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Thesis abstract

Dimethylsulphoniopropionate (DMSP) is a key molecule in the marine sulphur cycle. It
is an abundant nutrient for bacteria, a foraging cue attracting zooplankton, fish and seabirds, and
also the precursor of dimethyl sulphide (DMS), a gas involved in cloud formation. Extremely
high DMSP concentrations are produced by corals and their dinoflagellate endosymbionts,
Symbiodiniaceae. Although corals are known to harbour bacteria capable of using DMSP as a
nutrient source, it was only recently discovered that prokaryotes are also capable of synthesising
DMSP. Reviewed in Chapter 1 is the biochemistry of DMSP metabolism in the ocean, with a
focus on the coral holobiont. It also discusses the potential role of coral-associated bacteria in the
production of DMSP and the possible functions of its catabolic product, acrylate. The aims of this
thesis are (i) to determine if coral-associated bacteria can produce DMSP, (ii) to identify the
environmental factors influencing DMSP production, and (iii) to elucidate the functional role of

acrylate, a breakdown product of DMSP, in corals.

Within the coral holobiont, DMSP production has been attributed to both the coral animal
and their algal partner Symbiodiniaceae, however, their diverse associated bacteria could
potentially be a cryptic source of DMSP. In Chapter 2, bacteria associated with corals were
isolated and screened for potential DMSP-producing ability by targeting the bacterial DMSP
synthesis gene, dsyB. Of the 240 bacteria strains obtained, 6% of the isolates harboured dsyB. All
the dsyB-harbouring bacteria belonged to the Alphaproteobacteria class and their capability to
produce DMSP was confirmed through liquid chromatography-mass spectrometry (LC-MS) and
nuclear magnetic resonance (NMR) measurements. These results show that coral-associated
bacteria can produce DMSP and have the ability to contribute to the large DMSP pool produced
by the coral holobiont.

The functional capabilities of coral-associated DMSP-producing bacteria are unknown.
In Chapter 3, the genome of Shimia aestuarii AMM-P-2, a DMSP-producing bacterium
associated with Acropora millepora, was analysed to characterise its sulphur cycling capabilities.
Specifically, this bacterium was confirmed to have the genetic machinery to assimilate sulphate
and synthesise the DMSP precursors, cysteine and methionine, to catabolise DMSP to
methanethiol, DMS, and acrylate, and to utilise or detoxify acrylate. These findings provide the
basis for understanding the involvement of S. aestuarii AMM-P-2 in sulphur metabolism within

the coral holobiont.

DMSP production is impacted by environmental stressors experienced by coral reefs in

the Anthropocene. The discovery that coral-associated bacteria can also produce DMSP has
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introduced an additional factor influencing DMSP dynamics within the coral holobiont. In
Chapter 4, cultures of S. aestuarii AMM-P-2 were exposed to variation in both temperature and
salinity, high UV radiation, and complete darkness, and DMSP concentrations monitored.
Intracellular DMSP concentrations increased almost two-fold under both hypersaline conditions
(40 PSU) and following UV exposure. Meanwhile, conditions that are stressful for the coral host
but not necessarily for the bacteria, such as fluctuations beyond the average temperature range
(22 and 32°C), did not induce significant changes in intracellular DMSP concentrations. DMSP
production in response to variable salinity and UV suggests that under stress, S. aestuarii AMM-
P-2 favoured the DMSP cleavage pathways, which in addition to acrylate, produce the antioxidant
DMS. Overall, these results indicate that DMSP biosynthesis by S. aestuarii AMM-P-2 is

impacted by specific environmental conditions which are not necessarily tied to coral stress.

Acrylate is directly derived from DMSP catabolism and is produced in high
concentrations by fast-growing, reef-building corals, including 4. millepora, constituting a
substantial carbon source in the coral holobiont. While possible functions of acrylate in corals
have been hypothesized, the reason for its accumulation in these organisms is still unknown. In
industrial applications, its polymerised form, polyacrylate, can produce a stable scaffold for the
precipitation of calcium carbonate (CaCOs3), which is the major component of coral skeleton. In
Chapter 5, the potential role of acrylate in coral skeleton formation was investigated. One-week
old aposymbiotic 4. millepora juvenile corals were supplemented with '*C-labelled acrylate and
the coral skeleton examined using nanoscale secondary ion mass spectrometry (NanoSIMS) and
confocal Raman spectroscopy, for the presence of polyacrylate. Although the NanoSIMS results
were inconclusive, polyacrylate was detected by Raman at the growing edge of the skeleton,
suggesting a role in the biomineralization of CaCO; and growth of the skeleton. These results
suggest the presence of an alternate biomineralization mechanism that can be adopted by acrylate-

producing corals, potentially contributing to the fast accretion rate of these coral genera.

