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Editorial on the Research Topic

The role of dimethylsulphide, and other sulphur substances, on the
climate and ecology of coral reefs
Whilst ground-breaking research on dimethylsulfide (DMS) on coral reefs was published

over 25 years ago (Jones et al., 1994; Hill et al., 1995), the goal of this special topic is to

highlight more recent research on the climatic and ecological role of DMS, its biological

precursor dimethylsulfoniopropionate (DMSP), and related compounds in tropical coral reef

environments. Forty-three researchers contributed eleven high quality manuscripts from the

Australian Great Barrier Reef (GBR), French Polynesia, and Okinawan reefs off Japan.

Contributions include case studies and review articles covering atmospheric science, remote

sensing, biogeochemistry, microbiology, coral physiology and ecology, and genetic research.

McGowan et al. compare observations of coral reef-atmospheric interactions during

summer monsoon conditions on the Great Barrier Reef with those of a desert fringing coral

reef in the Gulf of Eilat, Red Sea. While in the Gulf of Eilat the stability of the atmospheric

boundary layer inhibits the impact of the reef on the overlying atmosphere, GBR reefs during

the summer monsoon are characterized by convective exchange of heat and moisture, which

may allow the vertical transport of DMS and other aerosol and cloud droplet precursors. In a

mini review, Swan discusses the potential for coral reef-derived, atmospheric DMS oxidation

products to regulate the regional climate of the GBR (Figure 1). He describes how low wind

speeds over tidally exposed coral reefs cause plumes of atmospheric DMS and sulfate

aerosols. Upon subsequent growth, these aerosols can affect cloud microphysics and regulate

regional cloud albedo. Massive coral bleaching events may currently weaken such regulation.

Jackson et al. investigated this further using an Australian Community Climate and Earth

System Model. Incorporation in the model of the coral-to-air DMS emission, during aerial

exposure at low tide, revealed that the GBR is an important regional source of atmospheric

sulfur. However, no influence on sulfate aerosol mass or number concentration was detected,

in contrast to observational studies that suggest otherwise. In a companion paper, Jackson
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et al. used a CMIP6 model to investigate the influence of predicted

increases in sea surface temperature and photosynthetically active

radiation on DMS emissions from the GBR by the end of the century.

They conclude that the predicted 10-14% increase in DMS emission is

unlikely to significantly influence the regional atmosphere of the

GBR, though further research is needed. Whilst DMS is considered a

climate-cooling gas, methane is a powerful greenhouse gas with

warming effects. Deschaseaux et al. report a correlation of DMS

emission fluxes with methane fluxes from the Heron Island Reef,

GBR. DMS emissions were also positively correlated with the

abundance of intermediate and large diameter aerosols, suggesting

that DMS significantly contributes to the growth of existing

atmospheric particles.

Xue et al. measured concentrations of DMSP and its breakdown

product acrylate in a coral reef-open ocean transect in Mo’orea,

French Polynesia. While concentrations showed little change along

the transect, the microbial consumption of both compounds was

much faster in the reef, suggesting that rapid biological turnover

maintains the reef-borne dissolved concentrations of these two

compounds at low levels similar to those of the open ocean. In the

same Mo’orean reefs, Masdeu-Navarro et al. measured DMSP-related

compounds (DMSPCs, i.e., DMSP, DMS, acrylate and DMSO) and

volatile organic compounds (VOCs). Dominant corals were sources
Frontiers in Marine Science 026
of DMSPCs, while a dominant seaweed was a source of DMSPCs and

VOCs such as carbonyl sulfide and poly-halomethanes. The diel cycle

of DMSPCs concentrations near the polyps of Acropora pulchra

paralleled changes in sunlight intensity, and rDNA meta-barcoding

and metagenomic analyses suggested that solar radiation-induced

oxidative stress caused the release of DMSPCs by the coral holobiont,

either directly or through symbiont expulsion. With similar

ecophysiological objectives, Gardner et al. exposed Acropora

millepora to thermal stress experiments and observed a large

increase in coral DMSP concentrations. The distinct bacterial

communities of the coral mucus showed increases in the abundance

of two DMSP catabolic genes, dmdA (demethylation) and dddP

(cleavage to DMS), under thermal stress, and a shift occurred to

cleavage as the DMSP concentration increased. This helps explain

why DMS emission is enhanced in heat-stressed corals.

Corals are holobionts where the distinct roles of each of the

components (i.e., the cnidarian host and the symbiotic algae, as well

as the other members of the associated microbiome) in the physiology

of the entire coral are not easy to tease out. For instance, bacteria do

not only catabolise DMSP but can also synthesize it. Kuek et al.

confirmed this by finding the DMSP-synthesis gene dsyB in 9% of 157

isolates of bacteria associated with four common coral species.

Genome sequencing of one of the isolates, Shimia aestuarii AMM-

P-2, revealed the complete genetic machineries to assimilate sulfate

and synthesise sulfur-containing aminoacids and DMSP, and

demethylate and cleave DMSP, as well as utilise or detoxify

acrylate. Intracellular DMSP increased two-fold under both

hypersaline conditions and high UV exposure. Chiu and Schinzato

carried out molecular identification of DMSP lyase-like genes in

Acropora digitifera tissue, and saw that multiple variants were

expressed. A comprehensive survey of available transcriptomic

databases revealed that DMSP lyase-like genes occur across

Cnidaria: in Hexacorallia and Octocorallia (Anthozoa), and even in

a jellyfish (Hydrozoa), and evolved from a gene in the last common

ancestor of Cnidaria, dating to the Precambrian. Given that DMSP

lyase-like gene-harbouring cnidarians thrive in coral reefs and

shallow, warm waters, these genes may be essential for animals to

survive in such environments and adapt to environmental changes.

Quaternary ammonium compounds (QACs) – e.g., betaines – have a

chemical structure analogous to that of the tertiary sulfonium

compounds such as DMSP. In coral tissues, QACs are suggested to

protect the photosystem machinery of the algal symbiont against

photon and thermal stresses by stabilizing photosystem proteins and

scavenging reactive-oxygen-species. Hill reviews the available

evidence on the roles of QACs, and calls for more studies of QAC-

related ecophysiology in corals.

All in all, the contributions in this Research Topic provide further

evidence for the critical role of DMSP, DMS and related compounds

in the evolution of tropical corals and their adaptation to the

conditions of high temperatures and irradiances that characterise

their distribution. Most importantly, they highlight the need to look at

the coral as a holobiont, where the different components all contribute

to the ecophysiological aspects of sulfur cycling. A consequence of

these ecophysiological aspects is the increased emission of DMS from

reefs where high irradiances, high temperature and aerial exposure by
FIGURE 1

An aerial photograph of Wistari Reef near Heron Island in the
Capricorn–Bunker group of coral reefs southern Great Barrier Reef,
Australia (23.13° S, 151.85° E to 23.92° S, 152.60° E). Superimposed on
this image is a conceptual model of factors controlling hygroscopic
sulfate aerosol production (H2SO4) over the GBR. Ocean-derived
atmospheric DMS and pulses of atmospheric DMS from the coral reef
at low tide are oxidised by photochemically produced hydroxyl radical
(OH) forming sulfate aerosol that can grow to cloud condensation
nuclei (CCN). This process can assist formation of high-albedo low-
level marine clouds that influence solar radiation over the GBR.
Source: Hilton B. Swan, Graham B. Jones, Elisabeth S. M.
Deschaseaux, and Bradley D. Eyre. Biogeosciences, 14, 229–239, 2017
www.biogeosciences.net/14/229/2017/doi:10.5194/bg-14-229-2017 ©
Authors 2017. CC Attribution 3.0 License.
frontiersin.org

https://doi.org/10.3389/fmars.2022.910420
https://doi.org/10.3389/fmars.2022.910441
https://doi.org/10.3389/fmars.2022.911522
https://doi.org/10.3389/fmars.2022.944141
https://doi.org/10.3389/fmars.2022.912862
https://doi.org/10.3389/fmars.2022.869574
https://doi.org/10.3389/fmars.2022.889866
https://doi.org/10.3389/fmars.2022.869739
https://www.biogeosciences.net/14/229/2017/
https://doi.org/10.3389/fmars.2023.1119817
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jones et al. 10.3389/fmars.2023.1119817
low tides converge. In combination with atmospheric convective

uplifts, DMS emissions represent an important injection of sulfur

up into the atmosphere where low level clouds form. Whether this

injection has significant impact on regional climate is still

controversial and requires further evaluation.
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DMSP Production by
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Council (ARC) Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, QLD, Australia, 3 Centre for
Tropical Bioinformatics and Molecular Biology, James Cook University, Townsville, QLD, Australia, 4 College of Public Health,
Medical and Veterinary Sciences, James Cook University, Townsville, QLD, Australia, 5 Tropical Marine Water Quality and
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Townsville, QLD, Australia, 8 Climate Change Cluster (C3), University of Technology Sydney, Ultimo, NSW, Australia

Dimethylsulfoniopropionate (DMSP) is an important molecule in the marine sulfur cycle,
produced in large amounts by corals and their dinoflagellate endosymbionts,
Symbiodiniaceae. Although corals are known to harbour bacteria that can catabolise
DMSP, the recent discovery of bacteria capable of producing DMSP in coastal and deep-
sea environments raises the possibility of a bacterial contribution to the DMSP output of
corals. Here, 157 bacteria associated with four common coral species were isolated and
screened for their ability to produce DMSP by targeting dsyB, a key gene involved in
DMSP biosynthesis. Approximately 9% (14 out of 157) of the bacterial isolates harboured
dsyB, all being members of the Alphaproteobacteria. The ability of these isolates to
produce DMSP was confirmed by liquid chromatography-mass spectrometry (LC-MS)
and nuclear magnetic resonance (NMR) measurements. A dsyB-harbouring strain, Shimia
aestuarii AMM-P-2, was selected for genome sequencing. This strain harbours the
complete genetic machinery to (i) assimilate sulfate and synthesise the DMSP
precursors, cysteine and methionine; (ii) demethylate DMSP and generate methanethiol;
(iii) cleave DMSP, generating dimethyl sulfide (DMS) and acrylate; and (iv) utilise or detoxify
acrylate. The impacts of varied environmental factors (temperature, salinity, light and UV
radiation) on S. aestuarii AMM-P-2 DMSP biosynthesis were characterised. DMSP levels
in S. aestuarii AMM-P-2 increased almost two-fold under both hypersaline conditions (40
PSU) and high UV exposure. DMSP catabolism through the cleavage pathway also
increased under these conditions, producing the antioxidants DMS and acrylate, a
potential response to the oxidative stress generated. Overall, our results reveal that
coral-associated bacteria can synthesize DMSP and may therefore contribute to DMSP
production by the coral holobiont.

Keywords: DMSP, sulfur cycle, coral-associated bacteria, holobiont, acrylate
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INTRODUCTION

Dimethylsulfoniopropionate (DMSP) is one of the most
abundant organic sulfur compounds in the ocean (Sievert
et al., 2007; Johnston et al., 2012), with global production
estimates ranging between 12 and 103 Tmol of sulfur per year
(Howard et al., 2006). Functionally speaking, this molecule is the
chemical equivalent of a Swiss Army knife, being a key source of
carbon and reduced-sulfur for marine microbes (Kiene et al.,
2000), a potent chemoattractant affecting the behaviour of
organisms ranging from bacteria to fish (DeBose et al., 2008;
Seymour et al., 2010), an antioxidant (Sunda et al., 2002), a
cryoprotectant (Karsten et al., 1996), a protectant against
hydrostatic pressure (Zheng et al., 2020), and an osmolyte
(Kirst, 1996; Stefels, 2000). In addition, its role as the main
precursor of dimethyl sulfide (DMS) has received considerable
attention because this highly abundant gaseous compound is
released into the atmosphere where it ultimately plays a role in
cloud formation, bridging marine and atmospheric sulfur cycles
(Andreae et al., 1983; Bates et al., 1987; Ayers and Gras, 1991).

DMSP biosynthesis was long thought to be restricted to
marine photosynthetic eukaryotes (Kiene et al., 1996).
However , r e cent s tud ie s have demons t ra ted tha t
photosynthesis is not a prerequisite for DMSP production with
marine heterotrophic bacteria found in saltmarshes, the photic
zone and even deep seafloor sediments producing this
compound (Curson et al., 2017; Williams et al., 2019). Many
marine Alphaproteobacteria belonging to the orders
Rhodobacterales, Rhizobiales, and Rhodospirillales produce
DMSP via the methionine transamination pathway (Curson
et al., 2017). The dysB gene in these bacteria encodes the key
S-adenosyl methionine-dependent methylthiohydroxybutryrate
(MTHB) methyltransferase enzyme in this pathway.
Furthermore, some Alphaproteobacteria and Actinobacteria
have been shown to produce DMSP via a different methionine
me thy l a t i on pa thway in wh i ch a me th ion ine S -
methyltransferase, termed MmtN, is an important enzyme
(Williams et al., 2019). Approximately 0.3–0.6% of marine
bacteria are predicted to produce DMSP, with the majority
containing dsyB (Curson et al., 2017; Curson et al., 2018;
Williams et al., 2019). Importantly, Alphaproteobacteria orders
that are known to harbour dsyB can represent up to 50% of the
bacterial communities associated with some reef-building coral
species (Luo et al., 2021).

Coral reefs are recognised as DMSP hotspots (Jones and
Trevena, 2005), thought to largely result from the
photosynthetic endosymbionts of the family Symbiodiniaceae
within the coral tissue that produce large amounts of the
compound (Hill et al., 1995). However, the coral host itself can
also produce DMSP and contain a DsyB-like MTHB S-
methyltransferase, termed DSYB (Raina et al., 2013; Aguilar
et al., 2017; Curson et al., 2018). Bacteria are also abundant in
and around corals (Bourne et al., 2016; Pogoreutz et al., 2020)
and, together with protists, fungi, archaea, and viruses, they form
a metaorganism referred to as the coral holobiont (Rohwer et al.,
2002). These microorganisms likely support central metabolic
processes of the coral host and their microalgal partners through
Frontiers in Marine Science | www.frontiersin.org 29
the fixation of carbon, cycling of nitrogen, synthesis of essential
B-vitamins, and antimicrobial production (Rädecker et al., 2015;
Robbins et al., 2019; Matthews et al., 2020; Ngugi et al., 2020). A
large proportion of coral-associated bacteria can also catabolise
DMSP, and this compound constitutes an important source of
carbon and reduced sulfur for microorganisms in the holobiont
(Raina et al., 2009; Raina et al., 2010; Frade et al., 2016; Tandon
et al., 2020). Yet, the potential contribution of coral-associated
bacteria to the production of the high DMSP concentrations
measured in some reef-bui ld ing cora l s has never
been considered.

Here, bacteria associated with four common species of reef-
building corals from the Great Barrier Reef (GBR) were
investigated. We hypothesized that these corals harbour
DMSP-producing bacteria that may contribute to DMSP
concentrations measured in the holobiont. Bacterial isolates
were screened for the presence of the dsyB gene, and their
capacity to produce DMSP was investigated through chemical
analyses. A representative DMSP-producing coral-associated
bacterial isolate was exposed to abiotic stressors relevant for
coral reefs and the role environmental factors may play in
driving DMSP production characterised.
MATERIALS AND METHODS

Sample Collection
Coral-associated bacteria were isolated from four scleractinian
coral species, Acropora millepora, Acropora tenuis, Pocillopora
acuta, and Stylophora pistillata, all collected from Davies Reef
(18°49’03.7”S, 147°38’39.6”E). Corals were maintained at the
Australian Institute of Marine Science (AIMS) National Sea
Simulator (SeaSim) and were healthy when the samples were
collected, with no visual signs of bleaching or disease. Five coral
fragments per colony were rinsed in sterile artificial sea water
(ASW) prior to mucus collection using sterile 50 mL syringes
fitted with 20-gauge hypodermic needles. Mucus samples were
kept on ice and processed within an hour. In addition, two coral
fragments per colony were placed in separate Whirl-Pak sterile
sample bags (Nasco, United States) and immediately air-brushed
with 5 mL of sterile ASW to remove coral tissue and their
associated microorganisms from the coral skeleton. The tissue
slurry was homogenised and transferred into sterile 50 mL
centrifuge tubes, placed on ice, and processed within an hour.

Bacterial Isolation
To isolate coral-associated bacteria, each sample type (mucus
and tissue slurry) was serially diluted in ASW (2-, 10-, 100-, and
1,000-fold; Figure 1A). Aliquots (50 μL) of each dilution were
then spread onto Difco Marine Agar 2216 (MA; Becton
Dickinson, United States) or modified minimal basal medium
(MBM) agar enriched with mixed carbon sources [300 mM;
details in Table S1; (Curson et al., 2017)], methionine
(C5H11NO2S; 0.5 mM), and ammonium chloride, (NH4Cl; 20
mM) as nitrogen source. All agar plates were incubated at 28°C
in the dark for one week and inspected daily for growth and the
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formation of morphologically distinct individual colonies.
Colonies were picked using sterile 20 μL pipette tips and
resuspended in 5 mL of Difco Marine Broth 2216 (MB; Becton
Dickinson, United States). The isolates were incubated at 28°C
and 180 RPM until growth was visible. These liquid cultures were
replated on MA and this procedure repeated until pure isolates
were obtained. Isolates were then cultured in MB and aliquots of
each isolate stored in 20% v/v glycerol at -80°C.

Isolate Identification
A 5 mL liquid culture of each isolate was grown overnight in MB
at 28°C with agitation (orbital shaker at 180 RPM) before being
centrifuged for 5 min at 10,000 g and the supernatant decanted.
DNA extraction was performed using the DNeasy UltraClean
Microbial Kit (Qiagen, Germany) according to the manufacturer’s
instructions. Extracted DNA was resuspended in 20 μL of
UltraPure DNase/RNase-Free Distilled Water (Invitrogen,
United States) and quantified by spectrophotometry (NanoDrop
ND-1000, ThermoFisher, United States). Aliquots of extracted
DNA were diluted with sterile Milli-Q water to 10 ng μL-1 and
stored at -20°C until required.

PCR Amplification of Bacterial 16S rRNA
and dsyB Genes
Extracted DNA was used as template in PCR with the universal
16S rRNA genes primers 27F and 1492R (Lane, 1991), as well as
the dsyB specific primers dsyB_deg1F and dsyB_deg2R that
amplify a 246 bp region of the gene (Williams et al., 2019).
Frontiers in Marine Science | www.frontiersin.org 310
Each PCR reaction mixture contained 1× reaction buffer, 2 mM
of MgCl2 solution, 1 mM of deoxyribonucleotide triphosphate
(dNTP) mix, 0.4 μM of each primer, 0.5 μL of BIOTAQ DNA
Polymerase (Bioline, United Kingdom), 1 ng μL-1 of template
DNA, and adjusted to a final volume of 25 μL with UltraPure
DNase/RNase-free distilled water (Thermo Fisher Scientific,
United States). PCR amplifications were as follows: (i)
dsyB_deg1F/dsyB_deg2R: initial step at 95°C for 5 min; 30
cycles at 95°C for 30 s, 61°C for 1 min and 72°C for 15 s; and
a final extension step at 72°C for 5 min; (ii) 27F/1492R: as
described by Bourne and Munn (2005). PCR products were
purified with the Wizard SV Gel and PCR Clean-Up System
(Promega, United States) and visualised via electrophoresis on a
1% agarose gel stained with ethidium bromide.

Sanger Sequencing and Phylogenetic
Analysis
PCR products were sequenced at Macrogen Inc. (Seoul, South
Korea). The forward and reverse 16S rRNA and dsyB amplicon
sequences were paired and the overlapping fragments were
merged using Geneious Prime 2019.2.3 (Biomatters, New
Zealand). Some dsyB amplicon sequences were too short (or of
poor quality) to be merged and only one sequence (forward or
reverse) was used.

To identify the closest taxonomic-relative of each isolate,
BLAST searches (Altschul et al., 1990) were conducted through
the National Center for Biotechnology Information (NCBI). 16S
rRNA gene sequences were then aligned using MAFFT (Multiple
A B

C

FIGURE 1 | Coral associated bacteria harbour the dsyB gene. (A) Isolation of 157 bacteria from the mucus (blue) and tissue (brown) of four coral species. (B) Venn
diagrams for the mucus (blue) and tissue (brown) of the four species showing the overlap in the isolated bacterial species (identified by their 16S rRNA gene)
between the four coral species. (C) Taxonomic composition of the isolates (order level) between the four coral species for the mucus (left panel) and the tissue (right
panel). Isolates harbouring dsyB (14 of 157) are indicated by a black outline on the bar graph and their taxonomic composition is presented as a pie chart (for more
information, see Table S2). The genera Roseivivax and Pseudooceanicola are abbreviated.
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Alignment using Fast Fourier Transform) v7 (Katoh et al., 2002;
Katoh and Standley, 2013) with default settings, then trimmed
using trimAl v1.4 (Capella-Gutiérrez et al., 2009) to remove sites
with more than 50% missing or degraded data. Following the
Bayesian Information Criterion (Schwarz, 1978), the maximum
likelihood phylogeny for each sample niche was calculated.
Phylogenetic trees were constructed using IQ-TREE v1.6.12,
with 1,000 ultrafast bootstrap replicates (Minh et al., 2013),
and formatted using the ggtree package (Yu et al., 2017) in R
(R Core Team, 2020).

The dsyB amplicons were translated into protein sequences
and searches to find regions of local similarity were performed
using BLASTP. These translated sequences were also aligned
with DsyB from Labrenzia aggregata (AOR83342) (Curson et al.,
2017) to assess their similarity using the Needleman-Wunsch
algorithm (Needleman and Wunsch, 1970). A multiple sequence
alignment (MSA) of the prokaryotic DsyB protein sequences was
visualised to show conserved residues, conservative mutations,
and divergence between the different homologues. The MSA was
conducted using T-Coffee v11.00 (Notredame et al., 2000; Di
Tommaso et al., 2011) with default settings and formatted using
Boxshade v3.21. Conserved domains within the predicted DsyB
sequence were detected using CD-Search (Marchler-Bauer and
Bryant, 2004) against the Conserved Domain Database (CDD)
v3.18 (Lu et al., 2019).

Culture of dsyB-Positive Bacterial Strains
To confirm the DMSP biosynthesis capability of bacteria
harbouring dsyB, each strain was cultured in 500 mL of either
MB, yeast tryptone sea salts [YTSS; (González et al., 1996)],
MBM broth or methionine-enriched MBM broth (final
concentration 0.5 mM). The cultures were incubated at 28°C
with agitation (orbital shaker at 180 RPM) for 24 hours before
being harvested by centrifugation (3,000 g for 15 min at 4°C).
The clarified medium was discarded and the remaining cell
pellets snap-frozen with liquid nitrogen, lyophilised overnight
(Dynavac freeze dryer, Massachusetts, United States; model
FD12) and stored at -20°C until required.

Chemical Extraction
The freeze-dried cell pellets were resuspended in 1 mL of
deuterated methanol (CD3OD; Cambridge Isotope
Laboratories, Massachusetts, United States), vortexed at
maximum speed for 5 min, and sonicated for 5 min at room
temperature. A further 1 mL of CD3OD and 666 μL of deuterium
oxide (D2O; Cambridge Isotope Laboratories, Massachusetts,
United States) were added into the mixture (for a final CD3OD
to D2O ratio of 3:1), which were then vortexed at maximum
speed for 5 min and sonicated for 10 min at room temperature.
Bacterial extracts were subsequently centrifuged at 3,000 g for 5
min. The particulate-free extracts (final volume of ~2.6 mL) were
then used for subsequent analyses on the LC-MS and NMR.

Liquid Chromatography-Mass
Spectrometry
LC-MS was used to assess the presence of intracellular DMSP in
dsyB-positive bacterial isolates. Particulate-free bacterial extracts
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were analysed on an Agilent 1100 series high performance liquid
chromatograph coupled to a Bruker Esquire 3000 quadrupole ion
trap mass spectrometer (LC-MS; Bruker Daltonics, Massachusetts,
United States) equipped with an electrospray ionisation interface
(ESI). Extracts (5 μL) were separated on a reverse-phase Luna 3
mmHILIC column (Phenomenex, California, United States; 150 ×
3 mm, with a particle size of 3 μm) maintained at 25°C. Separation
was achieved using a programmed step gradient consisting of
solvent A: 0.1% formic acid (HCOOH) in Milli-Q water and
solvent B: methanol (CH3OH, HPLC grade OmniSolv), at a flow
rate of 0.5 mL min-1. The column was pre-equilibrated at 60% B
for 10 min prior to injection. The programmed step gradient was
t = 0 min, 60% B; t = 12 min, 10% B; t = 14 min, 10% B; t = 15 min,
60% B; t = 20min, 60% B; t = 22min, 60% B. The ESI was operated
in positive mode and the target mass ofm/z 135, corresponding to
the [M+H]+ of DMSP, monitored (established from a
DMSP standard).

Nuclear Magnetic Resonance
The presence of intracellular DMSP in dsyB-positive bacterial
isolates was also assessed using NMR. A 700 μL aliquot of each
bacterial particulate-free extract was transferred into a 5 mm
Norell 509-UP NMR tube (North Carolina, United States) and
analysed immediately using quantitative NMR (qNMR) via the
ERETIC method (Electronic REference To access In vivo
Concentrations) (Akoka and Trierweiler, 2002) to measure the
concentration of DMSP, as described in Tapiolas et al. (2013).

NMR spectra of the bacterial extracts were recorded on a
Bruker Avance 600 MHz NMR spectrometer (Bruker BioSpin,
United States) with a triple resonance cryoprobe (TXI),
referenced using CD3OD (dH 3.31). 1H NMR spectra were
acquired as outlined in Tapiolas et al., (2013) using a standard
Bruker solvent suppression pulse sequence. 2D NMR spectra
were also acquired to confirm the assignment of DMSP. All
spectra were referenced to residual 1H and 13C resonances in
CD3OD. In addition, one extract was spiked with 14 μL of 50
mM DMSP to confirm the position of the methyl singlet, as
NMR signals can shift as the sample matrix changes.

Genome Sequencing of Isolate AMM-P-2
A phenol:chloroform extraction method, outlined in detail in
Raina et al. (2016), was used to extract high-molecular weight
DNA from a representative bacterial isolate producing DMSP
(called AMM-P-2 hereafter). Extracted DNA was sent to the
Ramaciotti Centre for Genomics (Sydney, Australia) for library
preparation using the Nextera XT DNA Library Preparation Kit
(Illumina, United States) and sequenced on the Illumina MiSeq
system using V2 with 2×250 bp paired-end reads.

Genome Assembly and Annotation
The MiSeq read set was trimmed, assembled, and error-corrected
using Trimmomatic 0.38 (Bolger et al., 2014), SPAdes v3.13.0
(Bankevich et al., 2012), and Pilon v1.23 (Walker et al., 2014),
respectively. All were implemented through Shovill v1.0.4 using
default settings. Prediction of coding regions and annotation
were performed with Prokka v1.14.6 (Seemann, 2014) using
standard databases (i.e., ISfinder, NCBI Bacterial Antimicrobial
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Resistance Reference Gene Database, and UniProtKB
(SwissProt)) and default settings.

Bioinformatic Analyses
To confirm the presence of dsyB within the genome of AMM-P-
2, we used a reciprocal BLAST approach between the protein
sequence reported by Curson et al. (2017) and the AMM-P-2
genome (E-value ≥ 1 e-50). Similarly, to explore the genomic
potential of the bacterium to utilise and metabolise other sulfur
compounds (e.g., sulfate, cysteine), target genes were obtained
from KEGG (Kyoto Encyclopedia of Genes and Genomes)
(Kanehisa et al., 2004) and compared against the AMM-P-2
genome. The orthology of the highest scoring match (E-value ≥ 1
e-50) was confirmed by conducting BLASTP analyses against the
NCBI NR (non-redundant) database, followed by BLASTP
analyses of retrieved best match against the AMM-P-2
predicted proteins.

Stress Experiment
Isolate AMM-P-2 was grown in MBM broth with methionine
(final concentration 0.5 mM) (Curson et al., 2017), and the
culture incubated at 27°C, 180 RPM, ambient lighting, and 35
practical salinity units (PSU). After three days, a 1:10 dilution of
this starter culture was inoculated into 60 mL replicate cultures
and incubated under different environmental conditions
simulating stress experienced by tropical corals: (i) high
temperature (32°C; T32), (ii) low temperature (22°C; T22), (iii)
high UV (through a combination of Deluxlite Black Light Blue
(18W) and Reptile One UVB 5.0 (18W) with an average total
radiation in the incubator of 1.328 mW cm-2 measured using a
Solarmeter Model 5.0 UVA + UVB meter (Solar Technology,
Pennsylvania, United States)), (iv) complete darkness, (v) high
salinity (40 PSU), and (vi) low salinity (25 PSU). Three biological
replicates were grown for each of the described conditions,
including control conditions maintained at ambient lighting,
and 35 PSU.

Culture density was monitored through time using
spectrophotometry (2 μL was measured at 600 nm (OD600) on
a NanoDrop 1000 spectrophotometer; Thermo Fisher Scientific,
United States). Cultures were sampled over four time points,
corresponding to the mid-exponential (24 h), late exponential
(28 h), early stationary (32 h), and late stationary (36 h) growth
stages of the bacterium, as previously established by a standard
growth curve. At each time point, one culture per treatment was
removed and samples were taken for quantitative nuclear
magnetic resonance (qNMR) analysis (50 mL; centrifuged for 5
min at 3,000 g, pellet snap frozen and stored at -20°C
until analysis).

Bacterial Cell Counts
To convert the optical density data recorded with
spectrophotometry into bacterial cell numbers, OD600 and flow
cytometry counts were carried out simultaneously on isolate
AMM-P-2 grown under standard conditions in triplicate (27°C
at 180 RPM, ambient lighting, 35 PSU, in modified MBM). After
each OD600 measurement, 100 μL of cells were fixed for 15 min
in 2% glutaraldehyde for subsequent flow cytometry analysis.
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Samples were then stained with SYBR Green (1:10,000 final
dilution; ThermoFisher, Massachusetts, United States),
incubated for 15 min in the dark and analysed on a CytoFLEX
S flow cytometer (Beckman Coulter, California, United States)
with filtered MilliQ water as the sheath fluid. For each sample,
forward scatter (FSC), side scatter (SSC), and green (SYBR)
fluorescence were recorded. The samples were analysed at a
flow rate of 25 μL min-1. Microbial populations were
characterized according to SSC and SYBR Green fluorescence
(Marie et al., 1997) and cell abundances were calculated by
running a standardized volume (50 μL) per sample.

Statistical Analyses
Statistics were performed using IBM SPSS Statistics v27.0.1.
qNMR signals associated with DMSP and acrylate were
normalised to cell density and tested for significance using
repeated-measures ANOVA, with Greenhouse-Geisser
correction applied (a correction for sphericity). A simple main
effect test, applied following significant interactions between
treatments, was used to determine the difference between
treatments at each time point for both DMSP and acrylate. A
Pearson product-moment correlation was used to determine the
relationship between DMSP and acrylate concentrations in
AMM-P-2.
RESULTS

Corals Harbour DMSP Producing Bacteria
A total of 157 isolates were recovered from coral mucus (51%) and
tissue (49%) (Figure 1B and Table S2). The highest proportion of
these were members of the Gammaproteobacteria (49%), followed
by Alphaproteobacteria (32%) and Flavobacteriia (17%) (Table
S2). The taxonomic composition of the isolates in each
compartment was different (Figure 1 and Table S2), and few
isolates were shared between coral species (Figure 1B).

From the 157 bacterial isolates screened, 14 harboured the
dsyB gene (9% of total isolates). These strains all belong to the
Alphaproteobacteria class, specifically the family Rhodobacteraceae,
and include members of the Shimia (n=10), Roseivivax (n=3), and
Pseudooceanicola (n=1) genera (Figure 1C and Table S2). All of
these dsyB-harbouring strains were isolated from Acropora
millepora and Acropora tenuis, with 3 strains derived from the
mucus and 11 from the tissue. More specifically, bacteria
harbouring dsyB represented 19% (10 of 52) of the isolates from
A. millepora tissue. The average sequence identity of the predicted
(partial) DsyB amino acid sequences derived from the isolates to the
protein from Labrenzia aggregata was ~65% (Figure S1) (Curson
et al., 2017; Curson et al., 2018). Interestingly, three different
Labrenzia strains were isolated from corals, including two strains
with more than 98% 16S rRNA gene sequence identity to L.
aggregata, but dsyB could not be amplified from these isolates.

The 14 dsyB-harbouring strains were assessed for their ability
to produce DMSP. The isolates were initially grown in MB and
YTSS, but DMSP could not be detected in any of the cultures
using either LC-MS (Figure S2) or NMR (Figure S3). However,
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LC-MS did detect a peak at m/z 135 and retention time of 5.9
min, consistent with DMSP, in all isolates grown in methionine-
enriched MBM (Figure S4). 1H NMR analysis established the
presence of a well-resolved diagnostic singlet at dH 2.95 ppm (2 ×
CH3) (Tapiolas et al., 2013) (Figure 2) and ¹H-¹H correlation
spectroscopy (COSY) revealed two coupled methylene groups, S-
CH2- (dH 3.45, t) and -CH2-CO2H (dH 2.70, t) (Figure S5). In
addition, a 1H-13C heteronuclear multiple bond correlation
(HMBC) revealed long-range chemical shift correlations
between: (i) the protons of the two methyl groups (S-CH3) and
the carbon of the S-methylene group (dH 2.94 - dC 43.21); (ii) the
carboxyl-methylene protons of the carboxyl carbon (dH 2.69 - dC
172.03) and the S-methylene carbon (dH 2.69 - dC 43.21) (Figure
S6). Together, these COSY and HMBC correlations confirmed
the structure of DMSP, thus verifying the presence of DMSP in
the bacterial extracts.
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Sulfur Transformation Potential of the
DMSP Producer Shimia aestuarii
AMM-P-2
To further characterise the genomic underpinnings of DMSP
production in coral-associated bacteria, isolate AMM-P-2 was
selected for whole-genome sequencing (Table 1). This isolate
belongs to the Shimia genus, which accounted for 71% (or 10 of 14)
ofdsyB-positivebacteria isolated.This strainexhibited>97%similarity
with Shimia aestuarii based on its full 16S rRNA gene sequence.

Comparison of the predicted amino acid sequence of DsyB from
S. aestuarii AMM-P-2 with previously characterised homologues
representing the diversity of this protein family (n=14) revealed the
presence of two conserved domains which are common to all dsyB
orthologues (Figure S7): (i) an S-adenosylmethionine-dependent
methyltransferase (AdoMet-MTase) class I superfamily domain
(pfam00891; E-value 4.02 e-16) and (ii) a dimerization2
superfamily domain (pfam16864; E-value 4.13 e-7). As in several
other Rhodobacterales strains (Curson et al., 2017), isc [iron sulfur
cluster] or suf [sulfur formation] gene clusters were present 5’ of
dsyB in S. aestuarii AMM-P-2 (Figure S8). However, in the region
3’ of dsyB, only limited synteny was observed between S. aestuarii
AMM-P-2 and other Rhodobacterales.

To determine the source of sulfur used by S. aestuarii AMM-
P-2 for DMSP biosynthesis, its sulfur metabolic potential was
assessed. Distinct orthologues of all the enzymes in the sulfate
reduction pathway were identified (Figure 3 and Table S3),
confirming S. aestuarii AMM-P-2 has the genetic machinery
required to uptake and convert extracellular inorganic sulfate to
sulfide (Table S3). Following sulfide production, S. aestuarii
A

B

FIGURE 2 | Isolates harbouring dsyB produce dimethylsulfoniopropionate (DMSP). (A) 1H NMR spectra of the DMSP region identifying diagnostic peaks (dH 2.95
ppm) in deuterated methanol (CD3OD) extract of Shimia AMM-P-2 cultured in methionine-enriched minimal basal medium; the same Shimia AMM-P-2 cell extract
spiked with 10 µl of 1 mM DMSP standard; and 1 mM DMSP standard in CD3OD. (B)

1H NMR spectra of the acrylate region identifying diagnostic peaks (dH 5.71,
6.13 and 6.20 ppm) in CD3OD cell extracts of Shimia AMM-P-2 cultured in methionine-enriched minimal basal medium; 4 mM acrylate standard in CD3OD.
TABLE 1 | Genome statistics for Shimia aestuarii AMM-P-2.

Attribute Value

Estimated genome size (bp) 4,151,190

Assembly size (bp) 3,972,669

No. of sequences 75

GC content (%) 60.6

N50 181,193

Gap ratio (%) 0

Number of CDSs 3,906
Number of rRNA 3

Number of tRNA 46

Number of CRISPRs 0

Coding ratio (%) 89.7
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AMM-P-2 can produce cysteine (through serine or
homocysteine) and ultimately the DMSP precursor methionine
(via aspartate; Figure 3).

Turning the attention to DMSP catabolism, S. aestuarii AMM-
P-2 has the genetic potential to both demethylate and cleave this
sulfur compound (Figure 3 and Table S3). S. aestuarii AMM-P-2
has the entire dmdABCD suite of genes enabling conversion of
DMSP to MeSH (Zhang et al., 2019). This bacterium also contains
the DMSP lyase genes dddP and dddW, whose products liberate
equimolar amounts of DMS and acrylate from DMSP (Zhang et al.,
2019). It is also able to metabolise acrylate to propionyl-CoA
through acuI, acuH and prpE genes (Wang et al., 2017).
Significant matches to dddA and dddC (E-values ≥ 1.39 e-93)
which catabolise 3-hydroxypropionyl-CoA (3HP) to acetyl-CoA
(Wang et al., 2017) (Table S3) were also identified.
DMSP Production by Shimia aestuarii
AMM-P-2 Under Different Environmental
Conditions
To assess the influence of environmental factors on DMSP
production by S. aestuarii AMM-P-2, cultures were grown in
methionine-enriched MBM under six different conditions and
sampled four times over a 48-hour incubation period. The
conditions tested are known to elicit stress responses in corals
(high and low temperature, high and low salinity, high UV, and
darkness), and were compared to controls. Intracellular DMSP
levels per cell within each treatment were not statistically different
through time (repeated-measure ANOVA, p = 0.078; see Table S4)
and no significant interaction was identified between time and
treatments (repeated-measure ANOVA, p = 0.204; Table S4).

Changes in salinity affected DMSP levels per cell (Figure 4A).
Levels of DMSP in cultures grown under hyposaline conditions (25
PSU) were 63% lower than the controls (35 PSU) over all four time
points. In contrast, the highest DMSP levels were recorded under
hypersaline conditions (40 PSU), which were 80% higher than the
controls. DMSP levels also increased when cells were grown under
Frontiers in Marine Science | www.frontiersin.org 714
high UV (65% higher) or in complete darkness (43% higher)
compared to control ambient light conditions. Finally, at higher
temperature (32°C), DMSP levels were 42% lower than the controls,
while the low temperature treatment (22°C) had no effect
throughout the experiment.

Although it was not possible to quantify DMS with qNMR due
to the volatility of this compound, DMSP lysis releases equimolar
concentrations of acrylate, which was detected in every sample.
Overall, the level of acrylate per cell was approximately one order
of magnitude lower than that of DMSP (Figure 4B). These
measurements confirm that a fraction of the synthesized DMSP
is channelled through the cleavage pathway. A significant
interaction between time and treatments was identified for
acrylate levels per cell (ANOVA, p = 0.047; Table S5). However,
the differences between control conditions and the different
treatments were not as pronounced for acrylate compared to
DMSP. The 32°C treatment exhibited the lowest levels of
acrylate across all timepoints (with 68% less acrylate on average
than the control), while the high salinity treatment gave rise to the
highest concentrations (with 36% more acrylate).

The six treatments were divided into two categories: (i) those
likely to elicit a stress response in bacteria (i.e., high UV, low and
high salinity), and (ii) those unlikely to be stressors (i.e., darkness,
22 and 32°C), and the level of correlation of the intracellular levels
of DMSP and acrylate between these assessed. No significant
correlation was identified between DMSP and acrylate levels for
the mild conditions (Pearson’s R = 0.23, p = 0.39; Figure 4D).
However, a strong positive correlation was identified for the stress
treatments (Pearson’s R = 0.87, p < 0.001; Figure 4C).
DISCUSSION

Coral-Associated Bacteria Can
Produce DMSP
Of the 157 bacteria isolated from the mucus and tissues of four
coral species, approximately 9% harboured the dsyB gene (14 out
FIGURE 3 | Metabolism of methylated sulfur compounds in Shimia aestuarii AMM-P-2. Orthologous genes for each step are presented in blue. The DMSP
production gene dsyB is presented in red, while the catabolism genes are in orange. E-values and additional information can be found in Table S3.
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of 157). Although three genera (four species) of corals were
screened, dysB-positive bacteria were only isolated from the two
Acropora species, which correlates with the high DMSP
production by members of this genus (Tapiolas et al., 2013).
Note, it is possible that other DMSP-producing bacteria were
present in the corals sampled, potentially containing mmtN or
other unknown DMSP synthesis genes (Williams et al., 2019). All
bacteria with dsyB belonged to the Rhodobacterales order
(Curson et al., 2017), with Shimia species representing 71% of
these isolates (10 out of 14). Shimia are metabolically versatile
members of the Roseobacter clade (Choi and Cho, 2006), and are
abundant in the water column, marine sediments, and
commonly associated with eukaryotic hosts (Lenk et al., 2012;
Luo and Moran, 2014), particularly phytoplankton (Ajani et al.,
2018; Behringer et al., 2018) and reef-building corals (Chen et al.,
2011; Zhang et al., 2021). The other dsyB-harbouring bacteria
isolated in our screen belonged to the genera Pseudooceanicola –
Frontiers in Marine Science | www.frontiersin.org 815
which are common DMSP producers in the water column
(Zheng et al., 2020) – and Roseivivax – which have been
isolated from corals (Chen et al., 2012) and can induce coral
larval settlement (Sharp et al., 2015).

DMSP was unambiguously identified in extracts of dsyB-
harbouring bacteria when the cells were grown in methionine-
supplemented MBM. In MBM lacking methionine, DMSP signal
intensity was close to or below the detection limits of the LC-MS and
NMR. Addition of pathway intermediates, including methionine,
have been shown to enhance DMSP production in bacteria, but most
dsyB-harbouring strains can also produce methionine de novo
(through sulfate assimilation) (Curson et al., 2017). This study
therefore reveals the presence of bacteria capable of DMSP
production in corals and shows that these microorganisms are
likely to contribute to the DMSP production by coral holobionts.

Three strains of Labrenzia, the bacterial genus from which the
dsyB gene was initially identified (Curson et al., 2017), were
A

B

DC

FIGURE 4 | Dimethylsulfoniopropionate (DMSP) and acrylate levels are strongly influenced by environmental stressors in Shimia aestuarii AMM-P-2. Levels of
(A) DMSP and (B) acrylate in bacterial cells exposed to high and low temperatures (32 and 22°C), high and low salinity (40 and 25 PSU), constant darkness, and
high UV. Controls were grown at 27°C under ambient light in a modified MBM media adjusted to 35 PSU and supplemented with 0.5 mM methionine. Error bars
indicate standard error (n = 3). Experimental conditions marked with an asterisk are significantly different (p < 0.05) from the controls (Repeated-measure ANOVA).
Correlation between DMSP and acrylate levels in Shimia aestuarii AMM-P-2 under conditions (C) likely to stress the cells (high-low salinity and high UV), (D) unlikely
to stress the cells (22-32°C and darkness). Pearson correlation coefficient and associated p values are displayed on each graph.
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isolated from Pocillopora acuta and Stylophora pistillata. The 16S
rRNA genes of one of the strains was 98.6% similar to Labrenzia
alba, while of the other two were more than 98% similar to L.
aggregata. However, the dsyB gene was not detected in any of the
three strains. This is consistent with the previously-reported lack
of de novo DMS production from a Symbiodiniaceae-associated
Labrenzia strain (Lawson et al., 2020), suggesting that the ability
to produce DMSP is not conserved across the Labrenzia genus.

Shimia aestuarii AMM-P-2 Can Produce
DMSP de novo
To investigate the potential of a representative DMSP-producing
bacterium from corals to metabolise sulfur compounds, the
genome of S. aestuarii AMM-P-2 was fully sequenced. S.
aestuarii is capable of assimilating sulfate from seawater to
produce sulfide and sulfur-containing amino acids. Although
all the genes required for methionine synthesis were present, its
growth on methionine-enriched media indicates that it can also
use exogenous methylated sulfur compounds, enhancing the
pool of reduced sulfur intermediates available for the synthesis
of DMSP. The S. aestuarii AMM-P-2 genome also encodes both
the demethylation and the cleavage pathways, allowing it to
produce the sulfurous gases methanethiol and DMS. Given that
metabolic interdependencies between different partners are
common in symbiotic systems, it is important to note that S.
aestuarii AMM-P-2 has all the required genes to produce DMSP
de novo.

As in other Rhodobacterales (Curson et al., 2017), dsyB in S.
aestuarii AMM-P-2 is located downstream of multiple genes
(iscRS, sufBCDS) encoding iron-sulfur cluster (Isc) proteins
involved in the formation of Fe-S clusters and cellular defence
against oxidative stress. Specifically, the cysteine desulfurase IscS
provides the sulfur that is then incorporated into Fe-S clusters
and its deletion renders the cells hypersensitive to oxidative stress
(Ayala-Castro et al., 2008; Rybniker et al., 2014). In addition, the
IscR protein is a transcriptional regulator of the suf operon (Yeo
et al., 2006) and both the suf and isc operons are highly induced
by oxidative stress (Yeo et al., 2006). Therefore, the tight linkage
of dsyB to the suf and isc operons suggests that DMSP
transcription may be directly affected by oxidants (Sunda et al.,
2002; Curson et al., 2017).

DMSP Production by Shimia
aestuarii AMM-P-2 Is Enhanced
by Environmental Stress
DMSP levels in S. aestuarii cells were affected by changes in
salinity. Fluctuations in salinity are known to affect DMSP levels
in corals (Gardner et al., 2016; Aguilar et al., 2017), while also
impacting DMSP degradation in bacteria (Salgado et al., 2014;
Liu et al., 2018). The nearly 5-fold increase in intracellular DMSP
under hypersaline compared to hyposaline conditions reported
here is consistent with previous reports in algae (Vairavamurthy
et al., 1985; Kirst et al., 1991; Trossat et al., 1998), and bacteria
(Curson et al., 2017), and supports the proposed function of this
molecule as an osmolyte (Kirst et al., 1991).
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UV exposure and complete darkness both caused significant
increases in DMSP levels in S. aestuarii cells. The level of UV
radiation applied here was approximately 50% higher than values
previously measured at 1 m depth on the Great Barrier Reef
(Nordborg et al., 2018), and is therefore likely to cause oxidative
stress in the S. aestuarii cells. Indeed, because of their lack of
pigmentation and low internal self-shading due to small cell volume,
heterotrophic bacteria are amongst the most UV-sensitive
organisms (Ruiz-Gonzalez et al., 2013). Similar increases in
DMSP levels triggered by UV exposure have been reported in
phytoplankton (Sunda et al., 2002; Slezak and Herndl, 2003) and
have been attributed to the antioxidant capacity of DMSP (Sunda
et al., 2002). More surprising was the increase in DMSP levels in
cells grown in darkness. Recent studies have revealed that bacteria in
aphotic environments, such as the deep ocean as well as coastal and
deep sediments, produce substantial amounts of DMSP (Williams
et al., 2019; Zheng et al., 2020). Although the effect of sunlight on
bacterioplankton has been extensively studied at the community
level (Ruiz-Gonzalez et al., 2013), the impact of prolonged darkness
on the physiology of heterotrophic bacteria has received little
attention to date. Our results suggest that the absence of light
influences sulfur metabolism in S. aestuarii, and further
investigation should aim to identify the mechanism driving the
production of DMSP in aphotic conditions.

Intracellular acrylate levels in S. aestuariiAMM-P-2 were almost
one order of magnitude lower than those of DMSP and decreased
significantly over time in all growth conditions. Acrylate and DMSP
levels were strongly and positively correlated under conditions likely
to stress the bacteria (e.g., salinity, UV), but were decoupled under
conditions that are stressful for the coral host but not necessarily for
the bacteria (e.g., small temperature variations, darkness). This
suggests that under conditions stressful for the bacteria, more
DMSP is channelled towards the DMSP cleavage pathway, which
generates equal amounts of DMS and acrylate, rather than the
demethylation pathway (Gao et al., 2020). DMS and acrylate are
efficient scavengers of hydroxyl radicals produced by the cells
during stress (Sunda et al., 2002), which may explain why the
cleavage pathway is preferred during stressful conditions.
CONCLUSION

This study demonstrates that some coral-associated bacteria can
produce the important organosulfur compound DMSP, implying
that, along with the animal host and Symbiodiniaceae, bacterial
communities may contribute to DMSP production by the coral
holobiont. It has recently been shown that bacteria can also use a
second (dsyB-independent) pathway to produce DMSP, involving
themmtN gene (Williams et al., 2019). Since this gene is also present
in Gammaproteobacteria and Actinobacteria, it is likely that some
DMSP-producing bacteria were overlooked by the dsyB-centric
screening approach and thus that the proportion of DMSP-
producing bacteria in corals might be greater than estimated here.
Analysis of the genome of a Shimia strain, representing the most
abundant dsyB-harbouring genus of those isolated from corals,
revealed that this bacterium has the genetic machinery to
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assimilate sulfate, to synthesise the sulfur-based amino acids cysteine
and methionine, to catabolise DMSP to methanethiol, DMS and
acrylate, and to utilise or detoxify acrylate. Furthermore, DMSP
production in S. aestuarii AMM-P-2 is regulated by specific
environmental conditions, some of which are not necessarily tied
to coral stress. The capacity of coral-associated bacteria to produce
DMSP not only adds this trait to the functional repertoire of
prokaryotes associated with corals, but also indicates that bacteria
may contribute to the large DMSP pool produced by
this metaorganism.
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Quaternary ammonium compounds (QACs) – e.g., betaines – have a chemical
structure related to that of the tertiary sulfonium compounds (TSCs) – e.g.,
dimethylsulfoniopropionate – explaining why these two classes of coral metabolites are
often studied and interpreted together. Functionally, both QACs and TSCs play important
roles in the photobiology of reef-building corals under stress, according to recent
hypotheses. The TSC dimethylsulfoniopropionate (DMSP) is the principal precursor of
the gas dimethylsulfide (DMS) which is hypothesized to affect, through influences on cloud
formation, the photon and thermal fluxes to which corals are exposed. Simultaneously,
QACs – e.g., glycine betaine – in coral tissues are hypothesized to protect the
zooxanthellae photosystems against photon and thermal stresses by exerting stabilizing
effects on photosystem proteins and by ameliorating reactive-oxygen-species
perturbations. This review, which synthesizes the most current available evidence on
the relevant actions of QACs, emphasizes the need for enhanced direct study of QAC
physiology in corals to ascertain the degree to which coral QACs exert photoprotective
effects paralleling their well-established protective effects in plants.

Keywords: abiotic stress, betaines, bleaching, glycine betaine, osmolytes, photon stress, photosynthesis, Tridacnidae
INTRODUCTION

In a watershed paper, Rhodes and Hanson (1993) emphasized the logic and value of considering the
tertiary sulfonium compounds (TSCs), notably dimethylsulfoniopropionate (DMSP), and the
quaternary ammonium compounds (QACs) together because of their similarities in chemical
structure and properties. Twenty-five years later, with far more data available, Somero et al. (2017)
again affirmed the logic of emphasizing the shared properties of these two sets of small molecules,
which they termed the methylsulfonium and methylammonium compounds – terms highlighting
the key positions the compounds often occupy in methyl trafficking in cells. In this Special Issue on
dimethylsulfide (DMS) in coral reefs, this paper on QACs is included not only because of the shared
chemical properties of TSCs and QACs (Figure 1), but also because of important ways in which the
two sets of compounds may interact in the ecological physiology of reef-building corals.

Glycine betaine is probably the most thoroughly studied QAC. Mäkelä et al. (2019) document
that published research on glycine betaine has more than doubled in each successive decade over the
past five decades, with more than 25,000 papers published in 2011-2020. Simultaneously, fewer than
in.org May 2022 | Volume 9 | Article 869739120
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20 papers have been published on glycine betaine or other QACs
in reef-building corals over the entire five decades. In this paper, I
argue that the near-total neglect of glycine betaine and other
QACs in research on corals may represent a serious omission in
the effort to conserve coral-reef ecosystems.

The betaines are one of the principal subsets of QACs.
Structurally speaking, betaines are amino (or imino) acids fully
methylated at the N position; there are in principle as many
betaines as there are amino acids. Until a few decades ago, the
most common betaine, glycine betaine, was typically called simply
“betaine”. However, in this paper – and usually in the current
scientific literature – it is called “glycine betaine” to specify the
molecule and distinguish it from other betaines (although it is still
called “betaine” in nontechnical contexts, such as ingredient lists
for consumer products). In addition to glycine betaine, a number
of other betaines, such as proline betaine and ß-alanine betaine,
Frontiers in Marine Science | www.frontiersin.org 221
are commonly detected in vascular plants and algae when looked
for (Rhodes and Hanson, 1993; McNeil et al., 1999).
Trimethylamine N-oxide (TMAO) is a chemically related
compound, long known in animals but only recently identified
in plants (Catalá et al., 2021). All these compounds are
zwitterionic, with a permanent positive charge at the N position:
a structure that, as emphasized by Rhodes and Hanson (1993), is
analogous to that of the TSC dimethylsulfoniopropionate, which is
fully methylated at the S position and bears a permanent positive
charge at that position (Figure 1).

A principal reason for glycine betaine to be of interest to coral
biologists is its potential importance for photosynthesis. Already in
1995, Papageorgiou and Murata (1995) stressed the “unusually
strong stabilizing effects of glycine betaine” on photosystem II in
vascular plants. Other papers – such as those by Sakamoto and
Murata (2002) and Allakhverdiev et al. (2003) – soon reinforced
that message, helping to thrust glycine betaine into the center of
research on photosynthesis under abiotic stress in vascular plants.

For discussing betaines and other QACs today, it is instructive
to recognize the ways in which knowledge of the roles played by
these compounds in photosynthetic organisms has expanded
over the last several decades. In the 1970s and 1980s, glycine
betaine was recognized principally as a compatible solute: an
osmolyte that tended not to disturb cellular function (Yancey
et al., 1982). As years passed, investigators identified additional
roles, including glycine betaine’s stabilization of proteins in
photosynthesis already alluded to (and addressed in detail
later) and glycine betaine’s favorable effects (Chen and Murata,
2011) on reactive oxygen species (ROS) (Lesser, 2006). In the last
few years, investigators have increasingly emphasized evidence
that glycine betaine in addition can play signaling roles, as by
directly or indirectly controlling gene expression (Figueroa-Soto
and Valenzuela-Soto, 2018; Dutta et al., 2019; Hossain et al.,
2019; Mäkelä et al., 2019; Valenzuela-Soto and Figueroa-Soto,
2019), and glycine betaine can modulate heat-shock protein
expression (Li et al., 2011; Zhang et al., 2020). Today,
therefore, when we consider glycine betaine and other QACs,
we recognize that they may have broad ranges of action and be
multifunctional (Derakhshani et al., 2017).
BETAINES IN REEF-BUILDING CORALS

Only about a decade has passed since publication of the first
definitive information on betaines in the tissues of reef-building
corals. The very first information seems to have been a report in
1976 by Moore and Huxley (1976) that crown-of-thorns seastars
(Acanthaster planci) exhibit aversive behavior when exposed to a
compound, tentatively identified as glycine betaine, in the tissues
of certain reef-building corals. In 2010, Hill et al. (2010) and
Yancey et al. (2010) used rigorous chemical methods [liquid
chromatography/mass spectrometry (LC/MS) with internal
standards in the case of Hill et al.] to quantify multiple
betaines in the tissues of wild-collected, reef-building corals in
the Caribbean (Hill et al., 2010) and at Hawaii (Yancey et al.,
2010). Later, Hill et al. (2017), working mostly with wild-
collected specimens, quantified multiple betaines in coral
FIGURE 1 | Chemical structures of five compounds that are discussed in this
manuscript: dimethylsulfoniopropionate (DMSP), glycine betaine (often called
simply “betaine” in the older literature); ß-alanine betaine (trimethylammonium
propionate); proline betaine (stachydrine), and trimethylamine N-oxide (TMAO).
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species in the western Pacific and also in five species of tridacnid
clams (genera Tridacna and Hippopus), animals that inhabit
Indo-Pacific coral-reef ecosystems and, like corals, live in
symbioses with dinoflagellate symbionts. Swan et al. (2017a)
also quantified multiple betaines in a set of wild-collected Great
Barrier Reef branching corals.

The evidence shows that betaines, despite their relative
obscurity in corals, are abundant metabolites in the tissues of
reef-building corals in the wild. Among the 10 species of
Caribbean corals (6 genera) and the 6 species of western
Pacific corals (5 genera), collected from the wild, that Hill et al.
(2010; 2017) analyzed using LC/MS with internal standards, total
betaine concentration was estimated to be 12-204 mmole per
liter of living tissue (mean: 60 mM), except in one species,
Acropora formosa, in which the total concentration was much
lower (1.5 mM). An important point to stress is that these
concentrations were calculated assuming a homogeneous
distribution of the betaines in tissue. The true, operative
concentrations of betaines in living tissue are likely
substantially higher because betaines are probably, in fact,
more concentrated in some subcellular regions than others.
This same consideration applies also to other values reported.

Yancey et al. (2010), using a somewhat less sensitive analytical
method than Hill et al. (2010; 2017), measured two betaines,
glycine betaine and proline betaine, in 6 wild-collected species (4
genera) of Hawaiian reef-building corals and found total
concentrations of about 9-69 mM (mean: 37 mM). Swan et al.
(2017a), using a high-sensitivity method, focused on a restricted
part of the anatomy, the branch tips, in 6 species of Acropora and
one of Stylophora. Most of their estimates of total betaine
concentration were 12-52 mM, although in A. valida, their
estimate was lower, 6 mM.

Considering all studied coral species as a set, the two most
abundant betaines in reef-building corals are glycine betaine and
proline betaine. In the three studies that attempted to measure all
betaines present in wild-collected corals (Hill et al., 2010; Hill
et al., 2017; Swan et al., 2017a), glycine betaine and proline
betaine together accounted for ≥90% of all betaines (on a molar
basis) in 14 species, 58-88% in 8 species, and <50% in 1 species.
Multiple additional betaines (e.g., alanine betaine, ß-alanine
betaine, and hydroxyproline betaine) are also typically present
in reef-building corals, some at just low concentrations. Different
coral taxa sometimes differ substantially in the particular suite of
betaines they express.

Ngugi et al. (2020) recently completed a genomic survey of
pathways for glycine betaine synthesis, transport, and
degradation in a wide sample of invertebrates, including reef-
building corals. According to the genomic evidence, corals have
pathways for the de novo synthesis of glycine betaine and for
transport of glycine betaine into their tissues from the seawater
environment. The transporters in particular have a restricted
phylogenetic distribution within the invertebrates, suggesting a
specialized role in corals and/or coral relatives. Strikingly,
Ngugi et al. (2020) calculated that corals worldwide store
sufficient glycine betaine to account for 16% of their
tissue nitrogen.
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POTENTIAL PROTECTIVE EFFECTS OF
BETAINES IN REEF-BUILDING CORALS:
THE MESSAGE FROM PHYSIOLOGICAL
DATA ON VASCULAR PLANTS AND
ECOLOGICAL DATA ON CORALS

In corals, the biochemical and physiological actions of betaines
have yet to be directly studied. However, the situation in vascular
plants is quite opposite: By virtue of the massive effort to
understand photosynthesis under abiotic stress in crop plants,
a great deal is known about protective actions of glycine betaine.
By applying the knowledge from vascular plants to reef-building
corals, it seems highly reasonable to hypothesize that glycine
betaine and other betaines are important photoprotective,
protein- and membrane-stabilizing, compounds in corals.
Should this hypothesis prove correct, manipulations of betaines
(or other QACs) might be useful interventions for protecting
reefs against threats of photoinhibition and bleaching (Gorbunov
et al., 2001; Lesser, 2011; Frieler et al., 2013; Van Oppen and
Lough, 2018), or for aiding recovery. Clearly, the tissue betaine
concentrations measured in corals (reviewed in the previous
section) are of sufficient magnitude for stabilization of protein
and membrane functions, judging by studies in plants (e.g.,
Prasad and Saradhi, 2004; Shirasawa et al., 2006; Yang et al.,
2007; Chen and Murata, 2011).

Before going further to explore these ideas, a few comments
are appropriate regarding the fact that, at this time, although
most research on the functions of betaines in photosynthetic
organisms has been carried on one chemical species (glycine
betaine), in the literature betaines are often discussed as a group:
as a set of chemical species that, to a first approximation, have
similar actions in protecting proteins and membranes. At the
present time, there are two reasons for considering betaines as a
group with common properties. First, several betaines in
addition to glycine betaine, including ß-alanine betaine and
proline betaine (Figure 1), have been demonstrated in at least
limited ways to act as compatible solutes (Rhodes and Hanson,
1993; Bashir et al., 2014). Second, existing theories of betaine
action emphasize molecular properties that are shared by
betaines as a group rather than being highly specific to certain
chemical species. Specifically, the protein- and membrane-
stabilizing effects of betaines are attributed for the most part to
influences that betaines noncovalently exert – by virtue of their
fundamental chemical nature – on the structure of water in the
immediate vicinity of protein molecules, enhancing thereby the
extent to which native protein states are more favorable
thermodynamically than nonnative states (McNeil et al., 1999;
Bennion and Daggett, 2004; Street et al., 2006; Auton et al., 2011;
Guinn et al., 2011; Bruździak et al., 2013; Roychoudhury et al., 2013).
At the present state of knowledge, it seems parsimonious and
reasonable to hypothesize that (1) all the principal betaines in
corals exert, to a significant extent, similar protective actions
in corals and (2) as a corollary, the total betaine concentration in
tissues is likely a useful index of betaine functional significance.
Of course, looking forward, a full functional understanding of
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betaines in corals will ultimately require direct empirical study of
each specific chemical species.

For discussing betaines as potential protective compounds for
photosynthesis in reef-building corals, two interacting lines of
investigation on photosynthesis in vascular plants deserve
particular attention: first, studies of photosystem II (PSII) and,
second, studies of reactive oxygen species (ROS). Regarding PSII,
abundant evidence exists that when corals are exposed to heat
and photon stress sufficient to cause bleaching or
photoinhibition, damaging effects are directly or indirectly
exerted on PSII and/or the pathways of electron flow
downstream from PSII in the algal symbionts of the corals
(Warner et al., 1999; Fitt et al., 2001; Gorbunov et al., 2001;
Jones and Hoegh-Guldberg, 2001; Hill et al., 2004; Lesser and
Farrell, 2004; Weis, 2008; Warner and Suggett, 2016). Possibly
the D1 protein (PsbA) in the PSII reaction center in coral
symbionts – sometimes termed the Achilles heel of PSII
(Weis, 2008) – is particularly affected (Warner et al., 1999;
Hill et al., 2011; Warner and Suggett, 2016). As already
emphasized, potential protective actions of glycine betaine or
other QACs have not yet been directly studied in corals.
However, in vascular plants and free-living algae that have
been studied, glycine betaine has been demonstrated by many
studies to protect PSII against a number of abiotic stresses,
including photon stress and heat stress (Papageorgiou and
Murata, 1995; Yang et al., 1996; Schiller and Dau, 2000; Sakamoto
and Murata, 2002; Allakhverdiev et al., 2003; Klimov et al., 2003;
Prasad and Saradhi, 2004; Hema et al., 2007; Yang et al., 2007;
Allakhverdiev et al., 2008; Chen and Murata, 2011; Li et al., 2014;
Wang et al., 2014; Kurepin et al., 2015; Huang et al., 2020;
Li et al., 2021).

Regarding ROS, when corals are exposed to heat and photon
stress sufficient to cause bleaching or photoinhibition, abundant
evidence points to accumulation in the coral tissues of ROS,
which are generally judged to be principal agents of
photodamage (Lesser, 2006; Weis, 2008; Lesser, 2011; Oakley
and Davy, 2018). Again, potential protective actions of glycine
betaine or other QACs have not yet been directly studied in
corals. Glycine betaine, however, has repeatedly been
demonstrated to increase photosystem defenses against ROS in
vascular plants (Prasad and Saradhi, 2004; Yang et al., 2007;
Chen and Murata, 2011; Fan et al., 2012; Li et al., 2014; Gómez
et al., 2019; Zhang et al., 2020; Li et al., 2021).

The research on glycine betaine in vascular plants has often
had a very practical goal: to enhance the productivity of crop
plants by capitalizing on glycine betaine’s beneficial properties.
As part of this effort, glycine betaine has long occupied a focal
position in the overall effort to employ genetic modification, or
other deliberate manipulation, to offset the negative impacts on
crop plants of a variety of abiotic stresses, including photon stress
and heat stress (Alia et al., 1998; McNeil et al., 1999; Sakamoto
and Murata, 2002; Prasad and Saradhi, 2004; Yang et al., 2007;
Chen and Murata, 2011; Giri, 2011; Li et al., 2011; Li et al., 2014;
Kurepin et al., 2015; Castiglioni et al., 2018; Annunziata et al.,
2019; Dutta et al., 2019; Hasanuzzaman et al., 2019; Kido et al.,
2019; Zhang et al., 2020; Niazian et al., 2021). Recent review
Frontiers in Marine Science | www.frontiersin.org 423
papers provide overviews on the biology and manipulation of
glycine betaine from this perspective (Kurepin et al., 2015;
Annunziata et al., 2019; Hasanuzzaman et al., 2019; Huang
et al., 2020; Zulfiqar et al., 2020).

Ecological studies on coral reefs bolster the hypothesis that
glycine betaine and other betaines are important photoprotective
compounds in reef-building corals. The ecological studies
represent a second major line of investigation pointing in this
direction, in addition to the extrapolations from physiological
studies of vascular plants already discussed.

