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Environmental context. Corals produce copious amounts of dimethylsulfoniopropionate (DMSP), a sulfur
compound implicated in climate regulation. We studied DMSP concentrations inside corals and unveiled the
linkage between DMSP availability and the abundance of DMSP-degrading bacterial groups inhabiting the
corals’ surface. Our findings suggest that DMSP mediates the interplay between corals and microbes,
highlighting the importance of sulfur compounds for microbial processes in corals and for the resilience of
coral reef ecosystems.

Abstract. Corals produce copious amounts of dimethylsulfoniopropionate (DMSP), a sulfur compound thought to
play a role in structuring coral-associated bacterial communities. We tested the hypothesis that a linkage exists between
DMSP availability in coral tissues and the community dynamics of bacteria in coral surface mucus. We determined
DMSP concentrations in three coral species (Meandrina meandrites, Porites astreoides and Siderastrea siderea) at two
sampling depths (5 and 25 m) and times of day (dawn and noon) at Curacao, Southern Caribbean. DMSP concentration
(4-409 nmol cm 2 coral surface) varied with host species-specific traits such as Symbiodinium cell abundance, but not
with depth or time of sampling. Exposure of corals to air caused a doubling of their DMSP concentration. The phylogenetic
affiliation of mucus-associated bacteria was examined by clone libraries targeting three main subclades of the bacterial
DMSP demethylase gene (dmdA). dmdA gene abundance was determined by quantitative Polymerase Chain Reaction
(qPCR) against a reference housekeeping gene (recA). Overall, a higher availability of DMSP corresponded to a lower
relative abundance of the dmdA gene, but this pattern was not uniform across all host species or bacterial dmdA subclades,
suggesting the existence of distinct DMSP microbial niches or varying dmdA DMSP affinities. This is the first study
quantifying dmdA gene abundance in corals and linking related changes in the community dynamics of DMSP-degrading
bacteria to DMSP availability. Our study suggests that DMSP mediates the regulation of microbes by the coral host and
highlights the significance of sulfur compounds for microbial processes in coral reefs.

Received 24 January 2015, accepted 3 April 2015, published online 27 August 2015

Introduction surrounding environment, particularly concerning light har-

Dimethylsulfoniopropionate (DMSP), an organic sulfur mole-
cule, plays a key role in marine biogeochemical and ecological
processes.['*) DMSP is also produced in copious amounts by
reef-building corals.*! The long-standing paradigm of strict
algal-based DMSP production!® has recently been challenged
by the corroboration of DMSP biosynthesis in coral animals
lacking their phototrophic endosymbionts.l”! These symbionts,
the so-called zooxanthellae (genus Symbiodinium), constitute a
genetically diverse assemblage whose functional diversity
confers their hosts an important path of adaptation to the
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vesting and resilience to thermal stress.'”) The abundance
of Symbiodinium within the tissue of coral hosts has been
correlated with tissue DMSP concentrations among and within
cnidarian species.!' ! Irrespective of its source, DMSP produced
by coral symbioses becomes available to coral-associated bac-
teria that may use this compound as a source of reduced sulfur
and carbon, and metabolise it to dimethylsulfide (DMS),[11:121 5
volatile gas often implicated in climate regulation.!'>'*
Degradation of DMSP by marine microorganisms takes
place by at least two major pathways, mainly distinguished by
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the fate of sulfur and methyl groups.[1 ' The cleavage pathway
involves degradation of DMSP to DMS by phytoplankton or
bacteria using enzymes known as DMSP lyases, with the loss of
sulfur and methyl groups by diffusion of DMS.['>!'®1 The
alternative demethylation pathway, carried out by bacteria
alone, involves an initial demethylation of DMSP to methyl-
mercaptopropionate (MMPA), with some portion of the sulfur
being assimilated into sulfur-containing amino acids such as
methionine and cysteine.l'"!”"® The first step in the demethyla-
tion pathway involves a single gene, DMSP demethylase
(dmdA), first discovered in the Roseobacter group,''*! and since
then shown to be widespread in marine bacterial communi-
ties,'*" including coral-associated communities.'*' The relative
incidence of these competing microbial pathways has important
consequences for the marine sulfur cycle and for DMS release
into the atmosphere.[**%]

Besides its role as a carbon and sulfur source for bacteria,
DMSP has been shown to be involved in osmoprotection in
algae and bacteria,[®** to be a precursor of cues for chemosen-
sory attraction for a variety of organisms from bacteria to
vertebrates!”***) and to be an antiviral defence mechanism.*®)
Most importantly, DMSP and its enzymatic breakdown pro-
ducts, DMS, acrylate, dimethylsulfoxide (DMSO) and methane
sulfinic acid (MSNA), are scavengers of hydroxyl radicals and
other reactive oxygen species (ROS) in marine algae.”””!
Hypothesised as an antioxidant also in coral symbioses,*]
DMSEP is therefore ecologically relevant because it may help
corals to survive conditions of thermal stress,””! and because it
likely plays a major role in structuring coral-associated bacterial
communities.”*'! Both phenomena might have significant con-
sequences at the ecosystem level. Reef-building corals associate
with dynamic and highly diverse consortia of bacteria,*!
particularly abundant at the interface between the coral host
epithelium and the ambient seawater.*”) Here, surface mucus
secreted by the host’s mucocytes offers a nutrient- and niche-
rich microhabitat in which microbes thrive.*'! Functionally,
mucus-associated microbes seem crucial to the physiology of
their hosts by contributing to defence and resistance against
pathogens and to biogeochemical cycling.”?! Microbial bio-
films established on the surface mucus of corals are subjected to
high concentrations of DMSP, which leaks from the coral tissue,
and reaches concentrations within mucus 2—4 fold higher than in
the surrounding reef water.**! Thus, it is likely that there is
substantial DMSP degradation taking place within the surface
mucus layer of corals, mediated by members of the mucus
microbiome. Thus far, dmdA gene abundance has not been
reported for corals. As corals represent microhabitats rich in
DMSP, it is crucial to study the coral-associated DMSP-
demethylating microbial communities and to determine whether
there are distinct DMSP microniches.

In the present study, we follow up on recent findings
suggesting a structuring role for coral-produced DMSP on
coral-associated bacterial communities.*'! We tested the
hypothesis that there is a link between coral DMSP availability
and the community dynamics of DMSP-demethylating bacteria
inhabiting the surface mucus of such corals. We first determined
in situ DMSP concentrations in the tissue of three common reef-
building coral species in relation to the intensity of solar
radiation and to desiccation stress caused by air exposure. We
then used genetic analysis to investigate the taxonomic affilia-
tion and relative abundance of mucus-associated bacterial
assemblages harbouring the DMSP demethylase gene, aiming
to elucidate the role of DMSP in shaping coral-associated
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Fig. 1. Location of the study site (Buoy One) and positioning of the island
of Curagao within the Caribbean region (inset).

microbial communities and, ultimately, its significance for
microbial processes in coral reefs.