In summary, this thesis applied an interdisciplinary strategy to investigate the production
of DMSP by coral-associated bacteria, and revealed a novel link between the DMSP breakdown
product acrylate and the mechanism of calcification of coral skeleton in fast-growing coral
species. It demonstrates that specific coral-associated bacteria can produce DMSP, adding this
trait to the functional repertoire of prokaryotes within the coral holobiont. In addition, this work
revealed a novel link between the DMSP breakdown product acrylate and the mechanism of

calcification of coral skeleton in fast-growing coral species.
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Figure 3.1. A summary of the genome assembly and annotation pipeline. The
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highlighted in grey. The steps highlighted in green involved using MiSeq data to
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Figure 3.2. Genome assembly of culture AMT-P-4 based on (a) [llumina MiSeq reads
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denote different nodes, and the black connecting lines represent known overlaps.
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by the orange rectangle. Plasmids are highlighted by the yellow boxes, but it is
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Figure 3.5. Microsynteny plot showing gene arrangement in four dsyB-containing
bacteria. Bacteria are labelled according to taxonomic codes as follows: AMM-P-2,
Shimia aestuari; DSM18065, Pseudooceanicola nanhaiensis; HTCC2601, Pelagibaca
bermudensis; IAM12614, Labrenzia aggregata. Relationships between orthologous
genes are shown in light blue bars. Genes with unknown function (hypothetical
protein) are shown in grey arrows. The dsyB gene is shown in red arrows, while
predicted genes are shown in dark blue arrows, and are denoted as follows: fabF, 3-
oxoacyl-[acyl-carrier-protein] synthase II; acpP, acyl carrier protein; [pxD, UDP-3-O-
acylglucosamine N-acyltransferase; phsC, thiosulphate reductase cytochrome B
subunit; chrR, anti-sigma-E factor; rpoE, ECF RNA polymerase sigma factor; rmiA,
glucose-1-phosphate thymidylyltransferase; /bD, dTDP-4-dehydrorhamnose
reductase; rffG, dTDP-glucose 4,6-dehydratase 2; »fbC, dTDP-4-dehydrorhamnose
3,5-epimerase; dsyB, 2-hydroxy-4-(methylsulphanyl)butanoate S-methyltransferase;
sufS, cysteine desulphurase; sufD, Fe-S cluster assembly protein; sufC, Fe-S cluster
assembly ATP-binding protein; sufB, Fe-S cluster assembly protein; iscS, cysteine
desulphurase; iscR, HTH-type transcriptional regulator; /dt, L-2CD-transpeptidase
family protein; PiT, inorganic phosphate transporter; 77/2, Rrf2 family transcriptional
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regulator; cydX, cytochrome bd-I oxidase subunit; cydB, cytochrome d ubiquinol
oxidase subunit II; cyoB, cytochrome ubiquinol oxidase subunit I; cydD, thiol
reductant ABC exporter subunit; cefD, aminotransferase class V-fold PLP-dependent
enzyme; ychF, redox-regulated ATPase; FAH, fumarylacetoacetate hydrolase family
protein; araC, AraC family transcriptional regulator; nasD, NAD(P)-dependent
oxidoreductase; maoC, MaoC family dehydratase; gnat, GNAT family N-
acetyltransferase; b/uB, 5,6-dimethylbenzimidazole synthase; aprt, adenine
phosphoribosyltransferase; mtap, S-methyl-5'-thioadenosine phosphorylase; cytC,
cytochrome c1; cytB, cytochrome b/b6; petd, ubiquinol-cytochrome ¢ reductase iron-
sulphur subunit.

Figure 3.6. Assimilatory sulphate reduction pathway in Shimia aestuarii AMM-P-2,
adapted from the KEGG database (M00176). Enzymes that mediate each step are
listed in Table 3.2.

Figure 3.7. Assimilatory sulphate reduction pathway adapted from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. Sulphate assimilatory genes
that were found within the Shimia aestuarii AMM-P-2 genome are noted in bold.
Figure 3.8. Cysteine biosynthesis pathways in Shimia aestuarii AMM-P-2, adapted
from the KEGG database (M00021, M00338, and M00609). Incomplete pathways are
denoted with a dash-dotted arrow indicating the presence of one or more genes
involved in the pathway, but not all. Enzymes that mediate each step are listed in
Table 3.3.

Figure 3.9. Methionine biosynthesis pathway in Shimia aestuarii AMM-P-2, adapted
from the KEGG database (M00017). Enzymes that mediate each step are listed in
Table 3.4.

Figure 3.10. DMSP metabolism pathways in Shimia aestuarii AMM-P-2. Incomplete
pathways are denoted with a dash-dotted arrow indicating the presence of one or more
genes involved in the pathway, but not all. Enzymes that mediate each step are listed
in Table 3.5.

Figure 4.1. Growth curve of Shimia aestuarii AMM-P-2, grown in methionine-
enriched modified minimal basal medium under standard conditions (27°C at 180
RPM, ambient lighting, and 35 PSU). phase. Error bars display standard error.
Figure 4.2. Protein concentration estimates for Shimia aestuarii AMM-P-2 cultures
grown under varying experimental conditions of temperature (22 and 32°C), salinity
(25 and 40 PSU), UV exposure and constant darkness.