Hill et al. (2010) hypothesized that within a population of a
species of reef-building corals subject to potential photon stress,
if tissue betaines are in fact protective agents for algal symbiont
function [by providing either direct protection to the algal cells
or indirect protection (e.g., stabilization of the symbiosome
membrane)], betaine concentrations would be expected to vary
among individual coral colonies in direct relation to solar
irradiance experienced. For testing this hypothesis, Hill et al.
(2010) selected Madracis species in Curaçao reefs because the
light relations of those species had previously been studied in
exceptional detail (Vermeij and Bak, 2002). M. mirabilis occurs
over a wide range of depths and almost always occupies fully
exposed (unshaded) locations regardless of depth (Vermeij and
Bak, 2002). With this information, Hill et al. (2010) hypothesized
a priori that betaine concentrations in colonies of M. mirabilis
vary inversely with depth of residence. In fact, when measured,
the concentrations of glycine betaine and proline betaine
(Figure 2) – and also alanine betaine and hydroxyproline
betaine – were found to vary significantly with depth, being
37-94% higher in coral colonies at 5 m depth than ones at 20 m
(Hill et al., 2010). Glycine betaine and proline betaine are the
most abundant betaines in M. mirabilis. Another Madracis
species, M. pharensis, occupies both fully exposed and highly
shaded locations at most depths where it occurs (Vermeij and
Bak, 2002). Hill et al. (2010) hypothesized a priori that, at any
particular depth, betaine concentrations are higher in exposed
colonies than in shaded ones. In fact, whenM. pharensis colonies
at a single depth (10 m) were studied (Hill et al., 2010), glycine
betaine, proline betaine, and alanine betaine were found to be
significantly higher in concentration (by 30-44%) in exposed
colonies than in shaded ones. Glycine betaine and proline betaine
are by far the most abundant betaines in M. pharensis.

Reinforcing the ecological evidence for a protective role for
glycine betaine inMadracis, Swan et al. (2017a) studied osmolyte
concentrations in the branch tips of three Acropora species
(A. aspera, A. millepora, and A. valida) during summer
(February) and winter (August) in the Great Barrier Reef. They
observed a 3.7- to 7.8-fold increase in average glycine betaine
concentration in summer, compared with winter, in all three
species: the pattern predicted if glycine betaine is employed in
photoprotection. Although proline betaine was also abundant in
these species, it exhibited just relatively small, inconsistent
differences in concentration between the summer and
winter samplings.

In summary, existing physiological and ecological evidence
justifies a hypothesis that betaines play interacting
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photoprotective and ROS-protective roles in reef-building corals.
In my view, recognizing the dire threats now faced by corals
(Frieler et al., 2013), it would be logical to place a high priority on
carrying out direct tests of this hypothesis in the near future (Hill
et al., 2010; Hill et al., 2017). Lesser (2011) and others have
emphasized that throughout the history of studies on
photosynthesis in reef-building corals, investigators have made
great progress by using prior studies on vascular plants and free-
living algae as guides. Today, based on a large literature (Mäkelä
et al., 2019), glycine betaine is well known in the study of vascular
plants as a metabolite that exerts multiple effects – notably
protein-stabilizing, membrane-stabilizing, and ROS-
ameliorating effects – that help defend plants stressed by high
irradiance, unusual temperatures, and other agents. Because this
knowledge has been sought principally with the practical
objective of defending crop plants against abiotic stress, many
published attempts have been made – often with successful
results – to manipulate glycine betaine to advantage, either by
exogenous application or by genetic manipulation of endogenous
synthesis (Alia et al., 1998; McNeil et al., 1999; Sakamoto and
Murata, 2002; Prasad and Saradhi, 2004; Yang et al., 2007; Chen
and Murata, 2011; Giri, 2011; Li et al., 2011; Li et al., 2014;
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Kurepin et al., 2015; Castiglioni et al., 2018; Annunziata et al.,
2019; Dutta et al., 2019; Hasanuzzaman et al., 2019; Hossain
et al., 2019; Huang et al., 2020; Zhang et al., 2020;
Niazian et al., 2021). Perhaps this background of experience
will prove useful for the protection of coral reefs confronted with
photosystem and ROS stress (Van Oppen and Lough, 2018).

Just recently, trimethylamine N-oxide (TMAO; Figure 1) has
been discovered to be widespread in vascular plants, and
evidence from Arabidopsis and tomato indicates that TMAO,
like betaines, plays roles in protein stabilization and tolerance of
abiotic stress (Catalá et al., 2021). If TMAO proves to be present
in reef-building corals, it also should be investigated along with
betaines for actions that have potential to aid coral survival.
PHYSIOLOGICAL AND ECOLOGICAL
INTERACTIONS BETWEEN THE TSC
SYSTEM AND THE QAC SYSTEM

If we assume for the moment that glycine betaine and other
QACs exert protective effects in reef-building corals – paralleling
their demonstrated protective effects in vascular plants –
important potential interactions between QACs and TSCs in
corals become apparent. These interactions could be manifest at
an ecosystem level and/or within the tissues of particular
coral polyps.

At an ecosystem level, long-termmonitoring has revealed that
the atmospheric concentration of DMS varies significantly in
coral-reef ecosystems on hourly, daily, and seasonal time scales;
and as the atmospheric DMS concentration varies, the
atmospheric concentration of aerosols and the solar irradiance
at sea level sometimes vary in correlated ways (Jackson et al.,
2020a). At times when the atmospheric DMS concentration falls
and the irradiance at sea level accordingly increases, corals could
offset the increased risk of photosystem stress by upregulating
glycine betaine or other QACs in their tissues. To assess the
likelihood of this type of response, more research will be required
on the time scales on which corals are able to modulate
betaine expression.

At the level of an individual coral polyp, tissue QACs and
TSCs seem likely interact in ameliorating ROS damage, including
ROS-mediated damage to photosystem components such as
PSII. As earlier noted, tissue glycine betaine has repeatedly
been demonstrated to enhance defenses against ROS in
vascular plants and free-living algae (Prasad and Saradhi, 2004;
Hema et al., 2007; Yang et al., 2007; Chen and Murata, 2011; Fan
et al., 2012; Gómez et al., 2019; Li et al., 2021). Similarly, DMSP
and DMS are recognized as ROS scavengers in corals (Sunda
et al., 2002; Lesser, 2006; Deschaseaux et al., 2014; Jones and
King, 2015; Oakley and Davy, 2018; Jackson et al., 2020b). Thus
both tissue QACs and TSCs likely function in the amelioration of
ROS damage in corals, and they may be coordinated in various
ways. To illustrate, corals have been observed to outgas DMS
during air exposure or other stresses of low tide, when exposed or
nearly exposed corals are subject to relatively high solar
irradiance (Swan et al., 2017b). The corals might upregulate
tissue betaines to compensate for any reduction in tissue DMS.
FIGURE 2 | Abundance of glycine betaine and proline betaine in the tissues
of Madracis mirabilis as a function of depth of residence. Each symbol is for a
single, separate coral colony. All colonies grew in fully exposed, unshaded
locations. Lines were fitted by least-squares regression. Based on ANOVA,
differences among depths are statistically significant (p < 0.05). Betaine
abundance is expressed as a ratio of the coral surface area sampled. (Data
from Hill et al., 2010).
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These briefly described hypothetical scenarios help to
articulate the potential ways in which the QAC and TSC
systems interact in the lives of reef corals and other
photosynthetic reef inhabitants such as the tridacnid clams
(Hill et al., 2017).
CONCLUSION

In the study of photosynthesis, of all the focal topics receiving
frequent attention in vascular plants, the actions of betaines and
other QACs are among the most neglected in reef-building
corals. This neglect in corals is regrettable because corals are
existentially threatened by abiotic stresses, and betaines attract
interest in the study of crop plants precisely because of evidence
that they can reduce the impact of abiotic stresses.

Recent research demonstrates that betaines (particularly
glycine betaine and proline betaine) are abundant metabolites in
the tissues of reef-building corals. Their functions in corals have
not yet been directly studied. However, two lines of investigation –
physiological and ecological – point to a hypothesis that betaines
are photoprotective in corals. The physiological evidence focuses
on the fact that when corals are subjected to heat and photon
stresses sufficient to cause bleaching or photoinhibition, they
experience damage to photosystems (e.g., PSII) and they
accumulate photodamaging ROS: exigencies known to be
ameliorated by glycine betaine in vascular plants. The ecological
evidence is that when free-living corals have been examined to
detect correlations between betaine abundance and solar
irradiance, glycine betaine and (in some cases) other betaines
have been observed to be significantly more concentrated in the
tissues of coral colonies exposed to high irradiance than in
conspecific colonies exposed to lower irradiance.

Betaines are not simple to study, in part because of the
complexity of technologies available for quantification (e.g.,
Frontiers in Marine Science | www.frontiersin.org 625
LC/MS) and the challenges of calibration (Hill et al., 2010;
Swan et al., 2017a). Nonetheless, a large body of evidence
exists on their manipulation (e.g., exogenous application and
genetic manipulation) in crop plants to defend against abiotic
stresses, and with this background of experience, it is reasonable
to hypothesize that they could be manipulated to aid the survival
of corals exposed to heat and photon stresses.
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Gómez, R., Vicino, P., Carrillo, N., and Lodeyro, A. F. (2019). Manipulation of
oxidative stress responses as a strategy to generate stress-tolerant crops. From
damage to signaling to tolerance. Crit. Rev. Biotechnol. 39, 693–708. doi:
10.1080/07388551.2019.1597829

Gorbunov, M. Y., Kolber, Z. S., Lesser, M. P., and Falkowski, P. G. (2001).
Photosynthesis and photoprotection in symbiotic corals. Limnol. Oceanogr. 46,
75–85. doi: 10.4319/lo.2001.46.1.0075

Guinn, E. J., Pegram, L. M., Capp, M. W., Pollock, M. N., and Record, M. T., Jr.
(2011). Quantifying why urea is a protein denaturant, whereas glycine betaine
is a protein stabilizer. Proc. Nat. Acad. Sci. U. S. A. 108, 16932–16937. doi:
10.1073/pnas.1109372108

Hasanuzzaman, M., Banerjee, A., Bhuyan, M. H. M. B., Roychoudhury, A., Al
Mahmud, J., and Fujita, M. (2019). Targeting glycinebetaine for abiotioc stress
tolerance in crop plants: physiological mechanism, molecular interaction and
signaling. Phyton. Intl. J. Exp. Bot. 88, 185–221. doi: 10.32604/
phyton.2019.07559

Hema, R., Senthil-Kumar, M., Shivakumar, S., Reddy, P. C., and Udayakumar, M.
(2007). Chlamydomonas reinhardtii, a model system for functional validation
of abiotic stress responsive genes. Planta 226, 655–670. doi: 10.1007/s00425-
007-0514-2

Hill, R. W., Armstrong, E. J., Florn, A. M., Li, C., Walquist, R. W., and Edward, A.
(2017). Abundant betaines in giant clams (Tridacnidae) and western Pacific
reef corals, including study of coral betaine acclimatization. Mar. Ecol. Progr.
Ser. 576, 27–41. doi: 10.3354/meps12181

Hill, R., Brown, C. M., DeZeeuw, K., Campbell, D. A., and Ralph, P. J. (2011).
Increased rate of D1 repair in coral symbionts during bleaching is insufficient
to counter accelerated photo-inactivation. Limnol. Oceanogr. 56, 139–146. doi:
10.4319/lo.2011.56.1.0139

Hill, R., Larkum, A. W. D., Frankart, C., Kühl, M., and Ralph, P. J. (2004). Loss of
functional photosystem II reaction centres in zooxanthellae of corals exposed
to bleaching conditions: Using fluorescence rise kinetics. Photosynth. Res. 82,
59–72. doi: 10.1023/B:PRES.0000040444.41179.09

Hill, R. W., Li, C., Jones, A. D., Gunn, J. P., and Frade, P. R. (2010). Abundant
betaines in reef-building corals and ecological indicators of a photoprotective
role. Coral Reefs 29, 869–880. doi: 10.1007/s00338-010-0662-x

Hossain, M. A., Kumar, V., Burritt, D. J., Fujita, M., and Mäkelä, P. S. A. Eds.
(2019). Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants. Recent
Advances and Future Perspectives. Recent advances and Future Perspectives
(Cham: Springer Nature Switzerland).

Huang, S., Zuo, T., and Ni, W. (2020). Important roles of glycinebetaine in
stabilizing the structure and function of the photosystem II complex under
abiotic stresses. Planta 251, 36. doi: 10.1007/s00425-019-0330-z

Jackson, R. L., Gabric, A. J., Woodhouse, M. T., Swan, H. B., Jones, G. B., Cropp,
R., et al. (2020a). Coral reef emissions of atmospheric dimethylsulfide and the
Frontiers in Marine Science | www.frontiersin.org 726
influence on marine aerosols in the southern Great Barrier Reef, Australia.
J. Geophys. Res. Atmos. 125, e2019JD031837. doi: 10.1029/2019JD031837

Jackson, R. L., Gabric, A. J., Cropp, R., and Woodhouse, M. T. (2020b).
Dimethylsulfide (DMS), marine biogenic aerosols and the ecophysiology of
coral reefs. Biogeosciences 17, 2181–2204. doi: 10.5194/bg-17-2181-2020

Jones, R. J., and Hoegh-Guldberg, O. (2001). Diurnal changes in the photochemical
efficiency of the symbiotic dinoflagellates (Dinophyceae) of corals:
photoprotection, photoinactivation and the relationship to coral bleaching. Plant
Cell Environ. 24, 89–99. doi: 10.1046/j.1365-3040.2001.00648.x

Jones, G. B., and King, S. (2015). Dimethylsulphoniopropionate (DMSP) as an
indicator of bleaching tolerance in scleractinian corals. J. Mar. Sci. Eng. 3, 444–
465. doi: 10.3390/jmse3020444

Kido, E. A., Ferreira-Neto, J. R. C., da Silva, M. D., Santos, V. E. P., Filho, J. L. B. S.,
and Benko-Iseppon, A. M. (2019). “Osmoprotectant-related genes in plants
under abiotic stress: expression dynamics, in silico genome mapping, and
biotechnology,” inOsmoprotectant-Mediated Abiotic Stress Tolerance in Plants.
Eds. M. A. Hossain, V. Kumar, D. J. Burritt, M. Fujita and P. S. A. Mäkelä
(Cham: Springer Nature Switzerland), p. 1–40.

Klimov, V. V., Allakhverdiev, S. I., Nishiyama, Y., Khorobrykh, A. A., and Murata,
N. (2003). Stabilization of the oxygen-evolving complex of photosystem II by
bicarbonate and glycinebetaine in thylakoid and subthylakoid preparations.
Funct. Plant Biol. 30, 797–803. doi: 10.1071/FP03068

Kurepin, L. V., Ivanov, A. G., Zaman, M., Pharis, R. P., Allakhverdiev, S. I., Hurry,
V., et al. (2015). Stress-related hormones and glycinebetaine interplay in
protection of photosynthesis under abiotic stress conditions. Photosyn. Res.
126, 221–235. doi: 10.1007/s11120-015-0125-x

Lesser, M. P. (2006). Oxidative stress in marine environments: biochemistry and
physiological ecology. Annu. Rev. Physiol. 68, 253–278. doi: 10.1146/
annurev.physiol.68.040104.110001

Lesser, M. P. (2011). “Coral bleaching: causes and mechanisms,” in Coral Reefs: An
Ecosystem in Transition. Eds. Z. Dubinsky and N. Stambler (New York:
Springer), 405–419.

Lesser, M. P., and Farrell, J. H. (2004). Exposure to solar radiation increases
damage to both host tissues and algal symbionts of corals during thermal stress.
Coral Reefs 23, 367–377. doi: 10.1007/s00338-004-0392-z

Li, M., Li, Z., Li, S., Guo, S., Meng, Q., Li, G., et al. (2014). Genetic engineering of
glycine betaine biosynthesis reduces heat-enhanced photoinhibition by
enhancing antioxidative defense and alleviating lipid peroxidation in tomato.
Plant Mol. Biol. Rep. 32, 42–51. doi: 10.1007/s11105-013-0594-z

Li, S., Li, F., Wang, J., Zhang, W., Meng, Q., Chen, T. H. H., et al. (2011).
Glycinebetaine enhances the tolerance of tomato plants to high temperature
during germination of seeds and growth of seedlings. Plant Cell Environ. 34,
1931–1943. doi: 10.1111/j.1365-3040.2011.02389.x

Li, D., Wang, M., Zhang, T., Chen, X., Li, C., Liu, Y., et al. (2021). Glycinebetaine
mitigated the photoinhibition of photosystem II at high temperature in
transgenic tomato plants. Photosyn. Res. 147, 301–315. doi: 10.1007/s11120-
020-00810-2

Mäkelä, P. S. A., Jokinen, K., and Himanen, K. (2019). “Roles of endogenous
glycinebetaine in plant abiotic stress responses”, in Osmoprotectant-Mediated
Abiotic Stress Tolerance in Plants. Eds. M. A. Hossain, V. Kumar, D. J. Burritt,
M. Fujita and P. S. A. Mäkelä (Cham: Springer Nature Switzerland), 153–173.

McNeil, S. D., Nuccio, M. L., and Hanson, A. D. (1999). Betaines and related
osmoprotectants. Targets for metabolic engineering of stress resistance. Plant
Physiol. 120, 945–949. doi: 10.1104/pp.120.4.945

Moore, R. J., and Huxley, C. J. (1976). Aversive behaviour of crown-of-thorns
starfish to coral evoked by food-related chemicals. Nature 263, 407–409. doi:
10.1038/263407a0

Ngugi, D. K., Ziegler, M., Duarte, C. M., and Voolstra, C. R. (2020). Genomic
blueprint of glycine betaine metabolism in coral metaorganisms and their
contribution to reef nitrogen budgets. iScience 23, 101120. doi: 10.1016/
j.isci.2020.101120

Niazian, M., Sadat-Noori, S. A., Tohidfar, M., Mortazavian, S. M. M., and
Sabbatini, P. (2021). Betaine aldehyde dehydrogenase (BADH) vs. flavodoxin
(Fld): two important genes for enhancing plants stress tolerance and
productivity. Front. Plant Sci. 12, 650215. doi: 10.3389/fpls.2021.650215

Oakley, C. A., and Davy, S. K. (2018). “Cell biology of coral bleaching,” in Coral
Bleaching. Patterns, Processes, Causes and Consequences, 2nd ed. Eds. M. J. H. Van
Oppen and J. M. Lough (Cham: Springer International Publishing), 189–211.
May 2022 | Volume 9 | Article 869739

https://doi.org/10.4319/lo.2014.59.3.0758
https://doi.org/10.1371/journal.pone.0037344
https://doi.org/10.1371/journal.pone.0037344
https://doi.org/10.1016/j.biochi.2018.01.002
https://doi.org/10.1007/s003380100146
https://doi.org/10.1038/nclimate1674
https://doi.org/10.4161/psb.6.11.17801
https://doi.org/10.1080/07388551.2019.1597829
https://doi.org/10.4319/lo.2001.46.1.0075
https://doi.org/10.1073/pnas.1109372108
https://doi.org/10.32604/phyton.2019.07559
https://doi.org/10.32604/phyton.2019.07559
https://doi.org/10.1007/s00425-007-0514-2
https://doi.org/10.1007/s00425-007-0514-2
https://doi.org/10.3354/meps12181
https://doi.org/10.4319/lo.2011.56.1.0139
https://doi.org/10.1023/B:PRES.0000040444.41179.09
https://doi.org/10.1007/s00338-010-0662-x
https://doi.org/10.1007/s00425-019-0330-z
https://doi.org/10.1029/2019JD031837
https://doi.org/10.5194/bg-17-2181-2020
https://doi.org/10.1046/j.1365-3040.2001.00648.x
https://doi.org/10.3390/jmse3020444
https://doi.org/10.1071/FP03068
https://doi.org/10.1007/s11120-015-0125-x
https://doi.org/10.1146/annurev.physiol.68.040104.110001
https://doi.org/10.1146/annurev.physiol.68.040104.110001
https://doi.org/10.1007/s00338-004-0392-z
https://doi.org/10.1007/s11105-013-0594-z
https://doi.org/10.1111/j.1365-3040.2011.02389.x
https://doi.org/10.1007/s11120-020-00810-2
https://doi.org/10.1007/s11120-020-00810-2
https://doi.org/10.1104/pp.120.4.945
https://doi.org/10.1038/263407a0
https://doi.org/10.1016/j.isci.2020.101120
https://doi.org/10.1016/j.isci.2020.101120
https://doi.org/10.3389/fpls.2021.650215
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Hill Quaternary Ammonium Compounds in Corals
Papageorgiou,G.C., andMurata,N. (1995). The unusually strong stabilizing effects of
glycine betaine on the structure and function of the oxygen-evolving photosystem
II complex. Photosynth. Res. 44, 243–252. doi: 10.1007/BF00048597

Prasad, K. V. S. K., and Saradhi, P. P. (2004). Enhanced tolerance to
photoinhibition in transgenic plants through targeting of glycinebetaine
biosynthesis into the chloroplasts. Plant Sci. 166, 1197–1212. doi: 10.1016/
j.plantsci.2003.12.031

Rhodes, D., and Hanson, A. D. (1993). Quaternary ammonium and tertiary
sulfonium compounds in higher plants. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 44, 357–384. doi: 10.1146/annurev.pp.44.060193.002041

Roychoudhury, A., Bieker, A., Häussinger, D., and Oesterhelt, F. (2013).
Membrane protein stability depends on the concentration of compatible
solutes –a single molecule force spectroscopic study. Biol. Chem. 394, 1465–
1474. doi: 10.1515/hsz-2013-0173

Sakamoto, A., and Murata, N. (2002). The role of glycine betaine in the protection
of plants from stress: clues from transgenic plants. Plant Cell Environ. 25, 163–
171. doi: 10.1046/j.0016-8025.2001.00790.x

Schiller, H., and Dau, H. (2000). Preparation protocols for high-activity
photosystem II membrane particles of green algae and higher plants, pH
dependence of oxygen evolution and comparison of the S2-state multiline
signal by X-band EPR spectroscopy. J. Photochem. Photobiol. B Biol. 55, 138–
144. doi: 10.1016/S1011-1344(00)00036-1

Shirasawa, K., Takabe, T., Takabe, T., and Kishitani, S. (2006). Accumulation of
glycinebetaine in rice plants that overexpress choline monooxygenase from
spinach and evaluation of their tolerance to abiotic stress. Ann. Bot. 98, 565–
571. doi: 10.1093/aob/mcl126

Somero, G. N., Lockwood, B. L., and Tomanek, L. (2017). Biochemical Adaptation.
Response to Environmental Challenges From Life’s Origins to the Anthropocene
(Sunderland, MA: Sinauer Associates).

Street, T. O., Bolen, D. W., and Rose, G. D. (2006). A molecular mechanism for
osmolyte-induced protein stability. Proc. Natl. Acad. Sci. USA 17064, 13997–
14002. doi: 10.1073/pnas.0606236103

Sunda, W., Kieber, D. J., Kiene, R. P., and Huntsman, S. (2002). An antioxidant
function for DMSP and DMS in marine algae. Nature 418, 317–320.
doi: 10.1038/nature00851

Swan, H. B., Deschaseaux, E. S. M., Jones, G. B., and Eyre, B. D. (2017a). The
relative abundance of dimethylsulfoniopropionate (DMSP) among other
zwitterions in branching coral at Heron Island, southern Great Barrier Reef.
Anal. Bioanal. Chem. 409, 4409–4423. doi: 10.1007/s00216-017-0385-8

Swan, H. B., Jones, G. B., Deschaseaux, E. S. M., and Eyre, B. D. (2017b). Coral reef
origins of atmospheric dimethylsulfide at Heron Island, southern Great Barrier
Reef, Australia. Biogeosciences 14, 229–239. doi: 10.5194/bg-14-229-2017

Valenzuela-Soto, E. M., and Figueroa-Soto, C. G. (2019). “Biosynthesis and
degradation of glycine betaine and its potential to control plant growth and
development,” in Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants.
Eds. M. A. Hossain, V. Kumar, D. J. Burritt, M. Fujita and P. S. A. Mäkelä
(Cham: Springer Nature Switzerland), 123–140.

Van Oppen, M. J. H., and Lough, J. M. Eds (2018). Coral Bleaching. Patterns,
Processes, Causes and Consequences. 2nd ed (Cham: Springer International
Publishing).

Vermeij, M. J. A., and Bak, R. P. M. (2002). How are coral populations structured
by light? Marine light regimes and the distribution of Madracis. Mar. Ecol.
Prog. Ser. 233, 105–116. doi: 10.3354/meps233105
Frontiers in Marine Science | www.frontiersin.org 827
Wang, Y., Liu, S., Zhang, H., Zhao, Y., Zhao, H., and Liu, H. (2014). Glycine
betaine application in grain filling wheat plants alleviates heat and high light-
induced photoinhibition by enhancing the psbA transcription and stomatal
conductance. Acta Physiol. Plant 36, 2195–2202. doi: 10.1007/s11738-014-
1596-7

Warner, M. E., Fitt, W. K., and Schmidt, G. W. (1999). Damage to photosystem II
in symbiotic dinoflagellates: A determinant of coral bleaching. Proc. Natl.
Acad. Sci. U. S. A. 96, 8007–8012. doi: 10.1073/pnas.96.14.8007

Warner, M. E., and Suggett, D. J. (2016). “The photobiology of Symbiodinium spp.:
linking physiological diversity to the implications of stress and resilience,” in
The Cnidaria, Past, Present and Future. Eds. S. Goffredo and Z. Dubinsky
(Cham: Springer Nature Switzerland), 489–509.

Weis, V. M. (2008). Cellular mechanisms of cnidarian bleaching: stress causes the
collapse of symbiosis. J. Exp. Biol. 211, 3059–3066. doi: 10.1242/jeb.009597

Yancey, P. H., Clark, M. E., Hand, S. C., Bowlus, R. D., and Somero, G. N. (1982).
Living with water stress: evolution of osmolyte systems. Science 217, 1214–
1222. doi: 10.1126/science.7112124

Yancey, P. H., Heppenstall, M., Ly, S., Andrell, R. M., Gates, R. D., Carter, V. L.,
et al. (2010). Betaines and dimethysulfoniopropionate as major osmolytes in
Cnidaria with endosymbiotic dinoflagellates. Physiol. Biochem. Zool. 83, 167–
173. doi: 10.1086/644625

Yang, G., Rhodes, D., and Joly, R. J. (1996). Effects of high temperature on
membrane stability and chlorophyll fluorescence in glycinebetaine-deficient
and glycinebetaine-containing maize lines. Aust. J. Plant Physiol. 23, 437–443.
doi: 10.1071/PP9960437

Yang, X., Wen, X., Gong, H., Lu, Q., Yang, Z., Tang, Y., et al. (2007). Genetic
engineering of the biosynthesis of glycinebetaine enhances thermotolerance of
photosystem II in tobacco plants. Planta 225, 719–733. doi: 10.1007/s00425-
006-0380-3

Zhang, T., Li, Z., Li, D., Li, C., Wei, D., Li, S., et al. (2020). Comparative effects of
glycinebetaine on the thermotolerance in codA- and BADH-transgenic tomato
plants under high temperature stress. Plant Cell Rep. 39, 1525–1538. doi:
10.1007/s00299-020-02581-5

Zulfiqar, F., Akram, N. A., and Ashraf, M. (2020). Osmoprotection in plants under
abiotic stresses: new insights into a classical phenomenon. Planta 251, 3.
doi: 10.1007/s00425-019-03293-l

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hill. 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.
May 2022 | Volume 9 | Article 869739

https://doi.org/10.1007/BF00048597
https://doi.org/10.1016/j.plantsci.2003.12.031
https://doi.org/10.1016/j.plantsci.2003.12.031
https://doi.org/10.1146/annurev.pp.44.060193.002041
https://doi.org/10.1515/hsz-2013-0173
https://doi.org/10.1046/j.0016-8025.2001.00790.x
https://doi.org/10.1016/S1011-1344(00)00036-1
https://doi.org/10.1093/aob/mcl126
https://doi.org/10.1073/pnas.0606236103
https://doi.org/10.1038/nature00851
https://doi.org/10.1007/s00216-017-0385-8
https://doi.org/10.5194/bg-14-229-2017
https://doi.org/10.3354/meps233105
https://doi.org/10.1007/s11738-014-1596-7
https://doi.org/10.1007/s11738-014-1596-7
https://doi.org/10.1073/pnas.96.14.8007
https://doi.org/10.1242/jeb.009597
https://doi.org/10.1126/science.7112124
https://doi.org/10.1086/644625
https://doi.org/10.1071/PP9960437
https://doi.org/10.1007/s00425-006-0380-3
https://doi.org/10.1007/s00425-006-0380-3
https://doi.org/10.1007/s00299-020-02581-5
https://doi.org/10.1007/s00425-019-03293-l
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Frontiers in Marine Science | www.frontiers

Edited by:
Rafel Simó,
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Dimethlysulfoniopropionate (DMSP) lyase is an enzyme that mediates cleavage of DMSP
into dimethyl sulfide (DMS) and acrylate. DMS is an aerosol substance that may affect
cloud formation, solar radiation and ocean temperatures. DMSP lyases in marine
organisms, such as marine bacteria, release DMS, which might contribute to
atmosphere-ocean feedback. Although DMSP lyases were first identified in marine
bacteria, eukaryotic DMSP lyases or genes similar to DMSP lyase, DMSP lyase-like
(DL-L) genes have been found not only in coccolithophores (Emiliania huxleyi) and
symbiotic algae of the Family Symbiodiniaceae, but also in animals, including
scleractinian corals (Cnidaria: Anthozoa: Hexacorallia). Comparative genomic analysis
showed that gene expansion events of DL-L genes have occurred specifically in the
scleractinian genus, Acropora. In the present study, we performed molecular identification
of DL-L genes in Acropora digitifera. Thirteen full-length Open Reading Frames were
isolated, confirming that these duplicated DL-L genes are likely expressed. A
comprehensive survey of available transcriptomic databases revealed that DL-L genes
have been identified not only in scleractinians (Hexacorallia), but also Octocorallia
(Anthozoa) and even in a jellyfish (Cnidaria: Hydrozoa). Molecular phylogenetic analyses
showed that although some sequences from cnidarian transcriptomic databases
apparently originated with their symbiotic algae, cnidarian sequences from Anthozoa
and Hydrozoa clustered together, indicating that these evolved from a gene in the last
common ancestor of Cnidaria, dating to the Precambrian. Interestingly, cnidarian species
possessing DL-L genes apparently occur only in coral reefs or shallow, warmer
environments, suggesting that these genes may be essential for animals to survive in
such environments. Acropora-specific duplicated DL-L genes, which originated during the
past warm geological periods, may enable them to adapt to environmental changes.
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INTRODUCTION

Coral reefs in tropical and subtropical waters harbor about 30% of
all marine life, making them the most biodiverse habitats in
marine ecosystems (Knowlton et al., 2010). In addition, coral
reefs provide many fishery resources, protect coastlines, and fix
carbon and nitrogen. Scleractinian or stony corals (Anthozoa,
Cnidaria) are the main builders of coral reefs, forming massive
calcium carbonate skeletons. Corals are metaorganisms or
“holobionts” associated with a variety of microorganisms, such
as dinoflagellates of the family Symbiodiniaceae and diverse
communities of bacteria, archaea, fungi, viruses, and protists
(Rohwer et al., 2002; Ainsworth et al., 2010). They rely mainly
on symbiotic algae (Symbiodiniaceae) to trap solar energy for
survival, growth, and calcification (Goreau and Goreau, 1959;
Muscatine, 1990; Davy et al., 2012). In stony corals, dinoflagellate
symbionts use the substrates (nitrogen and phosphorus) produced
by their hosts for photosynthesis (Muscatine and Porter, 1977).
Prokaryotic microorganisms provide sources of nitrogen, sulfur,
and other elements to corals or release them into the water
column (Ainsworth et al., 2010; Rädecker et al., 2015). These
allow coral reefs to remain highly productive in oligotrophic
waters, while also facilitating global biogeochemical cycles.

The sulfur cycle is one of the most important of these
cycles, providing biosynthetic proteins and cofactors.
Dimethylsulfoniopropionate (DMSP) is an organic sulfur
compound that is abundant in marine surface waters. The
majority of it is produced by phytoplankton and algae, but
it has also been reported in some angiosperms and bacteria
(Keller et al., 1989; Hanson et al., 1994; Paquet et al., 1994; Gage
et al., 1997; Kocsis et al., 1998; Lyon et al., 2011; Kettles et al.,
2014; Curson et al., 2017). Although functions of DMSP are
not entirely understood, several physiological functions,
such as osmoregulation, oxidative stress protection, and
cryoprotection, have been demonstrated in phytoplankton and
green algae (Kirst et al., 1991; Karsten et al., 1996; Sunda et al.,
2002; Lesser, 2006; Husband et al., 2012; Curson et al., 2018).
Biological functions such as chemoattraction, predator
deterrence, and mediation of bacterial virulence have been
identified (Wolfe and Steinke, 1996; Miller and Belas, 2004;
Barak-Gavish et al., 2018). The most notable and important
aspect of DMSP is that it is a precursor of dimethyl sulfide
(DMS) (van Boeckel and Stefels, 1993), which is a major source
of sulfur in the atmosphere, promoting cloud formation and
combating greenhouse gasses. DMSP is cleaved by an enzyme
called DMSP lyase (EC 4.4.1.3), which converts DMSP to DMS.
Recently, studies reported that DMSP lyase products, DMS and
acrylate, may have ecological roles such as chemical defenses
against predation (Strom et al., 2003; Teng et al., 2021) and
enhancing predation by grazers (Shemi et al., 2021). When DMS
enters the atmosphere, it is oxidized into aerosol particles that
can induce cloud formation and increase reflectivity. This may
reduce light levels and water temperatures in marine
environments, thus contributing to local climate regulation
(Figure 1) (Ayers and Gras, 1991; Vallina and Simo, 2007),
although some studies suggest that sea-air DMS flux is low, and
Frontiers in Marine Science | www.frontiersin.org 229
that the role of DMS in climate regulation is likely insignificant
(Woodhouse et al., 2010; Quinn and Bates, 2011).

Marine phytoplankton and macroalgae are considered the
primary producers of DMSP, while marine bacteria are the
primary degraders (Stefels et al., 2007; Reisch et al., 2011).
DMSP is released from marine phytoplankton and macroalgae
upon cellular lysis caused by zooplankton grazing, viral infection,
and senescence (Figure 1) (van Boekel and Stefels, 1993; Wolfe
et al., 1997; Hill et al., 1998). Bacteria acquire DMSPmainly from
the ocean and demethylate it into methanethiol and
acetaldehyde, turning DMSP into DMS via the lysis pathway
(Figure 1). DMSP lyase was first identified in bacteria, and at
least eight prokaryotic DMSP lyase genes have been identified to
date (Li et al., 2021).

Some studies have reported that eukaryotic phytoplankton,
including dinoflagellates and algae, possess DMSP lyase activity
(Stefels et al., 1995; Steinke and Kirst, 1996; Steinke et al., 1998;
Niki et al., 2000; Yoch, 2002), but the responsible gene was
difficult to isolate. In 2015, a gene, Alma l, was identified from the
eukaryotic coccolithophore, Emiliania huxleyi, and was shown to
have high DMSP lyase activity (Alcolombri et al., 2015). It has
been suggested that Alma 1 can directly lyse algal DMSP,
releasing acrylate and DMS (Figure 1). Interestingly, sequences
similar to Alma 1, DMSP lyase-like (DL-L) genes were also found
in scleractinian corals and Symbiodiniaceae (Alcolombri et al.,
2015). Furthermore, recent comparative genomic analysis of
scleractinian and cnidarian genomes showed that numbers of
DL-L genes in genomes of the scleractinian coral genus,
Acropora, are significantly larger than in other cnidarian
genomes and that gene expansion events specifically occurred
in Acropora (Shinzato et al., 2021a).

Acropora is currently the most studied coral genus in the
world (Maor-Landaw and Levy, 2016), as it includes the most
widespread, abundant, and diverse scleractinian corals on Earth
(Wallace and Rosen, 2006). Approximately 180 species have
been recorded from the Red Sea to the Indo-Pacific Ocean and
the Caribbean Ocean (Wallace, 1999; Veron, 2000; van Oppen
et al., 2001). With the increase of research data, more genetic
databases (genome and transcriptome databases) and molecular
techniques (CRISPR/Cas9 and gene knockdown) have been
developed (Yasuoka et al., 2016; Cleves et al., 2018; Ying et al.,
2019; Shinzato et al., 2021a). Genetic analyses suggest that
Acropora has been evolutionarily very successful and may have
become a dominant genus through acquisition and expansion of
gene families (Shinzato et al., 2011; Shinzato et al., 2021a).
Examples of Acropora-specific gene duplication and expansion
events have been reported (Hislop et al., 2005; Shinzato et al.,
2021a). Symbiotic relationship with Symbiodiniaceae may also
have contributed to rapid adaptation to changing environments
(Qin et al., 2019). Interestingly, Shinzato et al. (2021a) showed
that DL-L genes are the most diversified gene family in Acropora
genomes and that possible coral- or cnidarian-specific stress
response genes, including Caspase-X and SCRiPs, have also been
tandemly duplicated in Acropora genomes. In this study, to
better understand evolution of DL-L genes in animals and their
possible involvement in Acropora evolution, we first confirmed
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that DL-L genes are indeed expressed in A. digitifera as possible
functional mRNAs without in-frame stop codons. Then, we
performed a comprehensive database survey and molecular
phylogenetic analyses to investigate the existence of DL-L
genes in various eukaryotes, including scleractinian corals,
cnidarians, and other animals, to gain insight into the
evolutionary origin of DL-L genes in the animal kingdom.
MATERIALS AND METHODS

Cloning of DL-L Genes From
Acropora digitifera
The same RNA samples used in previous studies including different
developmental stages of A. digitifera (eggs, blastulae, gastrulae,
planula larvae, early polyps, and adult branches) were used for
cDNA synthesis (Shinzato et al., 2011; Shinzato et al., 2021a;
Yoshioka et al., 2021). Samples were homogenized in TRIzol
reagent (Invitrogen) on ice, and total RNA was extracted following
Frontiers in Marine Science | www.frontiersin.org 330
the manufacturer's instruction and Chiu et al. (2020). Extracted total
RNA was treated with recombinant DNase I (Roche) to remove
contaminating genomic DNA. First-strand cDNA was synthesized
from 5 mg of DNase-treated RNA using SuperScriptTM III reserve
transcriptase (Thermo Fisher Scientific). Possible DL-L genes of A.
digitiferawere derived from predicted genes ofA. digitifera (Shinzato
et al., 2021a), and primers amplifying full length open reading frames
(ORFs) were designed for each gene (Supplementary Table 1). PCR
products were cloned into the pGEM-T Easy cloning vector
(Promega), transformed into competent cells (Escherichia coli,
DH5a strain), and plasmids were sequenced at a commercial
laboratory (Eurofin Genomics, Tokyo, Japan).

Gene Expression Patterns of Acropora
digitifera DL-L Genes Under Different
Developmental Stages and Increased Sea
Water Temperature
To investigate gene expression patterns of 18 DL-L genes predicted
from the A. digitifera genome assembly (Shinzato et al., 2021a), we
FIGURE 1 | Contributions of prokaryotes and eukaryotes to the biogeochemical cycle and possible functions of dimethylsulfoniopropionic acid (DMSP) and dimethyl
sulfide (DMS). CCN, Cloud condensation nuclei; DMSO, dimethyl sulfoxide.
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used previously reported RNA-Seq transcriptome data of A.
digitifera from different developmental stages (egg, blastula,
gastrula, planula, polyp, Shinzato et al., 2021a), adult stages
(Yoshioka et al., 2021), and increased seawater temperature
treatments (25°C to 30°C, Shinzato et al., 2021b). Briefly, Illumina
adaptor sequences and low-quality reads (Quality score < 20, length
< 25 bp) in the RNA-Seq data were trimmed with CUTADAPT
v1.16 (Martin, 2011), and cleaned reads were mapped to A.
digitifera gene models (Shinzato et al., 2021a) using KALLISTO
v0.44.0 (Bray et al., 2016) or MiniMap v2.9 (Li, 2018) with default
settings. Mapping counts were normalized using the trimmed mean
of M values (TMM) method, and then converted to counts per
million (CPM) using EdgeR v3.28.1 (Robinson et al., 2010;
McCarthy et al., 2012) in R v3.6.3 (team 2015).

Identification of DL-L Genes From Publicly
Available Eukaryote and Cnidarian
Transcriptomic Databases
Amino acid sequences were deduced from cloned cDNA sequences
using the ExPASy translate tool (https://web.expasy.org/translate/;
Gasteiger et al., 2003). To search for genes similar to DMSP lyase
gene from transcriptomic databases, the deduced amino acid
sequences of cloned A. digitifera DL-L genes, Emiliania huxleyi
Alma1 (KR703620.1), and Symbiodinium A1 DMSP lyase
(P0DN22) were used as query sequences in homology searches
against the Transcriptome Shotgun Assembly (TSA) database at the
National Center for Biotechnology Information (NCBI) using
tBlastn (A. digitifera DL-L genes: e-value cutoff 1e-50, query
coverage >80%, Emiliania huxleyi Alma1 and Symbiodinium A1
DMSP lyase: e-value cutoff 1e-5, query coverage >70%). Sequences
satisfying these criteria were retrieved, and amino acid sequences
were prepared using the ExPASy translate tool.

Sequence Alignment and Molecular
Phylogenetic Analyses
Sequences downloaded from NCBI TSA databases, including
cnidarians, animals, phytoplankton and macroalgae were used for
phylogenetic analyses, with bacterial DMSP lyase genes
(WP028324949.1, WP012448288.1, WP034745099.1,
WP020674609.1, and WP006965703.1) as an outgroup. First, all
amino acid sequences were aligned using MAFFT v7.310 (Katoh
et al., 2002; Katoh and Standley, 2013), and poorly aligned
sequences were removed manually. Gaps in alignments were
removed using trimAl v1.2 (Capella-Gutiérrez et al., 2009) with
the “gappyout” option. After removing gaps, maximum likelihood
analyses were performed using RAxML v8.2.10 (Stamatakis, 2014)
with the “bootstrap 100” and “protgammaauto” options.
RESULTS

DL-L Genes Isolated From Acropora
digitifera RNAs and Their Gene
Expression Patterns
Among 18 DL-L genes predicted from the A. digitifera genome
(Shinzato at el., 2021a), we successfully obtained 13 DL-L gene
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sequences with full-length mRNA coding regions from cDNA
(Figure 2; Supplementary Figure 1), demonstrating that multiple
DL-L genes exist in the A. digitifera genome and that these are
actually expressed as possible functional mRNAs without in-
frame stop codons. The resultant 13 amino acid sequences had
the same Asp/Glu/hydantoin racemase superfamily conserved
domain as in Alma1 of E. huxleyi (Figure 2; Supplementary
Figure 1) (Alcolombri et al., 2015). These 18 genes showed
different levels and patterns of gene expression in different
developmental stages (Supplementary Table 2) as shown by
previous studies (Shinzato et al., 2021a; Shinzato et al., 2021b;
Yoshioka et al., 2021). Gene expression of five genes was
significantly changed (one upregulated and four downregulated)
by increased sea water temperature (25°C to 30°C, q < 0.05,
Supplementary Table 2).

DL-L Genes in Eukaryotes
Among the 6,258 eukaryotic TSA databases deposited in NCBI, we
identified 123 gene sequences from 72 species that showed
similarity to A. digitifera DL-L genes and satisfied the above
criteria (tBlastn e-value cutoff 1e-50, query coverage >80%). Most
sequences were identified from the Cnidaria (stony corals, sea
anemones, jellyfish and hydra), phytoplankton (Phyla Haptophyta,
Myzozoa, Ochrophyta) and macroalgae (Phyla Chlorophyta and
Rhodophyta) (Table 1). Unexpectedly, four sequences were also
identified from other animals, including a ctenophore (Beroe
forskalii), a mollusk (Limacina retroversa) and arthropods
(Dendroctonus frontalis and Pleuromamma xiphias) (Table 1).
We further investigated the amino acid sequence similarity of
these sequences with the only known DMSP lyases from
eukaryotes to date (Alcolombri et al., 2015), Emiliania huxleyi
Alma1 and Symbiodinium A1 DMSP lyase (Supplementary
Table 3). Most eukaryote sequences similar to A. digitifera DL-L
genes (Table 1) also showed sequence similarities to both DMSP
lyases, but percent identities were lower than those to A. digitifera
DL-L genes (Supplementary Table 3).

In order to infer evolutionary relationships of the identified
sequences from eukaryotes and the four sequences from non-
cnidarian animals, we performed molecular phylogenetic analyses
with amino acid sequences of the 13 A. digitifera DL-L genes as
representatives of Cnidaria and bacterial DMSP lyase genes from
prokaryotes as an outgroup. Sequences from prokaryotes and
eukaryotes separated into two distinct clusters, indicating that all
of the sequences obtained from eukaryote TSA databases
originated from eukaryotes, and were not contaminants from
symbiotic bacteria (Figure 3; Supplementary Figure 2). All
sequences from A. digitifera clustered, demonstrating that they
originated from the host coral (Figure 3; Supplementary
Figure 2). None of the sequences from non-cnidarian animals
clustered with those from A. digitifera. Clustering of the D.
frontalis sequence with dinoflagellate sequences displayed 100%
bootstrap support, indicating that this sequence was derived from
symbiotic or adhesive algae, not from the animal itself. However,
the other three sequences from B. forskalii, P. xiphias and L.
retroversa did not cluster with those of A. digitifera and other
eukaryotes (Figure 3; Supplementary Figure 2); thus, the
evolutionary origin (animals or other eukaryotes) are unclear.
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DL-L Genes in Cnidaria
Among 137 Cnidarian TSA databases in NCBI, we found
sequences similar to DL-L genes from 35 species (Table 2).
Most of these sequences were from Acropora millepora and A.
tenuis and had been previously identified (Alcolombri et al., 2015;
Shinzato et al., 2021a). Interestingly, possible DL-L genes were
found not only in the subclass Hexacorallia, including stony corals,
sea anemones, and zoanthids, but also in the Octocorallia,
including soft corals and blue corals, and even from
Frontiers in Marine Science | www.frontiersin.org 532
Hydroidolina, including jellyfishes and fire corals (Table 2). We
also investigated amino acid sequence similarity of these cnidarian
sequences with known eukaryote DMSP lyases from E. huxleyi
and Symbiodinium A1 (see above), and all sequences except one
from Seriatopora caliendrum had significant similarities with these
eukaryote DMSP lyases (Supplementary Table 4).

Coral and/or cnidarian transcriptomic databases often
contain sequences originating with symbiotic algae, as well as
associated microorganisms. In order to identify which sequences
FIGURE 2 | Molecular characterization of DL-L genes in Acropora digitifera. Multiple sequence alignment of deduced amino acid sequences from 13 DL-L genes of A.
digitifera and Emiliania huxleyi, Alma1 (KR703620.1). Identical residues are indicated in the same color. Lengths of amino acid sequences are shown at the right and
positions of the Asp/Glu/hydantoin racemase superfamily conserved domain are shown in light yellow and the two putative active site residues are shown in red boxes.
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TABLE 1 | DL-L genes in Eukaryotes, excluding those from cnidarians.

Kingdom Phylum Class Species Accession

Animalia Ctenophora Nuda Beroe forskalii* GHXY01272785.1
Animalia Mollusca Gastropoda Limacina retroversa* GBXC01047479.1
Animalia Arthropoda Insecta Dendroctonus frontalis* GAFI01013939.1
Animalia Arthropoda Hexanauplia Pleuromamma xiphias* GFCI01194001.1
Chromista Foraminifera Globothalamea Globobulimina sp. GGCD01090783.1
Chromista Haptophyta Prymnesiophyceae Emiliania huxleyi HBTT01010599.1
Chromista Haptophyta Prymnesiophyceae Gephyrocapsa muellerae HBRT01085803.1
Chromista Haptophyta Prymnesiophyceae Haptolina ericina HBHX01042533.1
Chromista Haptophyta Prymnesiophyceae Pelagophyceae sp. HBPV01017070.1
Chromista Haptophyta Prymnesiophyceae Phaeocystis antarctica HBQY01084461.1
Chromista Haptophyta Prymnesiophyceae Phaeocystis globosa HBRY01017421.1
Chromista Haptophyta Prymnesiophyceae Phaeocystis rex HBRF01010364.1
Chromista Haptophyta Prymnesiophyceae Phaeocystis sp. HBRH01022669.1
Chromista Haptophyta Prymnesiophyceae Prymnesium parvum HBJC01021087.1
Chromista Myzozoa Dinophyceae Apocalathium aciculiferum HBPP01113651.1
Chromista Myzozoa Dinophyceae Breviolum minutum GICE01003031.1
Chromista Myzozoa Dinophyceae Crypthecodinium cohnii HBOA01074003.1
Chromista Myzozoa Dinophyceae Dinophysis acuminata HBJU01034009.1
Chromista Myzozoa Dinophyceae Alexandrium andersonii HBGQ01027533.1
Chromista Myzozoa Dinophyceae Alexandrium catenella HBGE01066426.1
Chromista Myzozoa Dinophyceae Alexandrium monilatum HBNR01038033.1
Chromista Myzozoa Dinophyceae Alexandrium tamarense GAIU01003918.1
Chromista Myzozoa Dinophyceae Amphidinium carterae HBNO01025899.1
Chromista Myzozoa Dinophyceae Amphidinium massartii HBLR01031444.1
Chromista Myzozoa Dinophyceae Ansanella granifera GFBE01033504.1
Chromista Myzozoa Dinophyceae Brandtodinium nutricula HBGW01061089.1
Chromista Myzozoa Dinophyceae Durinskia baltica GAAT01001280.1
Chromista Myzozoa Dinophyceae Gambierdiscus australes HBLT01061594.1
Chromista Myzozoa Dinophyceae Gambierdiscus excentricus GETL01004569.1
Chromista Myzozoa Dinophyceae Gambierdiscus pacificus GIJQ01009298.1
Chromista Myzozoa Dinophyceae Gambierdiscus polynesiensis GETK01055910.1
Chromista Myzozoa Dinophyceae Gonyaulax spinifera HBNG01065451.1
Chromista Myzozoa Dinophyceae Gymnodinium catenatum HBLW01077801.1
Chromista Myzozoa Dinophyceae Gyrodiniellum shiwhaense GFHE01000685.1
Chromista Myzozoa Dinophyceae Heterocapsa arctica HBNJ01038395.1
Chromista Myzozoa Dinophyceae Heterocapsa rotundata HBLO01067633.1
Chromista Myzozoa Dinophyceae Heterocapsa triquetra HBLK01063662.1
Chromista Myzozoa Dinophyceae Karenia brevis GFLM01039285.1
Chromista Myzozoa Dinophyceae Karenia mikimotoi GISR01008935.1
Chromista Myzozoa Dinophyceae Lingulodinium polyedra HBOU01097259.1
Chromista Myzozoa Dinophyceae Lingulodinium polyedrum JO709806.1
Chromista Myzozoa Dinophyceae Noctiluca scintillans HBFQ01012472.1
Chromista Myzozoa Dinophyceae Pelagodinium beii HBNF01082217.1
Chromista Myzozoa Dinophyceae Prorocentrum minimum GHMX01159955.1
Chromista Myzozoa Dinophyceae Scrippsiella hangoei HBPM01101163.1
Chromista Myzozoa Dinophyceae Symbiodinium muscatinei GFDR03033769.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. HBTG01057664.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. A1 GAKY01102437.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. A4 GFPM01010862.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. B2 GBRZ01003534.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. CCMP2430 HBTH01081069.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. clade A HBSZ01019953.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. clade C GBSC01004690.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. clade D GAFP01017879.1
Chromista Myzozoa Dinophyceae Symbiodinium sp. clade D GBRR01002019.1
Chromista Myzozoa Dinophyceae Togula jolla HBKY01023746.1
Chromista Ochrophyta Pelagophyceae Chrysoreinhardia sp. HBSO01018369.1
Chromista Ochrophyta Bacillariophyceae Coscinodiscus wailesii HBJZ01008141.1
Chromista Ochrophyta Bacillariophyceae Navicula sp. HBQT01035211.1
Chromista Ochrophyta Pelagophyceae Pelagomonas calceolata HBQU01000605.1
Chromista Ochrophyta Bacillariophyceae Pleurosigma sp. HBRE01034425.1
Chromista Ochrophyta Bacillariophyceae Proboscia alata HBOX01003438.1
Chromista Ochrophyta Bacillariophyceae Pseudo-nitzschia fraudulenta HBPF01070060.1

(Continued)
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were from animal hosts, we further performed molecular
phylogenetic analyses of sequences from cnidarian TSA
databases together with DL-L genes from the Symbiodiniaceae,
coccolithophores and prokaryotes (Figure 4A). Six distinct
Frontiers in Marine Science | www.frontiersin.org 734
clades were supported by strong bootstrap probabilities (93 ~
100%). Most of the sequences belonging to the Hexacorallia
clustered together in Clade 1 with A. digitifera DL-L genes,
indicating that these originated from hexacorallian hosts.
TABLE 1 | Continued

Kingdom Phylum Class Species Accession

Chromista Ochrophyta Phaeophyceae Sargassum vulgare GEHA01001042.1
Chromista Ochrophyta Bacillariophyceae Synedra sp. HBQV01036945.1
Chromista Ochrophyta Bacillariophyceae Thalassiosira antarctica HBPL01059889.1
Plantae Chlorophyta Ulvophyceae Ulva lactuca GFUR01013571.1
Plantae Chlorophyta Chloropicophyceae Chloroparvula pacifica HBPX01006065.1
Plantae Chlorophyta Mamiellophyceae Crustomastix stigmatica HBLU01015603.1
Plantae Rhodophyta Florideophyceae Laurencia pacifica GFZU01073384.1
Plantae Rhodophyta Florideophyceae Lithophyllum sp. GHIV01139773.1
Plantae Rhodophyta Florideophyceae Porolithon sp. GHIO01088530.1
June 2022 | Volume
*The origin of sequence is unknown, and may represent contamination from symbiotic/adhesive algae.
FIGURE 3 | Molecular phylogenetic analysis of DL-L genes identified from transcriptomic databases of eukaryotes. Possible DL-L genes from eukaryotic NCBI TSA
databases were analyzed using the maximum likelihood method. 337 gap-trimmed aligned amino acids were used for phylogenetic analysis. Bootstrap support for
representative nodes is shown. Eukaryotic and prokaryotic DMSP lyase genes clades are highlighted in different colors. A. digitifera DL-L genes cloned from cDNA
are represented as animal genes in the analysis. DL-L genes from the Animalia, Foraminifera, Ochrophyta, Rhodophyta, Haptophyta, Dinoflagellata, and Prokaryota
are colored in yellow (triangle), indigo (diamond), pink (cross), orange (prohibited), blue (square), green (circle), and purple (white circle), respectively. The bar indicates
0.5 substitutions per site in aligned regions. The complete phylogenetic tree is shown in Supplementary Figure 2.
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Interestingly, Clavularia sp. of the Octocorallia and Velella velella
of the Hydroidolina were also relegated to Clade 1, indicating
that these share a common ancestral gene with hexacorallian
species. The family Symbiodiniaceae is genetically diverse, and
includes multiple genera (LaJeunesse et al., 2018). As expected,
some Cnidarian sequences clustered with sequences of symbiotic
algae (Symbiodiniaceae) and were assigned to Clades 3-5
(Figure 4A; Supplementary Figure 3), indicating that these
Frontiers in Marine Science | www.frontiersin.org 835
were contaminant from symbiotic algae. Among them, a
sequence from Pocillopora acuta was clustered into Clade 3,
sequences from Anthopleura elegantissima, Millepora squarrosa,
Agaricia lamarcki, Heliopora coerulea, Zoanthus sp., Palythoa
sp., M. alcicornis, Millepora sp. were clustered in Clade 4, and
sequences from Fimbriaphyllia ancora, M. complanata, and
Xenia sp . were c lustered in Clade 5 (Figure 4A ;
Supplementary Figure 3; Table 2). Different cnidarian species
TABLE 2 | DL-L genes in cnidarians excluding Acropora.

Class Subclass Order Family Genus Species Sequences originated from cnidarian hosts con-
firmed by molecular phylogenetic analysis

(Figure 4)

Accession

Hydrozoa Hydroidolina Anthoathecata Milleporidae Millepora Millepora
alcicornis

No GFAS01239487.1

Hydrozoa Hydroidolina Anthoathecata Milleporidae Millepora Millepora
complanata

No GIXC01089652.1

Hydrozoa Hydroidolina Anthoathecata Milleporidae Millepora Millepora sp. No GFGV01397967.1
Hydrozoa Hydroidolina Anthoathecata Milleporidae Millepora Millepora

squarrosa
No GFGU01029924.1

Hydrozoa Hydroidolina Anthoathecata Porpitidae Velella Velella velella Yes GHAZ01122917.1
Anthozoa Octocorallia Alcyonacea Briareidae Briareum Briareum

asbestinum
No GHBD02057672.1

Anthozoa Octocorallia Alcyonacea Clavulariidae Clavularia Clavularia sp. Yes GHAW01081527.1
Anthozoa Octocorallia Alcyonacea Xeniidae Xenia Xenia sp. No GHBC01044802.1
Anthozoa Octocorallia Helioporacea Helioporidae Heliopora Heliopora

coerulea
No IABP01030506.1

Anthozoa Hexacorallia Zoantharia Sphenopidae Palythoa Palythoa
caribaeorum

Yes GESO01095871.1

Anthozoa Hexacorallia Zoantharia Sphenopidae Palythoa Palythoa sp. No GGUI01140954.1
Anthozoa Hexacorallia Zoantharia Sphenopidae Protopalythoa Protopalythoa

variabilis
Yes GCVI01065809.1

Anthozoa Hexacorallia Zoantharia Zoanthidae Zoanthus Zoanthus sp. No GGTW01049612.1
Anthozoa Hexacorallia Actiniaria Actiniidae Anemonia Anemonia

viridis
No GGLT01126584.1

Anthozoa Hexacorallia Actiniaria Actiniidae Anthopleura Anthopleura
elegantissima

No GBXJ01017739.1

Anthozoa Hexacorallia Corallimorpharia Discosomidae Rhodactis Rhodactis
indosinensis

Yes GELO01068433.1

Anthozoa Hexacorallia Scleractinia Acroporidae Montipora Montipora
digitata

Yes GIVM01155846.1

Anthozoa Hexacorallia Scleractinia Acroporidae Alveopora Alveopora
japonica

Yes GGJR01165973.1

Anthozoa Hexacorallia Scleractinia Euphylliidae Fimbriaphyllia Fimbriaphyllia
ancora

No ICQS01038312.1

Anthozoa Hexacorallia Scleractinia Agariciidae Agaricia Agaricia
lamarcki

No GGLC03011859.1

Anthozoa Hexacorallia Scleractinia Siderastreidae Siderastrea Siderastrea
siderea

Yes GIYO011329375.1

Anthozoa Hexacorallia Scleractinia Poritidae Porites Porites
astreoides

Yes GIYN01600157.1

Anthozoa Hexacorallia Scleractinia Poritidae Porites Porites
australiensis

Yes FX437344.1

Anthozoa Hexacorallia Scleractinia Poritidae Porites Porites lutea Yes GGER01067412.1
Anthozoa Hexacorallia Scleractinia Merulinidae Cyphastrea Cyphastrea

serailia
Yes GETH01074762.1

Anthozoa Hexacorallia Scleractinia Merulinidae Favites Favites
colemani

Yes GIVN01210226.1

Anthozoa Hexacorallia Scleractinia Mussidae Favia Favia
lizardensis

Yes GDZU01025741.1

Anthozoa Hexacorallia Scleractinia Pocilloporidae Pocillopora Pocillopora
acuta

No GJER01286462.1

Anthozoa Hexacorallia Scleractinia Pocilloporidae Seriatopora Seriatopora
caliendrum

Yes GIAR01012305.1
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harbor different types of symbiotic algae; thus, Clades 3-5,
containing Symbiodiniaceae could reflect different types of
symbiotic algae. All DL-L genes of the coccolithophore E.
huxleyi within the Haptophyta clustered in Clade 2, and
Frontiers in Marine Science | www.frontiersin.org 936
bacterial DMSP lyase genes clustered in Clade 6. Taken
together, all DL-L genes of Cnidaria, including scleractinian
corals, soft corals, and jellyfishes, evolved from an ancestral
gene that already existed in the last common ancestor of
A

B

FIGURE 4 | Molecular phylogenetic analysis of DL-L genes identified from transcriptomic databases of Cnidaria. (A) Possible DL-L genes from cnidarian NCBI TSA
databases were analyzed using the maximum likelihood method. 667 gap-trimmed aligned amino acids were used for phylogenetic analysis. Bootstrap support for
representative nodes is shown. Clades 1-6 of DL-L genes of cnidarians, other eukaryotes and prokaryotes are highlighted in different colors. (A) digitifera DL-L genes
identified from cDNA, which were all clustered in Clade 1, are also included. DL-L genes from Hexacorallia, Octocorallia, Hydrozoa, Haptophyta, Dinoflagellata, and
Prokaryota are colored in yellow (triangle), orange (diamond), red (start), blue (square), green (circle), and purple (white circle), respectively. The bar indicates 0.6
substitutions per site in aligned regions. The complete phylogenetic tree is shown in Supplementary Figure 3. (B) Updated evolutionary history of DL-L gene in the
Phylum Cnidaria. Only species of cnidarians possessing animal-type DL-L genes are shown. Two Acropora-specific gene expansion events proposed by Shinzato
et al. (2021a) are shown in red in the phylogenetic tree. Phylogenetic relationships of cnidarians and scleractinian corals are derived from Kayal et al. (2018)
and Kitahara et al. (2016).
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Anthozoa and Hydrozoa, and have completely different
evolutionary backgrounds from those of coccolithophores, the
Family Symbiodiniaceae, or prokaryotes.
DISCUSSION

A Variety of Scleractinian Corals Possess
DL-L Genes
It has been reported that coral reefs are hotspots for DMSP,
which have been attributed to symbiotic algae of corals
(Broadbent et al., 2002; Broadbent and Jones, 2004; Broadbent
and Jones, 2006; Swan et al., 2012). Recent studies have shown
that adult and juvenile A. tenuis and A. millepora without
symbiotic algae both produce DMSP (Raina et al., 2013). DL-L
genes have also been discovered, not only in Acropora genomes
(Alcolombri et al., 2015; Shinzato et al., 2021a), but also in
genomes of Montipora, Astreopora, Goniastrea, and two
corallimorpharians, Amplexidiscus and Discosoma (Shinzato
et al., 2021a).

In this study, we successfully identified full-length ORFs of 13
DL-L genes, which are expressed in A. digitifera, and we
identified DL-L genes from a variety of scleractinian lineages
(Figures 1, 4A; Supplementary Figure 3). The earliest coral
fossil record of a Scleractinian dates to the middle Triassic (240
Ma) (Stanley, 2003). Most extant scleractinians are classified into
two major clades, known as the Complexa (complex corals) and
Robusta (robust corals), and are assumed to have diverged in the
Late Carboniferous (300 Ma) (Romano and Palumbi, 1996;
Romano and Cairns, 2000). In genomes of robust corals, a DL-
L gene has been detected only in Goniastrea aspera to date
(Shinzato et al., 2021a). However, in this study, we identified
animal-type DL-L genes from four robust corals, including
Cyphastrea serailia, Favites colemani, Favia lizardensis, and
Seriatopora caliendrum (Figure 4B; Table 2), indicating that
DL-L genes have been preserved in a variety of complex and
robust corals, but were lost from some lineages.

Ancient Origin of DL-L Genes
in Cnidarians
Although a large proportion of DL-L genes were identified in
corals and cnidarians, we also identified similar sequences from
non-cnidarian animals, B. forskalii, P. xiphias and L. retroversa.
However, none of these share a common ancestry with coral DL-
L genes (Figure 3). Although the origins of these sequences are
not clear, we suggest that they may have come from symbiotic/
adhesive algae, as in the case of a sequence from D. frontalis
(Figure 3). Based on our phylogenetic analyses using currently
available transcriptomic databases, we conclude that, to date,
only cnidarians possess DL-L genes that are clearly of animal
origin. Further addition of more phytoplankton DL-L genes may
reveal the origins of these from non-cnidarian species.

The Phylum Cnidaria contains three clades (subphyla):
Anthozoa (comprising the Octocorallia, Hexacorallia, and
Ceriantharia), Endocnidozoa (a clade of parasites) and
Medusozoa (consisting of the Cubozoa, Hydrozoa, Scyphozoa,
Frontiers in Marine Science | www.frontiersin.org 1037
and Staurozoa) (Collins, 2009; Kayal et al., 2018). In this study,
we identified eukaryotic DL-L genes, not only in the Scleractinia
and Corallimorpharia but also in the Zoantharia (Hexacorallia),
Alcyonacea (Octocorallia), and Hydrozoa (Anthoathecata,
Hydroidolina) (Figure 4B; Table 2). This indicates that the
last common ancestor of Anthozoa and Hydrozoa possessed a
DL-L gene and that this gene has been inherited in a wide range
of cnidarian species. The earliest cnidarian fossils occur in strata
of the Ediacaran (560 Ma, Liu et al., 2014), and together with
molecular and paleontological analyses, suggest that the
phylum Cnidaria probably originated during the Precambrian
Eon from the Cryogenian to the Ediacaran (700-595 Ma,
Peterson et al., 2004; Erwin et al., 2011). Divergence of 2
major taxa (Anthozoaria and Medusozoa) may have occurred
before the Cambrian (543 Ma) (Cartwright et al., 2007; Park
et al., 2012). Consequently, we hypothesize that the DL-L gene
may be have originated from an ancient gene that already
existed in the last common ancestor of Cnidaria in the pre-
Cambrian (Figure 4B).

How did cnidarians, including corals, obtain DL-L genes?
Shinzato et al. (2021a) hypothesized that DL-L genes may have
been acquired by the common ancestor of scleractinians and
corallimorpharians, both of which are hexacorallians
(Anthozoa), via horizontal gene transfer from symbiotic
Symbiodiniaceae or Emiliania. However, as mentioned above,
a variety of anthozoans and hydrozoans possess these genes
(Figure 4A). McFadden et al. (2021) suggested that the
Anthozoa probably arose in the Cryogenian to Tonian periods
(648-894 Ma) and lacked photosymbionts. In the Devonian (383
Ma) from the Palaeozoic Era, anthozoans of the Scleractinia first
formed associations with photosymbionts, followed by
alcyonacean octocorals (318 Ma) and corallimorpharians (312
Ma), and photosymbioses have been gained and lost repeatedly
in all orders through the Jurassic (199-151 Ma, McFadden et al.,
2021). In addition, the fossil record shows that scleractinian
corals had photosymbionts in most of the upper Triassic since
the Mesozoic Era (Stolarski et al., 2011; Frankowiak et al., 2016).
Recent molecular dating estimates suggest that the earliest
diversification of the Symbiodiniaceae occurred in the Jurassic
(∼160 Ma, LaJeunesse et al., 2018) and the first E. huxleyi
appeared 270,000 years ago (Thierstein et al., 1977; Paasche,
2001), which were much later than the origin of the Anthozoa.
Our phylogenetic analysis (Figure 4) confirms distinct ancestries
ofDL-L genes in Symbiodiniaceae and cnidarians, indicating that
they have completely different evolutionary backgrounds.
Therefore, acquisition of DL-L genes via horizontal gene
transfer from symbiotic algae (Shinzato et al., 2021a) may not
have occurred. Based on the present findings, we propose an
updated hypothesis: DL-L genes in cnidarians are “ancient
genes” in the animal kingdom, dating back to the pre-Cambrian.

