymbiotic algae, and the evolution of placental
mammals by acquiring a viral gene. All of these examples
would be expected to give rise to rapid evolution (punctuated
evolution), even if they might not be observed directly in
the fossil record.
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In conclusion, the evidence described in this paper
that the acquisition of microorganisms and microbial
genes played an important role in the rapid evolution
better

understanding of the mechanisms underlying punctuated

of animals and plants may contribute to a
evolution. Finally, it should be noted that there are other
mechanisms that have been suggested to play a role
in punctuated evolution, including (i) regulatory gene
evolution (Davidson, 2006; Tomoyasu et al, 2009), (ii)
developmental plasticity wherein genes follow phenotypes
(West-Eberhard, 2005; Standen et al., 2014), and (iii) stress-
induced activation of cryptic genetic pathways (Love and
Wagner, 2022). These mechanisms clearly contribute to
specific examples of punctuated evolution. However, the
major evolutionary events discussed in this article, the
formation of eukaryotes, the ability of some animals to
digest cellulose, and the formation of placental mammals
are more readily understood by the acquisition of microbes

and microbial genes.
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Introduction: The jellyfish Cassiopea has a conspicuous lifestyle, positioning itself
upside-down on sediments in shallow waters thereby exposing its photosynthetic
endosymbionts (Symbiodiniaceae) to light. Several studies have shown how the
photosymbionts benefit the jellyfish host in terms of nutrition and O, availability,
but little is known about the internal physico-chemical microenvironment of
Cassiopea during light—dark periods.

Methods: Here, we used fiber-optic sensors to investigate how light is modulated
at the water-tissue interface of Cassiopea sp. and how light is scattered inside
host tissue. We additionally used electrochemical and fiber-optic microsensors
to investigate the dynamics of O, and pH in response to changes in the light
availability in intact living specimens of Cassiopea sp.

Results and discussion: Mapping of photon scalar irradiance revealed a distinct spatial
heterogeneity over different anatomical structures of the host, where oral arms and
the manubrium had overall higher light availability, while shaded parts underneath
the oral arms and the bell had less light available. White host pigmentation, especially
in the bell tissue, showed higher light availability relative to similar bell tissue without
white pigmentation. Microprofiles of scalar irradiance into white pigmented bell
tissue showed intense light scattering and enhanced light penetration, while light was
rapidly attenuated over the upper 0.5 mm in tissue with symbionts only. Depth profiles
of O, concentration into bell tissue of live jellyfish showed increasing concentration
with depth into the mesoglea, with no apparent saturation point during light periods.
O, was slowly depleted in the mesoglea in darkness, and O, concentration remained
higher than ambient water in large (> 6 cm diameter) individuals, even after 50 min
in darkness. Light—dark shifts in large medusae showed that the mesoglea slowly
turns from a net sink during photoperiods into a net source of O, during darkness.
In contrast, small medusae showed a more dramatic change in O, concentration,
with rapid O, buildup/consumption in response to light—dark shifts; in a manner
similar to corals. These effects on O, production/consumption were also reflected in
moderate pH fluctuations within the mesoglea. The mesoglea thus buffers O, and pH
dynamics during dark-periods.

symbiosis, jellyfish, microenvironment, photosynthesis, respiration, light
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Introduction

Symbiont-bearing jellyfish in the genus Cassiopea exhibit a
conspicuous lifestyle by settling upside-down on sediment, exposing
the subumbrella and oral arms to light. The oral side (i.e., the
subumbrella side) of the medusa is particularly dense in intracellular
microalgal symbionts, which are dinoflagellates of the family
Symbiodiniaceae (Lampert, 2016). In contrast to corals where
symbionts are found in endoderm cells, symbiont algae in Cassiopea
are kept in clusters in host-specialized amoebocyte cells, directly
below the epidermis in the mesoglea of the bell and oral arms (Colley
and Trench, 1985; Estes et al., 2003). Similar to many photosymbiotic
corals and anemones, Cassiopea rely on a metabolic exchange of
carbon and nitrogen between the host animal and its algal symbionts
(Welsh et al., 2009; Freeman et al., 2016; Lyndby et al., 2020).
Translocation of autotrophically acquired carbon from the algal
symbionts to the host covers a significant part of its daily carbon
requirement, estimated to be at a similar or greater level than what is
known from reef-building corals (Muscatine et al., 1981; Verde and
McCloskey, 1998).

While most photosymbiotic cnidarians require a rather stable
environment to maintain a healthy symbiosis, Cassiopea appears
extraordinarily resilient to fluctuating environmental conditions
(Goldfarb, 1914; Morandini et al., 2017; Aljbour et al., 2019; Klein
et al, 2019; Banha et al., 2020) and are increasingly regarded as an
invasive species (Mills, 2001; Morandini et al., 2017). Cassiopea are
typically found in shallow waters (e.g., lagoons, around seagrass beds,
and mangroves) in tropical and subtropical regions (Drew, 1972;
Hofmann et al., 1996) that are prone to strong diel fluctuations in both
temperature, and salinity, as well as high solar irradiance (Anthony
and Hoegh-Guldberg, 2003; Veal et al., 2010). Human activities in
such coastal ecosystems can further add to strong fluctuations in both
nutrient input, O, availability, and pH (Stoner et al., 2011; Klein et al.,
2017; Rowen et al.,, 2017; Arossa et al., 2021).

The photobiology and optical properties of marine symbiont-
bearing cnidarians have been studied in detail in reef-building corals,
showing adaptations in host growth patterns, microscale holobiont
light modulation, and colony-wide symbiont organization to enable
and optimize symbiont photosynthesis for the benefit of the host
(e.g., Falkowski et al., 1984; Kiihl et al., 1995; Wangpraseurt et al.,
2014b; Lyndby et al., 2019; Kramer et al., 2021; Bollati et al., 2022).
Studies have shown that in vivo light exposure of symbionts is
modulated on a holobiont level to enhance photosynthesis, including
alleviating photodamage and bleaching (Lesser and Farrell, 2004;
Enriquez et al., 2005; Marcelino et al., 2013; Wangpraseurt et al,,
2017), altering inter-and intracellular pH (e.g., Kiihl et al.,, 1995;
Gibbin et al,, 2014), and directly affecting holobiont temperature
(Jimenez et al., 2008, 2012; Lyndby et al., 2019). Recently, these
experimental insights were integrated in a first multiphysics model
of radiative, heat and mass transfer in corals, simulating how coral
tissue structure and composition can modulate the internal light, O,
and temperature microenvironment of corals (Taylor Parkins et al.,
2021; Murthy et al. 2023). Given a similar global distribution and a
benthic lifestyle relying on host-symbiont metabolic interactions, it
is feasible to assume that Cassiopea exhibit similar traits, but few
studies have investigated to what extent Cassiopea modulate their
physicochemical microenvironment (Klein et al, 2017; Arossa
etal., 2021).
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In this study, we use a combination of optical and electro-chemical
microsensors to investigate the internal microenvironment of
Cassiopea sp. medusae. We explore how light is modulated by host
morphology and distinct anatomical features. Furthermore, we show
how the size of animals and the thickness of their bell mesoglea affects
the intracellular physicochemical microenvironment of intact, living
Cassiopea sp. medusae.

Methods
Cassiopea maintenance

Medusae of Cassiopea sp. were acquired via DeJong Marinelife
(Netherlands) in 2018, and since cultivated at the aquarium facility at
the Marine Biology Section in Helsinger, University of Copenhagen
(Denmark). According to the commercial provider, the obtained
specimens originated from Cuba indicating the species Cassiopea
xamachana or C. frondosa, but no species identification was
performed. The medusae were kept in artificial seawater (ASW; 25°C,
35ppt, pH of 8.1) in a 601 glass aquarium, under a 12 h-12h day-night
cycle using LED lamps (Tetra, Pacific Sun) providing an incident
photon irradiance (400-700nm) of ~300 pmol photons m™ s, as
measured with a cosine corrected mini quantum sensor (MQS-B,
Walz, Germany), connected to a calibrated irradiance meter (ULM-
500, Walz, Germany). Animals were fed with living Artemia sp. nauplii
twice a week, and 25% of the aquarium water was replaced with fresh
filtered ASW (FASW) 1h after feeding. Additionally, water was
continuously filtered using an internal filter pump, a filter sock
(200pm), and a UV filter. Additionally, an air pump was used to
ensure water remained oxygenated at all times.

Light measurements

Photon scalar irradiance

Mapping of photon scalar irradiance in pmol photons m™ s
(PAR; 400-700nm) on the jellyfish tissue surface was performed with
a submersible spherical micro quantum sensor (3.7 mm diameter;
US-SQS/L, Walz, Germany) connected to a calibrated irradiance
meter (ULM-500, Walz, Germany). Measurements were conducted
inside an aquarium tank filled with ASW and the inside covered with
a black cloth to avoid internal reflections from the container. The
medusa was placed in the aquarium and illuminated vertically from
above by a fiber-optic tungsten-halogen lamp (KL-2500 LCD, Schott
GmbH, Germany), equipped with a collimating lens. Photon scalar
irradiance was measured holding the sensor at a~45° angle, while
measuring light on the surface of the animal within 7 areas of interest
(AOI) of one animal (Figure 1B). Measurements were normalized
against the incident downwelling photon irradiance, as measured over
the black cloth covering the inside of the container relative to each
AOQI on the animal.

Spectral scalar irradiance and reflectance

Both spectral scalar irradiance and reflectance measurements
required the medusa to be fixed in place on a large rubber stopper using
hypodermic needles, and placed in a container filled with seawater.
Incident light was provided vertically from above with a fiber-optic
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FIGURE 1

Normalized photon scalar irradiance (PAR, 400-700nm) measured at (A) the manubrium center (Man.), oral arms, rhopalia canals (Rhop. canal) and
anastomosing tissue (Anas. tissue) on a single adult medusa of Cassiopea. Bright colors indicate values measured above, and shaded colors the values
below the medusa. (B) Overview of the specimen with exemplary positions for measurements (white arrows). Light intensities were mapped at the
tissue-water interface (above and below the medusa) at respective anatomical structures (n=7-17) using a submersible spherical quantum sensor (see
Methods), and normalized against the incident photon irradiance intensity measured at the same sensor positions without the medusae above a black
surface. Note, only one measurement was performed above the manubrium center.

halogen lamp (KL-2500 LCD, Schott GmbH, Germany) fitted with a
collimating lens. Spectral scalar irradiance was measured using a fiber-
optic scalar irradiance microprobe (spherical tip diameter ~ 100 pm;
Rickelt etal., 2016). Spectral reflectance was measured using a fiber-optic
field radiance probe (400 pm diameter; Kiihl, 2005). Both sensors were
connected to a fiber-optic spectrometer (USB2000+; Ocean Optics,
USA), and spectral information was acquired using SpectraSuite software
(Ocean Optics, USA). Sensors were mounted on a manual
micromanipulator (MM33, Marzhduser Wetzlar GmbH, Germany)
attached to a heavy-duty stand to facilitate precise positioning of sensors
on the medusa. Sensors were positioned visually using a dissection
microscope, while ensuring oral arms and other anatomical features did
not shade the tissue studied. The spectral reflectance probe was
positioned by first moving the sensor to the surface of the medusa, then
moving the sensor 1 mm away. Similarly, the scalar irradiance probe was
first positioned to touch the surface tissue of the medusa (depth=0pm)
and was then moved into the medusa in vertical steps of 200 pm. Both
sensors were held by the micromanipulator in an angle of 45° relative to
the incident light. The recorded spectral scalar irradiance was normalized
against the incident, downwelling spectral irradiance measured over the
black cloth covering the inside of the container relative to each measuring
position on the medusae. The recorded spectral reflection spectra were
normalized against a reference spectrum measured with an identical
white reflectance

setup over a 99% standard  (Spectralon,

Labsphere) in air.

Microscale measurements of O, and pH
General setup

For all O, and pH measurements, individual medusae were placed
ina cylindrical plexiglass chamber with aerated, filtered ASW. Medusae

Frontiers in Ecology and Evolution

31

were illuminated with a fiber-optic halogen lamp (KL-2500 LED,
Schott GmbH, Germany) equipped with a collimating lens, and
providing defined levels of incident photon irradiance (0, 42, 105, 160,

-2 -1,

300, and 580 pmol photons m~ s7'; 400-700 nm), as measured for
specific lamp settings with a calibrated photon irradiance meter
equipped with a spherical micro quantum sensor (ULM-500 and
US-SQS/L, Heinz Walz GmbH, Germany).

Concentration profiles and dynamics were measured above and
inside anastomosing bell tissue of 3 small (25-48mm, bell
thickness <4 mm) and 2 large (63-67 mm, thickness of bell >8 mm)
medusae. Anastomosing tissue, i.e., connective tissue, comprise the
large and mainly brown or transparent parts of the bell disk, making
up the space between the rhopalia canals (Figure 1B). The microsensor
tip was carefully positioned at the tissue surface-water interface while
watching the tissue surface under a dissection microscope. For
profiling, the sensor was inserted in vertical steps of 100 um until
reaching the approximate center of the mesoglea, relative to the
subumbrella and exumbrella bell epidermis.

Oxygen measurements

The O, concentration measurements were done using a robust
fiber-optic O, optode (OXR230 O, sensor, 230 pm diameter tip, < 2s
response time; PyroScience GmbH, Germany) connected to a fiber-
optic O, meter (FireSting, PyroScience GmbH, Germany). The sensor
was linearly calibrated in O,-free and 100% air saturated seawater at
experimental temperature and salinity. The sensor was mounted
slightly angled relative to the incident light (to avoid shadowing) on a
motorized micromanipulator (MU1, PyroScience GmbH, Germany)
attached to a heavy-duty stand, facilitating visual sensor positioning
with a dissection microscope. Data acquisition was done using the
manufacturer’s software (Profix, PyroScience GmbH, Germany).
Measurements were performed at room temperature (22°C) in a dark
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room under defined light conditions, and the temperature was
continuously recorded in the experimental chamber with a
submersible temperature sensor (TSUB21, PyroScience GmbH,
Germany) connected to the O, meter.

For light-dark measurements, the O, sensor tip was inserted
approximately midway between sub-and exumbrella epidermis (depth
ranging from ~800 to 3,000 pm from the surface depending on the
specimen size). Once the depth of interest was reached, the local O,
concentration dynamics were measured at 10s intervals during
experimental manipulation of the light. Local rates of net
photosynthesis and post-illumination respiration were estimated from
the measured linear slope of O, concentration versus time
measurements (using linear fits in the software OriginPro 2020b;
OriginLab Corp., USA) under light and dark conditions, respectively.
The local gross photosynthesis was then estimated as the sum of the
absolute values of net photosynthesis and respiration.

The O, concentration depth profiles were recorded at vertical
depth intervals of 100-200 pm during constant light or darkness. The
measurements were recorded once the O, concentration reached a
steady-state at each depth, starting from deepest inside the tissue and
moving the sensor up until the sensor tip was retracted up into the
overlaying turbulent water column (100% air saturation).

pH measurements

pH was measured using a pH glass microelectrode (PH-100,
100pm tip diameter, response time<10s, Unisense, Denmark)
combined with an external reference electrode and connected to a
high impedance mV-meter (Unisense, Denmark). A motorized
micromanipulator (MU1, PyroScience GmbH, Germany) was used
for positioning of the sensor, and data were recorded using
SensorTrace Logger software (Unisense, Denmark). Prior to
measurements the sensor was calibrated at room temperature using
TUPAC standard buffer solutions at pH 4, 7, and 9 (Radiometer
Analytical, France). Dynamic changes in mesoglea pH levels were
measured during experimental dark-light transitions and vice versa.
pH depth profiles were measured under constant light or darkness,
and were recorded from the middle of the bell and up into the water
column in steps of 200 pm, until the sensor tip was retracted into the
overlying turbulent water column (pH level of 8.1-8.4).

Results
Light microenvironment

Photon scalar irradiance

Macroscopic mapping of integral photon scalar irradiance of
photosynthetically active radiation (PAR, 400-700nm) in 4 distinct
regions of an intact, living Cassiopea sp. revealed a heterogeneous light
field across the medusa tissue facing the incident light as well as across
the tissue. The manubrium center experienced the highest scalar
irradiance reaching 166% of incident photon irradiance (Figure 1).
Oral arms experienced a photon scalar irradiance reaching 140 +19%
of incident photon irradiance, while light availability just below the
oral arms was significantly lower (75+12% of incident photon
irradiance). The light levels of rhopalia canals reached 124 +30% of
incident photon irradiance and light levels of anastomosing tissue
reached 96+ 8% of incident photon irradiance on the subumbrella
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side. On the exumbrella side, more light penetrated the anastomosing
tissue (65 + 14% of incident photon irradiance), while the least amount
of light penetrated through the rhopalia canals (39 £ 9% of incident
photon irradiance).

Reflectance

The oral arms and rhopalia canals of Cassiopea reflected more
light than the manubrium and anastomosing tissue, with oral arms
reflecting 9.5%, rhopalia canals 7%, the manubrium 4.8%, and
anastomosing tissue 3% of incident irradiance (Figure 2).

Spectral scalar irradiance

Depth profiles of spectral scalar irradiance in live Cassiopea tissue
showed spectral absorption signatures of chlorophyll (Chl) a (430-
440, 675nm), Chl ¢ (460, 580-590, and 635nm), and peridinin
(480-490 nm), throughout the anastomosing tissue and near rhopalia
canals (Figure 3). Spectral scalar irradiance at the tissue-water
interface (Opm) revealed a local enhancement near the rhopalia
canals, while light was more readily absorbed on anastomosing tissue.
Depth profiles show a steady attenuation of light within the first
400 pm of the bell near rhopalia canals (Figure 3A). In contrast, scalar
irradiance was slightly enhanced at 200 and 400pm in the
anastomosing tissue, until a strong attenuation was observed at
600 um depth (Figure 3B).

Chemical microenvironment

Oxygen depth profiles

The O, concentration depth profiles were measured in a Cassiopea
sp. medusa (45mm @) under a saturating photon irradiance of
300 pmol photons m~s™" (Figure 4). The O, concentration increased
strongly in deeper parts of the bell tissue below 1 mm depth, rising
from 315 (+ 21) to 445 (+ 40) pmol O, I"! at a depth of 3.7 mm. A
maximal O, concentration was measured at 4 mm, reaching ~500 pmol
O, 1! (not shown in figure).

Similarly, O, depth profiles were measured in darkness in 3
different medusae (38-67 mm @), with either 0, 15, or 50 min of
darkness prior to the profile (Figure 5). Profiles reveal high O,
depletion in the top 1 mm layer of the bell with increasing length of
dark incubation, while measurements deeper into the bell showed a
less dramatic decrease of O, concentration in the mesoglea of
the medusae.

Light-dependent oxygen dynamics

The O, dynamics measured approximately in the middle of the
mesoglea between the sub-and exumbrella epidermis showed a
delayed response to changes in light in large individuals, while the
response in smaller medusae appeared immediately after a light-dark
switch or vice versa (Figure 6). The O, concentration measured in 2
large and 3 small medusae showed that the O, content continued to
increase in the mesoglea of large medusae several minutes after light
was turned off, indicative of diffusive supply from the surrounding
tissue with a higher symbiont density and/or photosynthetic activity
prior to onset of darkness (Figure 7).

Locally measured photosynthesis versus photon irradiance curves
showed that photosynthesis increased linearly with irradiance until
saturation was approached at ~300 pmol photons m= s™" (Figure 8).
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Spectral reflectance (in % of incident irradiance) (A) measurements, and integrated reflectance (400-700nm) (B) averaged for 4 areas of interest
depicting differing morphological tissue regions of one large Cassiopea medusa. Data represent mean+SEM (n=3 for each tissue type). For increased
clarity standard errors are not shown in panel (A), but are reflected in the +SEM shown for integrated values in panel (B)

At saturating irradiance, net photosynthesis rates in bell tissue ranged
from 0.08 pmol O, 17" s7" in large individuals, to 0.18 umol O, "' s™* in
small medusae. Similarly, the estimated gross photosynthesis was
roughly 2-fold higher in small medusae, at 0.26 pmol O, I"' s7" vs.
0.14pumol O, I"! s7! in large medusae. Post-illumination respiration
rates were 0.04-0.07 pmol O, I"! s7" in large medusae regardless of
illumination, while post-illumination respiration in small medusae
increased to a maximum of 0.18 pmol O, 1! s7! at maximum photon
irradiance (580 pmol photons m™ s™"). The respiration at saturating
photon irradiance (300 pmol photons m~*s™') was 0.08 pmol O, 17! s™*
in tissue of small medusae.

Spatio-temporal dynamics of pH

pH depth profiles measured after a combined 15 min light, 15 min
darkness incubation showed that pH dropped rapidly to below
ambient water pH at the bell tissue-water interface (0 pm) in both the
large and small medusae (Figure 9). pH then increased rapidly again
within the first 1,000 pm of the bell tissue (to above ambient water
pH), and kept increasing to a maximum depth of 4,000 um to a final
pH of ~8.8 for both specimens. The pH dynamics over experimental
light-dark shifts showed a similar pattern to what was observed with
O, dynamics: pH changed relatively quickly in the small medusa,
while a much longer delay (usually >10 min after the light change) was
observed with the large medusa (Figure 10).

Discussion
Cassiopea harbors optical microniches

Light availability in the host is a key factor for an efficient
photosymbiosis. It has been shown that host morphology and tissue

plasticity, host pigmentation, and symbiont density can modulate the
scattering and absorption of photons in tissue of reef-building corals,
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creating optical microniches in a colony (D'Angelo et al., 2008;
Wangpraseurt et al., 2014b, 2019; Bollati et al., 2022); and we note
that the coral skeleton is also important for the coral light
microenvironment (e.g., Enriquez et al., 2005; Enriquez et al., 2017).
In Cassiopea, we found distinct spatial heterogeneity over the surface
tissue in various regions of an adult medusa (Figure 1). Local photon
scalar irradiance was highest near apical parts of the animal, while it
dropped by 30-80% underneath the same anatomical structures
(Figure 1A). The largest decrease was observed between measurements
on the subumbrella and exumbrella epidermis along the rhopalia
canal, which dropped by 80% on the exumbrella side. Additionally,
spatial heterogeneity was observed over the subumbrella bell tissue,
with rhopalia canals experiencing on average ~30% higher photon
flux compared to the anastomosing tissue right next to it.

Depth profiles of spectral scalar irradiance measured in tissue
close to rhopalia canals and in anastomosing tissue showed that light
scattered differently within the upper 600 um of the two regions
(Figure 3). Profiles in anastomosing tissue showed small variations in
spectral scalar irradiance measured in the top 400 pm of this region
(Figure 3B). Such small variations indicate the presence of a dense
symbiont population spread out in the top 400 pm of the mesoglea,
between the subumbrella epidermis and the gastric network (Estes
et al,, 2003). Similar studies on corals have shown that light can
be scattered by host tissue and symbionts in the surface layers,
enhancing the chance of photon absorption (Wangpraseurt et al.,
2012, 2014a; Jacques et al., 2019). In contrast, we observed a strong
light attenuation over the first 400 um of the tissue near rhopalia
canals, with an initial enhancement of local scalar irradiance that
quickly attenuated to levels below what was observed at the same
depth in anastomosing tissue (Figure 3B). Cassiopea contain distinct
white striated patterns in dense layers along the rhopalia canals in the
bell and under oral arms (see white patches in Figure 1B; Bigelow,
1900). While little is known about host pigments in Cassiopea and
other rhizostome jellyfish (Hamaguchi et al., 2021; Lawley et al., 2021),
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our reflection data (compare for example rhopalia canal with
anastomosing tissue in ) suggests that the white pigmented
tissue can play a role in scattering and reflection of light in Cassiopea
medusae, similar to host pigments and the skeleton in reef-building
). More detailed

analyses are required to understand the full potential of light-

corals (

modulating host pigments in Cassiopea, and how the holobiont might
respond and grow under various light regimes.

Cassiopea harbors its photosymbionts in a
buffered chemical microenvironment

We investigated the light-driven dynamics of O, and pH on the
surface and inside the bell tissue of Cassiopea medusae. Depth profiles
of O, concentration measured at saturating irradiance showed the
presence of a diffusive boundary layer (DBL) over the bell tissue
( ). In light, the O, concentration increased towards the bell
tissue-water interface and continued to increase as the sensor
penetrated deeper into the tissue and mesoglea ( )
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We measured to a maximum depth of 4mm into the mesoglea
reaching an O, concentration of roughly 2-fold that of the surrounding
seawater concentration. A similar study, measuring O, in cut-off oral
arms of Cassiopea sp., found that O, concentration was highest near
symbiont populations (i.e., near the epidermis), while it decreased to
amore constant level deeper into the oral arm mesoglea (

). However, our measured depth profiles in bell tissue did not
show any indication that O, buildup would stagnate or decrease at this
point, suggesting even higher concentrations might be possible in the
bell mesoglea relative to oral arms. Passive accumulation of O, has
been reported in non-symbiotic jellyfish like Aurelia labiata (

), which was found to build up O, in the mesoglea when in
O,-rich water, indicating that the mesoglea can act as a natural
reservoir for O, in jellyfish. However, similar to measurements in oral
arms of Cassiopea sp. ( ), measured depth profiles of
O, concentrations in non-symbiotic jellyfish like Aurelia appear to
have the highest O, concentration near the tissue-water interface, with
a steady decline towards the center of the bell ( ).
In contrast our measurements indicate that the presence of
photosynthetic endosymbionts harbored within amoebocytes in the
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mesoglea ( ) leads to
internal O, production and accumulation in deeper tissue layers
during photo periods ( ).

The diffusion of O, through cnidarian tissue and mesoglea has
received little attention. However,
determined an O, diffusion coeflicient of 7.69x 107 cm? s7! in the
mesoglea of the sea anemone Calliactis sp. Such a low diffusion
coeflicient in the mesoglea (as compared to seawater) will impede
mass transfer, especially in cnidarians with a particularly thick
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FIGURE 4
Average of depth profiles of O, concentration in Cassiopea tissue
measured under a photon irradiance (400-700nm) of 300umol
photons m=2 s~tin the bell of a medusae. n=3 biological replicates
with 1 profile each.
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mesoglea like jellyfish and sea anemones, and is probably a key factor
in the observed buffering of O, dynamics in the Cassiopea sp. bell.
We further investigated the dynamics of O, in darkness and found that
the top 1 mm layer of Cassiopea bell tissue turned from a net O, source
into a sink ( ). Measurements in the DBL showed a switch
from a net export from the tissue into the surrounding seawater to a
diffusive import of O, from the seawater within the first 15min
(compare DBLs in ). A more pronounced depletion of O, was
observed in the top 1 mm of the bell after 50 min darkness. The higher
O, consumption near the subumbrella epidermis probably reflects the
presence of abundant musculature required for bell pulsation and
motility of jellyfish (

), as well as the presence of a dense population of
endosymbionts ( ). Both have
previously been ascribed to heavy diel fluctuations of O, measured in
Cassiopea oral arms ( ). However, the O,
concentration remained high at depths deeper than 1 mm into the bell
even after 50min of darkness, reflecting a lower cell density and
diffusive transport of O,.

In the present study, experimental light-dark shifts performed on
intact small (<5cm) and large (>6 cm) Cassiopea sp. showed that the
O, concentration in small medusae with a (relatively) thin bell of
2mm thickness changed almost immediately in response to light-dark
shifts similar to observed O, dynamics in corals and dissected oral
arms of Cassiopea ( ).
Unlike the fast response observed in small medusae, larger medusae
with a thicker bell tissue showed a much slower response of O, levels
to changes in light ( ). In fact, detailed O, dynamics measured
in several large and small medusae revealed a consistent pattern where
O, would continue to build up in the thick mesoglea of larger medusae
for a few minutes after onset of darkness ( ). These observations
indicate that O, generated in other regions with higher photosynthetic
activity due to higher light levels and/or higher symbiont density can
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O, dynamics measured in mid-bell mesoglea (roughly halfway deep
in the bells) of large and small medusae from onset of darkness at
Omin, after a previous illumination with an incident photon irradiance
(400-700nm) of 580pmol photons m=2 s~ Data is normalized
against maximum oxygen concentration measured in each medusa,
and then averaged for large (n=2) and small (n=3) individuals +SEM

diffuse into and accumulate in the mesoglea, from where it is not
efficiently exchanged with the surrounding water due to the relatively
low O, diffusivity in mesoglea ( ).
Furthermore, an inverse relationship between medusa size and
photosynthetic rate have previously been reported (
). We observed a similar inverse relationship, with
smaller medusae on average reaching roughly 2-fold higher
photosynthetic rates (net and gross) at photon irradiances above
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200 pmol photons m= s™* ( ). Post-illumination respiration
also increased in small individuals, while larger medusae did not show
changes to respiration after illumination. The combined effect of the
diffusive properties of mesoglea, the relative thickness of the mesoglea,
and the overall size of the animal together explain why the O,
dynamics is more pronounced in medusae (and other cnidarians) with
a thin mesoglea like in juvenile Cassiopea bell or oral arms, while the
O, dynamics in medusae with a thick mesoglea is much more buffered.

Consistent with the measured O, dynamics, we found that pH
changes in the mesoglea were affected by changes in light, because pH
increases due to photosynthetic carbon fixation in the light and
). This
relationship between photosynthesis, respiration, and pH seems

decreases during darkness due to respiration (

prevalent in symbiotic cnidaria (e.g.,

), largely
driven by the shifting equilibrium between carbonate species (i.e;;
CO,, H,CO;, HCO;~, CO5*) and the balance between photosynthesis
and respiration. found that pH in coral tissue
followed the trend of O, during experimental light-dark shifts but
with a delayed response (seconds to minutes), and attributed the delay
to hypothetic processes, such as proton pumps and other similar
cross-tissue transport, that would buffer pH in coral polyps (

). External buffering has also been reported in
polyps of Cassiopea, where found that polyps
retained their internal pH at ambient water pH during the night, and
only symbiotic polyps would increase their internal pH during
photoperiods due to a shifting carbonate equilibrium. We observed a
similar, but much longer (>10min) delay before a pH change was
observed in the mesoglea of large medusa after light-dark shifts
( ). While external buffering is likely to occur in medusae of
Cassiopea as well, the pH dynamics inside the mesoglea is probably
more affected by diffusive transport phenomena. Depth profiles done
in both small and large medusae thus show that within 15min of
darkness the top 1 mm of the bell tissue became more acidic relative
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pH depth profiles measured in the bells of a small and large
medusae, where Opm is tissue surface and 4,000um is the deepest
inside the tissue. Both individuals were kept under an incident
photon irradiance (400-700nm) of 580pmol photons m=2 s~ light
for >15min and then in darkness for ~15min before profiles were
done.

to ambient water pH (0.3-0.5 pH lower; Figure 9), while pH in deeper
tissue layers (> 1,000 pm into the bell) remained alkaline and above
ambient water pH. This strongly suggest that the mesoglea has a
buffering effect on pH in the bell tissue of Cassiopea.

The buffering capacity of the mesoglea could be of benefit for both
host and symbionts. A reservoir of O, can for example act as a steady
supply of O, to both host musculature, needed for bell pulsation, and
to symbionts during dark periods or exposure to hypoxia (Thuesen
etal,, 2005). Similarly, buffering pH could lower the possibility of the
holobiont experiencing cellular acidosis (Smith and Raven, 1979;
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Gibbin et al., 2014) that would otherwise disrupt cell-function
(Madshus, 1988). Thus, symbionts harbored in amoebocytes in the
Cassiopea mesoglea may exist in a more stable ecological niche as
compared to algae in corals that are more prone to rapid chemical
dynamics. We speculate that the buffering of the chemical
microenvironment in the mesoglea of Cassiopea, might also
be reflected in the fact that Cassiopea medusae generally seem to only
engage with a specific type of Symbiodiniaceae. Indeed, specific strains
of Symbiodiniaceae have been speculated to be favored by different
hosts in symbiotic cnidarians (Schoenberg and Trench, 1980; Biquand
etal., 2017), including Cassiopea (Colley and Trench, 1983; Fitt, 1985).
While specificity is generally attributed to a combination of symbiont
cell size and a hospitable host microenvironment (Biquand et al.,
2017), Fitt (1985) found a correlation between symbiont cell size and
respective photosynthesis and respiration rates, and proposed that
only specific symbiont strains are able to establish symbiosis due to
metabolic rates matching the hosts specific microenvironment. As
such, the Cassiopea-Symbiodiniaceae symbiosis may be successful
even in extreme environments as Cassiopea is capable of maintaining
less stress-tolerant species due to the buffering nature of the Cassiopea
chemical microenvironment.