Figure 4.3. Calibration curve showing the relationship between optical density
(ODeoo) and cell density for Shimia aestuarii AMM-P-2. Error bars display standard
error.

Figure 4.4. Changes in the concentration of (a) DMSP and (b) acrylate by Shimia
aestuarii AMM-P-2 exposed to temperature (22 and 32°C), salinity (25 and 40 PSU),
constant darkness, and UV exposure, measured at four growth time points. Standard
conditions: cultures were grown at 27°C in modified MBM media adjusted to 35 PSU
and supplemented with 0.5 mM methionine. Error bars indicate standard error (n = 3).
Significance was determined using repeated measures ANOVA (p <0.05),
experimental conditions marked with an asterisk (*) are significantly different from
the standard conditions.

Figure 4.5. Correlation between the concentrations of DMSP and acrylate in Shimia
aestuarii AMM-P-2 under (a) all experimental conditions (temperature [22 and
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32°C]; salinity [25 and 40 PSU], constant darkness, and UV exposure), (b) coral-
related stress conditions: temperature (22 and 32°C) and darkness, and (c) bacteria-
related stress conditions: salinity (25 and 40 PSU) and high UV.

Figure 4.6. dsyB transcription in Shimia aestuarii AMM-P-2 under varying
experimental conditions of temperature (22 and 32°C), salinity (25 and 40 PSU),
constant darkness, and UV exposure.

Figure 5.1. Chemical structures of the major constituents of biomineralization within
the calcifying liquid of the coral skeletal organic matrix, (a) glutamate and (b)
aspartate, compared to (c) acrylate, and chelation of calcium ions [Ca®'] by the
polymerised products (d) polyaspartate and (e) polyacrylate.

Figure 5.2. Microscope images of aposymbiotic (a) Acropora millepora and (b)
Platygyra daedalea juvenile corals after 72-hours incubation in acrylate-enriched sea
water. The septa of 4. millepora can be observed (in red circles) while the septa of P.
daedalea were not visible.

Figure 5.3. Scanning electron microscopy images of (a) 7-day old Acropora
millepora, the region in the red box expanded to show (b) the exposed cross-section
of an individual septum, (c) 7-day old Platygyra daedalea, and (d) collapse of the
skeleton of P. daedalea caused by microtome planing.

Figure 5.4. °C (a and c) and '*O (b and d) NanoSIMS images revealing the skeletal
structure of Acropora millepora incubated with *C-acrylate (a and b) and with
filtered seawater (FSW; control; ¢ and d) - the location of the line scans are shown by
the red lines, and (e) the '*C/!*C abundance obtained from the line scans compared
with the natural *C/!*C abundance at 1.12% (black line).

Figure 5.5. The average 13C/12C ratio in juvenile Acropora millepora skeleton
obtained from NanoSIMS line scans.

Figure 5.6. Raman spectra of (a) acrylate standard, (b) polyacrylate standard (MW =
450,000), (c) biogenic aragonite standard, and (d) mixture of biogenic aragonite and
polyacrylate.

Figure 5.7. Confocal Raman microscopy of the skeleton of aposymbiotic Acropora
millepora juveniles. (a) Control juveniles grown in filtered seawater, (e) juveniles
supplemented with '*C-acrylate, and (i) non-living controls, showing the regions
along newly formed septa selected for analysis (black boxes), and (b, f and j)
expanded view of a single septum (coloured boxes), with the false colour composite
maps of aragonite (in yellow) and polyacrylate (in pink). Heat maps show the spatial
distribution of (c, g and k) aragonite and (d, h and 1) polyacrylate obtained from the
scanned regions (scale bar = 10 pm).

Figure 5.8. SEM imaging of a horizontal plane of Acropora millepora septa from (a)
12C-acrylate supplemented juvenile and (b) non-living control, with white boxes
indicating the gaps/cracks along the septum.

Figure 5.9. Average distribution of polyacrylate and aragonite in juvenile coral
skeleton across all three treatments: incubation of live specimens in '*C-acrylate,
incubation of non-living specimens in '*C-acrylate, and incubation of live specimens
in filtered seawater (FSW). CCD = charge coupled device; n = 2 per treatment.
Figure 5.10. The average ratio of polyacrylate to aragonite found in skeletons of
juvenile corals across three treatments: incubation of live specimens in '*C-acrylate,
incubation of non-living specimens in '*C-acrylate, and incubation of live specimens
in filtered seawater (FSW).
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Figure 6.1. Overview highlighting the major findings of this thesis. Coral-associated
bacteria isolated from coral tissue and mucus were discovered to be active DMSP-
producers, capable of (A) assimilating sulphate, (B) biosynthesising DMSP through

the dsyB-mediated transamination pathway, and (C) degrading DMSP via

demethylation (dmdA) and cleavage (dddP and dddW) pathways. (D) One of the

DMSP breakdown product, acrylate, which is present in high concentration in some

coral species can form a polymer called polyacrylate, which has been detected within

the skeleton of juvenile corals from the genus Acropora and might enhance
biomineralisation within the coral skeletal organic matrix. 112