DL-L Genes: Essential for Survival in
Coral Reef or Shallow and Warm
Water Environments?
As of 10th February 2022, 137 transcriptomic databases from 91
cnidarian species had been registered in NCBI TSA.
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Interestingly, we realized that all cnidarian species, except V.
velella, possessing animal type DL-L genes (15 species) are
limited to coral reefs (Table 1). V. velella (Figure 4; Table 2),
known as “by-the-wind sailor”, is a cosmopolitan, free-floating,
colonial hydrozoan that lives mainly at the water/air interface
and floats in temperate and tropical seas (Araya and Aliaga,
2018). This implies that DL-L genes may be essential for animals
to survive in coral reef or warm, shallow-water environments,
although we acknowledge that publicly available transcriptomic
databases of cnidarians to date may be limited to coral
reef species.

Compara t i v e genomic ana l y s i s u s ing r epor t ed
scleractinian coral genomes showed that DL-L genes are the
most diversified gene family among gene families that
significantly increased number of genes in the last common
ancestor of Acropora (Shinzato et al., 2021a). Why did gene
duplication events of DL-L gene specifically occur in the
Acropora lineage? The earliest fossil records of Acropora are
known from the late Paleocene (65-54 Ma) in Somalia and
Austria (Carbone et al., 1993; Baron-Szabo, 2006), indicating
that Acropora has existed for more than 50 million years.
Acropora was the main reef builder in the Oligocene (28-23
Ma) of Greece and Early Miocene of Egypt (Schuster, 2002),
and was widely distributed throughout the Miocene in
different regions, including the Indo-Pacific and Caribbean
(Budd, 2000). It is suggested that Acropora began to spread
throughout the world in the Cenozoic and species
diversification occurred in the Eocene and Oligocene
(around 25-50 Ma). Molecular dating analysis using whole-
genome data indicates that the Acropora ancestor survived
warm periods without sea ice from the mid or late Cretaceous
to the Early Eocene, when gene expansion of DL-L genes
occurred specifically in the Acropora ancestor (Shinzato et al.,
2021a). In addition, Acropora species also have high
concentrations of DMSP compared to other corals
(Broadbent et al., 2002; Guibert et al., 2020), suggesting
that Acropora corals actively utilize DMSP and that high
concentrations of DMSP may have triggered Acropora-
specific duplication of DL-L genes. Several studies have
shown that DMSP is involved in a wide range of coral
stress responses, including responses to heat, sunlight, air
exposure, and hyposalinity (Sunda et al., 2002; Raina et al.,
2009; Deschaseaux et al., 2014; Aguilar et al., 2017). Not all A.
digitifera DL-L genes (5 out of 18) responded to increased sea
water temperature and response patterns of differentially
expressed genes vary (1 upregulated and 4 downregulated,
Supplementary Table 2), suggesting that the functions of the
DL-L genes in A. digitifera have also diverged. Taken
together, diversified DL-L genes in Acropora may have
acquired new or different functions, not only mediating
cleavage of DMSP into DMS, but that they may assist
Acropora in adapting to environmental changes, for
example from intense heat, light, and salinity (Shinzato
et al. , 2021a). Eventually Acropora may become the
dominant coral genus in extant coral reefs.
Frontiers in Marine Science | www.frontiersin.org 1138
The functions of DL-L genes in corals are completely
undetermined at this stage. Interestingly, although
overexpression of the Alma l genes from E. huxleyi and
Symbiodinium A1 in E. coli cells had high DMSP lyase
activities, an Alma1 homolog from A. millepora showed almost
no DMSP lyase activity (Alcolombri et al., 2015), indicating that
not all DL-L genes in eukaryotes retain their DMSP lyase
function, and that acquisition of other functions or functional
differentiation may have occurred during the process of gene
duplication. In particular, duplicated DL-L genes in Acropora
will need to be investigated to determine which genes have
DMSP lyase activity. We identified expressed sequences of DL-
L genes from A. digitifera RNA, and these could be used for
molecular and functional characterization in DMSP lyase assays.
We also found that expression levels of DL-L genes were indeed
diverse in A. digitifera. Therefore, even if some DL-L genes in
corals do not function as DMSP lyases, they may have other
functions enabling adaptation to coral reef or warm, shallow-
water environments. Identifying their actual biological functions
in Acropora corals will be important to understand not only
adaptation mechanisms to shallow and warmer environments,
but also the impact of Acropora corals on the sulfur cycle in
the oceans.
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Supplementary Figure 1 | Domain structure of the 13 deduced amino acid
sequences of A. digitifera and Emiliania huxleyi, Alma1 (KR703620.1). Lengths of
amino acid sequences are shown at the right and positions of the Asp/Glu/
hydantoin racemase superfamily conserved domain are shown in gray boxes. Scale
bar=20 aa, aa: the number of amino acids.

Supplementary Figure 2 | Maximum likelihood analysis of DL-L genes identified
from transcriptomic databases of eukaryotes. A total of 65 DL-L genes from
prokaryotes and eukaryotes, including A. digitifera DL-L genes, were aligned using
MAFFT v7.310. Then, 337 gap-trimmed aligned amino acid sequences were used
for the phylogenetic analysis. Each species name is followed by a different symbol
indicating the taxonomy of the species. The bar indicates 0.5 substitutions per site
in aligned regions.

Supplementary Figure 3 | Maximum likelihood analysis of DL-L genes identified
from transcriptomic databases of cnidarians. A total of 65 DL-L genes from cnidaria
Frontiers in Marine Science | www.frontiersin.org 1239
and prokaryotes including, A. digitifera DL-L genes, were aligned using MAFFT
v7.310. Then, 337 gap-trimmed aligned amino acid sequences were used for the
phylogenetic analysis. Each species name is followed by a different symbol
indicating the taxonomy of the species. The bar indicates 0.6 substitutions per site
in aligned regions.

Supplementary Table 1 | List of the primers for cloning PCR analysis.

Supplementary Table 2 | Gene expression levels (counts per million) of Acropora
digitifera DL-L genes in different developmental stages (Shinzato et al., 2021a and
Yoshioka et al., 2021) and increased sea water temperature (Shinzato et al., 2021b).

Supplementary Table 3 | DL-L genes in Eukaryotes, excluding cnidarians.
Emiliania huxleyi Alma1 (Accession: KR703620.1) and Symbiodinium A1 DMSP
lyase (Accession: P0DN22) were used as query sequences in homology
searches against the TSA at NCBI using tBlastn (e-value cutoff 1e-5, query
range >70%).

Supplementary Table 4 | DL-L genes in cnidarians excluding Acropora. Emiliania
huxleyi Alma1 (Accession: KR703620.1) and Symbiodinium A1 DMSP lyase
(Accession: P0DN22) were used as query sequences in homology searches against
the TSA at NCBI using tBlastn (e-value cutoff 1e-5, query range >70%).
REFERENCES
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1 Atmospheric Observations Research Group, The University of Queensland, Brisbane, QLD, Australia, 2 Geological Survey of
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Coral reefs represent abrupt changes in surface roughness, temperature, and humidity in
oceanic and coastal locations. This leads to formation of internal atmospheric boundary
layers that grow vertically in response to turbulent mixing which conveys changes in
surface properties into the prevailing wind. As a result, coral reefs under favourable
conditions couple to the overlying atmosphere. Here we present rare observations of coral
reef – atmospheric interactions during summer monsoon conditions on the Great Barrier
Reef, Australia, and a desert fringing coral reef in the Gulf of Eilat, Israel. We show that in
the hyper-arid location of the Gulf of Eilat where air temperatures are greater than water
temperatures, a stable atmospheric boundary inhibits coupling of the reef to the
atmosphere. In contrast, under monsoon conditions on the Great Barrier Reef, the
coral reef is shown to couple to the overlying atmosphere leading to the formation of a
convective internal boundary layer in which convective exchange of heat and moisture
influences cloud and possibly precipitation. We conclude that understanding these
processes is essential for determining the role of coral reefs in coastal meteorology,
and whether through coupling with the overlying atmosphere coral reefs may regulate their
meteorology by triggering formation of cloud and/or vertical exchange on aerosols and
their precursor gases such as Dimethyl sulphide.

Keywords: atmosphere, energy balance, Great Barrier Reef, Gulf of Eilat, cloud, boundary layers
INTRODUCTION

Coral reefs represent pronounced transitions in water temperature, roughness and humidity in
coastal and oceanic settings. These changes propagate vertically into the atmosphere leading to
formation of convective internal atmospheric boundary-layers (CIBL) within the marine
atmospheric boundary layer (MBL) (Garratt, 1990; Garratt, 1994). The magnitude of coral reef
coupling to the atmosphere through air-sea exchanges of sensible (Qh) and latent heat flux (Qe),
in.org June 2022 | Volume 9 | Article 900679143
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and momentum flux (t) is dependent on time of day, season, and
prevailing synoptic meteorology as observed over land in CIBLs
(Garratt, 1990; Mahrt, 2000). Additionally, over coral reefs, tides
influence water temperature with midday to afternoon low tides
typically coinciding with higher daytime water temperatures,
while high tides bring cooler ocean water over coral reefs. In
oceanic settings, the shallower water of coral reefs results in
reduced wave height and surface roughness, potentially causing
higher windspeeds. For example, MacKellar et al. (2012a)
reported roughness lengths for Heron Reef on the southern
Great Barrier Reef (GBR), Australia of 0.00018 to 0.00038 m
compared to values often quoted for deeper ocean water which
may range from 0.0002 to 0.006 m (Golbazi and Archer, 2019;
He et al., 2021). Fringing coral reefs bordering coasts may also
experience acceleration of wind as air moves from the
aerodynamically rough land to the smoother water surface
during offshore flow (Garratt, 1990; Vickers et al., 2001). At
low tide, exposed reef rims and reef flats where coral bommies
and debris from tropical storms surmount the reef, the frictional
effects of the reefs surface on the lower atmosphere are greatest
causing turbulence. Collectively, such surface heterogeneity over
coral reefs is likely to influence the vertical diffusion of heat,
water vapour, aerosols, and gases such as CO2 and Dimethyl
sulphide (DMS).

DMS is a naturally occurring aerosol precursor gas, which can
be produced by corals and their symbionts. DMS affects the
global sulphur budget and aerosol formation which it has been
claimed may modify climate through direct and indirect forcing
of the surface radiation budget (Charlson et al., 1987). Cropp
et al. (2018) considered such bioclimatic feedback as a potential
defence mechanism against thermal stress induced coral
bleaching. Observations from One Tree Reef on the southern
GBR by Broadbent and Jones (2006) found the highest
concentrations were recorded during summer, while Swan
et al. (2016) at nearby Heron Reef observed DMS peaks
coincided with low tides and low wind speeds as did Cropp
et al. (2018). However, recent numerical modelling by Fiddes
et al. (2021a) using the coupled climate–chemistry model
ACCESS-UKCA, found no clear evidence that coral reef
derived DMS has any significant impact on the meteorology of
coral reefs. A subsequent study by Fiddes et al. (2022) using the
WRF-Chem model also found no impact by local DMS over the
GBR. They suggested air contaminants from terrestrial sources
where more influential in addition to aerosolised sea salt
emissions and their impact on atmospheric turbidity and
cloud microphysics.

The influence coral reefs exert on the overlying atmosphere is
dependent on exchanges of energy, aerosol, and gases across
their air-sea interfacial boundary, and then through the CIBL.
CIBL formation above coral reefs which MacKellar et al. (2013)
named the convective reef layer (CRL) occurs within the marine
boundary layer (MBL) in response to air-sea turbulent flux
exchanges. MacKellar et al. (2013) observed the CRL to
develop in response to positive surface turbulent energy fluxes,
particularly heat (Qh) causing the near surface reef atmospheric
boundary layer to transition from a stable nocturnal early
Frontiers in Marine Science | www.frontiersin.org 244
morning profile to an unstable daytime profile from mid-
morning. Clayson and Edson (2019) using satellite and buoy
data from the Gulf Stream and Kuroshio Extension found a
diurnal cycle in mean wind speeds which were faster and more
humid over warmer SSTs. They hypothesised this was the result
of greater latent heat (Qe) exchange caused by winds entraining
moisture. Accordingly, CRL development can be considered
analogous to a terrestrial CIBL, where following sunrise
downwelling shortwave (solar) radiation increases the surface
temperature resulting in an increase in Qh. Resulting convective
diffusion of Qh and Qe, as well as entrained gases and aerosols
subsequently occur as wind speeds increase causing additional
turbulent mixing.

Here we present observations from the humid tropical/
subtropical Heron Reef on the southern GBR, Australia and
the fringing coral reef bordering the hyper-arid desert of the
northern Gulf of Eilat (GoE), Israel of air – sea exchanges of
turbulent energy fluxes, associated meteorology and atmospheric
boundary layers. These rare observations begin to shed light on
the meteorology of coral reefs in different climatic zones and
their influence on the overlying atmosphere. They are essential to
inform debate on the role of coral reefs in marine and coastal
meteorology and possible bioclimatic feedback processes such as
cloud development. Recommendations for future research
priorities are then made to advance understanding of the role
of coral reefs in local to mesoscale meteorology.
RESEARCH SETTINGS – HERON REEF
AND GULF OF EILAT

Heron Reef is located on the southern GBR, Australia
(Figure 1D) and the desert fringing coral reef in the northern
GoE, Israel (Figure 1A). The contrasting meteorology of these
two locations being a humid marine tropical/subtropical
environment and coastal hyper-arid location respectively,
represent extremes in heat and moisture experienced by coral
reefs and their air-sea exchanges of sensible and latent
heat fluxes.

Heron Reef
Heron Reef is one of more than 2,900 coral reefs that make up the
GBR, the world’s largest emergent reef system covering ∼345,950
km2 (Woodroffe, 2003). It is located on the southern GBR around
80 km northeast of the township Gladstone on the northeast coast
of Australia. The reef is a typical lagoonal platform reef covering
∼27 km2, as it extends south-eastward from Heron Island, which is
located on the northwest margin of the reef (Figure 1D). Annual
rainfall at Heron Reef is ∼1,050 mm, with the majority of
precipitation occurring during summer (December to February)
coinciding with the Australian monsoon, and in autumn (March to
May). June to September is the driest period of the year when
anticyclones track east across the Australian continent and bring
mostly calm and settled conditions to the area. The wind regime of
Heron Reef is dominated by the south-easterly trade winds, while
wind direction becomes more variable in summer with the
June 2022 | Volume 9 | Article 900679
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occurrence of occasional strong northeasterlies, although south-
easterly winds still dominate. The strongest winds are associated
with the passage of tropical cyclones during the summer. The
highest mean daily maximum air temperature occurs in January at
29.8°C, with the lowest mean daily minimum air temperature in
July at 16.7°C (McGowan et al., 2010; MacKellar et al., 2012a).

The major geomorphic zones on Heron Reef are the reef flat,
shallow, and deep lagoons which, respectively, cover 32%, 16%,
and 12% of the total reef surface. The remaining area of Heron
Reef is composed of the outer reef flat, reef slope, reef crest and
the coral cay, which cover 20%, 13%, 6%, and 1%, respectively.
The coral Acropora spp. is prevalent in the deeper waters of the
reef system along with the massive corals Porites spp. on the reef
flat. Heron Reef experiences semidiurnal tides with a spring and
neap tidal range of 2.28 and 1.09 m (Chen and Krol, 1997). Wave
height on the reef flat is typically <0.5 m under a mean wind
speed of 5 ms-1, and wave heights are <0.6 times the maximum
water level (Gourlay, 1988). When the tide is higher than the reef
rim, oceanic waves may travel across the reef flat, resulting in the
regional wave climate being the key control of wave action.
Occasionally, wind waves are superimposed on low to moderate
sea swell produced by the prevailing south-easterly trade winds.
Cyclonic storms during late summer that are concurrent with
king tides may cause large waves to travel over the reef.

Gulf of Eilat
The GoE is an almost rectangular region roughly 6 × 10 km with
steep lateral boundaries with a maximum depth of nearly 800 m
(Carlson et al., 2012) in the northern Red Sea (Figure 1A).
During the summer months, June-September, the lower level
Frontiers in Marine Science | www.frontiersin.org 345
atmosphere in the region is dominated by the Persian Trough,
which extends from the Asian monsoon region through the
Persian Gulf (Alpert et al., 1990; Bitan and Sa’Aroni, 1992),
generating winds from the northwest. Desert mountains located
around the Ha’Arava Rift valley channel winds onto the
northeast GoE with an average daytime speed of 5-7 m s-1

bringing hot and dry air.
The highest mean daily maximum air temperature occurs in July

at 40°C with the lowest mean daily minimum air temperature
occurring in January at 5.9°C. Annual mean total rainfall is 24 mm
while >3350 hrs of sunshine occur highlighting the hyper-arid
desert climate of the region. Mean daily water surface
temperature (1988 to 2020) varies from around ~21°C during
February to March (Shaked and Genin, 2020) peaking at ~28°C
from July to September. Mean water depth at the field site from
which measurements are discussed here on the northwest shoreline
of the GoE over the reef table is 0.5 m. Mean tidal range during the
observation period was 0.35 m, with a semi-diurnal cycle.

Coral coverage area is 28%, rock 15%, dead coral 10% and the
remainder being substrate comprised of sand and shell fragments
(Shaked and Genin, 2019). Coral taxa along the coast is highly
diverse with the back-reef lagoon dominated by Stylophora
pistillata, while in the forereef more than 40 coral genera are
regularly identified, with the most common comprising of
Stylophora, Acropora, Montipora, Echinopora, Cyphastrea,
Goniastrea, Porites and Dipsastrea. Coral coverage averages
approximately 25% with rock making up around 20%, dead
coral 5% and the remaining being loose substrate of sand and
shell fragments (Shaked and Genin, 2020) (Figure 1B). The
shoreline current is predominantly from north to south in
FIGURE 1 | Gulf of Eilat location map (Google Earth, earth.google.com/web/) and eddy covariance field site (A); desert fringing coral reef, Eilat (B); shoreline eddy covariance
system, Eilat (C); Heron Reef location map (Satellite image from the Ikonos satellite provided by DigitalGlobe and Centre for Spatial Environmental Research) with reef flat eddy
covariance site indicated (D); pontoon eddy covariance system, reef flat, Heron Reef (E), helikite sounding system on shore of Heron Reef (F).
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response to prevailing northerly winds, with a semidiurnal and
diurnal barotropic tide range of around 1 m (Shaked and
Genin, 2019).
CORAL REEF – ATMOSPHERE FORCINGS

Reefs in the Humid Tropics/Subtropics:
Case Study Heron Reef
Direct measurements air-sea energy exchanges over Heron Reef
were made using an eddy covariance (EC) system mounted on a
pontoon (MacKellar et al., 2013; McGowan et al., 2019) (Figure 1E).
The EC included a Campbell Scientific CSAT-3 sonic anemometer,
Li-Cor CS7500 open-path H2O and CO2 analyzer, a Kipp and
Zonen CNR1 net radiometer (NR-Lite net radiometer by Kipp &
Zonen) with additional sensors measuring water and air
temperature, atmospheric pressure and relative humidity
(MacKellar et al., 2012a; MacKellar et al., 2013). The EC
instruments were controlled by a Campbell Scientific CR23X data
logger with measurements made at 10 Hz with 15 minutes block
Frontiers in Marine Science | www.frontiersin.org 446
averages recorded. Vertical profiles up to ~500 m asl. of air
temperature, humidity, wind speed and direction were obtained
using a Kestrel 4500 weather monitor tethered to a kite when wind
speeds exceeded 5ms−1, or to a helium-inflated Helikite (Figure 1F)
at lower wind speeds with measurements logged every 10 s
(MacKellar et al., 2013). In 2009 a Vaisala ceilometer CL31 was
also deployed at Heron Island to monitor cloud, aerosol and
boundary layer height (Kotthaus et al., 2016) with a vertical
measurement resolution of approximately 10 m.

Fair Weather Air-Sea Exchanges
Measurements of the daytime surface energy balance by EC over
the reef flat on Heron Reef (151°55.203 E, 23°26.573 S) were
made on the 4 February 2008 under settled fair weather
conditions associated with a ridge of high pressure extending
along the east Australian coast (Figure 2A). Winds were light
ranging from 2 to 5 ms-1 with cloud cover varying throughout
the day from 4/8 to 8/8 consisting of stratocumulus, cirrostratus
in the morning with embedded cumulus in the prevailing
easterly airstream. Review of available satellite imagery showed
A B

C

FIGURE 2 | Mean Sea Level Analysis 1000 AEST, 4 February 2008 (A); photograph of convective shower approaching Heron Reef, 1524 AEST, 4 Feb 2008 (B);
daytime eddy covariance energy flux measurements made over the reef flat, Heron Reef with timing of tethersonde soundings shown with major cloud types (C).
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the cumulus cloud field becoming more significant in proximity
to the southern GBR resulting in isolated convective showers in
the afternoon at Heron Reef (Figure 2B).

The surface energy balance measured on the 4 February 2008
reflected the impact of mid-level cloud cover in the morning from
0800 AEST [Australian Eastern Standard Time (UTC +10 hrs)] to
1200 AESTwith net radiation (Q*) ranging from ~10 to ~145Wm-2

before increasing after midday (Figure 2C). Sensible heat flux (Qh)
remained mostly constant throughout the day within the range of ~
-23 to ~59 Wm-2, while Qe varied from positive to negative values
during the morning before becoming mainly positive (evaporation)
frommidday to late afternoon (Figure 2C). Heat flux into the water
and benthos (QSWR) was mostly positive averaging 351 Wm-2 hr
between 0800 AEST to 1200 AEST, then 838 Wm-2 hr between
1215 to 1500 AEST before becoming negative between 1515 AEST
to 1800 AEST averaging -69 Wm-2 hr. There was a net gain of
energy to the reef flat between 0800 AEST to 1800 AEST on the 4
February 2008 of 371 Wm-2 hr. This caused water temperature to
increase from 26.1°C at 0800EST to a maximum of 28.6°C at 1515
AEST and contributed to an increase in air temperature as shown in
the tethersonde profiles in Figure 3.
Frontiers in Marine Science | www.frontiersin.org 547
Tethersonde profiles of wind speed, virtual potential
temperature (qv) and mixing ratio were collected from 1110 to
1136 AEST (Figures 3A–C) and 1525 to 1536 AEST (Figures 3D–
F). The late morning sounding displayed a well-mixed qv profile
indicating a statically neutral lower atmosphere (Figure 3A) with a
mixing ratio profile showing a moist surface layer ~70 m deep
which we infer was the CRL caused by Heron Reef (positive Qe)
below drier air above (Figure 3B). Wind speed was relatively
constant in the CRL layer at ~5 ms-1 before gradually increasing
through to the top of the profile at around 250 m (Figure 3C). In
the second sounding from mid-afternoon the entire profile (~
250 m) had warmed by 1 to 1.5°K and become weakly statically
stable (Figure 3D). The mixing ratio profile showed an increase in
moisture above the CRL (Figure 3E), while wind speed was very
similar to that measured in the late morning profile (Figure 3F).
The CRL was still evident in the mixing ratio profile with a
maximum height of ~70 m. The photo of a convective shower
moving onto Heron Reef at 1534 AEST (Figure 2B), highlights the
change in conditions that occurred following maximum heating of
the reef around 1300 to 1400 AEST with evaporation from the reef
and adjacent ocean contributing to increased boundary layer
A B C

D E F

FIGURE 3 | Profiles of virtual potential temperature, mixing ratio and wind speed collected over Heron Reef, 4 Feb 2008 from 1110 – 1136 AEST (A-C) and 1525 –

1536 AEST (D-F). Wind direction was consistent at around 95° giving a fetch of 7.64 km over the reef from the reef rim to the sounding site.
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moisture and positive buoyancy with associated liberation of Qe
following condensation resulting in convective showers.

Air-Sea Exchanges Under Monsoon Influences
The period 20 - 23 February 2009 was characterised by onset of
monsoonal conditions at Heron Reef. Clear and settled weather
with light winds prevailed on the 20 February due to a weak
synoptic pressure gradient (Figure 4A). An inland surface
trough was located over central Queensland, while the
monsoon trough and weak tropical low were over the north
Australian coast (Figure 4A). By the 22 February Heron Reef was
under the influence of the east-southeast extension of the
monsoon trough which had moved south into the Coral Sea
and was located northeast of Heron Reef (Figure 4B). A ridge of
Frontiers in Marine Science | www.frontiersin.org 648
high pressure along the southeast coast of Australia directed a
warm moist easterly airstream onto Heron Reef (Figure 4B).

Surface energy balance measurements made over the reef flat
(151°55.154 E, 23°26.617 S) under the increasing influence the
Australian monsoon (20 to 23 February 2009) are presented in
Figure 4C. These reflect clear sky conditions on the 20 February
with Q* reaching a maximum of ~ 831 Wm-2 at 1215 AEST.
Between 0600 AEST to 1800 AEST ~76% of Q* went into QSWR

heating the water overlying the reef and underlying benthos and
substrate. As a result, the reef flat water temperature increased from
26.3°C at 0600 AEST to a maximum of 34.4°C at 1600 AEST before
decreasing slightly to 33.3°C at 1800 AEST as energy from the water
was transferred to the atmosphere via evaporation (increased Qe
and negative QSWR) (Figures 4C, D) as wind speed increased to
A B

C

D

FIGURE 4 | Mean Sea Level Analysis 1000 AEST, 20 February 2009 (A) and 1000 AEST, 22 February 2009 (B); with eddy covariance energy flux measurements
(20 – 23 February 2009) made over the reef flat, Heron Reef and supporting meteorological observations (C); and air and water temperature (D).
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around 4.5 ms-2. Conditions on the 21 February were similar, but
with cloud in the late morning causing a sharp decrease in Q* before
it peaked in the early afternoon (Figure 4C). On the 22 February an
increase in cloud cover reduced solar radiation receipt at the surface
with Q* peaking at 512 Wm-2 at 1215 AEST. Showers affected
Heron Reef throughout the morning as the monsoon troughmoved
south into the northern Coral Sea (Figures 4B, C). Water
temperature decreased from 28.3°C in the early morning to
around 26.6°C at 0600 AEST (Figure 4D) corresponding to onset
of showers and an increase in wind speed to approximately 5 ms-2.
Water temperature then gradually increased to a maximum of 28.6°
C at 1600 AEST before decreasing after 1800 AEST with 91% of
QSWR lost via Qe and the residual to Qh (Figures 4C, D) as wind
speeds peaked at 9.6 ms-2 in the late evening. Significant convective
shower activity dominated the meteorology at Heron Reef on the 23
Frontiers in Marine Science | www.frontiersin.org 749
February with energy fluxes ranging between ~200 to -200 Wm-2

except for around 1330 AEST when Q* peaked briefly at 816 Wm-2

as skies cleared (Figure 4C). Wind speed reached a maximum of
10.4 ms-2 at 1600 AEST as convective showers passed over Heron
Reef (Figure 4C) with Tw displaying a gradual decrease
(Figure 4D). Air temperatures during the four-day period
displayed a weak diurnal cycle on the 20 and 21 February
reaching daytime maximums of around 30°C at 1800 AEST
before trending down on the 22 and 23 February (Figure 4D).
Downmixing of cooler air associated with the passage of convective
showers over Heron Reef on the 22 and 23 February resulted in
concurrent rapid decreases of Ta as shown in Figure 4D.

Figure 5 presents daily ceilometer backscatter plots for the 20
to 23 February 2009 from Heron Island (151°54’46.20” E, 23°
26’32.99” S). Figure 5A shows the backscatter plot for the 20
A

B

D

C

FIGURE 5 | Ceilometer reflectivity plots for the 20 (A), 21 (B), 22 (C) and 23 (D) February 2009. The ceilometer was installed on Heron Island (Figure 1D).
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February when clear skies prevailed except for some isolated
stratocumulus. A clear boundary in the reflectivity profile data at
around 800 m asl we interpret as the top of the MBL. Below this,
a layer of more humid air is evident, initially around 500 m asl. at
0100 AEST lowering to around 200 m asl. in depth at sunrise at
0600 AEST (Figure 5A). Isolated convective plume-initiated
formation of cloud occurred during the day as highlighted in
Figure 5A, while there was a very shallow surface layer of
increased backscatter below 100 m asl which we interpret as
the CRL. On the 21 February the top of the MBL lowered to ~600
to 700 m asl. (Figure 5B), while there was evidence of a shallow
layer of increased backscatter in the lowest 100 m which we again
interpret as the CRL. The presence of cloud can be seen in the
ceilometer data before sunrise and then again through the
morning to midday with a maximum height of approximately
1000 m asl. being mostly shallow cumulus. A layer of cirrostratus
was also present but above 4000 m asl. (not shown). From mid-
afternoon the top of the MBL becames less defined with the onset
Frontiers in Marine Science | www.frontiersin.org 850
of cloud near 2400 hrs with a cloud base of 350 m, and cloud at
1800 m asl. (Figure 5B). The arrival of a more humid monsoon
airmass on the 23 February resulted in convective showers
affecting Heron Reef as previously discussed and seen in
Figure 5D. The MBL ranged from ~700 to around 1000 m in
depth, with increased moisture content into the evening as
indicated by increased backscatter (Figure 5D). A lower cloud
layer between ~600 to 1100m asl and other cloud layers between
~2000 m to > 4000m asl. were present on the 23 February with
the ceilometer also identifying a layer of cirrostratus at around
6500 m asl (not shown).

Aerological profiles of temperature, humidity, wind speed
and direction were obtained from the 20 – 23 February to
maximum heights of around 500 m asl. (Figure 6). Vertical
profiles of qv on the 20 February showed a warming through the
morning and a transition to a statically unstable profile at 1445
AEST (Figure 6A). Subsequent cooling at the surface caused the
lowest 100 m of the profile to cool by around 1°K by 1615 AEST
A B

DC

FIGURE 6 | Virtual potential temperature profiles collected over Heron Reef by tethersonde on the 20 (A), 21 (B), 22 (C) and 23 (D) February 2009.
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leading to an increase in stability. This contributed to the absence
of cloud as seen in the ceilometer data (Figure 5A). The qv
profiles for the 21 February also display a cooling and increase in
static stability from late morning through to late afternoon in the
lowest 150 m (Figure 6B) which likely inhibited cloud
development over Heron Reef also shown in Figure 5B. In
contrast, the qv profiles for the 22 February indicate a statically
neutral lower atmosphere in which the influence of Heron Reef is
masked by the arrival of a monsoon airmass and associated
increase in wind speed (Figure 6C). On the 23 February, the
tethersonde profiles (Figure 6D) show the lower atmosphere
became increasingly stable with cooling at the surface
corresponding to increased cloud cover, reduced solar heating
of the reef and down mixing of cooler air associated with
convective showers. Satellite imagery from the 22 and 23
February 2009 show extensive high-level cirrus and cirrostratus
cloud over the southern GBR with lower-level cumulus.
Desert Bordering Coral Reefs – Case
Study Gulf of Eilat
EC measurements over the fringing coral reefs in the northwest
GoE were made by instrumentation located on the shore as
shown in Figure 1C. The EC system consisted of a RM Young
81000 3D sonic anemometer, Li-Cor 7500 open path gas
analyser, Kipp and Zonen CNR1 radiometer, and ancillary
sensors installed at the shoreline 2.5 m above mean sea level
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on the pier of Eilat’s Coral World Underwater Observatory (29°
30’15.43” N, 34°55’6.68” E). Sensors were controlled by
Campbell Scientific CR1000X dataloggers and regularly
serviced with the Li-Cor 7500 open path gas analysers washed
to ensure the optical sensors were free of salt and dust. The
measurement footprint of the EC extended over corals in water
depths from 0 m to 40 m. Simple linear interpolation was used to
fill gaps where 1 data point was missing or where a data spike or
unrealistic change in sign of energy flux had occurred. Longer
gaps in data were filled using EC data from a nearby site (Abir
et al., 2022) when that EC measurement footprint also extended
over the fringing coral reef. A 3-point simple moving average was
then applied to the EC data.

Air – Sea Exchanges During Hot and Dry Conditions
The 6 - 10 September 2020 was characterised by a broad area of
lower atmospheric pressure and a weak synoptic pressure
gradient over the Gulf of Eilat associated with the Persian
Trough, while a ridge of high pressure was located over the
western Mediterranean. This resulted in clear skies and northerly
winds over the field site which peaked daily around 0900 IST
(Israel Standard Time - UTC + 2 hrs) at 7 to 8 ms-1.

The surface energy balance for this period shows Q* peaking
daily under cloudless skies at around 800Wm-2 (Figure 7A). Latent
heat flux peaked on the 6 and 7 September at ~500Wm-2 and then
gradually trended lower toward the 10 September. Sensible heat flux
was mostly negative associated with heat transfer from the air to the
A

B

FIGURE 7 | Eddy covariance energy flux measurements (6 - 10 September 2020) made over the desert fringing coral reef at Eilat (Figures 1A-C) (A); and
corresponding water and air temperatures (B).
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water, while Qswr peaked around midday, becoming more
significant over the 5-day period (Figure 7A).

Throughout the 5-day period the temperature of the water
overlying the fringing coral reef displayed a diurnal cycle ranging
from a minimum of 27.8°C to a maximum of 31.2°C with no
discernible warming/cooling trend (Figure 7B). Daily maximum
Ta ranged from ~36°C to ~41°C with minimums of ~31°C
(Figure 7B). These conditions resulted in a strong surface-
based temperature inversion overlying the coral reef, while
aerological profiles created using reanalysis data (NCEP
operational Global Forecast System analysis data) displayed a
stable layer over the GoE extending up to at least 800 m asl. As a
result, the high positive daytime Qe flux transfers (evaporation)
from the water to the air did not result in the formation of cloud,
indicated in the Q* record (Figure 7A) as convection
was supressed.
DISCUSSION

Coral reefs present distinct and typically abrupt changes in the
thermal and dynamic properties of tropical and subtropical
oceans. Direct measurements of air-sea exchanges of energy
over coral reefs are essential to develop understanding of the
influence coral reefs have on meteorology through exchanges of
heat, moisture, and momentum with the atmosphere. Exchanges
of Qe and Qh for example, influence thermodynamic processes
in the atmospheric boundary-layer which may include winds,
convection, cloud, and precipitation. The warmth of shallow
waters overlying coral reefs and the formation of unstable CRLs
may act to enhance vertical motion and dispersion of biogenic
aerosols including the aerosol precursor gas DMS, salt, and
moisture. However, direct measurements of air-sea energy
exchanges over coral reefs and the local meteorology are rare,
while the aerological profiles made at Heron Reef are unique
(MacKellar et al., 2012b). Here we have presented selected new
examples of summertime measurements of air-sea energy
exchanges and profiles of the thermodynamic structure of the
lower atmosphere over Heron Reef, GBR and, initial energy
balance measurements from the desert fringing coral reefs in
the GoE.

Humid Tropical/Subtropical Coral Reefs
EC measurements made during summer fair weather and
monsoon conditions at Heron Reef showed the majority of
available net radiant energy is partitioned into Qswr. This
raised the temperature of water overlying the reef resulting in
the formation of a warm, humid, and unstable CRLs ~60 to ~100
m asl. (Figures 3–6) embedded within the MBL, which in case
study 2 (20 - 23 February 2009) was ~600 to ~900 m in depth.
The boundary at the top of the MBL, i.e., the entrainment zone,
was clearly identified in ceilometer backscatter data indicating a
sharp change in humidity (Flamant et al., 1997). As a result,
under humid summer conditions coral reefs can modify the
lower atmosphere resulting in the formation of an unstable CRL.
This we believe contributed to formation of cumulus clouds
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following heating of the reef throughout late morning and early
afternoon resulting in precipitation on the 4 February 2008. That
is, the daily peak in radiative warming of reef SST and air–sea
fluxes (early afternoon) invigorate convection leading to daily
maximum cumulus in the late afternoon (Ruppert and
Johnson, 2016).

While cloud height was only measured during 20 - 23
February 2009 and found to occur near the top of the MBL
(and above), it’s likely that the warmth of the reef and release of
Qe associated with convective cloud formation may have
contributed to onset of cumulus indicating more unstable
conditions (Figures 2B, C). Cloud above the MBL as shown in
Figure 2B and observed in case study 2 by ceilometer
(Figures 5B–D) was likely caused by broader scale synoptic
conditions. During case study 2, the MBL became more humid as
seen in Figure 5 indicated by the pronounced increase in
reflectivity in Figure 5D (Dupont et al., 1994; Flamant et al.,
1997). This increase in reflectivity may have also been in-part a
result of increased biogenic aerosol concentrations (Schlosser
et al., 2020) but without direct in-situ sampling this cannot be
confirmed. Precipitation was identified by the ceilometer falling
from cloud near the top of the MBL and from heights of 3000 to
4000 m asl (Figure 5D). Vertical profiles of qvduring case study 2
show on the 20 -21 February 2009 the CRL became more
unstable through the morning and afternoon before onset of
cooling in the late afternoon (Figures 6A–C). On the 23 Feb
2009 the qvprofiles show the lower atmosphere becoming stable
with the lowest ~300 m cooling (Figure 6D) in response to likely
down mixing of cooler air from aloft toward the surface with
precipitation (Figure 5D). This sequence is like that reported by
Ruppert and Johnson (2015) for days leading up to the onset of
convection over warm SSTs in the Indian Ocean associated with
the Madden Julian Oscillation. Namely, the diurnally forced
convection that occurs in response to daytime peaks in SST
and air–sea fluxes (Qe) over warm seas, initially under clear skies,
increases humidity in the lower atmosphere and invigorates
moist convection by reducing convective inhibition (Ruppert
and Johnson, 2015). By the 23 Feb 2009 at Heron Reef such a
sequence of events over the reef and adjacent sea led to periods of
heavy convective rainfall (Figure 6D).

MacKellar et al. (2012b; 2013) presented results from the only
other study that has made direct measurements of both air-sea
energy exchanges over a coral reef (Heron Reef) and the CRL.
They identified the CRL using vertical profiles of virtual potential
temperature (qv) and mixing ratio (q) obtained from kite
tethersonde soundings. Ceilometer data were used also to
identify the mixed layer height with the addition of radiosonde
soundings. The CRL was observed to reach a maximum height of
approximately 135 m above sea level (asl.) in mid-afternoon
(summer) with background mixed layer depths ranging from
around 450 m to 2500 m depending on prevailing synoptic
conditions. These observations are like those presented here for
the summer case studies althoughMBL depths on occasions were
greater. This likely reflects MacKellar’s use of radiosondes
providing direct measurements of temperature, and different
prevailing synoptic meteorology. MacKellar et al. (2013)
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highlighted similarities of the CRL observed at Heron Reef with
CIBLs found downwind over the warm side of ocean fronts such
as the Gulf Stream and Kuroshio extension, east of Japan. At
such locations warmer SSTs initiate CIBL development within
the mixed layer and cloud formation which on occasions may
cause precipitation (Small et al., 2008). Over coral reefs such as
Heron Reef, the CRL plume is likely to extend downwind similar
to the CIBLs observed downwind of warm ocean currents (Hsu,
1984; Small et al., 2008).

Subtropical Desert Coral Reefs
In contrast to the warm humid setting of Heron Reef on the
GBR, the EC measurements from over the desert fringing coral
reefs in the GoE highlight the significant Qe fluxes associated
with evaporation during the day and night. Qswr is still very
substantial in this arid location displaying a generally similar
diurnal signal to Heron Reef. Accordingly, evaporation from
water overlying the coral reefs at the GoE is the primary process
by which energy is lost from the reef to the air (Abir et al., 2022).
As a result, there was no net increase in water temperature from
the 6 – 10 September 2020, although the diurnal range decreased
slightly over the 5 days (Figure 7A). Notably, air temperature
remained much higher than the water temperature, thereby
causing a very stable layer of air over the coral reef. Stable
internal boundary layers have been observed in other locations
where warm air blows offshore over cool/cold sea surface as
reported by Garratt and Ryan (1989) over the coast of southern
Australia; Mahrt et al. (2016) Atlantic Ocean, Massachusetts and
Grachev et al. (2018) on the North Carolina coast. Stable
stratification generated in the GoE by warm-air advection and
evaporation over coral reefs inhibit vertical motion at the surface.
This stable layer was part of a deeper temperature inversion
associated with the regional meteorology that was around
800 m deep.

Temperature inversions as observed in the GoE impede
vertical motion in the atmosphere and cloud did not form.
While no direct measurements of vertical profiles of
temperature and humidity were made in the GoE we believe
that in such a setting where water temperature remains well
below air temperature, vertical dispersion of aerosols, moisture
and DMS are unlikely. Instead, they will be advected downwind
where they disperse in the dry atmosphere.

Coupling to the Atmospheric
Boundary Layer
The case studies presented here show that coral reefs in humid
climates may effectively couple to the overlying atmosphere
influencing its thermodynamic properties impacting cloud and
possibly precipitation. The coupling was observed to occur via
convective exchange leading to formation of a CRL within the
MBL. Leahy et al. (2013) using in-situ sea surface temperature
measurements and satellite cloud field observations from the
central GBR found cloud cover explaining up to 32.1% of
variation in SST with the greatest effect during summer.
Accordingly, our observations from Heron Reef begin to shed
light on the possible role of coral reefs in this cloud formation
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over the GBR i.e., as coral reefs warm, they initiate convection
triggering cloud formation under favourable synoptic conditions
such as occur during the summer monsoon. In contrast, under
settled summer El Niño conditions when the atmosphere is more
stable over the GBR, cloud development may be suppressed
resulting in extreme heating of water overlying coral reefs
causing bleaching (McGowan and Theobald, 2017; Zhao
et al., 2021).

In contrast, the case study from the GoE suggests that coral
reefs in hot arid environments may remain decoupled from the
overlying atmosphere as a result of strong surface-based
temperature inversions. Such inversions inhibit vertical
exchange of heat, moisture and aerosols and would contribute
to inhibiting cloud development that would otherwise lower
receipt of solar radiation over the reef. In these environments,
observations from the fringing coral reefs in the GoE highlight
the importance of Qe in protecting coral from heatwaves and
associated coral bleaching (Abir et al., 2022).
CONCLUSION

Understanding exchanges of energy, moisture, momentum, and
gases across the air-sea interfacial boundary on coral reefs and the
influence on the atmosphere is critical to inform debate on future
impacts of climate change on coral reefs. It is not scientific to
assume that correlations are evidence enough of causality or to
simplify complex cause – effect relationships because they align with
socially and/or politically attractive narratives on the relationships
between coral reefs – meteorology and climate. Direct
measurements of the meteorology of coral reefs including energy
exchanges across the air-sea interface and associated coupling to the
lower atmosphere are therefore essential to inform such debate from
which evidence-based policy to mitigate risks to coral reefs
including from global warming can be developed.

Here we have presented through case study direct measurements
of air-sea energy exchanges over coral reefs in two profoundly
different climatic zones. These measurements show that under
summertime conditions coral reefs in humid tropical/subtropical
environments may couple to the lower atmosphere through
exchange of heat, moisture, and momentum. This leads to the
formation of CRLs within the lower levels of the MBL providing a
mechanism for coral reefs to influence cloud, and possibly
precipitation through convective exchange with the lower
atmosphere. In contrast, our case study from the northern GoE in
the Red Sea shows that where air overlying coral reefs is much
warmer than the water temperature, stable stratification of the lower
atmosphere will inhibit vertical motion and therefore, convective
cloud development. In such different climatic regions, convection
over coral reefs such as those in the GBR would be a possible
mechanism by which aerosols and pre-curser aerosol gases such as
DMS could be carried into the atmosphere, while in hot arid desert
environments, a stable layer over corals reefs impedes
such transport.

The research presented and cited in this article provides
initial insights to coral reef meteorology and begins to shed
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light on the interactions between coral reefs and broader scale
meteorology. However, substantial knowledge gaps remain
around seasonal variability in coral reef – atmosphere
coupling and potential feedback mechanisms. While the
works of Fiddes et al., 2022 question the role of coral reef
bioclimatic links through coral reef emitted DMS in cloud
microphysics, coral-reef forced convection may provide a
possible mechanism for a DMS signal in cloud fields over
reefs. Accordingly, future research is strongly recommended
that combines direct measurement of the surface energy
exchanges over coral reefs and atmospheric thermodynamics
with aerosol profile sampling including within clouds. This
should be combined with numerical modelling to provide data
sets to nudge and validate model runs and to inform future
direct measurement field research.
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Research related to the potential for coral reef-derived dimethylsulfide (DMS) oxidation
products to regulate the regional climate of the Great Barrier Reef (GBR) according to the
CLAW hypothesis is summarized in this mini review. The GBR has been indicated as a
region of high DMS production where atmospheric emissions may be increased when
corals are subject to environmental stresses associated with low tide. During low wind
speeds over aerially exposed coral reefs, plumes of atmospheric DMS and new sulfate-
containing nano-particle production under photo-oxidative conditions have been
detected on the GBR. Hygroscopic growth of these particles in combination with
coagulation and condensation processes could potentially provide a coral-mediated
mechanism of new aerosol for seeding low-level stratocumulus clouds. Fine mode
aerosol optical depth over GBR coral reefs has been correlated with low wind speeds
and a coral stress metric formulated as a function of irradiance, water clarity, and tide
height. This correlation has been proposed as a possible mechanism by which the GBR
might alter the optical properties of the overlying atmosphere to attenuate local insolation
leading to regional climate regulation. However, recent regional-scale aerosol-climate
modeling indicates that the potential for GBR regional climate regulation via DMS
atmospheric oxidation products is weak under current anthropogenic conditions which
have instigated mass coral bleaching events along the entire length of the GBR between
1998 and 2022. This increased bleaching indicates that DMS oxidation products are
insufficient to regulate the regional climate of the GBR according to the CLAW hypothesis
under current global warming conditions.

Keywords: dimethylsulfide (DMS), Great Barrier Reef (GBR), climate, oxidation, sulfate
INTRODUCTION

It is now fifty years since Lovelock et al. (1972) proposed that dimethylsulfide (DMS) was the
missing link in the natural biogeochemical sulfur cycle capable of annually cycling megatonnes of
sulfur from the sea back onto the land. Later, in 1987, DMS was assigned as the driving force in a
mechanism by which the ocean and the atmosphere were hypothesized to be dynamically coupled in
a global system that had the potential to affect and possibly even regulate climate (Charlson et al.,
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Swan DMS Climate Regulation GBR
1987). This hypothesis, which was conceived almost by accident
in 1985 during a visit by James Lovelock to Robert Charlson at
the University of Washington in Seattle (Liss and Lovelock,
2007), has become known as the CLAW hypothesis, an
acronym of the four contributing authors’ surnames. CLAW
hypothesized that the Earth’s radiation balance may be
modulated by reflection or absorption of solar radiation by
clouds seeded by the oxidation products of the marine volatile
DMS, an algal metabolic by-product that is constantly exchanged
from the oceans to the atmosphere. Consequential changes in sea
surface temperate (SST) could affect algal growth and hence
DMS emissions, thereby providing a potential climate feedback
loop where surface ocean primary productivity is dynamically
linked to marine cloud production and albedo. Regarding this
CLAW mechanism, it has more recently been stated by Liss and
Lovelock (2007) that any climate feedback effect could be
stabilizing (i.e. negative) or destabilizing (i.e. positive) and the
extent, or even its existence, to play any part in the present day
climate is in question. What makes the CLAW hypothesis so
scientifically compelling is that it continues to be possible to
provide empirical evidence for various processes in the proposed
mechanism (Figure 1). For example, in Southern Ocean clean
marine air sampled at Cape Grim in north-west Tasmania it has
been possible to show coherence in the seasonal cycles of
atmospheric DMS (DMSa) and its major oxidation products
methanesulfonic acid (MSA) and non-sea-salt sulfate (nss-SO4)
(Ayers et al., 1991). Additionally, cloud condensation nuclei
(CCN) number concentrations, modeled cloud droplet
Frontiers in Marine Science | www.frontiersin.org 257
concentrations, and mean cloud droplet effective radii were
also shown to have the same seasonal phase cycles as DMS
(Boers et al., 1994). These early data strongly indicated a
connection between DMS emissions, aerosol particle chemistry,
and CCN and cloud droplet concentrations (Ayers and Gillett,
2000). Other data have shown a strong relationship between
DMS and solar radiation dose over the global surface ocean,
providing support for a negative climate feedback (Vallina and
Simó, 2007).

The CLAW hypothesis has been experimentally shown to be
far more complex than first proposed, and despite much research
it has not been possible to quantitatively demonstrate the
relationship between the mass air-sea flux of DMS-derived
sulfate and the number concentration of CCN (Ayers and
Cainey, 2007). Failure to demonstrate this relationship led
Quinn and Bates (2011) to suggest that it might be time to
retire the CLAW hypothesis with over 20 years of collated
evidence that DMS bio-regulation of climate is prevented by
weak sensitivity to change in each step of the CLAW hypothesis
feedback loop (Figure 1). DMS is, however, the major reduced
sulfur-containing volatile emitted from the global oceans,
currently estimated to be 27.1 Tg (as S) annually (Hulswar
et al., 2021). This massive amount of biogenic sulfur is
suspected to be the origin of the globally dominant nss-SO4

contribution to CCN over the global oceans between 70°S and
80°N (Quinn et al., 2017); thus, signaling that DMS oxidation
products and CCN are connected with the potential to influence
Earth’s energy budget, and ultimately climate. According to
FIGURE 1 | Schematic of the proposed climate feedback loop according to the CLAW hypothesis (Charlson et al., 1987) adapted to the GBR with some updated
information. DMSP, produced by coral and phytoplankton, is the dominant source of DMS which on exchange to the atmosphere can be oxidized to products
such as nss-SO4 and HPMTF which are involved in new particle production, while MSA primarily contributes to the growth of existing particles. CCN formed from
these DMS oxidation products can generate marine clouds with increased albedo, which may alter the Earth’s radiation budget leading to the hypothesized
climatic feedback. The proposed biogenic feedback loop may be perturbed by primary marine sources of CCN such as SSA and organic matter released from
surface waters by bubble bursting. Anthropogenic forcing over the GBR may contribute to recurrent coral bleaching and loss of DMS production to dampen the
feedback loop. Additionally, regional biomass burning may contribute nss-sulfate and primary particles in the CCN size range (Dp ~50-100 nm) (Zaveri et al., 2022)
as well as terrestrially-derived oxidants that may alter the background marine atmospheric oxidation processing capacity (Mauldin III et al., 2012; Zhu et al., 2021).
Condensation nuclei (CN), Cloud condensation nuclei (CCN), Dimethylsulfide (DMS), Dimethylsulfoniopropionate (DMSP), Particle diameter (Dp), Great Barrier Reef
(GBR), Hydroperoxymethyl thioformate (HPMTF), Methanesulfonic acid (MSA), non sea salt sulfate (nss-Sulfate), Sea spray aerosol (SSA).
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James Lovelock, demonstration of climate regulation via cloud
albedo control linked to DMS emissions is now only probable, if
at all, in the southern hemisphere because of excessive
anthropogenic sulfate pollution in the northern hemisphere
(Lovelock, 2009). Given that global realization of CLAW is
now most likely impossible, a relatively unpolluted location in
the southern hemisphere such as the GBR remains a last marine
frontier where research has been directed to possibly
demonstrate regional climate regulation according to the
CLAW hypothesis.
PRODUCTION OF DIMETHYLSULFIDE
AND DIMETHYLSULFONIOPROPIONATE
(DMS/P) BY SCLERACTINIAN CORALS

It has been known since the early 1990s that coral reef ecosystems
can be significant sessile sources of dimethylsulfoniopropionate
(DMSP), the major marine precursor of DMS (Jones et al., 1994;
Hill et al., 1995). Initially, the algal zooxanthellae endosymbionts
(Symbiodium sp.) were presumed and also indicated to be the
coral’s source of DMS/P because cellular or particulate DMSP was
typically correlated with Symbiodium number (Broadbent and
Jones, 2004; Jones et al., 2007; Van Alstyne et al., 2008); however,
it is now recognized that the coral polyp also has the ability to
produce DMSP (Raina et al., 2013). Just as the symbiotic union of
the zooxanthellae and the polyp provides a very efficient metabolic
system enabling coral to flourish in oligotrophic tropical waters,
this union may also provide the basis for the very high
concentrations of DMS/P that have been measured in coral and
its products. For example, mucus ropes exuded from the staghorn
coral Acropora formosa have been reported to contain 18.7 µM
DMS and 54.4 µM DMSP (Broadbent and Jones, 2004), which are
some of the highest concentrations of DMS/P measured in any
natural marine material. Zooxanthellae DMSP cellular
concentrations of up to 686 mmol L-1 (cell volume) (Yost and
Mitchelmore, 2009) and 7590 mmol L-1 (cell volume) (Broadbent
et al., 2002) are large by comparison with DMSP cellular
concentrations reported in other marine dinoflagellates (Caruana
and Malin, 2014). High zooxanthellae densities typically of 1‐4 x
106 Symbiodinium cells cm-2 coral surface area in healthy Acropora
sp. (Moothien-Pillay et al., 2005) make these abundant branching
corals throughout the GBR highly concentrated sources of DMS/P.
Consequently, the GBR has been described as aDMS hotspot (Jones
et al., 2017; Jones et al., 2018); however, it is not identified as such
among the 56 biogeochemical global ocean provinces defined by
Hulswar et al. (2021), probably because the GBR is a relatively
under-sampled location.
CONDITIONS THAT PROMOTE DMS
TRANSFER FROM CORAL REEFS TO THE
ATMOSPHERE

In chamber experiments with three Indo-Pacific coral species, it
was shown that gas phase DMS increased by an order of
Frontiers in Marine Science | www.frontiersin.org 358
magnitude when the corals were exposed to air, and this was
followed by an additional rise in gas phase DMS on their re-
submersion (Hopkins et al., 2016). In the environment,
atmospheric DMS (DMSa) was observed to peak over coral
reefs in the northern GBR at, or shortly after, low tide when
the reefs were exposed to the atmosphere (Jones and Trevena,
2005). This was also observed at Heron Island, a coral cay in the
southern GBR, where it was possible to demonstrate that median
DMSa mixing ratios were a function of tide height, which
controls the extent and duration of coral reef aerial exposure,
Figure 2 (Swan, 2017). A combination of DMSa source signals
are shown in Figure 2, where DMSa derived from the coral reef is
the tidally-induced contribution above the oceanic background
DMSa continuum. When a coral reef is aerially exposed, DMS
can diffuse from the mucus covered coral surfaces directly to the
atmosphere, a process that circumvents DMS air-sea exchange;
hence, low-tide DMS emissions may result in rapidly released
plumes. These were observed as intermittent DMSa time-line
spikes in the Heron Island datasets, which were in most instances
detected under low wind speeds (WS < 2 m s-1) when
atmospheric mixing with oceanic air was least (Swan et al.,
2017). Coral reefs emit DMS at low tide in response to
environmental stresses when corals can be subject to elevated
solar irradiance, heating and hypoxia in shallow pooled water,
and dehydration due to air exposure (Deschaseaux et al., 2014).
DMS FLUX AND EMISSION ESTIMATES
FROM THE GBR

Seasonally averaged DMS flux estimates for five coral reefs across
the GBR, determined from spatially and temporally combined
data, have been reported by Jones et al. (2018). These averaged
fluxes, estimated from dissolved DMS (DMSw) andWS using the
gradient approach of Liss and Merlivat (1986), were 6.4 and 2.4
µmol m-2 d-1 for summer (Oct-Mar, n = 237) and winter (Apr-
Sep, n = 156), respectively. Seasonal fluxes at Heron Island,
estimated from DMSa using the mass balance-photochemical
box model of Ayers et al. (1995), were 5.0 and 1.4 µmol m-2 d-1

for the 2012 summer wet season (n = 651) and the 2013 winter
dry season (n = 923), respectively (Swan et al., 2017). For those
Heron Island field campaigns, the coral reef surrounding the
island was estimated to contribute 4% during the summer and
14% during the winter to the background oceanic DMS flux
sourced from the dominant south-easterly trade winds. A proxy
for DMSw across the GBR was derived by Jackson et al. (2021)
using a multiple linear regression model, satellite-derived
photosynthetically active radiation, SST data, and DMSw field
data compiled by Jones et al. (2018). Using that modeled DMSw
data, a climatology of DMS air-sea flux across the GBR was
calculated using three gradient approach parameterizations.
Average (± 1s) seasonal DMS fluxes were 7.3 ± 1.6 and 3.1 ±
0.3 µmol m-2 d-1 in late summer and late winter, respectively,
where inclusion of an estimate for DMS release from exposed
corals at low tide increased the average flux by 1.5 µmol m-2 d-1.
DMS emission across the 347,000 km2 area of the GBR is
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estimated by Jackson et al. (2021) to be 0.03–0.05 Tg yr-1 of DMS
(1,500–2,100 mol km2 yr‐1), which represents 0.06-0.1% of the
52.5 Tg yr‐1 of DMS estimated on average to be transferred from
the global oceans to the atmosphere (Hulswar et al., 2021).
Reported DMS fluxes from the GBR are not extraordinary;
they are within the 0-10 µmol S m-2 d-1 range emitted from
93% of the world’s oceans according to Hulswar et al. (2021).
AEROSOL OPTICAL DEPTH AND CLOUD
COVER OVER THE GBR

The direct effect of marine aerosol to alter the extent that the
atmosphere reflects and absorbs solar radiation can be
evaluated by aerosol optical depth (AOD). A 16-year (2000-
2015) satellite-derived record of fine mode AOD (0.1-0.25 mm
radius) for an area of the GBR centred over Heron Island, was
correlated with a coral reef stress metric formulated as a
function of irradiance, water clarity, and tide height (Cropp
et al., 2018). The correlation, which assumes that biogenic
aerosol derived from the GBR was primarily linked to AOD,
was strongest at lowWS when biogenic aerosol is least advected
away from its source point, and there is less sea spray aerosol
generation. This correlation, which was consistent with field
observations of DMSa plumes at Heron Island at low-tide under
low WS, was proposed as a possible mechanism by which coral
reefs might alter the optical properties of the overlying
atmosphere to attenuate local insolation (Cropp et al., 2018).
This analysis was extended by Jackson et al. (2018) who
analyzed fine mode AOD (2000-2017) over the entire 2,300
km length of the GBR and found AOD to be positively
correlated with both SST and the coral reef stress metric.
Frontiers in Marine Science | www.frontiersin.org 459
However, a thermal tipping point in the coral stress metric
was identified where it became uncoupled from AOD, this
being interpreted as a threshold for coral bleaching based on
the assumption that bleaching leads to a reduction in emission
of biogenic aerosol. The thermal threshold that leads to coral
bleaching, separation of Symbiodinium from its polyp host and
cessation of coral DMS production, has been reported to be
when SST exceeds 30°C for an extended period (Fischer and
Jones, 2012; Jones et al., 2017; Jones et al., 2018). Such marine
heatwaves are increasing in frequency and, from a culmination
of events in 1998, 2002, 2016, 2017 and 2020, have now resulted
in mass coral bleaching along the entire GBR (Hughes et al.,
2021). Increased summer cloud cover may alleviate coral
bleaching by surface cooling, an effect that has been
quantified over the GBR using satellite imagery and in-situ
temperature and light loggers (Leahy et al., 2013). In that study,
cloud cover alone was responsible for up to 32% of the variation
in SST, although there was a 3-day lag between a change in
cloud cover and a change in SST. Local-scale cloud cover over
shallow GBR waters was recently reported to be more highly
correlated with SST cooling than the larger-scale regional
modulation of cloud cover linked to the El Niño–Southern
Oscillation (Zhao et al., 2021). This cloud cover-SST
relationship has been proposed to operate as an ocean
thermostat in the western Pacific warm pool to the north of
Australia where coral bleaching events have been relatively few
in number despite the region having the highest average SST of
all ocean regions (Kleypas et al., 2008). It has been proposed
that DMS atmospheric oxidation products might promote a
similar cloud cooling ocean thermostat effect over the GBR
(Fischer and Jones, 2012), although this phenomenon may be
explained by physical processes alone (Johnson et al., 2001;
Takahashi et al., 2010).
FIGURE 2 | Median atmospheric DMS mixing ratios plotted against low tide seawater height at Heron Island (23.44°S, 151.91°E) on the southern GBR, 18 Jul -
5 Aug 2013 (austral winter), derived from 30 min resolution measurements of DMSa. The plotted median values are for measurements made in a time window
approximately ± 1 h either side of the low tide height range that, to varying extents, aerially exposed the 27 km2 lagoonal platform coral reef surrounding Heron
Island shown in the photo (H.B. Swan). According to the dominant south-easterly trade winds at this location, the Heron Reef and the adjacent Wistari Reef, 1
km to the south, are expected to be the sources of DMSa in excess of the approximately 20 pmol mol-1 DMSa background wintertime mixing ratio.
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MODELLING THE CLAW HYPOTHESIS
GLOBALLY AND REGIONALLY ON
THE GBR

Application of aerosol microphysics models to calculate the
sensitivity of CCN, cloud fraction and surface incoming short-
wave radiation to change due to varying DMS air-sea emissions
over a wide range of climatologies have indicated the role of DMS in
climate regulation to be globally weak (Woodhouse et al., 2010;
Fiddes et al., 2018). These modeled outcomes are underpinned by
observational evidence showing (i) gas-to-particle nucleation of
DMS-derived H2SO4 does not commonly occur in the marine
boundary layer (MBL) (Clarke et al., 1998; Gras et al., 2009;
Kerminen et al., 2018); (ii) ultra-fine sea salt (Clarke et al., 2006;
Smith, 2007; Xu et al., 2022) and other primary marine-derived
materials (Leck and Bigg, 2007; Hawkins and Russell, 2010; Zelenyuk
et al., 2010) can effectively act as CCN; and (iii) there are other
marine-derived volatile organic compounds in addition to DMS that
can form secondary organic aerosol (Meskhidze and Nenes, 2006;
Exton et al., 2015; Swan et al., 2016). DMSmay, however, have more
importance regionally than globally to attenuate insolation according
to large spatial and temporal differences in DMSw concentrations
and air-sea fluxes among the 56 global oceans provinces of Hulswar
et al. (2021). Modelling of CCN production per unit mass of DMS
emitted sulfur has been found to vary regionally by a factor of 20,
suggesting that DMS emissions in some marine locations might
provide regional climate regulation (Woodhouse et al., 2013). A
recent GBR modeling study that added a coral-derived DMS surface
emission of 0.3 Tg yr-1 S (1.7% of the global DMS sulfur emission)
concluded that this superambient input of atmospheric sulfur into
the model provided no robust effect on the regional climate of the
GBR from direct and indirect aerosol effects (Fiddes et al., 2021).
Another study that examined the effect of sub-daily changes in coral
reef-derived DMS in a regional-scale climate model that was
constrained using data gained from a recent field study (Sep-Oct
2016) on the GBR similarly found no significant changes in sulfate
aerosol mass or total aerosol number to promote regional climate
regulation (Fiddes et al., 2022). In that study, it was suggested that the
close proximity of anthropogenic aerosol sources, such as power
stations and other biomass burning sources, prevents the GBR from
having any significant influence on the regional sulfate aerosol
burden. The field study data used to constrain the model was
collected following the 2016 summer of mass coral bleaching
across the northern third of the GBR (Hughes et al., 2017).
Although the field study was conducted on a section of the GBR
that was less impacted by bleaching, uncertainty exists about the
health of the GBR study zone at that time. Continuing bleaching of
the GBR is closing the window of opportunity to research this topic
(Jackson et al., 2020).
CONCLUDING COMMENTS

Periodic new sulfate-containing particle production (Dp < 20
nm) in the MBL has been indicated from the GBR (Modini
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et al., 2009) and on the GBR (Vaattovaara et al., 2013). These
nano-particles can grow to the climatically active CCN size
range (Dp ~50-100 nm) attenuating irradiance and
contributing to marine cloud formation. However, aerosol
contributions to CCN and cloud formation over the GBR have
not been clearly identified and quantified, so it remains
uncertain if the proposed ocean thermostat effect from low-
level clouds to cool GBR SST is actually a negative feedback
dr iven by cora l -der ived DMS oxidat ion products .
Additionally, while clouds can reflect incoming sunlight
leading to localized 3‐day delayed temporal surface cooling,
they also trap outgoing infrared radiation; hence, net radiative
forcing by clouds over the GBR remains an uncertain complex
component of the planetary greenhouse effect. While
aerosol-climate models are important tools to assess the
potential for DMS-facilitated climate regulation on the GBR,
all are restricted by limited multiphase DMS chemistry,
nucleation and nanoparticle growth mechanisms as well as
other inherent short-comings and biases in meteorological,
physical and chemical processes (Lee et al., 2019). DMS
oxidation is far more complex than first imagined by
Charlson et al. (1987) and continues to be elucidated (Von
Glasow and Crutzen, 2004; Hoffmann et al., 2016). Notably, a
previously unrecognized stable DMS oxidation product,
hydroperoxymethyl thioformate (HPMTF, HOOCH2SCHO)
is currently not widely incorporated into atmospheric models.
More than 30% of oceanic DMS emissions may form HPMTF,
a major reservoir of sulfur in the MBL that is involved in new
particle formation and growth (Veres et al., 2020). Mindful of
these limitations, recent modeling (Fiddes et al., 2022; Jackson
et al., 2022) indicates that DMS emissions from the GBR are
currently insufficient, relative to background anthropogenic
sulfur emissions, to significantly enhance sulfate aerosol and
CCN number concentrations according to CLAW. Perhaps in
pre-industrial times coral reef-derived DMS emissions may
have exerted sufficient influence to regulate GBR regional
climate (Fung et al., 2022). However, the GBR is no longer a
pristine environment; it is impacted by regional pollution
(Chen et al., 2019) and is also under immediate threat from
global warming (Smith, 2019; Osman et al., 2021). Under
current anthropogenic driven radiative forcing, the option to
geo-engineer marine stratocumulus cloud albedo using ultra-
fine sea salt, known as marine cloud brightening (MCB), has
been proposed as a solution to protect the GBR. Modeling has
indicated that MCB has the potential to sufficiently cool SST
to limit coral bleaching on the GBR under a scenario of
doubled atmospheric CO2 levels (Latham et al., 2013). There
are, however, logistical difficulties, uncertainties and risks of
applying MCB (Stuart et al., 2013). Given that since 1998 only
2% of the GBR now remains untouched by bleaching (Hughes
et al., 2021), which has again occurred in the 2021-22 summer
during a La Niña year (GBRMPA et al., 2022), it is now
apparent that it will not be DMS but an immediate
coordinated global reduction of green house gas emissions
that will save the GBR from continuing decline.
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Earth’s Radiation Budget is partly dictated by the fragile and complex balance between
biogenic volatile organic compounds (BVOCs) and greenhouse gases (GHGs), which have
the potential to impose cooling or warming once emitted to the atmosphere. Whilst methane
(CH4) is strictly associated with global warming due to its solar-radiation absorbing
properties, dimethyl sulfide (DMS) is generally considered a cooling gas through the light
scattering properties of its atmospheric oxidation products. However, DMS may also
partially contribute to the Earth’s warming through a small portion of it being degraded to
CH4 in the water column. Coral reefs emit both DMS and CH4 but they have not previously
been simultaneously measured. Here, we report DMS and CH4 fluxes as well as aerosol
particle counts at Heron Island, southern Great Barrier Reef, during the austral summer of
2016. Sea-to-air DMS and CH4 fluxes were on average 24.9 ± 1.81 and 1.36 ± 0.11 µmol
m-2 d-1, whilst intermediate (< 0.5-2.5 um) and large (> 2.5 um) particle number
concentrations averaged 5.51 x 106 ± 1.73 x 105 m-3 and 1.15 x 106 ± 4.63 x 104 m-3,
respectively. Positive correlations were found between DMS emissions and the abundance
of intermediate (R2 = 0.1669, p < 0.001, n = 93) and large (R2 = 0.0869, p = 0.004, n = 93)
aerosol particles, suggesting that DMS sea-to-air emissions significantly contribute to the
growth of existing particles to the measured size ranges at the Heron Island lagoon.
Additionally, a strong positive correlation was found between DMS and CH4 fluxes
(R2 = 0.7526, p < 0.00001, n = 93), suggesting that the emission of these volatile
compounds from coral reefs is closely linked. The slope of the regression between DMS
and CH4 suggests that CH4 emissions at the Heron Island lagoon represent 5% of that of
DMS, which is consistent with the average sea-to-air fluxes reported in this study (i.e. 24.9 ±
1.81 µmol m-2 d-1 for DMS and 1.36 ± 0.11 for CH4). These findings provide new insights on
the complexity of BVOC and GHG emissions in coral reef systems and their potential role in
climate regulation.