Summary

Cassiopea tissue exhibits optical properties similar to those
previously identified in reef-building coral tissue. Both macroscale
host anatomy and microscale structures play a role in modulating
the internal light field experienced by the symbionts via light
scattering. Precisely how these structures affect symbiont
photosynthesis remains to be explored further. Furthermore, our
microsensor measurements indicated a buffering of chemical
dynamics in the thick mesoglea matrix of Cassiopea sp. medusae,
suggesting that the internal physico-chemical microenvironment of
the holobiont remains more constant when experiencing abrupt
changes in light conditions. This is in strong contrast to the rapid
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dynamics seen in coral tissue, which has a much thinner mesoglea
and where the endosymbionts are found within endoderm cells.
We hypothesize that the stabilization of the internal host
microenvironment can be beneficial to the holobiont during
unfavorable external environmental conditions such as hypoxia,
where stored O, in the mesoglea might act as an important reserve
for keeping internal homeostasis. This may also be key to the
apparent success of Cassiopea to invade and persist in coastal
tropical habitats with strong environmental fluctuations, that often
preclude coral colonization. However, further studies are required
to determine the effect of the buffering capacity of large individuals
in combination with true environmental stressors over short and
long periods.
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insect endosymbiotic model
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Ophélie Hurtado, Carole Vincent-Monégat, Abdelaziz Heddi,
Rita Rebollo* and Anna Zaidman-Rémy*

Université de Lyon, INRAE, INSA Lyon, BF2l, UMR 203, Villeurbanne, France

Reference genes are a fundamental tool for analyses of gene expression
by real-time quantitative PCR (gRT-PCR), in that they ensure the correct
comparison between conditions, stages, or treatments. Because of this, selection
of appropriate genes to use as references is crucial for proper application of the
technique. Nevertheless, efforts to find appropriate, stably expressed transcripts
are still lacking, in particular in the field of insect science. Here, we took advantage
of a massive transcriptomic high-throughput analysis of various developmental
stages of the gut and associated-bacteriomes of the cereal weevil Sitophilus
oryzae and identified a subset of stably expressed genes with the potential to
be used as housekeeping genes from the larva to the adult stage. We employed
several normalization techniques to select the most suitable genes among our
subset. Our final selection includes two genes—TAO, and YTH3—-which can also
be used to compare transcript abundance at various developmental stages in
symbiotic insects, and in insects devoid of endosymbionts (aposymbiotic). Since
they are well conserved, these genes have the potential to be useful for many
other insect species. This work confirms the interest in using large-scale, unbiased
methods for reference gene selection.

real-time PCR, insect, symbiosis, transcriptomic, normalization

1. Introduction

Although high-throughput transcriptomic analyses are becoming more affordable and
accessible, analysis of a subset of transcripts with quantitative real-time PCR (qRT-
PCR) (Higuchi et al,, 1992) is still routinely required in laboratory practice, exploratory
experiments, experimental validations as well as diagnostics protocols (Kubista et al., 2006).
The instrumentation for QRT-PCR is common in molecular biology facilities, along with
established guidelines [MIQE guidelines (Bustin et al., 2009)], making it a highly affordable
and reliable technique. However, the qRT-PCR accuracy relies on the use of a control method
for data normalization that is often achieved by comparing the expression level of target
genes against stably expressed transcripts from so-called reference genes, housekeeping
genes or constitutively expressed genes. These transcripts must be stably expressed in the
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biological samples and experimental conditions that are tested,
in order to be used as a comparison to evaluate changes in the
expression of the transcripts of interest.

Hence, an appropriate set of qRT-PCR reference genes must
be established for each experimental condition, species and tissue
examined ( ). However, historically, only a small
group of highly stably expressed genes has been used and tested
in various conditions and species. A review summarizing recent
work on reference genes in 78 insect species from 2008 to 2017
has shown that the majority of reports focused on the same gene
candidates, including Actin, Tubulin, Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and the ribosomal gene 18S (

). All these genes displayed great stability and high expression
levels in various experimental conditions, tissues and species, but
none appeared to be a universal “passe-partout,” as highlighted now
that transcriptomic analyses are routinely employed in different
tissues and at different developmental stages. For example, GAPDH
( ) often shows stable expression between insect
tissues and treatments but is not often adapted for comparisons
between developmental stages ( ; ).

Since the production of transcriptomic data is becoming more
and more affordable, it is now possible to choose the best set
of reference genes for each species, condition, and treatment, by
comparing whole transcriptomes instead of limiting the choice
to a set of potential candidates. Examples of this non-aprioristic
process are already available for various organisms, including plants
( ; R ), mammals
( ), and human tissues ( )
but not yet for insects, notably, Coleoptera. Around 400 thousand
Coleoptera species have been described to date, including terrestrial
and aquatic species ( ; ). True weevils,
or Curculionidae, are one of the largest animal families and include
major agronomic pests, such as the cereal weevil (Sitophilus spp.),
which is responsible for important damage to fields and stored
grains ( ).

As most insects thriving on a nutritionally unbalanced diet,
S. oryzae shares a symbiotic relationship with an intracellular
Gram-negative bacterium called Sodalis pierantonius (

H ; ). S. pierantonius
is housed within specific host cells, the bacteriocytes, forming
a unique bacteriome organ attached to the gut during all
larval stages ( ; ). Throughout
S. oryzae’s metamorphosis, the bacteriocytes migrate along the
midgut and endosymbionts subsequently infect cells in the
apexes of gut caeca ( ). These coordinated
changes result in the formation of multiple bacteriomes along
the midgut by the completion of metamorphosis. In these
bacteriomes, endosymbionts exponentially increase in number
in the emerging adult, before being recycled by an apoptotic-
autophagic mechanism following the first week of adult life
( ). Analyzing transcriptomic regulations across
weevil's development is required to fully understand S. oryzae
and S. pierantonius relationship, and to uncover key pathways
profitable for integrative pest management strategies. We have
recently conducted a thorough analysis of the gut (and associated
bacteriomes) transcriptome of S. oryzae across its development
from larval stages up to bacterial clearance in adults ( ;

). In this work, we took advantage of the recent
transcriptomic profile of S. oryzae during development (

Frontiers in

10.3389/fevo.2023.1152183

) to select a set of reliable reference genes for qRT-PCR
analyses, with high stability and conservation among insects. The
identified transcripts will be of use for the comparison of transcript
abundance across multiple developmental stages in S. oryzae, gene
silencing conditions, and comparisons with artificially obtained
aposymbiotic weevils. These genes also have a great potential for
being suitable reference transcripts in other insects, as well as in
many other eukaryotes.

2.1. Insect rearing and sampling

The symbiotic S. oryzae population was sampled in Azergues
valley, France in 1984, and has been reared in laboratory conditions
ever since. The aposymbiotic strain was obtained by heat treatment
in 2010, following a protocol described previously ( ).
S. oryzae symbiotic and artificially obtained aposymbiotic weevils
were reared in a climate chamber (27.5°C, 70% relative humidity,
no light source) on wheat grains as a food source and substrate for
egg laying. In these conditions, the timespan between egg laying
and the emergence of adults from the grain is 1 month for symbiotic
weevils, and 5 weeks for aposymbiotic ones. Adults emerging from
the grain are fully formed, although their cuticle is reinforced
during the 5 days following emergence from the grain, together
with sexual maturation ( ). The time between
the end of metamorphosis and emergence has been calculated to
be around 3 days ( ). Since our studies are
mainly focused on S. oryzae transcript levels in the gut, from larval
stages to the symbiotic clearance (around day 9 of adulthood), we
tested candidate reference genes on gut samples (which contains
the bacteriomes) harvested from the last larval stage (L4) to day
9 of adulthood (D9), including pupae (P), and intermediate adult
stages (D1, D3, D5, and D7).

For sampling, weevils were immersed in buffer TA (35 mM
Tris/HC;, 25 mM KCj, 10 mM MgCl,, 250 mM sucrose, pH 7.5)
and dissected under a stereomicroscope. Three biological samples
per time point were collected, each composed of five guts and
their bacteriomes. All samples were collected on ice in 1.5 mL
RNAse-free tubes and stored at —80°C until use.

2.2. Transcriptomic analysis

RNAseq datasets were processed in our previous publication
( ), and raw reads are available at BioProject
PRJNA918957. Briefly, quality check was performed with FastQC
v0.11.8 ( ), and raw reads were quality trimmed using
trim_galore from Cutadapt v0.6.7 ( ), then mapped
to the S. oryzae’s genome (GCA_002938485.2 Soryzae_2.0) using
STAR v2.7.3a ( ). Then, uniquely mapping reads
were counted with featureCounts v2.0.1 ( ), and
mapping quality was assessed by multiqc v1.13 ( ).
Differential expression analysis was conducted with SarTOOLS,
taking advantage of a global linear model from Deseq2 (

,2), and log2 fold changes and adjusted p-values were obtained
for sequential pairwise comparisons, i.e., L4 vs. D1, D1 vs. D3 etc.,
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TABLE 1 candidate reference genes.

10.3389/fevo.2023.1152183

Accession name Gene ID Gene annotation Gene function References
LOC115875935 TAO Serine/threonine-protein kinase Tao G-protein signaling cascade, regulates DNA damage Hutchison et al.,
response, apoptosis and cytoskeleton 1998; Timm
etal., 2006
LOC115876598 RAPI Ras-related protein Rapl Small GTPase, regulates cell adhesion, cell junction Caron, 2003
formation, and integrin-mediated signaling
LOC115877543 YTH3 YTH domain-containing family Transcriptional regulator involved in the degradation Zaccara and
protein 3 of N6-methyladenosine (m6A)-containing mRNA and Jaffrey, 2020
non-coding RNAs
LOC115882250 PAN3 PAN (Poly-A Nuclease)2-PAN3 Transcriptional regulator, part of a poly-A degradation Brown et al.,
deadenylation complex subunit Pan3 complex 1996; Garneau
etal., 2007
LOC115883196 KIAA Transmembrane protein KIAA1109 Synaptic development and function, regulation of Kursula, 2014
homolog regulating synaptic plasticity
LOC115889772 CYCT1 Cyclin-T1 Subunit of the positive transcription elongation factor Shim et al., 2002
b (P-TEFb), promotes RNA polymerase II transcription
elongation
LOC115890036 PPI2A Protein phosphatase 1 regulatory Subunit of the myosin phosphatase complex Takahashi et al.,
subunit 12A responsible for the interaction between actin and 1997; Hughes
myosin etal,, 2020
LOC115890441 PP43 Serine/threonine-protein phosphatase Ser/Thr phosphatase conserved in yeasts, mammals, Gingras et al.,
4 regulatory subunit 3 insects, plants 2005; Kataya
etal., 2017;
Karman et al.,
2020
LOC115891122 TFIIF General transcription factor IIF Transcription initiation factor, part of the Aso et al., 1992;
subunit 1 pre-initiation complex Luse, 2012
LOC115881082 GAPDH Glyceraldehyde 3-phosphate Glycolysis, gene regulation and DNA repair Sirover, 1999
dehydrogenase
LOC115890765 SYNIA Syntaxin-1 Intracellular vesicle traffic, synaptic vesicle fusion Zhou et al., 2000

and can be found in the Supplementary material of our previous
report (Ferrarini et al., 2023). Most graphic outputs are either
performed in R, using ggplot2 (Wickham, 2009) or with GraphPad
Prism software.

2.3. Primer design for candidate
reference genes

Primers for each candidate reference gene and GAPDH were
designed with Primer3 software (Koressaar et al., 2018, 3), with
“best annealing” at 55°C, amplicon length between 70 and 120
nucleotides (Table 2). Forward and reverse primers were always
located in two different exons in order to span at least one intron.
In the case of multiple predicted isoforms for each transcript, the
primers were designed so that they could amplify all of them.
Primer sequences were checked by BLAST (Camacho et al., 2009)
to ensure their specificity in the target genome.

2.4. RNA extraction and transcript
amplification

Total RNA was purified from samples using the RNAqueous
Micro kit (Ambion) and its DNAse treatment, following the
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manufacturer’s instructions. Final RNA concentration was

measured with a Nanodrop® spectrophotometer (Thermo
Scientific), and RNA quality was checked using agarose gel
electrophoresis. Reverse transcription to ¢cDNA was carried out
using the iScript cDNA Synthesis Kit (Bio-Rad), which relies on
a blend of oligo(dT) and random primers. Reverse transcription
was performed starting from 1 pg of total RNA. Transcript
amplification by qRT-PCR was performed with a CFX Connect
Real-Time detection system (Bio-Rad) using the LightCycler
Fast Start DNA Master SYBR Green I kit (Roche Diagnostics) as
previously described (Maire et al., 2019). Each reaction contained
5 pl of Master Sybr Green mix, 0.5 pl of each primer (10 pM),
1.5 il RNAse Free water, and 2.5 jul of 1:5 diluted cDNA. Primers
for amplification are listed in Table 2. After 5 min at 95°C, the
cycling conditions were: 45 cycles at 95°C for 10 s, 56°C for 20 s,
and 72°C for 30 s. A melting curve was obtained at the end of each
PCR by heating for 30 s at 66°C, then increasing the temperature
up to 95°C (increment rates of 0.11°C/s). For every candidate
gene, three biological and two technical replicates were tested for
each developmental stage, together with a standard curve made
with PCR products as templates, at concentrations spanning from
0.2 fg/pul to 2 pg/pl of amplicon, to calculate the reaction efficiency
and ensure linearity of the amplification. The data from each
transcript were collected within the same plate.
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FIGURE 1

Expression profile of all candidate housekeeping genes in Sitophilus oryzae gut-bacteriome samples analyzed by transcriptomics at various
developmental stages. L4: larval stage 4; P: pupae; D1: 1-day-old adults; D3: 3-day-old adults; D5: 5-day-old adults; D7: 7-day-old adults; D9:
9-day-old adults. Data represent normalized counts at each developmental stage (Ferrarini et al., 2023). Error bars represent standard deviation.
Bacterial dynamics is represented in the bottom right corner, adapted from Dell’Aglio et al. (2023).

TABLE 2 Primers and amplification parameters used for each candidate reference gene selected for qRT-PCR normalization.

Gene name Locus Primer sequences (FW and | Tm FW/REV (°C) | Amplicon | Average | Efficiency
REV) length (bp) Ct (VA

CYCT1 LOC115889772 |CAGGACATGGGGCAAAGACTA 59.72 102 25.66 6.5
TGGGAAGTCAGTGAAGGAGTG 59.31

KIAA LOC115883196 |CCGCATCATTGCGGGTAAAA 59.55 100 38.01 61.6 0.999
GAACTAGCGCTGGGTAACGA 59.83

PAN3 LOC115882250 |AGTTGACAGTTACCACGAGCTT 59.90 91 26.03 91.3 1
GTACATGGAGGCCTGATAGCC 60.00

PPI2A LOC115890036 |TGCTCAAGGACGAGATTCGG 59.83 97 24.00 96.2 0.999
GCCAACCATTCTTTGGCGTC 60.39

PP43 LOC115890441 |GCGCCGGATATTGGTTCTGA 60.53 89 24.23 95.5 1
CCTTGAGGGCGACCAGTTT 59.93

RAPI LOC115876598 |CGGCATCGCCCGATACAA 60.28 107 32,57 78.4 1
CCCCCTGACCCAAGTACTACA 60.95

SYNTI LOC115890765 |ACAGGGAGAGGTGTAAAGCG 59.39 109 27.60 94.4 1
AAGACGGTAGAAGTTCCTTGTTCT 59.66

TAO LOC115875935 |CGGTTCATTCTGTTGGGGTGT 60.82 94 24.09 94.4 1
TTCGTTGTTCCATCCTCGCC 60.67

TFIIF LOC115891122 |GACCCGATGATCAGCCTTGG 60.53 92 24.67 97.1 1
TGTGTTTTCTGAGACACCCCC 60.13

YTH3 LOC115877543 |GAATTCAGCAGCTCATCCAGC 59.67 101 24.82 91.2 1
ATGTTCCTCCACTGCCATAATAAC 58.87

GAPDH LOC115881082 | TGACCGTCAGGTTAGGCAAA 59.24 94 20.03 96.9 1
TAGCCCAGGATGCCCTTCA 60.31
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FIGURE 2
Quantitative real-time PCR (QRT-PCR) expression profile of candidate reference genes in Sitophilus oryzae gut-bacteriome samples. Graphs
represent the mean Ct value for each developmental stage. One-way ANOVA was performed to assess differences between the means of all
developmental stages. Asterisks denote statistical significance (ANOVA with Kruskal-Wallis test, *p < 0.05). Error bars represent standard deviation.

2.5. Candidate reference gene
comparisons

To evaluate the reliability of each candidate reference gene, we
compared the average cycle threshold (Ct) of each developmental
stage and the percentage covariance (CV%) value for each
gene (Boda et al, 2009; Sundaram et al, 2019). We then
compared the rankings of various web-based algorithms: GeNorm
(Vandesompele et al., 2002), the ACt method (Silver et al., 2006),
BestKeeper (Pfaffl et al, 2004), and Reffinder (Xie et al, 2012).
Each candidate reference gene was compared, ranked and evaluated
through the tools described.
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3. Results and discussion

3.1. Choice of candidate reference genes
based on transcriptome data

To find S. oryzae reference genes to be used across gut and
bacteriomes development (from larval stage 4 to 9-day-old adults),
we scanned a comprehensive transcriptomic dataset spanning
S. oryzaelife cycle (Ferrarini et al., 2023). Candidate reference genes
should be stable between conditions, highly expressed, and present
transcript isoforms suitable for primer design. There are 17 957
genes in S. oryzae (Parisot et al,, 2021) and our previous analysis
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FIGURE 3

CV% values for the selected candidate reference genes, calculated
on the linearized 2-Ct converted Ct values at all Sitophilus oryzae
developmental stages considered in . (A) CV% measured
considering all developmental stages. (B) CV% calculated
considering only adult stages. Only genes with a CV% lower than 50
were selected for further analysis.

showed that 11 908 were differentially expressed between sequential
conditions ( ). In order to find stable genes
across development, we removed genes presenting an adjusted
p-value < 0.05 between time points (~1 500 remaining genes),
along with a significant log2 fold change lower than —1 or higher
than 1 between two consecutive stages, yielding 100 candidate
genes. A selection was made by prioritizing highly expressed genes
(mean expression level higher than 1000), in order to improve
qRT-PCR detection, decreasing the candidate list to only 19 genes.
Among the resulting pre-selected 19 genes, we visually selected
those with the most steady expression along the development. We
eliminated genes encoding regulators, which are more likely to
change in expression according to the experimental conditions.
Among the remaining genes, we avoided uncharacterized genes,
abundant in the S. oryzae genome. These filtering steps resulted in
selecting nine potential reference genes for experimental validation
( and
predicted biological functions, to reduce the risk of co-regulation

). The selected genes spanned various

among them and to facilitate the future use of the same genes in
other organisms.

Finally, we also included GAPDH, a very common reference
gene in our model and similar model organisms, and the homolog
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of syntaxin-1 (SYNI1A), a protein involved in intracellular vesicle
traffic, especially in neurons ( ), previously selected
as a suitable reference gene by ( ) for Tribolium
castaneum, the most widely studied member of Coleoptera. These
genes were included in the study as a point of comparison for the
newly selected genes. Both genes showed little variation between
time points ( ). Altogether, a set of 11 candidate genes were

then submitted for further analysis.

3.2. Expression profiles of candidate
reference genes

While the transcriptomic analysis suggests the candidate genes
are stable across S. oryzae’s gut development, it is important to
verify that it is indeed possible to amplify such transcripts in an
accurate manner by qRT-PCR. A preliminary PCR test allowed
amplification of all predicted transcripts from gut cDNA pools,
obtaining fragments compatible with the predicted amplicon sizes.
Subsequent qRT-PCR quantification from gut samples (larval stage
L4, pupal stage P, and adult stages D1, D3, D5, D7, and D9)
was successful for nine out of eleven genes, leading to acceptable
efficiency and linearity ( ). Two exceptions were the primers
for KIAA and RAPI, which did not lead to acceptable fragment
amplification under standard conditions (efficiency values of
61.6 and 78.4, respectively; average Ct values of 38.01 and
32.58, respectively); and were therefore excluded from the list
of potential candidates ( ). Moreover, although successful,
YTH3 expression levels appear lower than expected based on
the transcriptomic analysis. Discrepancies between amplification
in qRT-PCR and normalized read counts could be due to low
primer efficiency, a tendency to primer dimerization, or suboptimal
amplification of transcripts in our standardized qRT-PCR protocol,
as well as differences in normalization strategies between the
two techniques. One should also note that for qRT-PCR, larval
samples consisted of bacteriomes and whole guts, while in the
previous transcriptomic dataset on which the candidate reference
gene selection was based, only larval bacteriomes were dissected
( )-

The mean Ct values of amplicons for each candidate reference
gene at each developmental stage are reported in . The
gene with the lowest average Ct was GAPDH (mean for all stages:
20.0), followed by PPI12A (mean for all stages: 23.99) and PP43
(mean for all stages: 24.66). All average Ct values are considered low
(GAPDH) or medium (all other genes) and are therefore suitable
for estimating gene expression of various target genes with different
expression profiles. Statistical analysis of Ct values revealed that the
mean expression level for the majority of the genes is subjected
to mild variations between developmental stages (see asterisks in

), except for GAPDH and SYNIA.

3.3. Evaluation of expression stability and
ranking of candidate reference genes

To identify the most suitable reference gene to compare
transcript expression across S. oryzae development, we relied
on the comparison of statistical methods recently conducted by
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TABLE 3 Ranking of candidate reference genes for various Sitophilus oryzae developmental stages, according to the ACt method, BestKeeper,
NormFinder, GeNorm, and Reffinder.

BestKeeper NormFinder GeNorm Reffinder
= s e e
name dev. name name name name

1 0378 SYNIA 0.245 0.189 0378 1,189

2 SYN1A 0.460 TAO 0.408 SYN1A 0309 | SYNIA 0378  |SYNIA 1,414

3 PP12A 0.505 PP43 0.490 PP12A 0.398 PP43 0.415 PP43 3,464

4 PP43 0.505 GAPDH 0.490 PP43 0398  |PP12A 0448 | PPI2A 3,663

5 GAPDH 0505 PP12A 0.612 GAPDH 0398 | GAPDH 0471 | GAPDH 4,729

The rankings were obtained for all developmental stages. SV, stability value; GM, geomean of ranking values.

TABLE 4 Ranking of candidate reference genes for various Sitophilus oryzae developmental stages, according to the ACt method, BestKeeper,
NormFinder, GeNorm, and Reffinder.

BestKeeper NormFinder GeNorm Reffinder

R el W S

name dev. name name
1 0.396 SYNIA 0.245 TAO 0.178 | YTH3 0.00 TAO 1,682
2 YTH3 04 TAO 0.408 YTH3 0282 | PPI2A 0.00 YTH3 2,115
3 PP12A 0.4 PP43 0.490 PP12A 0282 | PAN3 0252 | PPI2A 2,711
4 PAN3 0.474 GAPDH 0.490 SYNIA 0343 |TAO 0333 | SYNIA 3,162
5 SYNIA 0.477 YTH3 0.612 PAN3 0356  |SYNIA 0389 | PAN3 4,527
6 PP43 0.496 PPI2A 0.612 PP43 0382 | PP43 0419 | PP43 5,045
7 GAPDH 0.548 PAN3 0.653 GAPDH 0461 | GAPDH 0456 | GAPDH 6,086

The rankings were obtained for adult stages only. SV, stability value; GM, geomean of ranking values.

reference genes: (i) visual estimation of expression variation across
, 2009); a cut-off of
50 is recommended]; and (iii) ranking of the remaining candidate
reference genes by the NormFinder algorithm (Andersen et al.,
2004).

Since the visual estimation of expression variation across stages

0.20-

stages, (ii) analysis of CV% values [(Boda et al.

Threshold

0.1564~--=-=--ccccccc---

was already performed and showed mild variation for most genes
(Figure 2), we calculated the CV% value for each candidate
reference gene. The CV% values of four out of nine genes (YTH3,
CYCT1, PAN3, and TFIIF) across all developmental stages are

0.05- indeed higher than 50 (Figure 3A), reflecting variations observed
in particular at the pupal stage (Figure 2). When only adult stages
were considered (Figure 3B), only two genes still displayed CV%

0.00- values higher than 50 (CYCT! and TFIIF). After excluding genes

with CV% higher than 50, we ran the NormFinder algorithm
together with other common reference gene ranking algorithms:
GeNorm (Vandesompele et al, 2002), the ACt method (Silver
et al., 2006), BestKeeper (Pfaffl et al., 2004), and Reffinder (Xie
et al., 2012). To note, all ranking systems used here are relative

A ® O
P E SO

FIGURE 4

Optimal number of reference genes for normalization in S. oryzae
at various developmental stages. The pairwise variation values
obtained from GeNorm analyses were used to determine the
minimum number of reference genes for normalization. The value
of Vn/Vn + 1 < 0.15 indicates that the minimum number of
reference genes to be used for qPCR data normalization is n.

to the set of genes that have been chosen and input in the
system. Hence, the important information here is the rank that
the genes obtain (i.e., their classification), relative to the others.
Including the GAPDH and SYNIA genes that are routinely used
as “standard” reference genes ensure a point of comparison with

the candidate genes we found in our process. Rankings according

Sundaram et al. (2019). After describing the merits and limitations
of various comparison algorithms, the authors suggested the
following as the best pipeline for the identification of reliable
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to all prediction tools are reported in Table 3 for all stages,
and in Table 4 for adult stages only. Overall, each of these
methods provided good stability values for all the preselected
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FIGURE 5

Normalized counts of selected candidate reference genes from previous RNAseq data obtained from symbiotic and aposymbiotic weevils
(Ferrarini et al.,, 2023). Stars denote the adjusted p-value between symbiotic and aposymbiotic weevils at a given time point, upon DESEQ2 analysis
(see section "2. Materials and methods"). *Adjpvalue < 0.05, ** < 0.005, *** < 0.0005. Three genes show no differences between symbiotic and
aposymbiotic weevils at any given time point and constitute good candidates for symbiotic/aposymbiotic gRT-PCR comparisons: pan3, tao, and

yth3.

candidate genes, with a consensus for TAO and SYNIA at all stages
and for TAO, PP12A, and YTH3 in adult stages only. GAPDH
was often ranked last among these set of candidate reference
genes.

3.4. Determination of the minimum
number of reference genes for qPCR
normalization

The pairwise variation value (V) between the ranked genes
was calculated with the geNorm algorithm and used to estimate
the stability of the normalization factor with the addition of
one normalization gene at a time. The cut-off value for pairwise
variation used was 0.15 (Vandesompele et al., 2002), meaning that
as soon as the value of V drops below 0.15 the number of reference
genes was considered suitable for correct standardization of gene
expression. The V value for the set of candidate reference genes was
always lower than 0.15 (Figure 4). This indicates that two reference
genes, which is the minimal number of reference genes accepted
by the MIQE guidelines (Bustin et al., 2009), are sufficient for
standardization of gene expression across S. oryzae development in
the gut, from the L4 larval stages to D9 adults. It also shows that
any combination of the proposed nine reference genes is suitable
for normalization.
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3.5. Assessment of candidate reference
genes for transcript comparisons
between symbiotic and aposymbiotic
insects

Weevils artificially deprived of symbionts by heat treatment
(aposymbiotic) do survive under laboratory standard conditions,
although their fitness is partially compromised, e.g., the larval
development takes longer, fertility is lower (Nardon, 1973), and
aposymbiotic adults are unable to fly (Nardon et al, 1998). In
aposymbiotic weevils, the insect cuticle, which is derived from
aromatic amino acids mainly supplied by the bacteria, does not
fully develop but remains thinner and more delicate (Vigneron
etal, 2014). In order to pinpoint symbiosis-specific transcriptional
changes, the transcriptomic profiles obtained for symbiotic weevils
(Ferrarini et al., 2023) should be compared with the expression
profiles obtained at the same stage in aposymbiotic weevils.
We took advantage of existing transcriptomic datasets produced
from adult symbiotic and aposymbiotic weevils at different adult
stages, to compare the expression of all candidate genes between
symbiotic stages (Figure 5; Ferrarini et al., 2023). Differential
expression analysis of all nine candidate genes between symbiotic
and aposymbiotic weevils shows only three genes are equally
expressed between symbiotic conditions: PAN3, TAO, and YTH3.
Two of these genes were chosen as suitable candidates for symbiotic
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analysis, TAO and YTH3 and should constitute a good set for
symbiotic/aposymbiotic comparisons.

4. Conclusion

In this work, we relied on transcriptomic data to select a set
of nine new candidate reference genes for S. oryzae, which we
compared with GAPDH, a very common reference gene (Bustin,
2000), and SYNIA, which has been previously used as a reference
gene for T. castaneum (Lord et al., 2010). By combining differential
expression data filtering, visual inspection, CV% analysis and
a variety of gene stability ranking algorithms, we were able to
select stable gut transcripts in S. oryzae adult stages, but also for
stages spanning from larvae to adult, including metamorphosis.
In particular, all the preselected candidate genes scored well in all
ranking systems, with a general preference for TAO and SYNIA
when all developmental stages (from larval stage 4 to 9-day-old
adults) were considered, and for TAO, PP12A, and YTH3 in adult
stages only. Interestingly, for all the various algorithms used to
rank the reliability of reference genes, the newly selected genes were
always more suitable than the highly popular GAPDH, although the
latter ranked better in terms of CV% values.

Our selection approach was guided by the stability of expression
levels of various transcripts and their abundance in transcriptomic
data (Ferrarini et al., 2023), and on the presumed housekeeping
function of each gene on the basis of the available literature
and sequence alignments with homologs from other species.
Indeed, all the candidates that were successfully quantified by
qPCR, and in particular TAO and YTH3, which were chosen
for comparing symbiotic and aposymbiotic weevils, have been
previously associated with important cell functions, such as DNA
repair and RNA transcription, suggesting they are likely good
candidates as reference genes for many other tissues and organisms
(Table 1).

In conclusion, we identified stable reference genes across
S. oryzae development with potential application in various other
animal species. This work also demonstrates the potential of
transcriptomic data as a guide for reference gene selection to obtain
comparable or better performances in comparison to traditional
ones-a strategy still neglected in insect studies.
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Introduction: Reef building oysters provide vast ecological benefits and ecosystem
services. A large part of their role in driving ecological processes is mediated by
the microbial communities that are associated with the oysters; together forming
the oyster holobiont. While changing environmental conditions are known to
alter the physiological performance of oysters, it is unclear how multiple stressors
may alter the ability of the oyster holobiont to maintain its functional role.

Methods: Here, we exposed oysters to acidification and hypoxia to examine their
physiological responses (molecular defense and immune response), changes in
community structure of their associated microbial community, and changes in
water nutrient concentrations to evaluate how acidification and hypoxia will alter
the oyster holobiont's ecological role.

Results: We found clear physiological stress in oysters exposed to acidification,
hypoxia, and their combination but low mortality. However, there were different
physiological trade-offs in oysters exposed to acidification or hypoxia, and the
combination of stressors incited greater physiological costs (i.e., >600% increase
in protein damage and drastic decrease in haemocyte counts). The microbial
communities differed depending on the environment, with microbial community
structure partly readjusted based on the environmental conditions. Microbes also
seemed to have lost some capacity in nutrient cycling under hypoxia and multi-
stressor conditions (~50% less nitrification) but not acidification.

Discussion: We show that the microbiota associated to the oyster can be enriched
differently under climate change depending on the type of environmental change
that the oyster holobiont is exposed to. In addition, it may be the primary impacts
to oyster physiology which then drives changes to the associated microbial
community. Therefore, we suggest the oyster holobiont may lose some of its
nutrient cycling properties under hypoxia and multi-stressor conditions although
the oysters can regulate their physiological processes to maintain homeostasis
on the short-term.

oyster holobiont, oyster physiology, acidification, hypoxia, oyster reef
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Introduction

Reef building oysters provide numerous ecological functions in
coastal marine systems. Along with building structural complexity on
the benthos which provides habitat for many marine species, oysters
also drive crucial ecological processes such as biogeochemical cycling
and benthic-pelagic coupling (Ray and Fulweiler, 2021). Key to these
processes are the microbial communities associated with oysters;
together forming the oyster holobiont. The activity of the microbial
communities associated with oysters are key for the oysters themselves
and for the ecological processes performed by the oyster holobiont as
a whole (Green et al., 2012; Dubé et al., 2019; Stevick et al., 2021). For
example, the oyster holobiont contributes to reduction of
eutrophication through simultaneous bio-deposition from the oyster
and denitrification stimulated by microbial conversion of biologically
reactive nitrogen to nitrogen gas (Ray and Fulweiler, 2021). However,
it remains unclear how changing environments, especially driven by
climate change, can impact the ecological performance of the
oyster holobiont.

Rapid changes in coastal marine environments, directly or
indirectly driven by anthropogenic activity, can cause strong
physiological responses in fauna. These responses influence how
organisms perform their ecological roles within their ecosystem
(Vaquer-Sunyer and Duarte, 2008; Hughes et al., 2020). The decline in
the capability of organisms to perform their ecological roles can
subsequently manifest into broader consequences, such as the loss of
some ecological processes within the ecosystem (Diaz and Rosenberg,
1995; Lemasson et al., 2017; Vizzini et al., 2017; Ullah et al., 2018). In
the case of sessile habitat forming species, such as oysters, stressful
environmental change like acidification or hypoxia can cause
physiological impairment that includes oxidative stress, reduced
metabolic activity, or haemocyte apoptosis (Boyd and Burnett, 1999;
David et al., 2005; Timmins-Schiffman et al., 2014; Wang et al., 2016).
These physiological impairments can lead to broader consequences
including changes in energy homeostasis, reduced growth, increased
susceptibility to diseases, or mortality (Wang et al., 2016; Lutier et al,
2022), and therefore impact the ecological functions of oysters
(Lemasson et al., 2017). On the other hand, the extent of alteration to
oyster associated microbes in relation to changing environments
remains debatable with some studies indicating limited changes (Zhou
etal, 2016; Ge etal, 2021; Garner et al., 2022), while others showing
significant changes, especially with longer exposure to environmental
change (King et al., 2019; Scanes et al., 2021a,b; Unzueta-Martinez
etal., 2021).

Among the multiple environmental stressors that can affect
oysters and their associated microbial communities, acidification and
hypoxia are likely to have profound impact on the oyster holobiont
because the already large pH variability within coastal systems
(especially around estuaries) could become more extreme with climate
change (Rivest et al., 2017). In addition, hypoxic events have become
more frequent because of increased coastal eutrophication (Vaquer-
Sunyer and Duarte, 2008). Finally, given the simultaneous increase in
eutrophication and warming of coastal systems, the co-occurrence of
acidification and hypoxia will become more prevalent as overall
increases in system metabolic demands will consume more oxygen
and release more carbon dioxide (Cai, 2011; Gobler and Baumann,
2016). Therefore, examining how acidification and hypoxia will
impact the oyster holobiont and its function can provide important
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information for oyster reef restoration or oyster aquaculture activities,
both of which attract large efforts and financial investments globally
(Bayraktarov et al., 2016).