Experimental approach
Fieldwork and sample collection

Fieldwork took place in March—April 2013 at Curagao, former
Netherlands Antilles. All samples were collected by scuba
diving at the Buoy Zero reef, located ~500 m west of the
Caribbean Research and Management of Biodiversity
(CARMABI) Foundation’s field station (Fig. 1). The island of
Curagao is surrounded by a fringing reef, generally exhibiting a
reef flat ~50-100 m wide, with a steep drop off starting at
~10-12-m depth, and another deep plateau at ~60-m depth.**
Three common Caribbean reef-building coral species (see
Fig. 2) were used in the current study: Meandrina meandrites
(Linnaeus, 1758), Porites astreoides Lamarck, 1816 and
Siderastrea siderea (Ellis and Solander, 1768). These species
were chosen based on their high abundance at the study site in
the form of fairly small colonies (~10-15 cm in diameter) easily
detachable from the reef. Moreover, earlier research had dem-
onstrated that DMSP occurs at a significantly high concentration
in these species, possibly serving as an important osmolyte.*>!
To investigate the role of light intensity on DMSP production,
samples were taken at two different times of day (solar dawn and
noon), and at two depths (5 and 25 m) to represent a gradient of
solar radiation.*®! Sampling at noon was restricted to sunny
days with minor cloud cover.

Samples for determining bacterial demethylase (dmdA) gene
abundance within coral surface mucus were taken from undis-
turbed, healthy-looking coral colonies by gently rolling a sterile
cotton swab over ~9—16 cm? of their surface. Each swab was put
inside a 2-mL microcentrifuge tube filled with air and held
inverted (close to the sampled colony) to minimise contact of the
swab with the surrounding water.

Coral tissue samples were taken by two approaches aimed at
investigating the role of environmental stress on de novo DMSP
production. A small skeleton chip covered by living tissue
(~4 cm? in area) was removed by hammer and chisel from
approximately half of the abovementioned ‘swabbed’ colonies
while they remained in situ on the reef. Chips of this type were
considered ‘control’ samples. Each of them was placed
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Meandrina meandrites
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Fig. 2.

The three Caribbean reef-building species investigated in this study: Meandrina meandrites, Porites

astreoides and Siderastrea siderea. Top pictures represent the overall aspect of colonies. Lower pictures represent

closer details of the same colonies.

immediately in an individual seawater-filled plastic bag pro-
tected from sunlight and quickly taken to the boat, where
samples (including swab samples) were flash frozen in liquid
nitrogen within 10-20 min of collection. The other half of the
‘swabbed’ colonies were collected as a whole, transported to the
boat in individual plastic bags filled with seawater, and kept at
constant temperature inside a cooling box. The colonies were
then stressed by air exposure, providing our ‘stressed” samples.
Each colony was exposed to air for 3 min, immediately causing
extensive (10—15 mL) mucus release from their surfaces. At that
point, a small chip of each colony was removed and preserved as
described for the control group. Air exposure of shallow-living
corals, although not pervasive in the Caribbean, is a natural
phenomenon occurring in other regions of the world, to which
corals naturally respond by increasing mucus production. This is
a basic adaptation to desiccation (among other environmental
stresses) of all known corals. Upon return to the laboratory, all
samples were kept at —80 °C until further processing, except
while being transported to the University of Vienna, Austria, on
dry ice.

Determination of DMSP and Symbiodinium abundances in
coral tissue

In the laboratory of the Department of Limnology and Bio-
Oceanography at the University of Vienna, coral chips were
thawed and processed one at a time to reduce chances of sample
degradation. Before thawing, samples were pre-washed with
Milli-Q water (Merck Millipore, Darmstadt, Germany) to remove
all traces of mucus and external seawater. The whole tissue
associated with the coral chip was then blasted off using a jet of
pre-chilled Milli-Q water and collected in a plastic bag. The
blastate volume (100-300 mL) was determined, and subsamples
for determining DMSP concentrations and zooxanthellae abun-
dance were taken immediately after gentle homogenisation.

An 8-mL subsample was mixed 2 : 1 (v/v) with methanol and
acidified to 3 % formic acid."””) Acidification ensured that there
was no chemical conversion of DMSP to DMS. Methanol was
required for further analytical assays not reported here. All
acidified subsamples were rapidly frozen in liquid nitrogen to
minimise enzymatic cleavage of DMSPP®*! and stored at —80 °C
until they were shipped on dry ice to the Institute of Marine
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Sciences (CSIC) in Barcelona for DMSP determination. There,
a total of 64 tissue blastate samples were analysed in duplicate
by gas-phase chromatography using a flame photometric detec-
tor (GC-FPD, Shimadzu GC-14A, Duisburg, Germany). First,
sodium hydroxide was added to the samples inside gas-tight
vials without headspace. Aliquots (10-50 pL) were withdrawn
with a gas-tight syringe through the vial septum and injected into
the purge vial containing 2 mL of Milli-Q water. DMS evolved
by alkaline hydrolysis was purged for 4-6 min with
40 mL min~" of ultrahigh-purity helium (He), cryo-trapped
in liquid nitrogen and subsequently snap volatilised at room
temperature and injected into the GC-FPD. Calibration was
performed by syringe injection into the purge vial of varying
volumes of a gaseous mixture of He and DMS released by a
weight-calibrated permeation tube (Dynacal, Valco Instruments
Co. Inc.).*?T Plots of log(peak area) v. log(pmol DMS) yielded a
straight line (R*=0.996) for < 35 pmols and a quadratic line
(R?=0.998) for > 35 pmols, and were used for DMS quantifi-
cation in the samples. Detection limit was 3 pmol and analytical
precision was better than 10 %. Before running samples, tests
with standard solutions (up to 26 M) of DMS (Sigma—Aldrich,
Steinheim, Germany) in methanol showed that there was no
quenching effect of methanol on the sulfur signal. Because we
did not measure residual DMS, we cannot exclude DMSP lyase
activity during sample processing,*! or incomplete oxidation
of DMS to DMSO. Thus, residual DMS might have been
quantified as DMSP by our method. However, throughout the
text we will refer to DMSP only, because this is by far the more
dominant compound in the coral system.!**!

Another subsample of the homogenised blastate was vor-
texed for 2 min to separate all zooxanthellae from host debris.
Aliquots (1.5 mL) were then fixed in 0.5 % glutaraldehyde (final
concentration, Sigma—Aldrich), stored in the dark for 10 min,
flash frozen in liquid nitrogen and kept at —80 °C until further
processing. Zooxanthellae abundances were estimated by
flow cytometry (Accuri C6, BD Biosciences, Erembodegem,
Belgium) on two aliquots. Counting events were kept within
200-1000 events per second by diluting the samples with TE
buffer and all samples were run at a flow rate of 86 L min ™.
Zooxanthellae (Symbiodinium) were visible and gated as a
distinct population of events with strong fluorescence signal
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Table 1.