Supplementary Data Figure 2.1. An example of LC-MS extracted ion

chromatograms (EIC) at 135 m/z of (a) a DMSP standard (CsH;00,S; MW=134.197)
compared to bacterial extracts of Shimia sp. AMM-P-2 cultured in (b) modified

minimal basal media (MBM) spiked with DMSP, (¢) modified MBM, (d) yeast

tryptone sea salts (YTSS) media, and (e) marine broth, demonstrating that DMSP was

only produced by the bacterium when cultured in modified MBM. DMSP was not

detected in extracts of the bacterium grown in YTSS media or marine broth. 148
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with DMSP, (c) modified MBM, (d) yeast tryptone sea salts (YTSS) media, and (e)

marine broth, demonstrating that DMSP was only produced by the bacterium when

cultured in modified MBM. The spectra of bacterial extracts were referenced to the
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triplet at &y ~3.45 ppm). DMSP spiking was done to confirm the shift in DMSP

signals in the bacterial extract. DMSP was not detected in extracts of the bacterium

grown in YTSS media or marine broth. 149

Xix



List of tables

Page
Table 1.1. Acrylate measurements in 18 hard coral species from the Great Barrier
Reef adapted from Tapiolas et al. (2013). ND, not detectable. 18

Table 2.1. Modified minimal basal medium composition used for the isolation of
DMSP-producing coral-associated bacteria based on Baumann and Baumann (1981)

and Curson et al. (2017). 27
Table 2.2. Abundance and diversity of coral-associated bacteria isolated from mucus

swabs, coral mucus and coral tissue. 33
Table 2.3. Selection of protein sequences showing E-values and sequence identity
when compared with the Labrenzia aggregata DsyB protein sequence. 38
Table 3.1. Genome statistics for Shimia aestuarii AMM-P-2. 53
Table 3.2. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes
involved in the assimilatory sulphate reduction pathway. 59
Table 3.3. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes
involved in the cysteine biosynthesis pathway. 61
Table 3.4. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes
involved in the methionine biosynthesis pathway. 62

Table 3.5. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes
involved in DMSP metabolism. 64

Supplementary Data Table 3.1. Nucleotide and amino acid sequences of Shimia

aestuarii AMM-P-2 dsyB gene. 150
Supplementary Data Table 4.1. Sums of squares, mean squares, and significance
levels of repeated measures ANOVA for intracellular DMSP concentrations. 151

Supplementary Data Table 4.2. Sums of squares, mean squares, and significance

levels of repeated measures ANOVA for intracellular acrylate concentrations. 152
Supplementary Data Table 4.3. Simple main effects analysis of intracellular DMSP
concentrations 153
Supplementary Data Table 4.4. Simple main effects analysis of intracellular acrylate
concentrations 154
Supplementary Data Table 4.5. Correlation analysis of intracellular DMSP and

acrylate concentrations 155

Supplementary Data Table 4.6. Raw dsyB transcription in Shimia aestuarii AMM-

P-2 at four time points (24, 28, 32, and 36 hours after inoculation) under varying
experimental conditions of temperature (22 and 32°C), salinity (25 and 40 PSU),

constant darkness, and UV exposure. N/A denotes instances of failed qPCR runs. 155

XX



Chapter 1:
General introduction

1.1 The marine sulphur cycle

Sulphur is an essential element for life, and it can be found in large quantities in the ocean
in the forms of dissolved organic and inorganic sulphate and sedimentary minerals (Sievert et al.,
2007). This element makes up approximately 1% of the dry weight of all organisms on Earth
through its incorporation in proteins, organosulphur compounds, coenzymes, and bridging ligands
(Sievert et al., 2007). The essential steps in the sulphur cycle include the assimilatory uptake of
sulphate by phytoplankton at the ocean’s surface waters, which is used to form sulphated
polysaccharides, methionine, and cysteine (Sievert et al., 2007). Methionine then acts as a
precursor in the synthesis of dimethylsulphoniopropionate (DMSP), an extremely stable yet
soluble form of reduced sulphur (Gage et al., 1997).

(A) (B)

CH3

CH3

Figure 1.1. (A) Chemical structure and (B) 3D ball and stick model of DMSP. Colour code: grey, carbon;
white, hydrogen; red, oxygen; yellow, sulphur.