One of the key ecological roles filled by the oyster holobiont is as
an intermediary that links biogeochemical cycles in the sediment and
water column through filtration and bio-deposition (Smyth et al,
2013; Ray and Fulweiler, 2021). Organic matter (generally from
phytoplankton) from the water column is filtered and digested, and
substantial denitrification (conversion of NO;™ to N, gas) can by the
microbiome within the oysters’ digestive system (the microbial
community that naturally occurs within the oyster) (Ray et al., 2019).
Unassimilated matter released as bio-deposits (faeces and pseudo-
faeces) that contain a large amount of ammonium (NH,") is then
cycled, through nitrification, to NO,™ and NO;~ by microbes on the
oysters’ shell or in the sediment/water column (Ray et al., 2019). These
biologically reactive nitrogen species (NO,™ and NO;") are further
denitrified by microbes in the sediment or water column, or utilised
by epiphytes (Ray et al, 2019). Importantly, changes in water
conditions can alter the nutrient cycling capacity of oysters (Hoellein
et al., 2015) by influencing the oysters’ physiology, and hence the
amount of nitrogen that is processed (Jeppesen et al., 2018), and by
changing the microbial community associated with oysters (King
et al., 2019; Unzueta-Martinez et al., 2021; Scanes et al., 2021a,b).

Here, we tested the impact of acidification, hypoxia, and their
combination on the oyster holobiont; the physiological traits of the
oyster, associated microbial community, and the resulting changes in
nutrient cycling. While is it well documented that acidification or
hypoxia can drive deteriorative physiological responses in oysters
(Timmins-Schiffman et al, 2014), the impact of stressful
environmental conditions on the whole oyster holobiont remains
unclear. We hypothesised that acidification and hypoxia would drive
physiological trade-offs in oysters, which would shift the microbial
communities associated with them and thus alter the biogeochemical
cycling capacity of the oyster holobiont. To test this hypothesis,
we exposed oyster holobionts to hypoxia, acidification, or their
combination. We then quantified the level of protein damage,
oxidative stress, and immune response of oysters exposed to each
condition. Finally, we identified the microbial community associated
with the oysters and measured the concentration of different nutrients
within experimental treatments to estimate the relationship between
oysters, microbes and nutrient cycle. Together, these results provide a
broader understanding of how climate driven changes in coastal
environmental conditions may impact the oyster holobiont as a whole
and affect their nutrient cycling capacity.

Methods
Oyster collection

Opysters were sampled from a natural community at Shui Hau Wan,
Hong Kong, during low tide at salinity 33psu and temperature
23°C. This community is comprised of Magallana angulata and
Magallana sikamea. Visual separation of species before the experiment
was attempted, however, the exact separation of species remained
uncertain because of the morphological similarity of these two species
and their co-occurrence at the site (Lau et al., 2020). DNA barcoding
using mantle tissues of about 50% of the total oysters used in the
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experiment showed that the community was composed of 60%
M. sikamea and 40% M. angulata (only oysters that were used for tissue
sampling as described below were used for DNA barcoding). Oysters
were brought to the laboratory and kept in 100L holding tanks for
10days for acclimation and fed daily with Shellfish Diet 1800 (Reed
Mariculture Inc., United States). During this period, oysters were
cleaned to remove all fouling from their shells and half the seawater in
the holding tanks was changed daily to maintain water quality. Salinity
in the holding tanks was 35psu and temperature was maintained at
23°C using 300-watt submersible aquarium water heaters.

Experimental setup

After acclimation, oysters were transferred into 5 L experimental
containers. Five replicate containers per treatment condition (n=5)
were used, each containing 12 individual oysters of mixed sizes.
We used 12 oysters per replicate to allow for enough individuals for
sampling tissue to measure molecular defence and for sampling
(different
individuals were used) in case this sampling created stress or

haemolymph for quantifying immune response

mortality in the oysters. Treatment conditions for the experiments
were ambient control (C), hypoxia (H), acidification (A), and
hypoxia X acidification (HA) (n=5 containers per treatment).
Treatments were achieved by bubbling pre-mixed gases through the
seawater in each experimental container. Hypoxia conditions were
created by adding N, to air to achieve 5% O, (equivalent to 2
mgO,/L) and acidification conditions were created by mixing CO,
to air to achieve 0.1% CO, (equivalent to 1,000 ppm). To create HA
conditions CO, was added directly to the hypoxia mixture, while
control conditions involved bubbling air into the seawater. All gases
were mixed using electronic multi-gas flow controllers (Cole
Parmer Masterflex Gas Mass Flowmeter) and manual air flow
controllers (Cole Parmer Masterflex Variable-Area Flowmeter). To
maintain stable treatment conditions, each gas was constantly
bubbled in the appropriate experimental containers and a thin sheet
of styrofoam was placed on the surface of the water to limit air/
water gas exchange. At the beginning of the experiment, containers
were filled with seawater pre-adjusted to the treatment conditions,
then placed in a water bath at 23°C, controlled by an external water
chiller (Hailea, Model HC.2200BH). Oysters were fed ad libitum
with Shellfish Diet 1800 and a two-thirds water change was
performed daily with seawater pre-adjusted to the treatment
conditions. The experiment was maintained for 16 days, and oyster
mortality recorded daily during water change.

Water chemistry

Water quality (pH and DO) was monitored three times each day
(in the morning, after the water change, and in the afternoon). Water
pH and temperature were monitored with a Mettler Tolledo Seven2Go
pH meter. Oxygen concentrations were monitored with a Fibox 4
(PreSens) to which an oxygen dip probe was connected, and salinity
wat monitored using a refractometer. To determine the exact pCO,
levels, water samples (70 mL) for total alkalinity were taken once daily.
Total alkalinity was measured using a Metrohm Titrator. Finally, pCO,
levels were calculated using CO2Sys_v2.1 (Supplementary Table S1).
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Oyster molecular defence

To estimate the effects of hypoxia, acidification, or HA on oyster
physiology (i.e., protein damage and oxidative stress), the
concentration of Hsp-70, total antioxidant capacity (TAC), and
malondialdehyde (MDA) were measured from the gill tissue of
oysters. At the end of the experiment, one oyster from each container
was dissected to remove the gills, which were immediately frozen in
liquid nitrogen and stored at —80°C until further use. Prior to
measuring Hsp-70, TAC and MDA, gill tissue samples were thawed
and immediately cut and weighed separately for each assay. For all
assays, gill tissue samples were homogenised using a TissueLyser 2 at
30 hertz for 1 min. Total protein was measured using a BCA total
protein kit (Pierce) following manufacturer’s protocols. Hsp 70 was
measured using a Mouse Heat Shock Protein 70 m Hsp-70 Elisa Kit
(CUSABIO) following manufacturer’s protocols. TAC and MDA were
measured using an OxiSelect Total Antioxidant Capacity (TAC) Assay
Kit (Cell Biolabs) and an OxiSelect TBARS (MDA Quantification)
Assay Kit (Cell Biolabs),
manufacturer’s protocols.

respectively,  following

Oyster immune response

To quantify the haemocyte populations and measure the level of
phagocytosis in oysters from different treatments, haemolymph
samples were collected from the pericardial cavity of two new
individuals from each experimental container (total of 10 individuals
per treatment) at the end of the experiment using a one millilitre
syringe and fine needle. Haemolymph samples were immediately
placed on ice to prevent coagulation. For cell counts and identification,
haemolymph samples were prepared following Wang et al. (2016). In
brief, 0.5mL haemolymph from each individual was fixed with 4%
paraformaldehyde, then cells counted and identified using microscopy.
Preserved cells were counted and separated as granulocytes and
agranulocytes using a haemocytometer mounted on a light
microscope. Phagocytic activity was measured immediately after
haemolymph sampling using undiluted haemolymph samples
following Goedken and De Guise (2004). In brief, 0.5mL fresh
haemolymph was mixed with one micrometre fluorescent latex beads
at a ratio of approximately 100 beads/haemocyte. Samples were
incubated for 1hour at 20°C, then analysed on a FACS Aria 2 flow
cytometer (Becton Dickinson). 10,000 events were set as a limit and
the number of haemocytes that had engulfed zero, one, two or three
beads were quantified based on their fluorescence peaks. Filtered
seawater, fresh haemolymph samples without added beads, and
filtered seawater with beads only were used as controls to clearly
separate different populations. The percentage composition of
haemocytes that had engulfed zero, one, two, and three beads were
calculated as a function of the total haemocyte population.

Microbial community

To identify the effects of treatment conditions on the microbial
communities associated with oysters, we sampled the microbes after
12 days of experimental exposure. Microbial samples were taken after
day 12 rather than 16 (end of whole experiment) in order to have time
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to process all samples and ensure no additional sampling was required.
We collected 1litre of water from each oyster container, before water
change and feeding. To differentiate between microbes that were
already present in the water from microbes that were associated with
the oysters, we also collected 1litre of water from the control
containers that did not contain any oysters (n=3 per treatment). These
containers had the same water change regime as the containers with
oysters and therefore water in both the controls (no oyster) and
treatment containers (with oyster) had been incubated for the same
time period between water change and sampling (approximately 20h).
Water samples were filtered on autoclaved 0.2 um mixed cellulose
esters membrane filter papers (Millipore) using a vacuum pump and
filtration system (Rocker Scientific). Filter papers were immediately
frozen in liquid nitrogen and stored at —80°C until analysis. DNA was
extracted from the membrane filter papers using a Qiagen PowerSoil
kit following manufacturer’s protocol. DNA concentrations were
checked with a nanodrop (Thermo Scientific) and quality checked on
an agarose gel. Two extraction blanks were included to quantify the
level of contamination that originated from the extraction kit or the
extraction process.

Prior to sequencing library preparation, DNA concentrations
were measured with a Qubit dsDNA BR Assay Kit on a Qubit 2.0
fluorometer (Thermo Scientific); the concentrations of DNA samples
were subsequently normalized to 20 ng/pL by diluting with nuclease
free water (Thermo Scientific). Amplicon sequencing libraries
targeting the 16S rRNA V4-V5 region were prepared following the
TaggiMatrix protocol (Glenn et al., 2019). The targeted locus was
amplified with the primer pairs 515F-Y/926R (Parada et al., 2016); all
primers included a variable length internal index (5-8 bp). The genes
were amplified in 25pL reactions with NEBNext® Ultra™ II Q5®
Master Mix (New England Biolabs), which combined 12.5 uL of the
PCR master mix, 1.25pL of each primer, 5puL of DNA template, and
5uL of nuclease free water. The cycling conditions were as follows: 30's
at 98°C; 20 cycles of 10s at 98°C, 15s at 62°C, 20s at 72°C; 2min at
72°C. PCR products were purified with AMPure XP magnetic beads
(Beckman Coulter) in 1:1 ratio and inspected on 1.5% agarose gel.
Two PCR blanks were included for each amplicon to monitor
contamination originated from the PCR process.

Purified amplicons were pooled together in equal concentrations
for a second round of PCR with iTru indexed primers (Glenn et al.,
2019). The second PCR was performed in triplicate, in 50 pL reaction
volume with NEBNext® Ultra™ II Q5® Master Mix (New England
Biolabs) following manufacturer’s instructions. The reaction
conditions were as follows: initial denaturation of 30s at 98°C; 8 cycles
of 10s at 98°C and 75s at 65°C; and a final extension step at 65°C for
5min. PCR products were purified with AMPure XP magnetic beads
(Beckman Coulter) in 1:1 ratio and inspected on 1.5% agarose gel. The
amplicon libraries were then pooled with other amplicon sequencing
libraries and sequenced on Illumina MiSeq with MiSeq Reagent Kit
version 3 (2x300bp) in the Centre for PanorOmic Sciences, LKS
Faculty of Medicine, HKU.

Raw sequencing reads were adapter trimmed and demultiplexed
with cutadapt v3.1 (Martin, 2011), and subsequently imported into
Qiime2 2020.11 (Bolyen et al., 2019). Read pairs were denoised and
merged using DADA2 (Callahan et al., 2016), with the forward and
reverse reads truncated to 290 bp and 210 bp, respectively. In order to
perform taxonomic classification of the sequencing reads, we used the
Silva 138 database as recommended in Qiime2. A feature classifier was
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trained on the Silva 138 99% OTUs full length sequences dataset; to
improve the accuracy of the Naive Bayes classifier, the dataset was
subset so that only the region of the target sequences was used for
training the classifier (Bokulich et al., 2018). This yielded a spreadsheet
of taxonomic classifications and the number of hits based on
our sequences.

Nutrient cycling

After sampling for microbial communities, water samples for
measuring nutrient concentrations were taken by filtering 50 mL of
water from all experimental treatments (control, hypoxia, acidification,
and HA), with and without oysters, into a sterile centrifuge tube using
a syringe-mounted 0.22pum filter (Millipore). Water for nutrient
samples were collected immediately after sampling for microbial
communities, and from the same experimental container, to capture
the microbial community and nutrient concentrations in the water as
closely as possible. Filtered water samples were stored at —20°C until
analysis. Ammonium concentration was analysed by
spectrophotometry on a 96 well-plate following Grasshoff et al. (2009).
A gradient of standards was prepared using ammonium sulphate
dissolved in MilliQ water (100, 40, 20, 10, 5, 1, and 0.5 pmol/L). 250 pL.
of standard and sample were then pipetted in a 96 well-plate followed
by addition of 10 pL phenol, 5 pL citrate buffer, and 10 uL hypochlorite.
The solutions were mixed using the “shake” function on the
spectrophotometer and incubated at 37°C for 30 min followed by cool
at 630nm on the

spectrophotometer. Concentrations of nitrate and nitrite were

down for 30min and measurement
measured following Garcia-Robledo et al. (2014). Standards were
prepared using sodium nitrate and sodium nitrite dissolved in MilliQ
water (100, 40, 20, 10, 5, 1, and 0.5 pmol/L). 200 pL of standard and
sample were then pipetted in a 96 well-plate followed by addition of
20 uL of Greiss reagent. The solutions were mixed using the ‘shake’
function on the spectrophotometer and incubated at 60°C for 20 min
followed by cool down for 30 min and measurement at 540 nm on the
spectrophotometer. Standards were used to plot a calibration curve
based on known nutrient concentrations and spectrophotometer
readings, which was then used to determine nutrient concentrations
in samples.

Data analyses

Prior to formal analysis, all data were tested for normality and
homoscedasticity using a Shapiro-Wilk test and a Bartlett test,
respectively. To identify differences in Hsp-70, MDA, TAC, haemocyte
community, phagocytic activity, and nutrient concentrations among
treatments (control, hypoxia, acidification, and HA), we undertook
two-factor permutational-ANOVAs (factors: Hypoxia, Acidification,
two levels in each) on Euclidean distance matrices (3<n<15 per
treatment depending on the variable measured, see
Supplementary Tables 52, 53) followed by pairwise tests for significant
terms in PERMANOVA. Microbial community data were grouped by
phylum and were log (X + 1) transformed prior to analysis because of
the large number of zero values within the data set. To identify
differences in community structures among treatments, we performed
a two-factor permutational-MANOVA

(factor:  Hypoxia,
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Acidification) on Bray-Curtis similarity matrix (n=4). When
significant effects were detected, post-hoc pairwise tests were used to
determine which treatments differed. We then used an Analysis of
Similarity (ANOSIM) to identify the amount of overlap (similarity/
dissimilarity) in the community between treatments. Specific
microbial phyla that contributed to the differences between treatments
were identified using a Similarity Percentage test (SIMPER). The
microbial community data were then plotted on a heatmap and a
dendrogram was used for hierarchical clustering of microbial phyla.
All permutational-MANOVA, ANOSIM, and SIMPER tests were
performed on PRIMER+PERMANOVA (version 7). All normality
tests, homoscedasticity tests, and hierarchical clustering of microbial
phyla for heatmap were performed on R (version 4.12) using the
packages “stats” and “gplots”

Results
Oyster molecular defence

Throughout the experiment, less than 10% of oysters died across
all experimental treatments (total 14 individuals died out of 240: 3 in
control, 2 in acidification, 4 in hypoxia, and 5 in HA). However,
experimental treatments drove differences in the physiological
responses of oysters (Figure 1; Supplementary Table S2). Hsp-70
production was independently influenced by hypoxia and acidification
(Supplementary Table S2). Oysters exposed to HA produced the
highest concentrations of Hsp-70 (Figure 1A); approximately 600%
(t,=3.1738, p=0.023;
Supplementary Table S2), and 500% more than those exposed to
acidification (t;=3.0245, p=0.012). Oysters from HA conditions also
seemed to produce higher concentrations of Hsp-70 than those from

more than oysters in the control

hypoxic conditions, however these were not significant, likely because
of large variability (Figure 1A; t,=2.0412, p=0.078). Oysters from
hypoxic conditions produced approximately 120% more Hsp-70 than
those from control conditions (Figure 1A; ty;=2.3148, p=0.029), but
were within the same range as those from acidified conditions
(t;=1.2772, p=0.247). Finally, oysters from acidification conditions
did not produce significantly higher Hsp-70 concentrations than those
from control conditions (Figure 1A; t,=1.2131, p=0.317).

Overall, oysters from the different conditions produced similar
concentrations of MDA (Figure 1B; Supplementary Table 52), except
for acidification, meaning that oxidative stress was high in oysters
exposed to acidification. Oysters exposed to acidification produced a
higher concentration of MDA compared to those exposed to control
and HA conditions (Figure 1B; t;=3.6523, p=0.029, t,=3.4242,
Pp=0.043, respectively), but not compared to hypoxia (t;=2.5796
p=0.101: Supplementary Table S1). Finally, no difference in TAC was
observed across treatments (Figure 1C; Supplementary Table 52).

Oyster immune response

The number of granulocytes in oysters were influenced by both
acidification and hypoxia (Supplementary Table 53) demonstrating
that the immune system was impaired. Oysters exposed to HA and
acidification produced fewer granulocytes compared to control or
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Percentage change relative to control (mean+SE) in heat shock
protein 70 (Hsp-70; (A)), malondialdehyde (MDA; (B)), and total
oxidative capacity (TAC; (C)) measured from oysters exposed to
hypoxia, acidification, or both. Coloured bands around the x-axis
denote the variation (mean+SE) in oysters exposed to control
conditions. Concentrations of Hsp-70, MDA and TAC in control
conditions were 0.0014 (+0.0007) ng/mg, 0.071 (+0.03) pM/mg, and
0.0014 (+0.0002) mM/mg, respectively. Note the difference in scale
for each graph. Letters denote significant differences.

hypoxia oysters (Figure 2A; Supplementary Table S3). The number of
agranulocytes in oysters, were also influenced by acidification and
hypoxia, and their interaction (Supplementary Table 53). Agranulocyte
numbers in oysters from HA conditions were lower than those
exposed to hypoxia or acidification (Figure 2A; t;;=3.6789, p=0.002,
and t3,=2.3893, p=0.026, respectively), with counts in the latter two
being similar (t;; =1.0456, p=0.314), and lower than those in the
control (t;=5.2238, p=0.001, and t,;=5.8149, p=0.001, respectively).

The overall communities of haemocyte (both granulocytes and
agranulocytes) were significantly influenced by hypoxia, acidification,
or their combination (HA), with the proportion of granulocyte to
agranulocyte also differing (1:1.5 granulocyte to agranulocyte in
controls; Figure 2A; Supplementary Table S3). The haemocyte
community in oysters exposed to hypoxia were different from those
exposed to other experimental treatments in terms of counts and
proportion of granulocyte to agranulocyte (more granulocyte than
agranulocyte; ratio = 1:0.8; Supplementary Table S3). Oysters exposed
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Oyster haemocyte counts (mean+SE) differentiated as granulocytes and agranulocytes (A) and oyster phagocytic activity measured as the number of
fluorescent beads engulfed by haemocytes (mean+SE) (B). Letters and circles denote significantly different treatment groups.
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to HA and acidification had similar haemocyte community, that is,
similar counts and proportion of granulocyte to agranulocyte (1:1) to
each other (Figure 2A; t;3;=1.7916 p=0.059), but also the lowest
counts among all treatments (Figure 2A).

The phagocytic activity, that is the percentage of haemocytes that
engulfed one, two, three, or no beads, was influenced by hypoxia and
acidification which each independently reduced overall phagocytic
activity relative to control (fewer haemocytes engulfed 2 or 3 beads:
Figure 3; Supplementary Table S3). However, HA produced similar
phagocytic activity as control conditions as suggested by the
proportion of haemocytes engulfing 2 or 3 beads (Figure 2B;
Supplementary Table S3). Although oysters exposed to HA had lower
counts of haemocytes, their activity in terms of engulfment of beads,
was similar to oysters from control conditions (Figure 2B; t;¢=1.227,
p=0.212). Overall, a larger proportion of haemocytes from both
control and HA engulfed two or three beads, with very few engulfing
none. The phagocytic activity in oysters exposed to hypoxia and
acidification were similar to each other (Figure 2B; t,,=1.4234,
p=0.148). While the majority of haemocytes from these treatments
still engulfed two or three beads, a large proportion also engulfed only
one or no beads (Figure 2B).
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Microbial community

There was a clear difference in the microbial community structure
when oysters were present oysters, irrespective of the treatment,
compared when oysters were absent (Figure 3; Pseudo-F;3=101.01,
p=0.001). The microbial community associated with oysters was
characterised by microbes that are commonly observed in the
environment (benthos, water column) or as part of the microbiome of
organisms (e.g., the phyla Latescibacterota and Acidobacteriota), but
also multiple other phyla associated with organic matter degradation
(e.g., Hydrogenedentes, Sumerlaeota) or inorganic nutrient cycling

(e.g., Desulfobacterota, Nitrospinota, ‘uncultured” NBI-j,
Planctomycetota). The community structure of microbes associated
with oysters also differed among the four treatments

(Supplementary Table S4), albeit with some overlap in the number of
phyla (ANOSIM: 0.2 <R statistic <0.5). Therefore, differences among
the communities were driven by turnover in a few taxa rather than
wholesale community change. The community in acidified conditions
was distinguished by the presence of bacteria resistant to extreme
environments (e.g., phylum Deinococcota), organic carbon
(e.g. and

fermenting bacteria phylum Fermentibacterota),
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nitrite-oxidizing bacteria (e.g., phylum Nitrospinota) (Figure 3). On
the other hand, the community in hypoxic conditions was primarily
distinguished by the presence of bacteria from multiple phyla that
(e.g.
Halanaerobiaeota, Modulibacteria, and Thermotogota). In addition,

thrive in  anaerobic  conditions Deferribacterota,
pathogenic bacteria, such as from the phyla Firmicutes and
Spirochaetoses, contributed more to the hypoxic community
compared to all other treatments. Finally, in the HA treatment, the
microbial community was characterised by anaerobic bacteria and
organic carbon degraders (e.g., phyla Calditrichota, Cloacimonadota,

and Hydrogenedentes).

Nutrient cycling

The concentration of ammonium and nitrite were very low (close
to zero) in the absence of oysters under all treatments (Figure 4). In
contrast, the concentrations of both were high (> 15pmol/L for
ammonium and > 35 pmol/L for nitrite) in all experimental conditions
when oysters were present. The concentrations of ammonium was
higher in control and acidification treatments when oysters were
present compared to when they were absent (up to 25pmol/Lg;
Figure 4; t,=5.0176, p=0.016 and t;=3.4189, p=0.047, respectively),
but these concentrations were low compared to the concentration of
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nitrite in both control and acidification conditions in the presence of
oysters (both over 40 pmol/L; t;=7.8128, p=0.019 and t;=13.198,
p=0.018, respectively). Finally, nitrate concentrations remained
unchanged in the presence or absence of oysters or between different
treatments (Figure 4). The concentrations of ammonium were two
times higher under hypoxia and HA conditions compared to
acidification (Figure 4; t, = 3.3436, p=0.009 and ty=2.5076, p=0.036).
The concentrations of ammonium were higher under hypoxia
compared to control conditions (Figure 4; t,=2.9393, p=0.024), and
while the concentrations under HA seemed higher, they were not
statistically significant (t;=2.1081, p=0.057). No differences were
found in nitrite concentrations between treatments, except for
acidification where nitrite was lower compared to control conditions
(Figure 4; t3=2.2273, p=0.027). Finally, the concentration of nitrate
under hypoxia and HA were both less than that in acidification
(Figure 4;t,=3.2422, p=0.014 and t;=32.5526, p=0.007, respectively).

Discussion

Climate change is projected to drive more extreme fluctuations in
environmental conditions, potentially exposing organisms to periods
of physiologically stressful conditions, especially with compound
changes in two or more environmental conditions. For habitat forming
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(mean+SE) measured from seawater in the presence and absence of
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oysters within each treatment.

organisms (e.g., oysters, mussels, seagrasses, or corals), physiological
stress can quickly cascade into ecosystem-wide consequences
(Wernberg et al, 2013) through changes in performance of the
organism that result in changes in their function (e.g., loss of habitat
forming capacity or changes in ecological processes in which they are
involved). Here, we show that acidification, and its combination with
hypoxia (HA), were particularly stressful to oysters and caused a large
molecular response. Simultaneously, acidification, hypoxia, and HA
impaired the immune response of oysters. More importantly, however,
changes to the oyster-associated microbial community under altered
conditions drove a loss in efficiency of nutrient cycling in hypoxic and
HA conditions.

The physiological response of oysters differed based on the type
of environmental stressor they were exposed to, but, overall, both
molecular processes and immune response were impacted. Oysters
exposed to acidification produced a higher concentration of MDA,
suggesting an increased lipid peroxidation and oxidative stress (Tsikas,
2017), a response commonly observed in oysters exposed to
acidification (Tomanek et al., 2011; Mackenzie et al., 2014; Wang et al.,
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2016, 2020). Simultaneously, oysters exposed to acidification produced
fewer haemocytes and the phagocytic capacity of these haemocytes
was also reduced. The reduction of haemocytes and phagocytosis is
generally representative of stressful conditions (Mackenzie et al., 2014)
and here it could be indicative of two responses. First, energy may
have been redistributed towards production of MDA for reduction of
oxidative stress within the organism, at the expense of the immune
system (trade-off mechanism; Rauw, 2012). Second, oxidative stress
within the haemolymph may have reduced phagocytic capacity of
haemocytes by impacting cell membrane strength (e.g., Xie et al,
2017; Cao et al,, 2018). The low haemocyte production and phagocytic
activity means that extended exposure to acidification can severely
impact oyster immune capacity, both through impaired molecular
response and immune response, and, therefore, increase their
susceptibility to pathogens.

Opsters exposed to hypoxia did not respond through changes to
molecular defence, but their immune capacity was significantly
lowered. Specifically, we found that both the number of granulocytes
and agranulocytes in oysters were reduced indicating a reduction in
innate immune capacity (Jiang et al., 2016). Depressed immune
capacity (haemocyte counts and phagocytic activity) under hypoxic
conditions has been observed in a range of organisms (Wang et al.,
2012; Chen et al., 2017; Wang et al,, 2017; Shen et al., 2019; Zhan et al,,
2022), and is often considered a major contributor to mortality
because of the associated susceptibility to pathogenic load (Ellis et al.,
2011). In our experiment, exposure to hypoxic conditions for 16 days
did not have major lethal consequences likely because of the controlled
conditions that organisms were reared in (that is natural pathogens
were not as prevalent as they could be in the natural environment).
However, considering that hypoxic conditions on the benthos can last
for days up to months (Levin et al., 2009; Qian et al., 2018), and oysters
inhabit dynamic coastal environments where pathogens are more
prevalent (either occurring in the natural environment or resulting
from anthropogenic discharge), it is likely that prolonged hypoxia will
drive higher mortality rates of oysters in natural ecosystems.

The coupled impact of acidification and hypoxia tends to
be synergistically negative on organismal physiology (Gobler et al.,
2014; Gobler and Baumann, 2016) and can cause rapid mortality
(Chan et
substantially more Hsp-70 under combined hypoxic and acidified

al., 2019). In our experiment, oysters produced
conditions and their haemocyte counts decreased considerably. Yet,
the phagocytic activity (proportion of cells that engulf beads)
remained similar to that of oysters from the control conditions (i.e.,
most cells engulfed three and few engulfed less than two beads) and,
most importantly, mortality remained low. This combination of
responses suggests that oysters under HA conditions likely
experienced acute physiological stress. As the production and
chaperoning action of HSPs are ATP-dependent processes that
require high levels of aerobic metabolism and come at a high
energetic cost (Feder and Hofmann, 1999; Sokolova et al,, 2012),
our results suggest that a large amount of energy may have been
directed towards the production of Hsp-70 chaperones that serve
to maintain protein integrity (Mayer and Bukau, 2005). The
increased Hsp-70 production suggests that the organisms
experienced protein damage, a condition commonly driven by
excessive oxidative stress that rapidly affects the structure and
activity of proteins (Reichmann et al., 2018). Therefore, rather than
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allocating energy towards reduction of oxidative stress (e.g., MDA),
oysters may have allocated energy towards maintaining the
structure of the rapidly deteriorating proteins (by producing Hsp-70
chaperones). Finally, the low counts of haemocytes but strong
phagocytic capacity indicates that energy may have also been
invested towards efficient immune response, such as through repair
of haemocyte cell membrane (Xie et al., 2017), rather than
production of more haemocytes. The investment in repairing
haemocyte cell membranes could be driven by an increasing
pathogenic load or deteriorating tissue that required haemocytes to
respond (Bachere et al., 2015), but the large amount of energy
already allocated to Hsp-70 production meant that production of
new haemocyte may be too costly, and maintenance of already
existing haemocytes provided a better trade-off. Overall, these
results suggest that the combined effects of hypoxia and acidification
are physiologically costly to oysters and can rapidly increase their
susceptibility to pathogens.

The microbial community associated with the oysters was
affected by exposure to different environmental stressors.
Considering that the microbial community structure was modified
(enriched differently) in different environmental conditions, it is
conceivable that short-term rapid environmental change will drive
some extent of oyster holobiont restructuring in natural systems
(e.g., some microbes that were more suited to exploit or survive in
the acidification, hypoxia, or both conditions, and, therefore,
became more prevalent in these conditions). While oyster holobiont
research remains limited, similar changes in some microbial
taxonomic groups within the holobiont have been observed when
exposed to similar environmental stressors for the Sydney rock
oysters (Saccostrea glomerata; Scanes et al., 2021a,b), some sponges
(Ribes et al., 2016; Posadas et al., 2022) and some corals (Bourne
et al, 2016; Meunier et al, 2021). However, complete/broader
turnover of associated microbial communities is not often observed
(Meron et al., 2012; Bourne et al., 2016; Zhou et al., 2016; Ge et al.,
2021). Broader host associated microbial community turnover is
more likely to occur after long-term exposure to changed
environments, such as in oysters exposed to 2,800 ppm pCO, for
80 days (Unzueta-Martinez et al., 2021) or clams exposed to several
years of increased temperature (Neu et al., 2021). Our results, along
with findings from other studies, therefore, suggest that host
associated microbial communities can be subject to important shifts
in enrichment that cause compositional changes driven by
alterations to their environment.

The two times lower concentration of ammonium than nitrite
(ratio of approximately 1:2) suggest perhaps low ammonium release
through bio-deposits by oysters but, importantly, efficient
nitrification rates by microbes in both control and acidification. In
contrast, the doubled ammonium concentration in hypoxic and HA
conditions compared acidification, and to some extent, control
conditions suggest more ammonium release by oysters in hypoxic
and HA conditions. A probable explanation of for the increased
ammonium concentrations is that increased stress induced higher
filtration rates (energy acquisition), which lead to more ammonium
excretion. While we did not directly measure filtration rates, the
linkage between physiological stress, filtration rates and ammonium
releases has previously been established (e.g., Guzmén-Agiiero
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etal, 2013). The 1:1 ratio of ammonium to nitrite in hypoxic and
HA conditions also suggest approximately 50% less efficient
nitrification compared to control or acidification conditions.
Therefore, the changes in ammonium and nitrite concentrations
measured in our study suggest high nitrification capacity by
microbes in the acidification treatment, that is a possible increase
in nitrification by microbes in acidified conditions compared to
control or other treatments. Under hypoxia and the combination of
stressors, however, the high concentration of both ammonium and
nitrite measured in the experiment suggest ammonium release by
oysters (e.g., through excretion) may be higher and that although
nitrification was maintained, there was loss of nitrification
efficiency/capacity under hypoxia and HA conditions.

Overall, our study shows that the oyster holobiont can maintain
some reduced nutrient cycling capacity under acidification or hypoxic
conditions, or their combination, as long as the host itself can regulate
its physiological processes. The enrichment of microbial communities
seemed to change mostly in an exploitive manner based on the
environmental conditions. However, it is also clear that processes such
as nitrification become less efficient in hypoxic and combined hypoxic
and acidified conditions. On the other hand, oyster molecular defence
and immune capacity was impacted under both acidification and
hypoxia, and even more so under the combined stressors. While
mortality was low under all altered conditions, the decreased immune
capacity coupled with other physiological impairments would likely
render oysters vulnerable to pathogens and other future environmental
stressors. If there was a resultant increase in mortality and decline in
oyster populations this would drive a drastic loss of the functions
associated with the oyster holobiont. The negative impact of climate
change on oyster physiology and holobiont functions, therefore, has
implications for the future of oyster reefs whereby the increase hypoxic
and acidified conditions in coastal environments could render
conservation and restoration efforts less able to achieve their
full potential.
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Tropical reefs are commonly transitioning from coral to macroalgal dominance,
but the role of macroalgae in coral decline remains inadequately understood. A
growing body of research suggests that algae may harm corals via disruptions to
the homeostasis of the coral holobiont, including resident microbial communities,
but the processes that mediate these potential microbial effects and the spatial
scales at which they operate are uncertain. Resolving the relative importance
and context dependencies of microbially-mediated algal-coral competition is
critical for understanding and predicting coral dynamics as reefs further degrade.
In this review, we examine the current state of knowledge surrounding algal
impacts on corals via disruption of their microbiomes, with a particular focus on
the mechanisms hypothesized to mediate microbial effects, the scales at which
they are thought to operate, and the evidence from laboratory- and field-based
studies for their existence and ecological relevance in the wild. Lastly, we highlight
challenges for further advancing the field.

coral reef, coral, microbiome, macroalgae, coral-algal competition, microbial
interactions, dysbiosis

1. Introduction

Microbiomes can alter the development, health, function, and behavior of humans and other
hosts (Markle et al., 2013; McFall-Ngai et al., 2013; Gensollen et al., 2016). This realization
generated an understandable interest in investigating the potential impacts of host microbiomes
and their dynamics on the ecological health and function of a wide range of species playing
critical roles in the structure and function of natural ecosystems (Ritchie, 2006; Barott and
Rohwer, 2012; Krediet et al., 2013; McDevitt-Irwin et al, 2017). This is especially true for
scleractinian corals, which are the foundation species of tropical reefs but have declined
precipitously in recent decades as a variety of anthropogenic stressors increased in frequency
and severity (e.g., overfishing, ocean warming, pollution, etc.; Bellwood et al., 2004; Hughes
etal, 2010, 2018; Jackson et al., 2014). Mutualistic interactions among the coral animal, the
symbiotic dinoflagellates that reside in and transfer photosynthates to the coral host, and a
number of external symbionts, including crabs, shrimps, and fishes that protect corals from
predators or competitors in return for a safer living space were already known and appreciated
(Glynn, 1983; Stachowicz and Hay, 1999; Dixson and Hay, 2012). However, the possibility that
this already “tangled bank” of symbiotic interactions might also depend on a wealth of
undescribed mutualisms involving unappreciated microbes offered a new vision of deep
biological complexities that proved irresistible for microbiologists and coral reef investigators
(e.g., Ritchie, 2006; Vega Thurber et al., 2009; Barott and Rohwer, 2012; Haas et al., 2016;
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Clements et al., 2020b). If appropriate microbiomes are critical to the
wellbeing of this crucial group of foundation species, then
understanding, and possibly remedying, microbial imbalances on
corals might offer novel means for conserving or restoring reefs
(Santoro et al., 2021; Voolstra et al., 2021).