Keywords: fluxes, great barrier reef, biogenic volatile organic compounds (BVOCs), greenhouse gases (GHGs),
aerosol particles, Heron Island
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1 INTRODUCTION

Dimethyl sulfide (DMS) and methane (CH4) are key biogenic
compounds in climate change processes (Carpenter et al., 2012).
DMS is often associated with a cooling effect through
contributing to aerosol formation that increase Earth’s
radiative properties (Charlson et al., 1987). In contrast, CH4 is
responsible for a warming effect with a short-term greenhouse
potential that is 23 to 69 times greater than that of CO2 (Shine
et al., 2005). The bulk of DMS is produced through the algal and
bacterial enzymatic cleavage of dimethylsulfoniopropionate
(DMSP) (Simó, 2001), a biogenic sulfur compound that is
synthesised by a wide range of marine algae (Stefels, 2000),
bacteria (Curson et al., 2017) and invertebrate corals (Raina et al.,
2013). In contrast, the bulk of biogenic CH4 is mainly produced
by anaerobic methanogenic bacterial activity through the
reduction of either CO2, acetate or methyl-group containing
compounds (Liu and Whitman, 2008), although recent studies
show that CH4 can also be produced by plants, fungi, algae and
cyanobacteria from methylated nitrogen- and sulfur-containing
compounds in the presence of oxygen (Ernst et al., 2022). Thus, a
small portion of CH4 can originate from the hydrolysis of DMS
according to the following equation (Kiene et al., 1986; Liu and
Whitman, 2008):

2 CH3ð Þ2S + 2H2O ! 3CH4 + CO2 + 2H2S (1)

The link between DMS degradation and CH4 production has
now been reported across several studies on anoxic marine
sediments (Kiene and Visscher, 1987; Kiene, 1988; Wang et al.,
2009), where methanogenic bacteria are particularly abundant
(Mechalas, 1974; Barnes and Goldberg, 1976). Indeed, it seems
that the DMS-to-CH4 conversion can also be mediated by
methanogenic bacteria (Kiene and Visscher, 1987) but also by
me thy lo t roph i c bac t e r i a be l ong ing to the o rde r
Methanosarcinales and Methanobacteriales (Liu and Whitman,
2008). More recently, the role of DMS as a precursor of CH4 was
clearly demonstrated in upwelling waters as addition of 13C
enriched-DMS led to a significant increase in 13C enriched-CH4

(Florez-Leiva et al., 2013). Interestingly, DMS was estimated to
contribute to about 28% of CH4 production in both anoxic
sediments (Kiene, 1988) and upwelling waters (Florez-Leiva
et al., 2013), although these two marine habitats are likely to
host very different bacterial communities. DMS as a potential
precursor of CH4 across various marine ecosystems adds a level
of complexity to the role of DMS as a climate cooling agent
(Charlson et al., 1987; Quinn and Bates, 2011; Jones, 2013).

DMS is expected to be particularly concentrated in coral reef
ecosystems due to the high DMSP content in corals, coral-
associated symbionts and a wide range of coral reef
invertebrates (Deschaseaux et al., 2016; Haydon et al., 2018).
However, although coral reef sea-to-air DMS fluxes contribute to
atmospheric sulfur emissions (Swan et al., 2017), a recent
modelling study suggested that coral-reef-derived DMS
emissions most likely have a negligible effect on the local
climate of the Great Barrier Reef (Fiddes et al., 2021). Coral
reef frameworks are also sites of active anoxic and suboxic
Frontiers in Marine Science | www.frontiersin.org 265
organic matter oxidation, making coral reef pore waters
particularly rich in CH4 and coral reef ecosystems ideal
platforms for the release of CH4 to the water column and
atmosphere (Sansone et al., 1993; O’Reilly et al., 2015), which
could be counteracting the cooling effect of DMS emissions. A
recent study showed that permeable coral reef carbonate
sediments were a source of DMS and CH4 into the water
column and that CH4 production could be a sink for DMS in
coral reef systems (Deschaseaux et al., 2019). Since sea-to-air
DMS and CH4 fluxes from coral reef systems have been
independently reported by previous studies, the focus of this
study was to simultaneously quantify and report sea-to-air DMS
and CH4 fluxes from the Heron Island reef lagoon, southern
Great Barrier Reef, to assess the interplay of atmospheric DMS
and CH4 emissions.

We hypothesised that coral-reef DMS emissions would
contribute to the growth of aerosol nanoparticles and that
coral-reef DMS and CH4 emissions are linked due to a small
portion of DMS being hydrolysed to CH4 in coral reef waters.
2 MATERIAL AND METHODS

2.1 Study Site and Sampling
A field campaign was conducted on Heron Island, southern
Great Barrier Reef (23.44°S, 151.91°E), in the austral summer of
2016 (4th to the 17th of February) where dissolved CH4 and CO2

were measured alongside dissolved DMS (DMSw) using a cavity-
ring-down spectrometer (Picarro G2201-i) (Maher et al., 2013)
and a Vapor Generation – Chemiluminescence (VG-CL) device
(Nagahata et al., 2013), respectively. A Gas Chromatograph
(Varian CP3800 GC) equipped with a pulsed flame
photometric detector (GC-PFPD) was used to measure
atmospheric DMS (DMSa) (Swan et al., 2015; Swan et al., 2017).

A water pump and a 60 m suction-rated pipe were used to
pump seawater from the Heron Island reef flat to the Heron
Island Research Station (HIRS), where all instruments were
operated. The seawater inlet was attached to a cinder block 50
cm above the sediment bed and about 50 cm below the low-tide
mark. A non-return valve and a 1 mm mesh net were placed
around the suction pipe inlet to prevent large pieces of sediment
and seaweed getting through the suction line. The mesh was
cleaned every 2-3 days to prevent biofouling. Part of the pumped
seawater was diverted into a showerhead exchanger that was
connected in line with the cavity-ring-down spectrometer for
CH4 and CO2 measurements, while the remainder was diverted
to the HIRS’ flow-through seawater recycling system. The
recycling water outlet was used to manually sample seawater at
a low flow rate using a 50 mL syringe for DMSw analysis. A
HYDROLAB HL4 sonde was placed within 1 m of the water
intake to record seawater temperature, salinity, dissolved oxygen
(DO), and depth, every 15 min. Tide predictions were sourced
from the Bureau of Meteorology (BoM) with low tide times
locally adjusted +1.25 h for the Heron Island reef flat according
to Swan et al. (2017).
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An air intake consisting of ~10 m Teflon™ tubing was fixed
to the roof of the HIRS, within ~100 m in line of sight to the reef
flat location where seawater was continuously pumped from. The
air intake was shielded from rain. A wireless automated weather
station (AWS, model XC0348, Electus Distribution) mounted
within 1 m of the air intake provided data for wind speed (WS, ±
1 m s-1 for WS < 10 m s-1 and ± 10% for WS > 10 m s-1), wind
direction (WD), rainfall, air temperature (± 1°C), humidity (±
5%) and barometric pressure (± 3hPa), at 5-min intervals.
Meteorological data at 5 min intervals was used to match to
the 15 min interval chemical measurements. Solar irradiance at
the proximity of the air intake was recorded using a HOBO
(Onset Co., USA) light logger (upper limit ~6000 mE m-2 s-1).
Light intensity HOBO Lux units were adjusted to a maximum
light intensity of 2000 mEm−2 s−1. First and last daytime lights
were at 5:14 and 18:57 respectively on average over the sampling
period. An air quality monitor laser particle counter (Dylos
DC1700, Dylos Corp, CA, USA) was used to record 1-min
averaged particle number concentrations at ambient humidity
in the two size range fractions 0.5-2.5 μm and > 2.5 μm every 15
min. The air quality monitor was placed in a shielded location
near the air intake.

2.2 DMSw and DMSa Measurements
DMSw concentrations were determined in triplicate every 15 min
by placing 10 mL of seawater into a 50 mL sample tube that was
manually shaken for 1 min, then pressurised with 30 mL of air
and injected onto the chemiluminescence device (VG-CL)
(Nagahata et al., 2013). When DMSw mixes with ozone in the
VG-CL, it generates an instant chemiluminescent emission
where the light intensity is converted into a quantifiable
electrical signal. The injection tube was rinsed with deionised
water in between each injection to prevent analyte carry-over. A
6-point calibration was run at the beginning of the field
campaign, and either a 4 nM or 10 nM DMSP standard was
randomly run each day to monitor the reproducibility and
stability of the system over time. Because these measurements
are labour-intensive and could not be automated, sampling
occurred at random times of the day and night over the 2-
week field campaign.

DMSa concentrations were determined on the GC-PFPD
using an automated cryogenic trapping system that collected
~4L of air for analysis, providing a 0.1 nmol m-3 (0.002 ppb) limit
of detection. The expanded relative measurement uncertainty of
the automated GC-PFPD was 13% (k = 2, for a 95% CI). A
complete description of the configuration, operation, calibration,
and uncertainty analysis of the automated GC-PFPD is described
by Swan et al. (2015).

2.3 Flux Calculations
Sea-to-air DMS fluxes were estimated based on the different
parameterisations proposed by Liss and Merlivat (1986) (LM86),
Nightingale et al. (2000) (N00) and Wanninkhof (2014) (W14)
and by applying the approach of Lana et al. (2011) (L11) (see
details in Supplementary Table 1). The sea-to-air DMS fluxes
and uncertainties presented here correspond to the median and
standard error of these combined fluxes.
Frontiers in Marine Science | www.frontiersin.org 366
Briefly, sea-to-air fluxes of DMS (FDMS) (in μmol m-2 d-1)
were estimated based on the following equation:

FDMS = KT(Cw –aCg) (2)

Where KT is the gas transfer velocity constant (in m d-1), a is
the dimensionless Henry’s Law constant and Cw and Cg are DMS
concentrations (in μmol m-3) in the water and gas phase,
respectively, with each parameterisation using a different
approach to estimate KT.

The dimensionless Henry’s Law Constant (a) for DMS
solubility in seawater was calculated using the following
equation:

a = 1=HK x RT (3)

Where HK (atm L mol-1) is the Henry’s Law Constant for
DMS, R is the universal gas constant (0.082 L atm K−1 mol−1)
and T is the seawater temperature in Kelvin. HK was calculated
based on the following equation by Dacey et al. (1984):

HK = e −3547=T +12:64ð Þ (4)

Sea-to-air CH4, CO2 and O2 fluxes were calculated based on
the parameterisation approaches proposed by Ho et al. (2006)
and Wanninkhof (2014). Atmospheric concentrations were
assumed to be constant (CH4 1.8 ppm, CO2 400 ppm and O2

21000 ppm). Solubility coefficients for CH4 (Wiesenburg and
Guinasso Jr, 1979), CO2 (Weiss, 1974) and O2 (Benson and
Krause Jr, 1984) were calculated based on temperature
and salinity.

2.4 Reef Production
Reef DMS, CH4, CO2 and O2 production (RP, mol m-2 h-1) were
calculated around each low tide using the following equation:

RP =  
DCw
DT

x  D   +
MeanFlux

24
(5)

Where DCW is the difference in dissolved concentrations
between the highest point following low tide and the actual
low tide, DT is the time difference between these 2 points, D is the
average depth for that time period and MeanFlux is the average
sea-to-air flux for that period.
2.5 Statistical Analysis
The significance of the correlations between DMS, CH4, CO2 and
O2 were evaluated using the Pearson correlation method. Given
that DMS and CH4 showed the strongest correlation (R2 =
0.7526, p <0.00001, n = 93), we specifically assessed what
drives DMS and CH4 fluxes by carrying out stepwise multiple
linear regressions (MLRs) against seven potential predictors and
their interactions (salinity, pH, depth, wind direction, dewpoint,
windchill and solar irradiance). In order to avoid over-fitting and
find a balance between model complexity and explanatory
power, we followed a backward elimination process based on
the Akaike Information Criter ion (AIC, detai ls in
Supplementary Figure 1) starting with all seven potential
measured predictors. Note that we opted not to include
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temperature and wind speed, which are covariates in flux
calculations. Windchill and dewpoint are influenced by air
temperature, which is not a covariate in flux calculations, and
wind direction is not correlated to wind speed. Calculations were
performed using the functions “boxplot”, “stepwisefit”, and
“plotEffects” in MATLAB.
3 RESULTS

3.1 Environmental Data
Sea surface temperature (SST) within the Heron Island reef
lagoon fluctuated between 25.0 and 29.2°C over the course of
the campaign with an average SST of 27.3 ± 0.94°C. Salinity and
pH were on average 37.0 ± 0.25 ppt and 8.18 ± 0.19, respectively.
Seawater depth ranged from 0.46 to 1.38 m, 10 m wind speed
from 0 to 9.20 m s-1, windchill from 21.3 to 29.9°C, dewpoint
from 20.0 to 23.4°C and light intensity from 0 to 2000 μE m-2 s-1.

3.2 Sea-to-Air Fluxes and Relationships
Sea-to-air DMS fluxes varied from not-detectable to 69.5 μmol m-2

d-1 with an average flux of 24.9 ± 1.81 μmol m-2 d-1 (mean± SE, n =
93; Figure 1A). Sea-to-air CH4 fluxes varied from -0.12 to 3.91
μmol m-2 d-1 with an average flux of 1.36 ± 0.11 μmol m-2 d-1

(Figure 1B). Atmospheric CO2 and O2 fluxes varied from -15.4 to
30.7 mmol m-2 d-1 and from -188 to 403 mmol m-2 d-1, with mean
CO2 and O2 fluxes of 0.30 ± 0.71 and 70.5 ± 12.3 mmol m-2 d-1,
respectively (Figures 1C, D).
Frontiers in Marine Science | www.frontiersin.org 467
All 24h-integrated sea-to-air fluxes showed a diurnal trend
with DMS, CO2 and CH4 fluxes being generally greater at night
than during the day while O2 fluxes showed the opposite trend
(Figure 1). Sea-to-air CO2 fluxes showed the most variability
during the first hours of sunlight while DMS and O2 fluxes
showed the most variability between dusk and midnight. CH4

fluxes showed the most variability both at night and during the
first hours of sunlight.

Sea-to-air O2 fluxes negatively correlated with DMS (R2 =
0.0569, n = 93, p = 0.02), CH4 (R

2 = 0.1476, n = 93, p < 0.001)
and CO2 (R

2 = 0.346, n = 93, p <0.00001), although the negative
relationship between O2 and CO2 was clearly the strongest
(Figure 2). Sea-to-air CO2 and CH4 fluxes were weakly
positively correlated (R2 = 0.1709, n = 93, p <0.001) while
CO2 and DMS fluxes were not significantly correlated (R2 =

0.0242, n = 93, p > 0.05). Sea-to-air DMS and CH4 fluxes
showed the strongest positive correlation (R2 = 0.7526, n = 93; p
< 0.00001).

Dissolved DMS, CH4, CO2 and O2 concentrations are presented
in the supplementary material (Supplementary Figure 2). Because
fluxes are calculated based on concentrations and transfer velocity,
and the transfer velocity is shared across fluxes, the relationships
between dissolved DMS and dissolved CH4, CO2 and O2

concentrations were also plotted. Dissolved DMS concentrations
positively correlated with dissolved CH4 (R

2 = 0.7706, n = 93) and
CO2 (R

2 = 0.2273, n = 93) concentrations and negatively correlated
with dissolved O2 concentrations (R2 = 0.3847, n = 93)
(Supplementary Figure 3, p < 0.00001).
FIGURE 1 | 24-h integrated DMS (A), CH4 (B), CO2 (C) and O2 (D) fluxes from the Heron Island reef, southern Great Barrier Reef, for the period 4-17 February,
2016. Shaded areas represent hours of darkness.
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3.3 Multiple Linear Regressions
The backward elimination process used in the stepwise Multiple
Linear Regressions (MLRs) revealed that salinity, pH, depth, wind
direction, dewpoint and wind chill were the six main drivers of sea-
to-air DMS fluxes and that pH, depth, wind direction, dewpoint,
wind chill and light were the six main drivers of CH4 fluxes
(Table 1). The linear fit between measured and predicted DMS
and CH4 fluxes exhibited an R2 of 0.717 and 0.631 (n = 93, p
<0.00001), respectively (Figures 3A, B). The most negative drivers
ofDMSemissionswerewindchill andpHwhereas themostpositive
driver was wind direction (Figure 3C). Similarly, themain negative
and positive drivers of CH4 emissions were pH and wind direction,
respectively (Figure3D).Whenplottingwinddirection (in azimuth
degrees) againstDMS andCH4fluxes (Supplementary Figure 4), it
Frontiers in Marine Science | www.frontiersin.org 568
appeared that the wind direction leading to the greatest DMS and
CH4 emissions was predominantly at 180°, which corresponds to
the direction of the dominant southerly trade winds at
Heron Island.

3.4 Reef Production
The DMS reef production exhibited positive values at all times,
with a few sporadic spikes around peak hours of sunlight (~
11:00) and in the middle of the night (~23:00) (Figure 4A).
Although an order of magnitude lower, the CH4 reef production
was also positive at all times but with greater values recorded at
night (Figure 4B). The CO2 reef production was positive at night
and for the first half of the day but negative from about 12:00 to
20:00 (Figure 4C). As expected, the O2 reef production was
(A) (B)

(D) (E) (F)

(C)

FIGURE 2 | Correlations between sea-to-air fluxes of CH4 and O2 (A), CO2 and O2 (B) and CO2 and CH4 (C) as well as between fluxes of DMS and CH4 (D), O2

(E) and CO2 (F). Trendlines, regression equation and R2 values are displayed for each correlation.
TABLE 1 | Multiple Linear Regression (MLR) statistics (estimated coefficient, standard error – SE; t and p values), describing sea-to-air DMS and CH4 fluxes in
response to various environmental variables (salinity, pH, depth, wind direction – WD, dewpoint – DP, windchill – WC and light) with interactions, for the best six-
variable model using the Akaike Information Criterion (AIC, Supp. Mat.), i.e. lowest number (compare to Figure 3).

DMS Estimate SE t p CH4 Estimate SE t p

(Intercept) 19054 2785 6.841 <0.001 (Intercept) 999.7 174.9 5.717 <0.001
salinity 22.42 5.333 4.203 <0.001 pH -122.9 21.27 -5.778 <0.001
pH -2419 348.3 -6.944 <0.001 depth 19.07 5.476 3.483 0.001
depth 211.4 88.35 2.393 0.019 WD 0.025 0.005 4.679 <0.001
WD 0.321 0.078 4.132 <0.001 DP -44.22 7.805 -5.666 <0.001
DP -651.5 121.1 -5.382 <0.001 WC 0.371 0.199 1.868 0.065
WC -203.1 56.71 -3.581 0.001 light -0.024 0.010 -2.476 0.015
pH:DP 79.02 14.73 5.366 <0.001 pH:DP 5.371 0.948 5.664 <0.001
pH:WC 24.78 7.047 3.517 0.001 pH:light 0.003 0.001 2.462 0.016
depth:WD -0.312 0.090 -3.474 0.001 depth:WD -0.027 0.006 -4.507 <0.001
depth:WC -6.458 3.482 -1.854 0.067 depth:WC -0.579 0.212 -2.734 0.008
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essentially positive during the day until dusk, and negative at
night (Figure 4D).

3.5 Particle Number Concentrations
and Their Relationship With Wind
Speed and DMS Exchange
Over the course of the study, intermediate (< 0.5-2.5 μm) and large
(> 2.5 μm) aerosol particle number concentrations averaged 5.51 x
106 ± 1.73 x 105 m-3 and 1.15 x 106 ± 4.63 x 104 m-3, respectively
(Figures 5A, B). Particle numbers in the 0.5μm-2.5 μmportion size
fraction were highest in the early morning (7:00 and 11:00) and
again at the end of the day around and following sunset (from18:30
to 20:00). Particle numbers in the > 2.5 μm size fraction occurred
slightly later in the morning (~11:00), early afternoon (11:00 to
15:00) and in the evening between 18:30 and 20:00.

Wind speed positively correlated with the abundance of
intermediate (R2 = 0.3337, n = 93, p < 0.0001) and large (R2 =
0.1424, n = 93, p = 0.0002) aerosol particles (Figures 5C, D). Sea-
to-air DMS fluxes also positively correlated with the abundance
of intermediate (R2 = 0.1669, n = 93, p = 0.0001) and large (R2 =
0.0869, n = 93, p = 0.004) aerosol particles (Figures 5E, F).
4 DISCUSSION

4.1 Flux Estimations
DMS fluxes reported in this study (Min = not-detectable, Max =
69.5 μmol m-2 d-1, Mean = 24.9 ± 1.81 μmol m-2 d-1, n = 93) fell
Frontiers in Marine Science | www.frontiersin.org 669
within the range of previously reported sea-to-air DMS fluxes for 5
coral reef systems across the Great Barrier Reef, which varied from
not-detectable to 153 μmol m-2 d-1 in the austral summer wet
season (Jones et al., 2018). However, seasonal DMS fluxes
recorded in the current study were about five and four times
greater on average than the 2012 summer wet season study
conducted on Heron Island (5.0 μmol m-2 d-1, n = 651) (Swan
et al., 2017) and the average DMS fluxes reported by Jones et al.
(2018) (6.4 μmol m-2 d-1, n = 237), respectively. Since DMSa
(mean ± SD) at Heron Island in the 2012 and 2016 summers were
similar (i.e. 3.9 ± 1.5, n = 651, and 3.7 ± 0.8, n = 761 nmol m-3,
respectively, data not shown), the high fluxes in this study most
likely result from temporally elevated DMS production in the
Heron Island reef lagoon in the year 2016 or on the section of
the Heron Island reef flat where seawater samples were collected.
The significant differences in the average DMS fluxes for the
summers of 2012 and 2016 at Heron Island might also reflect
differences in the employed flux calculation (photochemical
ambient mass balance approach used by Swan et al. (2017) as
opposed to the gradient method flux calculation used in this
study). Similarly, Jones et al. (2018) used the LM86 gradient
method flux parameterisation, which was shown to give much
lower flux estimates than the other gradient method flux
parameterisations used in the current study (see Supplementary
Table 1), hence indicating that the approach employed can lead to
significantly different values. The estimated flux difference might
also reflect the limitations of the non-automated VG-CL
instrument used in this study, which ultimately led to
(A) (B)

(C) (D)

FIGURE 3 | Linear fits through in situ and predicted sea-to-air DMS (A, R2 = 0.717) and CH4 (B, R2 = 0.631) fluxes by the stepwise Multiple Linear Regression
(MLR) model with the lowest Akaike Information Criterion (AIC) with six main variables, and resulting main effect sizes of salinity, pH, depth, wind direction (WD),
Dewpoint (DP) and Wind Chill (WC) for DMS fluxes (C) and of pH, depth, WD, DP and WC and light for CH4 fluxes (D) (compare to Table 1).
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preferential DMSw sampling during the day and evenings, with a
lack of night-time measurements to match with the continuous
DMSa measurements.

Sea-to-air fluxes for CH4 (Min = −0.12 μmol m-2 d-1, Max =
3.91 μmol m-2 d-1, mean = 1.36 ± 1.03 mmol m-2 d-1) and CO2

(Min = −15.4, Max = 30.7 mmol m-2 d-1, mean = 0.30 mmol m-2

d-1) were consistent with previously reported water-air fluxes for
the Great Barrier Reef (3.4 ± 0.1 μmol m-2 d-1 (O’Reilly et al.,
2015) and 2.2 ± 0.5 μmol m-2 d-1 (Reading et al., 2021) for CH4;
−5.4 ± 0.8 mmol m-2 d-1 (O’Reilly et al., 2015), 1.44 ± 0.15 mmol
m−2 d−1 (Lønborg et al., 2019) and 1.9 ± 0.4 mmol m-2 d-1

(Reading et al., 2021) for CO2).
Sea-to-air O2 fluxes in this study (Min = −188 mmol m-2 d-1,

Max = 403 mmol m-2 d-1, mean = 70 ± 12 mmol m-2 d-1) were
similar to water-air fluxes reported for a Puerto Rican coral reef,
with rates varying between −285 and 329 mmol m-2 d-1 (McGillis
et al., 2011). However, they were rather low compared to O2

fluxes reported for another coral reef system in the Florida Keys,
(Min = −450 mmol m-2 d-1, Max = 4500 mmol m-2 d-1) (Long
Frontiers in Marine Science | www.frontiersin.org 770
et al., 2013), which most likely reflects differences between the
phototrophic communities of different reef systems (e.g. algal
versus coral cover, phytoplankton composition).
4.2 The Interplay Between DMS and CH4
The strong positive correlation between water-air DMS and CH4

fluxes (R2 = 0.7526) suggests that DMS and CH4 emissions from
the Heron Island reef lagoon are closely linked. Further to this
observation, the MLR analysis revealed that sea-to-air DMS and
CH4 fluxes were both driven by pH, depth, wind direction,
dewpoint and wind chill. This indicates that DMS and CH4

fluxes are driven by very similar environmental factors, thus
potentially explaining part of the correlation between DMS and
CH4 emissions at the Heron Island reef lagoon. Dissolved
concentrations of DMS and CH4 were also strongly correlated
(Supplementary Figure 3), which indicates that the production
of DMS and CH4 in this reef system is also intimately linked. In
contrast there was no clear correlation between the RPs of DMS
FIGURE 4 | 24h-integrated reef production (RP) for DMS (A), CH4 (B), CO2 (C) and O2 (D) calculated around each low-tide period. Shaded areas represent hours
of darkness.
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and CH4, which suggests that DMS and CH4 were subject to
different accumulation rates and thus to different production
and/or degradation processes.

DMS production mainly relies on the enzymatic cleavage of
DMSP in the water column (Simó, 2001) while methanogenesis
mainly depends on the conversion of CO2 and acetate into CH4

under anaerobic conditions (Liu and Whitman, 2008), which
most likely occurs in marine sediments in coral reef ecosystems
(Deschaseaux et al., 2019; Reading et al., 2021). The main sinks of
dissolved DMS are expected to be biological and photochemical
Frontiers in Marine Science | www.frontiersin.org 871
oxidation (del Valle et al., 2009) as well as emission fluxes from
the water column to the atmosphere (Lana et al., 2011). Similarly,
oceanic emissions (Weber et al., 2019) and microbial oxidation
to CO2 through both aerobic and anaerobic pathways (Pain et al.,
2019) are considered the main sinks of dissolved CH4 in marine
systems. However, the rate and magnitude of DMS and CH4

sinks rely on different degradation processes (e.g. microbial
communities, vertical distribution in the water column). For
instance, the magnitude of the aerobic and anaerobic CH4

oxidation sinks is dictated by oxygen gradients and
FIGURE 5 | 24h-integrated abundance of intermediate (0.5-2.5 µm) (A) and large (>2.5 µm) (B) aerosol particles and their relationships with wind speed (C, D) and
sea-to-air DMS fluxes (E, F), respectively. Shaded areas represent hours of darkness.
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groundwater residence time, respectively (Pain et al., 2019). The
different sources and sinks of DMS and CH4 in coral reef systems
thus most likely explain the divergence in correlation between
DMS and CH4 sea-to-air emissions on one hand and the RPs of
DMS and CH4 on the other hand.

At the Heron Island reef lagoon, negative correlations were
found between dark DMS and CH4 fluxes from permeable
carbonate coral reef sediments to the water column (Deschaseaux
et al., 2019), suggesting that part of the DMS produced in coral reef
sediments was degraded to CH4 under dark anoxic conditions, most
likely by anaerobic methanogens (Kiene and Visscher, 1987).
However, CH4 production can also occur under aerobic
conditions and across all living organisms, including marine
phytoplankton (Klintzsch et al., 2019; Ernst et al., 2022). As such,
DMS-to-CH4 hydrolysis may not only occurs in permeable
carbonate coral reef sediments, but also in reef waters through
phytoplankton activity and possibly within the coral tissue, where
DMS plays a major role in structuring coral-associated bacterial
communities (Raina et al., 2010).

Growing evidence shows that organic compounds containing
sulfur- bonded methyl groups such as DMS are a source of CH4

under both anaerobic and aerobic conditions (Liu and Whitman,
2008; Ernst et al., 2022), with CH4 production by certain bacteria
being enhanced in the presence of reactive oxygen species under
oxidative stress (Ernst et al., 2022). DMS concentrations in
marine algae and corals also increase under oxidative stress
due to DMS being used as an antioxidant (Sunda et al., 2002;
Deschaseaux et al., 2014). This suggests that the increase in CH4

production might be due to more sulfur-methylated compounds
made readily available to methylotrophs in various types
of organisms.

It was estimated that DMS contributes up to 28% of CH4

production in various marine systems (Kiene, 1988; Florez-Leiva
et al., 2013), which couldwell be the case for coral reef ecosystems. At
the Heron Island reef lagoon, it was estimated that a small portion
(~6.5%) of the CH4 produced in coral reef sediments under dark
anoxic conditions might originate from DMS (Deschaseaux et al.,
2019). Here, the slope of the regression between DMS and CH4

indicates that 0.05 mole of CH4 is emitted for each mole of DMS
being emitted to the atmosphere. This shows that sea-to-air CH4

emissions from theHeron Island reef lagoon represents 5% of that of
DMS, which is consistent with the average sea-to-air DMS (24.9 ±
1.81 μmol m-2 d-1) and CH4 (1.36 ± 0.11 μmol m-2 d-1) fluxes
reported in this study. However, without using isotopic tracers, we
cannot draw conclusions on the actual portion of CH4 emissions
from coral reef systems that actually originate fromDMS hydrolysis.

4.3 Drivers of DMS and CH4 in Coral
Reef Systems
In addition to pH, depth, wind direction, dewpoint and wind
chill, DMS emissions were also positively driven by salinity.
These findings could be counter intuitive given that the most
intense plume of DMS measured over the Heron Island reef
occurred in the winter of 2013 at low tide when rainfall on the
aerially exposed reef apparently caused a combined hypo-salinity
osmotic and hypo-thermic temperature shock to the coral (Swan
Frontiers in Marine Science | www.frontiersin.org 972
et al., 2017). However, salinity in this study only ranged from
36.4 to 37.4 ppt, and thus DMS emissions under rainfall at low
tide was not captured. Nevertheless, it could also be that it was
not only low salinity that led to high DMS emissions reported by
Swan et al. (2017), but also temperature stress and/or other rain-
induced environmental conditions. For instance, rain increases
transfer velocity (Ho et al., 1997), which could explain the higher
emissions in Swan et al. (2017) under rainfall at low tide.

Similarly, in addition to pH, depth, wind direction,
dewpoint and wind chill, CH4 emissions were also negatively
affected by light whereas previous studies show that CH4

production by phytoplankton was accentuated under
increased light conditions (Klintzsch et al., 2020). Given that
light mainly influences photosynthesis and O2 production in
biological systems, this data suggests that light-driven O2

production might negatively impact CH4 production or lead
to enhanced CH4 oxidation in coral reefs. This is consistent
with sea-to-air O2 fluxes being negatively correlated with both
CH4 and CO2 in this study, with CO2 being a precursor of CH4

production (Liu and Whitman, 2008). Although CH4 can
originate from various biogenic sources in the presence of
oxygen (Ernst et al., 2022), it could be that the main source
of CH4 in coral reef systems are methanogen-rich permeable
carbonate sediments (Deschaseaux et al., 2019), which are
productive under dark anoxic conditions.

Maximum dissolved DMS and DMSP concentrations in coral
reef systems coincide with low pH, especially over areas
dominated by seagrass and macroalgae (Burdett et al., 2013),
which is consistent with pH negatively affecting DMS emissions
in the current study. Coral-reef DMS emissions are thus expected
to increase under low pH conditions, possibly due to macroalgae
using DMSP to maintain metabolic functions during periods of
low carbonate saturation state (Burdett et al., 2013). Sea-to-air
CH4 fluxes at Heron Island were also negatively correlated with
pH, which suggests that ocean acidification may increase CH4

emissions in coral reef systems, possibly due to low pH
enhancing organic matter degradation in coral reefs like it is
the case in seagrass sediments (Ravaglioli et al., 2020).

Spikes in DMS emissions at the Heron Island reef lagoon were
previously detected at low tide generally under low wind speeds <
2 m s-1 (Swan et al., 2017), which agrees with depth being a
negative driver of DMS emissions in this study. On the other
hand, it is unknown whether dewpoint and windchill have ever
been considered as environmental factors driving DMS and CH4

emissions in marine systems, although it seems that low
dewpoint and air temperatures coincided with high DMS and
CH4 emissions at the Heron Island reef system. This suggests
that air temperature also plays a role in the gas transfer velocity
of DMS and CH4, most likely as it influences water temperature
and thus the temperature-dependent gas solubility of these
two compounds.

DMS and CH4 emissions were highest under southerly winds,
which travelled over the Heron Island’s reef and the adjacent
large Wistari reef, directly south of our sampling site. This
indicates that Wistari reef is possibly the major source of
coral-reef-derived DMSa measured at Heron Island and that
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coral reefs are a more predominant source of DMS and CH4 than
the surrounding ocean.

4.4 DMS and Climate in Coral Reef Systems
Although there is insufficient information to attribute the
particle counts in this study to new particle formation, because
the measured size ranges are far above that of new nanoparticles
(Clarke et al., 2006), it was interesting to see that sea-to-air DMS
fluxes positively correlated with intermediate (0.5-2.5 μm) and
large (> 2.5 μm) particles, and that a stronger correlation
occurred between DMS emissions and the abundance of
particles in the intermediate size range. This likely indicates
that DMS oxidation products possibly contributed to the growth
of existing particles within the 0.5-2.5 μm measured size range,
which are suspected to be predominantly sea spray aerosols
(SSA) (Quinn et al., 2015). Given that number concentrations of
intermediate size particles were correlated with wind speed (R2 =
0.3337, Figure 5C) and that wind speed is a covariate in DMS
flux, the observed correlation is expected to be linked to wind
speed, which exchanges more DMS and SSA from the ocean.
Given that coral-reef derived DMS and CH4 emissions could be
linked, with a small portion of DMS being hydrolysed to CH4 in
the water column, and that CH4 is a GHG with a stronger
greenhouse potential than that of CO2 (Shine et al., 2005), it is
important to consider both dissolved DMS and CH4 when
predicting BVOC and GHG emissions from marine systems.

5 CONCLUSION

To our knowledge, this study is the first to simultaneously
measure and report sea-to-air DMS fluxes alongside sea-to-air
CH4 fluxes in a coral reef ecosystem. Depth, pH, wind direction,
dewpoint and wind chill were common drivers of DMS and CH4

emissions at Heron Island, a coral reef system on the southern
Great Barrier Reef. Additionally, salinity was a positive driver of
DMS emissions while light negatively affected sea-to-air CH4

fluxes. This research also showed the strong correlation that
exists between DMS and CH4 emissions at Heron Island.
Although it is not possible at this stage to estimate the portion
of CH4 that derives from DMS hydrolysis, it is clear that DMS
and CH4 emissions from the Heron Island reef are intimately
linked, with potential consequences on ocean warming. DMS
emissions were well correlated with the abundance of
intermediate size particles (0.5-2.5 μm), which indicates that
DMS contributes to the growth of existing aerosol particles,
which could eventually form cloud condensation nuclei and
induce cloud-mediated cooling on a local scale. This study
Frontiers in Marine Science | www.frontiersin.org 1073
highlights the complexity of BVOC and GHG co-emissions
and the potential impact they may have on the regional
climate of the Great Barrier Reef.
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Marine dimethylsulfide (DMS) is an important source of natural sulfur to the

atmosphere, with potential implications for the Earth’s radiative balance. Coral

reefs are important regional sources of DMS, yet their contribution is not

accounted for in global DMS climatologies or in model simulations. This study

accounts for coral-reef-derived DMS and investigates its influence on the

atmosphere of the Great Barrier Reef (GBR), Australia, using the Australian

Community Climate and Earth System Simulator Atmospheric Model version 2

(ACCESS-AM2). A climatology of seawater surface DMS (DMSw) concentration

in the GBR and an estimate of direct coral-to-air DMS flux during coral

exposure to air at low tide are incorporated into the model, increasing DMS

emissions from the GBR region by 0.02 Tg yr-1. Inclusion of coral-reef-derived

DMS increased annual mean atmospheric DMS concentration over north-

eastern Australia by 29%, contributing to an increase in gas-phase sulfate

aerosol precursors of up to 18% over the GBR. The findings suggest that the

GBR is an important regional source of atmospheric sulfur, with the potential to

influence local-scale aerosol-cloud processes. However, no influence on

sulfate aerosol mass or number concentration was detected, even with a

reduction in anthropogenic sulfur dioxide emissions, indicating that DMS

may not significantly influence the regional atmosphere at monthly, annual

or large spatial scales. Further research is needed to improve the representation

of coral-reef-derived DMS in climate models and determine its influence on

local, sub-daily aerosol-cloud processes, for which observational studies

suggest that DMS may play a more important role.
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1 Introduction
Aerosols and clouds play a key role in the Earth’s radiative

budget and climate by governing the amount of incoming and

outgoing solar radiation and heat (Ramanathan et al., 1989;

Andreae, 1995). Since the industrial revolution, anthropogenic

greenhouse gas (GHG) emissions have exerted an average global

radiative forcing of +2.72 (1.96 to 3.84) W m-2 (IPCC, 2021).

Anthropogenic and natural aerosols have partially offset this

warming effect through scattering of incoming short-wave

radiation (aerosol-radiation interactions) (McCormick and

Ludwig, 1967) and influencing the albedo, lifetime and cover

of clouds (aerosol-cloud interactions) (Twomey et al., 1984).

In comparison to GHG emissions, the influence of aerosols

on the climate is complex and less well quantified due to

uncertainties in aerosol source strengths and their radiative

effects (Twomey, 1974; Andreae and Rosenfeld, 2008).

Consequently, estimates of aerosol radiative forcing range

from -1.9 to -0.1 W m-2 (IPCC, 2013; IPCC, 2014).

Approximately 45% of the variance in aerosol radiative forcing

since the pre-industrial period is derived from uncertainties in

natural aerosol sources, including marine dimethylsulfide

(DMS) (Carslaw et al., 2013).

The precursor of DMS, dimethylsulfoniopropionate (DMSP),

is produced throughout the ocean by a number of marine

organisms including planktonic and benthic algae (Stefels, 2000;

Sunda et al., 2002), corals and their endosymbiotic dinoflagellates

(Raina et al., 2013), and marine bacteria (Curson et al., 2017).

DMSP is produced for a range of physiological and ecological

functions (Stefels, 2000; McParland and Levine, 2019). Catabolism

of DMSP is mediated by the demethylation and cleavage

pathways, with the latter producing DMS (Bullock et al., 2017).

Seawater surface DMS (DMSw) is ventilated to the marine

boundary layer (MBL) where it is rapidly oxidized, primarily by

hydroxyl radicals (OH), to sulfate aerosol precursor gases

including sulfur dioxide (SO2), methanesulfonic acid (MSA),

hydroperoxymethyl thioformate (HPMTF) and sulfuric acid

(H2SO4) (Andreae and Crutzen, 1997; Berndt et al., 2019;

Hodshire et al., 2019; Veres et al., 2020).

Sulfuric acid, an aerosol precursor, may condense onto

existing particles, facilitating growth to cloud condensation

nuclei (CCN), or nucleate to form new non-sea salt sulfate (nss-

SO4) aerosol (Andreae and Crutzen, 1997; Woodhouse et al.,

2013). The latter primarily occurs in the free troposphere, where

background aerosol concentration and temperature are relatively

low and conditions are optimal for the nucleation of trace gases

(Korhonen et al., 2008; Sanchez et al., 2018). New nss-SO4

particles may be entrained from the free troposphere to the

MBL and increase the number of CCN and cloud droplets.

When high concentrations of fine aerosol grow rapidly to

CCN, cloud droplet number increases and cloud droplet

diameter decreases (assuming constant cloud liquid water
Frontiers in Marine Science 02
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content), enhancing the albedo and lifetime of clouds and

suppressing precipitation (Rosenfeld et al., 2007; Dave et al.,

2019). Conversely, when CCN activation size is not met, water

vapor may remain in the atmosphere, suppressing local

precipitation and increasing precipitation downwind if

conditions for particle growth are more favorable (Andreae

and Rosenfeld, 2008; Fan et al., 2018).

The influence of DMS on Earth’s radiative balance is

dependent on the efficiency of DMS oxidation and nucleation to

secondary nss-SO4, which ranges from 0.14-0.95 in the MBL (Von

Glasow and Crutzen, 2004). The high range in efficiency is due to

regional variability in pre-existing aerosols and the aerosol

condensational sink (Woodhouse et al., 2013; Hoffmann et al.,

2016). The annual mean contribution of DMS to CCN is

estimated to be 3.3% in the Northern Hemisphere and 9.9% in

the relatively cleaner Southern Hemisphere (Woodhouse et al.,

2010). This response varies with season and location, with the

greatest response occurring in pristine regions of high biological

activity (Korhonen et al., 2008; Lana et al., 2012; Gabric et al.,

2013; Woodhouse et al., 2013; Sanchez et al., 2018; Zavarsky et al.,

2018). For example, when phytoplankton productivity (and DMS

production) increases, DMS-derived sulfates contribute up to 46%

of CCN over the Southern Ocean (30-45°S) in summer

(Korhonen et al., 2008), and 33% of CCN over the North

Atlantic in spring (Sanchez et al., 2018) via new particle

nucleation and particle growth to CCN.

Coral reefs are identified as important regional sources of

DMS (Broadbent and Jones, 2004; Swan et al., 2017; Jones et al.,

2018). In the coral holobiont, DMS(P) production is

upregulated in response to physiological stress caused by

exposure to high sea surface temperature (SST), solar

irradiance and changes in salinity (Raina et al., 2013;

Deschaseaux et al., 2014; Gardner et al., 2016; Hopkins et al.,

2016), all of which can be exacerbated during exposure to air at

low tide (Buckee et al., 2020). This biogenic sulfur source could

facilitate nss-SO4 aerosol nucleation and growth to CCN,

increasing the lifetime and albedo of low-level clouds (LLC)

over coral reefs (similarly to Charlson et al., 1987). Evaporation

over shallow, warm coral reef waters contributes to the

formation of a convective boundary layer (~65-130 m), with

relatively high humidity and temperature that is favourable for

low-level cloud formation (McGowan et al., 2019). It has been

hypothesized that DMS emissions facilitate the formation of a

local or regional negative feedback within the coral reef

boundary layer, shading and cooling the coral reef below

(Fischer and Jones, 2012; Jones, 2015; Jones et al., 2017).

Global modelling studies have found that marine DMS is an

important source of nss-SO4 aerosol, influencing regional

aerosol and cloud microphysical properties (Thomas et al.,

2010; Woodhouse et al., 2010; Gabric et al., 2013; Mahajan

et al., 2015) and providing a cooling effect of up to 0.45°C

(Fiddes et al., 2018). However, with the exception of only two

model studies (Fiddes et al., 2021, 2022), the coral reef source of
frontiersin.org
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DMS is not currently accounted for in DMS climatologies or in

climate models.

Global climate models typically prescribe DMSw
concentration using the Lana et al. (2011) monthly mean

climatology. This climatology was derived from four decades

of DMSw observations over most of the global ocean (Kettle

et al., 1999). However, very few observations were included for

coral reef regions and extrapolation did not account for seasonal

or spatial variability across coral reef flats and lagoon waters.

Only two model studies have investigated the importance of

DMS flux from coral reefs on the climate (Fiddes et al., 2021;

Fiddes et al., 2022). Both of these studies accounted for the coral

reef source of DMSw by adding a scaled laboratory-derived

estimate of 50 nmol L-1 to the Lana et al. (2011) DMSw
climatology for coral reef regions. This method added 0.03

nmol L-1 to the global average seawater concentration and

increased global sea-air emissions by 0.3 Tg yr-1 of DMS,

representing 1.7% of global DMS emission estimates (Fiddes

et al., 2021). This is higher than the estimate of 0.06-0.08 Tg yr-1

of DMS estimated to be released from tropical coral reefs based

on field observations (Jones et al., 2018; Jackson et al., 2021).

Despite the relatively high coral reef DMSw and DMS sea-air

flux source, Fiddes et al. (2021) report only a small response in

nucleation and Aitken mode aerosol number concentration and

mass when the coral reef source of DMS was removed from the

global ACCESS-UKCA (Australian Community Climate and

Earth System Simulator-United Kingdom Chemistry and

Aerosol) model. This suggests that tropical coral reef DMS

emissions have no robust impact on contemporary global or

regional climate, possibly due to confounding impacts of

industrial sulfate emissions and other anthropogenic pollutants

dominating the aerosol signal. Fiddes et al. (2022) demonstrated

similar findings in the GBR region using the regional WRF-

Chem (Weather Research and Forecasting model coupled with

chemistry) model. However, observational studies suggest that

the coral reef source of DMS may influence sulfate aerosol and

LLC properties, at spatial or temporal scales that are perhaps not

captured by global or regional climate models (Modini et al.,

2009; Swan et al., 2016).

For example, positive correlations have been identified

between the number concentration of atmospheric particles

ranging from 0.5-2.5 mm (wet diameter) and both DMS sea-air

flux (Deschaseaux et al., 2022) and DMSa concentration

(Jackson et al., 2020) at Heron Island in the southern GBR.

The magnitude of the correlation between DMSa and particle

number concentration increased during daylight hours, when

DMS oxidation rates over relatively clean oceans are highest

(Gabric et al., 2008; Galı ́ et al., 2013), and when wind speed was

low (< 2 m s-1) (Jackson et al., 2020). Although the observed size

range was larger than newly nucleated particles, the positive

correlation during calm, daylight hours may have reflected local

condensational growth of existing fine particles (< 0.5 mm) to the

larger, detectable size range (Jackson et al., 2020). Therefore,
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DMS-derived sulfates may play an important role in aerosol

composition over the GBR.

A parameterization of DMSw in the Great Barrier Reef

(GBR), Australia, was recently derived from observational data

obtained during Marine National Facility RV Investigator voyage

IN2016_V05 (RVI). This parameterization was used to calculate

a 19-year climatology of DMSw and DMS flux from the GBR

using remotely sensed observations (Jackson et al., 2021). The

calculated DMSw climatology reproduced observed seasonal and

spatial variability well in the GBR (summarized in Jones et al.,

2018) and estimates that the 347,000 km2 of coral reefs and

lagoon waters in the GBR release 0.03-0.05 Tg yr-1 DMS (0.015-

0.026 Tg yr-1 S) (Jackson et al., 2021).

Here, we build on previous modelling work by investigating

the influence of coral-reef-derived DMS on the contemporary and

a relatively clean regional atmosphere. Coral-reef-derived DMS is

accounted for by incorporating a climatology of DMSw calculated

from observational data in the GBR, and an estimate of direct

coral-air DMS flux, into the Australian Community Climate and

Earth-System Simulator Atmospheric Model version 2 (ACCESS-

AM2). The accuracy of DMS sources in the model is evaluated by

comparing model output with observations, and the influence of

coral-reef-derived DMS on the regional atmosphere over north-

eastern Australia is quantified.
2 Materials and methods

2.1 ACCESS-AM2 description

ACCESS-AM2 is a global physical climate model, which

contributed to the World Climate Research Programme’s

Coupled Model Intercomparison Project Phase 6 (CMIP6).

The physical atmospheric model in ACCESS is the Met Office

Unified Model (UM) version 10.6 (Walters et al., 2019). This

version uses the Global Atmosphere 7.1 (GA7.1) configuration

and includes the Global Model of Aerosol Processes

(GLOMAP) aerosol scheme (Mann et al., 2010; Mann

et al., 2012).

GLOMAP-mode resolves aerosol mass , number

concentration, size distribution, composition, and optical

properties. Prognostic aerosol species included in GLOMAP-

mode are sulfate, black carbon, organic carbon and sea salt,

which are internally mixed within five modes corresponding to

soluble nucleation (dry diameter < 5 nm), Aitken (dry diameter

5-50 nm), accumulation (dry diameter 50-500 nm), coarse (dry

diameter > 500 nm) and insoluble Aitken mode. Processes

simulated within GLOMAP-mode include primary emissions,

new particle nucleation, particle growth via coagulation,

condensation and cloud processes, particle removal by dry

deposition, and in-cloud and below-cloud scavenging (Mann

et al., 2010; Mann et al., 2012). Oxidant concentrations necessary

for the sulfur cycle are prescribed from monthly varying inputs.
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Atmospheric variables are resolved at a horizontal resolution

of 1.25° latitude x 1.875° longitude (~135 km x ~200 km

resolution in the low-latitudes), with 85 vertical levels (50

below 18 km and 35 above) reaching a model top of 85 km.

Further details on the physical parameterizations in UM GA7.1

are described in detail in Walters et al. (2019). ACCESS-AM2

uses an identical implementation, of which a detailed description

is provided in Bi et al. (2020). In this work, an atmosphere-only

(ACCESS-AM2) configuration is used (Bodman et al., 2020).
2.2 Experimental design

2.2.1 Seawater surface DMS concentration
In ACCESS-AM2, DMSw is prescribed from the global Lana

et al. (2011) monthly mean climatology, henceforth L11

(Figure 1A). As discussed above, the L11 climatology was

derived from DMSw observations over most of the global ocean

(Kettle et al., 1999). However, very few observations were included

for coral reef regions and extrapolation did not account for

seasonal or spatial variability across coral reef flats and lagoon

waters. For this analysis, L11 is modified to include a climatology of

DMSw derived from an empirical relationship in the GBR (Jackson

et al., 2021), henceforth referred to as the GBR climatology. The

GBR climatology calculated in Jackson et al. (2021) (0.25-degree

grid) was scaled up to the model grid by binning the values to a

resolution of 1.25 x 1.875 degrees. L11 was then modified by
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substituting pixels within the GBR region (10.5-25°S; 142-154°E)

with the GBR climatology, which added an average of 0.5 nmol to

the GBR seawater surface concentration (Figure 1C).

The GBR climatology was derived from an empirical

relationship between DMSw, SST and PAR, measured during

the RVI surveys from 28 September to 24 October 2016. The

RVI surveys were undertaken as part of the ‘Great Barrier Reef

as a significant source of climatically relevant aerosol particles’

project, known as the ‘Reef to Rainforest’ (R2R) campaign.

The RVI path is shown in Figure 1A. The calculated GBR DMS

climatology agrees with the range of observed seasonal and

spatial (lagoon versus reef flat) seawater DMS concentrations

at several locations in the GBR (summarized in Jones et al.,

2018) and is considered to be a reasonable representation of

DMSw produced by corals and other marine organisms in

GBR waters.

2.2.2 DMS sea-air and coral-air flux
DMS sea-air flux is calculated using the Liss and Merlivat

(1986) parameterisation (Figure 1B). Current DMS sea-air flux

parameterisations do not account for direct release of DMS from

coral mucous when the reef is exposed to air during low tide.

Coral aerial exposure is an important, albeit intermittent, source

of atmospheric DMS (DMSa) (Andreae et al., 1983), that can

lead to rapidly released plumes of DMSa over coral reefs (Jones

et al., 2007; Swan et al., 2017). DMSa plumes over aerially

exposed coral reefs are significantly more concentrated than
A

B D

C

FIGURE 1

Annual mean (A) DMSw and (B) DMS sea-air flux based on the L11 climatology, and the change in each variable due to the inclusion of (C) the
GBR DMS climatology and (D) the GBR DMS climatology and coral-air DMS flux. The RVI path (black), Mission Beach (orange) and Heron Island
(yellow) survey locations are shown in (A).
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the background DMSa signal, for which the seasonal average

ranges from approximately 1 nmol m-3 (~25 ppt) in winter to 4

nmol m-3 (~100 ppt) in summer over the GBR (Swan

et al., 2017).

It has been estimated that Acropora corals exposed to air

release 9-35 mmol m-2 d-1 (mean 22 mmol m-2 d-1), according to

measurements of gas-phase DMSa in chamber experiments

containing Acropora corals exposed to air (Hopkins et al.,

2016). To account for direct coral-air DMS flux, the mean of

the Hopkins et al. (2016) laboratory-derived estimate was added

to the modelled DMS sea-air flux, scaled by the percentage of

coral reef cover (i.e. coral-air flux = reef fraction x 22). The

fraction of reef cover was calculated as the number of reef pixels

within a 0.25-degree grid (as determined in Jackson et al., 2021),

using a database of coral reef locations obtained from ReefBase

(https://www.refbase.org) in MATLAB R2020a. The estimate of

coral cover across the GBR ranged from 0.01-34% within the

0.25 degree-resolution grid.

The estimate of coral-air DMS flux used in Jackson et al.

(2021) was scaled up to the model grid by binning the mean

values to a resolution of 1.25 x 1.875 degrees. The resulting coral-

air DMS flux estimate ranged from 0.2-2.6 mmol m-2 d-1 and

added an average of 1.4 mmol m-2 d-1 of DMS to the regional sea-

air flux. Our estimate may be a conservative representation of

coral-air DMS flux, given that it is two orders of magnitude

lower than the 0.01-0.02 Tg yr-1 estimate of Hopkins

et al. (2016).

The approach used to estimate coral-air DMS flux is limited

as it assumes that Acropora spp. are the sole source of DMS and

it does not account for variability in the extent of coral exposure

or the complexity of the reef environment (Hopkins et al., 2016).

Further research is needed to reduce the uncertainty in coral-air

DMS flux, to accurately scale laboratory-derived fluxes to the

natural coral reef environment, and to account for diurnal

variability in DMS coral-air flux and DMSa concentration with

variability in tidal cycles and photo-oxidation rates, respectively.

Nevertheless, inclusion of the coral-air DMS flux estimate

provides a more accurate estimate of total DMS flux from

the GBR.

Incorporating both the GBR climatology and coral-air DMS

flux into the model increased DMS flux from the GBR by an

average of 3 mmol m-2 d-1 (Figure 1D); equivalent to 0.02 Tg yr-1

of DMS. In this study, coral-reef-derived DMS refers to the total

contribution of DMS from corals and other organisms within

the GBR, and includes the GBR DMSw climatology and coral-air

DMS flux estimates described above.
2.3 Analysis

Simulations were run for a 12-month period from January

to December 2016, to coincide with three surveys undertaken
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as part of the R2R campaign in February and September-

October 2016. Meteorology in the model was nudged to the

ERA-5 data set (Hersbach et al., 2020). Although nudging

dampens meteorological responses, this method allows

simulated responses to be attributed to a change in an

independent variable (e.g. DMSw and coral-air DMS flux),

while eliminating the need to run computationally expensive,

long-term simulations to account for internal model

variability. Nudging also allows the best comparison with

field observations, by minimising uncertainty associated

with meteorology.

As part of the R2R campaign, measurements were taken on

board the RVI from 28 September to 24 October 2016. During

the same period, shore-based measurements were made using

the Atmospheric Integrated Research Facility for Boundaries

and Oxidative Experiments (AIRBOX) mobile atmospheric

chemistry laboratory at Mission Beach (17.82°S; 146.12°E)

from 20 September to 16 October 2016. An overview paper

describing these two field campaigns and datasets is currently in

preparation (Trounce et al.,). A prior survey was undertaken at

Heron Island (23.44°S; 151.91°E) on the southern GBR from 5 to

18 February 2016 (Swan and Jones, 2017; see also Deschaseaux

et al., 2022). The RVI path, Mission Beach and Heron Island

survey locations are shown in Figure 1A. A brief description of

these surveys undertaken for the R2R campaign and methods

used are provided in the Supplementary Information (SI).

To investigate whether the model output represents

observations, modelled DMSa (parts per trillion or pmol mol-1)

and wind speed (m s-1) are compared with hourly mean

observations for the RVI, Mission Beach and Heron Island survey

periods and coordinates (± 0.05 degrees). Given the coarse model

resolution, modelled DMSa and wind speed were first interpolated

to a 0.1-degree (~10 km) grid using a linear interpolation in

MATLAB v2020a.
2.3.1 Experiment 1
For the control simulation, DMSw was prescribed from the

oceanic L11 climatology (Figure 1A). For the experimental

simulation, DMSw in the GBR region is prescribed from the

GBR climatology and includes the estimate of coral-air DMS flux

(henceforth GBR DMS). The change in annual mean DMSa, gas-

phase SO2 and H2SO4 (ppt), sulfate aerosol mass (ppt), the

number concentration of aerosol in the four soluble GLOMAP

size modes (m-3), aerosol with dry diameter greater than 3 nm

(N3) (cm-3), CCN with dry diameter greater than 70 nm

(CCN70) (cm-3) and cloud droplets (Nd) (m-3), and surface

downwelling short-wave radiation (SWR) (W m-2) is then

quantified between the control and experimental simulations

over north-eastern Australia (9.5-26°S; 135-155°E). The analysis

focused on this region to capture changes due to the inclusion of

coral-reef-derived DMS.
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2.3.2 Experiment 2

Given the global and Australian Government initiatives to

shift towards renewable energy, anthropogenic sulfur emissions

may decline in future. Therefore, it is important to understand

the relative importance of biogenic and anthropogenic sulfate

aerosol sources, and the effects of a change in emissions on the

aerosol system. The influence of coral-reef-derived DMS in a

relatively clean atmosphere is investigated by repeating the

control and experimental simulations described above, with

high level anthropogenic SO2 emissions from north-eastern

Australia removed from the model. ‘High level’ anthropogenic

SO2 in ACCESS-AM2 includes 100% of energy sector emissions,

and 50% of industrial emissions. Given that the focus of this

study is on atmospheric sulfate, other anthropogenic emissions

(e.g. black carbon) were not modified, but could also have

an impact.
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3 Results

3.1 Comparison of observed and
modelled data

Simulations using L11 and GBR DMS performed similarly in

predicting observations of DMSa at the local, hourly scale

(Figures 2A–C). Both L11 and GBR DMS sources

overestimated observed DMSa during the R2R surveys

(Table 1). Given that the nudged model simulations predicted

observed wind speed moderately well (r > 0.5, p < 0.001)

(Figures 2D–F), the differences between observed and

modelled DMSa are largely due to DMSw and coral-air DMS

flux sources in the model. Nevertheless, modelled DMSa was

within the range of concentrations previously reported for the

GBR, which range from approximately 50-200 ppt (mean ~100
A
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FIGURE 2

Time-series of observed (black) and modelled (left panels) DMSa and (right panels) wind speed for the L11 (orange) and GBR DMS (blue)
simulations during the (A, D) RVI, (B, E) Mission Beach and (C, F) Heron Island surveys.
TABLE 1 Mean and range of observed and modelled DMSa (ppt or pmol mol-1) during the RVI, Mission Beach and Heron Island surveys of the R2R
campaign [concentration (deviation from observed mean)].

Mean Range

RVI Observed 33 <1 – 158

(n = 456) L11 86 (+ 53) 8 – 213

GBR DMS 114 (+ 81) 33 – 245

Mission Beach Observed 31 9 – 99

(n = 296) L11 80 (+ 49) 27 – 187

GBR DMS 89 (+ 58) 41 – 195

Heron Island Observed 90 49 – 156

(n = 274) L11 157 (+ 67) 60 – 289

GBR DMS 199 (+ 109) 74 – 316
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ppt) in summer (Jones et al., 2007; Swan et al., 2017; Swan and

Jones, 2020; 2017) and can exceed 500 ppt over aerially exposed

coral reefs (Jones et al., 2007; Swan et al., 2017). Therefore, the

DMSw climatologies in the model are assumed to represent the

upper range of observed DMS in the GBR.

DMSa concentration varies with the rate of DMS sea-air flux

(which is primarily dependent on seawater surface DMS

concentration, SST and wind speed) (Yang et al., 2011), coral-

air DMS flux (Swan et al., 2017) and photochemical processes

such as production of OH and subsequent oxidation of DMSa to

sulfate aerosol precursor compounds (Ayers and Gillett, 2000;

Barnes et al., 2006). Consequently, observed and modelled DMSa
display a diel cycle (Figures 2A–C), decreasing around midday

when solar radiation and the abundance of oxidative free

radicals are highest (Gabric et al., 2008; Galı ́ et al., 2013;

Jackson et al., 2020). Increases in modelled DMSa often

aligned with modelled wind speed, reflecting wind-driven sea-

air flux (Figure 2). Occasional pulses in modelled DMSa
occurred for the GBR DMS simulation during low wind

speeds, reflecting the addition of coral-air flux (e.g. on 18

February 2016; Figure 2C). Conversely, observations of DMSa
and wind speed did not align well, possibly reflecting advection

to and from the measurement platform.

Observations of DMSa at Heron Island were approximately

two-times higher than the RVI and Mission Beach observations,

highlighting the variability in DMS concentrations in the GBR. It

was expected that observed DMSa would be highest at Heron

Island, given that measurements were taken less than 100 m

from the coral reef flat and were more likely to capture the high

end of atmospheric concentrations over the reef. Further, the

RVI and Mission Beach surveys took place six months after the

March-April 2016 mass coral bleaching event on the GBR, which

led to the loss of up to 40% of hard coral cover by November

2016 (Hughes et al., 2018). Observed DMSw (not shown here)

and DMSa were lower during the RVI and Mission Beach

surveys than previously reported for the GBR region (Swan

and Jones, 2017; Jones et al., 2018, 2020), which may have been

in part due to the loss of DMS-producing hard corals. Prior to

the 2016 mass coral bleaching event, DMSa measured at Heron

Island ranged from 49-156 ppt (Table 1). However, with the

exception of a pulse of DMSa on 12 October 2016, DMSa was

below 100 ppt during the RVI and Mission Beach surveys

(Figures 2A, B).

Considering that the L11 and GBR DMS sources are

monthly mean climatologies (and fixed coral-air DMS flux)

with no diurnal variation, a degree of variability was expected

between the observed and coarse resolution modelled DMSa.

While modelled DMSa represents the upper range of

observations previously reported for the GBR region,

simulations using L11 and GBR DMS sources still provide

valuable insight into the influence of coral-reef-derived DMS

on the regional atmosphere. Further research will improve our

understanding of the complex coral reef sulfur cycle and will
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further improve the representation of coral-reef-derived DMS in

climate models.
3.2 Influence of coral-reef-derived DMS
over north-eastern Australia

Inclusion of coral-reef-derived DMS increased annual mean

DMSa concentration over the GBR by approximately 150%

(Figures 3A, D), resulting in an area-averaged increase of 29%

(29.4 ppt) over north-eastern Australia (Table 2). Similarly,

annual mean gas-phase SO2 and H2SO4 increased by a

respective 1% and 3% over north-eastern Australia, in part due

to the increase in DMSa over the GBR, where the strongest

increase in SO2 (up to 17.6%) and H2SO4 (up to 14.9%) occurred

(Figure 3). Regardless of the increase in SO2 and H2SO4

(FigureS 3E, F), concentrations over marine areas are

negligible in comparison to industrial regions of coastal and

inland Australia (Figures 3B, C).

Changes for annual mean sulfate aerosol mass and number

concentration over north-eastern Australia were small (≤ 2.4%),

yet revealed some interesting results. Nucleation mode sulfate

mass and number concentration decreased by a respective -1%

and -0.6% over north-eastern Australia, while sulfate mass

increased by similar magnitude for the Aitken mode (+0.8%)

and to a lesser extent the accumulation mode (+0.01%)

(Table 2). A small increase in sulfate mass (+2.4%) and

number concentration (+0.5%) also occurred for coarse mode

aerosols. The small increase in Aitken and accumulation mode

mass without a corresponding increase in number suggests that

additional sulfate contributed to the growth of these size modes

via condensation or coagulation on existing particles.

Negligible changes occurred for N3, CCN70, Nd and surface

SWR (≤ 0.1%) that were likely driven by internal model and

meteorological variability. While meteorology in the model was

nudged to the ERA-5 dataset, minor differences in

meteorological fields can still occur between model runs (as

occurred in this study for wind speed; see Table 2). A time-series

of each variable area-averaged over north-eastern Australia is

provided in SI Figure 1. Mapped changes for sulfate aerosol

mass, particle number concentrations and SWR are provided in

SI Figures 2–4.