List of primers used in the current study with respective primer sequence, and details for the PCR, qPCR and clone library approaches

A/2,C/2,D/1 and D/3 dmdA primers are from Varaljay et al."*?); recA primers from Holmes et al. M Position numbers for dmdA gene refer to the full-length

dmdA sequence of Ruegeria pomeroyi DSS-

3042]

Primer dmdA  Amplicon Primer sequence Annealing temp (°C) Number Number of qPCR
name position length PCR qPCR of clones unique Nymber of Efficiency
(bp) sequences  gamples (%)

A/2-sp 339-486 148 A/2-spFP: CGATGAACATTGGTGGGTTTCTA 59 59 110 10 58 70-80
A/2-spRP: GCCATTAGGTCGTCTGATTTTGG

C/2-sp 291482 192 C/2-spFP: AGATGAAAATGCTGGAATGATAAATG 50 56 106 25 52 72-82
C/2-spRP: AAATCTTCAGACTTTGGACCTTG

D/1-sp 268-356 89  D/1-spFP: AGATGTTATTATTGTCCAATAATTGATG 49 54 72 8 - -
D/1-spRP: ATCCACCATCTATCTTCAGCTA

D/3-sp 347473 127 D/3-spFP: AATGGTGGATTTCTATTGCAGATAC 54 60 95 11 50 71-79
D/3-spRP: GATTTTGGACCTTGTACAGCCA

recA — 212 RECAF: TGTGCITTTATWGATGCIGAGCATGC 53 53 - - 60 68-75

RECAR: CCCATGTCICCTTCKATTTCIGCTTT

and high forward scatter (proportional to cell diameter).!™)
Symbiont abundances determined by flow cytometry (Accuri
C6) were used to standardise DMSP concentrations per cell
assuming the zooxanthellae are principally responsible for DMSP
production within the coral symbiosis. For standardisation of
DMSP relative to coral surface area, the bare skeleton chips
resulting from the tissue blasting procedure were used. The
surface area from which the homogenate originated was deter-
mined with the aluminium-foil method.™"! For M. meandrites,
however, because of its meandroid morphology (see Fig. 2), this
method was not considered adequate and an alternative
approach using a calliper was applied. The surface area of
skeletal septa was determined, their density over the skeleton
estimated and a conversion between the aluminium foil and the
calliper-geometry methods established, that was then applied to
determine corrected surface areas of the skeletal chips. Areas of
sampled fragments ranged between 2 and 45 cm?.

Nucleic acid extractions, dmdA gene amplifications and
clone library generation

Mucus-saturated cotton tips of the swab samples were transferred
to Lysing Matrix tubes of the Fast DNA Spin Kit for Soil (MP
Biomedicals, Heidelberg, Germany) and disrupted in a FastPrep
instrument (MP Biomedicals) for 40 s at a speed of 6.0. Further
nucleic acid extraction followed the manufacturer’s protocol.
Samples were eluted in 80 pL of desalinated (DES) water.
Clone libraries were generated for distinct dmdA gene
assemblages*” to determine the taxonomic affiliation and
phylogenetic relations of mucus bacteria. Polymerase Chain
Reaction (PCR) optimisation was initially conducted for several
assemblages in dmdA clades A to E by testing a gradient of
annealing temperatures on several samples. Successful PCR
amplifications were obtained for four targeted dmdA subclades:
A/2,C/2, D/1 and D/3, using specific quantitative PCR (qPCR)
primers. Each 50-pL reaction consisted of 1 x Taq buffer, 2 mM
MgCl,, 0.2 mM of each deoxyribonucleotide (dNTP),
0.4 mg mL~' BSA, 0.25 UM of each primer (see Table 1 for
primer sequences), 0.02 U pL ™" of high fidelity Platinum taq
polymerase (Invitrogen, Merelbeke, Belgium) and 4 pL of DNA
extract. Thermo-cycling consisted of an initial denaturation step
at 94 °C for 2 min; 42 cycles of amplification, with denaturing at
94°C for 20 s; annealing at different temperatures (see Table 1
for details) for 30 s and extension at 72 °C for 30 s; and a final
extension step at 72 °C for 15 min before holding reaction at
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4°C. All PCR products were checked on agarose gels after
staining with SyBRGold (Molecular Probes, Invitrogen).

Clone libraries were generated for each of the four dmdA-
gene subclades (see Table 1) for a single sample per species
studied. The three samples included originated from the same
depth (5 m) and time of the day (noon). For each sample and
subclade, triplicate PCR reactions were pooled and purified
using the PCR-Extract Mini Kit (5-Prime, Hilden, Germany).
Purified PCR products were ligated into a TOPO-TA cloning
vector (Invitrogen) and competent cells transformed following
the manufacturer’s instructions. Transformants were selected
on Luria Bertani agar plates (with 50 pg mL™' amplicilin;
Sigma—Aldrich) with X-gal (5-bromo-4-chloro-3-indolyl-
B-D-galactopyranoside; Life Technologies, Darmstadt, Germany).
White colonies were picked, re-inoculated on new agar plates,
and immediately checked for inserts in a PCR with primers
MI3F (5-GTA AAA CGA CGG CCA G-3') and MI3R
(5'-CAG GAA ACA GCT ATG AC-3’). Clones that contained
the correct dmdA gene fragment were then sent to GATC
Biotech (Cologne, Germany) for sequencing (using the M13F
primer), after being re-inoculated on agar plates. Obtained
sequences were analysed with CodonCode Aligner (www.
codoncode.com/aligner/, accessed 12 July 2013) and assembled
sequences compared with BLASTX 2.2.30*! to the refseq_
protein database of the National Centre for Biotechnology
Information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed 13 December 2014). Alignments of translated nucleo-
tide sequences and Neighbour-Joining phylogenetic trees were
generated in Geneious Pro 5.6 (www.geneious.com, accessed
14 December 2014)** using the Jukes-Cantor distance model.
Sequence information has been deposited in GenBank under
accession numbers KT069249-358 (for subclade A/2),
KT069359-464 (for subclade C/2) and KT069465-549 (for
subclade D/3)

Determination of relative abundance of bacterial dmdA
gene assemblages by quantitative PCR

To determine the dmdA gene abundance of the dmdA-
harbouring bacterial subclades (A/2, C/2, D/1 and D/3) qPCR
was performed in polypropylene 96-well plates with optical
sealing foils in a LightCycler 480 II (Roche, Rotkreuz,
Switzerland). The recA gene, a house-keeping gene commonly
used as the reference gene in qPCR studies of bacteria,[** served
to correct for possible variations in DNA extraction efficiencies
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between samples. Primers RECAF and RECAV (see Table 1)
amplify a 212 bp region of the bacterial recA gene.*®! Each
10 pL reaction consisted of 1 x LightCycler 480 SYBR Green I
Mastermix (containing FastStart taq polymerase, reaction
buffer, AINTP’s, SYBR Green I dye and MgCl,; Roche), 1 uM of
each primer (see Table 1 for respective primers), and 3 pL of
template DNA. For recA only 1 pL of template was used. Pre-
vious optimisation of the annealing temperatures for each spe-
cific primer set was conducted by running gradient PCRs in a
standard thermocycler using the Roche Mastermix and the same
cycling and temperature ramping conditions as in the qPCRs.
Specificity of amplifications was at this point checked on 2 %
agarose gels.