These new insights initiated a wealth of studies involving coral
microbiomes. Because corals were often replaced by macroalgae as
reefs degraded, many investigations focused on the potential impacts
of macroalgae on coral microbiomes and the role that algal-
microbiome interactions might play in coral demise. We overview
hypotheses and information on these interactions below. We do not
attempt to be comprehensive of all studies to date, but rather try to
elaborate major findings, issues, and remaining challenges.

Coral decline is often accompanied by increases in benthic algae,
which compete with corals for space and now dominate the benthic
landscape on numerous tropical reefs (Hughes, 1994; Mumby and
Steneck, 2008; Roft and Mumby, 2012; Rasher et al., 2013). In general,
competition with algae is expected to further exacerbate coral decline
as macroalgae proliferate and interactions with remaining corals
increase in frequency and intensity (Mumby et al., 2007; Bonaldo and
Hay, 2014). Numerous studies have demonstrated that algal
competitors suppress coral growth (River and Edmunds, 2001;
Clements et al., 2018, 2020b), fecundity (Foster et al., 2008; Monteil
et al., 2020), recruitment (Birrell et al., 2008), and survival (Box and
Mumby, 2007); however, the extent to which algal competition is a
driver of coral stress and demise versus a response to coral stress and
demise due to other causes is uncertain (Bruno et al., 2009; Dudgeon
etal, 2010; Mumby et al., 2012; Schmitt et al., 2019). These drivers
may also be context dependent (e.g., Bruno et al., 2007; Mumby et al.,
2007; Mumby and Steneck, 2008; Rasher et al., 2011; Vega Thurber
etal, 2012; Clements et al., 2020b), making the general role of algae
in suppressing corals via impacts on coral microbiomes uncertain.

Despite uncertainties, it has become common to assume that
changes in coral microbiomes may be a driver of coral demise rather
than a response to coral stresses from other sources (Barott and
Rohwer, 2012; Haas et al., 2016; Nelson et al., 2022). The difficulties of
separating microbial causes of coral demise from microbial responses
to coral demise are complicated by a general inability to identify
microbial pathogens causing coral diseases despite considerable efforts
to do so (Barott and Rohwer, 2012; Vega Thurber et al., 2020). In many
cases, coral diseases are correlated with a polyculture of different
microbes; some may be pathogens, some detritivores responding to
the dead tissues, a mix of both, or normally benign coral associates
that become opportunistic detritivores or pathogens when corals are
compromised by other stresses (Vega Thurber et al., 2020). Despite
our enthusiasm for understanding the role that microbes may play in
coral dynamics and responses to stress, it is necessary to remember
that predictable co-occurrence need not indicate a cause rather than
a consequence of demise. A consistent change in coral microbiomes as
corals sicken need not indicate that the microbial changes are a cause
rather than a consequence of the coral’s demise. Additionally, it is
common for studies of microbial shifts on reefs, or of the pathways the
microbes are up-regulating (pathogenicity, etc.), to assume these shifts
or changes in metabolism will lead to coral demise without
investigating co-occurring changes in corals. Of the 45 studies
we found addressing how shifts in microbes on coral reefs might
impact corals, fewer than half (44%) assessed for effects on
co-occurring corals (Supplementary Table S1).
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Extensive investigations into the dynamics of coral-algal
competition have been undertaken in recent decades—ranging from
experimental field manipulations pairing corals and algae or excluding
herbivores to assess the effects of algal proliferation, to broader scale
correlations of coral recruitment and survivorship on algal-dominated
versus coral-dominated reefs (Birrell et al., 2008; Beatty et al., 2018).
Within some of these efforts, there was an interest in linking observed
algal effects to the complex association between the coral animal and
its associated microorganisms (protists, bacteria, archaea, fungi, and
viruses)—collectively referred to as the coral microbiome. These
associates can be integral to a variety of host functions that facilitate
or hinder coral growth, health, and survival. Among the most well-
known facilitators of coral health are endosymbiotic Symbiodinium
algae that provide photosynthates to the coral host, but increasing
evidence suggests that other associates such as bacteria also play
integral roles in metabolism, nutrient dynamics, resistance to
pathogens, and immune response (Thompson et al., 2014; Bourne
et al., 2016), and may help corals tolerate or adapt to stressful
conditions (Rosado et al., 2019; Santoro et al.,, 2021). Conversely,
stresses associated with algal competition may disrupt these
relationships, potentially compromising coral health (Zaneveld et al.,
2017). These competing notions (microbiome changes as adaptive for
versus detrimental to the holobiont) make it impossible to interpret
the fitness-related consequences of microbiome change without a
better “natural history” of the functional role of individual microbes,
or consortia of microbes, to the well-being of the holobiont. An
adequate natural history understanding is not presently available.

Harmful algal effects to corals observed at the macroscale, such as
reduced coral growth, survival, and recruitment (Vermeij et al., 2009;
Bulleri et al., 2018), commonly, but not always (Clements et al,
2020a,b), co-occur with alterations to the coral holobiont—often via
changes in composition, abundances, or dispersion of resident
microbes that are thought to be indicative of microbial dysbiosis (i.e.,
increases in harmful or loss of beneficial microbes; Vega Thurber et al,,
2012; Zaneveld et al., 2017). Algal-induced microbiome changes are
hypothesized to occur via several mechanisms that vary in their mode
of action, and as a consequence, the potential extent and severity of
their impacts. These are thought to include contact-mediated
mechanisms that likely act at localized scales of centimeters or less
near the coral-algal interface (Brown and Carpenter, 2015; Jorissen
etal, 2016; Clements et al., 2020a,b), as well as via algal release into
the water of compounds that may be advected to corals centimeters to
meters downstream of algal competitors (Barott and Rohwer, 2012).
Each has substantially different implications for potential trajectories
of coral reef decline and recovery.

Algae have been implicated in disrupting the coral holobiont (e.g.,
reduced Symbiodinium densities; Quan-Young and Espinoza-Avalos,
2006), with most research to-date focused on disruptions to coral
microbiomes (Rosenberg et al., 2007; McDevitt-Irwin et al., 2017).
Indeed, microbially-mediated competition is now commonly stated
to be among the primary processes involved in coral-algal interactions
and a potential driver of coral decline (Barott and Rohwer, 2012;
McDevitt-Irwin et al., 2017). However, the degree to which altered
coral microbiomes are: i) a cause of coral decline, ii) a response to
coral decline caused by other stresses, or iii) an adaptive response of
the coral to alter its microbiome to better fit the new ecological
conditions and enhance holobiont fitness is often unclear. The
mechanisms by which algae affect coral holobionts appear
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multifactorial, context-dependent, and not mutually exclusive.
Resolving their ecological relevance and the spatial scales at which
competing algae impact microbiome dynamics remains a challenge
that has important implications for efforts to predict, manage, and
restore coral populations on increasingly degraded reefs.

Below, we discuss the current state of knowledge surrounding
algal effects on coral holobionts, with a special focus on whether, how,
and under what conditions macroalgal effects on corals are mediated
via impacts on coral microbiomes. Our goal is to examine the
ecological scales at which these processes operate, the evidence to-date
for their effects on corals, and how these may differ under the lab
settings that facilitate careful monitoring versus the field conditions
under which corals and macroalgae actually live and interact. We are
particularly interested in exploring the relative importance of contact-
versus water-mediated interactions in driving changes to coral
microbial communities, as well the potential adaptive capacity and
resilience of the coral host to such disruptions. These distinctions may
prove critical for understanding the likelihood of various conservation
measures proving effective under field conditions.

2. Algal effects via contact versus
effects at a distance

The spatial scale at which algal-coral interactions occur and how
this may vary with species combinations or environmental context can
be critical for understanding these interactions. If contact is required,
then corals may be able to counter or limit algal impacts via offensive
sweeper tentacles (Wellington, 1980) or commensal crustaceans or
fishes that remove nearby macroalgae (Stachowicz and Hay, 1999;
Dixson and Hay, 2012). In contrast, if algae can damage corals at a
distance by releasing water-soluble compounds that destabilize critical
microbiomes on corals downstream (Barott and Rohwer, 2012), then
ecological countermeasures by corals or their symbionts may
be ineffective, leaving the longer-term option of evolving resistance to
these effects as the primary avenue of response. In summary, it is
important to understand whether algae function more as: i) “toxic
paint brushes” damaging corals only on contact, ii) “sewage outfalls,”
spilling organic pollutants that damage downstream corals at a
distance, or iii) some of both, depending on environmental
circumstances and species combinations.
field- and
demonstrated adverse effects for corals that are directly contacted by

Numerous laboratory-based studies have
macroalgae (McCook et al., 2001; Rasher and Hay, 2010; Bonaldo
and Hay, 2014; Vieira et al., 2016b; Clements et al., 2018), with an
increasing number also documenting concurrent shifts in coral
microbiomes (Vega Thurber et al., 2012; Morrow et al., 2013;
Zaneveld et al., 2016; Pratte et al., 2018; see Supplementary Table S1).
Experiments focused on the mechanistic basis of these microbial
dynamics or their ecological impacts are less common, but
increasing evidence suggests that direct mechanisms such as algal
abrasion or shading (Clements et al., 2020b), as well contact-
mediated transfer of hydrophobic allelochemicals (Rasher and Hay,
2010; Rasher et al,, 2011; Morrow et al., 2012, 2017), organic matter,
or microbial pathogens (Nugues et al., 2004; Barott et al., 2012; Sweet
etal, 2013; Vieira et al., 2016a), are capable of inducing microbiome
changes that may, or may not, constitute dysbiosis (i.e., change can
be damaging or an adaptive response).
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Though it has been suggested that physical mechanisms play only
aminor role in coral-algal competition (Barott and Rohwer, 2012; but
see Box and Mumby, 2007), recent field-based manipulations
demonstrated that biologically inert algal mimics reduced coral
growth and photosynthetic efficiency, and altered resident microbial
communities in a comparable manner to live algae common to
degraded reefs (Morrow et al., 2012; Clements et al., 2020b), including
species known to damage corals via allelopathy (Galaxaura spp.;
Rasher and Hay, 2010; Rasher et al., 2011). Tank-based studies have
also reported comparable effects on coral microbiomes between
mimics and live algae, but this varied based on the coral-algal species
pairs tested and was not consistently reflected in the physiological
metrics being assessed (i.e., percent tissue bleaching, photosynthetic
efficiency; Fong et al., 2020). Under ecologically realistic scenarios,
contact-mediated stressors likely work in concert to alter the coral
holobiont, potentially facilitating dysbiotic after-effects (e.g., pathogen
invasion), but this will depend on the species involved and interaction
context. It is also useful to recognize that microbiome changes need
not be detrimental to a coral. Changes could be neutral or even
beneficial allowing the coral to adapt to new stresses via its microbial
associates. One way of addressing this is to measure correlates of coral
fitness (e.g., growth or photosynthesis) as changes in microbiome
dynamics are assessed under realistic field conditions. This is relatively
rare—with only seven of the 45 studies in Supplementary Table S1
(~16%) conducting such experiments.

The potential for algae to harm corals at a distance through
changes to coral microbiomes has gained considerable attention in the
past two decades and is hypothesized to be an important contributor
to coral decline (Barott and Rohwer, 2012; Haas et al., 2016; Nelson
etal., 2022). Early lab studies demonstrated that algae held in small
containers and separated from immediately adjacent coral by filters
that should prevent passage of microbes caused coral damage without
direct contact; this effect was suppressed or nullified by the addition
of antibiotics (Smith et al., 2006). The coral damage in these
experiments was associated with a decline in oxygen where corals
were immediately adjacent to macroalgae, suggesting that dissolved
organics (e.g., dissolved organic carbon=DOC) leaking from algae
were fueling microbial growth, lowering O,, and stressing or killing
adjacent coral tissue via hypoxia. This, and related experiments (Haas
et al, 2011, 2013, 2016; Nelson et al., 2011, 2013; Walsh et al., 2017),
lead to positing the DOC, disease, and algae model (DDAM),
suggesting that algae release bioavailable DOC into surrounding
waters, that the released compounds stimulate growth and respiration
of reef microbes, that the released DOC may produce effects
centimeters to meters downstream (Barott and Rohwer, 2012), and
that this harms corals via hypoxia (Haas et al., 2011). In this scenario,
microbial community changes do not simply correlate with macroscale
changes in reef benthic communities, but actively promote feedback
loops that suppress corals and accelerate transitions towards degraded
reefs dominated by macroalgae.

The above models are supported by laboratory investigations
demonstrating microbial changes in seawater of various algal-
associated dissolved organic compounds (Kline et al.,, 2006; Haas et al.,
2011, 2013; Nelson et al., 2013) and adverse effects on corals at
distances of centimeters or less (Jorissen et al., 2016; Fong et al., 2020).
Limited field collections (1=2-4) of water within, or near, the benthic
boundary layer above an area dominated by a coral, macroalga, turf
alga, or a zoanthid found differences in water microbiomes across these
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collections and that all differed from water samples collected three
meters above these substrates (Walsh et al., 2017), indicating localized
but not reef-wide impacts. Walsh et al. (2017) also probed for functions
and noted halos of microbiomes above turf algae were expressing
functions suggesting pathogenic activity. However, many pathogens
have a narrow host range and pathogenicity to corals, or damage to
corals of any sort, was not assessed. Even when one probes for function,
detects activation of pathogenicity, and knows the host that can
be infected, there is no assurance that this will result in successful host
attack. Microbial physiology alone is insufficient as a proof of coral
damage; one needs to actually assess damage to nearby corals.
Numerous studies do not do this (Supplementary Table S1). Several
field studies do not find corals being damaged by seaweeds unless there
is direct contact (Rasher and Hay, 2010; Rasher et al., 2011; Clements
etal, 2018, 2020b), thus the potential effects of seaweeds on corals or
their microbiomes across distance needs confirmation under field
conditions. Of the 45 studies in Supplementary Table S1, only five
tested for effects on coral microbiomes via dissolution over a distance
(see Supplementary Table S1). Two were conducted in the field under
natural conditions of flow and found no effects at cm scales (Barott
etal, 2012; Clements et al., 2020b); two lab studies in closed containers
demonstrated water-soluble effects (Smith et al., 2006; Fong et al,
2020) and one correlative field study found patterns suggestive of such
effects (Briggs et al., 2021).

Several issues may constrain laboratory studies conducted in still
enclosures or in containers with limited flow from translating to the
field where flow, advection, turbulence, and various biotic processes
may diminish or completely counter effects noted under laboratory
conditions. As examples: i) DOC concentrations will accumulate in
lab containers in a manner that might rarely occur given flow
conditions in the field, ii) fragmenting macroalgae to place them in
lab containers may cause more leakage of DOC or other algal
metabolites than occurs under intact conditions in the field, and iii) if
microbes are stimulated by DOC from algae, it is likely that they will
colonize algal surfaces and draw DOC down as it emerges rather than
leaving it to drift downstream to be used by other microbial
competitors. This latter possibility is supported by a 4-year study of
DOC and bacterioplankton concentrations in oceanic water as it
passed from the ocean over the reef crest, lagoon, and fringing reefs
in Moorea, French Polynesia, with the latter areas all supporting large
areas of macroalgae. In this investigation, Nelson et al. (2011) found
that both DOC and bacterioplankton declined significantly, rather
than increasing, as low DOC oceanic water moved across these algal-
rich reefs. A possible explanation is that microbial populations
inhabiting the considerable surface areas of macroalgae were able to
not only consume all DOC released by the macroalgae, but to also
draw down further the low DOC concentrations from the oceanic
waters. If this is the case, then DOC from macroalgae is unlikely to
be affecting coral microbiomes at a distance.

A careful field study on reefs in Moorea, French Polynesia, found
that algal-coral interactions and the effects of these on microbial
concentrations in the water were highly context dependent and varied
as a function of flow conditions, the types of algae involved, whether
the up-stream or down-stream side of the coral was considered, etc.
(Brown and Carpenter, 2015). These authors concluded that algal
release of DOC and its negative effects on corals via microbially-
mediated hypoxia, could likely occur, but only under constrained
conditions of low flow, very small spatial scales, and certain algal-coral
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combinations (e.g., turf algae that could hold DOC in the diffusive
boundary layer on the down current side of a massive coral). Field
sampling by Walsh et al. (2017) also found effects on water sample
microbiomes taken within centimeters of macroorganisms, but not at
meter scales. More critically, when numerous macroalgae and corals
were paired in the field on reefs in Fiji or Caribbean Panama, almost
all algal damage to corals was detectable only on coral portions
experiencing direct algal contact (i.e., in most pairings, no detectable
damage occurred only millimeters away) and the damage seen in
algal-coral pairings could be replicated via extracts of non-polar
metabolites that would not be dispersed via dissolution into water
(Rasher and Hay, 2010; Rasher et al., 2011).

Bolstering this effect of direct contact versus compounds dispersed
via DOC dissolution, when corals (Acropora millepora and Porites
cylindrica) were transplanted into dense algal beds, their growth was
significantly suppressed, but when macroalgae were cleared for only
centimeters around them—preventing direct contact—there was no
effect on coral growth (Clements et al., 2018). Unfortunately, these
investigations did not evaluate algal effects on coral microbiomes, but the
types of tissue bleaching and death seen in earlier lab-based experiments
(Smith et al., 2006) were not apparent in these field assays unless
macroalgae were physically contacting corals.

A more recent lab-based experiment involving three coral species
(Merulina ampliata, Montipora stellata, and Pocillopora acuta) found
that microbiome composition of one species (M. stellata) was altered
when in close proximity (~5cm) to macroalgae (Lobophora sp. and
Hypnea pannosa) in 3-liter tanks, but adverse effects on coral
physiology (e.g., percent tissue bleaching, photosynthetic efficiency)
required direct algal contact (Fong et al, 2020). Similarly,
photosynthesis and growth of corals (A. millepora) in the field were
suppressed when corals were in direct contact with live algae
(Sargassum polycystum or Galaxaura filamentosa) or inert algal
mimics, but were unaffected when algae or algal mimics were 1.5cm
distance away from corals and contact was prevented (Clements et al.,
2020b). Coral microbiomes were also largely unaffected in
composition, variability, or diversity by any of the treatments; however,
a few uncommon taxa did differ among treatments. These experiments
suggest that under most ecologically realistic field conditions, the
negative impacts of macroalgae on corals are limited to contact and
rarely affected by DOC liberated by the macroalgae.

3. Coral microbiome stabilit%/ on algal-
versus coral-dominated reefs

Determining the relevant ecological scales at which negative algal
impacts operate not only depends on characteristics inherent to algae
(e.g., ability to stimulate copiotrophic microbial activity via algal-
induced DOC) and the abiotic environment (e.g., flow dynamics), but
also the ability of the coral to maintain holobiont homeostasis despite
external, potentially stressful, conditions (Sunagawa et al., 2010;
Webster et al., 2016; Zhou et al., 2016; Marcelino et al., 2017; O’Brien
et al., 2018; Reigel et al., 2021; Diaz-Almeyda et al., 2022). Studies
assessing differences in microbiomes of corals from algal- versus
coral-dominated reefs have yielded mixed results but suggest that
some corals are regulating their microbiomes despite macroalgal
dominance and that coarse-resolution microbial metrics alone may
be ill-suited for assessing potential algal effects. For example, Beatty
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et al. (2018) found that neither adults nor larvae of the coral
Pocillopora damicornis differed significantly in microbiome
composition between adjacent coral- and algal- dominated reefs in
Fiji, but adult P damicornis microbiomes were more variable (i.e.,
greater beta-dispersion) and enriched in low abundance (<2%) of
potentially pathogenic taxa from the family Vibrionaceae (e.g.,
Vibrio shilonii).

As reported in other studies, Beatty et al. (2019) found that
microbiome composition of benthic seawater differed between adjacent
coral- and algal-dominated reefs, but in contrast to what might
be expected in these differing environments, the community composition
of microbiomes from three coral species (A. millepora, P damicornis, and
P, ¢ylindrica) collected from these differing locations did not differ within
species. However, one species (A. millepora) did exhibit greater
microbiome dispersion, reduced abundance of a putative beneficial
Endozoicimonaceae indicator taxon, and reduced ability to suppress a
common coral pathogen (Vibrio coralliilyticus) when corals were sampled
from macroalgal-dominated reefs versus coral-dominated reefs. When
fragments of the same three coral species were reciprocally transplanted
between paired coral- and algal-dominated reefs, two species (A. millepora
and P. damicornis) exhibited differences in microbiome composition
based on the type of site from which they were collected (both species) or
transplanted to (P. damicornis only; Beatty et al, 2022). These differences
were again largely driven by reduced relative abundances of
Endozoicimonaceae and enrichment of Vibrionaceae sequences.

Together, the findings outlined above suggest that some corals
maintain broad-scale microbiome community composition despite
marked, and sometimes dramatic (Beatty et al., 2019, 2022),
differences in macroalgal abundance and in the surrounding benthic
and water column microbial community. They also suggest that
relevant algal effects may involve more nuanced differences in coral
microbiomes than coarse-scale metrics such as community
composition (i.e., small or modest changes in rare microbes may
produce important effects). Similar findings have been reported for
other marine organisms, such as sponges and macroalgae, which can
exhibit overall microbiome stability and minor shifts in less abundant
taxa despite occurring on reefs differing in algal abundance and in
water column microbiomes (Chen and Parfrey, 2018; Campana et al.,
2021). It also is consistent with other studies that found stressor-
induced changes to coral microbiomes (e.g., via corallivory,
temperature, fish feces) were spatially and temporally constrained
(Clements et al.,, 2020a; Ezzat et al, 2021), and dovetails with
macroscale assessments of coral well-being (e.g., growth) that suggest
algal effects require direct contact (Clements et al., 2018, 2020b) and
that negative effects cease relatively quickly following algal removal
(Clements et al., 2018; van Duyl et al., 2023).

Furthermore, none of the aforementioned comparisons precluded
contact between coral and algae within algal-dominated sites and thus
did not assess potential contact- versus water-mediated effects. We are
aware of only one correlative field-based study that has attempted to
assess microbial community changes as a function of benthic algal
cover and algal contact. The authors’ reported a mix of coral
microbiome responses, including antagonistic effects of algal contact
and macroalgal cover for broad-scale metrics such as microbiome
composition and dispersion, as well as changes in relative abundances
of specific microbes that were more pronounced based on algal
contact than cover (Briggs et al, 2021). Higher-resolution
investigations, including assessments of the “core microbiome”
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(Ainsworth et al., 2010, 2015; Bourne et al., 2016), more specific
indicator taxa, or other microbial metrics (e.g., potency of pathogen-
suppressing extracts; Beatty et al., 2019, 2022), may be necessary to
reconcile disparate findings and adequately evaluate coral responses
to changes in reef state and how these vary with direct contact versus
close proximity.

4. Qutstanding questions and
challenges

Despite the considerable progress in studies of algal impacts on
coral holobionts, questions remain concerning the mechanistic basis
of algal-coral-microbiome interactions, their impacts on coral fitness,
and how this may be impacting conservation, management, and
restoration of degraded reefs. The majority of correlative studies
assessing the relationship between algal cover and reef
“microbialization” have focused on sampling and assessing differences
in the microbiomes of water slightly above the substrate on coral-
versus algal-dominated reefs (Haas et al., 2011, 2013, 2016; Nelson
et al.,, 2013; Walsh et al., 2017; Meirelles et al., 2018; Silva et al,,
2021)—Dbut not to corals themselves (see Supplementary Table S1)—
making it difficult to discern whether and how proposed models of
indirect algal effects (e.g., DDAM) translate to microbial changes
within the coral holobiont, or whether such changes have negative
effects on coral fitness. These knowledge gaps represent a formidable
challenge for future efforts to understand the impacts of algae on coral
holobionts, but also an opportunity to foster greater integration and
collaboration between field- and lab-based experimentalists whose
complementary both fields

approaches can  strengthen

via collaboration.

4.1. Understanding context-dependence

The ecologically relevant scales at which algae alter coral
microbiomes, and the consequences of microbiome change for the
host holobiont may have dramatically different implications for
trajectories of coral decline or resilience. Laboratory-based
experiments suggest that algae can influence coral microbiomes at
limited distances (< 5cm; Jorissen et al., 2016; Fong et al., 2020) via
water-mediated mechanisms, but manipulative field experiments
to-date have yet to detect similar effects at this spatial scale (Brown
and Carpenter, 2015; Clements et al., 2020b); thus, the ecological
relevance of water-mediated processes thought to operate in the wild
(e.g., DDAM; Haas et al,, 2016) remain uncertain. Indirect algal effects
on microbiomes in situ appear likely, but will depend on interaction
context and may occur under only a limited set of conditions (Brown
and Carpenter, 2015). Rigorous field studies under variable conditions
of flow, turbulence, and advection need to be conducted to bound the
conditions under which algal effects at a distance may occur.

4.2. A natural history of microbes is needed
We know too little of the real effects of particular microbes in nature.

This is readily evident in coral reef ecosystems, which are being
dramatically impacted by disease, but in many cases the specific causative
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microbial agent(s) of disease remain unknown (Mera and Bourne, 2018;
Vega Thurber et al., 2020). Our considerably greater understanding of
human microbial pathogens has taken centuries and large amounts of
human and financial capital to achieve since Pasture’s initial studies. The
history of successes and failures in human studies can help inform
marine approaches (Pollock et al, 2011). Erecting and understanding the
natural history and epidemiology of coral diseases will not be easy and
may require reevaluating traditional etiological paradigms. For example,
recent calls to move beyond the “one pathogen—one disease” model of
coral disease (Vega Thurber et al., 2020) have followed from insights first
gleaned from studies of human health, such as the polymicrobial nature
of many diseases (Nelson et al., 2012; Lamont and Hajishengallis, 2015),
the pathobiont concept (Chow et al., 2011), and the role of dysbiosis as
an indicator of disease (Zaneveld et al., 2017) versus adaptation via
microbiome alterations. Studies have begun and should continue to
utilize these alternative frameworks for assessing algal effects.

4.3. Not “who is there?,” but “what are they
doing?”

To more rigorously understand the critical roles that microbial
associates may play in coral health and function, we need to move
beyond studies of descriptive co-occurrence to rigorous
demonstrations of cause-effect relationships and the mechanisms
involved in microbiome impacts on coral hosts. We need to go beyond
broad-scale sequencing and evaluate active and core members of the
microbiome, as well as the functions microbes are up- or down-
regulating in different contexts. However, just as not all predator
attacks are successful, not all microbes that induce pathogenicity or
similar traits will successfully invade and infect a coral host. We will
not understand the importance and dynamics of coral-microbiome
interactions unless both host and microbes are studied synchronously
and under realistic ecological conditions. Supplementary Table S1
suggests that we can improve on this. High prevalence in healthy
corals does not negate a microbe’s pathogenic potential (Shaver et al.,
2017; Klinges et al, 2019), and even common commensals or
mutualists may turn into pathogens under certain conditions
(Seyedsayamdost et al,, 2011). Multidisciplinary approaches are
already underway to tackle these questions (Bourne et al., 2016;
Barreto et al., 2021), including in studies of coral-algal interactions

(Roach et al., 2020).

4.4. Cause versus effect

Disentangling cause versus effect is a problem that consistently
confounds efforts to investigate links between various stressors and
microbiome dynamics across a range of disciplines (Fischbach, 2018).
This is further complicated by the multifactorial nature of stressors facing
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Doherty Institute of Infection and Immunity, Parkville, VIC, Australia, *Australian Institute of Marine
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Coral reefs are diverse marine ecosystems that have tremendous ecological and
cultural value and support more than 25% of eukaryote marine biodiversity.
Increased ocean temperatures and light intensity trigger coral bleaching, the
breakdown of the relationship between corals and their photosymbionts,
dinoflagellates of the family Symbiodiniaceae. This leaves corals without their
primary energy source, thereby leading to starvation and, often, death. Coral
bleaching is hypothesized to occur due to an overproduction of reactive oxygen
species (ROS) by Symbiodiniaceae, which subsequently accumulate in coral
tissues. Bacterial probiotics have been proposed as an approach to mitigate
coral bleaching, by reducing ROS levels in the coral holobiont through bacterial
antioxidant production. Both corals and Symbiodiniaceae are known to associate
with bacteria. However, the Symbiodiniaceae-bacteria relationship, and its
impact on Symbiodiniaceae thermal tolerance, remains a poorly studied area.
In this study, cultured Symbiodiniaceae of the species Breviolum minutum were
treated with antibiotics to reduce their bacterial load. The cultures were
subsequently inoculated with bacterial isolates from the genus Roseovarius
that were isolated from the same B. minutum culture and showed either high
or low ROS-scavenging abilities. The B. minutum cultures were then exposed to
experimental heat stress for 16 days, and their health was monitored through
measurements of cell density and photochemical efficiency of photosystem II. It
was found that B. minutum inoculated with Roseovarius with higher ROS-
scavenging abilities showed greater cell growth at elevated temperatures,
compared to cultures inoculated with a Roseovarius strain with lower ROS-
scavenging abilities. This suggests that Roseovarius may play a role in
Symbiodiniaceae fitness at elevated temperatures. Analysis of
Symbiodiniaceae-associated bacterial communities through 16S rRNA gene
metabarcoding revealed that Roseovarius relative abundance increased in B.
minutum cultures following inoculation and with elevated temperature
exposure, highlighting the contribution they may have in shielding B. minutum
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from thermal stress, although other bacterial community changes may have also
contributed to these observations. This study begins to unpick the relationship
between Symbiodiniaceae and their bacteria and opens the door for the use of
Symbiodiniaceae-associated bacteria in coral reef conservation approaches.

KEYWORDS

bacteria, probiotics, reactive oxygen species, Symbiodiniaceae, coral

Introduction

Coral reefs are diverse marine ecosystems with highly beneficial
ecological functions, such as providing protection of coastlines from
degradation, and housing fish which humans harvest for nutrition
and economic growth (Cesar et al, 2003). Reef-building corals
associate with photosymbionts, dinoflagellate algae in the family
Symbiodiniaceae (LaJeunesse et al., 2018). Nutrient exchange
occurs between the two organisms; corals provide
Symbiodiniaceae with the compounds they require for
photosynthesis such as CO, (Yellowlees et al., 2008) and in turn,
Symbiodiniaceae translocate photosynthate to corals for use in host
cellular processes (Fournier, 2013). However, corals are
experiencing stress due to climate change-induced summer
heatwaves and exposure to high light levels that typically occur
during summer heatwaves (Hughes et al., 2017). Such stressors
break down the symbiotic relationship between Symbiodiniaceae
and corals, causing coral bleaching and starvation (Weis, 2008;
Suggett & Smith, 2019). Coral bleaching amounts to widespread
habitat destruction for reef-dwelling organisms (Munday, 2004).

One of the mechanisms believed to be responsible for coral
bleaching is the excess production of reactive oxygen species (ROS)
by the Symbiodiniaceae following thermal and high light-induced
damage to the symbionts’ photosystems (Szabo et al., 2020). ROS
are products of reactions of photosystems I and II (PSI and PSII)
within chloroplasts of Symbiodiniaceae (Mehler, 1951; Richter
et al., 1990). Some ROS, such as singlet oxygen from hydrogen
peroxide (H,0,), are hypothesized to diffuse from the
photosynthetic algae to the coral host, disrupt the mitochondrial
membrane (Fournier, 2013), damage DNA (Barzilai and
Yamamoto, 2004) and trigger a cellular cascade resulting in the
loss of the Symbiodiniaceae (Weis, 2008). Providing exogenous
antioxidants to corals has been shown to prevent bleaching under
thermal stress, thus confirming a role of ROS underpinning the
bleaching response (Lesser et al., 1990; Lesser, 1997).

Several coral bleaching mitigation methods have been proposed
that aim to increase thermal tolerance in both corals and
Symbiodiniaceae (van Oppen et al., 2015). One approach
currently gaining traction is the use of bacteria (i.e., bacterial
probiotics and microbiome transplantation) to enhance coral
thermal bleaching tolerance (Rosado et al., 2019; Doering et al.,
2021; Maire & van Oppen, 2021; Peixoto et al., 2021; Santoro et al.,
2021; Dungan et al., 2022; Doering et al., 2023). Both corals and
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Symbiodiniaceae associate with a diverse community of bacteria
(Lawson et al., 2018; van Oppen and Blackall, 2019; Camp et al,,
2020; Maire et al,, 2021a). Bacteria are also found intracellularly in
cultured and in hospite Symbiodiniaceae and on the extracellular
surface of cultured Symbiodiniaceae (Maire et al., 2021c). Their
contribution to nutrient acquisition or thermal stress tolerance is
not well documented (Ritchie, 2012), but studies on other marine
microalgae have demonstrated functional roles. For example,
Marinobacter in the marine diatom Pseudo-nitzschia multiseries
(Amin et al,, 2015) aides siderophore production and assists with
resolving issues of iron bioavailability and iron acquisition (Amin
etal, 2012). Recently, Motone et al. (2020) showed that a bacterium
belonging to the genus Muricauda (Flavobacteriia) enhanced heat
and light tolerance in Symbiodiniaceae cultures (Durusdinium sp.).
Through antibiotic treatment, bacteria from the class Flavobacteriia
were entirely depleted prior to experimental stress exposure. When
Symbiodiniaceae cultures were exposed to thermal and light stress,
photochemical efficiency of photosystem II (PSII) decreased with a
concurrent increase in ROS, an effect that was significantly higher in
cultures treated with antibiotics. However, this effect was smaller in
cultures that were re-inoculated with Muricauda. This restored
tolerance was attributed to Muricauda’s production of the
carotenoid zeaxanthin, an antioxidant that ultimately promotes
Symbiodiniaceae thermal and light resistance by minimizing
damage by ROS. Bacteria sourced from Symbiodiniaceae
themselves could thus be good candidates for probiotic use, but
the functional relationship between Symbiodiniaceae as well as their
potential contribution to thermal tolerance is relatively unexplored
(Matthews et al., 2020).