Similarly to previous model studies (Fiddes et al., 2021;

Fiddes et al.,2022), the weak response to the addition of coral-

reef-derived DMS may be due to the dominant influence of

anthropogenic sulfur and other emissions from north-eastern

Australia (Chen et al., 2019). Anthropogenic sources can

dominate aerosol emissions, particularly over coastal and

inland regions. Consequently, the dominant pathway for

biogenic trace gases in the marine boundary layer is

condensation or coagulation onto existing particles, often

resulting in aerosol growth rather than new particle nucleation

(Woodhouse et al., 2013; Hoffmann et al., 2016).
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Given the response detected for DMSa and gas-phase sulfate

aerosol precursor compounds (SO2 and H2SO4) at the annual

mean time-scale, a stronger response in aerosol mass and

number concentration may occur at local or sub-daily time

scales as observational studies have suggested (Modini et al.,

2009; Swan et al., 2016; Cropp et al., 2018), or with a reduction in

anthropogenic pollutants. The latter is investigated below, where

the influence of coral-reef-derived DMS is quantified when high-

level anthropogenic SO2 emissions (e.g. from industrial

chimneys, shown as hotspots exceeding 2000 ppt in Figure 3B)

are removed from north-eastern Australia.
3.3 Influence of coral-reef-derived DMS
in a relatively clean atmosphere

After removing high level anthropogenic SO2 emissions, the

inclusion of coral-reef-derived DMS again increased DMSa, SO2

and H2SO4 concentrations over north-eastern Australia
Frontiers in Marine Science 08
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(Table 2). The increases are similar in space and magnitude to

the results presented in section 3.2 above, however are stronger

over the GBR (Figure 4). The stronger response is likely due to

the addition of DMS-derived sulfur to a reduced pool of

atmospheric SO2 and H2SO4 concentrations.

The change in sulfate aerosol mass and particle number

concentration between the L11 and GBR DMS simulations were

small (≤ 3.6%) (Table 2; SI Figure 5). Sulfate aerosol mass and

number concentration decreased for the nucleation and

accumulation mode, yet increased for the Aitken mode. For

coarse mode aerosols, there was an increase in sulfate mass,

without a corresponding increase in number concentration

(Table 2). As for section 3.2, the inconsistent changes in

sulfate mass and number concentration between aerosol size

modes suggests that DMS-derived sulfate may be a more

important contributor to aerosol mass and growth of existing

aerosols, rather than nucleation of new particles at the monthly

and annual mean time-scale, even with a reduction in

anthropogenic sulfur emissions.
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FIGURE 3

Annual mean (A) DMSa, (B) SO2 and (C) H2SO4 for the GBR DMS simulation, and (D–F) the percentage change in each variable between the
GBR DMS and L11 simulations. The north-eastern Australian region (9.5-26°S; 135-155°E) for which the area-averaged changes are calculated
for Table 2 is shown in red in panel (A).
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4 Discussion

Inclusion of coral-reef-derived DMS added an average of 0.5

nmol L-1 to the sea surface DMS climatology and 3 mmol m-2 d-1

(0.02 Tg yr-1) to the DMS sea-air flux for the GBR region. The

additional DMS increased modelled annual mean DMSa
concentration by approximately 150% over the GBR and by 29%

over north-eastern Australia. The concentration of gas-phase

sulfate aerosol precursor compounds (SO2 and H2SO4) increased

by up to 17.6% over the GBR, supporting previous findings that the

GBR is an important regional source of atmospheric sulfur

(Broadbent and Jones, 2004; Jones et al., 2018; Jackson et al., 2021).

The increase in DMSa and subsequent increase in sulfate

aerosol precursors is primarily attributed to the inclusion of
Frontiers in Marine Science 09
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coral-to-air DMS flux. The GBR DMSw climatology did not

substantially increase seawater surface DMS concentration (< 1

nmol L-1; Figure 1C), and likely had a minor contribution to the

~150% increase in DMSa (Figure 3D). Previous field work has

suggested that coral-air DMS flux is a stronger, although

intermittent, contributor to DMSa than sea-air flux in the GBR

(Swan et al., 2017), leading to plumes of DMSa above coral reefs that

can exceed 500 ppt (Jones et al., 2007; Swan et al., 2017). This study

supports this hypothesis, where an increase in DMSa, SO2 and

H2SO4 was detected over the GBR (Figure 3), primarily due to the

inclusion of coral-air DMS flux.

Gas-phase SO2 may be further oxidised to H2SO4, which

may condense onto existing particles as the dominant pathway

within the marine boundary layer (Woodhouse et al., 2013;
A B

FIGURE 4

Change in annual mean (A) SO2 and (B) H2SO4 between the GBR DMS and L11 simulations, when high anthropogenic SO2 emissions from
north-eastern Australia have been removed.
TABLE 2 Annual mean change [actual (percentage)] between the GBR DMS and L11 simulations area-averaged over north-eastern Australia.

Experiment 1 Experiment 2

DMS flux (mmol m-2 d-1) +0.6 (25.1%) +0.6 (25.9%)

DMSa (ppt) +29.4 (29.2%) +29.5 (29.3%)

SO2 (ppt) +5.6 (1.4%) +3.0 (0.9%)

H2SO4 (ppt) +5.4 x10-3 (3.0%) +6.2 x10-3 (4.0%)

Nuc. sul. mass (ppt) -5.2 x10-5 (1.0%) -4.9 x10-6 (0.1%)

Ait. sul. mass (ppt) +0.3 (0.8%) +0.4 (1.2%)

Acc. sul. mass (ppt) +0.04 (0.01%) -14.5 (3.6%)

Crs. sul. mass (ppt) +0.2 (2.4%) +0.05 (0.7%)

Nuc. no. (m-3) -1.1 x10-21 (0.6%) -1.1 x10-21 (0.6%)

Ait. no. (m-3) -1.5 x10-20 (0.2%) +1.1 x10-20 (0.2%)

Acc. no. (m-3) -8.4 x10-21 (0.1%) -1.1 x10-20 (0.1%)

Crs. no. (m-3) +2.3 x10-22 (0.5%) -8.6 x10-23 (0.2%)

N3 (cm-3) -0.3 (0.1%) +0.3 (0.1%)

CCN70 (cm-3) -0.03 (0.01%) -0.3 (0.1%)

Nd (m-3) +0.07 (0.04%) -0.3 (0.2%)

SWR (W m-2) +0.07 (0.03%) -0.2 (0.1%)

Wind (m s-1) -7.3 x10-3 (0.1%) +3.9 x10-3 (0.1%)
* Nuc., nucleation; Ait., Aitken; Acc., accumulation; Crs., coarse; sul., sulfate; no., number concentration; SWR, surface downwelling short-wave radiation; Wind, wind speed at 10 m.
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Hoffmann et al., 2016), or nucleate to form new nss-SO4

particles (Andreae and Crutzen, 1997). Despite the increase in

gas-phase sulfate aerosol precursors, coral-reef-derived DMS

had no clear influence on modelled sulfate aerosol mass or

number concentration at the monthly or annual mean time-

scale, supporting previous model studies (Fiddes et al., 2021;

Fiddes et al., 2022) which demonstrate that DMS-derived

sulfates do not play an important role in aerosol formation or

growth over large temporal and spatial scales. Fiddes et al. (2021)

estimated that DMSw derived from global tropical coral reefs

contributed 0.3 Tg yr-1 S to the global sea-air flux in the global

ACCESS-UKCA atmospheric model. Despite modelled DMS

flux being an order of magnitude higher than the current study,

Fiddes et al. (2021) found that coral-reef-derived DMS had only

a minor influence on sulfate aerosol mass and number

concentration for nucleation and Aitken mode aerosols, and

no significant influence on cloud-relevant particles or the Earth’s

radiative balance. Fiddes et al. (2022) reported similar findings in

the GBR region using the regional WRF-Chem model.

Small (≤ 2.4%) and inconsistent changes in sulfate aerosol

mass and number concentration over north-eastern Australia in

the present study are more likely due to internal model

variability and minor changes in meteorology, than to coral-

reef-derived DMS. While meteorology was nudged to the ERA-5

dataset, minor differences between model runs can occur. In this

analysis, annual mean wind speed at 10 m differed by ± 0.1%

between the control and experimental simulations (Table 2).

In comparison to the increase in gas-phase sulfate aerosol

precursors, the negligible change in aerosol mass and number

concentration may be due to the dominant influence of

anthropogenic and other natural emissions (e.g. dust) from

north-eastern Australia (Chen et al., 2019). To investigate

whether the sensitivity of aerosol to DMS increased in a

relatively less polluted atmosphere, we repeated the

simulations with reduced anthropogenic SO2 emissions from

north-eastern Australia; representing an optimistic future

scenario where a shift to renewable energy may reduce

anthropogenic pollutants. It was hypothesised that by reducing

emissions from industrial hotspots, such as Gladstone in south-

east Queensland, a stronger response in aerosol mass and

number concentration to DMS might be detected. However,

the results presented in section 3.3 highlight the complexity and

non-linearity of the aerosol system, where a change in aerosol

sources does not necessarily result in a change in aerosol

composition or concentration of the same direction

or magnitude.

Addition of coral-reef-derived DMS to a simulated cleaner

regional atmosphere did increase DMSa, SO2 and H2SO4.

However, no clear influence was detected for sulfate aerosol

mass or particle number concentration, suggesting that even

with a reduction in anthropogenic sulfur emissions, coral-reef-

derived DMS may not play a significant role in aerosol

production and processing over the GBR. Again, negligible
Frontiers in Marine Science 10
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(≤ 3.6%) changes occurred that were not restricted to the GBR

region. These changes are more likely due to model and

meteorological variability than coral-reef-derived DMS and so

are not discussed further here.

While this analysis provides further insight into the influence

of coral-reef-derived DMS on the contemporary and relatively

clean regional atmosphere, further research is needed to improve

DMS sources in the model. Simulations using both L11 and GBR

DMS overestimated observed DMSa during the 2016 R2R

campaign, yet modelled concentrations were still within the

range previously reported for the GBR (Swan and Jones, 2017;

Jones et al., 2018; Swan and Jones, 2020). As discussed above, the

R2R surveys were taken approximately two weeks prior, and six

months after the 2016 mass coral bleaching event, which led to the

loss of up to 40% of hard coral cover in the GBR (Hughes et al.,

2018). The loss of DMS-producing corals may be one reason why

observed DMSw and DMSa during the RVI and Mission Beach

surveys were low compared to previous surveys and modelled

concentrations, highlighting the complexity in predicting coral-

reef-derived DMS.

Further research is also required to understand the aerosol

chemistry system and how it responds to changes in

anthropogenic and natural emissions sources. While DMS

emissions from the GBR did not influence aerosol mass or

number concentration at the scales modelled in this study,

observational studies suggest that DMS may be more

important in local or sub-daily feedbacks. Nucleation events

forming new particles that primarily consist of sulfates have been

observed over the GBR (Modini et al., 2009), and coincided with

elevated DMSa concentrations on one occasion in the southern

GBR (Swan et al., 2016). Further, DMS emissions and DMSa
concentration are positively correlated with atmospheric particle

number concentration (>0.5 mm wet diameter) at Heron Island,

likely reflecting condensational growth of smaller aerosols to the

detectable size range (Jackson et al., 2020; Deschaseaux et al.,

2022). Given that DMS emissions from the GBR are comparable

to other highly productive regions such as the Southern Ocean

or North Atlantic, where DMS-derived sulfates account for a

significant portion of CCN (Korhonen et al., 2008; Sanchez et al.,

2018), it is possible that DMS influences aerosol processes in the

GBR at scales that are not captured by the coarse resolution

global model.
5 Conclusions

This modelling study supports previous findings that the

GBR is an important regional source of atmospheric sulfur.

Inclusion of coral-reef-derived DMS increased the concentration

of atmospheric DMS by 150% and sulfate aerosol precursor

compounds by up to 18% over the GBR, with potential

implications for local or sub-daily aerosol processes. However,

no influence on modelled sulfate aerosol mass or particle
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number concentration was detected in this study. While

reducing anthropogenic SO2 emissions did not strengthen the

aerosol response to coral-reef-derived DMS, other

anthropogenic and natural (e.g. dust) emissions from north-

eastern Australia may confound the biogenic sulfur signal,

particularly over large temporal and spatial scales. A stronger

response to coral-reef-derived DMSmay occur at local, sub-daily

time-scales, that are perhaps not captured by global or regional

climate models, or in the absence of anthropogenic emissions.

However, further research is needed to disentangle the relative

influence of natural and anthropogenic aerosol sources. Given

the predicted rates of coral reef degradation and the global

initiatives to shift towards renewable energy, it is important to

understand how the complex aerosol-cloud system will respond

to changes in natural and anthropogenic emissions.
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J., et al. (2020). The ERA5 global reanalysis. Q. J. R. Meteorolog. Soc. 146 (730),
1999–2049. doi: 10.1002/qj.3803

Hodshire, A. L., Campuzano-Jost, P., Kodros, J. K., Croft, B., Nault, B. A.,
Schroder, J. C., et al. (2019). The potential role of methanesulfonic acid (MSA) in
aerosol formation and growth and the associated radiative forcings. Atmospheric.
Chem. Phys. 19 (5), 3137–3160. doi: 10.5194/acp-19-3137-2019

Hoffmann, E. H., Tilgner, A., Schroedner, R., Bräuer, P., Wolke, R., and
Herrmann, H. (2016). An advanced modeling study on the impacts and
atmospheric implications of multiphase dimethyl sulfide chemistry. Proc. Natl.
Acad. Sci. 113 (42), 11776–11781. doi: 10.1073/pnas.1606320113

Hopkins, F. E., Bell, T. G., Yang, M., Suggett, D. J., and Steinke, M. (2016). Air
exposure of coral is a significant source of dimethylsulfide (DMS) to the
atmosphere. Sci. Rep. 6 (1), 1–11. doi: 10.1038/srep36031

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. M.,
et al. (2018). Global warming transforms coral reef assemblages. Nature 556 (7702),
492–496. doi: 10.1038/s41586-018-0041-2

IPCC (2013). Climate change 2013: The physical science basis. contribution of
working group I to the fifth assessment report of the intergivernmental panel on
climate change. Eds. T. Stocker, G. Qin, G. Plattner, M. Tignor, S. Allen, J.
Boschung, et al (United Kingdom and NewYork, NY, USA: Cambridge
University Press), pp. 1535.

IPCC (2021). “Summary for policymakers. in: Climate change 2021: The
physical science basis,” in Contribution of working group I to the sixth assessment
report of the intergovernmental panel on climate change. Eds. V. Masson-Delmotte,
P. Zhai, A. Pirani, S. L. Connors, C. Pean, S. Berger, N. Caud, Y. Chen, L. Goldfarb,
M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T.
Waterfield, O. Yelekci, R. Yu and B. Zhou (United Kingdom and New York, NY,
USA: Cambridge University Press), pp. 3–32.

IPCC (2014). Climate change 2014: Synthesis report. Contribution of working
groups I, II and III to the fifth assessment report of the intergovernmental panel on
climate change. [Core Writing Team, R. K. Pachauri and L. A. Meyer (eds.)]. IPCC,
Geneva, Switzerland, pp. 151.

Jackson, R. L., Gabric, A. J., Matrai, P. A., Woodhouse, M. T., Cropp, R. A.,
Jones, G. B., et al. (2021). Parameterizing the impact of seawater temperature and
irradiance on dimethylsulfide (DMS) in the Great Barrier Reef and the contribution
of coral reefs to the global sulfur cycle. J. Geophysical. Research.: Oceans. 126 (3),
e2020JC016783. doi: 10.1029/2020JC016783
frontiersin.org

https://doi.org/10.1016/S0168-6321(06)80033-7
https://doi.org/10.1126/science.276.5315.1052
https://doi.org/10.1016/j.earscirev.2008.03.001
https://doi.org/10.1016/S1385-1101(00)00022-8
https://doi.org/10.1021/cr020529+
https://doi.org/10.1021/acs.jpclett.9b02567
https://doi.org/10.1021/acs.jpclett.9b02567
https://doi.org/10.1071/ES19040
https://doi.org/10.1071/ES19033
https://doi.org/10.1071/MF04114
https://doi.org/10.1007/s00338-019-01887-5
https://doi.org/10.3389/fmicb.2017.00637
https://doi.org/10.1038/nature12674
https://doi.org/10.1038/326655a0
https://doi.org/10.1016/j.scitotenv.2019.07.007
https://doi.org/10.1016/j.scitotenv.2019.07.007
https://doi.org/10.1007/s13280-018-1018-y
https://doi.org/10.1007/s13280-018-1018-y
https://doi.org/10.1038/nmicrobiol.2017.9
https://doi.org/10.1007/978-981-13-0280-0_2
https://doi.org/10.1007/978-981-13-0280-0_2
https://doi.org/10.4319/lo.2014.59.3.0758
https://doi.org/10.4319/lo.2014.59.3.0758
https://doi.org/10.3389/fmars.2022.910441
https://doi.org/10.3389/fmars.2022.910441
https://doi.org/10.1126/science.aan8461
https://doi.org/10.5194/acp-21-5883-2021
https://doi.org/10.5194/acp-18-10177-2018
https://doi.org/10.5194/acp-22-2419-2022
https://doi.org/10.1007/s10533-012-9719-y
https://doi.org/10.1016/j.dsr2.2008.02.002
https://doi.org/10.22499/2.6303.002
https://doi.org/10.1002/gbc.20047
https://doi.org/10.1002/gbc.20047
https://doi.org/10.1098/rspb.2015.2418
https://doi.org/10.1002/qj.3803
https://doi.org/10.5194/acp-19-3137-2019
https://doi.org/10.1073/pnas.1606320113
https://doi.org/10.1038/srep36031
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1029/2020JC016783
https://doi.org/10.3389/fmars.2022.910423
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jackson et al. 10.3389/fmars.2022.910423
Jackson, R. L., Gabric, A. J., Woodhouse, M. T., Swan, H. B., Jones, G. B., Cropp,
R. A., et al. (2020). Coral reef emissions of atmospheric dimethylsulfide and the
influence on marine aerosols in the southern Great Barrier Reef, Australia. J.
Geophysical. Research.: Atmospheres. 125 (7), e2019JD031837. doi: 10.1029/
2019JD031837

Jones, G. B. (2015). “The reef sulphur cycle: Influence on climate and ecosystem
services,” in In ethnobiology of corals and coral reefs (Switzerland: Springer), 27–57.
doi: 10.1007/978-3-319-23763-3_3

Jones, G. B., Curran, M., Broadbent, A., King, S., Fischer, E., and Jones, R. (2007).
Factors affecting the cycling of dimethylsulfide and dimethylsulfoniopropionate in
coral reef waters of the Great Barrier Reef. Environ. Chem. 4 (5), 310–322.
doi: 10.1071/EN06065

Jones, G. B., Curran, M., Deschaseaux, E. S. M., Omori, Y., Tanimoto, H., Swan,
H. B., et al. (2018). The flux and emission of dimethylsulfide from the Great Barrier
Reef region and potential influence on the climate of NE Australia. J. Geophysical.
Research.: Atmospheres. 123 (24), 13835–13856. doi: 10.1029/2018JD029210

Jones, G. B., Curran, M., Swan, H. B., and Deschaseaux, E. S. M. (2017).
Dimethylsulfide and coral bleaching: Links to solar radiation, low level cloud and
the regulation of seawater temperatures and climate in the Great Barrier Reef. Am.
J. Climate Change 6 (02), 328. doi: 10.4236/ajcc.2017.62017

Kettle, A. J., Andreae, M. O., Amouroux, D., Andreae, T. W., Bates, T. S.,
Berresheim, H., et al. (1999). A global database of sea surface dimethylsulfide
(DMS) measurements and a procedure to predict sea surface DMS as a function of
latitude, longitude, and month. Global Biogeochem. Cycles. 13 (2), 399–444.
doi: 10.1029/1999GB900004

Korhonen, H., Carslaw, K. S., Spracklen, D. V., Mann, G. W., and Woodhouse,
M. T. (2008). Influence of oceanic dimethyl sulfide emissions on cloud
condensation nuclei concentrations and seasonality over the remote southern
hemisphere oceans: A global model study. J. Geophysical. Research.: Atmospheres.
113 (D15). doi: 10.1029/2007JD009718
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Increased DMSP availability
during thermal stress influences
DMSP-degrading bacteria in
coral mucus

Stephanie G. Gardner1,2,3*, Matthew R. Nitschke1,4,
James O’Brien1, Cherie A. Motti4, Justin R. Seymour1,
Peter J. Ralph1, Katherina Petrou4 and Jean-Baptiste Raina1

1Climate Change Cluster, University of Technology Sydney, Ultimo, NSW, Australia, 2Centre for Marine
Science and Innovation, University of New South Wales Sydney, Kensington, NSW, Australia, 3School of
Life Sciences, University of Technology Sydney, Ultimo, NSW, Australia, 4Australian Institute of Marine
Science, Townsville, QLD, Australia
Reef-building corals are among the largest producers of dimethylsulfoniopropionate

(DMSP), an essential compound in marine biogeochemical cycles. DMSP can be

catabolised in coral mucus by a wide diversity of coral-associated bacteria, where it

can either be demethylated, leading to the incorporation of sulfur and carbon into

bacterial biomass – or cleaved by lyases, releasing the climatically-active gas

dimethyl sulfide (DMS). It has been demonstrated that thermal stress increases

DMSP concentrations in many coral species, however the effect of increased DMSP

availability on coral-associated bacteria has not been explored. Here we performed

thermal stress experiments to examine how changes in DMSP availability impact

bacterial degradation pathways in the mucus of Acropora millepora. DMSP

concentrations increased with temperature, reaching a maximum of 177.3 mM
after 10 days of heat stress, which represents the highest concentration of DMSP

recorded in any environment to date. Bacterial communities in coral mucus were

significantly different from the surrounding seawater, yet they did not vary

significantly between temperature or time. However, during thermal stress, when

DMSP concentrations increased, a significant increase in the abundance of both the

demethylation gene dmdA and the cleavage gene dddPwere recorded. Importantly,

our results show that for the highest DMSP concentrations recorded (above 30 mM),

the cleavage pathway became more abundant than the demethylation pathway.

This suggests that under high DMSP concentrations characteristic of heat stress, a

larger fraction of the DMSP pool in the coral mucus is likely catabolised through the

DMS-producing cleavage pathway.

KEYWORDS

microbiome, coral mucus associated bacteria, DMSP-degrading genes, thermal stress,
Acropora millepora, dimethylsulfoniopropionate (DMSP)
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Introduction
Dimethylsulfoniopropionate (DMSP) is a critical compound

in the marine sulfur and carbon cycles (Sievert et al., 2007) and

an essential chemical currency in microbial interactions (Kiene

et al., 2000). Global DMSP production is likely to exceed one

billion tons of sulfur per year (Howard et al., 2006), but the

distribution of this compound in the ocean is not homogenous.

Although DMSP is present in seawater at low nanomolar

concentrations (oceanic average: 16.91 ± 22.17 nM; see Kettle

et al., 1999), specific marine environments have been identified

as hotspots, such as highly productive polar waters (Trevena

et al., 2003), or coral reefs (Hill et al., 1995). Within tropical coral

reefs, large concentrations of DMSP have been recorded in many

benthic organisms, including macroalgae (Van Alstyne et al.,

2007), giant clams (Hill et al., 2000), soft corals (Haydon et al.,

2018) and reef-building corals (Broadbent et al., 2002), and their

microalgal symbionts (phylum Dinoflagellata; Caruana and

Malin, 2014). DMSP concentrations in these different benthic

organisms can vary by more than two orders of magnitude

(Broadbent et al., 2002; Tapiolas et al., 2013), but to date the

highest concentration ever measured (54 µM; or more than three

orders of magnitude higher than the global seawater average)

was recorded from the mucus of corals from the genus Acropora

(Broadbent and Jones, 2004).

Coral mucus is a viscous mixture secreted by specialised

epithelial cells, forming a coating over the polyps that is

important for many aspects of coral biology (Meikle et al.,

1988; Bythell and Wild, 2011). The surface mucus layer

protects corals against desiccation at low tide (Brown and

Bythell, 2005), as well as sudden changes in environmental

conditions (e.g., temperature, salinity) (Piggot et al., 2009),

while allowing gas and metabolite exchanges (Bythell and

Wild, 2011), it is key to feeding and cleansing processes

(Brown and Bythell, 2005) and acts as a significant input of

carbon to reef waters that sustains other benthic organisms

(Wild et al., 2004). The chemical composition of the mucus is

variable between coral species (Ducklow and Mitchell, 1979;

Meikle et al., 1988), but one commonality is the presence of large

glycoproteins giving the mucus its gel-like texture (Bythell and

Wild, 2011). Coral mucus has also been described as the first line

of defence against pathogens (Ritchie, 2006a; Shnit-Orland and

Kushmaro, 2009), as it is densely populated by specific bacterial

communities (Garren and Azam, 2010), some of which can

degrade DMSP (Raina et al., 2009; Frade et al., 2015).

DMSP is an important nutrient source for marine bacteria,

contributing significantly to their sulfur (up to 95%; Zubkov

et al., 2004) and carbon (up to 15%; Simó et al., 2002)

requirements. Degradation of DMSP by bacteria occurs

through two major pathways producing either methanethiol

(MeSH; demethylation) or dimethyl sulfide (DMS; cleavage)

as end products (Reisch et al., 2011; Sun et al., 2016).
Frontiers in Marine Science 02
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The demethylation pathway is estimated to catabolise

approximately 70% of dissolved DMSP (Reisch et al., 2011),

leading to the assimilation of both carbon and sulfur into

bacterial biomass (Kieber et al., 1996; Kiene et al., 1999; Simó,

2001). The gene encoding the first enzymatic step of this

pathway was discovered in an Alphaproteobacterium from the

Roseobacter clade and termed dmdA (Howard et al., 2006). The

second degradation route is the cleavage pathway which leads to

the release of DMS and is suspected to degrade the remaining

30% of dissolved DMSP. Eight different DMSP lyases, termed

ddd+ have been identified so far (Zhang et al., 2019), among

which dddP (Todd et al., 2009) is one of the most prevalent in

the marine environment. Many marine bacteria harbour both

degradation pathways; however, the environmental factors that

dictate which pathway is used have remained hypothetical for

more than 20 years (Kiene et al., 2000; Simó, 2001).

Understanding which pathway marine bacteria preferentially

use under specific conditions is critical because it directly affects

how much DMS is produced and ultimately released into

the atmosphere.

A long standing hypothesis in the DMSP field proposed that

external DMSP concentrations regulate which degradation

pathway is usedby bacteria (Kiene et al., 2000; Simó, 2001).

According to this hypothesis, when DMSP availability is low (or

if there is a high bacterial sulfur demand), most DMSP is

expected to be catabolised through demethylation. On the

other hand, when DMSP availability is high, the less costly

cleavage pathway is likely used (Reisch et al., 2011). Recent

experimental evidence confirmed that external DMSP

concentrations dictate the relative expression of the two

pathways with an increase in DMSP cleavage (leading to DMS

formation) measured near the surface of coral-associated

microalgae, where DMSP concentrations are the highest (Gao

et al., 2020). A previous study comparing different coral species

also revealed that when DMSP concentrations were high, a lower

relative abundance of the gene encoding the first step of the

demethylation pathway (dmdA) was present in bacterial

communities (Frade et al., 2015). Environmental stressors,

such as heat, are known to cause an increase in DMSP

concentrations in some corals (e.g., members of the Acropora

genus; see Raina et al., 2013; Deschaseaux et al., 2014; Gardner

et al., 2017). However, we do not know the effect that a sudden

rise in DMSP availability may have on coral-associated bacterial

communities and on the pathways they use to catabolise

this compound.

Here we investigated how variations in DMSP concentrations

caused by heat stress affect the abundance of bacterial genes

involved in the demethylation and cleavage pathways in

Acropora millepora, a reef building coral widespread throughout

the Indo Pacific. To achieve this goal, we simultaneously

measured: i) DMSP concentrations; ii) bacterial community

structure; and iii) prevalence of DMSP-degrading genes during

thermal stress in the mucus of A. millepora.
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Methods

Coral collection and experimental set-up

Five colonies of Acropora millepora were collected from

Heron Island lagoon in the southern Great Barrier Reef,

Australia (151°55´E, 23°26´S) and acclimatised at ambient

seawater temperature (27°C) in a flow-through aquaria

system under 50% shaded sunlight (daily average of 600

µmol photons m-2 s-1) for 3 days at 27 ± 0.5°C. Each colony

was then split in half and divided between the control and the

treatment tanks (1 tank per colony). Experimental tanks (30

L) were set up in a shaded flow-through aquaria with constant

flow (5 L min-1) of lagoon seawater (approx. 27 ± 0.5°C). The
Frontiers in Marine Science 03
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ambient light intensity was measured every 5 min using PAR

loggers (Odyssey) and temperature was recorded every

10 min (Thermochron, Australia). For the thermal stress

treatment tanks (n = 5), temperature was increased 1°C per

day over 5 days from the ambient temperature of 27°C to

reach the target temperature of 32°C and then held for a

further 2 days. Physiological parameters (FV/FM and DF/FM';
see below) were recorded daily for the duration of the

experiment. Coral mucus, coral host and seawater samples

were collected over 4 time points; T0 (day 3), T1 (day 6), T2

(day 8) and T3 (day 10) (Figure 1), for chlorophyll a, cell

density, surface area, quantification of DMSP/DMSO, 16S

rRNA gene sequencing and identification of dmdA and dddP

degradation genes.
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Physiological parameters measured over time for Acropora millepora under thermal stress including (A) maximum quantum yield of
photosystem II (FV/FM), (B) effective quantum yield of photosystem II (DF/FM'), (C) Symbiodiniaceae density and (D) chlorophyll a for the control
(white circles) and treatments (red circles). Letters indicate significant differences between timepoints for the treatment. Temperature increases
indicated along the top panel for corresponding days and sampling timepoints. Averages (± SE) are shown (n = 4-5).
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Photochemical efficiency of PSII

Using a MiniPAM (Walz GmbH, Effeltrich, Germany; MI: 8,

Gain: 5, SI: 10, SW: 0.8s) chlorophyll a fluorescence was

measured daily at midday (effective quantum yield of PSII; DF/
FM') and just after sunset (maximum quantum yield of PSII; FV/

FM) to monitor photo-physiological stress of each colony, with 2

technical replicate measurements from distinct branches. At T3,

a DivingPAM (Walz GmbH, Effeltrich, Germany; MI: 8 Gain: 7

SI: 8 SW: 0.8s) was used to conduct rapid light curves (RLC; see

Ralph and Gademann, 2005) in the first hour of daylight, using

the same settings as above. The RLC protocol consisted of a low-

light acclimated (c.a. 5 µmol photons m-2 s-1) FV/FM
measurement to initiate the RLC, followed by DF/FM'
measurements under actinic light at eight 30 second intervals

of increasing intensity (98, 162, 240, 325, 480, 610, 971, and

1,359 µmol photons m-2 s-1). The saturating irradiance (EK), an

estimate of the irradiance where PSII transitions from a light-

limited to a light-saturated state, and the maximum

photochemical efficiency of PSII (FQ/FM(max)) were described

using equation 1 (Hennige et al., 2008) where E = irradiance.

Fq′=Fm′ = ½(FQ=FM(max)EK )(1 − exp( − E=EK))�=E (1)

To detect whether utilisation of alternative pathways of

excitation energy dissipation differed across temperature

treatments, the extent of light dependant photochemical

quenching ([1 – C], equation 2) and non-photochemical

quenching ([1 – Q], equation 3) were calculated at each step

of the RLC (Suggett et al., 2015; Nitschke et al., 2018).

½1 − C� = (Fm′ − F)=(Fm′ − Fo′) (2)

½1 − Q� = Fv′=Fm′ð Þ=(Fv=Fm) (3)
Cell density, chlorophyll a and
surface area

Coral tissue was removed from the skeleton of coral

fragments using an airgun in 5 mL FSW (0.2 mm). The tissue

slurry was concentrated via centrifugation at 3000 g for 10 min.

The algal pellets were resuspended in 5 mL FSW (0.2 µm), and

homogenised. A 3 mL subsample was then centrifuged at ~3,600

g for 4 min and resuspended in 3 mL of 90% acetone and left at

4°C in the dark for 24 h before spectrophotometric chlorophyll

determination. Concentrations of chlorophyll a were calculated

using the equations from Ritchie (2006b). The remaining 2 mL

subsample was used for cell density measurements using a

haemocytometer (n = 8). The bare coral skeletons were dried,

and the surface area of each coral fragment was calculated using

the paraffin wax technique (Stimson and Kinzie, 1991; Veal

et al., 2010).
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Sample collection

Coral mucus was collected by exposing the colony to air for

2 min (prompting mucus production from the epithelial cells

and the gastrovascular cavity; see Sweet et al., 2011). Coral

colonies were held inverted to allow excess seawater and

mucus to drip off the branches. After 2 min air exposure, each

colony was dipped back into the water for 1 min, removed from

the seawater, and then held inverted in the air for a further 15 s

to allow excess water to drip from the branches. The resulting

mucus secreted during air exposure was then collected from the

branch tips using a sterile 10 mL syringe with a 21″G sterile

needle. For each colony, 4-5 mL mucus was collected in a falcon

tube, of which 2 mL was immediately added to 4 mL analytical

grade methanol (95%), sealed with parafilm and stored at -20°C

in the dark for nuclear magnetic resonance (NMR) spectroscopy.

An additional 2 mL of coral mucus was filtered using a glass filter

tower (Cole-Parmer Instrument Company, USA) onto

membrane filter (Whatman; 25 mm × 0.2 µm pore size), then

the filter was snap frozen in liquid nitrogen and stored in

cryovials at -80°C for 16S rRNA gene amplicon sequencing

and quantitative PCR (qPCR) analyses. To sample the coral host,

a 3 cm fragment was removed from each colony using sterile

bone cutters; the fragment tip was discarded, and the middle

section added to 3 mL methanol in a falcon tube, sealed with

parafilm and stored in the dark at -20°C for NMR analysis.

Water samples were also taken at each time-point (n = 3), where

1 L was collected from each tank in a large glass Schott bottle at

20 cm distances from the coral colony and filtered using a

vacuum pump (Capex 8C, Charles Austen Pumps Ltd, Surrey,

UK) onto 45 mm × 0.45 µm filters (Whatman). The filters were

snap frozen and stored in cryovials at -80°C.
Quantification of DMSP and DMSO

Coral host fragments and mucus samples in methanol were

stored at -20°C until processing at the Australian Institute of

Marine Science, Townsville, Australia (AIMS). Coral fragments

were further extracted using sonication on ice (bath at 40 kHz)

in 1 mL of HPLC-grade methanol for 5 min. The two extracts

from the coral host were pooled and dried overnight (8 h) using

a concentrator (Savant SpeedVac SC210A, Thermo Scientific,

USA). The coral mucus samples were also dried overnight (14 h)

in the concentrator, then in a freeze drier (Dynavac FD12

Perogon Technologies, Australia) for a further 4 h to ensure

complete dryness. The dried extracts from the host and mucus

were resuspended in a mixture of deuterated methanol (CD3OD;

750 µL) and deuterium oxide (D2O; 250 µL), vortexed to

solubilise the compounds and then centrifuged for 10 min to

pellet the debris. An 800 µL aliquot of the particulate free extract

was transferred into a 5 mm NMR tube (Norell 509-UP) and
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analysed immediately by 1H NMR following the method

described in Tapiolas et al. (2013). Spectra were recorded on a

600 MHz NMR spectrometer (Bruker Avance, Germany) with a

TXI cryoprobe, using the Bruker TOPSPIN 2.1 software, and

referenced using CD3OD (dH 3.31). Concentrations of DMSP

and DMSO were quantified using the ERETIC method

(electronic reference to access in vivo concentrations; Akoka

and Trierweiler, 2002), which electronically generates an

external reference signal that was calibrated using a 2 mM

stock solution of acrylate. After calibration, the concentration

of each target compound was determined by comparing the

signal intensities of well resolved non-exchangeable protons:

(CH3)2SCH2CH2CO2 at d2.95 ppm for DMSP and (CH3)2SO at

d2.73 ppm for DMSO (in the coral host and mucus samples) in a

0.20 ppm window against the intensity of the reference signal

through signal integration (Akoka and Trierweiler, 2002). Coral

skeletons remaining after extraction were soaked in 10% bleach

overnight, dried at 60°C in an oven and used for surface area

measurements using the paraffin wax technique (Stimson and

Kinzie, 1991; Veal et al., 2010). The surface area of each fragment

was then used to normalise NMR data. The coral mucus samples

were normalised to the volume of mucus originally collected in

methanol (2 mL).
DNA extraction, amplicon sequencing
and processing

DNA was extracted from filters used to collect mucus and

water samples using methods modified from Schauer et al.

(2000). Briefly, lysis buffer (0.5 mL) and 75 µL lysozyme (100

mg/mL) were added to cryovials containing the filters and

incubated for 1 h at 37°C. Subsequently, 100 µL SDS (25%)

and 10 µL Proteinase K (20 mg/mL) were added and incubated

for 1 hr at 55°C. The recovered lysate (600 µL) was extracted

twice using equal volumes of phenol:chloroform:isoamyl alcohol

(25:24:1, pH8), followed by chloroform:isoamyl alcohol (24:1)

and centrifuged for 30 min at 4°C and 16,000g. DNA was

precipitated from the recovered aqueous phase (top layer) with

500 µL ice cold isopropanol, left in the dark for 15 min and

centrifuged at 16,000g for 30 min. The pellet was rinsed with 500

µL of 70% ethanol before being dried in a concentrator for

10 min to ensure all ethanol was removed. The remaining DNA

pellet was resuspended in 40 µL sterile milliQ, and the purity of

the DNA was assessed using a NanoDrop spectrophotometer

(Thermo Scientific, USA). Aliquots were stored at -20°C

until use.

To examine the composition of bacterial assemblages, the

16S rRNA gene was amplified using 27F/519R (V1-V3 region)

primers. PCR was carried out using the HotStarTaq Plus Master

Mix Kit (Qiagen, USA) using the following conditions: (i) 3 min

at 94°C; (ii) 28 cycles, with each cycle consisting of 30 s at 94°C,

40 s at 53°C, and 1 min at 72°C; (iii) a final elongation step of
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5 min at 72°C. PCR products were checked in 2% agarose gels,

and samples were pooled in equal proportions based on

molecular weight and DNA concentrations. Pooled samples

were purified using Ampure XP beads (Beckman-Coulter,

USA) and processed using the Illumina TruSeq DNA library

protocol. Sequencing was performed on an Illumina MiSeq

platform (2 × 300 cycles; Molecular Research LP; Shallowater,

TX, USA).

Raw data was demultiplexed and primers were removed

using cutadapt (Martin, 2011). The open-source software

package DADA2 (Callahan et al., 2016) was used to produce a

table of chimera-free amplicon sequence variants (ASVs). ASVs

were taxonomically classified using the RDP Classifier against

the SILVA v.138 (August, 2020) reference database (Quast et al.,

2013). A phylogenetic tree was generated by sequence alignment

with MAFFT (Katoh and Standley, 2013) and the tree was

produced with FastTreeMP (Price et al., 2009) on the CIPRES

v3.3 Science Gateway (Miller et al., 2010). ASV count and

taxonomic data were imported using the phyloseq package

v.1.28 (McMurdie and Holmes, 2013) for analysis in R v3.6.1.

Sequences classified as chloroplast, mitochondria, eukaryota,

and archaea, as well as known common reagent contaminants

(Sheik et al., 2018), were removed before further analysis.

Singleton ASVs, together with one seawater sample

containing <1,000 reads, were removed from the dataset.

Overall, the dataset comprised 17 samples (9 for mucus and 8

for seawater), resulting in 414,856 sequences with a mean length

of 294 bp. After quality filtration, exclusion of chimeras, and

specific retention of bacterial sequences, 1,873 ASVs

(Supplementary Table 1) were obtained from the 17 samples.

Samples were rarefied to 5,099 to account for the variability in

sequencing depth between samples. The mean good’s coverage

score was 99.81% ± 0.38 for the dataset indicating the

sequencing depth was adequate to capture the majority of

diversity in the samples.
Statistical analyses of the 16S rRNA gene
sequencing data

Amplicon sequence variants (ASVs) were analysed with

Phyloseq v1.28 (McMurdie and Holmes, 2013), Vegan v2.5.6

(Oksanen et al., 2007) and rstatix v0.7.0 (Kassambara, 2021).

Alpha diversity indices (chao1 richness and the observed

number of ASVs) were computed and a one-way ANOVA was

run through rstatix for each diversity index after checking for

homogeneity and normality using Levene’s and Shapiro’s tests,

respectively. A principal coordinates analysis (PCoA) was used

to visualise dissimilarities in microbial communities between

sample types (mucus and seawater) and treatments (27°C and

32°C) using weighted unifrac distances, which considers the

relative abundance of each ASV and integrates phylogenetic

distance (Lozupone et al., 2011).
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To statistically analyse differences in microbial community

structure, ASV counts were Hellinger transformed to reduce the

effects of numerically large values from very abundant taxa and

weighted unifrac distances were computed. Permutational

multivariate analysis of variance (PERMANOVA; n = 9,999

permutations, adonis/adonis2 function in Vegan) was performed

to test for significant differences between mucus and seawater

samples and homogeneity of dispersions around group centroids

(i.e., variation) was assessed using PERMDISP (betadisper

function in Vegan). Data were further analysed using a two-

factor nested PERMANOVA to assess differences between

temperature treatment as a fixed factor (two levels: 27°C and

32°C) and time point (two levels: T0 and T3) nested within

sample type (mucus and seawater). Stacked bar graphs were

plotted using ggplot2 v3.3.5 to phylum level and represent those

bacterial taxa with a relative abundance above 1% across

all samples.
DMSP degrading predictions of the
bacterial communities

To determine if thermal stress induced an increase in the

relative abundance of taxa harbouring the demethylation

pathway (dmdA) or the cleavage pathway (dddP), we

functionally predicted the abundance of these two genes in the

bacterial communities from the mucus T3 samples. Briefly,

the mucus samples were rarefied to 9,182 (lowest read depth

for the mucus samples), and all ASVs were compared to

genomes harbouring dmdA and dddP (Supplementary Table 2)

derived from KEGG (Kyoto Encyclopedia of Genes and

Genomes) and NCBI (National Center for Biotechnology

Information). Each ASV with a query coverage ≥ 90% and a

similarity ≥ 95% with the 16S rRNA gene of one of the dmdA or

dddP-harbouring genomes was considered as a putative

DMSP degrader.
Amplification and identification of dmdA
and dddP genes

Quantitative PCR (qPCR) was used to determine the total

abundance of bacterial 16S rRNA genes and genes involved in

marine DMSP cycling. Gene abundance was quantified using an

automated Liquid Handling robot (epMotion 5075l) on a Bio-

Rad CFX Touch Real-Time PCR Detection System. A range of

dmdA subclades were initially screened (A/1, A/2, B/4, C/2, D/1

and D/3, E/2; Varaljay et al., 2010) using qPCR, but only a few

successfully amplified in the samples (A/1, D/3, E/2), the most

successful being dmdA A/1. All sample plates included a

triplicate, six-point calibration curve constructed from a

known amount of amplicon DNA measured by Qubit

(according to the manufacturer’s instructions), followed by five
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successive 10-fold dilutions and negative template controls of

nuclease-free water.

Absolute quantification of the bacterial 16S rRNA gene was

performed using the 16S rRNA specific primers BACT1369F (5’ –

CGGTGAATACGTTCYCGG – 3’) and PROK1492R (5’ –

GGWTACCTTGTTACGACTT – 3’) and a TaqMan probe

TM1389F (5’ – CTTGTACACACCGCCCGTC – 3’) (Suzuki

et al., 2000; Supplementary Table 3) with following cycling

conditions: 95°C for 3 minutes followed by 39 cycles of 95°C for

30 s and 56°C for 60 s with an extension at 72°C for 30 s. Each

individual PCR reaction volume was 5 µL and contained 2.5 µL

iTaq Universal probes SMX (Bio-Rad), 0.2 µL of each forward and

reverse 16S rRNA gene specific primers (10 µM), 0.1 µL of Taqman

Probe Mix, TM1389F (5’ – CTTGTACACACCGCCCGTC – 3’)

(10 µM), 1 µL of nuclease-free water and 1 µL of template DNA.

The relative abundance of bacterial DMSP-degrading genes was

acquired by normalising their copy numbers to the copy number of

bacterial 16S rRNA gene, however, it should be noted that some

bacterial genomes have multiple copies of the 16S rRNA gene (Cui

et al., 2015).

Absolute quantification of the genes encoding DMSP

catabolism were performed using primers for the DMSP

cleavage gene dddP_874F (5 ’ – AAYGAAATWGTT

GCCTTTGA – 3’) and dddP_971R (5’ – GCATDGCRTAA

ATCATATC – 3 ’) (Levine et al. , 2012) and DMSP

demethylation gene dmdA A/1-spFP (5’ – ATGGTGATTTG

CTTCAGTTTCT – 3’) and A/1-spRP (5’ – CCCTGCTTTGA

CCAACC – 3’) (Varaljay et al., 2010; Supplementary Table 3).

Analysis of DMSP degradation genes were performed on three

technical replicates of the following mixture: 2.5 µL of 2 ×

Sensifast SYBRHi-ROXmastermix, 0.2 µL of forward primer (10

µM initial), 0.2 µL of reverse primer (10 µM initial), 0.1 µL

nuclease-free water and 2 µL of DNA template (diluted between

1:1 and 1:20). Amplification of the DMSP cleavage gene dddP

and demethylation gene dmdA A/1, consisted of an initial

denaturation step of 95°C for 5 min, followed by 40 cycles of

95°C for 30 s, 41°C (dddP) and 53°C (dmdA) for 30 s and 72°C

for 30 s. To differentiate target amplicons from non-specific

products, a dissociation melt curve was generated after

each reaction.
Statistical analyses of the qPCR data

Quantitative PCR data was analysed with rstatix v0.7.0

(Kassambara, 2021) in R v3.6.1. Two-way repeated measures

ANOVAs were run for the mucus datasets to determine the

interaction between temperature treatment (27°C and 32°C) and

time point (T0, T1, T2 and T3) after checking for homogeneity

and normality using Levene’s and Shapiro’s tests, respectively.

Tukey’s post-hoc tests were used to determine differences

between groups. Pairwise comparisons, using t-tests, were then

run for each timepoint, for the coral host and mucus samples.
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Throughout the manuscript, all reported values are mean ± SE,

unless mentioned otherwise.
Results

Thermal bleaching responses and a
sharp increase in coral mucus DMSP
concentrations

Measures of Symbiodiniaceae PSII photochemical efficiency,

cell densities, and chlorophyll content indicate A. millepora

corals subjected to 32°C were in the early stages of a thermal

bleaching response. Ten days after the onset of thermal stress,

dark-adapted maximum quantum yields decreased by 39%

relative to controls (FV/FM; Two-way ANOVA; F9,180 = 53.35,

p < 0.001; Supplementary Table 4 and Figure 1A) from 0.694 ±

0.007 (day 1) to 0.426 ± 0.017 (day 10). In addition, a 38%

decrease in effective quantum yield was also recorded (DF/FM';
F8,162 = 5.67, p < 0.001; Supplementary Table 4 and Figure 1B)

from 0.698 ± 0.005 (day 1) to 0.434 ± 0.031 (day 10). In RLCs

performed at day 10, no difference in EK was observed between

treatments (Figure S1A), however FQ/FM(max) was significantly

different, with decreases from 0.72 ± 0.01 to 0.66 ± 0.01 in

thermally stressed corals (One-way ANOVA; F1,8 = 12.64, p <

0.05, Figure S1B and Supplementary Table 4). No differences

were observed in [1 - C]; however, stressed corals exhibited

significantly increased utilisation of [1 - Q] at all RLC irradiance

steps (One-way ANOVA, p < 0.05 for all irradiances,

Supplementary Table 4 and Figure S1C), indicating increased

reliance on non-photochemical quenching. Although no

difference in Symbiodiniaceae density was recorded between

treatments (Figure 1C), chlorophyll a in thermally stressed

corals decreased by 43% from 0.157 ± 0.014 µg chl a mm-2 to

0.088 ± 0.007 µg chl amm-2 (Two-way ANOVA; F3,19 = 5.72, p =

0.007, Supplementary Table 4 and Figure 1D).

At the beginning of the thermal stress experiment (T0),

DMSP concentrations in the coral mucus secreted after air

exposure averaged 4.24 ± 1.35 µM across both treatments but

started to sharply increase when the temperature reached 32°C

by T2 (Figure 2A) to 71.23 ± 12.12 µM. By T3 this value reached

83.15 ± 27.87 µM, corresponding to a 15.6-fold increase over the

controls (F3,32 = 7.031, p < 0.001, Supplementary Table 4 and

Figure 2A). We also measured a 2.9-fold increase for DMSO

(F3,32 = 3.954, p < 0.02, Supplementary Table 4 and Figure 2B),

from 0.79 ± 0.15 µM at T0 to 1.77 ± 0.34 µM at T3 under

elevated temperature. Conversely, in the coral host, no difference

was detected for DMSO (p = 0.570; Supplementary Table 4 and

Figure 2D) between control and thermally-stressed samples,

while DMSP concentrations significantly differed between

control and treatment by T2, and were 2.7-fold higher in

thermally-stressed samples by T3 (F3,32 = 3.85, p = 0.018,

Supplementary Table 4 and Figure 2C).
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Bacterial community structure differs
across mucus and seawater

Both the observed number of ASVs and their richness

(Chao1) were significantly higher in the mucus samples

(observed: 201.56 ± 45.97; Chao1: 206.24 ± 48.33) compared

with the surrounding seawater (observed: 77.70 ± 15.21, [F1,15 =

5.83, p = 0.029]; Chao1: 77.86 ± 15.19, [F1,15 = 5.78, p = 0.030];

Figure 3A). The overall microbial community structure of the

two environments (coral mucus and seawater) also showed

limited overlap (principal coordinates analysis (PCoA);

Figure 3B). Mucus samples were more tightly clustered than

the seawater samples; however, group dispersion was not

significantly different (PERMDISP, p = 0.959, Figures 3B, C).

Microbial community composition significantly varied between

sample types (PERMANOVA, F = 3.85, R2 = 0.20, p < 0.005),

and between sample types when partitioned between timepoints

and temperature treatments (PERMANOVA, F = 2.49,

R2 = 0.21, p = 0.011). However, no differences in microbial

community composition in mucus samples were detected

between temperatures (PERMANOVA, F = 0.76, R2 = 0.05, p =

0.613) or timepoints (PERMANOVA, F = 1.62, R2 = 0.10, p =

0.115), and variance was similar between groups for both

(PERMDISP, p = 0.590 and p = 0.415, respectively).
The mucus samples were dominated by Proteobacteria from

the Gammaproteobacteria (40.08% ± 5.04%), Alphaproteobacteria

(19.40% ± 2.67) and Bacteroidia (16.10% ± 3.66) classes

(Figure 3C). More specifically, three families represented 34.35%

of the communities: Rhodanobacteraceae (20.63% ± 2.71%),

Flavobacteriaceae (8.49% ± 2.27) and Rhodobacteraceae (5.23% ±

1.51; Supplementary Table 5A and Figure 3C). Conversely, the

seawater samples were dominated by Bacteroidia (47%),

Alphaproteobacteria (26%), and Gammaproteobacteria (10%;

Figure 3C and Supplementary Table 5B). A predictive analysis

was carried out on the samples collected during the last time point

of the experiment (T3; day 10) to determine the taxonomic

composition of DMSP degraders in coral mucus, together with

their relative abundance in response to the large increase in DMSP

concentrations recorded in the thermally stressed colonies.

According to our analysis, an average of 5% of the bacterial

communities harboured the demethylation gene dmdA in the

control samples, the most abundant genera belonging to the

Pelagibacter, Phaeobacter and Cognatishimia (Supplementary

Table 2 and Figure 4). Importantly, the relative abundance of the

bacteria putatively harbouring dmdA significantly increased in

the heat-stressed samples to reach an average of 6.7% of the

communities (t-test; t = -2.86, df = 4, p = 0.045). In comparison,

5.4% of the communities putatively harboured the cleavage gene

dddP, with the Gammaproteobacteria Caballeronia, Acinetobacter

and the Alphaproteobacteria Phaeobacter being the most abundant.

However, heat stress did not significantly affect the relative

abundance of dddP in the communities (t-test; t = -1.18, df = 4,

p = 0.302; Figure 4).
frontiersin.org

https://doi.org/10.3389/fmars.2022.912862
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gardner et al. 10.3389/fmars.2022.912862
Observed Chao1

Mucus Water Mucus Water

a

b

a

b

Time point
T0
T3

Location
Mucus
Water

−0.1

0.0

0.1

0.2

−0.25 0.00 0.25 0.50
Axis.1 [53%]

Ax
is

.2
 [1

1.
2%

]

Mucus Water

R
el

at
iv

e 
Ab

un
da

nc
e 

(%
)

100

200

300

400

500

100

200

300

400

500

Al
ph

a 
di

ve
rs

ity

0

25

50

75

100 Acidobacteriota
Actinobacteriota
Bacteroidota
Bdellovibrionota
Calditrichota
Campilobacterota
Chloroflexi
Dependentiae
Desulfobacterota
Elusimicrobiota
Fibrobacterota
Firmicutes
Myxococcota
Patescibacteria
Planctomycetota
Proteobacteria
Spirochaetota
Verrucomicrobiota

A B C

FIGURE 3

(A) Alpha diversity indices including the number of observed ASVs and species richness (Chao1) for the mucus (orange boxes), and seawater (blue boxes)
samples. Data was rarefied to the smallest sample size depth of 5,099. Letters indicate post-hoc groupings. (B) Principal coordinate analysis (PCoA)
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The abundance of DMSP degrading
genes increase in coral mucus under
thermal stress

To go beyond the functional predictions based on 16S rRNA

gene similarities, we quantified the abundance of both dmdAA/1

and dddP in coral mucus throughout the experiment. The

demethylation gene dmdA A/1 significantly increased in

abundance in the thermally stressed fragments between T2

and T3 (ANOVA; p = 0.0144; Supplementary Table 2 and

Figure 5A). At T3, the abundance of dmdA A/1 (per 16S

rRNA gene copy) was 1.5-fold higher in the mucus from

fragments exposed to 32°C compared to the controls (F3,23 =

4.89, p = 0.009; Supplementary Table 2 and Figure 5A). The

abundance of the cleavage gene dddP in coral mucus exhibited a

similar but more pronounced increase with temperature, with an

8.6-fold increase recorded between T1 and T2 (ANOVA; p <

0.001; Supplementary Table 2 and Figure 5B). At T2, the

abundance of the dddP gene was 2.95-fold higher in the

thermally stressed fragments than the controls. This difference

slightly decreased by T3, with 2.3-fold more dddP gene copies in

the thermally stressed fragments compared with the controls.

To determine if DMSP concentrations affected the

prevalence of a specific pathway, we calculated the ratio of

dddP:dmdA A/1 in each sample collected during the

experiment (Figure 5C). For DMSP concentrations under 29.4

µM, the dddP:dmdA ratio was consistently less than 1, indicating

that the demethylation pathway was more abundant in the

mucus microbiome than the cleavage pathway. However, when

DMSP concentrations were above 29.4 µM, 75% of the samples

had a ratio larger than 1, which means that the cleavage pathway

became more abundant than demethylation. Based on these

data, a significant association was identified between DMSP

concentrations and dddP:dmdA ratio (Fisher’s exact test; p =

0.002; Figure 5C).
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Discussion

DMSP is a keymolecule in themarine sulfur cycle (Sievert et al.,

2007), which is produced in large amounts by reef-building corals

(Broadbent et al., 2002; Broadbent and Jones, 2004). Thermal stress

is known to cause sudden increases in DMSP concentrations that

have been linked to its antioxidant capabilities (Raina et al., 2013;

Deschaseaux et al., 2014; Gardner et al., 2017), yet the subsequent

response of coral-associated microbes that can catabolise this

compound remains undefined. Our study aimed to identify how

the increased availability of DMSP in Acropora millepora mucus

during an ecologically relevant thermal stress affected the

abundance of DMSP degrading bacteria and the genes they use to

degrade this molecule. As predicted, elevated seawater temperature

resulted in order of magnitude increase in DMSP concentration in

themucus layer ofA.millepora.We subsequently identified putative

DMSP degraders in the mucus secreted after air exposure and

confirmed that the abundance of genes mediating the two DMSP

degradation pathways increased with higher DMSP concentrations.

Notably, at the highest DMSP concentrations recorded, the cleavage

gene causing DMS production became more abundant than the

demethylation gene, suggesting that a greater proportion of DMSP

is catabolised through this route during heat stress, which has

potentially significant implications given the climatic importance

of DMS.

Elevated seawater temperature caused reductions in PSII

photochemical efficiency (FV/FM) and chlorophyll content

without a loss of Symbiodiniaceae cells. This, along with the

increased reliance on non-photochemical quenching,

indicates a nascent bleaching response where light energy is

in excess and the integrity of the photosynthetic electron

transport chain is compromised (Rochaix, 2011). A

reduction in FV/FM is typical of thermally stressed Acropora

symbionts at our sampling site (Heron Island) (Fisher et al.,

2012; Gardner et al., 2017; Nitschke et al., 2018), which belong
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to Cladocopium of the C3 radiation (LaJeunesse et al., 2003;

Fisher et al., 2012; Gardner et al., 2017). Cumulative thermal

stress likely overwhelmed Symbiodiniaceae photosystem

repair mechanisms (Takahashi et al., 2009), alternative

electron flow pathways (e.g., the mehler reaction, see

Roberty et al., 2014), and antioxidant systems (Gardner

et al., 2017), leading to net production of reactive oxygen
Frontiers in Marine Science 10
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species (ROS) (Lesser, 2006; Lesser, 2011). Elevated cellular

ROS emissions are characteristic of temperature sensitive

Symbiodiniaceae cells (Suggett et al., 2008; Goyen et al.,

2017; Buerger et al., 2020), and ROS leakage into host cells

has been proposed as one of the mechanisms responsible for

Cnidarian-Symbiodiniaceae dysbiosis (Lesser, 1997; Lesser,

2006; Lesser, 2011).
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Coral mucus contains high concentrations of DMSP under

normal conditions (Broadbent and Jones, 2004). In the present

study, concentrations measured in the temperature treatments

averaged 83 µM, more than 1.5-fold higher than previously

reported for Acropora. In addition, increased temperature led to

the highest concentrations yet reported in any environment (177

µM). Our observations of Symbiodiniaceae photosystem stress

and concurrent increases in DMSP concentrations in the coral

host aligns well with its putative role in photosystem repair

(Archer et al., 2010) and also corroborate the ROS-detoxifying

role of DMSP proposed for Acropora (Raina et al., 2013;

Deschaseaux et al., 2014; Jones and King, 2015; Gardner et al.,

2017) and demonstrated for other species (Sunda et al., 2002).

Mucus has long been thought to play an essential role in a coral’s

ability to adapt to environmental change (Reshef et al., 2006).

The exceptionally high concentrations of DMSP measured here,

together with a nutrient-rich cocktai l of proteins,

polysaccharides and lipids, make coral mucus an ideal

environment for microbial growth (Wild et al., 2004;

Tremblay et al., 2011), and as such, the maintenance of a

healthy coral microbiome.

We found little overlap in the identity of the taxonomy of the

bacterial communities between mucus and seawater samples,

consistent with previous work showing that mucus harbour

specific taxa (Rohwer et al., 2001; Frias-Lopez et al., 2002;

Rohwer et al., 2002). The two most abundant classes of bacteria

present in mucus samples were Alphaproteobacteria and

Gammaproteobacteria, known to harbour DMSP-degrading genes

(Howard et al., 2008; Varaljay et al., 2010). We matched the 16S

rRNA gene of bacteria present in the mucus samples to genomes

that harbour dmdA and dddP, to identify and quantify putative

DMSP degraders in the control and heat-stressed samples. The

majority of the dmdA-harbouring bacteria identified in mucus

belong to the Alphaproteobacteria class and include many

representatives of the Roseobacter clade, such as Phaeobacter,

Ruegeria, Shimia, or Marinovum. These Roseobacters are

commonly associated with reef-building corals (Huggett and

Apprill, 2019; Luo et al., 2021; Kuek et al., 2022), and akin to

their interaction with phytoplankton (Seyedsayamdost et al., 2011),

their relationships with corals can range from mutualistic (Sharp

et al., 2015; Freire et al., 2019; Miura et al., 2019) to pathogenic

under environmental stress (Casey et al., 2015; Pollock et al., 2017).

In addition, the oligotrophic bacterium Pelagibacter was also

present among the dmdA-harbouring bacteria identified in coral

mucus. Given that this DMSP-degrading bacterium is the most

abundant microorganism in seawater (Giovannoni, 2017), and

mucus viscosity is known to trap particles from seawater (Wild

et al., 2004), is it possible that some of these oligotrophs get also

trapped in mucus. Conversely, the majority of dddP-harbouring

bacteria belonged to the Gammaproteobacteria class, most notably

members of the genus Caballeronia. The functional role of this

genus is unknown in corals, but it is involved in mutualisms with

plants (South et al., 2021) and insects (Mendiola et al., 2022).
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Although our approach enabled us to identify some of the DMSP

degraders in coral mucus, our estimated proportion of DMSP

degraders in the mucus (less than 10% of the total community) is

most likely an underestimation, since our conservative functional

assignment relies on a small number of genomes harbouring ratified

or orthologous dmdA/dddP genes, but disregards the many

homologous sequences that may be functional.

The abundance of the cleavage and demethylation genes in

bacterial communities is an indicator of how DMSP is being

catabolised. This is important because the demethylation pathway

shunts the sulfur moiety towards the synthesis of amino acids (e.g.,

methionine; see Howard et al., 2006; Reisch et al., 2011), while the

cleavage leads to the production of the climatically active DMS

(Curson et al., 2011). Quantification of both dmdA and dddP genes

using qPCR revealed that their abundance in coral mucus (per 16S

rRNA gene copy) increased (1.5-fold and 3-fold increases,

respectively) with DMSP concentrations during thermal stress. In

addition, when DMSP concentrations increased beyond 30 µM in

mucus, the cleavage gene dddP became more abundant than the

demethylation gene dmdA (ratio of dddP:dmdA A/1 above 1).

DMSP concentrations have long been hypothesised to be the key

determinant of which of the two DMSP degradation pathways is

preferentially used (Kiene et al., 2000; Simó, 2001). Recent

laboratory results on a model bacterium confirmed that at low to

medium concentrations, most of the DMSP is degraded via

demethylation, but at elevated concentrations (>10 mM) a shift

occurs toward cleavage (Gao et al., 2020). Although we did not

investigate the expression of these pathways, we found that a similar

threshold exists for the abundance of these genes in coral mucus.

Therefore, our results suggest that under high DMSP

concentrations, such as the ones recorded in coral mucus under

thermal stress, a larger proportion of DMSP may be converted

to DMS.

Here we measured the largest DMSP concentrations ever

recorded in any environment in the mucus of the reef-building

coral Acropora millepora. Thermal stress caused sharp increases

in both DMSP, and the proportion of bacterial genes involved in

its degradation. In addition, our results suggest that when DMSP

concentrations are high, a greater proportion of DMSP is

converted to DMS by bacteria, which corroborates the increase

in DMS concentrations previously measured in corals under

various environmental stressors (Deschaseaux et al., 2014).

Stronger convection forces occurring in tropical regions result

in fast transport of volatile gases, such as DMS (Randel and

Jensen, 2013), which means that shifts in DMSP-degradation

route used by coral-associated bacteria may have important

effects on atmospheric chemistry.
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Coral reefs are important regional sources of biogenic sulfur to the tropical

marine atmosphere, through stress-induced emissions of dimethylsulfide

(DMS). Recent estimates suggest that the Great Barrier Reef (GBR), Australia

emits 0.02-0.05 Tg yr-1 of DMS (equivalent to 0.010-0.026 Tg yr-1 S), with

potential implications for local aerosol-cloud processes. However, the impact

of ocean warming on DMS emissions from coral reefs remains uncertain,

complicating efforts to improve the representation of coral reefs in DMS

climatologies and climate models. We investigate the influence of predicted

changes in sea surface temperature (SST), photosynthetically active radiation

(PAR) and wind speed on contemporary DMS emissions from the GBR using

model output from the Coupled Model Intercomparison Project Phase 6

(CMIP6). A multiple linear regression is used to calculate seawater surface

DMS (DMSw) concentration in the GBR in a contemporary (2001-2020) and

end-of-century (2081-2100) scenario, as simulated by CMIP6 models under a

SSP2-4.5 and SSP5-8.5 Shared Socioeconomic Pathway. By the end of this

century, a 1.5-3.0°C rise in annual mean SST and a 1.1-1.7 mol m-2 d-1 increase

in PAR could increase DMSw concentration in the GBR by 9.2-14.5%, leading to

an increase in DMS flux of 9.5-14.3%. Previous model studies have suggested

that the aerosol system has a low sensitivity to relatively large changes in coral

reef-derived DMS. Therefore, the predicted change in contemporary DMS

emissions is unlikely to influence the regional atmosphere. Further research

is needed to understand the combined effects of temperature, light, pH, salinity

and ecosystem structure on DMS production in coral reefs to better predict

potential changes in emissions. Nevertheless, the findings provide insight into

how predicted ocean warming may affect present-day DMS emissions and the

source-strength of the GBR to the atmospheric sulfur budget.
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1 Introduction

Coral reefs are strong regional sources of biogenic sulfur

through stress-induced emissions of dimethylsulfide (DMS).

The atmospheric oxidation products of DMS are important

sulfate aerosol precursor compound which can influence non-

sea salt sulfate (nss-SO4) aerosol properties (Gabric et al., 2013;

Woodhouse et al., 2013; Fiddes et al., 2018; Sanchez et al., 2018;

Jackson et al., 2020). It has been hypothesised that DMS

emissions from coral reefs may facilitate aerosol nucleation

and growth to cloud condensation nuclei (CCN), influencing

the lifetime and albedo of low-level clouds (LLC) over coral reefs

via aerosol direct and indirect effects on the radiation budget

(Fischer & Jones, 2012; Jones, 2015; Jones et al., 2017). The

potential for DMS-derived sulfates to influence aerosol-cloud

processes over coral reefs is dependent on the rate of DMS

emission, oxidation and subsequent atmospheric processing

(such as nucleation, condensation or coagulation) (Andreae &

Crutzen, 1997). However, the impact of ocean warming on the

source-strength of coral reefs to the atmospheric sulfur budget

remains uncertain.

The precursor of DMS, dimethylsulfoniopropionate

(DMSP), is produced by a number of organisms including

marine algae (Sunda et al., 2002), corals and endosymbiotic

dinoflagellates (Raina et al., 2013). Catabolism of DMSP by

endosymbiotic and free-living microbes occurs via the

demethylation and cleavage pathways, with the latter

producing DMS (Bullock et al., 2017).