Challenger and Simpson (1948) first discovered DMSP in the red algae Polysiphonia
fastigiata and Polysiphonia nigrescens. We now know that this compound is ubiquitous in marine
surface waters (van Duyl et al., 1998; Stefels et al., 2007) with more than a billion tons of DMSP
produced in the marine environment every year (Kettle and Andreae, 2000; Kiene et al., 2000).
DMSP contains five carbon atoms [(CH3).S"CH,CH>COO', Figure 1.1; also expressed as five
units of carbon], making its metabolism a crucial process in the marine carbon cycle (Sievert et
al., 2007): the biosynthesis (anabolism) of DMSP represents approximately 3-10% of the carbon
fixed by primary producers in the ocean (Kiene et al., 2000; Archer et al., 2001; Simo¢ et al., 2002),



and through its degradation (catabolism), DMSP supplies up to 10% of the total carbon demand

(including C3 products) of heterotrophic bacteria in surface waters (Simo et al., 2002).
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Figure 1.2. The dimethylsulphoniopropionate (DMSP) cycle in marine environments, illustrating the
chemistry of sea-to-air dimethyl sulphide (DMS) fluxes and the production of sulphate aerosol particles.
Dimethyl sulphoxide (DMSO); sulphur dioxide (SO.); methanesulphonic acid (MSA); cloud condensation
nuclei (CCN).



DMSP is zwitterionic in nature, having a positive and a negative charge on different parts
of the same molecule. This prevents passive diffusion through cell membranes, making DMSP
an ideal osmolyte for phytoplankton (Stefels, 2000; Yoch, 2002). It also acts as a chemo-attractant
for several marine micro- and macro-organisms (DeBose and Nevitt, 2007; Seymour et al., 2010)
and has been hypothesized to act as an antioxidant in marine algae and corals (Sunda et al., 2002;
Deschaseaux et al., 2014b; Gardner et al., 2016), or as a cryoprotectant in polar organisms
(Karsten et al., 1996). Lastly, DMSP is well known as the precursor of dimethyl sulphide (DMS),
a volatile gas and a crucial link between the oceanic and atmospheric reservoirs in the sulphur

cycle (Figure 1.2) (Stefels et al., 2007).

DMS accounts for the majority of the sulphur transferred from the ocean to the
atmosphere and is therefore a crucial link in the global sulphur cycle (Stefels et al., 2007). In the
marine environment it is a product of DMSP cleavage mediated by enzymes (i.e., DMSP lyases),
but it may also be generated either through photochemical or biological reduction of dimethyl
sulphoxide (DMSO), the latter via a poorly understood reduction pathway that depends on
DMSO-reductases (Fuse et al., 1995; Spiese et al., 2009; Asher et al., 2011). Oceanic (or
dissolved) DMS,q can be subsequently oxidised into DMSO either chemically or biologically, a
reaction again mediated by marine bacteria (Zeyer et al., 1987; Zhang et al., 1991).

On average, approximately 10% of the dissolved pool of oceanic DMS,q (or 1-2% of the
sulphur originating from DMSP) diffuses to the atmosphere where it is photochemically oxidised
to DMSO (Deschaseaux et al., 2016). It can also be converted to methanesulphonic acid (MSA)
or SO; (Shon et al., 2001), followed by sulphuric acid, and subsequently condensed into sulphate
aerosols (Andreae et al., 1985; Malin et al., 1992; McGillis et al., 2000). This conversion is
comparable in magnitude to the formation of anthropogenic sulphur dioxide (SO,) from fossil
fuel emissions (Bullock et al., 2017). The oxidation of atmospheric DMS, to SO, is critical for
the evaluation of the relative contribution of DMS into the atmosphere, as its conversion
efficiency is used to estimate new particle formation of precursor gases (von Glasow and Crutzen,
2004). Furthermore, organic sulphur displays a longer residence time in the atmosphere, thus
playing a greater role in the global sulphur budget (Lovelock et al., 1972; Chin and Jacob, 1996)
with natural fluxes comprising 25% of the total gaseous sulphur fluxes to the atmosphere (Lana

et al., 2011) and ultimately to land.



1.2 DMSP production

Estimates based on biogeochemical approaches have indicated that as much as 10% of
primary production in the marine environment is channelled towards the synthesis of DMSP,
suggesting a major flow of sea surface carbon and sulphur through this single compound (Howard
et al., 2008). An increasing number of taxa are being recognised as DMSP producers: historically,
the main producers were phytoplankton from the classes Dinophyceae (dinoflagellates) and
Prymnesiophycaea (coccolithophores) (Keller et al., 1989). Other DMSP producers include
coastal angiosperms (Spartina alterniflora) and grasses (Wollastonia biflora) (Hanson et al.,
1994; Kocsis et al., 1998), diatoms and marine algae (Ulva intestinalis) (Gage et al., 1997), the
coral animal (Raina et al., 2013), and most recently, several bacteria from the Alphaproteobacteria
class (Curson et al., 2017). DMSP occurrence also appears to be increasingly widespread within
the plant kingdom, with detectable levels of the compound measured in the shoots and roots of

monocots and dicots from both freshwater and saline environments (Ausma et al., 2017).