Here, we conducted microbiome manipulation using a
bacterium belonging to the genus Roseovarius. Roseovarius spp.
have previously shown to have traits such as the ability to neutralize
ROS molecules (Yoch, 2002; Miller and Belas, 2004; Randle et al.,
2020). Breviolum minutum cultures isolated from Exaiptasia
diaphana collected at the Great Barrier Reef were treated with
antibiotics, inoculated with Roseovarius, and exposed to thermal
stress. It was hypothesized that B. minutum inoculated with
Roseovarius that had antioxidant abilities would be more
thermally tolerant compared to B. minutum inoculated with
Roseovarius lacking antioxidant ability, or a no-inoculum control.
This study provides the foundation for future research into
Symbiodiniaceae-bacteria relationships, and more generally the
study of bacterial roles in Symbiodiniaceae heat tolerance.
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Materials and methods
Symbiodiniaceae cultures

Breviolum minutum MMSFO1 were obtained from Exaiptasia
diaphana (Aiptasia) from the central Great Barrier Reef (Tortorelli
et al, 2020). Cultures were maintained in 15 mL Daigo’s IMK
medium (1X concentration), prepared with filtered red sea salt
water (fRSSW, 34 ppt) in sterile 50 mL polypropylene culture flasks
where media was changed fortnightly. These flasks were kept in a 12
h light:12 h dark incubator (50-60 umol photons m >s™" of
photosynthetically active radiation) at 26°C.

Antibiotic treatment

The method detailed by Costa et al. (2019) was adapted to
minimize bacterial community diversity and bacterial load in B.
minutum cultures. First, 10 mL of Symbiodiniaceae culture were
mixed with 18.7 uL of 0.1% Triton X-100 solution, and gently
shaken for 30 sec to remove any loosely associated bacteria. This
solution was then centrifuged for 5 min at 5000 x g and
subsequently suspended in 10 mL of an antibiotic cocktail
solution containing rifampicin, nalidixic acid, carbenicillin,
nystatin and erythromycin (Table S1) for two days, then
centrifuged and resuspended in IMK 1X for five days and this
process was repeated three times in August 2020. During this time,
flasks were maintained for three weeks in the same light and
temperature conditions as described above. Following this
antibiotic treatment, 50 ul Symbiodiniaceae culture were
transferred to 1% agar plates that contained IMK (1X
concentration), ampicillin, streptomycin, and gentamicin to
further remove bacterial communities. Plates were maintained for
one month in the same light and temperature conditions as
described above, after which one colony was transferred to a new
IMK plate supplemented with antibiotics and grown for one month.
A single Symbiodiniaceae colony was then picked from the
antibiotic agar plates and transferred to sterile 50 mL
polypropylene culture flasks that contained 5 mL Daigo’s IMK
medium (0.5X concentration, prepared with fRSSW). This volume
was then increased to 15 mL after two weeks and these cultures were
then maintained (media changed fortnightly) for a year until the
temperature stress experiment. Medium was diluted to 0.5X to
increase reliance of the Symbiodiniaceae on their bacteria rather
than receiving all their nutrients from the media itself. The resulting
culture from this antibiotic treatment was named MMSF01-Ax.

Bacterial cultures

Twenty-three bacterial strains belonging to four genera of
interest were selected based on potential beneficial functions
reported in the literature (Labrenzia, Muricauda, Marinobacter
and Roseovarius); these strains were previously isolated from B.
minutum (Maire et al., 2021c) and were revived from glycerol stocks
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kept at -80°C as part of the culture collection at the Marine
Microbial Symbiont Facility (University of Melbourne, VIC,
Australia). These bacterial isolates were streaked onto marine agar
(DifcoTM Marine Agar 2216) or Reasoner’s 2A (Oxoid R2A Agar
CMO0906B) agar plates, grown in an incubator at 26°C, and
subcultured by re-streaking for use when required.

Qualitative DPPH assay

The 23 bacterial isolates mentioned earlier were assessed for
their antioxidant capacity with a qualitative 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay. DPPH is a free radical that appears
purple when in solution, however antioxidant compounds present
in solution cause a purple to yellow color change (Floegel et al.,
2011). This qualitative assay was completed by streaking bacterial
isolates onto marine agar or Reasoner’s 2A agar plates which were
then grown in a 26°C incubator for six days. Sterile Whatman #4
filter papers were placed on top of the streak plates with bacterial
colonies, and the plates with filters were placed back into the
incubator for approximately six hours to ensure bacteria were
absorbed by the filter paper. In a fume hood, filter papers were
removed using sterile forceps, and left to dry with the ‘bacterial side’
up for ~30 min, before 1 mL of 0.2 mM DPPH (Sigma-Aldrich)
solution in methanol was applied with a pipette as per Dungan et al.
(2021). Bacterial isolates were assessed for the formation of a white-
yellow halo around the bacterial colonies following DPPH
application. If a halo appeared within 1 min the isolate was
deemed strongly positive. If a halo appeared between 1 and 3 min
it was weakly positive, and negative readings occurred when no
halos formed.

Flow cytometry for bacterial quantification

To count the number of bacteria present in B. minutum
cultures, staining with SYBR green dye which binds to nucleic
acids was carried out using a modified method by Lawson et al.
(2020). SYBR green dye 10,000X (Sigma-Aldrich) was first diluted
1:500 using MilliQ water. Prior to sampling, flasks were shaken for 3
seconds to suspend B. minutum in solution. A sample of 250 UL was
taken from each culture flask and diluted with 250 uL of 0.5X IMK
media. Twenty-five pL of 1:500 SYBR green were applied to the
samples and incubated for 15 min. An unstained sample was also
processed as a control (receiving 25 UL of milliQ water). Before flow
cytometry processing with a CytoFLEX LX flow cytometer
(Beckman Coulter), samples were filtered through a 40 um mesh-
size strainer (pluriSelect) and vortexed to suspend cells and remove
clumps. Violet SSC height was used as an acquisition trigger.
Symbiodiniaceae cells were gated and counted by
autofluorescence using a 405 nm violet laser (emission 763 + 21.5
nm) (Figure S1). To differentiate SYBR green stained bacterial cells
from debris and noise, 0.5X IMK media, MilliQ water and
unstained samples were processed. Events measured in IMK-only
samples (Figure S1A) were considered noise. Therefore, events from
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Symbiodiniaceae samples falling in this part of the plot were also
excluded (Figure S1D). Stained bacteria were analyzed via a
bivariate plot of SYBR green fluorescence (488 nm excitation,
emission 525 + 20 nm) vs 405 nm side scatter (SSC) height.
Singlet cells were gated and counted using a violet SSC area vs
violet SSC height bivariate plot. At least 1000 Symbiodiniaceae cells
were processed per sample. Bacterial count per Symbiodiniaceae cell
was calculated by dividing bacterial cell count by Symbiodiniaceae
cell count. These quantities were used to determine bacterial re-
inoculation densities (see Bacterial Re-inoculation below).

Heat stress experiment

Symbiodiniaceae cultures

B. minutum cultures MMSFO01 as well as MMSF01-Ax cultures
treated with antibiotics were used for the heat stress experiment.
These B. minutum cultures were subcultured into 20 experimental
treatment culture flasks (Figure S2) at a starting density of ~5 x 10
cells mL™. Following bacterial inoculation (see below), cultures
were maintained in the ambient incubator (26°C) for 24 hours
before day 0 sampling. Each culture was then separated into two
flasks, for ambient and elevated temperature treatments. Ambient
culture flasks were kept in the 12h light:12h dark incubator (50-60

2

umol photons m™2 s™! of photosynthetically active radiation) at 26°

C for the duration of the experiment. Elevated temperature

10.3389/fevo.2023.1079271

treatment culture flasks were maintained in a 12h light:12h dark
incubator under the same light conditions, at 32°C for the first 8
days of the experiment, with a subsequent temperature increase to
34°C on day 9 for seven days (Figure 1).

Bacterial re-inoculation

For each temperature treatment, cultures were subjected to four
distinct treatments. The AB+ ROS+ (antibiotic treatment, bacterial
inoculation with high antioxidant abilities) group aimed to assess
the contribution of Roseovarius with putative antioxidant abilities to
thermal tolerance. AB+ ROS- (antibiotic treatment, bacterial
inoculation with low antioxidant abilities) was introduced to
understand if B. minutum were exhibiting heterotrophic feeding
whereby the bacteria would have acted as a food source (Jeong et al.,
2012; Dungan et al, 2021). AB+ Control (antibiotic treatment,
bacterial media inoculum) offered a comparison for the effect of
Roseovarius inoculation, and the AB- Control (no antibiotic
treatment, bacterial media inoculum) treatment group was
included to understand the effect of the antibiotic treatment.

Bacterial isolate MMSF 3448 was chosen as the ROS+ bacterial
treatment as it showed positive antioxidant properties in the DPPH
assay and MMSF_3432 was chosen as ROS- as it was negative in the
assay. Bacteria were streaked from frozen glycerol stocks onto
marine agar plates and incubated at 26°C for 4 days. Using an
inoculating loop, a single colony of each culture was transferred to

A

Symbiodiniaceae Antibiotic Recovery Inoculation with Thermal Stress
Culturing Treatment (6 months) Roseovarius Exposure
B Incubator Temperature ELEVATED

35 ) =) B =i
34
% W\AMI‘/,WM,: | X5
% gf Ambient E ‘ E =
S — Elevated 5 2
S 29
g % ‘ AMBIENT
@ 27 =\ - = .
26 L B E
2 \ ‘ x5
24—k ke kT Ak [ [ | | I
1012345867 8910111213141516 :
Time (days) _
|AB+ ROS+‘ AB+ ROS- |AB+ Control IAB- COntroI|
Symbiodiniaceae Bacterial Inculum Added Treatment Name
Antibiotic Treatment (AB+) MMSF 3448 (ROS+) AB+ ROS+
Antibiotic Treatment (AB+) MMSF 3432 (ROS-) AB+ ROS-
Antibiotic Treatment (AB+) Marine Broth (Control) AB+ Control
No Antibiotic Treatment (AB-) Marine Broth (Control) AB- Control

FIGURE 1

Experimental Design (A) Illustrates the sequence of experiments in this study. B. minutum were cultured and treated with antibiotics and maintained
for one year until inoculation with Roseovarius and subsequent subjection to a heat stress. (B) The graph represents incubator temperature during
the heat stress experiment obtained from data loggers (HOBO Pendant UA-001-08) in each incubator. Elevated incubator temperature was
increased from 32°C to 34°C on day 9 of the experiment. Stars denote experiment sampling days, where orange stars show additional sampling for
16S rRNA gene metabarcoding. The green arrow indicates the day that B. minutum cultures were inoculated with bacteria. The right-hand side panel
defines the four bacterial treatment groups (n = 5) exposed to ambient and elevated temperatures.
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marine broth (DifcoTM Micro Marine Broth 2216) (MB) and grown
in an orbital incubator (Ratek orbital incubator) at 26°C and 300
rpm. Optical density (OD) readings were recorded at 600 nm using
a plate reader (CLARIOstar Plus BGM Labtech). Escherichia coli
approximations (ODgq of 0.5 is equal to 4 x 10® bacteria mL™") were
used to calculate bacterial cell densities at measured ODs (Volkmer
& Heinemann, 2011). Twelve hours prior to inoculation, broth
cultures were diluted with MB to reach an ODgyo of 0.1 and
returned to the orbital incubator. Cultures with an ODgqo of ~0.5
were vortexed and used to inoculate B. minutum a day prior to the
temperature stress experiment, as per the following treatment
groups listed in Figure 1.

As per bacterial abundance data obtained from 16S rRNA gene
metabarcoding (Table 1), it was known that Roseovarius had 0.24%
relative abundance prior to antibiotic treatment and was
approximated to 0.5% for calculations. This, along with the
bacterial cell counts per Symbiodiniaceae cell determined using
SYBR green dye, was used to calculate the volume of inoculum
required to deliver enough Roseovarius cells to restore its initial
relative abundance. The number of Roseovarius cells to add through
inoculation was determined by multiplying the Symbiodiniaceae
cell density (5 x 10° cells mL™) by the number of bacteria present in
the culture per cell (124 bacterial cells per Symbiodiniaceae cell for
culture receiving ROS+ Roseovarius strain inoculum, 153 bacterial
cells per Symbiodiniaceae cell for culture receiving ROS-
Roseovarius strain inoculum). Of this value, 0.5% of these bacteria
are Roseovarius, thus 309,584 cells mL™" and 382,042 cells mL™" for
each treatment respectively. For 100 mL of culture, 30,958,350 and
38,204,200 Roseovarius cells were added. An inoculum with an
optical density (ODggo) of 0.5 contains 4 x 108 cells mL! (E. coli
approximation). The ODgg, value for the ROS+ Roseovarius strain
was determined to be 0.460 and 0.463 for ROS-, thus had bacterial
densities of 3.8 x 10® cells mL™" and 3.7 x 10° cells mL™. These
densities divided by the number of Roseovarius cells determined
earlier (30,958,350 and 38,204,200) calculated volumes of 84 UL for
ROS+ and 103 puL ROS-. AB+ Control and AB- Control received a
90 uL (averaged value) of inoculum. These inoculum volumes were
added to 100 mL Symbiodiniaceae cultures thus, the differences in

TABLE 1 Elimination of Roseovarius from B. minutum cultures.

Bacterial Antibiotic Treat- Mean Relative Abun-
genus ment dance (%)
Labrenzia AB- 12.15
AB+ 0.004
Marinobacter AB - 0.48
AB+ 64.72
Muricauda AB- 0.005
AB+ 0.15
Roseovarius AB- 0.24
AB+ 0

Bacterial relative abundance in B. minutum of four genera of interest as determined by 16S
rRNA gene metabarcoding, six months prior to inoculation and temperature exposure
experiment where n = 3.
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inoculum volumes (80 uL - 100 uL) were deemed negligible due to
the large final culture volume. To confirm inoculum viability, serial
dilutions (10" to 107®) of each inoculum were plated onto MA
plates with three replications per dilution. MA plates were
incubated at 26°C for a week before colony forming units (CFUs)
were counted (Table S2).

Symbiodiniaceae cell density

To quantify cell density over time, B. minutum cell density was
obtained using a Countess II FL cell counter (Thermo Fisher
scientific). Samples (100 UL) were taken from each replicate flask
(five per treatment group). Of this, three 10 pL samples were
processed to obtain cell density for each flask.

Microscopy PAM Fluorometry for Maximum
Quantum Yield of PSII

To assess Symbiodiniaceae photosynthetic fitness, the
maximum quantum yield of PSII (F,/F,, of PSII) was measured
using Pulse Amplitude Modulation (PAM) fluorometry. From each
flask, 1 mL samples were briefly centrifuged (5 sec) to concentrate
cells at the bottom of the tube, dark adapted for 15 min, and
pipetted directly from the pellet onto a glass slide and covered with
a cover slip for F,/F,, estimations using microscopy-PAM
(IMAGING-PAM M-Series, Walz, Germany) from 1300 hr.
Samples belonging to a particular treatment group were processed
at the same time on each sampling day to avoid variation in F,/F,
due to the light variation across the day. Ten areas of interest
containing three or more cells were focused simultaneously in each
sample using a green colored neutral density filter (only allows
green light to pass through) to avoid intense light exposure to
samples, and imaged using blue measuring light. To obtain F,/F,,,
dark adapted samples were exposed to a measuring light intensity of

5 umole quanta m? s

at 4 Hz frequency to record minimal
fluorescence (F0) followed by an application of saturating pulse of
309 pmole quanta m™ s™ for 720 ms. The gain and damping were

set to 7 and 15, respectively, to minimize noise.

16S rRNA gene metabarcoding

DNA extractions

DNA was extracted using a salting-out method as detailed by
Wilson et al. (2002) with modifications as per Hartman et al. (2020)
from 200 UL samples taken from Breviolum minutum cultures
which included B. minutum cells and culture medium, six
months prior to the thermal stress experiment (Figure S3). Four
extraction blanks were included. The same method was used during
the thermal stress experiment detailed below with 200 puL samples
that were taken from each culture flask on days -1, 0, 4 and 16 of the
experiment. Six DNA extraction blanks were included.

Metabarcoding library preparation

To amplify hypervariable regions V5-V6 of 16S rRNA genes, the
primer pair 784F (5' GTGACCTATGAACTCAG
GAGTCAGGATTAGATACCCTGGTA 3) and 1061R (' CTGAG
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ACTTGCACATCGCAGCCRRCACGAGCTGACGAC 3') were used.
Underlined are the Hlumina adapters attached to the primers. 16S

rRNA gene PCR amplification, library preparation, and sequencing
were completed as per the method detailed by Maire et al. (2021b).
Briefly, bacterial 16S rRNA genes were amplified with PCR using a
Thermal Cycler (Applied Biosystems, ThermoFisher Scientific) as per
the following conditions: denaturation at 95°C for 3 min, 18 cycles of:
denaturation at 95°C for 15 sec, annealing at 55°C for 30 sec and
extension at 72°C for 30 sec, ending with extension at 72°C for 7 min.
Each reaction contained 1 UL of DNA (extracted from samples
mentioned earlier), 1.5 UL of 10 uM each forward and reverse
primers, 7.5 pL MyTaq HSRed MasterMix (BioLine) and 3.5 uL
nuclease-free water (Thermofisher). Triplicates for each sample were
conducted, and pooled following PCR. Preparation for library pooling
was completed as per Maire et al. (2021c). Library preparation and
MiSeq Illumina sequencing was performed at the Walter and Eliza Hall
Institute (WEHI) in Melbourne, Victoria.

Data analyses

16S rRNA gene metabarcoding data analyses

16S rRNA gene metabarcoding data was processed using
QIIME2 version 2021.8 (Bolyen et al., 2019). Metabarcoding data
were obtained as paired-end, demultiplexed files with primers and
adapters attached. The cutadapt plugin was used to remove primer
and adapter sequences, with an error rate of 0.2. The quality of
trimmed sequences was determined using the DADA2 plugin,
which de-noises, filters, dereplicates, detects chimeras and merges
paired-end reads (Callahan et al., 2016). Reads with low quality (Q-
score < 30) were removed. To assign taxonomy, a SILVA classifier
(version 138) was trained to classify bacterial 16S rRNA reads for
hypervariable regions V5-V6. To construct a phylogenetic tree with
mid-point rooting the alignment and phylogeny packages in
QIIME2 were used (Caporaso et al., 2010). Reads that represented
mitochondria and chloroplasts were filtered out. The metadata file,
phylogenetic tree, and Amplicon Sequence Variant (ASV) tables
were exported and analyzed in R studio.

The metadata file, phylogenetic tree, and Amplicon Sequence
Variant (ASV) tables were imported into R studio for analyses,
using the phyloseq package (McMurdie and Holmes, 2013). Rare
ASVs (percentage abundance lower than 1.10°) were removed from
the dataset. Samples with low read numbers (less than 400) were
removed: 1 x ambient AB+ ROS-, 1 x ambient AB- Control and 3 x
elevated AB+ ROS+, 1 x elevated AB- Control sampled on day 4,
and 1 x ambient AB+ ROS+ from day 16. PCR and DNA blanks
were analyzed to reveal contaminants using the decontam package
(Table S3) for heat stress experiment data, as well as samples
collected six months after antibiotic treatment (Table S4) (Davis
et al, 2018). A Principal Coordinates Analysis (PCoA) plot was
created using the Unifrac dissimilarity index, to visualize
dissimilarities between bacterial communities in B. minutum
cultures over time. One outlier (Ambient AB+ROS- collected on
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day 0) was removed from the plot, as well as the AB- Control
samples. A 3-factor nonparametric permutational multivariate
analysis of variance (PERMANOVA) using UniFrac distance
matrix was conducted to inform the interactions between time,
temperature and bacterial treatments. Number of permutations was
999. A second PERMANOVA was used to assess the factors of
temperature and bacterial treatments on day 16. The indicator value
analysis (De Caceres and Legendre, 2009) was applied on Day 16
samples, in each of the four conditions independently (AB- Control,
AB+ Control, AB+ ROS-, AB+ ROS-), to detect ASVs that were
significantly associated with either ambient or elevated treatment
using a significance threshold o = 0.05, specificity = 0.9, and fidelity
= 0.9. Four Roseovarius ASVs were detected in the metabarcoding
data, however, only the major ASV present in the inocula was
further analyzed, as the remaining ASVs had very low percentage
abundance (i.e., 0.06%) in the inoculum samples, as well as
experimental samples. Statistical test results were considered
significant where oo = 0.05, unless otherwise stated. Graphs were
generated using GraphPad Prism version 9.2.0.

Statistical analyses of phenotypic data in R Studio

Statistical analyses were conducted using R Studio version
1.3.1073. Shapiro-Wilk tests were used to confirm normality in
distributions within groups (Ghasemi & Zahediasl, 2012). For cell
density data log transformations were required to normalize
distributions (Keene, 1995) and fulfil the underlying assumptions
underpinning analysis of variance (ANOVA) use. Levene’s tests
confirmed homogeneity of variances (Gastwirth et al., 2009), thus 3
factor ANOVAs were used for statistical analyses of
Symbiodiniaceae cell density and maximum quantum yield
readings. Pairwise comparisons between groups were completed
using Welch’s t-tests (DeCoster, 2006) for the previously
mentioned datasets.

Results
Roseovarius as ROS-scavenging bacteria

Of the 23 bacterial isolates tested for their ROS scavenging
abilities, positive, or weakly positive readings were observed for only
three isolates, with 20 appearing negative in the DPPH assay (Table
S5). All three bacterial strains that recorded positive results
belonged to the genus Roseovarius. Bacterial isolate MMSF_3448
was chosen as the ROS+ bacterial treatment and MMSF_3432 was
chosen as ROS-. Analysis of previously obtained 16S rRNA gene
sequences (Maire et al., 2021¢) by BLAST showed that sequences for
isolates MMSF_3448 and MMSF_3432 had 99% identity based on
~800 bp long fragments. Both isolates shared >99% identity with
Roseovarius confluentis, R. algicolus and R. atlanticus. Thus, the
species of MMSF_3448 and MMSF_3432 could not be determined,
and are henceforth referred to as Roseovarius sp.
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Effect of antibiotics and inoculation on
Symbiodiniaceae bacterial community

Metabarcoding data collected six months after antibiotic
treatment revealed changes in percentage abundances of bacteria
belonging to the four genera of interest: Labrenzia, Marinobacter,
Muricauda and Roseovarius prior to and post antibiotic treatment
(Table 1). Roseovarius was entirely depleted in the antibiotic
treatment cultures, with very low relative abundances of
Labrenzia remaining (0.004%). Interestingly, Muricauda increased
in relative abundance (0.005 to 0.15%) in the antibiotic treated B.
minutum, while it was not detected in the non-treated culture, and
Marinobacter showed greater relative abundance (0.5 to 65%) in
antibiotic treated B. minutum. In addition to the four genera of
interest, Phycisphaeraceae, Gammaproteobacteria, Pseudohongiella,
and Leptospiraceae drastically diminished in relative abundance
following antibiotic treatment whilst Micavibrionales and Balneola
greatly increased (Figure S4). Thus, the antibiotic treatment was
variably effective, but overall was successful in removing some

10.3389/fevo.2023.1079271

bacterial species from B. minutum such as Roseovarius, which was
then used for reinoculation.

The number of bacteria significantly increased following
inoculation for all bacterial treatments with increases of greater
magnitude observed for bacterial inocula compared to media alone
(Figure 2; Table S6). AB+ ROS+, AB+ ROS- and AB- Control
contained on average 130 bacterial cells per Symbiodiniaceae cell
prior to inoculation (day -1) which increased variably depending on
the treatment. Interestingly, AB+ Control had the highest number of
bacterial cells on day -1 with an average of 194 bacterial cells per
Symbiodiniaceae cell and AB- Control had the lowest with an average
of 120. AB+ ROS- showed the highest post-inoculation count with an
average of 250 cells mL™, with AB+ Control, AB+ ROS+ and AB-
Control increasing to 242, 195 and 154, respectively. The ratio of the
means of bacterial cell count before and after inoculation was
approximately 1.6 for AB+ ROS+ and AB+ ROS- and 1.3 for AB+
Control and AB- Control. The greater increase observed for
treatments receiving Roseovarius compared to bacterial media alone
confirms the success of inoculation (Table S7).
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FIGURE 2

Bacterial cell counts increased following Roseovarius inoculation Bacterial cell count per Symbiodiniaceae cell, pre and post inoculation. Day -1 was
measured prior to inoculation, and Day 0 one day after inoculation. (A) A significant increase in bacterial cell count was detected for all treatment
groups by ANOVA. Bars represent the mean and error bars represent + SD, where n = 5. Asterisk represents significant pairwise comparisons by
Welch's t-tests where p < 0.05. (B) Ratio of the mean values of bacterial cell count before and after inoculation.
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Inoculation with ROS-scavenging
Roseovarius assisted with maintaining cell
densities at elevated temperature

Symbiodiniaceae cell density was measured throughout the heat
stress experiment (Figure 3A). A three-way ANOVA informed that
all three factors (time, temperature, and bacterial treatment) (Table
S8), as well as the two-way and three-way interactions between these
factors, had a significant effect. Overall, cell density for all elevated
treatments decreased over time, but it was found that AB+ ROS+ did
not decrease as much as the other treatment groups (Figure 3A). On
day 16, cell density was significantly lower for cultures in elevated
temperature condition compared to ambient (Figure 3C; Table S9),
confirming the negative effect of elevated temperature on cell density
as well as signifying that the cells were under stress. Mean cell density
at ambient temperatures were on average three times higher on day
16 compared to day 0 (Table S10): AB+ ROS-, AB+ Control and AB-
Control treatments observed a 51%, 54% and 64% decrease in mean
cell density, respectively, between day 0 and day 16. Conversely, AB+
ROS+ exposed to elevated temperature only observed a decrease of

10.3389/fevo.2023.1079271

7% in mean cell density over time. On day 16, cell density was
significantly higher in elevated AB+ ROS+ compared to AB+ ROS-,
and AB+ ROS+ compared to AB+ Control (Table S10). Additionally,
Symbiodiniaceae cell density was significantly higher in AB+ Control
vs AB- Control on day 16 (Table S10). Together these results suggest
that B. minutum experienced thermal stress at elevated temperature
which lessened cell density as time progressed, however the addition
of Roseovarius through inoculation minimized the negative effect of
temperature on cell fitness.

Inoculation with ROS-scavenging
Roseovarius did not lead to detectable
negative effects on photochemical
efficiency of Symbiodiniaceae

at elevated temperature

The maximum quantum yield (F,/F,,) of the Symbiodiniaceae
was measured as a proxy for photosynthetic fitness throughout the
heat stress experiment (Figure 3B). A three-way ANOVA analysis
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Roseovarius may assist in the maintenance of Symbiodiniaceae cell density and maximum quantum yield at elevated temperatures (A) Cell density of

Symbiodiniaceae over time at ambient (26°C) (dark colors and solid lines)

and heated (34°C) temperature (faded colors and dotted lines) for AB+

ROS+ bacteria (pink), AB+ ROS- (blue), AB+ Control (green) and AB- Control (orange). Each data point represents the mean and error bars are + SD,

where n = 5. (B) Maximum quantum yield of Symbiodiniaceae PSIl over ti
= 3. (C) Symbiodiniaceae cell density on day 16. Bars represent the mean

me. Each data point represents the mean and error bars are + SD, where n
and error bars are + SD, where n = 5. Asterisk denotes significant

differences by Welch's t-tests where p < 0.05. (D) Maximum quantum yield of Symbiodiniaceae PSII on day 16. Each bar represents the mean and
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showed that the time and temperature, as well as their interaction,
had a significant effect but bacterial treatment and all other
interactions did not - at least not over the course of the
experiment (Table S11). For all bacterial treatments, F,/F,, was
significantly lower on day 16 compared to day 0 at elevated
temperature (Table S12), indicative of heat stress in these
cultures. On day 16, however, pairwise t-tests confirmed that F,/
F,, was significantly lower in elevated AB+ ROS-, AB+ Control and
AB- Control when compared to their ambient counterparts
(Figure 3Dj; Table S13), suggesting there are greater disturbances
to B. minutum maximum quantum yield when Roseovarius with
antioxidant abilities are absent. Conversely, no significant
differences were detected in F,/F,, for ambient compared to
elevated temperature treatments for AB+ ROS+ B. minutum on
day 16 (Table S13), suggesting a role for Roseovarius for
photochemical performance in B. minutum at heightened
temperature. It is however possible that the lack of significant
difference observed between AB+ROS+ on day 16 was due to the
variability of samples that limited the power of statistical analyses.
The greatest difference in F,/F,, between day 0 and day 16 was
observed for elevated AB- Control (75% decrease). Overall, F,/F,,
decreased for all treatment groups at elevated temperatures,
suggesting that temperature strongly impacted the maximum
quantum yield of B. minutum but the addition of Roseovarius
minimized these effects.

Bacterial communities changed
throughout exposure to elevated
temperature

The bacterial community composition was highly similar
among samples belonging to day -1, day 0, and day 4, regardless
of the temperature or bacterial treatment (Figure 4A). However, on
day 16, samples obtained from elevated temperature groups
clustered away from those at ambient temperatures, suggesting a
combined effect of time and temperature on bacterial community
structure. PERMANOV A analysis confirmed these observations, as
time and temperature, as well as their interaction, were significant
in explaining the dissimilarity, but bacterial treatment was not
(Table S14). However, the interaction between bacterial treatment
and time was also found to be significant. In light of these
interactions, further PERMANOVA analysis was conducted for
day 16, which showed that bacterial communities were significantly
different between ambient and elevated temperatures, and between
bacterial treatments (Table S15). This pattern was also seen at the
family level (Figure 4B). AB- Control was most different to AB+
ROS+, AB+ ROS- and AB+ Control on day 0, with the largest
percentage abundance (20%) being bacteria of the family
Bacteriovoracaceae. Major community composition changes over
time were similar across the three treatments AB+ ROS+, AB+
ROS- and AB+ Control. Taxa such as Algiphilaceae and
Balneolaceae showed a drastic decrease in relative abundance
between day 0 and day 16, where Algiphilaceae decreased from
an average of 35% to <1% and Balneolaceae decreased from 10% to
3%. Rickettsiales relative abundance increased variably, regardless
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of temperature, showing the impact of time alone on community
composition. Other taxa, such as Terasakiellaceae and
Oleiphilaceae, increased in relative abundance from an average of
3% to 10% in Terasakiellaceae and <1% to 6% on average in
Oleiphilaceae only at elevated temperature, highlighting the effect
of temperature over time on community composition. These
changes were underpinned by differences in ASV abundances at
ambient and elevated temperatures for each treatment group, which
were investigated with an indicator analysis (Figure S5). For
elevated treatments, ASV 15 UC Terasakiellaceae and ASV 16
Oleiphilus sp. were the most abundant indicator ASVs for AB+
Control, AB+ROS-, and AB+ROS+. For elevated AB- Control ASV
40 UC Saprospiraceae and ASV 31 Pelagibius sp. appeared in higher
abundances. Ambient indicator species include ASV 03 UC
Paracaedibacteraceae most prevalent in AB+ROS- and AB+
Control and ASV 01 UC Rickettsiales in AB- Control and AB
+ROS+. Labrenzia were more abundant at elevated temperature
with ASV 28 Labrenzia sp. and ASV 32 Labrenzia marina being
abundant indicator ASVs at elevated temperatures. Altogether,
these results suggest that bacterial community structure changed
over time as a result of temperature exposure, with variable changes
observed in different bacterial taxa.