When dissolved DMS is present in excess, seawater surface

DMS (DMSw) is ventilated to the marine boundary layer where it

is rapidly oxidised to nss-SO4 aerosol precursor compounds

including sulfur dioxide (SO2), methanesulfonic acid,

hydroperoxymethyl thioformate and sulfuric acid (H2SO4)

(Andreae & Crutzen, 1997; Berndt et al., 2019; Hodshire et al.,

2019; Veres et al., 2020). These nss-SO4 aerosol precursors may

condense onto existing particles or nucleate to form new

secondary marine aerosols (Andreae & Crutzen, 1997). Both

processes can influence the number concentration and growth of

aerosols to CCN and cloud droplets (Korhonen et al., 2008;

Woodhouse et al., 2013; Sanchez et al., 2018). When high

concentrations of fine-mode aerosol grow rapidly to CCN,

cloud droplet number increases, cloud droplet size decreases

(assuming constant cloud liquid water content) and the albedo

and lifetime of LLC is enhanced (Andreae & Rosenfeld, 2008;

Dave et al., 2019).

Various field studies, remotely sensed observations and

model simulations have identified a significant link between

atmospheric DMS (DMSa), nss-SO4 aerosol formation and

growth, CCN and cloud droplet radius over the remote ocean

(Korhonen et al., 2008; Woodhouse et al., 2013; Fiddes et al.,

2018; Gabric et al., 2018; Sanchez et al., 2018). A mesocosm

experiment found that submicron secondary marine aerosols
Frontiers in Marine Science 02
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primarily consisted of biogenic nss-SO4 (> 50%) and organic

species, and had a higher hygroscopicity and CCN potential than

sea spray aerosols (Mayer et al., 2020). These findings suggest an

important biogenic influence on cloud microphysical properties.

Globally, DMS emission estimates range from 17.6-34.4 Tg

yr-1 S (Kettle & Andreae, 2000; Lana et al., 2011; Land et al.,

2014). The total contribution of coral reefs to the atmospheric

sulfur budget is not yet certain. However, it is estimated that the

Great Barrier Reef (GBR), Australia, emits 0.02-0.05 Tg yr-1 of

DMS (0.010-0.026 Tg yr-1 S) from approximately 347,000 km2 of

coral reefs and lagoon waters (Jones et al., 2018; Jackson et al.,

2021). Assuming that DMS production and sea-air flux is

consistent across coral reefs, tropical coral reefs and lagoon

waters (~600,000 km2) could emit 0.08 Tg yr-1 of DMS (0.041 Tg

yr-1 S).

Estimates of DMS emissions from coral reefs are comparable

to those from other highly productive regions. In polar waters,

DMS production is closely related to phytoplankton

productivity, particularly during seasonal sea ice melting

which can induce ice algae blooms (Gabric et al., 2018; Gali

et al., 2021). The Austral Polar biogeographic region (south of

59°S) is estimated to release 1.1 Tg yr-1 S (Webb et al., 2019),

representing 3-6% of global emission estimates from ~3% of the

ocean surface. Normalising the above estimates by area, the GBR

and Antarctic waters release ~0.4 Tg yr-1 S per 1% of the

ocean surface.

In corals, DMSP biosynthesis and cleavage to DMS is

upregulated in response to oxidative stress caused by exposure

to high sea surface temperature (SST), irradiance (Jones et al.,

2007; Deschaseaux et al., 2014) and low salinity (Gardner et al.,

2016). Oxidative stress is caused by the release of reactive oxygen

compounds (ROS) by coral mitochondria and zooxanthellae

photosystems (Weis, 2008; Lesser, 2011). The rate of

photosynthesis in zooxanthellae increases linearly with

photosynthetically active radiation (PAR) until Photosystem II

(PS II) becomes saturated (Anderson et al., 1995; Gorbunov

et al., 2001; Winters et al., 2003). Beyond this threshold, excess

light energy is dissipated as heat via various photoprotective

mechanisms (Melis, 1999; Gorbunov et al., 2001). However,

when not all excess light energy is dissipated, photodamage can

occur to PS II, inhibiting electron transport and damaging

protein structure. High SST can exacerbate irradiance stress by

lowering the PAR absorption capacity (Jones et al., 2000; Jones

et al., 2002). Accumulating photodamage results in the release of

ROS into coral tissues (Weis, 2008; Lesser, 2011) and if

conditions persist, can result in corals expelling their

zooxanthellae and becoming bleached (Downs et al., 2002;

Yakovleva et al., 2009).

Irradiance stress can be exacerbated in corals when exposed

to air at low tide (Buckee et al., 2020). During aerial exposure,

corals produce a layer of mucous which has been reported to

contain up to 54 mmol DMSP and 18 mmol DMS (Broadbent &
frontiersin.org

https://doi.org/10.3389/fmars.2022.910420
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jackson et al. 10.3389/fmars.2022.910420
Jones, 2004). Given the strong concentration gradient between

coral mucous and the atmosphere, large plumes of DMS can be

exchanged directly from the coral surface to the atmosphere

(Andreae et al., 1983; Jones et al., 2007; Hopkins et al., 2016;

Swan et al., 2017). This mechanism of direct coral-air DMS flux

distinguishes coral reefs from open ocean regions, where DMS

flux is solely driven by diffusive mixing across the sea-air

interface (Yang et al., 2011).

DMSa concentrations above aerially exposed coral reefs can

exceed 500 ppt (~23 nmol m-3) (Jones et al., 2007), and on one

occasion reached 1122 ppt (45.9 nmol m-3). The latter was

measured over Heron Island in the southern GBR in the winter

of 2013, when the coral was apparently osmotically and

thermally shocked by rainfall while exposed to air at low tide

(Swan et al., 2017). These plumes of DMSa can persist for around

eight hours and are significantly more concentrated than the

background DMSa signal, which seasonally averages ~25 ppt (1

nmol m-3) in winter to ~100 ppt (4 nmol m-3) in summer (Swan

et al., 2017).

DMS(P) can alleviate oxidative stress in corals by scavenging

ROS and forming dimethyl sulfoxide (DMSO) (Deschaseaux

et al., 2014; Jones & King, 2015). When oxidative stress exceeds

coral thermal stress thresholds, DMS(P) oxidation increases and

a decline in ambient DMSw concentration occurs (Jones et al.,

2007; Fischer & Jones, 2012; Deschaseaux et al., 2014). DMS(O)

may also be formed via photoreactions at the sea surface (Gabric

et al., 2008; Galı ́ et al., 2013) and by algal and microbial

metabolic processes (Spiese et al., 2009; Bourne et al., 2016),

highlighting the complexity in the cycling of dimethylated sulfur

compounds. The concentration of DMS in coral reef waters is

therefore dependent on the rate of DMS(P)(O) biosynthesis,

which is often related to coral oxidative stress.

Ocean warming poses one of the greatest threats to coral

reefs (Ainsworth et al., 2016; Hughes et al., 2019). In addition to

more frequent and severe coral bleaching events, warmer oceans

may lead to a change in DMS production and emissions (Jackson

et al., 2020). Given that DMS(P) production in the coral

holobiont is upregulated in response to thermal stress (Raina

et al., 2013), rising SST could increase coral DMS(P)

biosynthesis. However, dissolved DMS concentrations have

been found to decline when coral physiological stress

thresholds are exceeded (Jones et al., 2007; Fischer and Jones,

2012), possibly due to a coral antioxidant response where DMS

(P) scavenge reactive oxygen to form DMSO (Deschaseaux et al.,

2014). Therefore, rising SST may increase stress-induced

production of DMS(P), followed by oxidation to DMSO in

temperature sensitive coral species, leading to a decline in

ambient DMS concentrations and emissions. A decline in

DMS emissions could be further exacerbated by increased

coral bleaching and mortality. Conversely, if coral reefs are

able to acclimate to rising ocean temperatures via natural or

assisted means, such as the recruitment of temperature-tolerant

zooxanthellae species (Berkelmans & Van Oppen, 2006;
Frontiers in Marine Science 03
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Bay et al., 2016), coral reef DMS emissions may not change

significantly at all.

Here, we explore the impact of changes in SST, PAR and

wind speed on DMSw and DMS emissions from the GBR by the

end of this century. A linear regression (described in Jackson

et al., 2021) is used to calculate DMSw, and the parameterisation

of Liss and Slater (1974) is used to calculate DMS sea-air flux for

a contemporary (2001-2020) and two end of century (2081-

2100) scenar ios , as s imulated by Coupled Model

Intercomparison Project Phase 6 (CMIP6) models under a

SSP2-4.5 and SSP5-8.5 Shared Socioeconomic Pathway (SSP)

(Moss et al., 2010; Gidden et al., 2019). The SSP2-4.5 scenario

assumes a medium positive radiative forcing by 2100 (~4.5Wm-2)

(Fricko et al., 2017), while the SSP5-8.5 scenario assumes a high

positive radiative forcing by 2100 (~8.5 W m-2) (Kriegler et al.,

2017). The influence of the predicted change in DMS emissions on

the regional atmosphere is then discussed.
2 Methods

2.1 Calculation of seawater
DMS concentration

The GBR spans 2,300 km of the north-eastern Australian

coastline, with the Great Barrier Reef Marine Park (GBRMP)

covering an area of approximately 347,000 km2. DMSw and

DMS sea-air flux is calculated for the GBRMP region (10.5-25°S;

142-154°E) shown in Figure 1.

Jackson et al. (2021) used a multiple linear regression to

predict DMSw (Eq. 1.1) from measurements taken during

Marine National Facility RV Investigator voyage IN2016_V06

(RVI) from September to October 2016 in the southern and

central GBR. The RVI voyage was undertaken as part of the

Australian Research Council Discovery Project ‘The Great

Barrier Reef as a significant source of climatically relevant

aerosol particles’. The regression is used to calculate DMSw
(nmol L-1) concentration from standardized SST and daily

total PAR at 5 m (Eq. 1.1).

DMSw = 0:10   SST2 +   0:34   SST +   0:14   PAR2

+ 0:12   PAR + 1:28 (1:1)

Water clarity affects the amount of solar irradiance which

penetrates the sea surface and is accounted for by reducing

surface PAR by the corresponding diffuse attenuation coefficient

(k490: m
-1) for a depth of 5 m (where PAR at 5 m=PAR×e−5 k490 ).

This depth was chosen because DMSw samples were taken

between 0-5 m during the RVI surveys. The regression derived

in Jackson et al. (2021) explained 71% of the variance in

observed DMSw (p<0.001, n=24) and reproduced seasonal and

spatial (reef flat versus lagoon) variability in observed

concentrations moderately well for the GBR (summarised in
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Jones et al., 2018). The calculated DMSw climatology represents

average seawater surface DMS concentration derived from

corals, algae and other DMS producing organisms in

GBR waters.

DMSw in coral reefs does not linearly increase with SST

when corals experience high levels of thermal stress (Jones et al.,

2007; Fischer & Jones, 2012). To account for this, a coral thermal

stress threshold was calculated as 1°C above the local

climatological maximum monthly mean (MMM) SST (i.e. the

warmest monthly average SST) (Liu et al., 2006). SST anomalies

above the MMM+1°C threshold can be used to calculate

accumulated coral thermal stress and predict the risk of coral

bleaching using metrics such as Degree Heating Weeks (DHW)

(Liu et al., 2006) or the Light Stress Index (Skirving et al., 2018).

Ecologically significant coral bleaching typically occurs when

DHW > 4°C-weeks (where SST has remained 1°C above the

MMM for four consecutive weeks, or 4°C above the MMM for 1

week). Several studies have shown that indices calculated from

the MMM+1°C threshold can predict the extent and severity of

coral bleaching well in the GBR (Bainbridge, 2017; Hughes et al.,

2018; Skirving et al., 2018). Therefore, the MMM+1°C threshold

can be used as a good indication of coral thermal stress.

Corals are assumed to be experiencing thermal stress (but

not necessarily bleaching) when SST ≥ MMM+1°C (Liu et al.,

2006). When corals are thermally stressed, reactive oxygen

concentrations can increase (Lesser, 2011). DMS(P) scavenge
Frontiers in Marine Science 04
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ROS, forming DMSO (Deschaseaux et al., 2014), which can

result in a decline in ambient DMS concentrations (Jones et al.,

2007). We therefore assume that for days when SST ≥MMM+1°C

DMSw no longer continues to increase with SST.

To avoid overestimating DMSw on days when this threshold

was exceeded, the SST terms in Eq. 1.1 were replaced with the

calculated coral thermal stress threshold (MMM+1°C) (Eq. 1.2).

Calculated DMSw may still vary with PAR on these days.

Capping the influence of SST on calculated DMSw reduced

daily mean concentration by less than 0.1 nmol L-1.

DMSw = 0:10   threshold2 +   0:34   threshold

+   0:14   PAR2 + 0:12   PAR + 1:28 (1:2)

The coral thermal stress threshold was recalculated for the

contemporary and each end of century climate scenario, making

an optimistic assumption that corals will acclimate to rising

ocean temperatures. The coral thermal stress threshold for the

contemporary period ranged from 26.8°C in the southern GBR

to 31.0°C in the northern GBR (mean 28.9°C), and was most

commonly exceeded between late January to March. For the end

of the century, the coral thermal stress threshold ranged from

28.7-32.6°C (mean 30.7°C) for the SSP2-4.5 scenario and from

30.2-34.1°C (mean 32.2°C) for the SSP5-8.5 scenario.

It is assumed that the empirical relationship derived between

DMSw, SST and PAR in the southern and central GBR can be

used to estimate DMSw beyond the region for which Eq. 1 was

defined. We acknowledge that this may not be an accurate

representation of DMSw in the northern GBR or under future

climate scenarios, however further research is needed to

establish the validity of the observed relationship in other

regions and time-periods. Further, the ability of corals to

acclimate to rising SST, ocean acidification, sea-level rise,

changes in water quality and ecosystem structure are

uncertain, and we do not attempt to assume how corals will

respond to such changes here. The purpose of this analysis is to

investigate how predicted changes in SST, PAR and wind speed

may affect contemporary DMSw and sea-air flux from the GBR.
2.2 Calculation of DMS sea-air and coral-
air flux

2.2.1 DMS sea-air flux
DMS sea-air flux was calculated as a function of wind speed

at 10 m (U10), SST and calculated DMSw. DMS concentration is

typically several orders of magnitude lower in the atmosphere

than at the sea surface. Therefore, DMS sea-air flux is calculated

as the product of the total gas transfer velocity (Kw: cm hr-1) and

the concentration of DMS at the sea surface (Cw: nmol L-1) using

Eq. 2 (Liss & Slater, 1974). Sea-air flux is then converted from

units of mmol cm-2 hr-1 to mmol m-2 d-1.
FIGURE 1

Map of north-eastern Australia, showing the boundary of the
Great Barrier Reef Marine Park for which the change in each
variable was investigated (white outline). Base map © Google
Earth 2020.
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Flux =  KwCw (2)

DMS sea-air flux is calculated using two parameterisations

for Kw. The water-side transfer velocity (kw) parameterisation of

Nightingale et al. (2000) was derived for carbon dioxide and

is normalized to the SST-dependent Schmidt number of 660 for

DMS (ScDMS), calculated as follows: ScDMS=2674−147.2 SST+

3.726 SST2−0.038 SST3 (Saltzman et al., 1993). For this

parameterisation, kw increases with U10 (Eq. 3).

kw =   0:222  U2
10 +   0:333  U10

� �
  ScDMS=600ð Þ−0:5 (3)

Kw is then calculated using Eq. 4 (McGillis et al., 2000;

Nightingale et al., 2000). The atmospheric gradient fraction (ga)
is defined by ga= 1/(1+ ka/akw,600) (McGillis et al., 2000), where

a is the solubility coefficient for DMS (11.4 at 26°C) and ka is the

airside transfer velocity, calculated as a function of U10 and the

molecular weight of DMS and water as follows: ka = 659 U10

(62.13/18.02)-0.5 (Kondo, 1975)

Kw =   kw 1 −   gað Þ (4)

The second parameterization of kw provides a more

conservative estimate of Kw, by accounting for non-linearity in

the DMS transfer velocity at high wind speeds (> 10 m s-1). This

is done by including an attenuation of the Henry’s Law constant

(Hatten) calculated using Eq. 5 (Vlahos & Monahan, 2009). H is

the Henry’s Law constant in seawater (0.089) (Przyjazny et al.,

1983), fB is the surface area of bubbles under the sea surface

given by fB=0.09 (U10/10)
3 and Cmix/Cw is the solubility

enhancement of DMS (~40) from Vlahos and Monahan (2009).

Hatten =  H=1 +   fB Cmix=Cwð Þ (5)

Kw is then calculated using Eq. 6 as a function of Hatten,

kw= 4×10−4+ 4×10−5(U 10 )
2 and ka= 0.2 U 10+0 .3

(Schwarzenbach et al., 2005; Vlahos & Monahan, 2009). The

parameterizations of kw and ka are given in units of cm s-1 and

are converted to cm hr-1 in order to calculate the total DMS

transfer velocity (Eq. 6).

Kw =
1
kw

+
1

kaHatten

� �−1

(6)
2.2.2 DMS sea-air + coral-air flux
Current DMS sea-air flux parameterisations do not account for

direct coral-air DMS flux from corals that are exposed to air at low

tide. This is an important, albeit intermittent, source of DMSa over

coral reefs. Hopkins et al. (2016) estimate that Acropora corals

exposed to air for an average of 12 hours per month release 9-35

mmol m-2 d-1 (mean 22 mmol m-2 d-1). Given that Acropora are the

dominant coral genus in the GBR, we add a fraction of the mean

estimate to the DMS sea-air flux (Eq. 2), scaled by the percentage

cover of coral reefs within each grid cell (where DMS flux= KwCw

+[0.22×reef cover]). The fraction of reef cover was calculated as the
Frontiers in Marine Science 05
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number of reef pixels within a 0.25-degree grid (as determined in

Jackson et al., 2021), using a database of coral reef locations

obtained from ReefBase (https://www.reefbase.org) and MATLAB

R2020a. Inclusion of the direct coral-air DMS flux estimate added

0.2-7.7 mmol m-2 d-1 (mean 1.6 mmol m-2 d-1) to the calculated

DMS sea-air flux from coral reefs in the GBR.

The approach used to estimate coral-air DMS flux is limited

because it assumes that Acropora spp. are the sole source of direct

coral-air DMS flux and it does not account for seasonal, diurnal or

spatial variability in the extent of coral exposure, or the complexity of

the reef environment (Hopkins et al., 2016). Further research is

needed to reduce the uncertainty in this estimate and to accurately

scale laboratory-derived fluxes to the natural coral reef environment.

Nevertheless, inclusion of coral-air DMS flux improves the

representation of coral reefs in DMS flux climatologies.
2.3 CMIP6 model output

CMIP6 model output was obtained from the Australian

Community Climate and Earth-System Simulator Coupled

Model (ACCESS-CM2) (Dix et al., 2019) and the ACCESS

Earth System Model (ACCESS-ESM 1.5) (Ziehn et al., 2019)

for the CMIP6 historical, SSP2-4.5 and SSP5-8.5 experiments.

For the historical simulations, solar variability, volcanic aerosols

and anthropogenic-driven changes in atmospheric composition

(greenhouse gases and aerosol) are forced by datasets which are

largely based on observations up to 2014 (Eyring et al., 2016).

For the SSP scenario experiments, variables are simulated from

2015 onwards under the respective SSP trajectories. Model

output from both models was used to ensure that data for all

required physical and biological variables was available. These

data are available from the Earth System Grid Federation

(https://esfg-node.llnl.gov/search/cmip6/).

ACCESS-CM2 is a global physical climate model, consisting

of the Met Office physical atmosphere Unified Model (UM)

version 10.6 (Walters et al., 2019), the Modular Ocean Model

version 5 (MOM5), the Community Atmosphere Biosphere

Land Exchange version 2.5 (CABLE2.5) land surface model

and the CICE5 sea ice model, coupled by the OASIS3-MCT

numerical coupler. A detailed description of the ACCESS-CM2

configuration is provided in Bi et al. (2020). ACCESS-ESM 1.5

consists of a previous version of ACCESS (ACCESS 1.3), which

uses the CABLE version 2.4 land surface model, along with

coupled terrestrial (CASA-CNP) and ocean biogeochemistry

(WOMBAT) models (Ziehn et al., 2020). ACCESS model

output for CMIP6 historical simulations predicted spatial and

interannual variability in observations and reanalysis data well

for a range of variables, including over the Australian region

(Bodman et al., 2020; Ziehn et al., 2020). Therefore, the

ACCESS-CM2 and ACCESS-ESM1.5 model output was

chosen for this analysis.
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Atmospheric variables are resolved at a horizontal resolution

of 1.25° latitude x 1.875° longitude, with 38 vertical levels for

ACCESS-ESM1.5 and 85 vertical levels for ACCESS-CM2.

Oceanic variables are resolved at a horizontal resolution of 1°,

with 50 vertical levels. Each model provided various ensembles

and model run variations. For this analysis, the most commonly

available r1i1p1f1 ensemble is used for each scenario.

Model output was obtained for the GBRMP region

(Figure 1) for the contemporary (2001-2020) and end of

century (2081-2100) time periods. SST and wind speed at

10 m were downloaded at daily frequency. While using daily

mean wind speed to calculate DMS sea-air flux can average out

the influence of high wind speeds, daily mean wind speed was

used to calculate flux consistently across all model scenarios,

allowing the relative change in DMS sea-air flux to be

determined. Downwelling shortwave radiation at the sea

surface (SWR: W m-2), chlorophyll-a at 5 m depth (CHL: mg

m-3) as a proxy for water clarity, and cloud cover (%) were

downloaded at the provided monthly frequency. SWR was used

to estimate total daily PAR (mol m-2 d-1), using a conversion

factor of 2.1 mmol m-2 s-1 PAR per W m-2 of total SWR (Howell

et al., 1983). Monthly mean variables were linearly interpolated

to a daily mean time-series at each pixel.

Data for k490 was not available from the two ACCESS models.

Satellite-derived k490 products are derived from the normalized

water-leaving radiance at 490 nm and 555 nm, calculated from

top-of-atmosphere radiances in the absence of atmospheric

perturbations (Wang et al., 2009). Given that k490 values in the

GBR are typically less than 0.05 m-1, the attenuation of PAR at 5 m

is less than 10 mol m-2 d-1. We derive a simple linear regression to

predict k490 from CHL using a 20-year climatology of Moderate

Resolution Imaging Spectroradiometer (MODIS) Aqua and Terra

observations, area-averaged over the GBR (Eq. 7). The regression

accounted for 73.5% (p<0.001, n=365) of the variance in MODIS

k490 and is used to estimate k490 at each pixel for the contemporary

and end of century CMIP6 model output. Calculated k490 is then

used to derive daily total PAR at 5 m (henceforth PAR).

k490 = 0:07  CHL + 0:02 (7)

The coarse resolution model output was linearly interpolated

to a 0.25-degree grid (for consistency with Jackson et al., 2021) to

enable spatiotemporal variability in each variable to be

investigated, including along coastal regions. A multi-model

average of each variable was then calculated and used to

calculate a climatology of DMSw (Eq. 1) and DMS flux (Eq. 2 +
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coral-air DMS flux) for the contemporary and end of century

scenarios. The model source of each variable is listed in Table 1.
2.4 Remotely sensed observations

The historical CMIP6 model output was compared with a

climatology of MODIS observations and ERA-5 reanalysis data

(2001-2020) to evaluate how well the models predicted each

variable for the GBR region. Daily mean SST, PAR, k490 and cloud

cover were obtained from the MODIS sensor aboard the Aqua and

Terra satellites,whichbothpass over theGBRat approximatelynoon

local time (UTC+10 hr). A daily average at each pixel was calculated

from the Aqua and Terra observations (n=7300). SST, PAR and k490
were downloaded at 0.04-degree resolution fromNASAOceanColor

(https://oceancolor.gsfc.nasa.gov). Cloud cover was downloaded at

1-degree resolution from the NASA Level-1 Atmosphere and

Distribution System (http://laadsweb.modaps.eosdis.nasa.gov).

Light attenuation at the surface was accounted for by reducing

PAR by the corresponding k490 value for a depth of 5 m. Daily

meanwindspeedat10mwascalculated fromhourlyERA-5100mu-

and v-wind vector components (Copernicus Climate Change

Service, 2019). An area-average of each variable was calculated for

the GBRMP region shown in Figure 1.
2.5 Analysis

The change in annual and seasonal mean SST, PAR, cloud

cover (to investigate change in PAR), k490, wind speed, Kw, DMSw
and DMS flux between the contemporary (2001-2020) and end of

century (2081-2100) climatologies was investigated for the GBRMP

(Figure 1). A contemporary climatology for each variable was

calculated from CMIP6 historical model output from 2001 to

2014, extended to 2020 using an average of the SSP2-4.5 and

SSP5-8.5 model output. Two end of century (2081-2100)

climatologies were calculated for each variable under the

respective SSP scenario.

3 Results

3.1 Comparison of model output and
remotely sensed observations

To ensure the models adequately simulated contemporary

conditions in the GBR, the CMIP6 contemporary climatology was
TABLE 1 CMIP6 models and output used in this analysis.

Institute Model Variable

Commonwealth Scientific and Industrial Research Organisation (CSIRO) ACCESS-ESM 1.5 SST, SWR, Cloud, CHL, wind speed

CSIRO and Australian Research Council Centre of Excellence for Climate System Science ACCESS-CM2 SST, SWR, Cloud, wind speed
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compared withMODIS-derived SST, PAR at 5 m and cloud cover,

and ERA-5 reanalysis wind speed data for the same time period

(Figure 2). The CMIP6 model average overestimated MODIS-

derived SST by approximately 1°C from February to September,

underestimated PAR by up to 10 mol m-2 d-1 from October to

May, and underestimated cloud cover by approximately 10%

(Figure 2). The model average overestimated ERA-5 wind speed

by approximately 1 m s-1 (Figure 2). The differences between the

modelled and observed data are small in magnitude (< 20%), and

are likely consistent between contemporary and future time

periods. It is therefore assumed that the models simulated the

relevant variables with enough confidence for this study.
3.2 Change in modelled SST, PAR, U10
and cloud cover

By the end of the century, annual mean SST increased by a

respective 1.5°C (5.7%) and 3.0°C (11.4%) for the SSP2-4.5 and

SSP5-8.5 scenarios (Table 2). The change in SST was relatively

consistent year-round (Figure 3A), with minimal spatial

variability (< 0.8°C) in the annual and seasonal mean change

for the GBRMP (Supplementary Information Figure 1).

Annual mean PAR increased by a respective 1.1 mol m-2 d-1

(3.1%) and 1.7 mol m-2 d-1 (4.8%) for the SSP2-4.5 and SSP5- 8.5

scenarios (Table 2). The increase in PAR (Figure 3B) coincided with

a decrease in cloud cover (Figure 3C) and k490 (Figure 3D). The

change in annual and seasonal PAR was most pronounced in the

southern half of the GBR (Supplementary Information Figure 2),

following the zonal changes in cloud cover (Supplementary

Information Figure 3) and k490 (Supplementary Information

Figure 4). Annual mean cloud cover decreased by a respective

3.0% and 6.8% for the SSP2-4.5 and SSP5-8.5 scenarios (Table 2).
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Annual mean k490 decreased by < 0.015 m-1 by 2100 (Table 2;

Figure 3D), which for a given depth of 5 m, contributed up to 7% of

the predicted change in PAR.

Thechange inannualmeanwindspeedwasminimal (<0.1ms-1)

(Table 2; Figure 3E), but showed opposing seasonal trends. Wind

speed increased throughout the GBR in winter, yet decreased in

summer in thesouthernGBRunder theSSP2-4.5 scenario, extending

throughout the GBR under the SSP5-8.5 scenario (Supplementary

Information Figure 5). The change in Kwwas alsominimal (<0.4 cm

hr-1) (Table 2; Figure 3F), with spatial changes (Supplementary

Information Figure 6) that approximately correspond to those for

wind speed.

In ACCESS, DMS sea-air flux is simulated using the Liss and

Merlivat (1986) parameterisation, using monthly varying DMSw
concentrations prescribed by the Lana et al. (2011) climatology and

evolving wind speed and SST. While DMSw concentration does not

change between model years, DMS sea-air flux can evolve with

changes in SST and wind speed. Previous model studies have

demonstrated that large perturbations in DMS sea-air flux do not

substantially influence cloud cover or surface SWR in ACCESS

(Fiddes et al., 2018). Therefore, we can assume that the influence of

evolving DMS sea-air flux between the contemporary and end of

century scenarios has a negligible influence onmodelled cloud cover,

PAR, SST and calculated DMSw.While it has been hypothesised that

DMS emissions can influence cloud properties (Fischer & Jones,

2012; Jones, 2015; Jones et al., 2017), the change in cloud cover is

only reported here to investigate changes in surface PAR.
3.3 Change in calculated DMSw

For the contemporary scenario, annual mean DMSw area-

averaged over the GBRwas 1.52 ± 0.02 nmol L-1 (Table 2), ranging
A B

DC

FIGURE 2

Area-averaged climatology ± 2 SE (shaded area) of contemporary (2001-2020) (A) SST, (B) PAR at 5 m, (C) wind speed and (D) cloud cover for
the GBRMP. Climatologies are calculated from MODIS or ERA-5 reanalysis data (magenta) and CMIP6 model output (black).
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from 0.99 ± 0.003 nmol L-1 in winter to 2.03 ± 0.02 nmol L-1

in summer (Figure 4). By the end of the century, annual mean

DMSw increased by a respective 0.14 nmol L-1 (9.2%) and 0.22

nmol L-1 (14.5%) for the SSP2-4.5 and SSP5-8.5 scenarios.

Seasonal changes ranged from a 6.1%-14.1% (SSP2-4.5 - SSP5-

8.5) increase in the winter minimum, and a 12.8%-15.3% (SSP2-

4.5 - SSP5-8.5) increase in the summer maximum concentration

(Table 2; Figure 4). There was minimal spatial variability

in the contemporary annual and seasonal mean DMSw
(<0.4 nmol L-1), and in changes in DMSw by the end of this

century (<0.1 nmol L-1) (Figure 5).
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Thesensitivityof calculatedDMSwtoSSTandPARwas0.013and

0.003, respectively, where a 1% increase in SST or PAR resulted in a

respective 1.3% or 0.3% increase in DMSw. Annual mean SST

increased by 5.7-11.4% (Table 2), driving > 95% of the change in

calculatedDMSw.AnnualmeanPAR increasedby3.1-4.8%(Table 2),

contributing < 5% to the change in DMSw. Calculated DMSw was

highest fromFebruary toMarch for all climate scenarios, when SST is

highest and the calculated coral thermal stress threshold was most

often exceeded. During days when this threshold was exceeded, the

influence of SST was capped at the thermal stress threshold (Eq. 1.2),

resulting in a plateau in the calculated summerDMSw concentration.
A B
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FIGURE 3

Area-averaged climatology ± 2 SE (shaded area) of (A) SST, (B) PAR at 5 m, (C) cloud cover, (D) k490, (E) wind speed and (F) Kw for the GBRMP.
Climatologies are derived from CMIP6 contemporary (black) and end of century model output for SSP2-4.5 (blue) and SSP5-8.5 (red) scenarios.
TABLE 2 Climatological annual mean (± 2 standard errors) and range for variables area-averaged over the GBRMP for the contemporary (2001-
2020) and end of century (2081-2100) scenarios.

Annual mean Annual range

Contemporary SSP2-4.5 SSP5-8.5 Contemporary SSP2-4.5 SSP5-8.5

SST 26.3 ± 0.1 27.8 ± 0.1 29.3 ± 0.1 23.7 – 29.0 25.2 – 30.8 26.6 – 32.3

PAR 35.6 ± 0.2 36.7 ± 0.2 37.3 ± 0.2 25.5 – 44.4 26.4 – 45.4 27.0 – 45.5

Cloud cover 46.5 ± 1.0 43.5 ± 1.0 39.7 ± 1.0 35.0 – 62.5 33.0 – 59.0 30.9 – 53.7

k490 0.03 ±5.0x10-4 0.03 ± 4.3x10-4 0.03 ± 3.0x10-4 0.02 – 0.05 0.02 – 0.04 0.02 – 0.04

wind speed 6.4 ± 0.2 6.4 ± 0.3 6.4 ± 0.3 5.0 – 8.2 5.2 – 8.0 4.8 – 8.3

Kw 9.2 ± 0.6 9.6 ± 0.6 9.6 ± 0.6 6.1 – 13.7 6.9 – 13.8 6.1 – 14.8

DMSw 1.52 ± 0.02 1.66 ± 0.02 1.74 ± 0.02 0.99 – 2.03 1.05 – 2.29 1.13 – 2.34

DMS flux 4.2 ± 0.2 4.6 ± 0.2 4.8 ± 0.3 2.9 – 6.2 3.2 – 7.0 3.4 – 6.9
fron
Units are as follows: SST (°C), PAR (mol m-2 d-1), cloud cover (%), k490 (m
-1), wind speed (m s-1), Kw (cm hr-1), DMSw (nmol L-1) and DMS flux (mmol m-2 d-1).
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3.4 Change in calculated DMS
sea-air flux

For the contemporary scenario, annual mean DMS flux was

4.2 ± 0.2 mmol m-2 d-1 (Table 2), ranging from 2.9 ± 0.1 mmol m-2

d-1 in winter to 6.2 ± 0.3 mmol m-2 d-1 in summer (Figure 6).

Annual and seasonal mean DMS flux was consistently highest over

coral reefs in the GBR (up to 12.6 mol m-2 d-1) (Figure 7) due to the
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addition of direct coral-air DMS flux, which is an important source

of emissions leading to significantly higher DMSa concentrations

over coral reefs (Jones et al., 2007; Swan et al., 2017). By the end of

the century, annual mean DMS flux increased by a respective 0.4

mmol m-2 d-1 (9.5%) and 0.6 mmol m-2 d-1 (14.3%) for the SSP2-4.5

and SSP5-8.5 scenarios (Table 2; Figure 6). Minimal spatial

variability occurred for the change in DMS flux (<0.8 mmol m-2

d-1) under these future scenarios (Figure 7).
FIGURE 5

Contemporary (A) annual, (B) summer (November-April) and (C) winter (May-October) mean DMSw and the change in (D, G) annual,
(E, H) summer and (F, I) winter mean DMSw by the end of this century modelled under a (middle panels) SSP2-4.5 and (lower panels) SSP5-8.5
scenario. The boundary of the GBRMP for which the area-averaged climatologies are calculated is shown as the bold black outline in each
panel. Note that the colour scales differ between the SSP2-4.5 and SSP5-8.5 changes.
FIGURE 4

Area-averaged climatology ± 2 SE (shaded area) of DMSw in the GBRMP, derived from CMIP6 contemporary (black) and end of century model
output for SSP2-4.5 (blue) and SSP5-8.5 (red) scenarios.
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From the mean of the Nightingale et al. (2000) and Vlahos

and Monahan (2009) parameterisations (Figure 6), contemporary

DMS emissions from the GBR range from 0.028-0.038 Tg yr-1 of

DMS (1297-1771 mol km2 yr-1). For the SSP2-4.5 and SSP5-8.5

end of century scenarios, DMS emissions are respectively

estimated to be 0.030-0.043 Tg yr-1 of DMS (1403-1990 mol

km2 yr-1) and 0.031-0.045 Tg yr-1 (1435-2086 mol km2 yr-1),

representing a 7.1-13.2% and 10.7-18.4% increase in total annual

DMS emissions.

DMS sea-air flux was calculated from DMSw (Eq. 1) and Kw

(a function of SST and wind speed, Eq. 4 and Eq. 6). The

sensitivity of DMS flux to DMSw, SST and wind speed was 0.008,

0.003 and 0.015, respectively, where a 1% change in DMSw, SST

or wind speed would result in a respective 0.8%, 0.3% or 1.5%

change in DMS sea-air flux. Annual mean DMSw increased by

9.2-14.5%, SST increased by 5.7-11.4% and wind speed changed

by less than 0.1%. Therefore, the change in DMSw, SST and wind

speed contributed up to 77.5%, 23.9% and 1.0% of the change in

annual mean DMS flux. Given that DMSw is almost entirely

dependent on SST (> 95%) and Kw is partially dependent on SST,

more than 97.5% of the change in calculated DMS flux is driven

by changes in SST, with the remaining 2.5% driven by changes in

PAR (used to calculate DMSw) and wind speed.
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4 Discussion

Annual mean DMSw in the GBR is estimated to be 1.52 nmol

L-1. The predicted rise in SST and PAR under an optimistic

(SSP2-4.5) and worst-case (SSP5-8.5) end of century scenario

may increase average DMSw concentration in the GBR by a

respective 9.2% and 14.5%. DMSw was calculated as a function of

SST and PAR, which respectively increased by 5.7-11.4% (SSP2-

4.5 - SSP5-8.5), and 3.1-4.8% (SSP2-4.5 - SSP5-8.5). The increase

in PAR was in part due to a decrease in and k490, and a decrease

in cloud cover which has been predicted to occur in the tropics

and subtropics under future greenhouse gas warming (Schneider

et al., 2019). The sensitivity of Eq. 1 to SST was greater than PAR

and consequently, the increase in SST drove more than 95% of

the change in calculated DMSw.

Contemporary DMS emissions from the GBR ranged from

0.028-0.038 Tg yr-1, equivalent to 0.015-0.020 Tg yr-1 of sulfur as

DMS. By the end of this century, increased DMSw concentration

and predicted changes in wind speed could increase annual

mean DMS emissions by a respective 9.5% and 14.3% under an

optimistic (SSP2-4.5) and worst-case (SSP5-8.5) scenario.

In the Southern Hemisphere, the sensitivity of CCN to

oceanic DMS sea-air flux is estimated to be 0.07 (Woodhouse
A

B

FIGURE 6

Area-averaged climatology of DMS sea-air flux in the GBR, derived from CMIP6 contemporary (black) and end of century model output for the
(A) SSP2-4.5 (blue) and (B) SSP5-8.5 (red) climate.
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et al., 2010). From this estimate, the predicted 9.5-14.3% increase

in annual mean DMS flux from the GBR could result in only a

0.7-1.0% increase in annual mean CCN. Previous model studies

have demonstrated that DMS emissions from coral reefs that are

an order of magnitude larger than estimated in the current study

(0.3 Tg yr-1), do not significantly influence aerosol or cloud

processes (Fiddes et al., 2021; Fiddes et al., 2022). Therefore, a

9.5-14.3% increase in DMS flux is unlikely to influence the

regional atmosphere. However, observational studies suggest

that local biogeophysical processes in the GBR could be more

sensitive to changes in DMS emissions (Jones et al., 2007;

Modini et al., 2009; Fischer & Jones, 2012; Jones et al., 2017;

Cropp et al., 2018). This is an important question for

future research.

Field and laboratory studies have observed an increase in

DMS concentration in coral tissues and in reef seawaters with

rising SST, until SST exceeds the coral thermal stress threshold

(Jones et al., 2007; Fischer & Jones, 2012; Jones et al., 2017). For

example, Jones et al. (2007) observed a ~50% decrease in DMSw
when SST exceeded 30°C and caused coral bleaching in the

central GBR. The observed decrease in DMSw may have been

due to enhanced biochemical oxidation of DMS(P) to DMSO

and a decline in DMS(P) biosynthesis as corals bleached (Jones

et al., 2007; Fischer & Jones, 2012). To avoid overestimating

calculated DMSw concentration in this study, a coral thermal

stress threshold was calculated and substituted into Eq. 1 for

days when SST exceeded the threshold. Imposing an upper limit

on the influence of SST on calculated DMSw reduced calculated

concentration by < 0.1 nmol L-1.
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Re-calculating the coral bleaching threshold for the end of

the century assumes that living corals will be able to cope with

rises in SST. This may occur through natural means such as the

recruitment of temperature-tolerant zooxanthellae species

(Berkelmans & Van Oppen, 2006; Bay et al., 2016), through

assisted evolution (Van Oppen et al., 2015) or via solar radiation

management strategies which can reduce surface irradiance and

temperature (Kwiatkowski et al., 2015; Zhang et al., 2017).

If corals do not acclimate to the predicted increase in SST,

the frequency of coral bleaching and mortality events will

continue to reduce coral cover (Hughes et al., 2019), leading to

a decline in coral-derived DMSw. A decline in coral-derived

DMSw could be exacerbated by increased biochemical oxidation

of DMS(P) to DMSO in surviving corals exposed to high

temperatures (e.g. Fischer & Jones, 2012). While it is not

possible to distinguish between coral and algal-derived DMSw
from observations of dissolved DMS concentration alone,

increases in DMS-producing marine algae in degraded coral

reef ecosystems (McCook and Diaz-Pilido, 2002; De’ath &

Fabricius, 2010) could counteract a decline in coral-derived

DMSw (as discussed in Jackson et al., 2020). More research is

required to determine whether corals can acclimate to rising SST

and how DMSw in coral reefs will be affected by changes in

surface temperature, irradiance and coral-algal interactions.

Further research is also needed to determine the synergistic

impacts of ocean acidification on DMS(P) biosynthesis. In

comparison to coral DMS(P) biosynthesis, the impact of ocean

acidification on algal DMS(P) production has been relatively

well studied (Hopkins et al., 2020). Given that DMS
FIGURE 7

As for Figure 5, but for DMS flux.
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concentration in coral reef waters is partially driven by algal and

microbial cycling of DMSP (Raina et al., 2009), changes in DMS

concentration in the GBR may have similar responses to those

reported for algal communities.

The impact of ocean acidification on algal DMS(P)

production varies with location, season and community

structure (Hopkins et al., 2020). In the subtropical North

Atlantic, mesocosm experiments revealed a decrease in algal-

derived DMS with lower pH due to reduced rates of microbial

catabolism of DMSP (Archer et al., 2018). Conversely, the

response of surface ocean micro-algae to acidification in the

temperature north-western European shelf resulted in 110-225%

increases in dissolved DMS concentrations in response to

atmospheric CO2 concentrations of 550-1,000 matm,

respectively (Hopkins & Archer, 2014). Other studies in the

Artic and Southern Ocean have reported no significant impacts

of short-term ocean acidification on micro-algal DMS

production (Hopkins et al., 2020). Further complicating the

matter, one study demonstrated that temperature had a

stronger influence on DMS production in algae than pH,

where increased production in response to temperature

outweighed the decline in biosynthesis due to acidification

(Arnold et al., 2013). Further research is needed to understand

the influence of ocean acidification on DMS(P) biosynthesis in

the global ocean and in coral reefs.

Sea level rise and the rate of coral reef vertical accretion is

also likely to affect coral physiological stress and DMS emissions.

Global mean sea level is predicted to rise by 40-80 cm under an

end of century climate (Sanborn et al., 2020). In the late

Holocene in the GBR, fast-growing branching corals (such as

Acropora spp.) grew in relatively shallow, clear waters, which are

representative of conditions which are still found in parts of the

contemporary GBR. During this time, coral reef vertical

accretion occurred at a rate of 0.2-1.1 cm yr-1 (mean 0.5 cm

yr-1) (Sanborn et al., 2020). Therefore, if sea level rise in the GBR

remains below ~1 cm yr-1, coral vertical accretion could keep

pace with the rate of sea level rise.

Short-term processes such as El Nino Southern Oscillation

(ENSO) can also influence regional sea level. During strong El

Nino events, regional sea level in the tropical western Pacific can

decline by up to 30 cm, leading to more frequent extreme low

tides and coral air exposure (Becker et al., 2012; Widlansky et al.,

2015). El Nino events are charactersied by a weakening or

reversal of easterly trade winds and subsequent thermocline

shoaling in the western Pacific and deepening in eastern Pacific.

Regional sea level anomalies typically mirror these thermocline

shifts (Widlansky et al., 2015). More frequent and prolonged

coral exposure to air could increase direct coral-air DMS flux

and concerningly, increase coral oxidative stress. In the western

Pacific, El Nino events are associated with clear skies, high solar

irradiance and high SST. When combined with increased aerial

exposure of corals, these conditions could result in more

frequent and severe coral bleaching (Buckee et al., 2020).
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Alternatively, rising sea levels could facilitate increased coral

cover, due to reduced temperature, irradiance and coral

physiological stress at depth, and less (if any) aerial exposure

of corals at low tide (Brown et al., 2019).

The impacts of climate change on coral reef biogeochemical

processes are complex and difficult to predict. This study

assumes that corals will acclimate to rising ocean temperatures

and predicts that DMS emissions from the GBR will increase as a

result. However, further research is needed to understand the

effects of temperature, light, ocean acidification, salinity, and

changing sea level, water quality and ecosystem structure on

DMS production and emissions in coral reefs before the change

in DMS emissions by the end of this century can be more

accurately determined. Nevertheless, we suggest that ocean

warming could increase present-day DMS emissions and the

source strength of the GBR to the atmospheric sulfur budget, if

corals can acclimate to their changing environment.
5 Conclusions

Coral reefs are important regional sources of DMS, with

potential implications for local aerosol and cloud processes. By

the end of this century, a 1.5-3.0°C rise in annual mean SST and a

1.1-1.7 mol m-2 d-1 increase in PAR is predicted to increase

calculated DMSw by a respective 9.2% to 14.5%, leading to an

increase in calculated DMS flux of 9.5% to 14.3% under an

optimistic and worst-case emissions scenario, as simulated by

ACCESS models for CMIP6. Previous model studies using

ACCESS have demonstrated little to no sensitivity to larger

fluctuations in coral reef DMS emissions. Therefore, a 9.5-14.3%

increase in DMS emissions from the GBR is unlikely to significantly

influence the regional atmosphere. However, anthropogenic aerosol

emissions may decline in future with initiatives to shift towards

renewable energy, in which case aerosol-cloud processes may

become more sensitive to small changes in DMS flux, particularly

at the local scale. Understanding the complex coral reef sulfur cycle

and how the atmospheric aerosol system responds to changes in

emission will require further research. The predicted increase in

DMSw and DMS flux from the GBR by the end of this century

assumes that corals will acclimate to rising SST, and does not

account for the impact of ocean acidification, changes to water

quality, sea level or other factors associated with climate change.

Nevertheless, the findings presented here provide insight into the

effects of ocean warming on contemporary DMS emissions from

the GBR and the contribution of the GBR to the atmospheric

sulfur budget.
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Spatial and diel patterns of
volatile organic compounds,
DMSP-derived compounds, and
planktonic microorganisms
around a tropical scleractinian
coral colony

Marta Masdeu-Navarro1, Jean-François Mangot1, Lei Xue2,
Miguel Cabrera-Brufau1, Stephanie G. Gardner1†,
David J. Kieber2, José M. González3 and Rafel Simó1*

1Department of Marine Biology and Oceanography, Institut de Ciències del Mar (ICM-CSIC),
Barcelona, Spain, 2Department of Chemistry, State University of New York, College of
Environmental Science and Forestry, Syracuse, NY, United States, 3Department of Microbiology,
University of La Laguna, La Laguna, Spain
Volatile organic compounds (VOCs) are constituents of marine ecosystems

including coral reefs, where they are sources of atmospheric reactivity,

indicators of ecosystem state, components of defense strategies, and

infochemicals. Most VOCs result from sunlight-related processes; however,

their light-driven dynamics are still poorly understood. We studied the spatial

variability of a suite of VOCs, including dimethylsulfide (DMS), and the other

dimethylsulfoniopropionate-derived compounds (DMSPCs), namely, DMSP,

acrylate, and dimethylsulfoxide (DMSO), in waters around colonies of two

scleractinian corals (Acropora pulchra and Pocillopora sp.) and the brown

seaweed Turbinaria ornata in Mo’orean reefs, French Polynesia. Concentration

gradients indicated that the corals were sources of DMSPCs, but less or null

sources of VOCs other than DMS, while the seaweed was a source of DMSPCs,

carbonyl sulfide (COS), and poly-halomethanes. A focused study was conducted

around an A. pulchra colony where VOC and DMSPC concentrations and free-

living microorganism abundances were monitored every 6 h over 30 h. DMSPC

concentrations near the polyps paralleled sunlight intensity, with large diurnal

increases and nocturnal decrease. rDNA metabarcoding and metagenomics

allowed the determination of microbial diversity and the relative abundance of

target functional genes. Seawater near coral polyps was enriched in DMS as the

only VOC, plus DMSP, acrylate, and DMSO, with a large increase during the day,

coinciding with high abundances of symbiodiniacean sequences. Only 10 cm

below, near the coral skeleton colonized by a turf alga, DMSPC concentrations

were much lower and the microbial community was significantly different. Two

meters down current from the coral, DMSPCs decreased further and the

microbial community was more similar to that near the polyps than that near

the turf alga. Several DMSP cycling genes were enriched in near-polyp with

respect to down-current waters, namely, the eukaryotic DMS production and
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DMS oxidation encoding genes, attributed to the coral and the algal symbiont,

and the prokaryotic DMS production gene dddD, harbored by coral-associated

Gammaproteobacteria. Our results suggest that solar radiation-induced

oxidative stress caused the release of DMSPCs by the coral holobiont, either

directly or through symbiont expulsion. Strong chemical and biological gradients

occurred in the water between the coral branches, which we attribute to

layered hydrodynamics.
KEYWORDS

VOC, DMS, DMSP, acrylate, DMSO, coral, Symbianodiciaea, seaweed
Introduction

Coral reefs are highly diverse and productive ecosystems that

thrive in oligotrophic waters of tropical and subtropical oceans

(Hoegh-Guldberg et al., 2017). Reefs are built by calcifying

scleractinian coral colonies that provide diverse and

interdependent habitats to all kinds of organisms, including

vertebrate and invertebrate animals, seaweeds, and microbes. The

coral colony itself is a multi-organism consortium of the cnidarian,

the symbiont microalgae, and a myriad of microorganisms

associated with the coral tissues and exudates, with the whole

entity being named the coral holobiont (Rohwer et al., 2002).

Coral reefs provide key ecosystem services: biodiversity,

coastal protection, biogeochemical cycling, fisheries, provision

of raw materials, and cultural benefits (Woodhead et al., 2019).

Recently, an ecosystem service of short-term regulation of

regional climate has been suggested too, at least for the large

extending Great Barrier Reef (Jones, 2015; Jackson et al., 2020).

This climate effect would operate from the observed capacity of

coral reefs to emit volatile sulfur in the form of dimethylsulfide

(DMS). In the atmosphere, emitted DMS oxidizes to form

precursors of aerosols that enhance the formation, lifetime,

and brightness of low-level clouds (Charlson et al., 1987; Simó,

2001), and thereby potentially reduce incident solar irradiance

and temperature. Since the production and emission of DMS

from coral reefs is triggered under higher irradiance and

temperature, this reef–atmosphere interaction could potentially

act as a regional thermostat (Jackson et al., 2020). This

hypothesis is currently under scrutiny.

Sulfur emission for cloud seeding is not the only way coral

reefs affect the overlying atmosphere. Tropical reefs are also

suggested to be hot spots for the emission of biogenic volatile

organic compounds (VOCs) beyond DMS (Exton et al., 2015).

VOCs are sources of atmospheric reactivity, indicators of the

ecosystem state, defense strategies, and chemical cues for
02
120
organism–organism communication, e.g., to facilitate foraging.

Ongoing studies are paving the road towards characterizing the

volatilome at the reef ecosystem level, and they have revealed a

diverse VOC composition (Lawson et al., 2020; 2021). While

VOCs are being discovered that were unknown to marine

systems, a look at the VOC whose production processes and

ecological impacts are known will be informative of the

physiological, ecosystem, and environmental functions

they sustain.

Carbonyl sulfide (COS) is the most abundant and most

stable sulfur gas in the atmosphere (Lennartz et al., 2020).

Emitted by the biosphere and the oceans through the

interaction of solar radiation and dissolved organic matter, it

reaches the stratosphere where it influences ozone destruction

and aerosol formation. Carbon disulfide (CS2) is another sulfur

volatile produced in the surface ocean by photochemistry and

phytoplankton, and in sediments by microbial activity (Kim and

Andreae, 1992). It further contributes to the atmospheric COS

burden through oxidation (Lennartz et al., 2020). Whether coral

reefs are significant producers of COS and CS2 is unknown.

Isoprene (C5H8) is another VOC that is best known for being the

most abundantly produced by the global biosphere, one that

affects the oxidative capacity of the troposphere owing to its

reactivity with airborne oxidants. It is released by vascular plants

and trees as a response to alleviate thermal stress; in the ocean, it

is produced mainly by phytoplankton, but the mechanisms

remain unclear (McGenity et al., 2018). Tropical coral

holobionts also produce isoprene, but there is no consensus as

to whether it arises from physiological stress (Swan et al., 2016;

Dawson et al., 2021; Lawson et al., 2021). Halomethanes

(halogenated C1 compounds) are commonly found in coastal

ecosystems, where they are produced mainly by seaweeds, and to

a lesser extent by phytoplankton, to combat oxidative stress

(Carpenter et al., 2012). They have also been suggested to be

involved in defense mechanisms. In the atmosphere,
frontiersin.org
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halomethanes affect oxidant radicals and participate in

tropospheric and stratospheric ozone destruction (Saiz-López

and von Glasow, 2012). Whether coral holobionts are relevant

sources of halomethanes is unknown.

Corals are known to undergo fundamental physiological

changes in response to incident light during a diel cycle. They

switch from autotrophic holobiont during the day, when the

algal symbionts fix carbon and produce oxygen, to heterotrophs

at night, when polyps prey on plankton and the animal

respiration is higher due to digestion (Schneider et al., 2009).

This physiological switch results in hyperoxic conditions in the

holobiont during the day, and hypoxia at night. Among the suite

of physiological responses to diurnal oxidative stress (Hemond

and Vollmer, 2015), many hermatypic coral holobionts use

dimethylsulfoniopropionate-derived compounds (DMSPCs) as

antioxidants (e.g., Deschaseaux et al., 2014b). DMSP is an

osmolyte in many algal taxa, including the coral symbionts

Symbiodiniaceae. DMSP is such an abundant compound in the

marine environment that it carries a large share of carbon and

sulfur trophic transference in marine microbial food webs, and is

a potent infochemical in foraging interactions, an antioxidant,

and the source of climate-active DMS (Simó, 2001; Carpenter

et al., 2012). In tropical coral holobionts, DMSP is synthesized

not only by the algal symbionts (Deschaseaux et al., 2014a) but

also by the cnidarian (Raina et al., 2013) and associated bacteria

(Kuek et al., 2022). DMSP can be enzymatically cleaved to DMS

and acrylate, a catabolic route that is thought to be the most

instrumental for alleviating oxidative stress (Sunda et al., 2002),

or it can be catabolized through demethylation and
Frontiers in Marine Science 03
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demethiolation, a route that leads to sulfur incorporation by

the consumer (Howard et al., 2006).

We conducted a study in the shallow reefs of Mo’orea, in the

French Polynesia, to describe the distributions of VOCs and

DMSPCs around dominant reef-forming organisms and learn

about their sources and drivers. To this aim, we studied the

spatial variability of a suite of VOCs and DMSPCs in waters

around colonies of two scleractinian corals (Acropora pulchra

and Pocillopora sp.) and the brown seaweed Turbinaria ornata.

We also conducted a dedicated study around an A. pulchra

colony over a diel cycle. Taxonomic (rDNA metabarcoding) and

functional (metagenomics) gene analyses helped to propose the

most likely candidate organisms responsible for the diel DMSPC

pattern observed. A companion paper reports the turnover of

dissolved DMSP and acrylate in our study site (Xue et al., 2022).
Materials and methods

Study area

Fieldwork was conducted between 4 and 27 April 2018, on

the north and northeast coast of the island of Mo’orea, French

Polynesia (Figure 1A). On the inner side, the reef crest harbors

large patches of Acropora spp. colonies and smaller patches of

Pocillopora spp. and other corals, and there is an abundant

population of the brown algal seaweed T. ornata. On the outer

side, the forereef platform is mainly composed of the cauliflower

coral Pocillopora spp.
A B

C

D

FIGURE 1

(A) Location of the sampling sites in Mo’orea. Zoom into the fore reef and back reef sampling sites in the northern coast, off Cook’s Bay, and
into the back reef sampling site in the Tema’e Beach reef, along the northwestern coast, where the diel study was conducted. Images of (B)
Acropora pulchra, (C) Pocillopora sp., and (D) Turbinaria ornata, with the all-glass syringe used to collect seawater.
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Sample collection and storage

Gradients around colonies. Water samples (0.5 L) for

DMSPC and VOC measurements were taken from the

interstitial space of, and nearby, two coral colonies and a

seaweed patch (Figures 1B–D). One pair of seawater samples

around the coral Acropora pulchra [AP(A)] was collected on 18

April; a second pair [AP(B)] was collected on 23 April, both at 1-

m depth within the Tema’e Beach reef (17.501°S, 149.759°E),

northeast coast (Figure 1A). The A. pulchra thicket had a diameter

of several meters. In the same reef, another pair of seawater

samples was collected around a 0.5-m-sized colony of the coral

Pocillopora sp. [P(A)], at a depth of 2 m. Another pair of samples

around a similar Pocillopora sp. colony [P(B)] was taken on 17

April at the forereef of the northern coast (17.475°S, 149.839°E), at

a depth of about 3 m. Seawater samples around the brown

seaweed T. ornata (TO) were collected on 16 April in the back

reef of the northern coast (17.478°S, 149.839°E), approximately at

1 m depth. The seaweed thicket was 0.5–1 m large. In all cases, the

pair of samples corresponded to a first sampling point as close as

possible (∼0.5 cm) to the organism without touching it, between

the branches of A. pulchra, the verrucae of Pocillopora sp., or the

thalli of T. ornata (IN), and a second sampling point 2 m away

from the target organism (OUT).

Diel cycle. A diel study was conducted around an A. pulchra

colony in the Tema’e Beach reef. Water samples were withdrawn

from three different sampling points around the colony, at a
Frontiers in Marine Science 04
122
depth of ∼1 m (Figure 2): (IN) between the living branches, ∼1
cm next to the polyps; (AL) deeper between the branches, ∼0.5
cm next to the coral skeleton colonized by turf algae; and (OUT)

2 m down current from the patch over a sandy bottom ∼2 m

deep. Over 36 consecutive hours between 24 and 25 April,

sampling was done at 07:00, 12:00, 17:00, 00:00, 07:00, and

12:00 local time. An adjacent coral colony was marked with

flagging tape to facilitate location of the sampling site, so that

samples were taken from the same branches at each time point.

In the first five time points, 0.5 L of seawater was collected for the

DMSP-derived compounds, VOC, and microbial abundance

measurements. For the last time point only (12:00 on 25

April), 0.8 L was taken from IN and AL, and 2.5 L from OUT,

to have enough volume for microbial DNA analysis.

Sampling protocol. All samples were collected using glass

bottles that were rinsed three times with in situ seawater before

sampling. For the IN and AL samples, water was withdrawn

through 0.318-cm OD PTFE tubing attached to a 50-ml all-glass

syringe via a three-way polycarbonate valve (Figure 1B), and

transferred into the glass bottle avoiding bubble generation. The

process was repeated until the bottle was full without headspace,

so that approximately 10 individual samples were aggregated in

a bottle. For the OUT samples, the bottle was filled directly

without the syringe. Only one bottle was collected from IN, AL

or OUT. Once all the bottles were filled and sealed with solid,

ground-glass stoppers, the bottles were transported to the shore

and driven to the lab for analysis within 1–2 h after collection.
FIGURE 2

Scheme of sampling points in the diel study of Acropora pulchra in the Tema’e Beach reef. IN: between the living branches; AL: 10 cm deeper,
next to the dead skeleton colonized by turf algae; OUT: 2 m down current from the patch. Artwork by J. Mir-Arguimbau.
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Microbial abundances

For enumeration of heterotrophic prokaryotes (including

bacteria and archaea) and pico- and nano-phytoplankton, 2- to

5-ml sample aliquots were fixed with glutaraldehyde (0.5%) and

stored at −80°C until analysis based on size and fluorescence on

a flow cytometer (CyFlow Cube 8, Sysmex Partec).

Heterotrophic prokaryotes (including bacteria and archaea)

were stained with SYBRgreen I (∼20 µM final concentration)

prior to quantification by green fluorescence. Prokaryotic and

eukaryotic pico- and nano-phytoplankton were counted based

on their red and orange autofluorescence.
VOC concentrations

For VOC analyses, we used an Agilent 5975T LTM gas

chromatograph–mass spectrometer coupled to a Stratum

(Teledyne Tekmar) purge and trap system. Seawater aliquots

(25 ml) were taken from the sample bottles with an Artiglass

syringe with a PTFE tube. After removal of air bubbles, the PTFE

tube was replaced with a GF/F filter holder that was attached to

the inlet of the sparge vessel via a Luer lock fitting, and the

aliquot was filter injected. VOC were sparged at room

temperature for 12 min with a flow rate of 40 ml/min of

ultrapure He, trapped on a VOCARB 3000 absorption column

held at room temperature, and desorbed by heating to 250°C.

VOCs were separated in a capillary column LTM DB-VRX

(Agilent; 20 m × 0.18 mm × 1 µm) held at 35°C for 4 min,

then heated to 230°C at 30°C/min, and held at 230°C for 4 min,

making a total analysis time of 14.5 min. The He carrier gas flow

rate was 0.8 ml/min. Compounds were detected by an electron

impact ionization mass spectrometer in selected ion monitoring

mode. Target compounds [COS, C2H6S (DMS), CS2, C2H6S2
(DMDS), CH3I, CH2ClI, CH2Br2, and CHBr3] were identified

matching the retention times of their most characteristic

(quantification) ions and their confirmation ions with those of

pure standards (Table S1). Each sample was analyzed

in duplicate.
DMSP, DMSO, and acrylate
concentrations

For total DMSP (DMSPt, i.e., dissolved + particulate)

analysis, we stored 40 ml of unfiltered seawater in crimped

glass vials after adding two NaOH pellets (45 mg each, ∼0.2 mol

L−1 final concentration, pH >12). The DMSPt + DMS was

determined as evolved DMS after undergoing alkaline

hydrolysis for 1–2 months. Evolved DMS was analyzed back

in the lab with a purge-and-trap system coupled to a gas

chromatograph (Shimadzu GC14A) with flame photometric
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detection. The DMSPt concentration was calculated by

subtraction of the on-site determined DMS concentration. All

analyses were run in duplicate, and standard errors for both

DMS and DMSP concentrations fell within 10% of the mean.

To determine dissolved DMSP (DMSPd), acrylate and

DMSO concentrations, 15-ml sample aliquots were gravity

filtered using precombusted, 25-mm-diameter GF/F filters into

20-ml scintillation vials using the small-volume drip filtration

method described by Kiene and Slezak (2006). Filtered samples

were microwaved to boiling, bubbled with high-purity nitrogen

gas to remove DMS, and acidified with 150 ml of Ultrex HCl

(Kinsey and Kieber, 2016). All samples were stored at room

temperature in the dark until analysis in the lab. For DMSPd

analysis, 200 µl of 5 M NaOH was added to 1 ml of seawater

samples in precleaned, gas-tight borosilicate serum vials, which

were reacted overnight at room temperature in the dark. Evolved

DMS was analyzed using a cryogenic purge-and-trap system and

a Shimadzu GC-14A gas chromatograph with a flame

photometric detector (Kinsey et al., 2016). Acrylate

concentrations were determined using a pre-column

derivatization HPLC method that provided sufficient

sensitivity for the analysis of sub-nanomolar acrylate

concentrations in seawater (Tyssebotn et al., 2017). For

derivatization, 300 ml of 20 mM TSA reagent in MeOH was

pipetted into a 5-ml precleaned borosilicate vial containing 3 ml

of a standard or seawater sample. Following pH adjustment to

4.0, each vial was tightly screw-capped and incubated in a 90°C

water bath for 6 h. After cooling to room temperature, each

derivatized sample was first filtered using a 0.2-mm Nylon

syringe filter (Pall) followed by a 1-ml injection of each filtered

sample on a reverse-phase Water HPLC column with UV

detection at 257 nm to quantify the acrylate-TSA derivative.

The limit of detection of this method was 0.2 nM for a 1-ml

injection with a signal-to-noise ratio of 2.

For total and dissolved DMSO analysis, 1 ml of the same

unfiltered or filtered seawater samples used for DMSP analysis

were added 200 µl of 20% TiCl3 in precleaned borosilicate serum

vials, which were incubated at 55°C in a water bath for 1 h.

Evolved DMS was measured as above.
Solar radiation

The diel cycle of sunlight was provided by the meteorological

station at the Gump Research Station (Washburn and Brooks,

2022), located 6 km away from our sampling site at Tema’e

Beach. Meteorological data include air temperature, relative

humidity, wind speed and direction, global solar radiation,

atmospheric pressure, and integrated rainfall. Data are

available every 5 min from August 2006 to the present day.

Postprocessing of these data consisted of unit conversion and

exclusion of corrupted data records.
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DNA extraction, 16S/18S rRNA gene
amplicon, and metagenomic sequencing

Samples for DNA collection from waters around the A.

pulchra colony were taken from the remaining volumes [ca. 0.8 L

(IN, AL) and 2.45 L (OUT)] of the samples collected at noon on

the second day of the diel cycle. Samples were prefiltered

through a 200-mm mesh, and the microbial biomass was

collected on 0.2-µm pore-size, 47-mm-diameter polycarbonate

filters using a peristaltic pump. The filters were flash frozen in

liquid N2 and stored at −80°C. Total DNA was extracted using

the phenol-chloroform protocol as described in Massana et al.

(1997). Prokaryotic and eukaryotic diversities were determined

by amplicon sequencing of the V4/V5 and V4 regions of the 16S

and 18S rDNA genes, respectively, using the Illumina MiSeq

platform and paired-end reads (2 × 250 bp). PCR amplifications

were done using (1) the prokaryotic universal primers 515F-Y

(5 ’-GTGYCAGCMGCCGCGGTAA-3 ’) and 926R (5 ’-

CCGYCAATTYMTTTRAGTTT-3’) (Parada et al., 2016), and

(2) the eukaryotic universal primers V4F (5’-CCA GCA SCY

GCG GTAATT CC-3’) and V4R (5’-ACTTTC GTT CTT GAT

YRR-3’) (Balzano et al., 2015). All samples were sequenced at the

Research and Testing Laboratories (RTL, Lubbock, TX, USA).