Three DMSP biosynthetic pathways have been identified (Figure 1.3): the methionine
transamination pathway in marine algae (Gage et al., 1997), the methionine methylation pathway
in coastal plants (Rhodes et al., 1997) and the decarboxylation pathway in marine cordgrass and
a dinoflagellate (Uchida et al., 1996; Kocsis et al., 1998). All these pathways use methionine as a
precursor. Plants and microorganisms such as Symbiodiniaceae, bacteria and fungi have the
metabolic machinery required for de novo synthesis of cysteine and methionine (Giovanelli and
Harvey Mudd, 1967; Giovanelli, 1987; Ravanel et al., 1998; Wirtz and Droux, 2005). Methionine
is produced through methionine synthase (MetH), the enzyme responsible for the regeneration of
methionine from homocysteine (Croft et al., 2005). Although all three DMSP synthesis pathways
start with methionine, the subsequent steps leading to DMSP differ.
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Figure 1.3. Proposed DMSP biosynthetic pathways adapted from Bullock et al. (2017) and Aguilar et al.
(2017). The methionine transamination pathway (in green), methylation pathway (in blue), and
decarboxylation pathway (in red) have been well-described in marine algae, coastal plants, and marine
cordgrass respectively. An alternate decarboxylation pathway has been hypothesised in dinoflagellates (in
orange). Dimethylsulphonio-2-hydroxybutyrate (DMSHB); dimethylsulphoniopropionate (DMSP); 4-
methylthio-2-hydroxybutyrate (MTHB); 2-ox0-4-methylthiobutanoate (MTOB); S-adenosylhomocysteine
(SAH); S-adenosylmethione (SAM); S-methylmethionine (SMM). Enzyme types and associated cofactors
are shown in italics.

1.2.1  The methionine transamination pathway

Up to 90% of the reduced sulphur found in algal cells is in the form of DMSP (Gage et
al., 1997). Resultantly, the biosynthetic pathway for DMSP was initially identified in marine
algae, although much about its metabolism is still not well understood. The transamination

pathway begins with catabolism of methionine by aminotransferase to produce 4-methylthio-2-



oxobutyrate (MTOB), followed by a NADPH-linked reductase, a methyltransferase, and an
oxidative decarboxylase (Gage et al., 1997; Summers et al., 1998). The third step of this pathway,
which is specific to DMSP producers, is hypothesised to be the key step: the methylation of 4-
methylthio-2-hydroxybutyrate (MTHB) to 4-dimethylsulphonio-2-hydroxybutyrate (DMSHB) is
catalysed by MTHB methyltransferase (MHM) (Gage et al., 1997; Summers et al., 1998; Ito et
al., 2011). DMSHB has been subsequently found in Ulva pertusa, Emiliania huxleyi, Tetraselmis
sp., and Melosira nummuliodes, indicating this pathway is present in a range of marine algae and

phytoplankton (Gage et al., 1997; Summers et al., 1998; Ito et al., 2011)

Recently, it has been proposed that bacteria from the Alphaproteobacteria class use the
transamination pathway to synthesise DMSP. Although they are more commonly known as
prolific DMSP degraders, the first DMSP biosynthesis gene to be identified in any organism,
dsyB, was discovered in the heterotrophic bacterium Labrenzia aggregata LZB033 (Curson et al.,
2017). The gene encodes a methyltransferase-like protein that mediates the key step of the DMSP
production pathway. The bacterial strain has been demonstrated to grow in the presence of all
transamination pathway intermediates, and exhibit MHM activity, converting MTHB to DMSHB
and ultimately, DMSP (Curson et al.,, 2017). dsyB has also been found in various other
Alphaproteobacteria (Oceanicola batsensis HTCC2597, Pelagibaca bermudensis HTCC2601,
Sediminimonas giaohouensis DSM21189, Amorphus coralli DSM 18348, Sagittula stellata E-37,
Labrenzia aggregata IAM12614, and Thalassobaculum salexigens DSM19539). The dsyB genes
from these bacteria strains were successfully cloned in the non-DMSP producer Rhizobium
leguminosarum, and their ability to synthesize DMSP was confirmed. This gene was estimated to
be present in 0.5% of bacteria sampled in the Tara Oceans and Global Ocean Sampling (GOS)

marine metagenomes (Curson et al., 2017).

Functional dsyB homologues, termed DSYB, have also been identified in many
phytoplankton and corals genomes (Curson et al., 2018). These homologous enzymes are
localised in the chloroplast and mitochondria of Prymnesium parvum (Curson et al., 2018), two
energy powerhouses that can sustain the energy-demanding process of DMSP biosynthesis
(Matrai and Keller, 1994). Phylogenetic analyses suggest the ability to produce DMSP may have
originated in prokaryotes before being transferred to eukaryotes through endosymbiosis at the

time of mitochondrial origin, or via horizontal gene transfer (HGT) (Curson et al., 2018).