Standard curves were generated using the specific cloned
dmdA subclades of known gene abundance. The DNA concen-
tration was determined spectrophotometrically (Nanodrop,
Thermo Fisher Scientific, Wilmington, DE, USA) after purifi-
cation using the PCR-Extract Mini Kit (5-Prime) and the gene
abundance calculated based on the fragment length and DNA
concentration. Ten-fold dilutions of the standards in Tris buffer
ranged between 10" and 107 targets uL~'. For recA, standard
dilutions were prepared from the purified amplification product
originating from a S. siderea sample. The slopes of the standard
curves, correlation coefficients and amplification efficiencies of
each primer pair were calculated using the analysis tools of the
LC480 software release 1.5.0 (Roche).

The thermocycling protocol consisted of an initial denatur-
ation step at 94°C for 10 min, followed by 50 cycles of
amplification, including denaturing at 94 °C for 30 s, annealing
at the respective primer annealing temperature (see Table 1) for
40 s and extension at 72 °C for 30 s and 80°C for 25 s (with
readings taken at the end of each cycle). A melting curve
analysis was performed to check for potential PCR artefacts
by monitoring SYBR Green fluorescence in the temperature
ramp of 60 to 94 °C with an increase of 0.5 °C and a hold for 1 s
after each read. Products were finally stabilised at 4°C for
15 min. All qPCR assays were conducted in triplicate for the
standard, no-DNA controls and the environmental samples. The
relative abundance of each subclade was calculated by dividing
the number of the specific target gene by the recA gene
abundance for each sample. This calculation assumes an equal
number of dmdA gene copies for all subclades. Amplification
efficiencies of qPCR are shown in Table 1.

Statistical analysis

All biological variables were analysed by Generalised Linear
Modelling (GLM) to assess the significance of explanatory
variables. Explanatory variables built into models were selected
following biological reasoning. For instance, the variables ‘host
species’, ‘depth” and ‘time of the day’ were used as factors in
models for the analysis of symbiont cell abundance. To build
models for analysis of the variation in DMSP concentration,
‘symbiont cell abundance’ and ‘treatment’ (air exposure
v. control) were introduced as factors, adding to the previous list
of factors. Finally, to build models for analysis of bacterial
dmdA gene abundance, the factors relating to ‘DMSP concen-
tration’ were added on top of all the other factors mentioned
above. Samples subjected to air exposure were excluded from
these comparisons so that the putative effect of DMSP con-
centrations on dmdA gene abundance was not biased by the
stress-related variation in DMSP. Thus, only the control group
was included in statistical analysis of dmdA gene abundance.
Pre-variable selection included a collinearity test based on the
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Variance Inflation Factor (VIF) statistic.*”1 A VIF greater than 5
was considered an indicator of high colinearity and variables
were excluded accordingly. Log-transformations were used to
improve linearity and reduce outlier effect. Symbiont cell
abundance and DMSP concentration were analysed by multiple
linear regression (GLM using Gaussian distribution and identity
function). Gene abundances generated by qPCR were analysed
by assuming a Poisson distribution and using a log link function,
an appropriate approach for counts originating from different
units of collection. recA gene abundance was used as an offset
variable in Poisson regression models to correct for the number
of bacterial cells effectively extracted in each DNA sample. A
backward and forward model selection tool was applied to
identify the variables accounting for significant variation in each
response variable. A model was considered adequate when no
factor could be added or removed without causing a statistically
significant change in the (residual) deviance (evaluated with the
Akaike Information Criterion). The model was then validated by
a nested model approach in which interaction effects were also
tested. F statistics were used in linear regression and Chi-Square
in log-linear models. In case of over-dispersion in Poisson
models (deviance : d.f. residual > 150), the Quasi-poisson dis-
tribution was applied using the F-test for model selection and
validation. All statistical tests were performed at a significance
level of 0.01 and P-values adjusted according to Bonferroni
correction. All statistical analyses were carried out using R
statistics software (ver. 3.0.3, see www.r-project.org, accessed
14 December 2014). GLM analyses of variance tables are
reported in the Supplementary material (Tables S1-S7).
Throughout the manuscript, all reported values are mean =+ s.d.,
unless mentioned otherwise.

Results

Sampling overview and Symbiodinium abundance in
coral tissue

A total of 62 samples were collected, with a minimum of 6
colony replicates included in each sampling grouping (each
species for each depth and time of the day). Owing to logistic
limitations, no samples were collected from 25 m at dawn. Half
of'the total number of colonies were included in the air exposure
experiment and constituted the ‘stressed group’ that comprised a
total of 33 samples. The remaining 29 samples represented the
‘control group’, reflecting natural in situ conditions.

Symbiont cell abundance, determined by flow cytometry and
normalised to coral surface area (n=061), ranged between
0.5 and 15.9 x 10° cells cm > (Fig. 3), with a statistically
significant effect of host species (F(yssy=51.136, P <0.01).
M. meandrites showed a higher symbiont abundance
(7.9 £4.4 x 10° cells cm ™) than P. astreoides and S. siderea
(1.44+0.4 x 10° cells cm 2 and 1.740.7 x 10° cells cm 2
respectively). No other explanatory variable was statistically
related to symbiont abundance.

DMSP concentration in coral tissue

DMSP concentration (n=57) ranged between 4 and
409 nmol cm 2 when normalised to coral surface area and
between 2.3 and 76.2 fmol cell ' when normalised to symbiont
abundance. Tissue DMSP concentrations per unit area (Fig. 4)
increased significantly under air exposure stress as compared
with the control group (F(; s4y=19.892, P <0.01, Fig. 4a), and
also increased significantly with increasing symbiont abun-
dance in the tissue (F(js4)=62.641, P<0.01, Fig. 4b).
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Fig. 3. Variation in symbiont abundance per unit area of coral surface
(10° cells cm 2 of coral surface area) among the three coral species studied.
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Fig. 4. Variation in DMSP concentration per unit area of coral surface (nmol DMSP cm™

However, no statistical interaction effect was found between
these two explanatory factors (F(; s3=0.129, P> 0.01). DMSP
concentration per symbiont cell (Fig. 5) also increased signifi-
cantly under air exposure stress as compared with control
samples (F(;s3=13.541, P<0.01, Fig. 5a), and varied sig-
nificantly between host species (F(2s3=9.368, P<0.01,
Fig. 5b). No interaction effect between treatment and species
was found (F5 51y=0.877, P> 0.01).

DMSP concentrations in natural in situ samples (control
group) varied with the density of symbiont cells following the
relationship:

DMSPcm ™% = 16.8 (l()6 symbiont cells cm’z)o‘(’91 ,

1
R? =0.589 o

DMSP concentrations per symbiont cell (Fig. 5a) were
higher in S. siderea (25.4+ 8.2 fmol DMSP cell™!) than in
M. meandrites (10.1 = 4.8 fmol DMSP cell ') and intermediate
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in P. astreoides (15.3 £ 8.5 fmol DMSP cell ). The effect of air
exposure stress led to a 2-fold increase of both DMSP per unit area
(from 44.1 £ 42.4 in controls to 81.9 + 74.5 nmol DMSP ¢cm 2
in stressed colonies, Fig. 4a) and DMSP per symbiont cell
(from 15.7+9.1 in controls to 29.0 + 16.7 fmol DMSP cell '
in stressed colonies, Fig. 5a).