The presence and abundance of genes involved in the DMS/

DMSP cycling were determined by metagenomics. Whole

metagenome sequencing of DNA extracts from IN and OUT

samples (attempt to sequence AL failed) was performed using a

PCR-free protocol at the Centre Nacional d’Anàlisi Genòmica

(CNAG, Barcelona, Spain; http://cnag.cat/). Short-insert paired-

end libraries were prepared with the Illumina TruSeq Sample

Preparation kit (Illumina Inc.) and sequenced on a NovaSeq

6000 Illumina platform (2 × 150 bp), yielding about 45 Gb of

sequencing information per metagenome.
Amplicon data processing

Primers and spurious sequences from the amplicon

sequencing data obtained from both prokaryotic and

eukaryotic communities (16S and 18S rDNA sets, respectively)

were trimmed from the forward and reverse reads using

cutadapt v2.3 (Martin, 2011) with the default error tolerance

and a minimum overlap equal to half the primer length.

Trimmed reads were subsequently processed with DADA2

v1.4 (Callahan et al., 2016). On the basis of quality profiles,

forward reads of the 16S and 18S rDNA sets were respectively

truncated at 245 and 250 bp, respectively, and reverse reads were

respectively truncated at 180 and 220 bp; reads with more than

two expected errors [maxEE = c(2,2)], a quality score lower than

two (truncQ = 2), and ambiguous nucleotides (Ns)

were excluded.
Frontiers in Marine Science 06
124
Forward and reverse reads were then independently

corrected using run-specific error-rate modeling and

dereplicated. Corrected paired-end reads were subsequently

merged to produce amplicon sequence variants (ASVs).

Chimeric ASVs were identified and discarded from both

datasets. Next, ASVs were taxonomically assigned using the

Ribosomal Database Project naïve Bayesian classifier (Wang

et al., 2007), as implemented in DADA2, and an 80%

minimum bootstrap confidence threshold using SILVA (v132;

Pruesse et al., 2007) and PR2 (v4.11.1; Guillou et al., 2012) as

reference databases for the 16S and 18S rDNA sets, respectively.

For the 16S rDNA set, singletons and sequences affiliated to

eukaryotes, organelles, or chloroplasts were removed prior to

subsequent analyses. Singletons were also removed to build the

18S rDNA dataset. Since special attention was paid to the

unicellular eukaryotic community members (i.e., protists),

the sequences affiliated to metazoans, Embryophyceae (land

plants), Rhodophyta (red algae), Ulveophyceae (Chlorophyta,

green algae), and Phaeophyceae (brown algae) were removed,

because their large 18S rRNA gene copy numbers and

multicellularity would bias the data against the contribution of

protistan taxa. To enable comparisons between samples, ASV

tables were randomly subsampled down to the minimum

number of reads per sample of both rDNA sets (18,510 and

6,952 reads for the 16S and 18S rDNA sets, respectively) using

the rarefy function in the vegan v2.5.7 package (Oksanen et al.,

2021) in R v4.0.2 (R Development Core Team, 2021). The final

ASV tables contained 55,530 rDNA 16S sequences clustered into

1,496 prokaryotic ASVs and 22,485 rDNA 18S sequences

clustered into 920 protistan ASVs.
Metagenomic sequence assembly, gene
prediction, and generation of a reference
gene/peptide catalog

Metagenomic raw reads were trimmed for TruSeq adapters

with cutadapt v1.16 and quality-filtered with trimmomatic v0.38

(Bolger et al., 2014) using the following parameters: LEADING:3

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:50.

Metagenomic samples were then assembled using megahit

v1.2.8 (Li et al., 2016) with meta-large preset and a minimum

contig length of 500 bp. For each obtained metagenome, gene-

coding sequences were predicted on the assembled contigs using

Prodigal v2.6.3 (Hyatt et al., 2010). All 5,670,580 predicted

coding sequences larger than 100 bp from each assembled

metagenome were pooled and clustered at 95% sequence

similarity and 90% sequence overlap of the smaller sequence

using cd-hit-est v.4.8.1 (Li and Godzik, 2006) using the following

options: -c 0.95 -T 0 -M 0 -G 0 -aS 0.9 -g 1 -r 1 -d 0 to obtain

4,779,650 non-redundant gene clusters.
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Abundance and functional annotation of
the reference gene catalog

The quality-checked sequencing reads of metagenomic

samples were back-mapped against the nucleotide sequences

of each gene cluster using Bowtie2 v2.3.4.1 (Langmead and

Salzberg, 2012) with default options, keeping only mapping

hits with quality >10 with Samtools v.1.8 (options: -q 10 -F 4)

(Li et al., 2009). Read counts were reported for each metagenome

using the HTSeq v0.10.0 (Anders et al., 2015) and the function

htseq-count (options: -t CDS -r pos –nonunique all) to get the

abundance of each of the 4,779,650 non-redundant gene clusters.
Identification and quantification of
predicted DMSPC cycling genes

The amino acid sequences of predicted prokaryotic and

eukaryotic DMSPC cycling genes (Alma1, dsyB, DSYB, dddD,

dddK, dddP, dddQ, dddW, dddL, dddY, dddX, dmdA, acuI,

dmsA/torA, and tmm; Table S2; Figure 3) were identified in

the newly generated gene catalog. Reference phylogenetic trees

were used for each of the genes to quantify their abundance as

described below.

First, a collection of prokaryotic genome sequences was

retrieved from the MAR databases (Klemetsen et al., 2018), the

OceanDNA MAG catalog (Nishimura and Yoshizawa, 2022),

and genome sequences reported in Paoli et al. (2022). This
Frontiers in Marine Science 07
125
genome set contained all 1,270 complete genomes in the MAR

databases and 5,521 partial genomes that had the “high quality”

status as described in Klemetsen et al. (2018). All 52,325

OceanDNA genomes were included since they had been

quality filtered based on their completeness and degree of

contamination with the formula: percent completeness − 5 ×

percent-contamination ≥50. Only the genomes that passed this

same quality filter were considered (Paoli et al., 2022), yielding

another 26,942 genomes. A taxonomy was assigned to the

genomes with the GTDB Toolkit (GTDB-Tk; Chaumeil et al.,

2020). A smaller database was constructed for the products of

the eukaryotic genes (Alma1 and DSYB) (Table S2) in addition

to all other possible algal peptides retrieved by BLASTp v2.12.0+

against GenBank and with the same predicted function.

To obtain the sequences for constructing the reference trees,

the corresponding peptide for each gene was retrieved from the

genome database with HMMER3 v3.3.2 (Eddy, 2008). In the case

of the DMSO reductase, the search was based on hits to

TIGR00509, which included DMSO reductase (DmsA) and

trimethylamine-N-oxide reductase (TorA). As for acrylate

catabolism, the peptides were annotated as AcuI if the gene

was adjacent to dmdA, as observed in Rhodobacteraceae (Todd

et al., 2012a) and the gene product belonged to the putative

quinone oxidoreductase, YhdH/YhfP family (TIGR02823). Only

Rhodobacteraceae AcuI peptides were considered since there was

not a clear boundary between orthologs (enzymes with the same

function) and paralogs (enzymes with a different function within

the same protein family) for other taxa in the phylogenetic
FIGURE 3

Schematic diagram of the putative pathways for the production and cycling of DMSP and derivatives around the studied A. pulchra colony, with
the involved genes quantified in this study. DMSP is produced by the coral, the Symbiodiniaceae, and heterotrophic bacteria, and the target
genes were DSYB for eukaryotes and dsyB for prokaryotes. DMSP is degraded into DMS and acrylate by its eukaryotic producers through the
action of the Alma1 gene, and also undergoes bacterial catabolism via multiple pathways: (i) bacterial demethylation into
methylmercaptopropionate (MMPA), encoded by the gene dmdA, followed by demethiolation to methanethiol and acetaldehyde; (ii) bacterial
cleavage into DMS and acrylate, targeted by the genes dddP, dddL, dddQ, dddW, and dddY; (iii) bacterial cleavage into DMS and 3-
hydroxypropionate, encoded by the gene dddD. DMS oxidation to DMSO is encoded by tmm, and the reverse reduction is encoded by the
DMSO/TMAO reductase gene (dmsA/torA). Acrylate is catabolized into the central carbon cycle, and one of the genes involved is acuI.
Description and references of all these genes are given in Table S2.
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reconstruction. For the remaining genes, since models

(conserved domains in Table S2) retrieved the peptides of

interest in addition to paralogs, hidden Markov models

(HMMs) were designed to be specific for the gene products to

quantify. Phylogenetic trees with peptides that shared the

domains shown in Table S2 were used to select a subset with

the predicted function. The selection of representative sequences

for each gene as well as the boundary between orthologs and

paralogs was based on the literature (Table S2). To select an

HMM cutoff value, the highest e-value for the representative

sequences for each gene when running the HMM profile was

used as the highest e-value to do the searches in the peptides

from the genome collection.

Reference phylogenetic trees were constructed with IQ-

TREE v2.1.4-beta (Nguyen et al., 2015). The subclusters on

each of the reference trees were labeled considering that their

bootstrap values at the lowest nodes were above 70% and with a

taxonomic rank common to all sequences within the subcluster.

The reference trees were used to confirm that the taxonomy

corresponded to the diversity described in the bibliography for

each gene (Table S2).

To filter out most translated metagenome peptides that did

not correspond to the function to quantify, first we did BLASTp

searches of all metagenome peptides against each of the

representative sets with a relaxed searching parameter

(minimum bitscore of 50). The database to do the searches

contained both the peptides from the reference trees for each

gene and the rest of the peptides derived from the genome

database, each with a proper label. Any metagenome peptide

closer to the peptides on the reference trees was saved for the

next annotation step. In case the reference sequences did not

contain all diversity of peptides from each gene, an HMM search

of the metagenome peptides was also carried out using the same

HMM to retrieve the peptides to make the reference trees. Both

hits with BLASTp and HMM searches were saved after removing

duplicates between the two methods.

In a second step, the metagenome peptides that were

retrieved before were placed on the reference trees. To do the

placement, metagenome peptides were aligned with reference

sequences using the package PaPaRa v2.5 (Berger and

Stamatakis, 2011). A maximum likelihood placement was

carried out with EPA-ng v0.3.8 (Barbera et al., 2019), with the

amino acid substitution model predicted with IQ-TREE for the

reference tree. Placed sequences with branch lengths longer than

the longest distance between all pairs of sequences on the

reference tree were removed (<1% of the sequences). Removed

sequences were confirmed to correspond to a different function

after performing BLASTp against the GenBank since closest

sequences were classified with both Pfam or TIGRFAM in

different protein families. At this step, <2% of the sequences
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had placements in subclusters with a different taxonomic label,

although within the same higher rank in their taxonomy in most

cases. From these multiple placements in the jplace files, for <1%

of them, the sum of the “like weight ratio” that was shared with

the best placement (highest “like weight ratio”) was below 90%.

Finally, the jplace file was converted into a newick text file using

gappa v0.7.1 (Czech et al., 2020). The taxonomic assignments of

the metagenome peptides in each group were confirmed after

visualization of the placed sequences with iToL (Letunic and

Bork, 2021).

For each DMSPC cycling gene, raw abundances of the

identified peptide sequences were extracted from the gene

abundance table previously obtained and normalized by gene

size and sequencing depth using the transcripts per million

(TPM) unit.
Results

Gradients of dissolved DMSPCs, VOCs,
and microbes around reef-predominant
organisms

Comparison of dissolved concentrations of DMSPCs and

VOCs in the close vicinity of the organism colonies (0.5 cm, IN)

and further away (2 m, OUT) was conducted to evaluate if three

of the dominant organisms in the Mo’orea reefs were producers

of these compounds (Figure 4).

A. pulchra colonies. Higher DMSPd concentrations (43–80

nM) were observed in seawater collected ∼0.5 cm away from the

coral (IN), 20- to 40-fold higher than OUT concentrations 2 m

away (2 nM). A similar pattern was observed for DMS (12–50

nM vs. 1.3 nM), acrylate (18–65 nM vs. 2 nM), and DMSO (21–

48 nM vs. 5 nM) (Figure 4). As for VOCs other than DMS,

concentration gradients suggest that the A. pulchra holobiont

produced the iodomethanes CH3I (34–29 pM vs. 26–10 pM) and

CH2ClI (2.8 pM vs. 1.2 pM), yet the latter was only detectable

around one of the colonies [AP(B)]. The only other VOC that

showed some enrichment near the holobiont was COS (10–12

pM vs. 8–6 pM), whereas negligible differences were observed for

dimethyl disulfide (DMDS), CS2, isoprene, and bromomethanes

(Figure 4). Likewise, no obvious differences were found in the

prokaryotic and eukaryotic microbial abundances (Figure S1).

Pocillopora sp. colonies. Higher DMSPd concentrations

were observed closest to this coral holobiont compared to 2 m

away (2.2–6.8 nM IN vs. 0.8–1.3 nM OUT), although the

concentration gradient was lower than observed for A. pulchra

(Figure 4). However, the main difference from A. pulchrawas the

lack of a gradient for DMS (all approximately 1–2 nM) and

DMSO (4.3–0.8 nM vs. 4.3–0.4 nM), and a weak gradient for
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acrylate only observed on one occasion [3.3 nM vs. 1 nM in P(A),

all ∼1 nM in P(B)]. None of the measured VOCs, including

DMS, showed enrichment in the inter-verrucae water of the

Pocillopora sp. colonies, except for COS on one occasion [P(B)].

In most cases, the inter-verrucae water was slightly depleted in

VOCs (Figure 4). As for microbial abundances, the only

difference was with Prochlorococcus, which was more abundant

close to the coral (Figure S1).

T. ornata patch. This seaweed showed enrichment in the

closest sample for most sulfur compounds and halomethanes

(Figure 4). The enrichment factor of DMSPd at 0.5 cm from the

seaweed with respect to 2 m away was ∼30 (31.5 nM IN vs. 1 nM

OUT). Lower enrichments were observed for acrylate (1.8 nM vs.

1 nM), DMSO (2.3 nM vs. 0.4 nM), DMS (1.8 nM vs. 1.3 nM),

and DMDS (19 pM vs. 12 pM). COS was the most enriched VOC

near the seaweed (35 pM vs. 13 pM), and CS2 was the least (70

pM vs. 60 pM). Higher concentrations closest to T. ornata were

also observed for CH2ClI (0.8 pM vs. not detected), CHBr3 (352

pM vs. 280 pM), and CH2Br2 (50 pM vs. 44 pM). Isoprene and

CH3I showed no enrichment (Figure 4). Among microbes, only

Prochlorococcus was more abundant close to the seaweed

(Figure S1).
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Diel cycle of DMSPCs, VOCs, and
microorganisms around an A. pulchra
colony

Here, an A. pulchra colony was sampled every 6 h

throughout an entire day/night cycle, at three sampling points:

between the living branches, ∼0.5 cm next to the polyps (IN);

deeper between the branches, ∼0.5 cm next to the turf alga that

colonizes the dead coral (AL); and 2 m down current from the

colony patch in seawater overlaying a sandy bottom (OUT).

DMSPC and VOC concentrations are shown in Figure 5.

DMSPCs. For the diel study, both the dissolved and total

(dissolved + particulate) pools of non-volatile DMSPCs were

measured (Figure 5). DMSP was 17%–65% dissolved in IN, 8%–

50% in OUT, and 13%–29% in AL. Acrylate was 66%–90%

dissolved in IN, 60%–94% in OUT, and 13%–57% in AL. DMSO

was 88%–98% dissolved in IN, 93%–100% in OUT, and 29%–

92% in AL. Again, DMSPC concentrations were much higher

nearest the tips of the branches (IN), where live polyps were

present, compared to the concentrations 2 m away (OUT). This

was valid for both the dissolved and the total pools of DMSP,

acrylate, and DMSO, as well as for DMS. The most salient
FIGURE 4

Dissolved DMSPC and VOC concentrations in the close vicinity (IN) and 2 m away (OUT) of two colonies of the coral Acropora pulchra [AP(A)
and AP(B)], two colonies of the coral Pocillopora sp. [P(A) and P(B)], and a patch of the seaweed Turbinaria ornata (TO). Error bars denote the
standard error of duplicate analyses. ND, not detected.
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feature was the strong diel pattern in IN, with highest

concentrations around local noon and lowest at late night

(Figure 5). The pattern was very consistent across the four

DMSPCs, pointing to common causes. Strikingly, in all cases

and particularly at midday, concentrations dropped dramatically

between IN and AL, which were only 10 cm apart (Figure 5). Not

only were the concentrations lower, but no diel pattern was seen

in AL. The lowest DMSPC concentrations were found in the

seawater out of the coral patch, but it is noteworthy that there

was greater similarity, in both concentrations and temporal

trends, between AL and OUT (2 m) than between IN and AL

(10 cm) (Figure 5). In other words, similarities were not related

to distance.

VOCs. DMDS, which also has its putative origin in DMSP

(see below), exhibited a diel pattern that roughly paralleled that
Frontiers in Marine Science 10
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of the DMSPC (increase at midday, decrease towards a

minimum at late night), but its spatial distribution was totally

distinct, with generally AL > IN > OUT (Figure 5). CS2
concentration was also higher in AL during the day and

indistinguishable among the three sampling points during the

night (Figure 5). In contrast, the most volatile sulfur compound,

COS, was similar in IN and OUT, without a clear diel pattern,

but was greatly depleted in AL. Isoprene showed a very clear

diurnal enhancement but without any spatial gradient. The

pattern of CH3I was opposite to those of most VOCs, with the

maximum around midnight and the minimum at midday.

The largest amplitude of this variation was observed in IN,

and the smallest amplitude but generally higher concentrations

were observed in AL. CH2ClI concentrations clearly followed the

sunlight cycle, and were generally higher in AL. Finally, the two
FIGURE 5

Total and dissolved DMSPC concentrations, and VOC concentrations around an Acropora pulchra colony over a diel cycle. Seawater samples
were taken in the close vicinity of the living branch tips occupied by polyps (IN), the dead base of the branches, colonized by turf algae (AL), and
2 m away from the colony over a sandy bottom (OUT). Error bars denote the standard error of duplicate analyses. The yellow peaks in the
background depict total solar radiation.
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bromomethanes CHBr3 and CH2Br2 did not exhibit spatial

gradients but their diel cycle showed strong variability towards

a minimum at midnight and increasing into the day (Figure 5).

Microbial abundances. In general, there were higher

abundances of heterotrophic prokaryotes, Prochlorococcus, and

autotrophic pico- and nanoeukaryotes in AL, while IN and OUT

were only distinguishable because IN harbored higher densities

of high nucleic acid containing bacteria (HNA-Bact) (Figure 6).

The temporal variation was generally parallel across sampling

points: bacteria showed a bimodal pattern with abundance

maxima at midday and midnight. Phytoplankton showed a

clear maximum, indicating concerted cell division, at

midnight. The exception was Synechococcus, which showed no

differences among sampling points and cell division in the

afternoon towards the dusk (Figure 6).
Fine spatial distribution of microbial
community composition and diversity
around an A. pulchra colony

At noon of the second day of our diel survey, coinciding with

maximum DMSPC concentrations around the coral colony, we

collected extra water volume to investigate the microbial

diversity by rDNA amplicon sequencing. A total of 1,496

prokaryotic and 920 eukaryotic ASVs were retrieved among

the three sampling points IN, AL, and OUT (Figures 7A, B).

Rarefaction curves leveled off for both 16S and 18S rDNA sets,

suggesting that most microbial diversity was sequenced in each

sample (Figure S2). For prokaryotes, the highest diversity was

retrieved in AL: 924 ASVs (∼62% of the total), 40% of which

were specific to this sample (Figure 7A and Table S3). In the case

of eukaryotes, the highest protistan diversity was retrieved in
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OUT, with a total of 735 ASVs (∼80% of the total), of which up

to half were only retrieved in this sample (Figure 7B and Table

S3). Interestingly, the community richness of prokaryotes and

protists, although relatively high in both cases, showed an

opposite trend across samples, as indicated by the SChao1 and

Shannon diversity indices (Figure S2). Indeed, the most and least

diverse prokaryotic communities occurred in AL (H’ = 6) and

OUT (H’ = 4), respectively, while the opposite trend was seen for

the protistan community (H’ = 4.1 in AL and H’ = 5.6 in OUT).

Overall, only small fractions of the prokaryotic (13%) and

eukaryotic (5%) microbial diversities were shared between the

three samples (Figures 7A, B). Pairwise comparisons of the

community composition (Table S3) showed the highest

similarity between IN and OUT for prokaryotes (SSørensen =

0.58, SBC = 0.68), and to a lesser extent also for protists

(SSørensen = 0.46, SBC = 0.38). Both IN and OUT were relatively

dissimilar to AL in their prokaryotic and eukaryotic composition

(SSørensen < 0.35, SBC < 0.25). Consequently, the IN and OUT

microbial communities shared up to 25% of their diversities

despite being the most distant. The nearest communities (IN and

AL, only 10 cm apart) had fewer taxa in common, only 7% of the

protistan ASVs.

Given the low proportion of microbial diversity shared

between samples and the singularity of AL, we explored if

similar differences could be observed at the genus taxonomic

level as a microbial food web descriptor (Figures 7C, D). We

observed dissimilarities in cyanobacteria obtained by amplicon

sequencing (Figure S3). As much as 32% and 44% of the

prokaryotic community was constituted by cyanobacterial

sequences in IN and OUT samples, respectively, while this

proportion fell to <4% in AL. The two most abundant

cyanobacteria genera were Synechococcus, predominant in OUT,

and Prochlorococcus, with increased presence at IN (Figure 6). As
FIGURE 6

Microorganism abundances around an Acropora pulchra colony over a diel cycle as determined by flow cytometry. Details of where samples
were collected are given in Figure 5. HNA, high nucleic acid containing heterotrophic prokaryotes; LNA, low nucleic acid containing
heterotrophic prokaryotes.
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for the heterotrophic prokaryotic community (Figure 7C), the

marine genera of the Bacteroidetes phylum (NS2b, NS4, NS5, and

NS9 marine groups) and the alphaproteobacterial strain HIMB11

(Rhodobacteraceae) were dominant in OUT, while the

bacterioplankton in IN were dominated by the ubiquitous

alphaproteobacterial clades SAR11, SAR86, and SAR116, known

oligotrophs, as well as coral reef characteristic bacteria such as

CandidatusActinomarina (Apprill et al., 2016) andMarinoscillum

(Seo et al., 2009). The bacterioplankton composition in AL was

indeed distinct, with abundant sequences affiliated to unclassified

Rhodobacteraceae and Flavobacteriaceae , and to the

gammaproteobacterial Acinetobacter , known to have

copiotrophic lifestyle (Fuhrman et al., 2015). We also retrieved

sequences affiliated to putative epiphytic bacteria, such as

Planctomycetes (Pirellula spp. and Rubripirellula spp.)

and Verrucomicrobia.

Regarding the protistan community (Figure 7D), there was a

clear dominance of sequences affiliated to Dinophyta (i.e.,
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Dinophyceae and Syndiniales) in the three samples. The

overrepresentation of sequences affiliated to dinoflagellates in

amplicon datasets is a well-known feature (e.g., Koid et al., 2012;

Gong et al., 2015). It is mostly explained by the large variation in

the ribosomal (r)DNA operon copy number across protist taxa,

which can reach out several thousands in some dinoflagellates or

ciliates (Zhu et al., 2005; Vd’acný et al., 2011). Yet, our results

show a high prevalence of sequences affi l iated to

Symbiodiniaceae in IN, next to the polyps of A. pulchra,

suggesting the release of algal symbionts to the surrounding

environment, a process known to occur on a daily basis

(Broadbent and Jones, 2006). Outside the colony patch (OUT),

the eukaryotic community was dominated by sequences

affiliated to Mamiellales (Micromonas spp. and Mantoniella

spp.), Haptophyta (Chysochromulina spp.), and Syndiniales

(parasitic dinoflagellates). Lastly, in AL, we retrieved sequences

of Labyrinthuloides , organisms responsible for the

decomposition of both allochthonous and autochthonous
A B

DC

FIGURE 7

Microbial diversity and composition around an Acropora pulchra colony. Venn diagrams show the shared and unique amplicon sequencing
variants (ASVs) between the heterotrophic bacterial (A) and protistan (B) communities in samples IN, AL and OUT collected on 25 April 2018 at
local noon. Below the number of shared/unique ASVs, the percentages of the total richness they represent are indicated. Heatmaps display the
distribution of the main bacterial (C) and protistan (D) genera in the samples. Only genera that are dominant in at least one of the three samples
(representing more than 1% of the total reads in this sample) are showcased, and their relative abundances are scaled to the maximum relative
abundance retrieved among the three samples. For each genus, its relative abundance (number of sequences) and richness (number of different
ASVs) within the whole sequencing dataset are also indicated.
frontiersin.org

https://doi.org/10.3389/fmars.2022.944141
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Masdeu-Navarro et al. 10.3389/fmars.2022.944141
organic matter (Collado-Mercado et al., 2010). This confirmed

the unique environment around the turf alga at the base of the

coral branches, where algal-derived organic matter favors the

development of copiotrophs.
Quantification of functional genes for
DMSPC cycling around an A. pulchra
colony

At noon of the second day of the diel cycle, a number of target

genes encoding for DMSPC transformations (Figure 3) were

detected around the A. pulchra colony, including those encoding

for DMSP biosynthesis (dsyB and DSYB), demethylation (dmdA),

and cleavage (Alma1 and ddd-), DMS oxidation (tmm), DMSO/

TMAO reduction (dmsA/torA), and one of the possible routes of

acrylate catabolism (acuI). When the IN and OUT samples were

considered together, dmdA (widely distributed butmostly in SAR11,

Rhodobacteraceae, and other Alphaproteobacteria) and tmm (also

mostly in SAR11 and Rhodobacteraceae) were the most abundant
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among the target prokaryotic genes, followed by dddP

(Rhodobacteraceae and SAR116) and dddQ (Alphaproteobacteria).

No significant differences were apparent between IN and OUT

except for the DMS production gene dddD (Figures 8A–C), which

showed enrichment in IN by nearly a factor of 20 (Figure 8B). These

sequences clustered with DddD peptides in Endozoicomonas, a

genus of Gammaproteobacteria that dominates the coral

microbiome across a wide range of coral species (Bourne et al.,

2016) and can grow on DMSP as the sole carbon source (Tandon

et al., 2020). Sequences of dddD inOUTwere classified instead in the

family Litoricolaceae (Gammaproteobacteria). Neither the gene for

bacterial DMSP biosynthesis dsyB (alphaproteobacterial) nor the

genes for DMSO reduction (alphaproteobacterial) and acrylate

catabolism acuI (Rhodobacteraceae) showed any difference in

relative abundance between IN and OUT (Figure 8B).

The gene encoding for the DSMP lyase, Alma1, was the most

abundant of the three target eukaryotic genes, followed by the

homolog to the prokaryotic tmm, and DSYB (Figures 8A, B).

Alma1 and tmm, likely associated with Acropora and

Symbiodiniaceae, were found in IN and undetectable in OUT.
A

B

FIGURE 8

Relative abundance and taxonomic profiling of potential bacterial (A) and eukaryotic (B) DMSPC-cycling genes around an Acropora pulchra
colony. Bubble plots on the left show the relative abundance, expressed in transcript per million (TPM) of target genes (dsyB, DSYB, Alma1,
dddD, dddL, dddP, dddQ, dmdA, tmm, dmsA/torA, and acuI) identified in samples IN and OUT collected on 25 April 2018 at local noon. The
colors of the bubbles indicate their taxonomic assignment. No sequences related to genes dddK, dddW, dddY, or dddX were detected in our
metagenomes. The IN/OUT ratio of the relative abundance of each of the target genes is shown on the right. The dashed gray line corresponds
to a ratio equal to 1.
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Discussion

Sources of DMSPCs and VOCs

Concentration gradients in close proximity to three of the

dominant benthic organisms in the reefs (Donovan et al., 2020)

provided valuable information about the VOC and DMSPC sources

(Figures 4, 5). A. pulchra was confirmed to be a strong source of all

DMSPCs (DMSP, DMS, acrylate, and DMSO). Coral holobionts of

the genus Acropora are well known for being DMSP producers and

releasing products of DMSP catabolism (Tapiolas et al., 2010; Raina

et al., 2013; Tandon et al., 2020; Guibert et al., 2020). DMS and

acrylate were the only catabolic products that showed an increase

near the polyps that paralleled the increase of DMSPd, indicating

that DMSP-lyase-mediated DMSP cleavage was important, either

by the coral itself, the algal symbiont (Symbiodiniaceae), or

associated bacteria (see below). No significant gradient of DMDS

was observed. This compound is very rarely measured in seawater;

we interpret its occurrence in the Mo’orean reef sample

chromatograms as a reflection of the presence of methanethiol

(MeSH). It has been reported that high temperatures and activated

carbon, two characteristics of our purge and trap system prior to

GC injection and analysis, can oxidize MeSH to DMDS (Cheng

et al., 2007). The absence of a gradient of DMDS from A. pulchra

suggests that DMSP cleavage prevailed over the demethylation +

demethiolation pathway (Figure 3; Landa et al., 2019) in DMSP

catabolism. Much less is known about DMSO production and

release by corals; our results point to DMSO resulting from DMS

oxidation (photochemical or microbial) inside the coral holobiont.

According to VOC gradients, A. pulchra was not a significant

source of VOC other than DMS, except for a little COS, which

might be related also to DMS photo-oxidation (Lennartz et al.,

2020), and iodomethanes, which likely originated in the turf algae

that covered the coral skeleton (see below).

Pocillopora sp. was also a source of DMSPd, yet the DMSPd

concentrations between the verrucae were 6- to 40-fold lower than

between the branches of A. pulchra. Pocillopora sp. corals are

known to produce and release copious amounts of DMSP in

connection to oxidative stress. Released DMSP, particularly when

it accumulates in the mucus of stressed colonies, may elicit

chemoattraction of pathogenic bacteria (Garren et al., 2014).

Despite DMSP release, Pocillopora sp. was a weak source of

DMS, acrylate, and DMSO (Figure 4). This is consistent with

Exton et al. (2015) and Lawson et al. (2021), both of whom did not

detect DMS in Pocillopora corals. We show that Pocillopora sp.

does produce DMSP but probably does not harbor high DMSP-

lyase activity for significant cleavage in the holobiont. This coral

also did not produce any VOCs other than DMS, except for a little

COS again, probably resulting from the photo-oxidation of DMS.

The seaweed T. ornata was a strong source of DMSP, but less

so for DMS, acrylate, and DMSO. Burdett et al. (2013) already

reported that intracellular DMSP makes up to 0.4% of the weight

of a Turbinaria sp. from a tropical reef. Like Pocillopora sp.,
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neither this seaweed nor its epiphytic bacteria seem to harbor

DMSP lyases. This is further supported by the significant

increase of DMDS (MeSH) towards the alga; instead of

cleavage, released DMSP underwent degradation through

demethylation (Figure 3). Since DMSP degradation with

MeSH production is only known in prokaryotes, this process

was probably conducted by epiphytic bacteria. The seaweed was

also a strong source of COS; as with the corals, COS could result

from DMS photo-oxidation, but it could also result from

photochemical reactions on the seaweed-derived organic

matter (Cutter et al., 2004). Other VOCs that were enriched

near T. ornata were the halomethanes CH2ClI, CHBr3, and

CH2Br2. Many macroalgae, including tropical seaweeds and

including the genus Turbinaria, are known producers of

halocarbons, particularly CHBr3 (Leedham et al., 2013; Lim

et al., 2017). Suggested physiological and ecological functions

are oxidative-stress mitigation (Goodwin et al., 1997;

Abrahamsson et al., 2003) and chemical defense against

parasitic microbes (Ohsawa et al., 2001). Given that

bromomethanes only showed positive gradients towards T.

ornata and not to the corals, we suggest that the high levels of

bromomethanes in the Mo’orean reefs are attributed to the large

abundance of macroalgae, among which T. ornata dominates.
Are the Mo’orean reefs hotspots of VOC
production?

Tropical coral reefs are suggested to be hotspots of VOC

production (Exton et al., 2015) because of the high density and

diversity of organisms, with presumably large needs for chemical

interactions, and their exposure to natural physiological

stressors such as high solar irradiance and temperature, water-

column transparency to UV radiation, and low nutrient

concentrations. Even though we did not characterize anything

close to the entire volatilome in the Mo’orea coral reefs, our

target VOCs were chemically diverse enough to provide insight

into the “VOC hotspot” hypothesis.

In the two reef sites studied here, the OUT seawater samples

taken 2 m away from reef-dominant organisms, generally over

sandy floor, can be regarded as background waters from inside

the reef lagoon that gather VOC contributions from all reef

components (Figures 4, 5). Isoprene occurred in the 20–60 pM

range, very similar to the range reported for ocean tropical

waters outside the regions of equatorial upwelling (Dani and

Loreto, 2017). COS ranged between 4 and 11 pM, a little lower

than most of the measurements in the tropical ocean (10–20 pM;

Lennartz et al., 2020). CS2 was 40–60 pM, much higher than in

most tropical ocean waters (5–15; Lennartz et al., 2020). The

range of CH3I concentrations in reef waters (8–45 pM) was

higher than typical concentrations in tropical open waters (1–10

pM; Ziska et al., 2013). We measured very low concentrations of

CH2ClI (ND-3 pM), similar to the 1–3 pM reported by Ooki
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et al. (2015) in non-upwelling tropical ocean waters. As for

bromomethanes, concentrations in the Mo’orean reefs were 30-

to 100-fold higher than those in non-coastal tropical waters in

the case of CHBr3 (100–300 pM vs. 1-8 pM), and 6- to 15-fold in

the case of CH2Br2 (15–45 pM vs. 1–8 pM; Ziska et al., 2013).

DMS concentrations were 1–1.3 nM, in the lower range of

tropical open ocean levels (1–5 nM; Lana et al., 2011). We also

detected DMDS at concentrations within the 5–15 pM range,

which putatively correspond to MeSH concentrations of 10–30

pM, since 1 mol of DMDS corresponds to 2 mol of MeSH.

Actually, very few measurements of oceanic MeSH exist because

its high reactivity to surfaces makes its analysis challenging.

From the few reported measurements, Kettle et al. (2001)

estimated that the DMS : MeSH concentration ratio across the

Atlantic was 1–30, with a mean of 5–6. We do not know if MeSH

was totally converted to DMDS in our system, probably not

because the average DMS : DMDS ratio was around 100 (i.e., the

putative DMS : MeSH ratio was 50), but DMDS variability can

be considered a good proxy of MeSH variability. Overall, the

studied reef waters were rich only in CS2, CH3I, and particularly

CHBr3 and CH2Br2, when compared to the average

tropical ocean.

DMSP-derived compounds (DMSPCs) other than DMS

(namely, DMSP, acrylate, and DMSO) occurred at rather low

dissolved concentrations 2 m away from the studied organisms.

In the Mo’orean reef lagoon, DMSPd (1–5 nM) and DMSOd

(0.5–6 nM) were four to six times lower than in the Great Barrier

Reef. No similar data exist with which to compare our dissolved

acrylate concentrations (1–3 nM). Plausible reasons for lower

DMSPC in Mo’orea are as follows: (i) the fact that corals are not

exposed to air and the consequent stress, (ii) differences in the

dominant coral species, and (iii) differences in the filtration

method (Xue et al., 2022). Furthermore, microbial consumption

rates of DMSPd and acrylate in the Mo’orean reefs were faster

than most reported rates from any site (Xue et al., 2022), yet

there are no data from the Great Barrier Reef to compare with.
Are DMSPC and VOC patterns consistent
with a role in coping with light-derived
oxidative stress in A. pulchra?

Many studies have addressed how corals cope with

environmental stress, including the exposure to high

irradiance (e.g., Schrameyer et al., 2016; Nitschke et al., 2018).

However, to our knowledge, only one study has looked at

DMSPC production by a coral over an entire diel cycle

(Broadbent and Jones , 2006) , and no s tudy has

considered VOCs.

Over the diel cycle around the A. pulchra colony at the

Tema’e Beach reef, both total and dissolved DMSPCs were much

higher, closest to the coral polyps, where they largely increased

towards noon and decreased towards midnight, following the
Frontiers in Marine Science 15
133
pattern of solar radiation. Corals of the genus Acropora are

known to increase their internal DMSP and/or DMSO

concentrations in response to stress caused by high irradiance,

risen temperatures, hyposaline events, or exposure to air at low

tide (Raina et al., 2013; Deschaseaux et al., 2014b; Gardner et al.,

2016; Hopkins et al., 2016). Upregulation of DMSP production

and turnover can be contributed by the major holobiont

components in which the capacity for DMSP biosynthesis has

been described: the cnidarian host (Raina et al., 2013), the

Symbiodiniaceae algal symbiont (Deschaseaux et al., 2014a),

and the coral- and Symbiodiniaceae-associated bacteria

(Curson et al., 2017; Lawson et al., 2020; Kuek et al., 2022).

The breakdown of DMSP into DMS and acrylate is suggested to

be a mechanism of the coral holobiont to alleviate oxidative

stress (Raina et al., 2009), as indicated by previous studies of

coral tissue and mucus (e.g., Hill et al., 1995; Broadbent et al.,

2002; Raina et al., 2013; Swan et al., 2017; Haydon et al., 2018),

since both DMS and acrylate may act as reactive oxygen species

(ROS) scavengers (Tapiolas et al., 2010). The cnidarian Acropora

millepora and several Symbiodiniaceae clades have been found to

harbor the eukaryotic DMSP lyase Alma1 (Alcolombri et al.,

2015), consistent with demonstrated DMSP cleavage activity

(Yost and Mitchelmore, 2009). Coral-associated bacteria harbor

prokaryotic DMSP lyases too (Raina et al., 2009).

Indeed, the data displayed in Figures 5, 7, and 8 support the

light stress hypothesis. DMSPC concentrations in seawater next

to the polyps (IN) increased with light, and the pools that

increased the most were the dissolved forms. In the last time

point of the diel series, at noon, the IN : OUT enrichment factors

of 10–50 for dissolved DMSPCs contrasted with the fact that the

prokaryotic microbial assemblage composition in IN and OUT

was not that different (41% of shared ASVs), suggesting that the

light-triggered DMSPCs were mainly released by the coral

holobiont. All the target genes in the DMSPC cycle showed

same specific abundances right next to the coral and 2-m down

current, except for the eukaryotic DMSP cleavage gene (Alma1),

the eukaryotic DMS oxidation gene (tmm), and the prokaryotic

DMSP cleavage gene dddD. This points to a limited role of reef

free-living bacteria to explain the diurnal pulses in DMS,

acrylate, and DMSO near the coral. Even though free-living

bacteria did not control these pulses, they were nonetheless

tuned into daily inputs, as discussed in a companion paper (Xue

et al., 2022). The diel trend in DMSPC concentrations paralleled

the trend in the microbial uptake of dissolved acrylate and

DMSP, with uptake rate constants higher during the day and

lower at night, and turnover times on the order of hours. This

suggests that the free-living microbial community was well

attuned to diel changes in these substrates originating from

the coral.

The observation that DMDS (MeSH) showed almost no

gradient towards the coral is consistent with the observation that

dmdA was not enriched in the bacteria closest to the coral tips,

and confirms that the coral holobiont did not degrade most of its
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DMSP through the sulfur-assimilative demethylation route but

through cleavage. Non-cleaved DMSPd was dispersed by the

flow and fed bacterial consumption along the reef lagoon (Xue

et al., 2022). In contrast, DMDS (MeSH) concentrations were

higher near the turf alga (AL) despite DMSPd concentrations

that were much lower, indicating that a larger share of DMSP

was demethylated. Unfortunately, we could not quantify

functional genes in sample AL and hence we could not

confirm that dmdA was enriched near the turf alga, but the

presence of epiphytic and copiotrophic bacterial taxa (Figure 7)

suggests higher bacterial activity, larger carbon and sulfur

demands, and greater DMSP–sulfur assimilation.

Regarding VOCs other than DMS and DMDS, isoprene

increased during the day and decreased at night. This pattern

was expected, since isoprene is a photosynthesis-related

compound proposed to be used by vascular plants and

phytoplankton to combat thermal and oxidative stress

(Meskhidze et al., 2015; Dani and Loreto, 2017; McGenity

et al., 2018). In Acropora corals, Swan et al. (2016), Lawson

et al. (2021) and Dawson et al. (2021) reported isoprene

production by A. aspera, A. intermedia, and A. horrida,

respectively. However, while A. aspera increased isoprene

production when subject to stress and mucus release by

shaking, and A. horrida behaved similarly upon temperature

increase, no difference was observed in isoprene production by

A. intermedia under heat stress. Since cultured Symbiodiniaceae

produce isoprene (Exton et al., 2013), it is not known if the

previously reported production by Acropora spp. holobionts is to

be attributed only to the algal symbionts or to the cnidarian host

as well. We did not find significant differences in the

concentrations or diel pattern of isoprene concentration

between the three sampling points, which indicates that the A.

pulchra colony was not the source of this compound but rather

the surrounding phytoplankton were responsible for sunlight-

enhanced isoprene production in our reef.

Other VOCs that were expected to increase during daytime

around A. pulchra were COS and CS2, two products of amino

acid, DMS, and organic matter photochemistry (Xie et al., 1998;

Lennartz et al., 2020), with a release potential from the coral

holobiont. The absence of a clear diel pattern of COS and the

absence of a gradient with distance from the coral indicate that

A. pulchra neither produced COS nor favored its production.

The salient COS depletion near the turf alga on the dead

coralline skeleton (AL), likely an organic matter-rich

microhabitat, points to either enhanced hydrolysis (Elliott

et al., 1987) or algal uptake (Blezinger et al., 2000) as local

COS sinks. CS2 showed the expected diel pattern but no gradient

with distance from the coral tips, indicating no production by A.

pulchra. Instead, it was higher near the turf alga, due to either

organic matter photochemistry or production by increased

phytoplankton numbers (Figure 6; Xie et al., 1999).

As for the iodomethanes, CH3I concentration peaked at

midnight. Therefore, the predominant CH3I source around A.
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pulchra was not photochemical (Richter and Wallace, 2004) but

biological (Yokouchi et al., 2014). Over most of the diel cycle,

CH3I was enriched near the turf alga on the dead branches, and

only at midnight was it higher nearest to the coral tips. Thus, it is

hard to say if CH3I originated in the coral holobiont, the turf

alga, or phytoplankton (which doubled at midnight, Figure 6). It

was probably all of them. In contrast, the clear diel pattern of

CH2ClI points to light-related production. As a polyhalogenated

compound, it could have resulted from the action of

haloperoxidases (in this case, iodoperoxidases) used by

organisms to alleviate hydrogen peroxide-induced stress under

high sunlight (Moore et al., 1996). CH2ClI concentrations were

generally higher near the turf alga, with no clear evidence of

production by the coral holobiont.

Similar to CH2ClI, the two target poly-bromomethanes likely

originated from the action of bromoperoxidases to scavenge

harmful hydrogen peroxide (Moore et al., 1996). CHBr3 and

CH2Br2 exhibited parallel diel patterns with increasing

concentrations during the day. The absence of spatial gradients

towards the A. pulchra tips or the skeleton covered by the turf alga

further supports that the main source was not the coral colony but

the abundant seaweeds across the reef, particularly T. ornata.

Even though most of the target VOCs are regulated by

sunlight-related chemical and biological processes, and several

are likely involved in oxidative stress alleviation, no VOC except

for DMS showed patterns consistent with being released by the

A. pulchra holobiont to alleviate oxidative stress. In contrast to

VOC, the distribution and diel pattern of DMSPC were

compatible with their role as holobiont’s antioxidants or, at

least, their release as a consequence of oxidative stress.
DMSPC release and algal symbiont
expulsion at high light

A detailed look at Figure 5 reveals that not only dissolved

DMSPCs increased closest to A. pulchra during the day, but also

particulate DMSP (DMSPp = DMSPt – DMSPd). The

characteristics of the eukaryotic microbial assemblage (as

defined by the 18S rDNA amplicons) near the coral at noon

provided clues to the identity of the microorganisms this

DMSPp belonged to: symbiodiniacean ASVs were heavily

enriched in IN compared to OUT samples (Figure 7). The

higher IN abundance of Symbiodiniaceae ASVs could explain

the higher DMSPp concentrations near the polyps. Reinforcing

this idea, two eukaryotic genes (Alma1 and tmm) were among

the few genes only found in IN. The closest archived sequences

of these genes belong in Acropora and symbiodiniacean genomes

(data not shown). The presence of Acropora genes can be

explained by the release of DNA to the surrounding seawater

as part of the extracellular DNA pool (eDNA; Kutti et al., 2020);

the presence of symbiodiniacean genes can be explained by

symbiont expulsion from the holobiont.
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Expulsion of Symbiodiniaceae from the polyps into the

surrounding seawater is a common process in corals (Hoegh-

Guldberg et al., 1987). It occurs mostly around midday, typically

associated with mucus release, and is thought to be a response to

thermal and sunlight-derived oxidative stress when photo-

inhibition and damage by ROS overcome protection in the

algal symbiont (Weis, 2008; Curran and Barnard, 2021). We

speculate that, in our study case in the shallow Tema’e Beach

back reef, A. pulchra would expel symbionts as solar radiation

increased, along with their associated high DMSPp content. As

the expelled Symbiodiniaceae would be the most damaged by

oxidative or thermal stress (Fujise et al., 2014), before and after

expulsion they would transform part of their DMSP into DMS,

acrylate, and DMSO (Sunda et al., 2002; Galı ́ et al., 2013;

Deschaseaux et al., 2014a). The absence of a thick mucus layer

would facilitate the rapid dispersal and dilution of non-cleaved

DMSPd by the fast flow, which made it available to reef lagoon

bacteria and phytoplankton.

The higher relative abundance of the prokaryotic gene dddD

near the polyps can also be explained by release from the coral

holobiont. Interestingly, Raina et al. (2009) reported that bacteria

isolated from coral tissue by enrichment with DMSP showed the

presence of DddD and DddL as the only DMSP-degrading

enzymes. In our metagenomes, dddD belonged entirely to

Gammaproteobacteria, particularly to Endozoicomonas in the

sample closest to the polyps. Endozoicomonas are ubiquitous

endosymbionts in corals, predominant in coral tissues (Bourne

et al., 2016). There is no evidence they are associated with

Symbiodiniaceae (Maire et al., 2021) and can therefore be

expelled together, but they are commonly found in the

ecosphere around corals (Weber et al., 2019). Indeed, we

detected Endozoicomonas ASVs only in sample IN, yet at

relative abundance <1%.
What do VOCs, DMSPCs, microbial
diversity, and gene abundances suggest
about water flow, hydrodynamic layers,
and connectivity in a branched-coral
colony?

It has been long suggested that coral holobionts, by release of

organics including DMSPCs, may shape the microbiome within

and around them (Raina et al., 2010). This is clear inside the

coral, as well as outside when there is a mucus layer, and since

the mucus gets enriched in labile organics, symbiodiniacean

cells, and associated bacteria, it is retained for a while next to the

coral (as it offers viscous resistance to turbulent diffusion or

advection by the flow), allowing local microbial growth, and may

thus sustain a distinct microbial community. The mucus layer

may also attract chemotactic microbes from the surrounding

seawater (Garren et al., 2014). However, beyond the mucus layer,

the strong flow across highly branched corals will prevent the
Frontiers in Marine Science 17
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buildup of a distinct microbiome in the waters next to the coral,

except for those microbes released by the coral itself, which will

rapidly dilute into the reef water.

In our A. pulchra colony, which was never exposed to the air

and did not produce a visibly copious mucus, the taxonomic

diversity of the microbial communities and their DMSPC-

cycling gene inventory suggest a high connectivity between the

coral tips and the surrounding waters (Figures 2, 7, 8). The

chemical, taxonomic, and genetic differences between the waters

next to the coral polyps (IN) and down current (OUT) can be

explained by direct release from the coral holobiont. The most

striking feature is that the sample AL, located only 10 cm below

IN, was the most dissimilar of the three. Here, there could also be

a constant release of epiphytic and endosymbiotic microbes

from the turf alga, but the only explanation for the buildup of

such a distinct community with respect to IN is that the

connectivity between the two is dramatically reduced. This

lack of connectivity can be explained by invoking the fine

hydrodynamics of coral knolls (Shashar et al., 1996). While IN

was located within the “outer benthic boundary layer”, where the

reef main current is modified by the overall shape of the coral

colony and its neighboring structures, AL was probably located

within the “inner benthic boundary layer”, defined as the zone

where water motion is reduced due to the coral height and

internal structure. The existence of these two layers would have

reduced intra-colony mixing. Inside each layer and looking even

closer, both sampling points could have been within their own

momentum boundary layer (a few centimeters thick, and note

that we sampled 0.5 cm from the branches) that controls water

movement in the close proximity to the coral surface. These thin

local layers would have allowed measurable gradients of

chemicals, microbes, and genes.
Conclusions

In comparison with the tropical oceans, the two Mo’orean

back reef waters sampled showed elevated VOC concentrations

only for CS2, CH3I, and particularly CHBr3 and CH2Br2. Two of

the dominant corals, A. pulchra and Pocillopora sp., were

producers and releasers of DMSP, and the former

accompanied DMSP with large production of its catabolites

DMS, acrylate, and DMSO. However, these compounds were

rapidly diluted and consumed in the reef (Xue et al., 2022). The

two corals were not remarkable sources of VOC other than

DMS. The abundant seaweed T. ornata also released DMSP and

was directly or indirectly responsible for producing COS and

poly-halomethanes, particularly CHBr3 and CH2Br2.

Around a colony of A. pulchra, large diurnal increases in the

concentrations of DMSP, DMS, acrylate, and DMSO closest to

the polyps support the hypothesis that these compounds derive

from sunlight-induced oxidative stress. rDNA metabarcoding

and metagenome analyses of seawater samples around the
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colony suggest that DMSP occurrence and its transformation

into DMS, acrylate, and DMSO resulted mainly from coral

symbionts and their shedding. Large differences in the

chemical and microbial compositions next to the living

branches and the deeper skeleton colonized by a turf alga, only

10 cm apart, illustrate the hydrodynamic complexity of

branched coral colonies, where the coral structure affects the

water flow and mixing.

Tropical coral reefs are threatened worldwide as a result of

increased stress from global warming, clearer skies, ocean

acidification, human uses, and nutrient and pollution dumping

(Harborne et al., 2017). Protection and conservation strategies

require the development of early reef health/damage indicators

as well as a better knowledge of how these complex and ancient

ecosystems have evolved fitness and resilience. Volatile and

organosulfur compounds have been suggested to be both

health indicators and shields against stress, and our work

provides new insights into how they operate.
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Concentrations, sources, and
biological consumption of
acrylate and DMSP in the
tropical Pacific and coral
reef ecosystem in Mo’orea,
French Polynesia

Lei Xue1, David J. Kieber1*, Marta Masdeu-Navarro2,
Miguel Cabrera-Brufau2, Pablo Rodrı́guez-Ros2,
Stephanie G. Gardner2†, Cèlia Marrasé2 and Rafel Simó2

1Department of Chemistry, State University of New York, College of Environmental Science and
Forestry, Syracuse, NY, United States, 2Department of Marine Biology and Oceanography, Institut
de Ciències del Mar (ICM-CSIC), Barcelona, Spain
Shallow-water coral reefs hold large quantities of acrylate and its precursor

dimethylsulfoniopropionate (DMSP), but production and removal processes for

these compounds are poorly characterized. Here we determined the

concentrations and cycling of acrylate and DMSP in a transect from a coral

reef ecosystem to the open ocean, 2 km beyond the reef in Mo’orea, French

Polynesia, during April 2018. Concentrations of dissolved acrylate and DMSP

were low throughout the reef-ocean transect, ranging from 0.8–3.9 nM and

0.2–3.0 nM, respectively, with no difference observed between the coral reef

and open ocean when comparingmean concentrations (± std dev) of dissolved

acrylate (1.7 ± 0.7 vs 2.3 ± 0.8 nM) or DMSP (0.9 ± 0.7 vs 1.3 ± 0.6 nM). In the

coral reef, dissolved acrylate was rapidly taken up by the heterotrophic

community with a fast turnover time averaging ~ 6 h, six times faster than in

the open ocean, and nearly as fast as the average turnover time of dissolved

DMSP (~ 3 h). A clear diel trend was observed for the heterotrophic

consumption of dissolved acrylate and DMSP in the coral reef, with higher

uptake rate constants during daylight hours, synchronized with the larger

daytime release of acrylate and DMSP from the coral compared to the

nighttime release of these compounds. We also measured photochemical

production rates of acrylate in Mo’orean waters, but rates were one to two

orders of magnitude slower compared to its rates of biological consumption.

Coral and macroalgae were the main sources of dissolved acrylate and DMSP

to the reef ecosystem. Our results indicate there is rapid turnover of acrylate

and DMSP in the coral reef with a tight coupling between production and

removal pathways that maintain dissolved concentrations of these two
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compounds at very low levels. These algal and coral-derived substrates serve as

important chemical links between the coral and heterotrophic communities,

two fundamental components in the ecological network in coral reefs.
KEYWORDS

acrylic acid, photochemistry, acropora, symbiodiniaceae, dimethylsulfoxide, DMSO,
pocillopora, turbinaria
Introduction

Acrylate is produced through the enzymatic cleavage of

DMSP, an organosulfur metabolite produced by many marine

phytoplankton including the endosymbiotic dinoflagellates

found in shallow reef-building coral. These dinoflagellates are

some of the largest DMSP producers in the world’s oceans

(Keller, 1989; Caruana and Malin, 2014), with high cell

densities in the coral host, rivaling those recorded for

planktonic dinoflagellates during an algal bloom (Drew, 1972;

Van Alstyne et al., 2006). DMSP is also detected in large

quantities in the tissues and mucus of many coral species (Hill

et al., 1995; Broadbent et al., 2002; Yost and Mitchelmore, 2010;

Swan et al., 2017; Haydon et al., 2018) and giant clams (Hill et al.,

2000; Van Alstyne et al., 2006; Guibert et al., 2020). Additionally,

both the coral host (Raina et al., 2013) and its associated bacteria

(Curson et al., 2017) can produce DMSP. Therefore, coral reef

systems are prodigious producers of DMSP, with most of the

DMSP production occurring in association with the coral and

not in the water column.

DMSP lyases, which catalyze the conversion of DMSP to

acrylate and dimethylsulfide (DMS) in equimolar quantities, has

been detected in the coral endosymbiotic dinoflagellate

Symbiodiniaceae (Yost and Mitchelmore, 2009; Caruana and

Malin, 2014), suggesting that high concentrations of acrylate

should also be present in the coral holobiont. Indeed, in a

prevalent Great Barrier Reef coral, Acropora millepora,

Tapiolas et al. (2010) determined that acrylate constituted 13–

15% of the total carbon in the organic extract of the A. millepora

holobiont. A subsequent survey observed high concentrations of

acrylate in sixteen reef-building coral, with some of them

showing acrylate concentrations comparable to or even higher

than those of its precursor DMSP (Tapiolas et al., 2013).

Acrylate and DMSP are proposed to serve as antioxidants in

coral (Yost et al., 2010; Raina et al., 2013; Deschaseaux et al.,

2014; Gardner et al., 2016; Gardner et al., 2017), a function first

proposed for these metabolites in microalgae (e.g., Sunda et al.,

2002; Kinsey et al., 2016) and benthic macroalgae (Burdett et al.,

2012; Kerrison et al., 2012; Rix et al., 2012). This function would

not be surprising since corals are exposed to a diverse range of

environmental stressors daily (e.g., high light, hypersalinity, air
02
141
exposure) that can induce high levels of oxidative stress and the

production of cell-damaging reactive oxygen species (ROS)

including superoxide and hydroxyl radicals (Hoegh-Guldberg,

1999). When juveniles and adult colonies of A. millepora and A.

tenuis were thermally stressed, Raina et al. (2013) observed a

significant increase in DMSP and decrease in cellular acrylate

concentrations. Gardner et al. (2016) observed a significant

decrease in cellular DMSP and corresponding increase in the

ratio of dimethylsulfoxide (DMSO) to DMSP in A. millepora

under hyposaline conditions. While these studies showed

different responses, both are consistent with acrylate and

DMSP serving as de facto antioxidants in the coral holobiont

during periods of low or high oxidative stress. In this capacity,

cellular concentrations of acrylate and DMSP do not need to be

actively controlled because their concentrations are many orders

of magnitude higher than expected ROS levels. Instead, other

physiological functions will control cellular concentrations of

DMSP and acrylate including osmotic regulation or carbon

overflow (Kinsey et al., 2016). In addition to the potential role

in removing ROS in coral tissue or the mucus where acrylate

concentrations are expected to be substantial (Broadbent and

Jones, 2004; Tapiolas et al., 2010; Tapiolas et al., 2013), acrylate

may play an antimicrobial role preventing the colonization of

pathogenic bacteria (Raina et al., 2010), similar to the antiviral

function proposed for acrylic acid in the microalgae Emiliania

huxleyi (Evans et al., 2006; Evans et al., 2007).

Zooplankton grazing, cell lysis, algal exudation, and viral

infection release particulate acrylate (acrylatep) and DMSP

(DMSPp) from marine phytoplankton into the dissolved

phase, where these compounds are largely consumed by the

heterotrophic bacteria. Tyssebotn et al. (2017) determined that

acrylate was readily consumed by microbes in the Gulf of Mexico

at a rate between 0.07 and 1.8 nM d−1, with a significant fraction

of the acrylate assimilated into macromolecules or respired to

CO2. However, the contribution of acrylate to bacterial carbon

demand in the Gulf of Mexico was negligible, ranging from 0.013

to 0.13% (Tyssebotn et al., 2017), and the turnover of acrylate

was relatively slow (median 4.8 d) compared to the turnover of

DMSP (median 3.1 h). In contrast to acrylate, the crucial role of

DMSP as a source of reduced sulfur and carbon for marine

bacteria is well documented (e.g., Kiene and Linn, 2000a; Simó
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et al., 2002; Vila-Costa et al., 2007; Levine et al., 2016; Motard-

Côté et al., 2016; Lizotte et al., 2017; Kiene et al., 2019). Corals

can expel ~10% of their algal symbionts on a daily basis and even

more when they are physically or chemically stressed (Broadbent

and Jones, 2006), with the expelled Symbiodiniaceae exposed to

stress and mortality similar to planktonic phytoplankton. This

may result in releases of large quantities of DMSP and acrylate

(Masdeu-Navarro et al., 2022) that will feed the fast microbial

cycling of dissolved carbon and sulfur in the coral reef.

Acrylate and DMS are produced in equimolar quantities

from the enzymatic lysis of DMSP by lyases. However, while

DMS has been studied extensively in the global oceans including

in coral reefs (Jones et al., 2018; Jackson et al., 2020) due to its

potential role in regulating the Earth’s radiation budget and

climate (Charlson et al., 1987), only a few studies have examined

the cycling and ecological impacts of acrylate in coral reefs

beyond the impacts to the coral holobiont. In this study, we

demonstrate that (1) both acrylate and DMSP are rapidly

consumed by planktonic microbes once released into the

dissolved phase, and (2) the consumption of dissolved acrylate

and DMSP exhibit diel patterns in phase with their release from

the coral holobiont.
Frontiers in Marine Science 03
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Materials and methods

Study area

The main field study was conducted from April 4 to 27,

2018 in a coral reef offshore from the Richard Gump South

Pacific Research Station located next to Cook’s Bay (also

known as Paopao Bay) on the northern shore of Mo’orea,

French Polynesia (Figure 1). Mo’orea is a volcanic island

surrounded by barrier reefs extending outward from the

shoreline, creating an extensive semi-enclosed lagoonal

system. The typical reef zonation consists of a shallow lagoon

that includes a channel, fringing reef and a shallow back reef

platform, and an outer fore reef that separates the lagoon from

the open ocean (Leichter et al., 2013). The fore reef drops

steeply from the near-sea surface to > 500 m over a distance of

~1 km. The shallow fore reef is nearly continuously covered by

branching coral colonies of Pocillopora sp. and Acropora sp.

(Adjeroud, 1997). The benthic community on the shallow back

reef is composed of turf and fleshy macroalgae and patches of

hermatypic corals surrounded by sandy-bottom open areas

(http://mcr.lternet.edu/data), with an increasing proportion of
A B

C

FIGURE 1

Locations of (A) the island of Mo’orea, in the South Pacific Ocean, (B) the Temae Park coral reef, and the UC Berkeley’s Richard Gump Research
Station and coral reef where most of the work reported here was conducted, and (C) schematic showing the Mo’orea coral reef and reef-ocean
transect sampling stations: nearshore outflow channel (CH), back reef (BR), reef crest (reef side of the reef crest, CR), ocean crest (ocean side of
the reef crest, CO, ~300 m away from station CR), shelf ocean (SO, ~1 km away from CO), and open ocean (OO, ~2 km away from CO). Note
that distances between stations are not drawn to scale. Panel (C) was adapted with permission from Leichter et al. (2013).
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sandy bottom as one moves shoreward towards the fringe reef

and channel. Water movement in the back reef is relatively low

from waves, and pass and lagoonal circulation, with flushing

times of a few hours to more than day depending on winds and

wave energy beyond the reef (Hench et al., 2008; Herdman

et al., 2015). Although we did not measure wind speeds or wave

heights, qualitatively conditions were calm in the lagoon with

no storms or significant wave heights noted during the

field study.

Six stations were sampled repeatedly over a three-week

period as part of a coral reef-ocean transect study (Figure 1).

The six stations included the nearshore outflow channel (CH),

the back reef (BR), the reef crest (the reef side of the reef crest,

CR), the ocean crest (the ocean side of the reef crest, CO), the

shelf ocean (SO, ~1 km from CO), and the open ocean (OO, ~2

km away from CO); these stations correspond to some of the

same sampling stations occupied by the Moorea Coral Reef Long

Term Ecological Research (MCR LTER) project (Leichter et al.,

2013). To assess potential sources of dissolved acrylate and

DMSP to the coral reef, an ancillary study was conducted in a

coral reef offshore of Temae Beach along the northeastern coast

Mo’orea (17.501°S, 149.759°E, Figure 1). The Temae coral reef is

a lagoonal system similar to our main study site off Cook’s Bay.

Two photos depicting typical intermittent reef patches

surrounded by sandy bottom present in the Mo’orea coral reef

lagoonal system at station BR and the Temae coral reef are

shown in Figure S1. A google map showing an aerial overview of

the island of Mo’orea and the study area is presented in our

companion paper, along with photos showing our protocol used

to collect samples close to the coral colonies (Masdeu-Navarro

et al., 2022).
Sample collection and storage

Water samples from the near sea surface (~30 cm deep) were

collected in precleaned 1, 2, or 8 L opaque (brown)

polypropylene bottles from repeated sampling trips to the six

stations along a reef-ocean transect (Figure 1). Diel sampling was

carried out over a 30-hour period in the back reef (April 12–13)

and open ocean stations (April 19–20). A surface microlayer

sample was collected in the back reef on April 18 using a glass

plate to preliminarily evaluate the potential enrichment and

photochemical reactivity of the microlayer sample with respect

to acrylate photoproduction compared to the underlying

seawater. A bulk seawater sample from ~30 cm below the sea

surface was collected in parallel with a precleaned air-tight, all-

glass syringe (Hamilton) fitted with 0.32 cm OD Teflon tubing

attached to the syringe using a polycarbonate luer-lock, 3-way

valve fitting.

To collect samples for dissolved concentrations, each of the

aforementioned samples was gravity filtered through a

precombusted GF/F filter (25 mm diameter, Whatman) into a
Frontiers in Marine Science 04
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precleaned 20 mL scintillation vial following the procedure of

small-volume drip filtration (Kiene and Slezak, 2006). Paired

with each dissolved sample, another set of samples was collected

for the measurement of total concentrations by pipetting 15 mL

of unfiltered seawater into a 20 mL scintillation vial. All samples

were microwaved to boiling (ca. ~12–15 sec; Kinsey and Kieber,

2016). After samples cooled to room temperature, both dissolved

and total samples were bubbled for ~10 min using high-purity

nitrogen gas followed by acidification with 150 µL of Ultrex HCl.

Each sample was collected in duplicate and was stored at room

temperature in the dark until analysis in Syracuse NY. Details

regarding chemical sources and purity, and glassware cleaning

procedures can be found in the Supplemental Material (SM).
Photochemical experiments

Experiments were performed to determine the photochemical

production rate of acrylate in freshly collected 0.2 µm-filtered

seawater. Photolysis experiments were conducted with seawater

collected from the back reef (station BR), the sea surface

microlayer in the back reef, and the open ocean (station OO).

After a seawater sample was collected in an 8 L polypropylene

bottle, it was gravity filtered through a precleaned 0.2 mm Polycap

AS 75 Nylon filter (Whatman) into a precleaned 2.5 L Qorpak

glass bottle.

In preparation for a photochemical experiment, the filtered

seawater was slowly drawn from the 2.5 L glass bottle into

several Teflon-sealed quartz tubes (with no headspace)

according to the procedure outlined in Kieber et al. (1997).

One set of four quartz tubes was submerged in a 3 cm-deep

circulating water bath (28–30 °C) for exposure to sunlight, and a

second set of four quartz tubes was wrapped in several layers of

aluminum foil and placed in the water bath as dark controls. To

obtain sufficient production of acrylate for HPLC analysis,

samples from the coral reef and open ocean were exposed to

solar radiation for a total of ~15 h and 20 h, respectively, over a

two to three-day period. At the end of each experiment, a 10 mL

sample was collected in triplicate from each quartz tube, and

each 10 mL aliquot was dispensed into a precleaned 20 mL

scintillation vial. Samples were subsequently acidified using 100

mL of Ultrex HCl and stored at room temperature in the dark

until analysis in Syracuse, NY.

Samples were also collected from the quartz tubes at the

beginning and end of each photochemical experiment to

determine the absorption spectrum of chromophoric dissolved

organic matter (CDOM) in the sunlight-exposed samples and

dark controls. Details of the CDOM absorption measurements

are given in section CDOM Absorbance.

Triplicate nitrate and nitrite actinometer solutions in 5 mL

borosilicate vials were exposed to sunlight along with the quartz

tubes to determine the photon exposure between 311 and 333 nm

and 330 and 380 nm, respectively, using the methods outlined in
frontiersin.org
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Jankowski et al. (1999) and Kieber et al. (2007). Borosilicate vials

for both actinometers were enclosed in neutral-density screening

with a percent transmission of 31%. The nitrite actinometer vials

were also wrapped with Mylar D film (Jankowski et al., 2000).