Roseovarius inoculation was successful

To assess Roseovarius persistence following inoculation and thus
the sustained success of inoculation over time, Roseovarius relative
abundance was determined throughout the experiment using 16S
rRNA gene metabarcoding. Following decontamination, three ASVs
were found in the two inocula, all belonging to the genus Roseovarius,
with one single ASV (Roseovarius sp. ASV01) making up 99% and 98%
of the reads in the ROS+ and ROS- inocula, respectively which points
to high inocula purity (Figure S6). The remaining 1-2% of reads were
likely contaminants from library preparation, as well as the 1.9%
ASV01 abundance which was observed in the control inoculum. Thus,
the abundance of this major ASV that comprised the two Roseovarius
inocula was further investigated. Prior to inoculation, Roseovarius sp.
ASVO01 relative abundances were ~4% for AB+ ROS+ and AB+ ROS-,
2% for AB+ Control and 0.6% for AB- Control, which contrasts with
metabarcoding data that were obtained six months prior to the heat
stress experiment where Roseovarius was not detected (Table 1). In fact,
overall bacterial communities were quite different between the
beginning of the heat stress experiment and the sampling conducted
six months prior. Six months before the heat stress experiment, AB-
cultures were dominated by Phycisphaeraceae, Stappiaceae, and
Pseudohongiellaceae in comparison to AB+ cultures that mostly
contained Marinobacteraceae as well as Balenoelaceae and
Micavibrionales (Figure S4B). On day 0 of the heat stress
experiment, Phycisphaeraceae were still highly abundant but
Bacteriovoracaceae were most abundant for AB- cultures. At this
time, Algiphilaceae, Balneolaceae, and Marinobacteraceae were
observed in the highest abundance for AB+ cultures. Roseovarius
relative abundance increased significantly over the course of the heat
stress experiment (Figure 5; Table S16), particularly on day 16 for
elevated treatment groups, with a 17% and 16% abundance observed
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FIGURE 4
Bacterial communities changed throughout exposure to elevated temperature (A) PCoA plot where Axis 1 and Axis 2 are PC1 and PC2 respectively,
representing the beta-diversity of bacterial communities of three of the bacterial treatments in antibiotic-treated cultures, AB+ ROS+ (Positive), AB+
ROS- (Negative) and AB+ Control (Media) at ambient and elevated temperatures. Each data point denotes a single sample, retrieved on a given
sampling day: day -1, day O, day 4 and day 16 (D-1, DO, D4 and D16, respectively) of the experiment. (B) Bar chart of percentage abundance of the
top 20 bacterial families present in samples on day 0 and day 16, at ambient and elevated temperature.

for AB+ ROS+ and AB+ ROS- respectively at the conclusion of the
experiment, compared to only 4% for AB+ Control and 1% for AB-
Control, demonstrating that inoculated Roseovarius was able to
establish itself in the B. minutum cultures. Further, on day 16,
Roseovarius relative abundance was significantly higher at elevated
temperature, compared to ambient, in the AB+ ROS+ and AB+ control
treatments, but not for AB+ ROS- and AB- Control (Table S17).
Overall, Roseovarius relative abundance showed greater increases over
time after inoculation with Roseovarius, compared to negative controls
confirming the successful establishment of inoculated Roseovarius into
the B. minutum cultures.
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Discussion

The relationship between Symbiodiniaceae and their bacteria is
not extensively studied, and further inquiries are required to
understand the functional contribution of bacteria to
Symbiodiniaceae health and survival. Here, an antibiotic cocktail
was administered to minimize B. minutum’s bacterial load and
diversity, with subsequent inoculation with Roseovarius and
exposure to elevated temperature. B. minutum inoculated with
Roseovarius with high ROS-scavenging abilities showed greater
cell density and smaller decreases in F,/F,, at elevated
temperatures, suggesting that Roseovarius may provide benefits to
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FIGURE 5

Roseovarius persisted in B. minutum culture following inoculation Relative abundance of Roseovarius sp ASV01 in each bacterial treatment over time
(day-1 to day 16). A and E denote ambient and elevated temperatures, respectively. Bars represent the mean and error bars are + SD, where n = 5.
Asterisks denote significant differences by Welch's t-tests where p < 0.05. Significant differences were detected when comparing samples obtained
prior to inoculation (day -1) and a day after inoculation (day 0), as well as comparisons between day -1 and day 16. Elevated treatment bars appear

patterned on day 4 and day 16 to allow for clearer comparisons.

B. minutum under heat stress conditions. Analysis of
Symbiodiniaceae bacterial communities through 16S rRNA gene
metabarcoding revealed that Roseovarius relative abundance
increased in B. minutum cultures following inoculation and
increased with elevated temperature exposure, suggesting they
may play a role in shielding B. minutum from the effects of
thermal stress.

Antibiotic treatment was marginally
effective at removing bacterial
community members

The B. minutum cultures were not rendered axenic following
antibiotic treatment. Of the four genera of interest (Labrenzia,
Marinobacter, Muricauda, Roseovarius), Roseovarius was no longer
detected in antibiotic treated B. minutum cultures, with
considerable decreases seen in Labrenzia. In contrast, Muricauda
and Marinobacter showed an increase in relative abundance, in
antibiotic treated B. minutum. Thus, the antibiotic treatment was
successful in significantly reducing the abundance of certain genera,
but not all. By estimating absolute bacterial load prior to
inoculation, it was found that the cultures not treated with
antibiotics had fewer bacteria present compared to all antibiotic
treatment cultures. This pattern is opposite to expectations and
suggests that the antibiotic treatment had limited effectiveness in
removing bacteria associating with Symbiodiniaceae. Alternatively,
the bacteria may have been able to grow back to pre-AB treatment
levels during recovery, as the cultures were maintained for one year
following antibiotic treatment. Additionally, while we observed an
absence of Roseovarius six months after antibiotic treatment,
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samples taken approximately one year after antibiotic treatment
during the heat stress experiment showed a resurgence of
Roseovarius, which was accompanied by other major changes in
bacterial community composition. This suggests that bacteria,
including Roseovarius, may have been reintroduced following
antibiotic treatment, or that undetectable levels of Roseovarius
were still present which later resurfaced. Similar antibiotics
durably depleted Flavobacteriia from Symbiodiniaceae in an
earlier study, after two months of antibiotic treatment and three
months of recovery, although absolute bacterial load was not
measured (Motone et al., 2020). In contrast, Xiang et al. (2013)
reported the complete elimination of bacterial associates in five
Symbiodiniaceae cultures.

Interestingly, cultures that did not go through antibiotic
treatment showed the greatest fitness decrease over time at
elevated temperature, as reflected in the cell density and
photochemical efficiency data. It is possible that some bacteria
that resisted the antibiotic treatment were able to thrive following
the removal of antibiotic-sensitive bacteria, and have functions that
assist with thermal tolerance. The antibiotic treatment restructured
the microbiome and it is possible that the microbiome
modifications following antibiotic treatments rendered it more
beneficial during thermal stress. Further studies with the B.
minutum cultures without antibiotic treatment in addition to
inoculation with ROS-scavenging bacteria (ROS+) and non-ROS-
scavenging bacteria (ROS-) will help to understand these observed
differences. The thermally tolerant photosymbiont genus
Durusdinium has previously shown the greatest microbiome
stability under experimental thermal stress, suggesting that stable
microbiomes assist with thermal tolerance (Camp et al., 2020).
Heat-evolved Cladocopium, exposed to elevated temperature (31°C)
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for 6 years, housed less diverse but more stable bacterial
communities than their wild type counterparts (Buerger et al,
2022), with differences in microbiome composition suspected to
contribute to thermal tolerance. Thus, a heat-selected microbiome
achieved through experimental evolution (Buerger et al., 2022) or
inoculation with certain bacteria (Motone et al., 2020) may equip
Symbiodiniaceae for elevated temperature conditions, however
further functional studies are required.

Exposure to elevated temperature
induced changes in bacterial
communities of B. minutum

Changes in bacterial community structure were observed, with
temperature being a significant factor influencing these changes,
although those changes did not occur immediately. This suggests
that the effects of bacterial treatment were delayed and coupled with
extended exposure to thermal stress conditions. Therefore, other
bacteria, beyond Roseovarius, may have played a role in thermal
stress tolerance. This was also reflected in studies completed by
Camp et al. (2020), whereby B. minutum experienced significant
bacterial community changes when exposed to elevated
temperatures. B. minutum was associated with both Roseovarius
and Labrenzia at similar relative abundances under ambient and
elevated temperature, with little Hyphobacterium observed at
elevated temperature (Camp et al., 2020). Following
Symbiodiniaceae experimental evolution, the genera Labrenzia,
Algiphilus, Hyphobacterium and Roseitalea were more abundant
in heat-evolved Cladocopium strains compared to wild type
(Buerger et al., 2022). Interestingly, we observed higher Algiphilus
(family Gammaproteobacteria) relative abundance following
antibiotic treatment in B. minutum, although it decreased
following exposure to elevated temperature. Labrenzia are found
in high relative abundance across the majority of Symbiodiniaceae
strains (Lawson et al., 2018; Camp et al., 2020; Maire et al., 2021c;
Diaz-Almeyda et al., 2022). Labrenzia plays a role in the production
of dimethylsulfoniopropionate (DMSP) in other dinoflagellates
(Sunda et al, 2002) which is a compound that scavenges ROS,
thus it may function as an antioxidant and assist with heat stress
tolerance. In our analysis, Labrenzia were found in higher
abundance at elevated temperature on day 16. The altered
community following elevated temperature exposure in our study
may have influenced thermal tolerance due to the presence of
Roseovarius, Labrenzia, and bacterial species that provide a
functional contribution to thermal stress mitigation.

Despite the antibiotic treatment’s limited capacity to perturb
the B. minutum microbiome and the resurgence of Roseovarius
before the thermal stress experiment, Roseovarius established in the
B. minutum cultures following inoculation. This suggests that
treating Symbiodiniaceae with antibiotics may not be necessary in
order to assess the contributions of inoculated bacteria. Roseovarius
relative abundance had greater increases at elevated compared to
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ambient temperature, thus Roseovarius may be better at competing
with other bacteria at elevated temperature.

Roseovarius may assist in the maintenance
of Symbiodiniaceae cell density

and maximum quantum yield

at elevated temperatures

Re-inoculation with ROS-scavenging Roseovarius may have
contributed to greater B. minutum cell density at elevated
temperatures. At the conclusion of the temperature stress
experiment, cell density at elevated temperatures were
significantly higher for flasks inoculated with ROS-scavenging
Roseovarius, compared to other elevated temperature bacterial
treatment groups, albeit lower than in the ambient treatment. In
addition, smaller reductions in maximum quantum yield were
detected in flasks inoculated with ROS-scavenging Roseovarius,
suggesting this treatment group maintained better photosynthetic
fitness compared to controls at elevated temperatures. Statistical
analyses may have been affected by sample variability, in turn
contributing to the non-detectable differences in maximum
quantum vyield observed for ROS-scavenging Roseovarius
inoculated flasks. Greater sample size in future studies would
disentangle whether these observations were limited by the
statistical analyses. In addition, since absolute bacterial load was
not measured, observed Roseovarius increases only reflect the
proportional change in bacterial communities, not whether
Roseovarius cell abundance increased. Thus, future studies should
measure absolute abundances to conclusively determine inoculation
success and subsequent influence on inoculated species. The
addition of a Roseovarius strain with low ROS-scavenging abilities
was a useful control group as cultured Symbiodiniaceae can feed on
bacteria (Jeong et al., 2012). If heterotrophic feeding was responsible
for the observed fitness increases, the same effects would have been
expected for the Roseovarius inoculation with the low ROS
scavenging strain. Previous cnidarian probiotic studies have failed
to include such treatment groups for comparison (Rosado et al,
2019; Doering et al.,, 2021; Santoro et al., 2021; Zhang et al., 2021),
with few including an inoculum without the beneficial function
under study (Dungan et al., 2021; Dungan et al., 2022), but it should
become common practice in future investigations.

In a previous study by Maire et al. (2021c), species of
Roseovarius appeared both closely and loosely associated to B.
minutum. Relative abundances of Roseovarius were 1% for closely
associated fractions and less than 0.01% for loosely associated
fractions (Maire et al., 2021c¢), suggesting Roseovarius preferably
closely associate with Breviolum. However, we cannot confirm the
particular ASV assessed here closely associates with B. minutum as
samples for DNA extraction were not washed and filtered upon
collection. Thus, Roseovarius in our study may simply be free-living
within the culture medium. Further, Maire et al. (2021c) suggest
that bacteria appear on the external surface of Symbiodiniaceae cells
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under culture conditions and are absent in hospite. As we cannot
conclude the nature of the association of Roseovarius with B.
minutum and there is a possibility that the bacteria exist within
the culture medium, further research is required to determine
whether Roseovarius closely associate with B. minutum and
subsequently if this association confers any benefits in hospite.

Roseovarius was found to play a key role in sulfur cycling and
the de-methylation of DMSP to dimethylsulfide (DMS) in the
dinoflagellate Pfiesteria piscicida (Yoch, 2002; Miller and Belas,
2004). In species of Roseovarius isolated from seawater (Gonzalez
etal., 2003), DMS and DMSP were found to play a role in the DMSP
antioxidant system and scavenge ROS (Sunda et al., 2002), which
could contribute to the reduction of oxidative stress during thermal
stress. Additionally, Roseovarius was detected in heat-stressed corals
(Pootakham et al, 2019), and Aliiroseovarius, a closely related
genus, increased in relative abundance during heat stress at high
salinities in the sea anemone Exaiptasia diaphana (Randle et al,
2020), suggesting a functional contribution to thermal stress.
Whole-genome sequencing of the two isolates used in our study
should be undertaken to understand the mechanisms underlying
the different effects they had on Symbiodiniaceae cultures, and
whether it is indeed ROS-related or whether other biological
processes are at play.

Microbiome manipulations such as those used in the present
study are carried out to understand if Symbiodiniaceae-associated
bacteria can enhance thermal tolerance. Targeted studies like our
investigation as well as Motone et al. (2020) aim primarily to
elucidate specific bacteria of interest that may confer beneficial
functions and increase thermal tolerance of Symbiodiniaceae, and
future investigations should assess the nature of the association of
bacteria with Symbiodiniaceae in hospite in order to make concrete
conclusions about their beneficial functions. It has been shown that
bacterial communities of Symbiodiniaceae differ following
experimental evolution (Buerger et al, 2022), and these changes
may contribute to the increased Symbiodiniaceae heat tolerance.
Further studies are required to assess if Roseovarius contribute to
thermal tolerance of Symbiodiniaceae in hospite and whether there
are potential implications in coral restoration. Insightful future
investigations include inoculating Symbiodiniaceae, or corals
experiencing thermal stress, to observe which bacterial
community members are incorporated which could suggest
beneficial functions.

Conclusion

This study begins to decipher the relationship between
Symbiodiniaceae and their bacteria with a particular focus on the
genus Roseovarius. The findings demonstrate the positive effect of
Roseovarius inoculation on cultured Symbiodiniaceae exposed to
thermal stress and suggest a potential functional role of Roseovarius
in Symbiodiniaceae thermal tolerance. Further studies are required
to explore whether bacterial inoculation with Roseovarius could be
used to mitigate thermal stress in other Symbiodiniaceae species or
in corals, and may give rise to new research avenues and coral
restoration practices.
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Identification of coral disease
within the high-latitude reef,
Lord Howe Island Marine Park
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Coral disease prevalence has significantly increased under a changing climate,
impacting coral community structure and functionality. The impacts and ecology
of coral diseases are unclear in most high-latitude reefs (coral reefs above 28°
north and below 28° south). High-latitude locations are vulnerable to climate
change; therefore, identifying diseases and developing region-specific baselines
are important for local management. We report the first coral disease findings at
the UNESCO World Heritage listed Lord Howe Island Marine Park (31.5°S, 159°EF),
the southernmost coral reef system. This study assessed coral disease
prevalence during November 2018, March 2019 and October 2019. Surveys
from three lagoonal reefs identified four coral diseases: white syndrome, skeletal
eroding band, growth anomalies and endolithic hypermycosis impacting six coral
taxa (Acropora, Isopora, Montipora, Pocillopora, Porites and Seriatopora).
Overall, disease prevalence was 5 + 1% and significantly differed between time
and site. Disease prevalence was highest in November 2018 (10 + 1%) and
significantly lower during March 2019 (5 + 1%), coinciding with a bleaching event.
White syndrome was the most prevalent disease (4 + 1%) with 83 colonies of six
taxa affected, predominately /sopora. Acroporids recorded the highest disease
susceptibility, with three of the four diseases observed. Documenting baseline
coral disease prevalence and monitoring throughout a bleaching event assists
our understanding of disease ecology dynamics under current climate change
impacts at high-latitude reefs.

KEYWORDS

coral disease, world heritage listed, high-latitude reef, coral bleaching, subtropical, Lord
Howe Island

1 Introduction

The Anthropocene is characterised by a global degradation of coral reefs (Pratchett
et al,, 2014; Hughes et al., 2018). The widespread degradation of coral reefs is due to local-
scale stressors such as water pollution, habitat degradation, invasive species domination
and overfishing (Wilkinson, 2000; Carpenter et al, 2008) and global scale stressors
resulting from climate change (Hoegh-Guldberg et al., 2007). Rising ocean temperatures
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have led to a notable surge in both coral bleaching incidents
(Sheppard, 2003; Hughes et al.,, 2017a; Hughes et al., 2017b;
Frolicher and Laufkotter, 2018; Lough et al,, 2018; Sully et al.,
2019), and coral disease prevalence on coral reefs (Bruno et al,
2007; Harvell et al, 2007; Ruiz-Moreno et al, 2012; Maynard
et al., 2015).

Coral disease outbreaks are projected to escalate on a global
scale due to mounting local and global pressures. These pressures
are expected to enhance pathogen virulence, expand the pathogen’s
range, and prolong its survival (Maynard et al., 2015). Moreover,
these stressors contribute to heightened coral susceptibility to
diseases, reduced immune function, and the emergence of
previously unseen and opportunistic pathogens within the coral
reef environment. Coral diseases are becoming increasingly
widespread due to various non-biological stressors, such as
elevated water temperatures (Acby et al, 2020), sunlight light
intensity (Muller and van Woesik, 2009), pollution (Redding
et al, 2013; Page et al.,, 2023), sedimentation (Gintert et al.,, 2019),
degraded water quality (Thompson et al., 2014; Yoshioka et al,
2016), plastic pollution (Lamb et al., 2018), in-water recreational
activities (Lamb et al., 2014; Hein et al., 2015), proliferation of algae
and their spatial distribution (Nugues et al., 2004; Smith et al., 20065
Sweet et al,, 2013; Casey et al., 2014), and eutrophication (Bruno
etal., 2003; Vega Thurber et al., 2014). These disease outbreaks and
occurrences pose a significant threat to coral reefs, as they lead to a
decline in coral fitness recorded as: reduced growth (Meesters et al.,
1994; Nugues, 2002; Stimson, 2011), decreased fecundity (Weil
et al., 2009; Stimson, 2011; Palmer and Baird, 2018), and increased
mortality (Miller et al., 2009; Precht et al., 2016), consequently
disrupting ecosystem function (Nugues, 2002; Haapkyld et al,
2013). Coral diseases have now gained recognition as one of the
most critical environmental issues affecting the Indo-Pacific region,
demanding urgent conservation attention (Sutherland et al., 2015).
The preservation of coral reefs is of paramount importance to
safeguard marine biodiversity and ecosystem health.

Coral disease was first recorded in the Caribbean in the 1970s
(Antonius, 1976). New coral diseases have since been identified
(Richardson, 1998; Rosenberg and Loya, 2013) with coral diseases
recorded beyond the Caribbean and across all major coral reef
ecosystems, including reefs of the Indo-Pacific (Willis et al., 2004;
Myers and Raymundo, 2009; Page and Stoddart, 2010; Montano
et al,, 2012; Schleyer et al., 2018; Subhan et al., 2020). On the Great
Barrier Reef (GBR), coral disease prevalence has been routinely
monitored through the Long-Term Monitoring Program (LTMP)
(Willis et al., 2004), with at least nine coral diseases identified,
including the first description of “white syndrome” a term used to
describe unidentified coral diseases showing signs of rapid tissue
loss resulting in white regions of exposed coral skeleton. Other
diseases include atramentous necrosis, black band disease, brown
band disease, growth anomalies, pink spot, skeletal eroding band,
ulcerative white spot syndrome, white syndrome, and white blotch
disease (Jones et al., 2004; Willis et al., 2004; Bourne, 2005;
Haapkyld et al., 2010). As such, studies on coral disease have
expanded 50 years, but overall, coral diseases have remained
poorly understood, with ambiguity in both disease identification
and diagnostics (Richardson, 1998; Work and Aeby, 2006; Work
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et al., 2008¢; Moriarty et al., 2020). Similarly, while coral disease
records have become more common throughout tropical reef
ecosystems, and recordings of coral diseases from subtropical
high-latitude reefs (coral reefs located below 28° south and above
28° north.) (Dalton and Smith, 2006; Dalton et al., 2010; Schleyer
et al, 2018), coral disease monitoring efforts have been patchy
through time and space across Australia’s high-latitude coral reefs.

The absence of comprehensive historical long-term data on
disease identification, ecology and prevalence in high-latitude areas
has made it difficult for researchers to interpret baseline surveys
accurately representing disease prevalence in the area or potential
outbreak numbers across high-latitude coral reefs. The reefs of
Florida, USA are commonly referred to as high-latitude coral reefs
and are where coral disease monitoring efforts have continued for
over four decades (Richardson, 1998; Rosenberg and Loya, 2013). In
2014 a new disease, Stony Coral Tissue Loss Disease (SCTLD), was
reported on the reefs of Florida (Precht et al., 2016), with the
prevalence of the disease as high as 61%, causing significant
mortalities to boulder coral morphologies reducing coral
population densities to < 3% (Precht et al., 2016). STLD has
spread across reefs in the region and is now prolific in the wider
Caribbean (Alvarez-Filip et al., 2019; Weil et al, 2019). In
comparison, other high-latitude reefs have had fewer extensive
coral disease studies and report substantially less disease
prevalence, for example, South Africa’s Sodwana Bay 1.9-5.7%
(Schleyer et al., 2018), the Northwestern Hawaiian Islands
0-7.09% (Aeby, 2006) and Eastern Australia’s Solitary Islands
6.21-13.58% (Dalton and Smith, 2006). In 2003, the subtropical
Solitary Islands experienced a concerning surge in the prevalence of
a unique white syndrome, which had a significant impact on six
common taxa of coral: Pocillopora, Stylophora, Turbinaria,
Acropora, Goniastrea and Porites (Dalton and Smith, 2006;
Dalton et al, 2010). The disease led to coral mortality, affecting
approximately 27% of the colonies that were afflicted (Dalton and
Smith, 2006). LHI’s neighbouring high-latitude island, Norfolk
Island is about 570 km north east of LHI, with similar coral taxa
(Moriarty pers. obs.). In 2020, a serious outbreak of a white
syndrome coral disease was triggered by heat stress and pollution
events affecting the reef-building taxa Montipora spp. in the Norfolk
Island lagoon (Page et al., 2023). During the outbreak, around 60%
of the Montipora community had been impacted, and the disease
severity increased by 54% during this period (Page et al., 2023). The
spatial distribution of the disease suggested a strong association
with exposure to poor water quality and the size class of coral
colonies (Page et al., 2023). This highlights the vulnerability of coral
reef ecosystem to the combined impacts of warming and pollution.

High-latitude reefs experience both lower water temperatures
and light in comparison to their tropical coral reef counterparts.
High-latitude coral reef ecosystems are widely reported as high-
value ecosystems, and potentially protected from the most extreme
impacts of climate change due to the reef’s geographic location at
the fringes of coral reef growth. These high-latitude coral reefs have
been hypothesised as sites of refuge (Riegl, 2003), potentially
providing resilience from warming ocean temperatures (Pandolfi
et al,, 2011). High-latitude reefs in Australia and Japan have also
already experienced the expansion of tropical corals moving
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poleward, suggesting these marginal reeflocations are at risk of both
loss of endemics and habitat expansion of tropical species (Yamano
et al,, 20115 Baird et al., 2012). In essence, high-latitude coral reefs
are now recognised as at risk from local and global stressors, species
invasions, and associated impacts to the coral populations, such as
the emergence of coral disease. Here we surveyed the World
Heritage Listed coral reef lagoon of Lord Howe Island (LHI)
Marine Park from November 2018 to October 2019 to identify
the occurrence and prevalence of coral disease at the world’s
southernmost coral reef system. We also report a disease outbreak
and disease occurrence during a coral bleaching event, and in doing
so, aim to provide a comprehensive description of coral disease
ecology as a baseline for ongoing coral disease monitoring within
the LHI Marine Park.

2 Methods
2.1 Study site

This study was undertaken under the Department of Primary
Industries LHI Marine Park Research permit number: LHIMP/R/
18015/12112018. The lagoonal coral reef of Lord Howe Island
(31.5°S, 159°E, Figures 1A, B) was surveyed for benthic
composition and disease prevalence in November 2018, March
2019, and October 2019, at three sites Coral Gardens, Erscotts
and North Bay (Figure 1B). Lord Howe Island experiences tropical

Latitudo

Dead coral

Other

invertebrates

Seagrass

Soft coral

Hard coral

Coral

Garden Erscotts

North Bay

FIGURE 1
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cyclones and thermal anomaly events (Steinberg et al., 2022;
Moriarty et al, 2023). There have been four recorded mass
bleaching events recorded since 1998, resulting in mass mortality
and coral genera compositional changes (Harrison et al, 2011;
Dalton et al., 2020; Steinberg et al., 2022). Environmental
conditions vary across the reef sites, with Erscotts experiencing
high wave action and tidal influence, which is also evident at Coral
Gardens, whilst North Bay is a protected and sheltered bay
(Figure 1B). The three sites are also situated in three different
protection zones within the marine protected area (MPA), North
Bay inside the fully protected sanctuary zone (SZ), Erscotts is
located in the LHI lagoon SZ and Coral Gardens is situated inside
of the habitat protection zone HPZ.

2.2 Belt transects

Transect tape was laid haphazardly parallel to shore at one
depth interval of 0-5 m. Three 1 m x 20 m belt transects were
conducted at each of the three sites, North Bay, Erscotts and Coral
Gardens. Every hard coral colony within the three 1 m x 20 m belt
transects were classified as categorical conditions as healthy or
unhealthy based on typical disease signs. Unhealthy colonies were
further assessed for the seven varying compromised health
categories: diseased, bleached, injured, predation, dead,
partially dead, and competition (Figure 2). The diseased coral
colonies were further classified by disease and the characteristics

Lord Howe Island (black square) located ~600 km off the east coast of mainland Australia (A). The three study sites were located in the LHI lagoon,
North Bay (Red), Coral Gardens (Blue) and Erscotts Reef (Purple) (B) and their respective benthic compositions during November 2018 (C)
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Health categories were assigned to the coral colonies surveyed within the belt transects at three distinct sites (see Figure 1). The classification of
lesions on diseased corals was based on both the lesion’s location on the colony and the specific pattern it exhibited. These criteria for lesion
location and pattern have been adapted from the research conducted by Work and Aeby in 2006.

of the disease recorded, including the percentage of the coral
colony affected, the location of the unhealthy section on the
colony, shape of lesion, structure affected, lesion description (for
example, discolouration, tissue loss, growth) (Figure 2). The coral
colonies were identified to species level where possible along with
their respective growth form (branching, sub-massive, encrusting,
massive, tabular, staghorn and digitate). Coral diseases were
identified using visual classification and samples taken for
further disease examination later. Visual disease identification
was made using distinguishing features as seen in Moriarty
et al. (2020).

2.3 Benthic composition

Images were collected from the tape measure laid out for the
belt transects using a Nikon COOLPIX W300 underwater camera.
Three 1 m® photo quadrats were taken along each of the three
transects per site at 4-5 m, 12-13 m and 16-17 m. The images were
cropped to exhibit only the benthos within the quadrat and then
uploaded to the web-based annotation program CoralNet
(coralnet.ucsd.edu). Photographs were overlaid with 64 fixed
points, which were analysed to species and functional groups
(Table 1). Total live coral cover was recorded to genera and when
possible species level.
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2.4 Statistical analysis

Disease prevalence and health categories were determined by
calculating the proportion of damaged/visually unhealthy colonies
compared to the total number of coral colonies:

Prevalence (%)

_n of diseased or compromised health colonies

— x 100
N of coral colonies in transect

Prevalence was calculated for each: monitored month, site,
taxa, and coral disease. All statistical analysis was carried out in R
version 3.6.2. Benthic composition was calculated by counting the
number of each of the benthic categories observed and dividing it
by the number of total counts per transect and then averaging the
3 transects to get the site benthic composition. The benthic
composition was compared between sites (Sylph’s Hole, North
Bay and Coral Garden) using a one-way ANOVA and normality
tests performed. To investigate significant effects a Tukey’s post
hoc analysis was conducted within each site and each benthic
composition group. Disease prevalence was assessed using
generalized linear mixed effects models (GLMM) in R using the
package “glmmTMB” v1.0.1 for 1) health categories within sites,
between months, and between sites within months and 2) within
health categories for coral taxa within sites between months and
between sites within months. Site and month were fixed variables,
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TABLE 1 Benthic categories used during benthic community structure
analysis.

Benthic group

Species code  Species description

Stony coral Acr_arb Acropora arborescent
Acr_bra Acropora branching
Acr_dig Acropora digitate
Arc_tab Acropora tabular
Cypha Cyphastrea
Homo Homophyllia
Isopora Isopora cuneata
Para_austr Paragoniastrea australis
PocDam Pocillopora damicornis
Porites Porites
Seriatop Seriatopora hystrix
StPis Stylophora pistillata
Soft coral Soft Soft coral
Other Ascidian Ascidian
Dead stony coral D_coral Dead coral
Algae DeadAlg Recently dead coral with algae
Macro Macro algae
CCA Crustose coralline algae
Seagrass Seagrass Seagrass
Other invertebrates Sponge Sponge
Abiotic Silt Silt
Rock Rock
Sand Sand

and transect was used as a random effect. A Poisson and binomial
distribution were used, and best fit applied. Residual plots were
visually inspected for appropriate fit with regards to dependency
structure and deviations from homoscedasticity or normality. p-
Values were calculated by likelihood-ratio tests and were
considered significant using a confidence interval of 95% (alpha
level = p < 0.05).

3 Results
3.1 Benthic composition

A total of 27 photo quadrats were collected from each site of the
three monitoring months. The overall average hard coral cover at
LHI was 33 + 6%, average abiotic 30 + 6%, average algae 16 + 4%,
average dead hard coral 8 + 4%, average soft coral 6 + 3%, seagrass
5 + 4%. North Bay, Erscotts and Coral Gardens were dominated by
hard coral (46 + 13%, 31 + 8% and 52 + 11% respectively,
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Figure 1C), abiotic benthos (22 + 9%, 16 + 8% and 52 + 11%
respectively, Figure 1C) and algae (12 + 8%, 25 + 8% and 10 + 5%
respectively, Figure 1C). Soft coral contributed 11 + 10% at Coral
Gardens and only 1 + 1% and 5 * 3% at North Bay and Erscotts,
respectively. The benthic composition was not significantly different
between the sites (p > 0.05, Figure 1C).

3.2 Coral assemblage

Porites spp., Pocillopora damicornis, Stylophora pistillata,
Seriatopora hystrix and Isopora cuneata were the most abundant
corals between all sites and monitored months (Figure 3). Coral
assemblages within site and taxa did not change significantly over
time (p > 0.05; Figure 3A). Overall, the least abundant coral taxa at
all three sites were Acropora spp. In comparison, P. damicornis
had the highest individual number of coral colonies relative
abundance of all coral taxa at Coral Gardens and Erscotts.
Porites spp. was the highest relative abundant taxa at North Bay
(Figure 3A). Acropora had the least amount of individual coral
colonies between sites and months ranging from 1 + 0.2% SE to 7
+ 3% relative abundance in comparison to P. damicornis, which
had the highest relative abundance (17 + 5% to 48 + 7%;
Figure 3A). Acropora spp. colonies recorded were mostly
arborescent, staghorn and tabular and the largest in size of any
other coral taxa (Sups 1). Absolute abundance of coral taxa did not
differ statistically between sites and monitored months and within
sites between months (p > 0.05; Figure 3B). Erscotts observed the
most live coral colonies between the three monitored months (225
to 313 colonies; Figure 3B). Acropora spp. contributed to 20 + 7%
of the hard coral cover at LHI and was the highest overall taxa
between all three sites (Table 2). P. damicornis contributed the
second overall highest coral cover with 5 + 2%, contributing to the
second-highest coral taxa cover at North Bay (8 + 5%, Table 2).
The coral I. cuneata contributed to the second-highest percent
cover at Coral Gardens and Erscotts (6 + 5% and 5 + 2%

respectively, Table 2).

3.3 Coral disease surveys

Over the three monitoring months (November 2018, March
2019 and October 2019), a total of 1,751 coral colonies were
observed from 17 genera (Table 3). Of these, 442 (26%) of the
coral colonies showed signs of compromised health consistent
with disease or bleaching (endosymbiosis breakdown) (Table 4,
Figure 4). Coral disease accounted for 21% of the colonies
observed with compromised health, and “other” signs accounted
for 6% observed unhealthy colonies (Table 4, Figures 4, 5). During
March 2019, a mass coral bleaching event was recorded at LHI
(Steinberg et al., 2022; Moriarty et al., 2023) and was still evident
in October 2019 (Figure 4), during which time bleached corals
were the most frequently observed (73%) (including mortality,
partial mortality and 100% bleached colonies; Table 4; Figure 4).
Coral disease was highest in November 2018 (10 + 1%) and not as
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FIGURE 3

Coral taxa relative abundance (A) and absolute abundance (B) at Coral Garden (blue), Erscotts Reef (purple) and North Bay (Red) during November

2018 (NOV18), March 2019 (MAR19) and October 2019 (OCT19).

evident in March 2019 (5 + 1%, GLM; p = 0.0007, Figure 4A, due
to bleaching). Coral bleaching was not observed during the
November 2018 surveys (GLM; p = 0.0078, Figure 4). Where
disease was distinguishable from bleaching in March, Erscotts had
the highest disease prevalence (9 + 2%) compared to North Bay
(3 £ 2%) and Coral Gardens (2 + 1%), with Erscotts significantly
higher than Coral Gardens (GLM; p = 0.0084; Figure 4B). No coral
diseases were identified at Coral Gardens during October 2019
(Figure 4B). Erscotts highest coral disease prevalence was recorded
during November (9 + 2%) and March (9 + 3%) before significant

Frontiers in Ecology and Evolution

declines were recorded in disease prevalence in October (1 + 1%;
GLM; p = 0.0067 and GLM; p = 0.0086 respectively; Figure 4B).
North Bay had significantly higher disease prevalence during
November 2018 (10 + 3%) than that recorded in March (3 +
2%) and October (1 + 1%; GLM; p = 0.0023; GLM; p = 0.0049
respectively; Figure 4B). At Coral Gardens, disease prevalence in
November 2018 was 11 + 3%, whereas coral disease was difficult to
distinguish from bleached corals in March 2019 when prevalence
was 2 + 1% (GLM; p = 0.0032) and no disease was recorded in
October 2019 (Figure 4B).
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TABLE 2 Coral taxa percent cover at each of the three sites during November 2018.