Coral mucus collected during the air exposure experiment
exhibited DMSP concentrations ranging between 0.14 and
3.15 uM.

Phylogenetic affiliation of bacterial dmdA gene assemblages
in coral mucus

A total of 389 clones were sequenced from the 12 dmdA gene
clone libraries generated (for 3 coral species and 4 distinct
bacterial dmdA subclades). The number of non-redundant
sequences found was approximately one-tenth of all sequences.
For clade D/1 no significant similarities were found in BLASTX
searches because of the reduced length of the fragment. Figs S1,
S2 and S3 depict phylogenetic reconstructions for dmdA sub-
clades A/2, C/2 and D/3 respectively, including reference pro-
tein sequences with more than 80 % similarity to the translated
sequences originated from the clone libraries. BLASTX sear-
ches for subclade A/2 yielded a large number of homologues,
with the highest similarities found for Ruegeria sp. (97 %),
Phaeobacter sp. (97 %), Roseobacter sp. (94 %), Silicibacter sp.
(94 %) and Sulfitobacter sp. (94 %), all members of the class
Alphaproteobacteria in the family Rhodobacteraceae. For dmdA
subclade C/2 there was a low number of BLASTX hits. The only
reasonably close hit to our translated sequences was Candidatus
Pelagibacter ubique (87 % similarity), an abundant member of
the SARI1I1 clade in the class Alphaproteobacteria. Finally,
searches for subclade D/3 also yielded a reduced number of hits,
of which the only one with a similarity above 80 % was Can-
didatus Pelagibacter ubique (with 88 %). The host species from
which each sequence originated from did not resolve any par-
ticular topology within each of the dmdA gene trees (Figs S1-3).
Overall, subclade A/2 appeared to contain substantially less
sequence variability than subclades C/2 and D/3.

Relative abundance of bacterial dmdA gene assemblages in
coral mucus

The dmdA gene abundance was determined by qPCR (see
Table 1). All dmdA bacterial subclades showed qPCR specificity,
with the exception of subclade D/1 that exhibited unspecific
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melting curves and very low fluorescence signal and was there-
fore excluded from further analysis. Several samples, however,
were not quantifiable because the fluorescence signal was below
the range covered by the respective standard serial dilutions.

recA gene abundance ranged between 0.4 and 6.5 x 10*
genes pL~' of DNA extract (Fig. 6). recA gene abundance
varied significantly between the two sampling depths
(F1,s8y=11.254, P<0.01), with lower concentrations at
5m (1.34+1.0x10% recA genes pL ') than at 25-m depth
(2.54 1.7 x 10* recA genes pL ).

For subclade A/2, dmdA : recA ranged between 0.9 and
19.0% (Fig. 7; n=26) and varied significantly with DMSP
concentration per unit area (x> = 559.0, d.f. = 1, P < 0.01), host
species (x> =3312.7, d.f. =2, P<0.01), time of collection
(x*=12219, df.=1, P<001l) and sampling depth
(x*=34.0, d.f. =1, P<0.01). The effect of DMSP concentra-
tion was not constant across species (interaction: x*>=111.8,
d.f.=2, P<0.01, Fig. 7a). The dmdA : recA ratio of the A/2
subclade (Fig. 7b, 7c) was higher in P. astreoides (6.0 = 5.8 %)
than in S siderea (2.5+14%) and M. meandrites
(1.8£0.9%); higher at noon (4.2+4.6%) than at dawn
(1.9£0.7%); and higher at 25-m depth (3.9 £4.0%) than at
5-m depth (3.4 +4.3%). The dmdA : recA ratio of the A/2
subclade changed with DMSP concentration per unit area
(Fig. 7a) according to the following equations:

For M. meandrites: dmdA : recA

2
=13 x 1072(DMSPem )" R? = 0.024 @
For P. astreoides: dmdA : recA )
=7.9 x103(DMSPem 2)**! R =0.176
For S. siderea: dmdA : recA @
=52x1072(DMSPcm %) " R? = 0.049

For subclade C/2, the dmdA : recA ratio ranged between 0.1
and 9.2 % (Fig. 8; n =23) and varied significantly with DMSP
concentration per unit area (x> = 108.4, d.f. = 1, P < 0.01), host
species (x> =2122.0, d.f. =2, P<0.01), time of collection
(x*=48.0, d.f. =1, P<0.01) and sampling depth (x* =310.9,
d.f.=1, P<0.01). Also for subclade C/2, the effect of DMSP
concentration was not constant across species (interaction:
x> =46.5, d.f. =2, P<0.01, Fig. 8a). The dmdA : recA ratio
in the C/2 subclade (Fig. 8b, ¢) was higher in P. astreoides
(4.5 £ 2.8 %) than in M. meandrites (2.2 + 3.3 %) and S. siderea
(1.5+1.3%); higher at dawn (4.04+3.0%) than at noon
(2.6 £2.8%); and higher at 5 m (3.6 +3.0%) than at 25 m
(2.1 £2.7%). The dmdA : recA ratio within the C/2 subclade
changed with DMSP concentration per unit area (Fig. 8a)
according to the following equations:

For M. meandrites: dmdA : recA

5

=6.3 x 1073 (DMSPem2)"%2 R2 = 0.001 ®)

For P. astreoides: dmdA : recA ©)
= 1.8 x 1072(DMSPem2)"** R? = 0.076

For S. siderea: dmdA : recA ™)
= 1.8 x 10°%(DMSPem 2> R? = 0.348
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Fig. 7. dmdA gene subclade A/2: variation in dmdA : recA ratio (a) with increasing DMSP concentration per unit area
of coral surface (nmol DMSP c¢m 2 of coral surface area) for each of the three coral species studied (triangles for
P. astreoides, circles for M. meandrites, and crosses for S. siderea); (b) among the three coral species studied; and
(c) among the two depths and times of the day sampled. Note that no samples were taken from 25-m depth at dawn.

For subclade D/3, dmdA : recA ratios ranged between 1.8 and
74.5 % (Fig. 9; n =22) and varied significantly with host species
(F2,18y=23.883, P<0.01) and time of collection
(F1,18y=17.889, P <0.01). The dmdA : recA ratio (Fig. 9a, b)
in the D/3 subclade was higher in P. astreoides (37.6 =23.9 %)
than in S. siderea (18.7+7.8%) and M. meandrites
(14.2 4+ 11.8 %); and higher at noon (26.6 + 18.6 %) than at dawn
(21.1 +23.7%).