1.2.2  The methionine methylation pathway

The methionine methylation pathway is found in angiosperms from the family

Compositae and is best studied in W. biflora (Hanson et al., 1994). The intermediates of this



biosynthetic pathway are very different from marine algae (Dickschat et al., 2015). The pathway
starts with the methylation of methionine to S-methyl-L-methionine (SMM) (Hanson et al., 1994;
Kocsis et al.,, 1998), followed by a transamination-decarboxylation sequence yielding 3-
(dimethylsulphonio)propionaldehyde (DMSP-aldehyde) (Rhodes et al. 1997). Although many
flowering plants have the enzymes to mediate the methylation of methionine and the oxidation of
DMSP-aldehyde, it is the conversion of SMM to DMSP-aldehyde in DMSP producers that is
specific for DMSP biosynthesis (Stefels, 2000). The final step of this pathway involves a
dehydrogenase that rapidly oxidises DMSP-aldehyde to DMSP at very high rates (James et al.,
1995). This difference between the methylation and transamination pathways suggests the ability
to synthesise DMSP in plants and algae evolved independently from each other, which in turn

indicates separate responses to selective environmental pressures (Bullock et al., 2017).

Recently, specific bacteria belonging to the Alphaproteobacteria, Gammaproteobacteria,
and Actinobacteria have been shown to produce DMSP using pathways independent of dsyB
(Williams et al., 2019). The mmtN gene was identified in these bacteria, and all were shown to
produce SMM, an intermediate which is unique to the methionine methylation pathway (Figure
1.3, in blue). In the cell extracts of the Alphaproteobacteria Novosphingobium sp. BW1, two other
down-stream intermediaries, DMSP-amine and DMSP-aldehyde, were also detected and were
used to confirm the occurrence of this pathway (Williams et al., 2019). The mmtN gene shares
<30% identity with the N-terminal methyltransferase domain of plant methionine
methyltransferase suggesting these pathways are ancient, and if any gene transfer occurred
between plants and bacteria, the event happened a long time ago (Williams et al., 2019). Bacteria
containing mmtN were found to be generally less abundant than those with dsyB (Williams et al.,
2019), but mmtN transcripts are present at varied levels in Tara Oceans bacterioplankton

databases.

1.2.3  The methionine decarboxylation pathway

This last pathway has been described in S. alferniflora and is common in marine grasses
belonging to the family Gramineae (Kocsis et al., 1998). The conversion of methionine to SMM
is similar to that in the methylation pathway, but the pathway then undergoes two additional
catabolism steps involving decarboxylation to produce DMSP-amine as an intermediate, then
oxidative deamination which eventually yields DMSP-aldehyde (Kocsis et al., 1998; Kocsis and
Hanson, 2000). Although the DMSP biosynthetic pathways of S. alterniflora and W. biflora both

begin and end with the same methylation and oxidation steps (Figure 1.3), it is the production of



DMSP-amine by S. alterniflora that revealed the evolution of DMSP production in these two
plant families occurred separately from each other (Kocsis et al., 1998; Stefels, 2000).

In the heterotrophic dinoflagellate, Crypthecodinium cohnii and the thalli of Ulva lactuca,
a slightly different decarboxylation pathway was proposed (Greene, 1962; Uchida et al., 1996).
A methionine decarboxylase catalyses the first step of the biosynthesis pathway, the conversion
of methionine to 3-(methylthio)propylamine (Uchida et al., 1996; Dickschat et al., 2015).
Contrary to the pathway in Gramineae, SMM was not observed to be an intermediate (Greene,
1962; Uchida et al., 1996), but the subsequent steps following decarboxylation has been suggested
to involve deamination, oxidation, and methylation, forming the intermediate 3-methyl-
propionate (MMPA) prior to the synthesis of DMSP (Uchida et al., 1996; Stefels, 2000). Although
the experiments exploring this particular pathway were not conclusive (Stefels, 2000), it was
postulated that the methionine decarboxylase purified from C. cohnii may be a key enzyme in

DMSP biosynthesis (Uchida et al., 1996).

While most of the intermediates involved in the aforementioned pathways have been
established, the identities of the genes involved in DMSP production are still largely unknown.
Candidate genes have emerged from proteomic and gene expression analyses, implicating a
number of classes of enzymes based on the increased abundance of DMSP under favourable
biosynthesis conditions (Lyon et al., 2011; Kettles et al., 2014; Aguilar et al., 2017). Their

involvement in DMSP production, however, still needs to be confirmed.

1.3 DMSP degradation

While DMSP is predominantly synthesised by algae, its catabolism (or degradation) in
the ocean is mediated by both bacterial and algal DMSP-degrading enzymes. Studies on DMSP
degradation initially focused on DMSP-producing phytoplankton and macroalgae (Curson et al.,
2011b). An enzyme believed to be responsible for DMSP cleavage was first isolated from the red
algae, Polysiphonia lanosa (Cantoni and Anderson, 1956). Similar DMSP lyase activity was also
reported in coccolithophores (Steinke et al., 1998) and dinoflagellates (Yost and Mitchelmore,
2009). However, there was a lack of molecular descriptions of the enzyme and its corresponding
gene, partly due to the difficulty in obtaining axenic cultures (Curson et al., 2011b). Recently,
Almal, a DMSP lyase gene, was identified and characterised in the bloom-forming algae

Emiliania huxleyi (Alcolombri et al., 2015).