Coral taxa Coral Gardens Erscott's North Bay
Mean (%) Mean (%) Mean (%)

Acropora arborescent 0 0 0 0 31 15
Acropora branching 0 0 4 3 0 0
Acropora digitate 0 0 0 0 0 0
Acropora tabular 10 10 15 10 0 0
Acropora (total) 10 10 19 10 31 15
Cyphastrea 0 0 1 1 0 0
Goniopora 0 0 0 0 0 0
Isopora cuneata 6 5 5 2 1 1
Paragoniastrea australensis 0 0 0 0 0 0
Pocillopora damicornis 5 2 1 1 8 5
Porites 0 0 3 1 2 1
Seriatopora hystrix 0 0 0 0 1 0
Stylophora pistilatta 0 0 2 1 2 2

Data is from the photoquadrats and represent the average (mean) proportion of hard coral cover (%) with the three most common per site highlighted in bold.

TABLE 3 Abundance of white syndrome (WS), growth anomalies (GA) and skeletal eroding band (SEB) coral disease for each taxa.

Family Taxa n WS GA SEB Predation
Acroporidae Acropora 64 7 2 6 5
Isopora 261 53 2 0 12
Montipora 10 1 0 0 0
Agariciidae Pavona 6 0 0 0 0
Lobophylliidae Acanthastrea 4 0 0 0 0
Echinophyllia 1 0 0 0 0
Homophyllia 15 0 0 0 0
Merulinidae Astrea 21 0 0 0 0
Cyphastrea 27 0 0 0 0
Favites 10 0 0 0 0
Paragoniastrea 17 0 0 0 0
Platygyra 49 0 0 0 0
Pocilloporidae Pocillopora 506 17 0 0 0
Seriatopora 186 4 0 0 2
Stylophora 276 0 0 0 0
Poritidae Goniopora 8 0 0 0 0
Porites 290 1 0 0 0
Total 1751 83 4 4 19
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TABLE 4 Total abundance and prevalence of observed compromised health in corals at LHI lagoon.

10.3389/fevo.2023.1194485

Condition n Total prevalence (%) Compromised health prevalence (%)
Bleached 135 8 31
Disease 93 5 21
Recent whole colony mortality 83 5 19
Partial mortality 103 6 23
Predation 17 1 4
Competition 6 0.5 1
Injured 5 0.5 1
Total 442 26% 100%
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FIGURE 4

Unhealthy coral prevalence at LHI of bleached (white), diseased (grey) and other (pink) during November 2018, March 2019 and October 2019 (A).
Prevalence of coral bleaching (white), disease (grey) and other abnormalities (pink) between Coral Gardens (blue), Erscotts Reef (purple) and North
Bay (red) (B). Significant differences were determined using GLM analysis (p <0.05). Asterisks indicate significant levels; * 0.05, ** 0.01, and *** 0.001.
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3.4 Coral health conditions

Three distinct coral health conditions were identified in the LHI
lagoon at Coral Gardens, North Bay and Erscotts and one
off transect:

(1) white syndrome (WS) (Figures 6A-F),

(2) skeletal eroding band (SEB) (Figure 6G),

(3) growth anomalies (GA) (Table 3, Figures 6I-L) and
(4) endolithic hypermycosis (EH) (Figure 6H, off transect).

The overall coral disease prevalence for LHI lagoon was 5 + 1%,
and a total of 93 colonies were found with disease conditions (WS,
SEB or GA) on all six coral genera, Acropora, Isopora, Montipora,
Pocillopora, Porites and Seriatopora (Table 3, Figure 6) (three hard
coral families, Acroporidae, Pocilloporidae, and Poritidae). The
Acroporidae family accounted for 76% of the diseased colonies
compared to Pocilloporidae and Poritidae, which only accounted
for 23% and 1%, respectively (Table 3). Six coral species were found
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with coral disease, Acropora spp., Isopora cuneata, Montipora spp.,
Pocillopora damicornis, Porites spp. and Seriatopora hystrix
(Table 3, Figure 7). I cuneata was found to have the highest
abundance of disease, 55 colonies impacted by white syndrome.
In contrast, 21% of affected colonies were Acropora spp. (Table 3,
Figure 7). In October 2019, only one I. cuneata colony was observed
with a growth anomaly, found at Erscotts, one Acropora spp. colony
with SEB and one S. hystrix colony with white syndrome (Table 3,
Figure 6). White syndrome was recorded in all of the six taxa
impacted by disease and was most prevalent in Acropora spp. (12 +
6%) and I. cuneata (17 £ 5%; Table 3, Figure 7A). Growth anomalies
were present only in Acropora spp. and I. cuneata colonies, and
skeletal eroding band was only observed in Acropora spp. (Table 3,
Figure 7A). White syndromes had the highest overall prevalence of
4 + 1%, while growth anomalies and skeletal eroding band had
similar prevalence’s overall (0.3 + 0.1% and 0.4 + 0.3% respectively)
(Figure 8). White syndrome prevalence was highest at Erscotts (6 +
2%) in comparison to Coral Gardens (4 + 2%) and North Bay (3 +
1%) however, no significant differences were found between sites
and month for any of the three observed diseases (p > 0.05). White

FIGURE 5

Other coral ailments found at LHI. (A, B) Coral bleaching of P. damicornis and S. pistillata, (C) algae cover in a tabular Acropora colony, (D) galls in S.
hystrix from gall crabs, (E) invertebrate burrow in | cuneata, (F) predation of a tabular Acropora colony, (G) fish predation on / cuneata,

(H) invertebrate predation on | cuneata, (1) COTS predation on Turbinaria colony, (J) Drupella predation, (K) soft coral competion on tabular
Acropora colony, and (L) macro algae competition on a P. damicornis colony.

Frontiers in Ecology and Evolution

95

frontiersin.org


https://doi.org/10.3389/fevo.2023.1194485
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Moriarty et al.

syndrome was recorded at all three monitored months compared to
Coral Gardens and Erscotts, where no white syndrome was
recorded within the belt transects during October 2019 (Figure 8).
Growth anomalies were also found at all three sites with a similar
overall prevalence between Coral Gardens, Erscotts and North Bay
(0.3 £ 0.3%, 0.3 + 0.2% and 0.3 + 0.3% respectively; Figure 8).
Skeletal eroding band was only observed in transects at
North Bay (1 + 1%) and was found at all three monitoring
months (3 + 2%, 0.5 £ 0.5% and 0.5 + 0.5%; Figure 8). Endolithic
hypermycosis was recorded off transect in the LHI lagoon.

+

Endolithic hypermycosis was reported in a recently bleached
Porites spp. colony (Figure 5H).

3.5 Disease descriptions

Three of the four coral diseases (GA, SEB and WS) was recorded
in Acropora spp. colonies. I. cuneata and Porites spp. recorded two
of the four diseases (GA and WS and WS and EH, respectively). The
remaining taxa only recorded one disease (Table 3). White
syndrome was the most prevalent disease at LHI, impacting 83

10.3389/fevo.2023.1194485

colonies (Table 3, Figures 7, 8). White syndrome had the highest
taxa range (n = 6; Table 3, Figure 7). Lesion sizes for white
syndrome ranged from 1-90% of the colony (Table 5).

« WS was characterised as a disease displaying white symptoms
with a progression of tissue loss exposing the underlying coral
skeleton. Tissue loss impacted both the polyps and coenosarc of
colonies impacted by white syndrome, and lesion location on the
colony was observed over the entire colony with a diffuse pattern
(Table 5, Figures 9A, B).

» GAs were all located in the central regions of the coral colony,
and colonies had focal and multifocal growth anomalies (Table 5).
No damage or partial mortality or tissue loss was observed for
colonies impacted by growth anomalies (Figures 9C, D).

o SEB impacted the apical regions of medium to large Acropora
spp. colonies and was multifocal (Table 5) and was distinguished
from white syndrome because small Halofolliculina corallasia
(Figure 5F) were observed on the exposed skeleton, a
characteristic of SEB (Willis et al., 2004) (Figures 9E, F).

» EH impacted the apical regions on the Porites spp. colony and
was distinguished from normal pigmentation because pigmentation
was under the bleached tissue (Figures 9G, H).

FIGURE 6

Coral diseases recorded within the LHI lagoon between November 2018 and October 2019. (A—F) White syndrome found in (A) Homophyllia,
(B) / cuneata, and S. pistillata, (C) S. hystrix, (D) P. damicornis, (E, F) tabular Acropora, (G) skeletal eroding band in a tabular Acropora,

(H) endolithic hypermycosis in Porites. (I-L) growth anomalies: (1) bosselated /sopora growth anomaly, (J) umbonate /sopora growth anomaly,
(K) nodular Acropora growth anomaly and (L) exophytic Acropora growth anomaly.

Frontiers in Ecology and Evolution

96

frontiersin.org


https://doi.org/10.3389/fevo.2023.1194485
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Moriarty et al.

10.3389/fevo.2023.1194485

8

| ¢
: [ | .

ACR 1SO MNT PDAM POR SERI

Coral disease prevalence %
&

3

TAXA

| iLL%%

ACR IS0 MNT

PDAM POR

TAXA

c 2018 November

2019 March

2019 October

40+ \

20+

401

|

| |

| |

2040 (|
| |
1

Coral disease prevalence %

401

201

ACR ISO MNT PDAM POR SERI

ACR ISO MNT PDAM POR SERI

ACR ISO MNT PDAM POR SERI

FIGURE 7

(A) Overall coral disease prevalence (%) found in the six impacted taxa, Acropora (ACR), | cuneata (ISO), Montipora (MNT), P. damicornis (PDAM),
Porites (POR) and S. hystrix (Seri) within the LHI Marine Park lagoon for the three diseases found within the transects, growth anomalies (purple),
skeletal eroding band (brown) and white syndrome (blue). (B) Coral disease prevalence in each of the six taxa during November 2018, March 2019
and October 2019 (respectively) and (C) between the three sites, Coral Gardens (blue rectangle), Erscotts Reef (purple rectangle) and North Bay (red
rectangle) for growth anomalies (purple), skeletal eroding band (brown) and white syndrome (blue).

Both WS and SEB affected colonies were closely examined for
corallivore snails, and crown-of-thorns starfish (COTS) as the
predation lesions can appear similar to the WS and SEB disease
lesions; however, none were found on or around surveyed colonies.
There was a total of three Drupella found throughout the three
monitored months in the LHI lagoon. COTS were observed at a
close-by reef at depths greater than 16 m.

4 Discussion

Coral diseases contribute to global coral reef declines impacting
the functionality and composition of reef systems (Bruno et al,
2007; Harvell et al., 2007; Thompson et al., 2014; Heres et al., 2021).
Although coral disease studies and identification has been well
established in the Caribbean reefs and the closer tropical reefs of the
GBR, baseline studies at sites such as the UNESCO World Heritage-
listed LHI Marine Park are lacking. Here we identify and describe
four coral diseases, their prevalence and susceptible coral taxa
within the lagoon of the LHI Marine Park. This study provides
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baseline coral disease data which is particularly important because
of ongoing impacts resulting from climate change which has already
caused detrimental impacts to the coral reef communities of LHI.
Considering this reef holds high ecological importance, a resource
such as this for managers would assist in identifying potential
threats to the reef in the face of climate change. LHI Marine Park is
the southernmost coral reef in the world, located approximately
600 km east of mainland Australia and over 1,000 km south of the
GBR. The LHI Marine Park is regularly utilised for recreational
fishing, SCUBA diving, snorkelling, surfing and commercial
tourism (e.g., glass bottom boat tours, fishing and sightseeing),
and the lagoon is subject to groundwater influxes, freshwater and
sediment runoff. Two successive bleaching events were reported in
2010 and 2011 (Harrison et al., 2011; Dalton et al., 2020), with four
individual coral bleaching events as a result of thermal stress
between 1998 (Harrison et al.,, 2011; Dalton et al., 2020) and 2019
(Steinberg et al., 2022; Moriarty et al., 2023). Predation by the
corallivore crown-of-thorns starfish has not been reported in the
LHI lagoon, but these species have been commonly observed at
depth around LHI (De Vantier and Deacon, 1990; Moriarty pers.
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Mean prevalence of the three coral diseases recorded within the transects at the LHI lagoon, growth anomalies (GA), skeletal eroding band (SEB) and
white syndrome (WS) at Coral Gardens, Erscotts Reef and North Bay in November 2018 (orange), March 2019 (maroon) and October 2019 (purple).

obs.). In 2008 an outbreak of the sea urchin Tripneustes gratilla was
recorded at offshore locations around the island, impacting the
densities of brown and red algae cover (Valentine and Edgar, 2010).

We surveyed three reefs within the LHI lagoon and found hard
coral cover within the LHI lagoon contributes 33 + 6% of the benthic
composition (Coral Gardens, Erscotts and North Bay, Figure 1). The
coral cover in the LHI lagoon is greater than other high-latitude reefs
such as the Bahamas (28 + 11%) (Weiler et al., 2019), South Africa
(27%) (Schleyer et al., 2018), and lower than Japan’s Tatsukushi reef
on Shikoku Island (60%) (Denis et al., 2013) and Western Australia’s
Houtman Abrolhos Islands (> 70%) (Bridge et al., 2014). Algae cover
is similar to the islands of Hawaii (Vroom and Braun, 2010) and the
subtropical Solitary Islands (Dalton and Roff, 2013). Similar benthic
compositions were recorded at LHI for hard coral, algae and soft coral
in 1992-1993 (Harriott, 1999). In 1999 North Bay experienced high
abundances of cyanobacteria and dead coral following the 1998
bleaching event (Harriott, 1999). However, our study found that
hard coral cover was highest amongst the three sites at North Bay
(46 + 13%; Figure 1C), suggesting an increase in coral cover since
1999. The LHI reefs within the lagoon are dominated by colonies of
Porites spp., P. damicornis, S. pistillata, S. hystrix and I. cuneata at all
sites and between all monitored months (Figure 3A). P. damicornis
being the most common species at Coral Gardens and Erscotts (17 +
5%-48 + 7%) with Porites spp. dominating the coral colony
composition at North Bay (24 + 3%) and apart from the individual
taxa from the grouped “other taxa”, Acropora spp. is the least common
taxa in terms of colony abundance (1 + 0.2%-7 + 3%; Figure 3A).
However, the large Acropora spp. colonies contribute a significant

amount to the coral percent cover within the LHI lagoon (Table 2),
contributing few but large colonies contributing to the reef
composition. Acropora spp. is known to be susceptible to
perturbations and, in particular, disease globally (Patterson et al,
2002; Williams and Miller, 2005; Ainsworth et al., 2007; Work et al.,
2008a; Aeby et al., 2011; Irikawa et al,, 2011; Roff et al., 2011; Wilson
et al.,, 2012; Brodnicke et al.,, 2019).

Disease prevalence at LHI was found to be low during the survey
period (5 + 1%; Figure 4) and similar to disease prevalence previously
reported on the southern GBR at Heron Island (August 2008; 4.22 +
1.72%) (Haapkyld et al, 2010) and the subtropical Solitary Islands
(Dalton and Smith, 2006). LHDs overall disease prevalence was also
similar to the remote high-latitude Northwestern Hawaiian Islands,
where overall prevalence ranged from 0.5% to 7.09% (Acby, 2006).
Three of the four diseases identified in LHI lagoon, white syndrome
(WS), growth anomalies (GA) and skeletal eroding band (SEB), have
previously been identified and described from Australia’s Great
Barrier Reef (Willis et al., 2004) with the exception of endolithic
hypermycosis (EH). We found coral disease in six scleractinian coral
genera over the 12-month period, with all three diseases present in
Acropora spp.

4.1 Coral diseases at LHI

The four coral diseases recorded at LHI over the 12-month
period is fewer in comparison to other Indo-Pacific reef systems. In

TABLE 5 Location and patterns of coral disease lesions of white syndrome, SEB and growth anomalies.

Lesion location on colony

Disease Central Peripheral Apical
White syndrome 83 14 13
SEB 6 0 0
Growth anomaly 4 4 0
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Lesion pattern

Middle Focal Multifocal Diffuse
16 37 8 0 0 83
6 0 0 ‘ 0 6 0
0 0 ‘ 0 ‘ 2 2 0
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comparison, six diseases have been recorded at Heron Island, GBR
(Haapkyla et al, 2010), five at Mansuar Island, Raja Ampat
Indonesia (Subhan et al., 2020), five at Wakatobi, southeast
Sulawesi, Indonesia (Haapkyld et al, 2007), four at Koh Tao,
Thailand (Lamb et al., 2014), five (possibly six) in the Maldives
(Montano et al,, 2012), six in the Philippines (Raymundo et al,
2018) and ten in the Northwestern Hawaiian Islands (Acby, 2006).

All four diseases reported at LHI have been recorded in the
Indo-Pacific. Growth anomalies have a global distribution
(Raymundo et al., 2005; Aeby, 2006; Work et al., 2008a; Irikawa
et al., 2011; Subhan et al., 2020; Aeby et al.,, 2021; Preston and
Richards, 2021) and have been recorded in at least 14 coral taxa
globally (Moriarty et al., 2020), here we recorded GAs in two taxa,
Acropora a spp. and L cuneata (Table 3). GAs have been recorded
more commonly in Acropora species in Australia (Willis et al., 2004;
Haapkyld et al., 2010), Japan (Irikawa et al., 2011), French Frigate
Shoals, Johnston Atoll and American Samoa (Work et al., 2008a)
and India (Rajasabapathy et al.,, 2020). Isopora growth anomalies
were less commonly documented, with recordings only in Cocos
Keeling Islands (Preston and Richards, 2021). The umbrella term
for an unidentified disease that is experiencing white symptoms is
called white syndrome. At LHI, we recorded white syndrome in five
coral taxa: Acropora spp., I cuneata, Montipora spp., P. damicornis,
Porites spp., and S. hystrix. White syndrome has been recorded
simultaneously in one or more of these species and taxa in the GBR
(Willis et al., 2004; Haapkyld et al., 2010), Indonesia (Haapkyld
et al, 2007), Maldives (Montano et al., 2012), Philippines

10.3389/fevo.2023.1194485

(Raymundo et al., 2005), American Samoa (Wilson et al., 2012)
and Norfolk Island (Page et al., 2023). Although white syndrome is
found on coral reefs worldwide, it should be noted that individual
species and regions could be experiencing varying region-specific
diseases and have varying aetiologies. Skeletal eroding band was
only recorded in Acropora spp. at LHI, and this disease has been
recorded in Acropora spp., in the Maldives (Montano et al., 2012),
the GBR (Haapkyld et al,, 2010), and the Red Sea (Winkler et al.,
2004). The one recorded oft-transect endolithic hypermycosis was
found in a Porites spp. colony which was currently 100% bleached.
This was the only disease not reported in Acropora spp. and has
been reported to impact massive boulder coral morphologies in the
Pacific (Work et al., 2008b) and the Red Sea (Aeby et al., 2021).
Coral disease prevalence at LHI during the study period was
potentially declining over time, although surveys in March 2109
were confounded by the occurrence of coral bleaching, making
disease identification and distinguishing prior disease from
bleaching more complex (Figure 4). In November 2018, all three
sites were found to have similar disease prevalence. However, we
found that North Bay and Erscotts disease prevalence had
significantly declined in October 2019 compared to November
2018 (Figure 7). White syndrome was recorded at all three sites
but not at all survey months. White syndrome was recorded in
November 2018 and March 2019 at Coral Gardens and all three
months at Erscotts and North Bay. North Bay was the only site at
which all three diseases were recorded from the transects. Given the
slow recovery from bleaching recorded (Moriarty et al., 2023), it is

FIGURE 9

Coral diseases identified at LHI in 2018/2019. White syndrome (A, B), growth anomaly (C, D), skeletal eroding band (E, F), and endolithic

hypermycosis (G, H).
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also possible that post-stress disease emergence, if occurring, was
not distinguishable from bleaching recovery in October 2019. A
temporal offset between bleaching and post-bleaching disease
emergence has been found in many studies. For example, a coral
disease outbreak was reported in the US Virgin Islands nine months
following a coral bleaching event in 2005 (Miller et al., 2009). White
syndrome outbreaks have been reported in the winter of the year
after bleaching, indicating a link between cold ocean temperatures
up to two years after a bleaching event (Heron et al., 2010).

Interestingly, the Acropora spp. corals had the highest
prevalence of disease, and all three disease states found within the
transects were reported in Acropora spp. This pattern in disease
occurrence in a species with low coral cover was also found in the
GBR where pocilloporid species had the highest disease occurrence
but the least cover on the reef (Willis et al., 2004). Skeletal eroding
band was the first disease identified on the GBR and one of the most
prevalent, with reports of the disease found on 90-100% of 18 reefs
surveyed in 2004-2006, impacting about 82 hard coral species (Page
and Willis, 2008). This study, however, reported SEB as the second
most prevalent coral disease at LHI all of which were recorded on
Acropora species (Figures 7, 8). Globally Acropora spp. have the
highest number of disease reports in the literature (Ainsworth et al.,
2007; Work et al., 2008a; Aeby et al., 2011; Irikawa et al., 2011; Roff
etal., 2011; Muller et al., 2018; Rajasabapathy et al., 2020). Acropora
spp. is thus considered to be susceptible to heat stress and disease
(Brown, 1997; Madin et al., 2008; Aeby et al., 2011; Gilmour et al.,
2013; Hobbs et al., 2015; Muller et al., 2018; Singh et al., 2019).
Acropora spp. diseases have been recorded on most coral reefs,
including on the Caribbean (Patterson et al.,, 2002; Sutherland and
Ritchie, 2004; van Woesik and Randall, 2017), GBR (Willis et al.,
2004; Haapkyld et al., 2010), Red Sea (Winkler et al., 2004;
Mohamed and Sweet, 2019; Aeby et al., 2020; Aeby et al.,, 2021),
and the Indo-Pacific Ocean (Aeby, 2006; Haapkyld et al., 2007;
Montano et al., 2012). Acropora spp. dominated the reefs in the
Maldives before the 1998 bleaching event comprising
approximately 46% of the taxonomic composition reefs but now
only contributes 1% of the coral cover (Edwards et al., 2001).

The most severely impacted coral taxa on LHI during the 2019
bleaching event were: P.damicornis, S. pistillata, S. hystrix and
Porites spp (Moriarty et al., 2023). Furthermore, Acropora spp.
and I cuneata, two of the least susceptible to bleaching species at
LHI in 2019 (Moriarty et al., 2023) where the only two species in
which disease was observed during the bleaching event (Figure 7).
Interestingly, in contrast to observations documented in the Great
Barrier Reef where four diseases were identified (white syndrome,
skeletal eroding band, black band and an unidentified disease) on S.
pistillata (Willis et al., 2004), we found that although S. pistillata is
one of the most prevalent coral taxa at LHI (n = 276), we recorded
no signs of coral disease at any of the survey timepoints or at any of
the reef sites (Table 3, Figure 7).

5 Conclusions

The occurrence and prevalence of coral diseases at the World
Heritage Listed LHI could be the result of numerous factors such as,

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1194485

localised environmental parameters, host susceptibility and mode of
transmission, and the normal disease occurrence expected within a
population. To the best of our knowledge, this is the first coral
disease publication from LHI, documenting disease identification
and prevalence within the LHI lagoon. Importantly, coral disease
was recorded in Acropora spp., a taxa which dominates the LHI
lagoon benthos (Table 2) and had reported a higher thermal
tolerance than some of the other reef building important taxa
during the 2019 bleaching (Moriarty et al., 2023). Our
observations suggest Acropora spp. colonies are also experiencing
physiological perturbations, highlighting the need to identify
disease causation within the LHI Marine Park. Coral and algae
interactions have been linked with increased disease prevalence, and
algae have been identified as a possible reservoir for coral disease
pathogens (Nugues et al., 2004; Smith et al., 2006; Sweet et al., 2013;
Casey et al., 2014) as well as increased water temperatures (Bruno
etal., 2007; Ward et al., 2007; Heron et al., 2010; Ruiz-Moreno et al.,
2012; van de Water et al., 2018; Aeby et al.,, 2020). Interestingly,
algae composition is highest at Erscotts where coral disease was
most prevalent and could be a contributing factor to disease
prevalence (Figure 7C). In light of the bleaching event
documented on the reef in 2019, it is imperative to conduct
comprehensive and extended monitoring of the reef, including
the tracking of localised disease occurrence and prevalence. Such
efforts would provide management authorities with essential
information in regards to the health of the reef post the 2019
bleaching event.
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Ocean warming has been driving mortality events across the world's coral reef
ecosystems and is resulting in multifaceted ecosystem restructuring. With the
rapid shifts occurring across ecosystems, questions arise of which species, in
which locations, have the capacity to persevere under climate change.
Environmental generalism refers to species with the biological traits that
support environmental flexibility, enabling the organism to occupy a broad
range of environmental conditions. Some Scleractinia have been categorised
as environmental generalists and proposed as likely winners under changing
climate conditions, as environmental generalists have been considered less
susceptible to environmental disturbance than specialist species. Given the
complexity of the holobiont structure of corals, which includes
photoendosymbiosis and diverse microbial consortia, understanding the
complexity of the coral holobiont—environment interaction for the generalist
corals will be an important factor in accurately predicting the success of these
species into the future. Here we conduct a literature search to compile topics
and concepts of environmental generalism for Australia’'s warming coral reef
ecosystems and the breadth of holobiont responses to ecosystem restructuring.
We synthesise these findings in the context of the latitudinal expanse of
Australia's coral reefs to highlight how it is necessary to understand the
biological underpinnings of generalist corals.
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1 Introduction

Scleractinian, or hard (stony) corals are most widely known for
their role as the trophic and structural foundation of coral reefs,
particularly for reefs in warm, shallow, tropical waters (Hamylton
et al., 2022). While corals dominate tropical reefs and provide the
foundation for the most diverse ecosystems on the planet, corals are
also found across a breadth of light and temperature regimes outside
of reef forming structures, including within sandy bays, caves, coastal
waterways, mangroves, seagrass beds, temperate waters and the deep
sea (Perry and Larcombe, 2003; Cairns, 2007; Richards et al., 2016;
Camp et al,, 2019; Watanabe and Nakamura, 2019; Burt et al., 2020).
In addition to being found across a range of marine ecosystems, this
highly diverse group of organisms exhibits a wide variety of life
history traits, growth forms, and adaptations to the array of
environmental regimes in which they are found (Jackson, 1991;
Connell et al., 2004; Todd, 2008; Zawada et al., 2019; Bairos-Novak
et al, 2021). This diversity of coral life highlights the challenges that
arise when forecasting the role this taxa will play in ecosystem
restructuring under environmental change.

Global coral reef ecosystems, dominated by reef-forming
scleractinia (Pandolfi et al, 2011; Vermeij et al., 2011; Hughes
etal, 2018; Cornwall et al., 2021; Eddy et al., 2021), are undergoing
significant changes due to anthropogenic climate change. Record
warm temperatures and rates of warming are disrupting coral
photoendosymbiosis and causing widespread whole organism
heat-induced and bleaching-induced mortality across the world’s
coral reefs (Donovan et al., 2021; Hughes et al.,, 2021). As bleaching
events increase in frequency, the impact of these disturbance events
accumulates and affects the capacity of the ecosystem to recover
(Dietzel et al,, 2021). In one well-documented study undertaken
between 1968 and 2004, comprising 6001 benthic surveys of 2,667
Indo-Pacific reefs, a 1-2% yearly decline in coral cover was
demonstrated (Bruno and Selig, 2007). Similarly, in the
Seychelles, a 17-year data set demonstrated mass bleaching events
reduced live coral cover by > 90% in the reefs surveyed, leading to a
shift towards a macroalgae-dominated ecosystem in nine out of 21
reefs (Graham et al, 2006; Graham et al,, 2015). A time-series
analysis of coral reefs in Moorea, French Polynesia found extensive
coral loss and change in abundance of the major coral genera on the
reef between 1979 and 2009 due to the cumulative impacts of
Acanthaster planci outbreaks, cyclones, and bleaching (Pratchett
etal, 2011). A similar trajectory has been reported for coral reefs in
Okinawa, Japan, where net coral area declined 42-72% and changes
in abundance of the dominant scleractinian taxa followed bleaching
events, typhoons, and increased sedimentation (Harii et al., 2014).
The recent coral cover report for the Great Barrier Reef by the
Australian Institute of Marine Science (AIMS, 2022) also suggested
that short-term gains in coral cover following severe bleaching and
mortality events in 2021/2022 highlighted long-term impacts of
shifting population structure to fast growing but thermally
susceptible coral species. Fast-growing Acropora species, which
drive recovery on damaged reefs, are also the most vulnerable to
the common disturbances affecting the GBR (AIMS, 2022). These
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examples underscore widespread coral reef degradation from
biological and anthropogenic stressors (Eddy et al, 2021). As
such, coral reefs are now being altered in historically
unprecedented ways (van Woesik et al., 2012).

The vast ecosystem restructure occurring in marine
ecosystems has also been shown to include the replacement of
historically dominant coral species with corals exhibiting more
persistent, weedy, and opportunistic traits (Knowlton, 2001;
McClanahan et al.,, 2007; de Bakker et al., 2016; Caballero
Aragon et al, 2019; McWilliam et al., 2020; Cornwall et al.,
2022). Generalist coral species, or those that thrive across a
breadth of environmental conditions and are considered more
tolerant of sub-optimal conditions than species within a narrow
environmental niche (Richmond et al.,, 2005; Clavel et al., 2011;
Darling et al., 2012), are hypothesised to play an important role in
this population restructure (Courtney et al, 2020). In contrast,
specialist species may be more susceptible to metapopulation
dynamics under climate change, with potential extinction risks
due to decreased effective population size and genetic variation in
already small populations; this has been seen in butterflyfish
(Lawton et al., 2011), marine teleosts (Smith and Fujio, 1982),
and marine molluscs (Lavm and Nevo, 1981). Generalist coral
species may be more successful than specialist coral species on reef
ecosystems as the climate continues to change (Clavel et al., 2011;
Chichorro et al,, 2019), offering critical ecological opportunities
for the reconfiguration of coral reefs. As such, addressing
knowledge gaps in the potential for these species to expand into
new habitats as ecosystem restructuring occurs is crucial for
predicting both future reef structure and coral extinction risk
(Bridge et al., 2020).

1.1 Terminology used in environmental
generalism research for corals and coral
reef ecosystems

Generalist species have been defined in ecology as those that
exploit multiple habitat types or food sources, while a specialist is
limited to only one or a few (van Tienderen, 1991). There are several
ecological predictions that have been linked to both generalist and
specialist species that hypothesise various uses of resources determine
the range size of the species (Slatyer et al, 2013).This hypothesis
states generalist species are more likely to have a higher tolerance
towards habitat loss and climate change due to their adaptabilities
and large range sizes through positive correlations between niche
breadth and geographic range. Generalist species with a broad
resource breadth are thought to be more persistent because they
are less sensitive to stochastic fluctuations of any given resource. This
concept is also the foundation of the generalism-specialism debate,
where generalism in resource use and niche breadth has been
suggested to create an ongoing cycle where the success of
generalists drive speciation and species extinction (Dennis et al.,
2011). However, there is clearly a wide range in how generalist species
and their role in their environment is defined.
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The terms “generalist species”, “generalism” and “generalist coral”
appear to be underutilized and inconsistently applied in coral reef
research. For example, a search of primary research publications for
the terms <generalist AND coral> between 2010 and 2022 identified
187 articles, of which only 72 studies related to specifically to
Scleractinian coral species (opposed to other species within coral
reef ecosystems). Of these studies, 2 species, Montastrea cavernosa
and Stylophora pistillata, were the primary study species in the
research conducted (Table 1). While definitions for generalist
species and use of generalist terminology has varied in the primary
literature, the research that has used these terms to-date has classified
generalist species by the taxa within-reef distribution, with 68% of
studies identified here referring to depth generalists (Figure 1).
Generalist corals have also been defined through:

1) flexibility of their relationship with Symbiodiniaceae and the
bacterial microbiome (16% of the identified studies),

2) variation in life history traits (11% of identified studies),

3) a broad environmental distribution (4% of identified
studies), and

4) plastic morphology (1% of identified studies).

Two studies have conducted the most extensive categorisation
of coral species within generalist and specialists groups:

Firstly, Darling et al. (2012) applied a trait-based classification
approach for 143 species of coral, defining generalist species as those
having life history traits of competitive, weedy, and stress-tolerant
corals. Competitive species have traits that align with specialist species,
such as efficiency in using resources and dominance in highly
populated, ideal environments. Weedy corals have fast reproduction
times and diverse species traits, which allows them to opportunistically
colonise a variety of disturbed environments. Stress-tolerant corals are
defined as those with slow growth, long generation times, large
corallites, and high fecundity that help them to proliferate in
chronically harsh environments. Generalist corals have overlapping
traits with both weedy and stress tolerant corals, as defined by Darling
etal. (2012), and we refer to corals with this set of traits as “generalists”
from here on out. Sommer et al. (2014) also utilised trait-based
filtering for corals along a latitudinal gradient in high-latitude
eastern Australia, finding high-latitude coastal reefs to be mainly
dominated by generalist coral species of massive morphologies,
which persist in conditions of high environmental stress but also
contribute to a low structural complexity and have limited recovery
potential following disturbance due to slow-growing trait of massive
morphotypes. However, consistent with Darling et al. (2012), the
authors also found that species with similar functional characteristics
have higher co-occurrence. This raises the question of how abiotic
filtering (e.g. environmental parameters) will influence the structure of
coral communities when corals with different life-history strategies
(e.g. different growth rates or reproductive modes) share similar traits.

Table 2 summarises trait-based classifications used in the
studies of Darling et al. (2012), Darling et al. (2019) and Sommer
et al. (2014) to further elaborate on how generalist species can
encompass a combination of various life history strategies or be
composed of a subset of competitive taxa (as defined by Darling
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TABLE 1 72 publications returned in a Google Scholar search for the
terms <generalist AND coral> between 2010 and 2022, sorted into five
primary categories used to define generalists in the literature: depth,

environmental, life history, morphology, and symbiont.