Discussion

DMSP concentration in coral tissue and de novo production

Since the first descriptions of DMSP in corals,'*! several

studies have reported on the concentration of this metabolite in
the tissue of different coral species. DMSP concentrations of
100-300 nmol DMSP c¢cm 2 have been reported for several
Hawaiian corals,*! and concentrations ranging from nanomole
to micromole per square centimetre were reported for the tissue
of juvenile corals even in the absence of zooxanthellae.l” DMSP
concentrations per symbiont cell ranged between 20 and 4000
fmol DMSP cell " for corals of the Great Barrier Reef.”*! For the
three Caribbean coral species analysed in the present study (see
Fig. 2), preliminary data obtained by a different assay (liquid
chromatography—mass spectrometry) and based on only a few
samples reported averages of ~460 nmol cm 2, 113 nmol cm >
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and 40 nmol cm™2 for M. meandrites, P. astreoides and
S. siderea respectively.?>! The DMSP concentrations we
obtained ranging from 4-400 nmol DMSP cm 2 of coral surface
and 2-80 fmol DMSP symbiont cell ' are well within the range
previously reported. Thus, we confirm the potential of corals as
reservoirs for DMSP. Furthermore, our DMSP concentrations
obtained for coral mucus (in the pM range) match those of
Broadbent and Jones!™*! for mucus of corals of the Great Barrier
Reef (2-54 uM), that were 2—4 fold higher than those deter-
mined for the surrounding reef water.

A striking finding of our study was that stressed coral
colonies (3 min of air exposure) showed a 2-fold increase in
DMSP concentrations (Figs 4a, 5a). This rapid response sug-
gests rapid de novo production of DMSP by the coral symbiosis,
either by Symbiodinium or by the coral host itself,!’! probably
triggered by the oxidative stress concomitant with irradiance or
thermal stress.[**! This instant production of DMSP highlights
the role of this molecule as a stress response osmolyte[(’] and an
antioxidant,”® a conclusion supported by the great variation in
DMSP concentrations when corals are recovering from stress
events such as mass bleaching.[49] Recent studies have explicitly
implicated DMSP and its enzymatic breakdown products in the
stress response of corals, as scavengers of cellular reactive
oxygen species (ROS) generated upon thermal stresst”**! or
upon direct addition of oxidative stressors such as copper.>”!



(a) 0.1
0.03 |
0.01
0.003
o 0.001
= T T T
g 10.0 316 100
b Concentration
= (nmol DMSP c¢m™2 coral surface area)
<
g
S (c) 0.1+ p— p—
0.03 :
0.01 :
0.003 .
0.001 - —
T T T T
N N N N
b"’$ tf @(90 &¢°°
& & : .
“ @ ® @

P. R. Frade et al.

(b) 0.1 JR— JR—
0.03 : :
0.01
0.003 _
0.001 —
T T T
]
é{{@ 0\6@ .60@
> © >
& 'bé\ o
& Q

Fig.8. dmdA gene subclade C/2: variation in dmdA : recA ratio (a) with increasing DMSP concentration per unit area of coral
surface (nmol DMSP cm 2 of coral surface area) for each of the three coral species studied (triangles for P. astreoides, circles for
M. meandrites, crosses for S. siderea); (b) among the three coral species studied; and (c) among the two depths and times of the
day sampled. Note that no samples were taken from 25-m depth at dawn.

(a) —
o 032 3 L
© ! ;
3 ‘ ‘
S 0.10 1 3
3
£ : :
0.032 !
T T I
9 9
R & Q@"’
O QO N
& N ©
& £ 5
N ¢

(b) -
0.32 3 ‘
0.10 -

0.032 ;
T I
N Q
b"’$ &

Fig. 9. dmdA gene subclade D/3: variation in dmdA : recA ratio (a) among the three coral species studied; and

(b) among the two times of the day sampled.

These recent findings add to others postulating a protective role
of DMSP and its degradation products dimethylsulfide (DMS),
acrylate, dimethylsulfoxide (DMSO) and methane sulfinic acid
(MSNA) as efficient scavengers of hydroxyl radicals and other
ROS in free-living algae.?’>!]

260

The increase in DMSP upon air exposure was evident,
independently of whether DMSP concentrations are normalised
to coral surface or symbiont abundance. These two normal-
isation approaches, however, represent two different conceptual
views, or at least, allow interpretation of different processes. The
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normalisation per unit area does not imply any assumption about
the localisation of the DMSP within the tissue and rather stresses
the link between the coral’s life history and metabolic processes
mediated by the coral surface. The normalisation per symbiont
cell, however, assumes that most of the DMSP is produced by
Symbiodinium. The data obtained by normalisation of DMSP
per unit area likely relate more closely to conditions in the
surface mucus layer, because all DMSP released to the sur-
rounding seawater has to diffuse through the mucus layer. In
contrast, normalisation per symbiont cell would be a better
approach to infer physiological processes, such as oxidative
stress, taking place inside the tissue. Ultimately the two normal-
isations are related by a factor defined as the number of
symbionts per unit coral surface area. This means their related-
ness is disrupted when corals with distinct tissue thicknesses are
compared. Although we do not have data on tissue thickness, our
field observations suggest that M. meandrites has a thicker tissue
than those of S. siderea and P. astreoides, therefore putatively
explaining the specific differences observed in symbiont abun-
dance (Fig. 3). Symbiont abundances (per coral surface area),
higher in M. meandrites than in the other two species, are known
to be a species-specific trait and probably related to three-
dimensional space availability within the coral tissue!®! and to
the genetically constrained cell size of particular symbiont
lineages.”? Although Symbiodinium numbers inside the coral
tissue are known to vary over time and space for individual
species,**>*! neither time of the day nor depth explained their
variation in the current study.

Approximately 60 % of the variation in DMSP concentration
per unit area was, according to our multiple linear regression
models, explained by symbiont abundance within the tissue (see
Fig. 4b), a pattern also previously inferred by van Alstyne
et al." from comparisons among and within other four cnidari-
an species. Basically, a larger pool of DMSP-producing symbi-
ont cells would mean a larger pool of DMSP. However, we
cannot exclude that the host contributes, at least partly, to DMSP
production.”] Also, higher symbiont abundances correspond
frequently to larger coral biomass (thicker tissue). Determina-
tion of DMSP concentration per symbiont cell, however, is not
biased by tissue thickness or by surface area calculations, as both
DMSP concentrations and cell abundance are measured from
equivalent subsamples. Our analysis showed that DMSP con-
centrations per symbiont cell relate to the identity of the host
(Fig. 5b), suggesting that there are species-specific differences
in DMSP production or retention, that could either relate to the
host itself or to genetic differences in the symbiont lineages
harboured by these coral species. Actually, distinct Symbiodi-
nium genetic lineages are known to exhibit different thermal
tolerances.”! Thermal stress has been shown to induce enhanced
consumption of both DMS and DMSP in more thermo-sensitive
Symbiodinium genotypes as compared with thermo-tolerant
ones.>¥ Therefore, the fact that M. meandrites hosts exclusively
Symbiodinium type B1, P. astreoides hosts mixed Symbiodinium
assemblages belonging to the A, B and C clades, and S. siderea
hosts predominantly Symbiodinium type C31°>! could, per se,
explain the observed patterns. A non-mutually exclusive alter-
native explanation is that the distinct symbiont lineages present
in different hosts exhibit distinct DMSP lyase activities.!>)