Dark actinometry controls were wrapped with several layers of

aluminum foil, without screening or Mylar D film. Actinometry

samples were analyzed at the Gump Research Station by batch

fluorescence using a Horiba Aqualog Fluorometer calibrated with

salicylic acid standards prepared in a pH 7.2, 2.5 mM sodium

bicarbonate solution.
Biological consumption experiments

Time-course incubations were performed to determine

biological consumption rates of dissolved acrylate (acrylated)

and DMSP (DMSPd) in unfiltered seawater samples collected

from the back reef, station BR, and open ocean, station OO. To

perform an incubation for acrylate consumption, 150 mL
aliquots of an acrylate standard prepared from DMSP (Xue

and Kieber, 2021) were added to unfiltered water samples in

triplicate 250 mL polycarbonate (PC) bottles, yielding an initial

concentration of ~15 nM for acrylated in each bottle. Prior to

filling the PC bottles with seawater, they were rinsed several

times with Milli-Q water and the unfiltered seawater. The PC

bottles were gently inverted several times to mix the added

acrylate. Another set of three PC bottles received no added

acrylate. Once samples were prepared, they were placed in a

large, covered incubator with hosing to continually pump

ambient surface seawater through the incubator to maintain

the temperature at ~28 °C. All incubations were conducted in the

dark. Subsamples were collected from each PC bottle at four

separate times during an incubation. The total length of each

incubation was 14 h for the coral reef waters and 18 h for the

open ocean samples. For each time point, 15 mL subsamples

were collected in triplicate from each bottle and processed as

discussed below.

The biological consumption of DMSPd was determined

using the glycine betaine (GBT) inhibition method outlined in

Kiene and Gerard (1995). Briefly, six precleaned 250 mL PC

bottles were filled with freshly collected, unfiltered seawater.

Three bottles were treated with 10 µM GBT and three PC bottles

were left untreated. All samples were incubated in the dark in the

same incubator used for the acrylate incubations. At several time

points during an incubation, subsamples from each bottle were

collected and processed as outlined below. An additional time-

course experiment was performed with a seawater sample from

the coral reef BR station to determine if the added GBT caused

the release of DMSP from the particulate phase into the

dissolved phase. This incubation was conducted in the same

manner as all other dark incubations, except that in this case

subsamples were collected for the measurement of both

dissolved and total DMSP (DMSPt).
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For each time point, 15 mL subsamples from the acrylate

and DMSP incubations were gravity fi l tered using

precombusted, 25 mm diameter GF/F filters into 20 mL

scintillation vials using the small-volume drip filtration

method outlined in Kiene and Slezak (2006). Filtered samples

were microwaved to boiling, bubbled with high-purity nitrogen

gas to remove DMS, and acidified with 150 mL of Ultrex HCl

(Kinsey and Kieber, 2016). All samples were stored at room

temperature in dark for analysis after they were transported back

to Syracuse, NY.
Coral symbiont cultures

Non-axenic batch cultures of five coral dinoflagellate

symbionts including Breviolum aenigmaticum, Cladocopium

sp., Durusdinium trenchii, Effrenium voratum, and Breviolum

minutum were grown at the State University of New York

(SUNY), Buffalo Undersea Reef Research Culture Collection.

Triplicate cultures were maintained in 30 mL f/2 medium under

a 14:10 h light:dark cycle (70–90 mmol quanta m−2 s−1, from 34

W fluorescent lights) at 26°C in 50 mL polycarbonate flasks

(Bayliss et al., 2019). All cultures were sampled at their

approximate exponential growth phase determined by the

number of motile cells counted by microscopy.

A 2 mL aliquot of each culture was collected into a 5 mL

Qorpak vial followed by immediate addition of 10 µL 50%

glutaraldehyde solution (Fisher Scientific) to preserve the

sample for cell volume and cell number measurements using a

Beckman-Coulter Z2 Particle Counter and Size Analyzer. To

collect dissolved samples, 15 mL of culture was gravity filtered

through a 25 mm diameter A/E glass fiber filter (Pall) in a

Gelman polysulfone filtration tower. For each filtration, the first

5–6 drops were discarded, and the filtrate was then collected in a

20 mL scintillation vial. To collect total samples, 10 mL of

unfiltered sample was collected in a 20 mL scintillation vial. Both

dissolved and total samples were microwaved until boiling in the

SUNY Buffalo lab. After returning to the home laboratory

approximately 3 h later, each sample was bubbled using

ultrapure helium for 15 min followed by acidification using

150 mL of Ultrex HCl. Samples were stored at room temperature

in dark until analyzed.
DMSP, DMSO and acrylate quantification

To measure concentrations of DMSP and DMSO, both

compounds were first converted to dimethylsulfide (DMS). To

convert DMSP or DMSO to DMS, 200 µL 5 M NaOH or 20%

TiCl3, respectively, was added to 1 mL of a standard or seawater

sample in a precleaned borosilicate serum vial, which was

immediately capped with a Teflon-lined butyl rubber stopper

and sealed with an aluminum crimp cap. The DMSP samples
frontiersin.org

https://doi.org/10.3389/fmars.2022.911522
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xue et al. 10.3389/fmars.2022.911522
were incubated overnight at room temperature in dark; for the

DMSO samples, serum vials were incubated at 55°C in a water

bath for 1 h. DMS was analyzed using a cryogenic purge-and-

trap system and a Shimadzu GC-14A with a flame photometric

detector (Kinsey et al., 2016).

Acrylate concentrations were determined using a pre-

column derivatization HPLC method that provided sufficient

sensitivity for the analysis of low nM acrylate concentrations in

seawater (Tyssebotn et al., 2017). For derivatization, 300 µL

thiosalicylic acid (TSA, 20 mM) reagent in MeOH was pipetted

into a 5 mL precleaned borosilicate vial containing 3 mL of a

standard or seawater sample. Following pH adjustment to 4.0,

each vial was tightly screw-capped and incubated at 90°C in a

water bath for 6 h. After cooling to room temperature, each

derivatized sample was first filtered using a 0.2 µm Nylon syringe

filter (Pall) followed by injection of 1 mL into the Shimadzu

HPLC system containing a reverse phase Waters HPLC column

with UV detection at 257 nm to quantify the acrylate-TSA

derivative. The limit of detection of this method is 0.2 nM for

a 1 mL injection.
CDOM absorbance

The absorbance spectrum of 0.2 mm-filtered seawater was

determined between 240 and 800 nm using a SD 2000 fiber optic

spectrophotometer (Ocean Optics) equipped with a 101 cm

pathlength capillary cell (World Precision Instruments)

precleaned using MeOH and Milli-Q water. Each blank (Milli-

Q water) or seawater sample was gently drawn into the capillary

cell using a Rainin Rabbit-Plus peristaltic pump. All absorption

spectra were baseline corrected by adjusting the absorbance

between 630 and 640 nm to zero. The absorbance (Al) was

converted to an absorption coefficient (al, m
−1) using the

equation al= 2.303Al/l, where l is the cell pathlength

determined according to the procedure in Cartisano et al. (2018).
Ancillary measurements

The sea-surface temperature was recorded using a SBE56

sensor (Sea-Bird Scientific) continuously flushed with pumped-

in near surface seawater. For total organic carbon (TOC), 30 mL

samples of unfiltered seawater were collected in acid-cleaned

polycarbonate bottles and stored in the dark at −20°C until

analysis. They were analyzed in triplicate with a Shimadzu TOC-

LCSV, with Milli-Q water as a blank, potassium hydrogen

phthalate as the calibration standard, and deep Sargasso Sea

water as the reference. For particulate organic carbon (POC),

500–2000 mL of seawater was filtered through a pre-combusted

(450°C, 4 h) 25 mm diameter GF/F glass fiber filter (Whatman),

which was stored frozen at −20°C. Prior to analysis, the GF/F

filters were thawed in an HCl-saturated atmosphere for 24 h to
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remove inorganic compounds. The filters were then dried and

analyzed using an elemental analyzer (Perkin-Elmer 2400

CHN). For Chlorophyll a (Chl a), 250 mL seawater was

filtered through a 25 mm diameter GF/C glass fiber filter

(Whatman) that was subsequently stored frozen at −20°C. The

pigments were extracted into 90% acetone at 4°C in the dark for

24 h. The fluorescence of the extracts was measured with a

calibrated Turner Designs fluorometer. The abundance of

micro-phytoplankton was determined under light microscopy

using the Utermöhl technique (Utermöhl, 1958) on 100 mL of

sedimented samples fixed with formalin-hexamine to a final

concentration of 0.4%. For enumeration of heterotrophic

prokaryotes (including bacteria and archaea) and pico- and

nano-phytoplankton, samples were fixed with glutaraldehyde

(0.5%) and analyzed by flow cytometry (CyFlow Cube 8, Sysmex

Partec). For bacterioplankton quantification, samples were

stained with SYBRgreen I (∼ 20 µM final concentration) prior

to analysis following Gasol and Del Giorgio (2000). For pico-

and nano-phytoplankton, forward scatter and red and orange

autofluorescence was used to discriminate different populations

following Olson et al. (2018). For nitrate, nitrite and

phosphate, 10 mL aliquots of unfiltered seawater were

collected in 12 mL polypropylene tubes and stored frozen at

−20°C. These dissolved inorganic nutrients were quantified by

standard, segmented flow analysis with colorimetric detection

using a Bran & Luebe autoanalyzer and the procedure outlined

in Hansen and Koroleff (1999).
Statistical analyses

Statistics including the Pearson correlation and t-test were

performed using SigmaPlot software (version 11.0). Unless

otherwise noted, t-tests were performed when data were

normally distributed, as determined by the Shapiro–Wilk test.

A Mann−Whitney Rank Sum test was used when normality tests

failed. Minitab (version 21.2, Minitab LLC) was used to perform

Principal Component Analysis (PCA) on a correlation matrix

composed of 11 variables and 27 rows of data; an orthogonal

regression analysis was used to compare total acrylate (acrylatet)

to total DMSP (DMSPt), since measurement error was

associated with both parameters. An a level of 0.05 was used

for all statistical analyses. Standard deviations were used to

report errors, unless otherwise noted.
Results and discussion

Biogeochemical properties along
the transect

The daytime temperature in surface waters along the reef-ocean

transect was nearly the same throughout the study, averaging 28.8 ±
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0.01°C (Table 1). Chl a concentrations averaged between 0.18 ± 0.08

and 0.33 ± 0.10 µg L−1 among the transect stations, with slightly

higher Chl a at CH and CO and the lowest Chl a observed at the

open ocean station (Figure S2; Table 1). A drop in Chl a

concentration occurred as the water flowed from the fore reef

(CO) into the back reef (BR). Similar to prior studies in theMo’orea

coral reef (Nelson et al., 2011; Leichter et al., 2013), nitrate

concentrations (and silicate, data not shown) in the coral reef

were markedly higher than at the open-ocean sites at stations SO

and OO (0.31 ± 0.03 vs 0.06 ± 0.02 µM; Table 1), which may be

attributed to the elevated activity of nitrifying bacteria associated

with corals (Beman et al., 2007; Wegley et al., 2007). Despite this

elevated activity, overall the coral holobiont is expected to be a large

sink for nitrate (Glaze et al., 2021). Therefore, there must be other

nitrate sources to the coral reef to maintain the relatively high

nitrate concentrations we observed. Potential sources include

groundwater inputs (Nelson et al., 2015) or sediment

resuspension (Erler et al., 2014). Similar trends of lower oceanic

concentrations were seen for nitrite and phosphate, but differences

were much smaller (Table 1). Nelson et al. (2011) observed a

depletion of dissolved organic carbon (DOC) in the Mo’orea coral

reef compared to the open ocean over a 4-year time period (68 vs 79

µM DOC). A similar difference was noted in our study, but

observed differences (67.8 ± 5.2 in the open ocean vs 75.0 ± 5.7

µM in the coral reef) were not statistically significant (p > 0.05). The

particulate organic carbon (POC) pool was small relative to DOC,

ranging from 3.3 to 4.2 µM throughout the entire transect

comprising less than 5% of the total organic carbon signal and

with no differences noted between the coral reef and open-

ocean sites.

During the main transect study, dinoflagellates and

coccolithophores dominated the abundance of micro-

phytoplankton, with relatively few diatoms present at the

open-ocean stations or in the coral reef. The planktonic

assemblage in the coral reef and open-ocean stations exhibited

some marked di fferences , wi th dinoflage l la te and

coccolithophore cell numbers in near surface waters nearly

double at the open-ocean stations SO and OO (~ 8×103 cells
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L−1) compared to the back reef station (~ 4×103 cells L−1). The

summed abundances of pico- and nano-eukaryotic

phytoplankton were lowest at the farthest open-ocean station

OO (2.5×106 cells L−1), increased to the highest cell numbers at

SO and the fore reef (CO) (4−5×106 cells L−1), followed by a

decrease to ca. 3×106 cells L−1 inside the coral reef. A similar yet

clearer pattern of decrease into the reef was observed for

Synechococcus (15×106 cells L−1 at OO, 50×106 cells L−1 at SO

and CO, 25×106 cells L−1 at BR) and heterotrophic prokaryote

abundances (ca. 0.9×109 cells L−1 at OO, SO and CO, and

0.5×109 cells L−1 at BR), but not for Prochlorococcus (gradual

yet not significant decrease from 90×106 cells L−1 outside the reef

to 70×106 cells L−1 inside the reef (Figure S2). Depletion of both

autotrophic and heterotrophic microbial abundances was

previously observed as the water crossed the reef crest into the

back reef in this same northern Mo’orean coral reef (Payet et al.,

2014), and this was attributed to top down control by coral filter

feeding (Patten et al., 2011).
Transects of acrylate and organosulfur
concentrations

The range of acrylated (0.8–3.9 nM) and acrylatet
concentrations (1.1–5.2 nM) in the transect are small

(Figure 2A), and similar to those determined in the Gulf of

Mexico in late fall, 0.8–2.1 nM for acrylated and 1.4–3.4 nM for

acrylatet (Tyssebotn et al., 2017), but one to three orders of

magnitude lower than those previously observed off the coast of

China in coastal and open ocean waters across different seasons.

Concentrations in Chinese waters ranged from 60–578 nM in

Jiaozhou Bay (Wu et al., 2015), 14–353 nM (Liu et al., 2016a)

and 4.3–103 nM (Wu et al., 2020) in the Yellow and Bohai Seas,

and 10–107 nM in the Changjiang Estuary and East China Sea

(Wu et al., 2017). These high acrylated concentrations are quite

surprising since these waters are characterized by low algal

biomass (Chl a < 0.5 µg L−1), predominance of low DMSP

producers (e.g., diatoms; Liu et al., 2016b), and fast photolysis
TABLE 1 Location of the sampling stations depicted in Figure 1, and the average temperature and concentrations of Chl a, nitrate, nitrite,
ammonium, phosphate, dissolved organic carbon (DOC), particulate organic carbon (POC) and dissolved organic nitrogen (DON) in seawater
samples collected from repeated sampling at each station over a two-week period.

Station Lat. Long. Temp. Chl a Nitrate Nitrite Ammonium Phosphate DOC POC DON

(°S) (°W) (°C) (µg L−1) (µM)

CH 17.484 149.839 28.7 (0.1) 0.31 (0.10) 0.30 (0.05) 0.05 (0.01) 0.29 (0.18) 0.16 (0.02) 63.9 (3.7) 4.2 (0.7) 4.2 (0.3)

BR 17.479 149.840 28.8 (0.2) 0.22 (0.06) 0.33 (0.06) 0.05 (0.01) 0.37 (0.12) 0.16 (0.02) 72.9 (8.8) 3.3 (0.3) 4.7 (0.6)

CR 17.477 149.839 28.8 (0.2) 0.25 (0.05) 0.29 (0.06) 0.05 (0.01) 0.29 (0.21) 0.16 (0.01) 66.5 (3.1) 4.0 (1.0) 3.9 (0.2)

CO 17.475 149.839 28.8 (0.2) 0.33 (0.10) 0.17 (0.07) 0.04 (0.01) 0.41 (0.32) 0.14 (0.02) 72.2 (8.5) 3.6 (0.3) 4.1 (1.1)

SO 17.467 149.839 28.8 (0.1) 0.28 (0.02) 0.08 (0.04) 0.05 (0.03) 0.88 (0.32) 0.13 (0.01) 74.5 (6.1) 4.4 (1.0) 4.9 (1.0)

OO 17.457 149.840 28.8 (0.4) 0.18 (0.08) 0.04 (0.01) 0.03 (0.03) 0.48 (0.36) 0.13 (0.02) 75.4 (5.3) 3.4 (0.6) 4.0 (1.2)
frontie
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and biological consumption rates for acrylated. Additionally,

acrylated concentrations in these coastal waters were often

substantially greater than its presumptive source DMSP (e.g.,

Wu et al., 2020). Wu et al. (2017) speculated that anthropogenic

sources significantly contributed to the high acrylated
concentrations observed in their seawater samples, but they

supplied no evidence to support this supposition and spatial

distributions are inconsistent with an anthropogenic source. The

basis for these large differences is not known, however, we

speculate that their high acrylate concentrations were due to

an artifact associated with co-eluting interferences in the direct

HPLC–UV absorption method used to quantify acrylate (non-

selective absorption detection at 210 nm).

DMSP concentrations in the Mo’orea coral reef transect

study ranged from 0.3–2.8 nM and 2.8–11.1 nM for DMSPd and

DMSPt (Figure 2B), respectively, slightly lower than acrylated
and higher than acrylatet. DMSPd concentrations (1.1 ± 0.7 nM)

were comparable to DMSPd concentrations reported in the
Frontiers in Marine Science 08
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literature using the same technique (< 2 nM) to filter samples

collected under non-bloom conditions in the Atlantic (Lizotte

et al., 2012; Levine et al., 2016), Pacific (Royer et al., 2010),

Southern (Kiene et al., 2007), and Arctic Oceans (Motard-Côté

et al., 2012). However, when compared to other coral-reef

studies, DMSPd measured in Mo’orea was a factor of 3.5 to 6

lower than mean concentrations at three coral reefs in the Great

Barrier Reef (Jones et al., 2007) including Pioneer Bay reef (3.2

nM), Nelly Bay reef (3.7 nM) and One Tree reef (5.5 nM). By

comparison, DMSPp concentrations in the Mo’orea reef (4.2 ±

2.1 nM), determined by subtracting DMSPd from DMSPt and

propogating the error, were similar to that in Pioneer Bay reef

(3.3 nM) and Nelly Bay reef (2.2 nM) but 3.6 times lower than

the mean concentration at One Tree reef (15.2 nM). Burdett

et al. (2013) only reported DMSPt concentrations (range 14.7–

23.9 nM, mean 19.5 nM) in waters collected along a transect

across Suleman reef, Egypt, nearly four-fold higher than the

mean DMSPt concentration in the Mo’orea coral reef (5.1 nM).
A

B

C

FIGURE 2

Mean dissolved (black-filled bars) and total (grey-filled bars) concentrations of (A) acrylate, (B) DMSP, and (C) DMSO in samples collected from
repeated sampling at each sampling station between April 6 and 24, 2018. Error bars denote the standard deviation from the measurement of
multiple samples collected over different days at each site (n = 4–5).
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Differences between our DMSP results and prior coral-reef

studies reflect dissimilarities in reef structure between the

Mo’orea reef that was continuously submerged (only the reef

crest was occasionally exposed to air) and several prior studies in

the Great Barrier Reef where coral were periodically exposed to

air and the associated physical stress. Deschaseaux et al. (2014)

observed that increases in temperature, reduced salinity, air

exposure, and high or low levels of sunlight resulted in greater

oxidative stress and enhanced production of DMSP and DMSO

in the coral holobiont. Likewise, Raina et al. (2013) determined

higher levels of DMSP in thermally stressed A. millepora and A.

tenuis. Higher particulate DMSP concentrations resulting from

these physical stresses translate to higher fluxes of DMSP,

DMSO (and presumably acrylate) into the dissolved phase.

Differences in DMSPd will also arise from differences in the

predominant corals present in the coral reef. In the Great Barrier

Reef, Acropora sp. is a common reef-building coral (Dietzel et al.,

2020) whereas Pocillopora sp. is an important coral in Mo’orea

(Carlot et al., 2020), and, as will be discussed in the next section,

Acropora pulchra is a much stronger source of DMSPd and

acrylated compared to Pocillopora sp. Differences in filtration

techniques used to collect dissolved samples may also be at least

partially responsible for the difference in DMSPd concentrations.

The Great Barrier Reef samples were filtered using a 0.45-µm

filter and peristaltic pump that may have ruptured cells and

released DMSP from the particulate phase into dissolved phase.

For Mo’orean waters, we collected dissolved samples using a

small-volume drip filtration method using a GF/F filter (nominal

pore size 0.7 mm), which has been showed to minimize the

release of DMSP from algal cells (Kiene and Slezak, 2006).

Although not a main thrust of our study, DMSO

concentrations were determined to provide context for the

acrylate and DMSP results. In the transect, DMSOd fell within

a wide range between 0.33–6.1 nM, but with no differences noted

between the coral-reef stations and the open-ocean stations

(Figure 2C). In all our samples, greater than 90% of the

DMSO was detected in the dissolved phase (Figure 2C), with

very little DMSO present in the particulate pool due to its rapid

diffusion out of the cell into the dissolved phase (Spiese et al.,

2016). Compared to DMSPd and DMS (DMS results presented

in Masdeu-Navarro et al., 2022), DMSOd was the main

contributor to the dissolved organic sulfur pool averaging

nearly 3 nM throughout Mo’orea study. There are several

potential sources of DMSOd in our study area including inputs

from the particulate phase (e.g., from DMSO production in

planktonic algae, macroalgae, the coral holobiont and

subsequent diffusion into the dissolved phase), photochemical

oxidation of DMS, or bacterial production from DMS (e.g.,

trimethylamine monooxygenase activity; Lidbury et al., 2016).

These multiple sources, coupled with the chemical stability of

DMSO, it’s low volatility, and slow microbial consumption

(Tyssebotn et al., 2017) likely led to its higher dissolved

concentrations compared to dissolved DMS or DMSP, a
Frontiers in Marine Science 09
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finding that is consistently observed throughout the world’s

oceans and in coral reef ecosystems (e.g., Simó et al., 1997;

Broadbent and Jones, 2004; del Valle et al., 2007; Kiene et al.,

2007; Jones et al., 2007; Asher et al., 2017). Although DMSO was

the main dissolved organosulfur compound detected in the

Mo’orea coral reef, concentrations were nonetheless lower

than found in other oceanic regions including, for example,

the Western Mediterranean (Simó et al., 1997), Ross Sea (del

Valle et al., 2007), Southern Ocean (Kiene et al., 2007), Gulf of

Mexico (Tyssebotn et al., 2017), and Northeast Subarctic Pacific

(Asher et al., 2017; Herr et al., 2021). Likewise, DMSOd

concentrations reported here were much lower than DMSOd

concentrations in two Great Barrier Reef studies including Nelly

Bay reef (Broadbent and Jones, 2006) and One Tree reef (Jones

et al., 2007). In these reefs, DMSOd ranged (mean) from 5.5–215

nM (17 nM) and 7.7–42 nM (17 nM), respectively. The low

background DMSOd concentrations observed in our study

compared to other oceanic regions suggest that production

rates were lower and/or microbial consumption rates were

faster in the Mo’orea coral reef than previously reported

(Tyssebotn et al., 2017).

Acrylate and DMSP concentration data shown in Figure 2

were merged to compare the coral reef (CH, BR, and CR) and the

open-ocean sites (SO, and OO), since the mean concentration of

each compound was indistinguishable among the different

stations in each ecosystem. Data from station CO were not

included in the reef versus open ocean comparison due to its

close proximity to the reef crest (ca. 150 m) and rapid water

exchange with the back reef through the reef crest (ca. 36 min)

(Hench et al., 2008; Herdman et al., 2015).

Merged acrylated concentrations were 1.7 ± 0.7 nM in the

coral reef (n = 15) and 2.3 ± 0.8 nM in the open-ocean sites (n =

8), with no significant difference between these two ecosystems

(p > 0.05). In contrast, mean acrylatep concentrations

(determined by subtracting acrylated from acrylatet and

propagating the error) were lower by a factor of two or more

in the coral reef, 0.5 ± 0.5 nM, compared to concentrations at

stations SO and OO (1.1 ± 0.7 nM). A large percentage of

acrylate, ranging from 50 to 95%, was present in the dissolved

phase in all surface waters, consistent with previous culture

studies (Tyssebotn, 2015; Kinsey et al., 2016). Dissolved and

particulate acrylate and DMSP concentrations reported in this

section only include water samples more than a meter away from

coral and do not include concentrations in the coral holobiont or

in close proximity to the coral; concentrations in these

environments are expected to be substantially higher as

discussed below (also see Tapiolas et al., 2010; Raina et al.,

2013; Tapiolas et al., 2013; Masdeu-Navarro et al., 2022).

Merged DMSPd concentrations ranged from 0.2–3.0 nM in

the coral reef at stations CH, BR, and CR (n = 15) and 0.7–2.1

nM in oceanic waters at stations SO and OO (n = 8), with mean

concentrations of 0.9 ± 0.7 nM and 1.3 ± 0.6 nM, respectively.

No significant difference was observed between the coral reef
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and the open ocean concentrations (p > 0.05). Unlike acrylate,

DMSPd represented a small fraction of the total DMSP in surface

seawater, generally comprising less than 10% throughout all

surface samples. A pronouced reef-ocean difference was

observed for DMSPp, with concentrations on average ~2.5

times higher at the oceanic sites (SO and OO) compared to

the reef sites (10.7 ± 3.1 nM and 4.2 ± 2.1 nM, respectively).

Corresponding Chl a concentrations varied over a small range

from 0.18–0.33 mg L-1 between the two ecosystems (Figure S2;

Table 1), resulting in markedly higher DMSPp : Chl a ratios

(nmol:mg) at the oceanic sites compared to the reef sites (46.4 ±

18.8 vs. 15.2 ± 8.1). A similar pattern albeit with smaller

differences between the two environments was observed for

acrylatep concentrations (and ratios to Chl a), as discussed in

the previous paragraph.

Large differences between coral-reef and open-ocean

concentrations of acrylatep and DMSPp partly reflect

differences in (1) the cell-abundance and composition of the

oceanic and reef planktonic communities as previously discussed

here (e.g., higher dinoflagellate and coccolithophore cell-number

densities in the open-ocean stations) or in Leichter et al. (2013)

and (2) top-down control of particulate concentrations by coral

feeding on pico- and nano-phytoplankton. Differences may also

arise from an upregulation of cellular DMSP production (and

corresponding increase in DMSP lyase activity and acrylate

production) in the algal community in response to oxidative

stress in the oligotrophic open-ocean stations from nutrient

limitation (Stefels and van Leeuwe, 1998; Spielmeyer and

Pohnert, 2012; Bucciarelli et al., 2013; Kinsey et al., 2016).

Nitrogen limitation is known to induce the replacement of N-

containing osmolytes (e.g., proline or glycine betaine) by DMSP

(Keller et al., 1999; Bucciarelli and Sunda, 2003). Nitrogen

limitation has also been suggested to induce DMSP

biosynthesis as an antioxidant in response to restricted

synthesis of N-containing antioxidants such as ascorbate

peroxidase (Sunda et al., 2007). However, even though we

observed a large depletion in nitrate in the open ocean

samples that were more than eight-fold lower than that in the

coral reef (0.06 vs 0.33 µM nitrate, Table 1), inorganic N/P ratios

remained low throughout the reef-ocean transect, in the 2.2–7.8

range, indicating pervasive inorganic nitrogen limitation

throughout the region. Therefore, inorganic nitrogen stress

cannot be invoked as the cause for observed differences in

DMSPp and the DMSPp : Chl a ratio along the transect, unless

the phytoplankton in the reef relied more than the open-ocean

phytoplankton on dissolved organic nitrogen (DON, Table 1) as

an additional nitrogen source (e.g., Mulholland and Lee, 2009;

Moneta et al., 2014). Consequently, the most likely rationale for

the decrease in DMSPp from the open ocean to the coral reef was

due to differences in the algal composition as well as the top-

down control of DMSPp by coral feeding.

A significant positive correlation was found between

acrylatet and DMSPt in surface waters from both the coral reef
Frontiers in Marine Science 10
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(r = 0.63, p < 0.0001, n = 44) and oceanic sites (r = 0.75, p <

0.0001, n = 38; Figure 3), which may be expected since DMSPp is

the presumptive biological precursor of acrylate in seawater.

However, the correlation was significantly weaker when only

particulate concentrations were considered (r = 0.37 for the reef,

p > 0.05; r = 0.54 for the oceanic sites, p > 0.05), which is not

unexpected because an appreciable proportion of particulate-

derived acrylate ends up in the dissolved phase whereas very

little DMSP is dissolved. No significant correlation was observed

in the coral reef or open-ocean sites between dissolved,

particulate or total concentrations of acrylate and DMSO,

acrylate and Chl a, or DMSP and Chl a. Principal component

analysis (PCA) was performed to further explore these

relationships in our study area (Figure S3). The two principal

components accounted for 57.5% of the total variation, and the

first axis of PCA showed a strong association between the

dissolved or total acrylate and DMSPt and DMSOd, indicating

that these variables were highly correlated. However, PCA

analysis also indicated that acrylate, DMSP and DMSO were

all negatively aligned with Chl a, the nutrients nitrate and

phosphate; and acrylate, DMSP and DMSO were all poorly

correlated to nitrite and ammonium.
A

B

FIGURE 3

Correlation between acrylatet and DMSPt in samples collected
between 4 and 27 April from the (A) oceanic stations (SO and
OO) and (B) coral reef (CH, BR, CR). Solid lines denote the best-
fit from orthogonal regression analysis: (A) slope = 0.38 ± 0.06,
y-intercept = -1.08 ± 0.60 nM, r = 0.75; (B) slope = 0.33 ± 0.06,
y-intercept = 0.24 ± 0.41 nM, r = 0.63.
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Acrylate and DMSP sources

In the coral reef offshore from Cook’s Bay, the main study

site, higher acrylated concentrations were observed in seawater

collected ~0.5 cm away from the coral A. pulchra and

decomposing seaweed, averaging 18.1 ± 2.9 and 16.5 ± 2.5 nM

(Figure 4 and Table S1), respectively, aproximately ten-fold

higher than the mean concentration of acrylated in surface

waters ~2 m from these sources (1.7 ± 0.6 nM). By contrast,

no differences were noted in acrylated concentrations in close

proximity to Turbinaria ornata (1.8 ± 0.1 nM) or Pocillopora sp.

(1.1 ± 0.9 nM) compared to acrylated ~2 m from these sources.

Although acrylated concentrations were low, acrylatep
concentrations (Figure 4 and Table S1) were substantially

elevated in waters in close proximity to the macroalgae T.

ornata (24.9 ± 1.3 nM) or the decomposing seaweed (34.1 ±

4.5 nM) relative to the low acrylatep concentrations in samples

collected from nearby surface seawater (0.5 ± 0.5 nM). Likewise,

substantial DMSPd was detected in close proximity to the coral

and macroalgae, averaging 17.6 ± 1.0 nM for the decomposing

seaweed, 31.5 ± 0.9 nM for T. ornata, and 43.2 ± 0.4 nM for A.

pulchra, relative to the low average DMSPd concentration

observed in coral reef surface waters (0.9 ± 0.7 nM). A more

striking difference was observed for DMSPp, which averaged

21.5 ± 5.3, 186.5 ± 17.3, and 256.5 ± 48.2 nM in waters near A.

pulchra, T. ornata, or the decomposing seaweed (Figure 4 and
Frontiers in Marine Science 11
150
Table S1), respectively, substantially higher than DMSPp in coral

reef surface waters (4.2 ± 2.1 nM). Together with the large

quantities of acrylate and DMSP previously measured in coral

tissues and mucus (e.g., Broadbent et al., 2002; Tapiolas et al.,

2010; Yost and Mitchelmore, 2010; Raina et al., 2013; Tapiolas

et al., 2013; Haydon et al., 2018), it is reasonable to propose that

shallow-water coral reefs represent a sizable reservoir of acrylate

and organosulfur compounds in the coral-reef ecosystem that

may play a disproportionally larger role in regional and global

sulfur and carbon cycling than one would predict based on the

relatively small areal coverage of coral reefs globally. However, a

rigorous evaluation cannot be made here due to the small

sample size.

In the Temae Park coral reef study, extremely high

concentrations were observed for acrylated (65.8 ± 4.2 nM),

DMSPd (80.1 ± 8.9 nM), and DMSOd (48.4 ± 0.1 nM) in waters a

~0.5 cm away from the coral A. pulchra. These concentrations

were on average ~30, 40 and 10 times higher than concentrations

in waters ~10 cm and several meters away from the coral patch

(Figure 5 and Table S2), revealing the large potential of A.

pulchra as a source of these compounds to the coral reef. The

gradients were much smaller for Pocillopora sp.; concentrations

were 3.2 ± 0.1 nM acrylated, 6.8 ± 0.1 nM DMSPd, and 4.3 ± 0.4

nM DMSOd approximately 0.5 cm from the surface of the coral

polyps, which were ~3 and 6 times lower away from the

Pocillopora sp. for acrylated and DMSPd but nearly the same
A B

DC

FIGURE 4

Dissolved and total concentrations of acrylate, DMSP and DMSO in samples collected at the CO site between April 15-18 in the vicinity of
(A) Pocillopora sp., (B) a brown macroalgae, Turbinaria ornata, (C) A. pulchra, and (D) a decomposing seaweed raft. Error bars denote the
standard deviation from the measurement of replicate samples. See Table S1 for the data used to generate this figure.
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for DMSOd (Figure 5 and Table S2). Thus, this common coral

may be a smaller source of dissolved acrylate and DMSP to the

Mo’orea coral reef system compared to A. pulchra (also see

Figure 4). Overall, A. pluchara was a strong source of dissolved

acrylate, DMS (DMS data in Masdeu-Navarro et al., 2022),

DMSP and DMSO, whereas Pocillopora sp. was a weak source

for dissolved acrylate and DMSP and not a source of DMSO or

DMS (Masdeu-Navarro et al., 2022). The lack of DMS

production by Pocillopora sp. has been previously observed by

Exton et al. (2015) and Lawson et al. (2020), and this likely

resulted from low DMSP-lyase activity in Pocillopora sp., which

would lead to low DMS production rates and low production

rates of DMSO from DMS. This in turn likely resulted in no

enhancement in DMSOd concentrations in the vicinity of

Pocillopora sp. colonies.

Culture-based studies have shown that coral dinoflagellate

symbionts contain large quantities of DMSP and DMS (e.g.,

Broadbent et al., 2002; Steinke et al., 2011; Deschaseaux et al.,

2014) and presumably acrylate from the enzymatic lysis of

DMSP. However, to date, acrylate concentrations have not

been determined in coral algal symbionts although there is a

large potential for its production based on the high lyase activity

measured in some Symbiodiniaceae (Yost and Mitchelmore,

2009; Caruana and Malin, 2014). In the present study, acrylate
Frontiers in Marine Science 12
151
and DMSP were detected in non-axenic cultures of five coral

dinoflagellate symbionts during exponential growth under

nutrient replete conditions (Table 2 and Figure 6). Cellular

concentrations of acrylate and DMSP varied among the five

species, ranging from 8.6–35.6 mM and 91.9–131.7 mM for

acrylate and DMSP, respectively. These cellular acrylate and

DMSP concentrations are comparable to those in axenic cultures

of other dinoflagellates during early to mid exponential growth

under nutrient replete conditions including Karenia brevis (2.5–

14.5 mM acrylate and 23.0–36.0 mM DMSP; Tyssebotn, 2015)

and Prorocentrum minimum (3.1–4.2 mM acrylate and 105–160

mM DMSP; Tyssebotn, 2015) or the prymnesiophyte

Phaeocystis antarctica (3.7–5.2 mM acrylate and 261–275 mM

DMSP; Kinsey et al., 2016), and one to two orders of magnitude

higher than the diatom Thalassiosira pseudonana (0.02–0.25

mM acrylate and 1.8–4.0 mM DMSP; Tyssebotn, 2015). The

mM concentrations of acrylate and DMSP observed here for the

different coral symbionts suggests coral holobionts produce large

quantities of acrylate and DMSP, and are therefore a large

potential source of these compounds to the coral-reef ecosystem.

In all coral Symbiodiniaceae cultures, only a small

percentage of the total DMSP (< 1%) was detected in dissolved

phase, which can be attibuted to its low release from cells and

rapid bacterial consumption of DMSPd in the non-axenic
A B

DC

FIGURE 5

Dissolved (panels A, C) and total (panels B, D) acrylate, DMSP and DMSO in seawater samples collected at different distances from the coral
Pocillopora sp. (panels A, B) and A pulchra (panels C, D) in a coral reef located offshore of Temae Park, Mo’orea at 7:00 am local time, April 23,
2018. x-axis label notation: In, a ~ 0.5 cm away from the tip of several coral polyps, Up, ~ 10 cm away from coral patch, and Out, several meters
away from the coral overlying sandy sediment. See Table S2 for the data used to generate this figure.
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cultures. Dissolved acrylate concentrations were higher than

DMSP, ranging from 3.1 to 13% of the total acrylate; this

percentage was significantly less than expected based on

results from prior studies under similar growth conditions but

with axenic cultures. In these prior studies, which included

results from several different dinoflagellate species, from 50-

95% of the total acrylate was present in the dissolved phase

(Tyssebotn, 2015; Kinsey et al., 2016). The significantly lower

percentage of acrylated observed in our non-axenic
Frontiers in Marine Science 13
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Symbiodiniaceae cultures was likely due to the bacterial

consumption of acrylated in the culture medium.
Photochemical production of acrylate

Photochemical production of acrylate was consistently

observed in the field using freshly collected, 0.2 µm-filtered

seawater (Table 3), with no evidence for acrylate photolysis in
TABLE 2 Cell size and mean abundance, cell volume (CV), dissolved and cellular concentrations of acrylate and DMSP in five non-axenic, batch
cultures of known coral symbionts from the family Symbiodiniaceae.

Species Cell size Cell abundance Cell volume Acrylated DMSPd Acrylatec DMSPc

(µm) (cells mL−1, ×106) (fL cell−1) (µM) (mmol L−1 CV)

Breviolum aenigmaticum 7.5 2.35 (0.25) 339 (15) 1.66 (0.54) 0.30 (0.10) 29.6 (10.5) 91.9 (8.6)

Cladocopium sp. 8.8 1.15 (0.16) 399 (27) 0.56 (0.11) 0.16 (0.02) 8.6 (2.5) 118.2 (22.1)

Durusdinium trenchii 9.5 0.82 (0.11) 462 (22) 0.57 (0.22) 0.008 (0.003) 35.6 (4.7) 121.3 (18.6)

Effrenium voratum 11.8 1.71 (0.19) 791 (96) 0.64 (0.17) 0.23 (0.04) 14.6 (3.5) 130.3 (27.9)

Breviolum minutum 6.8 2.10 (0.24) 310 (5) 1.36 (0.18) 0.37 (0.06) 14.7 (1.2) 131.7 (8.0)
fro
Samples were collected for each culture during exponential growth. Values in parentheses denote the standard deviation from triplicate cultures.
The subscripts d and c denote dissolved and cellular, respectively. Cellular concentrations are mmol per liter cell volume.
A

B

FIGURE 6

(A) Dissolved and (B) cell volume (CV) normalized cellular concentrations of acrylate (grey-filled bars) and DMSP (black-filled bars) in non-axenic
batch cultures of five dinoflagellate coral symbionts during their exponential growth phase. Error bars represent the standard deviation
determined from the analysis of three separate cultures. See Table S3 for culture collection and strain designations.
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seawater at ambient concentrations (Xue and Kieber, 2021). To

directly compare photochemical production results across

different experiments, rates were expressed as a function of the

photon exposure (instead of exposure time) between 330 and

380 nm as determined by nitrite actinometry. Photon-based

production rates varied by approximately 55%, ranging from 1.6

to 2.9 pM (µmol quanta cm−2)−1 in the back reef and open-ocean

seawater samples (Table 3). Photochemical production rates of

acrylate in the coral reef samples at station BR (mean, 2.3 pM

(µmol quanta cm−2)−1) were statistically the same as the oceanic

rates at station OO (mean, 2.3 pM (µmol quanta cm−2)−1) even

though the CDOM absorbance coefficient at 330 nm in the back

reef samples was on average 79% greater than in the open ocean

samples (0.128 vs 0.0715 m−1, respectively). Photochemical

production rates would have been expected to be substantially

higher in the coral reef if they were correlated to the CDOM

absorption. Given that rates were not significantly different

between these stations suggests that (1) specific precursors, not

correlated to the CDOM absorbance, were responsible for the

photochemical production of acrylate in these waters, and (2)

these precursors were present at similar concentrations in the

coral reef compared to the open ocean samples.

The photochemical production rate of acrylate in the sea-

surface microlayer sample collected from the BR station was

about a factor of two greater than the mean value in the

subsurface samples (4.5 vs 2.3 nM (µmol quanta cm−2)−1)

(Table 3). Higher rates in the microlayer relative to the

subsurface samples have been previously reported for the

photochemical production of several LMW carbonyl

compounds (e.g., by a factor of 1.2–25 for glyoxylic acid). This

enhancement may arise from differences in DOM composition

or the enrichment of organic matter in the microlayer compared

to the underlying seawater (Zhou and Mopper, 1997). Although

our microlayer photochemical experiment is not central to our

coral reef study, our preliminary finding warrants further
Frontiers in Marine Science 14
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investigation given the magnitude of the rate enhancement for

acrylate in the sea-surface microlayer.

To compare results obtained here with previous studies,

acrylate production rates were also expressed in terms of

exposure time assuming 10 h of solar radiation exposure per day

(0700−1700). Hourly production rates ranged from 0.033 to 0.051

nM h−1, comparable to that determined for glyoxal and

methylglyoxal in Atlantic Ocean surface waters (0.06–0.2 and

0.02–0.07 nM h−1, Zhu and Kieber, 2019) and one order of

magnitude lower than the photoproduction rates of other

carbonyl compounds including acetaldehyde (0.5 nM h−1) and

pyruvate (0.2 nMh−1) in the Sargasso Sea (Mopper et al., 1991). The

magnitude of this difference was even greater when compared to the

photoproduction rates of acetaldehyde or pyruvate in coastal waters

(Mopper and Stahovec, 1986; Kieber et al., 1990; de Bruyn et al.,

2011; Takeda et al., 2014). Although hourly production rate

comparisons are qualitatively useful to assess differences when

light-based rate data are not available, it should be noted that

hourly rates are not directly comparable (Kieber et al., 2007). Most

published hourly production rates were determined during the

summer on sunny days, whereas our acrylate hourly production

rates were determined in April on days that were at times quite

cloudy with periods of rain. The less than sunny condition was

evident in the ratio of the nitrite actinometry to SMARTS clear-sky

photon exposure that was significantly less than one, ranging from

0.66 to 0.87 (Xue and Kieber, 2021).
Acrylated and DMSPd biological
consumption

The biological consumption of acrylated in waters from the

Mo’orea back reef (BR) and the open ocean (OO) followed first-

order decay kinetics (Figure 7). The slope of the best-fit line from

linear regression analysis yielded the net biological consumption
TABLE 3 Acrylate concentration in dark controls (dark, n = 4) and light-exposed quartz tubes (light, n = 4), the temperature for each
photochemical experiment (T), initial and final CDOM absorption coefficient at 330 nm (a330), and the photon exposure between 311–333 nm and
330–380 nm determined using nitrate and nitrite actinometry, respectively.

Station Sampling date 2018 Temperature
(°C)a

a330
(m−1)

Photon exposure
(µmol cm−2)

Acrylate
(nM)

Production rateb

Initial Final 311-333
nm

330-380
nm

Dark Light

BR Apr. 16 29.6 0.139 0.106 54.3 (2.6) 405.5 (13.5) 1.6 (0.29) 2.3 (0.31) 1.6 (0.4)

BR Apr. 18 28.8 0.117 0.093 39.7 (0.2) 309.4 (5.4) 1.7 (0.53) 2.6 (0.40) 2.9 (0.7)

OO Apr. 07 29.2 0.075 0.069 28.4 (0.5) 225.2 (7.6) 2.1 (0.20) 2.7 (0.17) 2.3 (0.8)

OO Apr. 10 29.7 0.068 0.063 76.3 (3.5) 580.7 (21.5) 1.5 (0.34) 3.0 (0.50) 2.3 (0.6)

BR
Microlayer

Apr. 18 28.8 0.228 0.164 39.7 (0.2) 309.4 (5.4) 4.2 (0.55) 5.6 (0.41) 4.5 (0.7)
aWater bath temperature; the temperature fluctuation in the water bath was < 0.5 °C for each experiment. bThe production rate was calculated by dividing the acrylate production (light –
dark) by the nitrite-based photon exposure. Units for production rate are pM (mmol quanta cm-2)-1.
The sea-surface microlayer sample was collected from the back reef using a glass plate according to Cunliffe et al. (2013). All seawater samples were gravity filtered through a precleaned 0.2
mm Polycap AS 75 capsule filter (Toole et al., 2003). Values in parentheses denote the standard deviation.
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rate constant (kbio,acrylate). As shown in Table 4, acrylated was

rapidly consumed in waters from the back reef with kbio,acrylate
ranging from 3.4 to 5.1 d−1 with a mean of 4.0 ± 0.7 d−1, nearly

six-fold faster than in the open ocean several km offshore from

the coral reef (mean 0.7 ± 0.2 d−1, range 0.3–1.1 d−1). Rates were

faster in the back reef even though heterotrophic prokaryotes in

the coral reef surface waters were approximately 30% less

abundant than in the open ocean (4.5 × 105 vs 6.6 × 105 cells

mL−1, Table 4). This depletion in heterotrophic prokaryotes in

the Mo’orea coral reef agreed with that previously observed in

these waters over a four-year period (Nelson et al., 2011). The

larger consumption rate constants for acrylated in the back reef

habitat likely reflected differences in the bacterial community

composition in reef waters compared to the open ocean

(Leichter et al., 2013; Masdeu-Navarro et al., 2022), as well as

differences in bacterial activity. Indeed, bacterial protein

synthesis rates approached by bioorthogonal non-canonical

amino acid tagging (BONCAT; Leizeaga et al., 2017) were ~ 4

times higher in BR than in OO (Masdeu-Navarro et al.,

unpublished results), likely because of the availability of nitrate

and labile organic matter locally produced by the benthic

community, including corals, seaweeds and microorganisms

(Silveira et al., 2017). As discussed previously, A. pulchra and

T. ornata, both important components of the Mo’orea reef

system (Bulleri et al., 2013; Donovan et al., 2020), were

important sources of DMSP and acrylate, which may be

representative components of a pool of labile organic

compounds to the coral reef.
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The rapid consumption of acrylated in the Mo’orea coral reef

is striking when compared to results in the Gulf of Mexico.

Tyssebotn et al. (2017) reported that acrylated was consumed in

unfiltered Gulf of Mexico water samples, with slow turnover

times averaging 1.5 and 11 d at the coastal and open-ocean sites,

respectively. These turnover times are 6 and 44 times slower than

those observed in the Mo’orea coral reef (Figure 8). Although

turnover times were faster, acrylated concentrations in the coral

reef (1.7 ± 0.7 nM) were not statistically different to

concentrations in the Gulf of Mexico (1.5 ± 0.4 nM), indicating

that in the coral reef there was a concurrent and rapid input of

acrylate into the dissolved phase and fast microbial consumption

of acrylated. In the Gulf of Mexico, inputs and removal rates were

slow, and the consumption of acrylated only contributed 0.013–

0.13% to the bacterial carbon demand, suggesting that the role of

acrylated was negligible as a substrate for the entire heterotrophic

community (Tyssebotn et al., 2017). In the Mo’orea coral reef,

acrylate is expected to play a more substantial role in the

microbial loop due to its extremely fast consumption and the

large production from macroalgae and coral (see section Acrylate

and DMSP Sources). Given its rapid turnover, further research is

warranted to quantify the significance of acrylate as a substrate to

the coral reef heterotrophic community.

The microbial consumption of acrylated in the Mo’orea coral

reef (mean turnover time 6 h, range 4.7–7.0 h) represents some of

the fastest turnover times recorded when compared to the biological

consumption of other low molecular weight carbon substrates in

seawater. Acrylate turnover times are similar to or faster than some
FIGURE 7

First-order kinetic plot for the net biological consumption of acrylated in seawater samples collected from the back reef (green circles) and
open ocean (blue squares). [A]0 is the initial acrylate concentration and [A]t is the concentration of a subsample collected during each dark
incubation at time t. Error bars denote the standard deviation from triplicate incubations. The biological consumption rate constant, kbio,acrylate,
was determined by taking the slope of the best-fit line from linear regression analysis.
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of the most labile DOM detected in the oceans, including, for

example, dissolved free amino acids (DFAA). Turnover times of

DFAA range from 6–48 h in waters off Southern California

(Carlucci et al., 1984), 5 and 18 h in high and low productivity

Gulf of Mexico waters (Ferguson and Sunda, 1984), and 6.9–144 h

(Suttle et al., 1991) and 0.4–7.0 h (Keil and Kirchman, 1999) in

Sargasso Sea. Acrylate turnover rates were likely even faster than

reported here since we could only determine the net loss of acrylated
in our study using the non-isotopic technique. If any processes had

significantly contributed to the production of acrylated during the
Frontiers in Marine Science 16
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dark incubation, this would have reduced the observed loss of

acrylate and would have reduced the kbio for the biological loss of

acrylate. As such, the kbio,acrylate determined from our kinetic

approach represent minimum estimates of the true kbio,acrylate,

which we suspect are faster than reported here. Also, no killed

controls were incubated in parallel in our experiments. Therefore,

we cannot say unequivocally that acrylate losses were solely due to

its biological consumption. However, three lines of evidence suggest

biological consumption likely controlled the loss of acrylate in our

dark incubations. Acrylate is a highly polar and negatively charged
A B

FIGURE 8

Turnover time (t) of (A) acrylated and (B) DMSPd from their biological consumption determined in our study (yellow-filled bars) and in previously
published studies (blue-filled bars) from different marine environments across different seasons. The value above each bar depicts the number
of samples from each study area, which may include multiple studies.
TABLE 4 Ambient dissolved acrylate and DMSP concentrations, dissolved organic carbon (DOC), particulate organic carbon (POC), and biological
rate constants and consumption rates of acrylate and DMSP in the coral-reef BR station and open-ocean OO station collected during diel
sampling; local sampling times are reported in the sample column.

Sample Acrylated
(nM)

akbio, acrylate
bAcrylate

rate
DMSPd

(nM)

akbio, DMSP
bDMSP
rate

cBacterial
cell number

DOC
(µM)

POC
(µM)

Reef (BR)

0400 2.0 (0.19) 3.4 (0.2) 6.8 (0.7) 1.2 (0.06) 5.5 (0.4) 6.4 (0.6) 4.7 76.7 2.8

1000 1.9 (0.12) 4.2 (0.3) 8.0 (0.8) 1.4 (0.05) 8.6 (0.8) 12.1 (1.2) 4.1 66.6 3.2

1600 2.2 (0.14) 4.3 (0.4) 9.4 (1.0) 1.4 (0.03) 8.3 (0.7) 11.6 (1.1) 3.5 64.0 3.5

2200 1.5 (0.16) 3.6 (0.3) 5.4 (0.7) 1.6 (0.05) 7.2 (1.1) 11.8 (1.8) 4.6 67.7 3.4

0400 2.0 (0.06) 3.5 (0.3) 7.0 (0.6) 1.4 (0.07) 7.1 (0.7) 10.2 (1.2) 4.7 68.3 2.8

1000 1.9 (0.11) 5.1 (0.2) 9.7 (0.7) 1.0 (0.05) 8.4 (0.3) 8.5 (0.5) 5.4 72.2 4.4

Mean 1.9 (0.33) 4.0 (0.7) 7.7 (1.9) 1.3 (0.13) 7.5 (1.7) 10.1 (2.7) 4.5 (0.6) 69.3 (4.5) 3.3 (0.6)

Ocean (OO)

0400 1.4 (0.03) 1.1 (0.1) 1.5 (0.2) 1.3 (0.01) 4.2 (0.4) 5.6 (0.5) 6.6 73.2 2.8

1600 1.6 (0.30) 0.6 (0.1) 0.9 (0.2) 1.8 (0.09) 3.7 (0.6) 6.4 (1.1) 6.5 72.5 3.7

0400 1.7 (0.10) 0.3 (0.1) 0.6 (0.1) 2.1 (0.17) 1.9 (0.6) 3.9 (1.3) 6.4 75.2 3.0

1300 1.1 (0.11) 0.6 (0.1) 0.7 (0.1) 1.6 (0.08) 5.7 (0.3) 9.1 (0.6) 6.8 70.9 3.7

Mean 1.4 (0.33) 0.7 (0.2) 0.9 (0.3) 1.7 (0.21) 3.9 (1.0) 6.2 (1.9) 6.6 (0.2) 73.0 (1.8) 3.3 (0.5)
fron
Values in parentheses denote the standard deviation. Units: abiological consumption rate constant (d-1), bbiological consumption rate (nM d-1), and cbacterial cell number (×105 cells mL-1).
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molecule at seawater pH, and therefore is unlikely to be removed

from the dissolved phase through complexation or adsorption onto

POC; no correlation was observed between POC and kbio,acrylate
(Tables 1, 4). Likewise, acrylate is not expected to degrade thermally

or by reactions with oxidants, since nM levels of acrylate in seawater

were unchanged in filtered dark controls. Finally, biological

consumption experiments conducted with unfiltered Gulf of

Mexico seawater using nM additions of 14C-labeled acrylate

(labeled in the C2 and C3-carbon atoms) demonstrated that

acrylate was respired to carbon dioxide and assimilated into

macromolecules (Tyssebotn et al., 2017); it is highly unlikely that

these products would be produced from abiotic thermal reactions

in seawater.

The critical role of DMSP as a substrate for heterotrophic

bacteria in seawater is well documented (Kiene et al., 2000; Simó

et al., 2009; Buchan et al., 2014); however, its importance as a

reduced sulfur and energy source in coral reefs has not been

previously studied. Here, using the GBT inhibition technique, we

for the first time determined biological consumption rates of

DMSPd in coral-reef waters. The addition of 10 µM GBT in both

back-reef and open-ocean waters led to an increase in DMSPd in

the unfiltered samples during the time course of the incubation

(Figure 9), resulting from the natural release of particulate
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DMSP into the seawater through processes such as exudation

or grazing while consumption is blocked (Kiene and Gerard,

1995). This assumption is supported by the observation that the

time-series decrease in DMSPp in samples with or without added

GBT was the same (t-test, p > 0.05, data not shown), suggesting

that the external addition of GBT did not artificially cause

significant extra release of DMSP from the particulate phase

into the dissolved phase in seawater. Therefore, a production

rate (Rprod) was calculated based on the initial increase of DMSPd
(≤ 3 h) in GBT experiments. In samples receiving no exogenous

GBT, DMSPd decreased rapidly over time (Figure 9) allowing for

the calculation of the net loss rate (Rloss,net). The total loss rate,

Rloss, was calculated as the sum of Rprod and Rloss,net, and the rate

constant for the total loss of DMSPd (kbio,DMSP) was calculated

assuming DMSPd total loss followed first-order kinetics.

Using the GBT approach, we determined that DMSPd was

consumed extremely fast in waters overlying the reef, with kbio,

DMSP ranging from 5.5 to 8.6 d−1, nearly twice as fast as the open

ocean rates (7.5 ± 1.7 vs 3.9 ± 1.0 d−1, Table 4). Using the rate

constants and in situ DMSPd concentrations reported in Table 4,

corresponding rates of microbial consumption of DMSPd in the

coral reef and open ocean ranged from 3.9–12 nM d−1 (Table 4).

If we assume microbial DMS yields from DMSP enzymatic
A B

DC

FIGURE 9

Time-course changes in the concentration of DMSPd in unfiltered seawater from the coral reef (panels A, C) and open ocean (panels B, D)
incubated in the dark with (green circles) and without (red circles) added GBT (final concentration, 10 µM). Data points denote the mean of
triplicate incubations with error bars showing the standard deviation; errors smaller than the symbol are not shown.
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cleavage lie between 5–20% (Kiene and Linn, 2000b), then

DMSPd consumption rates would have produced 0.20–2.4 nM

DMS daily from this process in the Mo’orea coral reef and

adjoining open ocean.

The biological consumption rate constant for DMSPd was on

average nearly twice as fast as that for acrylated in the back reef

(7.5 ± 1.7 vs 4.0 ± 0.7 d−1), and the difference in kbio (± std dev)

was even larger in the open ocean, 3.9 (± 1.0) d−1 for DMSPd and

0.7 (± 0.2) d−1 for acrylated. As shown in Figure 9, our kbio,DMSP

in the Mo’orea coral reef was similar to values determined in

inshore waters from the northern Gulf of Mexico (Kiene, 1996;

Kiene and Linn, 2000a; Pinhassi et al., 2005; Motard-Côté et al.,

2016), the northeast Pacific (Royer et al., 2010), and Monterey

Bay (Kiene et al., 2019), and nearly 2–10 times faster than the

consumption in the open Atlantic (Kiene and Linn, 2000a;

Zubkov et al., 2002; Merzouk et al., 2008; Lizotte et al., 2012;

Levine et al., 2016; Motard-Côté et al., 2016), Pacific (Merzouk

et al., 2006; Royer et al., 2010; del Valle et al., 2012),

Mediterranean Sea (Vila-Costa et al., 2008), and polar waters

(Luce et al., 2011; Motard-Côté et al., 2012; Lizotte et al., 2017).
Diel study

The first-order rate constant, kbio, for the biological

consumption of acrylated and DMSPd varied over the diel

cycle in water samples collected from the Mo’orea coral reef

and the open ocean (Figure 10). In the back reef (BR), kbio values

for both substrates were significantly greater (p < 0.05, two-

sample t-test) during daylight hours (10:00 and 16:00) compared

to nighttime (22:00 and 04:00), exhibiting a clear diel pattern. On

average, kbio was 4.5 ± 0.5 d−1 for acrylated and 8.4 ± 1.1 d−1 for

DMSPd in daylight samples, both nearly 30% greater than the

mean kbio in night samples. The diel maximum for each

substrate was observed in the mid-morning, at 10:00 local

time. kbio was 5.1 ± 0.2 d−1 for acrylated and 8.6 ± 0.8 d−1 for

DMSPd at 10:00, both about 1.5-fold faster than the minima

observed in the late-night sample at 04:00 on April 12. Even

though consumption rate constants varied significantly,

dissolved concentrations for both acrylate and DMSP varied

very little in the back reef throughout the diel study (Table 4),

indicating a tight balance between their production and removal.

In the open-ocean station (OO), several km offshore from

the reef, kbio for acrylated consumption (0.7 ± 0.2 d−1) was a

factor of four or more slower than in the coral reef and no clear

diel pattern was observed because of the slower rates and paucity

of data (Table 4 and Figure 10). For DMSPd, kbio at the open-

ocean site (3.9 ± 1.0 d−1) was two to four times slower compared

to the back reef, but, as with acrylate, the diel variation in the

open ocean could not be detected due to the lack of

sufficient data.
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Very few studies have examined diel variations in the

biological consumption of specific substrates in the oceans.

Carlucci et al. (1984) reported a similar diel pattern for the

microbial consumption of DFAA in waters off southern

California, as we observed for acrylated and DMSPd in the

Mo’orea coral reef; DFAA turnover rates were always faster

during daylight hours compared to night-time rates, ranging

from 2.5 to 3.7 times and 1.7 to 1.9 times faster during the day

compared to night in the spring and fall, respectively. Galı ́ et al.
(2013) reported higher rates of microbial consumption of DMS

during the day in summer in the Sargasso and the

Mediterranean Seas, but no differences in another summer

Mediterranean Sea study. The faster biological turnover during

the day may be attributed to the higher day time bacterial

activity than at night, as has been previously observed from

diverse marine locations (Fuhrman et al., 1985; Wheeler et al.,

1989; Wikner et al., 1990; Zweifel et al., 1993; Gasol et al.,

1998), including coral reef ecosystems (Moriarty et al., 1985;

Linley and Koop, 1986), yet not in other studies (Galı ́ et al.,
2013). Over the reef flats at Lizard Island, Great Barrier Reef,

Moriarty et al. (1985) observed that bacterial growth rates were

significantly higher during the day than at night and early

morning, and a large increase in growth rates was observed in

the late afternoon. Moriarty et al. (1985) proposed that the

bacterial growth was mainly stimulated by the release of coral-

derived DOM or nutrients carried in the mucus, which also

follows a strong diel pattern with maximal rates of release of

mucus in the afternoon (Crossland et al., 1980; Wild et al.,

2004). In the present study, a pronounced diel variation was

observed for acrylated, DMSOd and DMSPd concentrations in

waters within ~0.5 cm of the living A. pulchra coral host;

dissolved concentrations were nearly one order of magnitude

higher in samples collected at noon than at midnight (Masdeu-

Navarro et al., 2022). This likely resulted from the combination

of the expulsion of the algal symbionts during midday hours by

the coral polyps (Hoegh-Guldberg et al., 1987) and UVR-

induced oxidative stress (Galı ́ et al., 2011). Production and

release of organosulfur compounds and acrylate may markedly

stimulate the activity of reef-associated bacteria after release

into the surrounding water column, which would not be

surprising since coral-derived DOC can indeed induce a

rapid increase of bacterial abundance and growth rates

(Nakajima et al., 2009; Taniguchi et al., 2014; Nakajima et al.,

2017; Nakajima et al., 2018).

In contrast to its stimulating effect, studies have also shown

that solar radiation, mainly UVR (290–400 nm), can inhibit the

growth and activity of bacteria in seawater linked to DNA

photodamage (Herndl et al., 1993; Aas et al., 1996; Jeffrey et al.,

1996; Alonso-Sáez et al., 2006; Ruiz-González et al., 2013). The

faster acrylate and DMSP turnover observed in our daylight

samples was most likely a net result between the stimulation
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from a larger supply of substrates and inhibition resulting from

UVR-induced damage. However, one should note that our diel

sampling strategy was to collect samples from a fixed location

over time; the disadvantage of this sampling approach is that

the same water mass was not followed. Consequently, care

should be taken to interpret the diel pattern observed in our

study, since it is possible that significantly different microbial

populations may have been sampled over the course of the

diel study.
Conclusions

Our study provides a novel data set on the distribution and

cycling of acrylate and DMSP in a shallow-water coral reef, a
Frontiers in Marine Science 19
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severely understudied ecosystem despite its potential for large

production and rapid turnover of these compounds in this

ecosystem. We observed substantial levels of acrylate and

DMSP in waters in the close proximity to important coral and

a macroalgae present in the Mo’orea coral reef, as well as in

cultures of symbiotic dinoflagellates. Collectively, these results

indicate that quantitatively, coral reefs are an important source

for acrylate and DMSP. The rapid biological consumption (on a

time scale of hours) of dissolved acrylate and DMSP in coral reef

waters indicates that these coral-derived substrates serve as

efficient carbon, sulfur and energy sources for the growth of

reef-associated heterotrophic communities and likely play a

critical role in coral reef’s ecological network (Figure 11).

These new findings call for future studies to quantify the

functional role of acrylate and organosulfur compounds in the
A

B

FIGURE 10

First-order rate constant (kbio) for the biological consumption of acrylated (black circles) and DMSPd (red circles) determined from dark
incubations of unfiltered seawater collected from the coral reef BR station (panel A) and open ocean OO station (panel B) during the diel study.
Error bars depict the standard deviation from triplicate incubations; errors smaller than the symbol are not shown.
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coral holobiont and as microbial substrates in coral-reef

environments. Together, this new knowledge will inform the

integral role of coral reefs in regional and global carbon and

sulfur budgets.
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Alonso-Sáez, L., Gasol, J. M., Lefort, T., Hofer, J., and Sommaruga, R. (2006).
Effect of natural sunlight on bacterial activity and differential sensitivity of natural
bacterioplankton groups in northwestern Mediterranean coastal waters. Appl.
Environ. Microbiol. 72, 5806–5813. doi: 10.1128/AEM.00597-06

Asher, E., Dacey, J. W., Ianson, D., Peña, A., and Tortell, P. D. (2017).
Concentrations and cycling of DMS, DMSP, and DMSO in coastal and offshore
waters of the subarctic pacific during summer 2010-2011. J. Geophys. Res. C. 122,
3269–3286. doi: 10.1002/2016JC012465

Bayliss, S. L. J., Scott, Z. R., Coffroth, M. A., and terHorst, C. P. (2019). Genetic
variation in Breviolum antillogorgium, a coral reef symbiont, in response to
temperature and nutrients. Ecol. Evol. 9, 2803–2813. doi: 10.1002/ece3.4959

Beman, J. M., Roberts, K. J., Wegley, L., Rohwer, F., and Francis, C. A. (2007).
Distribution and diversity of archaeal ammonia monooxygenase genes associated
with corals. Appl. Environ. Microbiol. 73, 5642–5647. doi: 10.1128/AEM.00461-07

Broadbent, A. D., and Jones, G. B. (2004). DMS and DMSP in mucus ropes, coral
mucus, surface films and sediment pore water from coral reefs in the great barrier
reef. Mar. Freshw. Res. 55, 849–855. doi: 10.1071/MF04114

Broadbent, A., and Jones, G. (2006). Seasonal and diurnal cycles of
dimethylsulfide, dimethylsulfoniopropionate and dimethylsulfoxide at one tree
reef lagoon. Environ. Chem. 3, 260–267. doi: 10.1071/EN06011

Broadbent, A. D., Jones, G. B., and Jones, R. J. (2002). DMSP in corals and
benthic algae from the great barrier reef. Estuar. Coast. Shelf Sci. 55, 547–555.
doi: 10.1006/ecss.2002.1021

Bucciarelli, E., Ridame, C., Sunda, W. G., Dimier-Hugueney, C., Cheize, M., and
Belviso, S. (2013). Increased intracellular concentrations of DMSP and DMSO in
iron-limited oceanic phytoplankton Thalassiosira oceanica and Trichodesmium
erythraeum. Limnol. Oceanogr. 58, 1667–1679. doi: 10.4319/lo.2013.58.5.1667

Bucciarelli, E., and Sunda, W. G. (2003). Influence of CO2, nitrate, phosphate,
and silicate limitation on intracellular dimethylsulfoniopropionate in batch
cultures of the coastal diatom Thalassiosira pseudonana. Limnol. Oceanogr. 48,
2256–2265. doi: 10.4319/lo.2003.48.6.2256

Buchan, A., LeCleir, G. R., Gulvik, C. A., and González, J. M. (2014). Master
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gross dimethylsulfide (DMS) production by solar radiation. Geophys. Res. Lett. 38,
L15612. doi: 10.1029/2011GL048051
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Motard-Côté, J., Kieber, D. J., Rellinger, A., and Kiene, R. P. (2016). Influence of
the Mississippi river plume and nonbioavailable DMSP on dissolved DMSP
turnover in the northern gulf of Mexico. Environ. Chem. 13, 280–292.
doi: 10.1071/EN15053
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