Study Taxa Type
Bongaerts
& Various or Review Depth
et al., 2010
van Oppen . .
Seriatopora hystrix Depth
et al.,, 2011 P 4 P
Bongaerts A icites. A I ki Depth
cropora agaricites, Acropora lamarcki €]
et al., 2013 P 8 P P
Serrano
Montastraea cavernosa Depth
et al, 2014
Bongaerts
5 Various or Review Depth
et al., 2015a
Bongaerts Agaricia grahamae, Agaricia undata, Depth
€]
et al., 2015b Madracis pharensis P
Holstein
icell Depth
ctal, 2015 Orbicella faveolata ep!
- Stylophora pistillata, Seriotopora hystrix,
homas
L T Platygyra daedalea, Acropora humilis, Depth
et al, 2015 .
Acropora valida
Ziegler . .
Various or Review Depth
et al., 2015a
Brandtneris
Orbicella faveolata, Agaricia lamarcki Depth
et al, 2016
Holstein
Orbicella faveolata, Porites astreoides Depth
et al., 2016
Loya . . q
Orbicella faveolata, Porites astreoides Depth
et al., 2016
Bollati
_ Montastraea cavernosa Depth
et al., 2017
Bongaerts Agaricia fragilis, Stephanocoenia intersepta, Bt
€]
et al,, 2017 Montastrea cavernosa, Orbicella franksi P
Kahng . .
. Various or Review Depth
et al., 2017
Silveira Stevh 2 int . Denth
ephanocoenia intersepta €]
etal, 2017 v e 1
Feldman X
Paramontastraea peresi Depth
et al., 2018
Garavelli
Montastraea cavernosa Depth
et al.,, 2018
Hernandez- Pach . i Mycedi lephantot
achyseris speciosa, Mycedium elephantotus,
Agreda 4 P 4 P Depth
Acropora aculeus
et al., 2018
Polinski and
Montastraea cavernosa Depth
Voss 2018
Shlesinger Acropora squarrosa, Acropora valida, Depth
€]
et al., 2018 Montipora verrucosa P
Soto
Pocillopora verrucosa Depth
et al, 2018
Studivan and
Montastraea cavernosa Depth
Voss 2018a
(Continued)
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TABLE 1 Continued TABLE 1 Continued
Study Taxa Type Study Taxa Type
Studivan and Krame
Vl;(s;V;Olz;; Montastraea cavernosa Depth o ai ’ 202rla Stylophora pistillata Depth
Polinski and D Depth Kramer Stylophora pistillata, ACfoporfz squarrosa, Depth
Voss 2018 et al,, 2021b Paramontastrea peresi, Porites lobata
Benayahi Scucchi
e::ﬁ ,y;O; Octocorals Depth o ;lll?cz:)l; Stylophora pistillata Depth
Bongaerts Cacciapaglia
and Various or Review Depth and van Various, Pocillopora spp. Environmental
Smith 2019 Woesik 2015
Eckert Hernandez-
Montastrea cavernosa Depth ) . .
et al, 2019 Agreda Pachyseris speciosa Environmental
et al, 2016
Eval Dipsastraea favus, Paramontastrea peresi,
al
4 Porites lutea, Stylophora pistillata, Depth Bergman . L .
et al,, 2019a L ) ) Pocillopora damicornis Environmental
Turbinaria reniformis et al,, 2021
Eyal Parasharya
Montasti Depth
et al., 2019b ontastraea cavernosa P and Various or Review Life History
Padate 2013
Kahng i i
¢ al. 2019 Various or Review Depth Guest
etal, ues . , . . .
Merulina, Pachyseris, Echinopora, Montipora Life History
et al., 2016
Laverick
Acropora lamarcki Depth
et al,, 2019 P P Diploria labyrinthiformis, Porites astreoides,
Courtne Psedudiploria strigosa, Favia fragum, P
Lesser e Madraci I; s, Moot e Life History
Vardeus ar etz Depth etal, adracis decactis, Montastrea cacernosa,
et al, 2019 Orbicella franksi
Muir and oodi ;
o Mussidae spp., Fungiidae spp., Agariciidae spp. Depth Grimsditch Echinopora spp., Pavona spp., Life History
Pichon 2019 et al,, 2017 Pocillopora spp., Montipora spp.
Shlesinger Januchowski-
and Various or Review Depth Hartley Merulina spp., Pachyseris spp., Echinopora spp. Life History
Loya 2019 et al., 2020
Smith . q Karis
et al, 2019 Various or Review Depth o afn;;zo Porites spp., Echinopora spp. Life History
Studivan ot
et al, 2019 Montastraea cavernosa Depth o Merulina spp. Life History
Tamir ;
L Swz
et al, 2019 Stylophora pistillata Depth " a;:d;(;z] Various or Review Life History
Kramer Stylophora pistillata, Acropora squarrosa, Denth Caralaeke
et al., 2020 Paramontastrea peresi, Porites lobata H Gringley a4nd
S Whlledh Montastraea cavernosa Morphology
artunez PY
et al,, 2020 Stylophora pistillata Depth 2018
Fabi
Scucchia Stvlophora pistillata Denth ” a? l;(;llz Various or Review Symbiont
et al, 2020 yiophora p H .
Studivan and Putnam Aaop?ra spp., Leptastrea spp., Le}lztoseris spp., Sl
Voss 2020 Montastraea cavernosa Depth et al, 2012 Montipora spp., Pavona spp., Pocillopora spp.
Silverstei
Tami Acropora squarrosa, Montipora danae, tl vlersz(?lr; Various or Review Symbiont
amir etal,
el Paramontastrea peresi, Porites lobata, Depth
N Stylophora pistillata Wang
el Isopora palifera, Stylophora pistillata Symbiont
Bloomberg N
and Fabina
Holstein Slomasiadaeries Digpidh et al, 1201 3 Various or Review Symbiont
2021
Ziegler ; X .
Eyal Svlonh il Deoh <ol S Pocillopora verrucosa, Porites lutea Symbiont
7 i ®
et al, 2021 yiophora pistifiata e
Claar i
(Continued) el A Acropora spp. Symbiont
(Continued)
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TABLE 1 Continued

Study Taxa Type
Ziegler . . . "
Orbicella annularis, Orbicella faveolata Symbiont
et al., 2019
it Mussismilia hispida, Mussismilia harttii,
Favia gravida, Millepora alcicornis, Symbiont
et al.,, 2020 i
Siderastrea spp.
Wepfi
g Galaxea fascicularis Symbiont
et al., 2020
Saad
- Acropora valida Symbiont
et al., 2021
Varastel
s Madracis decactis Symbiont
et al., 2021

“Various or Review” refers to studies that didn’t specify taxa or that contained mention of the
terms <generalist AND coral> in a review, respectively. 50 studies refer to depth generalists, 3
studies refer to environmental generalists, 8 studies refer to life history generalists, 1 study
refers to morphology generalists, and 12 studies refer to symbiont/microbiome generalists.

et al,, 2012). The ambiguity in defining generalist species highlights
a knowledge gap crucial for predicting and managing the form and
function of future reefs and optimising conservation planning.
Pocilloporid corals (Gray, 1840) are a widespread taxonomic
group of scleractinian corals that have been reported on coral reef
ecosystems worldwide across vast geographic, environmental, and
depth ranges (Figure 2). Known to be a fast-growing and
opportunistic genus (Brustolin et al., 2019), Pocilloporids serve as
an example of generalist traits due to both high levels of phenotypic
plasticity and a broad environmental distribution (Todd, 2008;
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Schmidt-Roach et al., 2014; Putnam et al., 2020; Burgess et al.,
2021). The capacity for plasticity in the group contributes to the
challenge of identifying species, species complexes and species
ranges in addition to having substantial genetic variability
amongst visually similar species (Todd, 2008). For example,
Pocillopora damicornis has traditionally been described as four
distinct ecomorphs - elongate, semi-disturbed, compact, and
1976). Recent studies have
therefore used genetic and morphometric evidence to differentiate
species within the Pocilloporids, with Schmidt-Roach et al. (2014)
describing eight species within the P. damicornis species complex

branching (Veron and Pichon,

(including a novel taxon Pocillopora bairdi). Johnston et al. (2022)
genetically identified 673 colonies in the Pocillopora species
complex around Mo’orea, French Polynesia, and found that the 4
most abundant species were often visually indistinguishable yet
exhibited clear physiological differences in response to light and
water temperature variance. These studies indicate that while many
Pocilloporid species are visually indistinguishable, genetic
differences may be associated with distinct traits that affect their
success in a changing environment. The misinterpretation of
taxonomical units within species, e.g. for Pocillopora damicornis
(Schmidt-Roach et al.,
disentangling morphological and life history variation with

2012), contributes to challenges of

environment. This further highlights the complexity and plasticity
of the Pocilloporid family. The wide variety of responses recorded
between coral host, algal symbionts, bacterial microbiome
(“holobiont”), and the holobiont-environment interaction,
suggests that generalist corals such as the Pocilloporidae may
have the breadth of plastic traits necessary to survive in a
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mention of the terms <generalist AND coral> in a review, respectively.
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TABLE 2 A summary of trait-based classifications used by Darling et al. (2012), Darling et al. (2019), and Sommer et al. (2014) to define generalist

species and three life-history forms contained within: weedy, stress-tolerant, and competitive.

Generalist Weedy Stress-Tolerant Competitive
Massi Darling et al., 2012; Darling
assw.e/ Darling et al., 2012 arling et al arling
Encrusting et al,, 2019
. . X . Darling et al., 2012;
i Darling et al., 2012; Sommer Darling et al., 2012; Sommer §
Morphology Branching Sommer et al., 2014;
et al, 2014 et al,, 2014 .
Darling et al., 2019
X Darling et al., 2012; Sommer Darling et al., 2012;
Plating .
et al., 2014 Darling et al., 2019
Reproductive Brooding Darling et al., 2012 Darling et al., 2012
Mode Broadcast Darling et al., 2012 Darling et al., 2012
Small Darling et al,, 2012
Colony Size ) Darling et al., 2012, Darling )
Large Darling et al., 2012 Darling et al., 2012
et al, 2019
Slow Darling et al., 2019
Growth Rate Moderate Darling et al., 2012
Fast Darling et al., 2012; Darling Darling et al., 2012;
& et al.,, 2019 Darling et al., 2019
Low Darling et al,, 2012
Fecundity
High Darling et al., 2012
Framework- Yes Darling et al., 2019 Darling et al., 2019
Building No Darling et al., 2019 Darling et al., 2019
Plating or laminar corals able to
S . Fragile, low-profile colonies Large, slow-growing, hardy reef- Fast-growing, branching
exist in a broad range of . . o . . g
Summary . that contribute little to building corals that can build and plating reef-building
- environments; may represent a .
of Findings . structural complexity and complex reef structures to corals that are vulnerable
subdominant group of deeper- . L. . .
architectural structre of reefs maintain coral-dominated reefs to multiple stressors
water taxa
Pocilloporid Pocillopora aliciae, Pocillopora
species defined dis, Pocill ligulata, . .
pect . gmn s, Fociliop me 1gula “ Pocillopora damicornis
by Darling Pocillopora meandrina, Pocillopora
et al. (2019) verrucosa, Pocillopora woodjonesi

This table highlights the ambiguity and overlap between life history strategies and traits of reef corals, further highlighting a need to clearly define traits of generalist species.

changing world. Here we review (1) the traits of the Pocilloporid
holobiont associated with environmental generalism; (2) the aspects
of holobiont-environment interaction that would support the
assumption of environmental generalism in this genera; and
(3) the intersection of environmental generalism, holobiont
structure, and the restructuring of a diverse range of coral
habitats across Australia’s east coast.

2 Generalist traits and the
Pocilloporid holobiont

2.1 Morphological plasticity

Pocilloporid corals have a high degree of plasticity in overall
skeletal morphology across environments (Todd, 2008; Johnston
et al,, 2017). Pocilloporids increase in compactness with increasing
water motion (Kaandorp, 1999), vary in branch structure
concurrent with degree of reef exposure (Lesser et al.,, 1994), and
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can appear elongate in subtropical regions while being robust in
tropical regions (Schmidt-Roach et al., 2014). Furthermore, water
flow and wave motion were found to systematically ordinate
Pocillopora colony structure in Mo’orea, French Polynesia (Corso
et al.,, 2022), due to physical forcing that likely aligns colonies with
the dominant direction of the wave energy. Pocilloporids can also
exhibit microstructural plasticity in response to light, water
movement, and depth. Pocilloporid microstructure is influenced
by environmental parameters, for example significant variation in
17 micro- and two macrostructural characteristics was observed in
Pocillopora verrucosa colonies found between 7 and 38-45m depth
(Gelin et al., 2018).

2.2 Tissue structure and within-colony
symbiont distribution

Biological traits of tissue structure and its influence on symbiont
distribution within a colony are believed to support vast
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FIGURE 2

A schematic illustrating the five domains of generalist species defined in the literature search conducted herein, and how traits common to
Pocilloporids apply to each domain. Black text arrows indicate how Pocilloporids may respond to influence their success when environmental
pressures (e.g. increased light, rising temperatures, physical forcing) are applied.

environmental tolerance, including depth and light tolerance. In a
study by Terraneo et al., examining symbiont types in shallow and
mesophotic corals in the Red Sea, Durusdinium spp., known to
assist with stress and thermal tolerance, was found predominately in
shallow water corals compared to mesophotic corals (Terranco
et al,, 2023). This suggests that symbiont distribution may be host
and environment specific. Pocilloporids, characterised by an
imperforate tissue structure that lacks intercalating tissues in a
skeletal matrix (Yost et al., 2013), exhibit adaptability to diverse
environmental conditions due to their shallow tissue depth. This
tissue structure that predominantly extends across the surface of the
skeleton contrasts with the tissue structure within the matrix of the
colonial skeleton that is seen in perforate corals. Another potential
contributing factor to the flexibility of Pocilloporids across different
depths is their highly variable symbiont distribution related to light
penetration and amplification within the colonies (Teran et al.,
2010). Interestingly, Pocilloporids are the only genera that have
been linked to polyp bail out responses (Fordyce et al, 2017;
2021), wherein
individual polyps disassociate from a colony under stress and re-

Chuang and Mitarai, 2020; Gosser et al.,
settle on the benthic substrate. It is important to note that to date
the role of polyp bailout responses in Pocilloporid recovery of coral
cover (Fordyce et al., 2017) following severe bleaching events has
not been well investigated.
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2.3 Bacterial microbiome stability

Several thousand microbes have been discovered within the
coral microbiome (Rohwer et al., 2002). These are comprised of
archaea, bacteria, viruses and Symbiodiniaceae (Symbiodinium)
which inhabit the coral tissues, skeleton, mucus and
2018). These microbial
interactions can either be mutualistic, parasitic or symbiotic

gastrovascular cavity (Osman et al,

interactions (Aranda et al.,, 2016). The ubiquitous distribution of
Pocilloporid corals across environments have made them a well-
studied target in coral bacterial microbiome research since 2018,
characterising the Pocillopora microbiome across the Indo-Pacific
and Red Sea. There also evidence that the coral microbial
associations with P. damicornis may be a factor influencing
bleaching response in these corals (Gilbert et al., 2012); namely,
widely observed microbial patterns in response to bleaching may
contribute to Pocillopora’s classification as a generalist. These
include microbial stability during bleaching and across different
environmental conditions (Ziegler et al., 2019; Brener-Raffalli
2018; Pogoreutz et al., 2018; Epstein et al., 2019; Maher
20205 Bergman et al.,, 2021). Some studies have found that
despite severe bleaching in P. damicornis (e.g. loss of symbionts,

et al.,

et al.,

but no mortality), bacterial communities did not increase in
diversity, change, or become pathogen dominated; rather, the
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community structure resembled that of healthy P. damicornis
colonies (Bergman et al, 2021). Similar findings have been
observed in P. damicornis larvae, where Symbiodinium cell
densities of larvae decreased under high temperature conditions,
but no reduced survivorship was observed (Haryanti et al., 2015).
Bacterial shifts in response to bleaching have been observed, for
example shifts in Symbiodinium-associated partner bacteria, such
as Lactococcus and Bacillus, in Pocillopora verrucosa colonies
during a natural bleaching event in the South China Sea (Yang
et al,, 2021). Interestingly, in a study of P. acuta, the microbiome
was found to respond rapidly and flexibly to transplantation in
Singapore, becoming similar to that of the local colonies at the
transplanted reef within 1-2 days of transplantation (Deignan and
McDougald, 2022). Even in stable communities, Endozoicomonas
is a bacterial associate consistently found in the microbiome of
Pocilloporid corals (Pogoreutz et al., 2018; Epstein et al., 2019;
Voolstra and Ziegler, 2020; Ricci et al., 2022), with Maher et al.
(2019) reporting Endozoicomonas dominate Pocillopora
microbiomes that have declined in overall diversity. Microbial
stability in Pocillopora in response to warming may contribute to
its role as a generalist species on reefs.

2.4 Photoendosymbiont and holobiont
bleaching responses

In Pocilloporid corals Symbiodinium are transferred maternally,
leading to co-evolution with the host and species-specific
associations of symbionts irrespective of geography (Pinzon and
LaJeunesse, 2011; Schmidt-Roach et al., 2013a; Brener-Raffalli et al.,
2018). Stability in patterns and composition of P. damicornis-
associated Symbiodiniaceae has been found between adults and
juveniles in the South China Sea irrespective of exposure to stress
(i.e. ocean acidification), with a consistent dominance of the
thermally tolerant endosymbiont Durusdinium spp. (Zhou et al.,
2021). Endosymbiont population stability has also been observed in
adult Pocillopora, with the stress-tolerant Durusdinium largely
dominating the Symbiodiniaceae population in P. acuta
throughout bleaching response of the host coral (Poquita-Du
et al., 2020a; Poquita-Du et al., 2020b). In the Red Sea, where
there are strong environmental gradients from north to south,
Symbiodinium microadriaticum (type Al) has been found to
dominate across a latitutinal gradient (Sawall et al., 2014). While
the dominant resident Symbiodinium in Pocillopora corals often
remain at a high abundance, even during stress events (e.g. cold-
water bleaching, (McGinley et al., 2012), there is also some evidence
of flexibility in host-symbiont combinations with variability across
sites (Cunning et al., 2013) or environments (Ros et al., 2021; Botte
et al., 2022). Observed interactions between physiological
performance, host genotype, and symbiont communities in P.
damicornis, as observed between flat or slope reef habitats of
Australia’s Heron Island in Marhoefer et al. (2021), emphasise
that local adaptation of colonies as a product of environmental
factors is also possible and should be accounted for.
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3 The generalist holobiont—
environment interaction and a
changing climate

The largest influences on corals is the availability of
photosynthetically available radiation (PAR), which causes
variations in morphology, skeletal structures, photosynthetic
traits, heterotrophic feeding, and Symbiondinaceae genera
(Martinez et al., 2020). Generalist species are regarded as likely to
be more successful than specialists as the climate continues to
change (Clavel et al., 2011; Chichorro et al., 2019) due to their
ability to adjust to these influences in their environment.
Understanding the holobiont traits that contribute to
environmental generalism is critical to predicting the structure of
reefs under future scenarios. As global climate change continues to
drive ecosystem change and novel environmental conditions
become increasingly prevalent, the hypothesised increased role of
environmental generalists in ecosystem stabilisation is evident
(Graham et al., 2014; Williams and Graham, 2019). A recent
study conducted on the reefs of French Polynesia investigating a
26-year monitoring database found that corals in the genus
Pocillopora now make up 84% of the total recovery rate on the
reef following disturbance (Pérez-Rosales et al., 2021). While the
success of some genera on disturbed reefs is beneficial for overall
coral coverage, a convergence towards post-disturbance
communities less diverse and dominated by a single genera,
morphology or phenotype (as shown by Pérez-Rosales et al.
(2021) for 5 out of the 7 reefs) is also discussed as a key risk of
sudden ecosystem declines under further disturbance events (Dalin
et al., 2009; Palumbi et al., 2009; Lin, 2011). Palumbi et al. (2009)
emphasise the importance of preserving biodiversity on reefs, as
communities dominated by a single genus are likely have a more
limited range of functions in response to disturbance than reefs
composed of a diverse range of genera. Dominance of a single
genera, especially one that is visually indistinguishable from other
species within its genera, may be due to niche differences in co-
occurring cryptic species. For example, Johnston et al. (2022) found
greater differential abundances of Pocilloporid species across depths
than amongst sites separated by several kilometers. The four most
abundant species observed in this study were visibly
indistinguishable at the gross colony level, yet exhibited
differences in their associations and response to light irradiance
and water temperature that may further promote their proliferation
across reef environments with potentially varying degrees of
generalism by species (Johnston et al., 2022).

Recent monitoring on the GBR following severe bleaching
events of 2016-20 have also found an increase in dominance of
Pocillopora species over the previously dominant specialist
Acropora species (AIMS, 2021), noting that an increase in cover
of a single genera had the potential to put the reefs at greater risk in
future events. Therefore, the role of environmental generalist
species (those with greater plasticity for a range of some
conditions) will be uncertain in highly dynamic marine
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environments, particularly those environments with severe and
frequent extreme conditions (Munday, 2004; Camp et al., 2018).

As warming on temperate, subtropical, and tropical reefs
continues to drive the emergence of novel ecosystems, efforts in
conservation and ecosystem rehabilitation, repair, and restoration
are now based around supporting (repair and rehabilitation) or
actively undertaking (restoration) reconstruction of altered and
degraded environments (Fox et al, 2019; Vardi et al, 2021;
Shaver et al., 2022). Successful ecosystem repair, reconstruction or
restoration involves identifying the target organisms that can
acclimate and proliferate in both current and predicted future
environmental conditions (Prober et al., 2015; van Oppen et al.,
2017; Vardi et al, 2021; Shaver et al,, 2022). Understanding the
physiological range of the target organism in a dynamic
environment for these types of conservation efforts will therefore
be the cornerstone of the science of conservation ecology on coral
reefs. Detailed understanding of the plasticity of the biological traits
which underpin an organism’s success across a range of
environment parameters will be key for conservation efforts,
particularly those focused on organisms that show resilience and
environmental plasticity (Kimball et al., 2016; Bostrom-Einarsson
et al,, 2020; Shaver et al.,, 2022). The broad similarities amongst
Pocilloporid species in the relationship between morphology,
microbiome, and plasticity across sites or environmental
conditions are therefore potentially key factors contributing to the
success of this genera.

4 Australia as a case study: are there
locations in eastern Australia where
coral reefs are resistant to
environmental change?

Australia’s reefs have been subject to the impacts of climate
change in recent years, and we focus specifically on several examples
where reefs have been impacted by warming. We continue to build
on the aforementioned point that generalist species may be better
suited to acclimate to current environmental conditions (e.g.
warming), but that it is critical to understand what role they will
play in future reef conditions or in the highly dynamic marine
environments mentioned herein. The majority of Australia’s coral
reef ecosystems extend across approximately 344,400 km> of the
continent’s east coast, which includes the ecosystems of tropical
coral reefs, subtropical coral reefs, and high-latitude coral reefs
(Great Barrier Reef Marine Park Authority, 2012; Figure 3). Most
tropical corals are found 30-200 km offshore along the shallow
inshore and lagoonal reefs, submerged reefs, mesophotic and deep-
water coral reefs of the Great Barrier Reef/Coral Sea (Olsson et al.,
2008). Subtropical continental shelf coral populations are also
found along approximately 900 km of continental shelf from the
southern Great Barrier Reef to the Solitary Islands, with temperate
populations now being reported as far south as Sydney Harbour
(Harriott and Banks, 1995; Harriott and Smith, 2002; Linklater
et al., 2016; Roelfsema et al., 2016; Linklater et al., 2018; Linklater
et al., 2019). Coral populations within the subtropical-to-temperate
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transition zone of Eastern Australia include marine habitats with
unique assemblages of corals, sea grasses, kelps and turfs (Wilson
and Harrison, 2003; Verges et al., 2016; Sommer et al., 2017; Verges
et al, 2019). Further south, merging temperate and subtropical
waters supports the development of new species, unique species
interactions, and distinct habitats on the world’s most southern
coral reef, World Heritage-listed Lord Howe Island (Harriott et al.,
1995; Noreen et al., 2009; Edgar et al., 2010).

Coral reefs within Australia’s southern Great Barrier Reef and
Great Southern Reef, particularly those at the convergence of sub-
tropical and temperate zones, are as such experiencing climate
mediated changes to species distribution and abundance, benthic
habitat change, and the range extension of tropical species (Pandolfi
et al., 2003; Brandl et al., 2019; Eddy et al., 2021). Warming oceans
are driving high coral mortality, changes to population structure,
emergence of new diseases, reduced growth, and reduced
recruitment even on high-latitude reefs (generally outside of 30°
N or S). Most evident of this problem is the severity and frequency
of mass coral bleaching events now increasingly recorded in corals
within Australia’s understudied high-latitude reefs. For example,
bleaching was recorded at Lord Howe Island in 1998, 2005, 2010,
2011 and 2019, one of the highest frequencies of coral bleaching
events reported in Australia (Harrison et al., 2011; Dalton et al,
20205 Steinberg et al., 2022). Additionally, mass bleaching affected
22 high-latitude coral assemblages found south of the GBR in 2016
(Kim et al,, 2019). Genetic evidence shows that connectivity to
larger metapopulations is limited for corals growing at the southern
edge of their species range (Noreen et al., 2015; Mizerek et al., 2021),
resulting in high levels of evolutionary novelty (Miller and Ayre,
2008; Noreen et al., 2009; Schmidt-Roach et al., 2013a; Noreen et al.,
2015) in these locations.

The observed species composition changes observed on
temperate to subtropical reefs have the potential to profoundly
alter temperate marine ecosystems within the coming decades. The
question arises as to whether generalist corals will be a feature of
Australia’s changing east coast coral reef ecosystems as climate
change continues to impact these regions. The response of
generalist species, specifically Pocilloporids, to climate change and
ocean warming in Australia has varied by region. For example,
bleaching events occurring on the tropical reefs of the Great Barrier
Reef have impacted almost all species (Stuart-Smith et al., 2018),
with over 43% of reefs bleaching in 1998, 56% bleaching in 2002,
and 85% in 2016 (Hughes et al, 2017) and region-wide coral
bleaching occurring from February—-April 2020 and December-
March 2022 (Ainsworth et al,, 2021, GBRMPA Reef Snapshot,
2022). Pocillopora spp. has been categorised as bleaching-sensitive
on the GBR, showing declines in small colonies of up to 28% on the
reef crest and 30.2% on the reef slope following mass coral bleaching
in 2016/2017 (Dietzel et al., 2020). In the Keppel Island archipelago,
situated on the southern inshore GBR, 21% of living corals were
affected by bleaching, with Pocillopora and branching Acropora the
most affected (Kennedy et al., 2017). Botté et al. (2022) also found a
degree of mild, moderate, or severe bleaching in all Pocillopora
acuta colonies sampled between 3.5-5.6°C-weeks on Pandora and
Havannah Island reefs within the Palm Island group on the central
GBR. However, in the Coral Sea, partial mortality was lower in
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Pocillopora species during bleaching in 2020 than in 2018/2019
prior to bleaching, and overall incidence of partial mortality in all
species surveyed remained below 5% (Burn et al.,, 2022). Outside of
Australia, co-evolved mutualisms between Pocillopora corals and
heat-tolerant symbionts have been found with few observable
tradeoffs, suggesting that increased prevalence of these
mutualisms will contribute to reef growth and the proliferation of
Pocillopora spp. in warming environments (Mexico; Turnham et al.,
2023). An additional study in Panama suggests that Pocillopora will
be selected over other coral genera in warming regions, due to
associations with thermotolerant symbionts, the potential
acquisition of thermally tolerant symbionts during heat stress,
and generalist traits such as a high growth rate and capacity for
asexual reproduction through fragmentation (Palacio-Castro et al.,
2023). However, in an Australian context, dominance of
Pocilloporids on Australia’s reefs will come with a reduction in
non-Pocilloporid species in a formerly highly diverse region. This
reduction in non-Pocilloporid species diversity may impact
ecological functions and reef resilience to other stressors in highly
variable, marginal environments.

In subtropical or marginal reefs, such as those around Norfolk
Island and Lord Howe Island, the reefs are dominated by
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subtropical and temperate species and presumed to be isolated
from surrounding bioregions. This creates a unique environment
with a high presence of endemic fauna and peripheral populations
vulnerable to extinction (van der Meer et al., 2015; Edgar et al,
2017). However, there has been limited research to date focused on
coral populations in these subtropical environments, and how
generalist species and the overall coral populations will be affected
by warming oceans is largely unknown. At Lord Howe Island
between 2005 and 2007 up to 95% of the coral community in the
lagoon bleached, with 41% mortality occurring in Pocillopora
damicornis as well as evidence of minor bleaching in Poritidae
and Acroporidae (Dalton et al., 2011). In 2010, 2011 and 2019,
bleaching was also observed in lagoonal sites at Lord Howe Island,
with up to 99% of colonies bleached at shallow lagoon sites and
Pocillopora, Stylophora, Seriatopora, and Porites as the most affected
species (Dalton et al., 2020). The responses of Pocilloporids to
warming are clearly variable across environments.

In temperate reefs, such as the continental coral reefs of the
eastern extent of the Great Southern Reef (GSR) including the
Solitary Islands Marine Park (SIMP) and the associated reefs of
Australia’s southeast coast, ocean warming is contributing to range
contractions, habitat losses, changes in energy pathways, and the
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3). Norfolk Island and Norfolk Ridge, 4). Elizabeth and Middleton Reefs, 5). Solitary Islands Marine Park, 6). The Lord Howe Seamount Chain, Lord
Howe Island, and Ball's Pyramid, and 7). Sydney Harbour. For images on the right-hand side, numbers correspond to reef location and letters depict
(A) an example of a Pocilloporid from each location and (B) a whole-reef image from each location. All pictures taken by Jessica Bergman, with the
exception of images reproduced with permission: 2A, 2B: Parks Australia Coral Sea Marine Park Coral Reef Health Report; 4A, 4B: Antonia Cooper;
7A, 7B: John Turnbull. Bleaching events recorded at each location are listed along the left-hand side of the photos. For 1). Great Barrier Reef: Bolded
dates are years when both the N. GBR and S. GBR bleached, and dates not in bold are years when only the N. GBR bleached.
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facilitation of species (Wernberg et al., 2013; Verges et al., 2014;
Tuckett et al,, 2017; Smith et al., 2021). In surveys of a bleaching
event extending along the eastern coast of Australia from Flinders
Reef to Southwest Rocks (including the SIMP), Pocillopora bleached
more at sites where temperatures were historically cooler and
overall, Pocillopora and Porites were more susceptible to
bleaching than Acropora, Goniastrea, and Turbinaria (Kim et al,
2019). Bleaching severity also increased for Pocillopora spp. with
latitude without a significant change in relative abundance (Kim
et al,, 2019). Abrupt changes to the size structure of the endemic
Pocillopora aliciae were also noted following a bleaching event in
2016, demonstrating a strong association between heat stress and
declining P. aliciae population density (Lachs et al., 2021). P. aliciae
is a subtropical endemic branching coral (Schmidt-Roach et al,
2013a; Schmidt-Roach et al., 2013b; Schmidt-Roach et al., 2014),
which is hypothesised to have extended its range into temperate
(18.8-24.7°C 2012-2022 monthly average) habitats of Sydney NSW
(Booth and Sear, 2018). Establishment of P. aliciae in temperate
waterways has been suggested to accelerate tropicalization of coastal
Sydney and facilitate benthic habitat complexity for fish
communities, although further examination is needed to
determine the limits of coral range extension into high-latitude
regions (Abrego et al., 2021). However, despite generally exhibiting
an enhanced stress tolerance characteristic of corals in a fluctuating
environment (Oliver and Palumbi, 2011), P. aliciae has been
deemed the least viable coral species under thermal stress at the
SIMP (Cant et al., 2021) and is categorised as susceptible to
thermal stress.

This is further evident with the 2016 El Nifo and a
corresponding increase in seawater temperatures of > 2°C above
the long-term mean summer maxima causing bleaching in up to
60% of all corals in Sydney Harbour (Goyen et al., 2019).
Incorporating the response of Pocilloporid species under thermal
stress into the response of the benthic coral community as a whole,
there is evidence of an overall decline in total coral cover at the
SIMP between 1990 and 2014 (Mizerek et al., 2021). Taken together,
these studies suggest that the response of Pocilloporid species to
thermal stress within the reefs of eastern Australia are still equivocal
and highly variable by region, and likely depend on location-
specific adaptations.

5 Conclusion

Community reassembly, altered dispersal patterns, and novel
species interactions, including novel holobiont-environment
interactions, are hypothesised to be involved in the formation of
entirely novel ecosystems (Spalding et al., 2007; Sommer et al., 2014;
Sommer et al., 2017; Sommer et al., 2018). Ocean warming is
hypothesised to warm regions considered marginal environments
for coral growth and expand coral dominance in these locations
(Beger et al, 2014; Tuckett et al., 2017; Booth and Sear, 2018;
Nakabayashi et al., 2019; Gonzalez-Pech et al.,, 2022). As such,
recent studies have focused on how ocean warming may drive the
development of novel coral ecosystems in high-latitude reef
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habitats, described as “changes in species configurations,
interactions, and functions, within the parameter space of
calcifying coral-dominated reefs” (Graham et al., 2014).

However, warming is also driving marine heatwaves and
bleaching events, as seen in the past decades across Australia’s
subtropical and temperate reef systems and coral populations. In
Australia alone, coral bleaching has been observed in high-latitude
locations within the last two decades with a frequency and severity
comparable to that of tropical locations. In Australia bleaching events
have been reported at Lord Howe Island (Harrison et al., 2011; Dalton
et al., 2020), Rottnest Island (Thomson et al.,, 2011; le Nohaic et al.,
2017), eastern New South Wales (Kim et al., 2019), Sydney Harbour
(Goyen et al,, 2019), and the Houtman Abrolhos Islands (Abdo et al.,
2012; Smale et al, 2012). One of the most extreme examples of
changing distribution is the expansion of the coral Pocillopora aliciae
into temperate marine environments close to Sydney Harbour
(Gonzalez-Pech et al, 2022). It is therefore critical to understand
which coral species, in which locations and by which means, are
functioning as generalists as these species are predicted to be better
able to withstand a changing environment. Generalist species may
provide new ecological opportunities and play critical functional roles
as coral reefs reconfigure under climate change. More research is
warranted to define generalist traits and which species display them.
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