Overall, our interpretation of the results implicates the
occurrence of higher symbiont cell abundance as a cause for
the higher amounts of DMSP in the tissue, and that the DMSP
concentration per symbiont cell does not necessarily relate to
DMSP release rates at the level of the coral’s surface. DMSP
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release rates are likely more dependent on tissue thickness and
the abundance of symbionts per surface area. The absence of
effect of time of the day or depth on DMSP concentration
suggests that either DMSP production in coral symbioses is not
directly related to light availability, that light-dependent pro-
cesses of production and consumption of DMSP within corals
balance each other, or that the coral host provides light
modulation mechanisms capable of buffering the influence of
external light availability on DMSP biosynthesis. An example
of such a mechanism is the photoprotective regulation of
the light environment within the coral tissue provided by
tissue-associated fluorescent pigments.l>”) Although we cannot
exclude that the range of light irradiance in the current study
was too narrow to cause significantly different levels of DMSP,
colonies collected at 5 m experience far higher photosynthetic
radiation (PAR) than at 25 m: ~1000 pumol photons m 2?5~
of downwelling irradiance at 5 m v. 250 pmol photons m 25~
at 25 m.[*%

In the study of Hill et al.,*3! focussing on the photoprotective
role of betaines (quaternary ammonium metabolites) in corals,
DMSP was also included because of its related chemical
structure (a tertiary sulfonium compound). Consistent with our
results, Hill et al.®®) found that DMSP concentrations of
members of the genus Madracis did not vary significantly with
irradiance exposure (after comparisons between different
depths, between shaded and exposed colonies and between
different times of the day). Together with the rapid response
to air exposure we reported, these findings suggest that the
mechanisms of DMSP up-regulation are easily masked by
DMSP down-regulation (lyase activity, for instance) for much
of the time, even for colonies living under very different light
regimes, and that only upon extreme stress does DMSP produc-
tion become much higher than its consumption. Air exposure
and thermal stress!”) are examples of such extreme stresses.

Phylogenetic affiliation of bacterial dmdA gene assemblages
in coral mucus

Demethylase gene sequences generated in this study all closely
affiliate to Alphaproteobacteria, an expected finding consider-
ing that most bacterial taxa known to be involved in DMSP
demethylation belong to this class.*”) The only dmdA gene
clade so far known to relate to other bacterial groups, clade E
(Gammaproteobacteria), was not detected in preliminary
amplifications and was therefore not further investigated in
gPCR assays. Although initial PCR amplifications targeting
other dmdA clades and subclades described by Varaljay et al.[**]
were not successful, this does not necessarily mean that they are
absent from the mucus microbiome. Clade A is known to rep-
resent marine Roseobacter and Rhodospirillales species,
whereas clade B includes the only sequenced marine SAR116
group member. Actually, to date, nearly all known DMSP-
catabolising bacteria belong to the phylum Proteobacteria.l®]
Within the Alphaproteobacteria there were, however, striking
differences detectable, with dmdA subclades C/2 and D/3
affiliating closely with members of the family Pelagibacter-
aceae, whereas subclade A/2 was closely related to a diverse
assemblage of taxa belonging to the family Rhodobacteraceae.
Roseobacters are a group of abundant marine bacteria known to
demethylate DMSP, and Pelagibacter belongs to the SAR11
clade, whose members are highly dominant organisms in marine
ecosystems, that are also well known to demethylate DMSPL!!]
and for which the dmdA protein structure is described.!””!



The low sequence variation detected in our clone libraries, and
the fact that a large fraction of bacterial dmdA taxonomic
diversity was shared between all three coral host species sampled,
suggest the absence of endemic dmdA assemblages or strict
species-specific coral niches for DMSP demethylating bacteria
within the surface mucus layer of corals. A recent study compar-
ing free-living v. particle-associated bacterial dmdA assemblages
found that most dmdA genes were shared between these two
habitats,'*?! again suggesting no niche diversification of dmdA
gene assemblages towards distinct habitats. The rather uniform
G+C content of dmdA genes led Howard et al.*” to propose that
lateral gene transfer may have contributed to the wide distribution
of dmdA and its uniformity among diverse taxa. However, these
conclusions do not preclude the existence of distinct bacterial
DMSP niches. The differences we found by quantifying distinct
dmdA gene assemblages (Figs 7-9) indicate that some niche
differentiation does occur for bacterial DMSP demethylation.

Relative abundance of bacterial dmdA gene assemblages in
coral mucus

We hypothesised that there is a link between DMSP availability
and the relative abundance of DMSP-demethylating bacteria.
The dmdA : recA gene abundance ratios we obtained suggest that
a large proportion of the mucus-associated bacterial community
actually harbours demethylase genes (Figs 7-9). Although we did
not quantify all dmdA gene subclades described by Varaljay
et al.,*?! the sum of the three dmdA clades adds up to almost
100 % of the recA gene abundance, suggesting that the majority
of the bacterial species associated with corals are involved in
DMSP degradation as also indicated by Raina et al.l*!]

The presence of DMSP demethylase genes in coral mucus is
an indicator of the potential for the DMSP demethylation
pathway that, if active, ultimately leads to the production of
the highly reactive sulfur species methanethiol (MeSH) consti-
tuting an alternative pathway to the DMS-producing cleavage
pathway.!"! Thus, DMSP demethylation routes the sulfur moiety
away from the climatically active dimethylsulfide, ultimately
shunting part of the sulfur to sulfur-containing amino acids such
as methionine.[""'”'®! This bacterial switch between producing
DMS or MeSH'™ has consequences for bacterial growth and
has been hypothesised to be controlled by DMSP availability.!!
This hypothesis suggests that when DMSP availability is low (or
there is high bacterial sulfur demand), a higher fraction of DMSP
is channelled into demethylation and assimilation. This poses an
interesting theoretical background to interpret shifts in bacterial
dynamics linked to DMSP availability. So far, however, only
inconclusive evidence exists for the connection between DMSP
dynamics and changes in DMSP assimilating bacterial commu-
nity composition. Howard et al.,'”! for instance, conjectured that
differential growth rates among bacterioplankton taxa and shifts
in their taxonomic composition after a phytoplankton bloom
might be related to DMSP dynamics. More direct links have
been established at the behavioural level, with DMSP as the
main agent promoting chemotactic behaviour of a known coral
pathogen towards the mucus of its host.!*)

Community level changes in coral-associated bacteria in
response to DMSP have not been shown thus far. From the three
dmdA subclades examined, only D/3 did not appear to respond
to DMSP concentrations. In contrast, dmdA subclades A/2 and
C/2 suggest that DMSP might play a role in structuring mucus-
associated bacterial assemblages. Nevertheless, the bacterial
community response to DMSP, as estimated by changes in
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the relative abundance of demethylase gene assemblages, is
not uniform among host species or bacterial subclades (see
Figs 7a, 8a). Overall, in P. astreoides, the species with the
lowest concentration in DMSP, dmdA gene abundance is
positively related to DMSP concentration for both subclades
A/2 and C/2. For M. meandrites, the species with the highest
concentration in DMSP, there was no relation of dmdA gene
abundance with DMSP concentration for any of the three
clades. In S. siderea, the coral species with low to intermediate
levels of DMSP, contrasting results were obtained between
dmdA subclades A/2 and C/2, with the former decreasing in
abundance and the latter increasing in abundance with increas-
ing DMSP concentration. A closer analysis of the data patterns
for subclade D/3 suggests that if the detected overdispersion
(leading to a Quasipoisson distribution) had been ignored, the
response of dmdA gene abundance to DMSP concentration
would mimic that of subclade C/2. This is an interesting note
because both subclades C/2 and D/3 are phylogenetically
associated with the family Pelagibacteraceae, whereas sub-
clade A represents Rhodobacteraceae.

It is difficult to determine whether the reported differences
in the relative abundance of the distinct dmdA subclades are
related to changes in overall bacterial abundance. Although
recA abundance was used as a proxy for bacterial abundance in
the different samples (because there is a single copy of the
recA gene per bacterial genome and because the same DNA
extraction procedure was applied to all samples), the only factor
influencing the variation of recA gene abundance was depth
(Fig. 6). One could therefore assume that there is a higher
bacterial abundance in the surface mucus of corals living at
25-m depth than at 5-m depth, and that the higher dmdA : recA
ratio measured for subclade A/2 at 25 m relates to favourable
bacterial growth of this subclade relative to that of subclade
C/2. Nevertheless, because there is no hard evidence for this
inference, our interpretation focuses only on differences of
relative abundance between dmdA subclades. Interestingly,
samples with dmdA gene abundance below qPCR detection limits
always had a low recA abundance (<5000 recA genes pL ™"
of DNA extract), suggesting that these low signals are
not necessarily relating to low relative abundance of dmdA
harbouring bacteria but rather to an overall low absolute
bacterial abundance.

Assuming that changes in the relative abundance of dmdA
genes relate to the degree of adaptation of the respective
subclades to their environment, and assuming that the putative
metabolic pathways of these subclades would be constrained or
determined by changes in the carbon and sulfur mass balance
mediated by demethylation of DMSP, one can speculate on a
scenario in which DMSP availability!?! and DMSP affinity may
explain these general trends. Fig. 10 depicts this explanation.
With increasing DMSP concentrations at low initial concentra-
tions the capacity to utilise DMSP in demethylation increases
until a saturation level. At DMSP concentrations above this
saturation level, demethylation rates are not further increasing
independently of the DMSP concentration. At high DMSP
concentrations the less costly pathway of DMSP cleavage is
likely used,!'"! contributing to the success of other groups of
bacteria, that would then become more abundant. Demethyla-
tion likely quickly gives way to DMSP cleavage as the substrate
becomes more abundant!®! until a point is reached where rates of
DMSP lyase activity are not increasing anymore. In this con-
ceptual model, dmdA subclade A/2 is hypothesised to have a
higher affinity for DMSP than C/2, therefore explaining the
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endosymbionts (Symbiodinium) as the main DMSP producers. DMSP released per unit area of coral surface can be affected by environmental stress but also
varies with genetically constrained traits such as symbiont abundances or the thickness of host tissue. The bacteria living within the coral mucus layer may
perform DMSP cleavage, therefore contributing to DMS release to the surrounding reef water, or use demethylase to ultimately assimilate carbon and
sulfur. (b) At the mucus layer, taxonomically distinct bacterial assemblages carrying distinct variants of the dmdA gene occupy overlapping but distinct
DMSP microniches, and differ in their affinity to the DMSP substrate. Subclade A/2 dmdA has a lower Km (Michaelis constant), hence a higher affinity for
DMSP. Differences in DMSP demethylation rate ultimately contribute to differential bacterial growth and the increase in the abundance of a particular
assemblage on the expense of others (measured as dmdA : recA ratios). (¢) The different affinities of dmdA gene assemblages explain their dynamics in the
response of the community associating with each host species to increasing DMSP concentrations. For P. astreoides, the species with the lowest DMSP
concentration range per unit area, dmdA gene abundance is positively related to DMSP concentration, for both subclades A/2 and C/2. For M. meandrites,
the species with the highest concentration range of DMSP, there is no response of the dmdA gene to increasing DMSP concentration for any of the
subclades. For S. siderea, a species having low to intermediate concentrations of DMSP, there are contrasting results between dmdA subclades A/2 and C/2
relating to their substrate affinities. Overall, each host represents a distinct niche that can be positioned along a gradient of decreasing dmdA : recA with
increasing DMSP concentration. Under high DMSP availability, the cleavage pathway becomes more important and bacteria dependent on demethylation
of DMSP become less important. [f DMSP availability is low, a high fraction of the DMSP is channelled into demethylation and assimilation, contributing
to the success of dmdA-harbouring bacteria.

difference between the positive and negative dmdA-DMSP
relationships observed in S. siderea.

Although little is known about the kinetic properties of dmdA
enzymes, Candidatus Pelagibacter ubique and Ruegeria pomer-
oyi have similarly low affinities for DMSP with a Km of 13.2 and
5.4 mM respectively.[®"! Curiously, Ruegeria pomeroyi, with a
lower Km (higher substrate affinity) is a close relative to the
sequences we retrieved from subclade A/2, the dmdA assem-
blage we speculate has the highest affinity to low concentrations
of DMSP. Candidatus Pelagibacter ubique is, in contrast, a
close relative to subclade C/2.

Because our analysis only encompassed a limited fraction of
the mucus-associated bacterial community, it is possible that
different trends would emerge when including other dmdA gene
clusters. Comparing the taxonomic affiliations of the dmdA
gene assemblages described in the present study with those
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obtained from a 16S rRNA gene amplicon high-throughput
sequencing analysis currently being carried out for the mucus
microbiomes of the same coral species (P. R. Frade, unpubl.
data), reveals that our gPCR approach has targeted a maximum
of ~10% of the total number of microbes living in the coral
mucus layer (Rhodobacteraceae represents ~1—4 % and Pela-
gibacteraceae ~3—6 % of all sequences generated). We found
patterns linking DMSP concentration to abundance of dmdA
gene assemblages suggesting that a range of DMSP microniches
are present in corals. It is possible, however, that such patterns
are the result of taxonomic shifts dependent on other factors
such as specificity of bacterial communities towards the host®*!
or the symbiont populations harboured by the host,[** or even a
response to other molecules varying concomitantly with DMSP.
The fact that we found DMSP-dmdA linkages both within and
among coral species supports our ecological interpretation of the



results. Further studies on coral-associated communities capa-
ble of demethylating DMSP are required to test the validity of
the conceptual model illustrated in Fig. 10.

Concluding remarks

This is the first study to provide quantification of dmdA
gene assemblages in corals and to link related changes in the
community dynamics of DMSP-degrading bacteria to the
availability of DMSP. This linkage highlights the important
metabolic bridge established by DMSP between the coral host
(with its phototrophic endosymbionts) and its associated
microbial communities, and therefore confirms DMSP as an
important molecule mediating the interplay between eukaryotes
and prokaryotes. Our findings contribute to the established
research field on the ecological roles of DMSP, to the emergent
study of microbial mediated DMSP/DMS dynamics'®* and, in
the larger context, to the understanding of multi-trophic level
mutualisms in marine ecosystems.[®¥)
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