1.3.1  DMSP catabolism in phytoplankton

Almal is a nuclear-encoded gene containing two introns, highlighting its eukaryotic
origin. Almal also does not share any homology with any of the known bacterial DMSP lyase
families (Curson et al., 2011b; Moran et al., 2012), indicating that it must function differently
from its bacterial counterparts. Subsequently, paralogs of the A/mal gene were also found in other
algal species known to possess high DMSP lyase activity such as dinoflagellates, other
haptophytes and even in reef-building corals (Alcolombri et al., 2015). Different E. huxleyi strains
have different baseline levels of DMSP lyase activity which correlates with the amounts of Almal
protein present (Alcolombri et al., 2015), although the intrinsic or extrinsic signals that affect

Almal gene expression are currently unknown.

Although this newly identified algal DMSP lyase allows for increased understanding of
the roles methylated sulphur play within E. huxleyi, the available sequences of many other
phytoplankton which also exhibit DMSP lyase activity (de Souza et al., 1996) do not contain any
convincing homologues of A/mal (Johnston, 2015). This suggests that these phytoplankton may
have other enzymes that encode for DMSP degradation. The green macroalga Ulva curvata not
only has the ability to lyase DMSP, it is also able to use the transamination pathway to synthesise
DMSP (de Souza et al., 1996). While this dual ability raises issues regarding relative contributions
of organic sulphur from such organisms and the way in which these processes are affected by
environmental parameters (Johnston, 2015), their ability to metabolise DMSP has been
hypothesised to play a role in the regulation of the organism’s intracellular DMSP in response to

changing salinity (de Souza et al., 1996).

1.3.2  Bacterial demethylation and cleavage of DMSP

Bacterioplankton are known to preferentially use DMSP as a source of sulphur for protein
synthesis, particularly in the euphotic zone (Kettle et al., 1999; Kiene et al., 2000). Between 50-
100% of the sulphur required for heterotrophic bacterial biomass production comes from DMSP
(Malmstrom et al., 2004) suggesting it is expended in almost all cellular functions, allowing
bacteria to adapt to evolutionary pressures and utilise every possible thermodynamic advantage
(Vallino et al., 1996). Marine bacteria degrade DMSP through two main routes (Figure 1.4): the
demethylation pathway that converts DMSP to MMPA, and subsequently to 3-
mercaptopropionate (MPA) and methanethiol (MeSH) (Kiene et al., 2000; Howard et al., 2006;
Todd et al., 2007); and the cleavage pathway whereby DMSP is converted to equal parts DMS
and acrylate (Yoch, 2002; Moran et al., 2004; Todd et al., 2007). The overall DMSP turnover in
the oceans is large (~130 nM d™ in non-bloom waters; >1000 nM d™ during phytoplankton



blooms) (Kiene, 1996; van Duyl et al., 1998; Kiene and Linn, 2000) with up to 90% catabolised
through the demethylation pathway (Kiene and Linn, 2000; Kiene et al., 2000; Moran et al., 2012).
This pathway thereby asserts major biological control over DMS formation (Gonzalez et al.,
1999) and is driven by the fact that MeSH is highly reactive and a readily assimilated source of
reduced sulphur for microorganisms (Sievert et al., 2007), particularly for the production of
methionine (Kiene et al., 2000), whereas DMS is more readily diffused into the atmosphere and
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Figure 1.4. Dimethylsulphoniopropionate (DMSP) degradation pathways adapted from (Reisch et al.,
2011b), (Reisch et al., 2013), and (Bullock et al., 2017). The demethylation pathway (in blue) is catalysed
by the DMSP demethylase (DmdA), MMPA-CoA ligase (DmdB), MMPA-CoA dehydrogenase (DmdC),
and either the MTA-CoA hydratase (DmdD) or acrylate utilisation hydratase (AcuH), yielding methanethiol
as its main end product. The cleavage pathway (in red) is catalysed by a DMSP lyase (DddP, DddW, DddY,
DddQ, DddL, DddK, or the algal Almal) to produce equal amounts of dimethyl sulphide (DMS) and
acrylate.



1.3.2.1 DMSP demethylation: dmdA

The first gene implicated in DMSP degradation, termed dmdA, was characterised from
Ruegeria pomeroyi DSS-3 (Howard et al., 2006). This gene occurs frequently in a wide variety
of prokaryotic taxa, particularly within the Roseobacter and SAR11 clades of marine bacteria,
thus identifying them as primary mediators of DMSP demethylation. Homologues of dmdA,
which form five distinct clades, are harboured by (i) a third of all bacterioplankton cells in the
Sargasso Sea (Venter et al., 2004), (ii) ~three out of five bacterioplankton cells sampled in the
2007 Global Ocean Sampling (GOS) data set (Rusch et al., 2007), and (iii) ~28% of the sampled
cells in the Tara Oceans data set (Sunagawa et al., 2015). These homologues were found in
samples from the photic zone, confirming that DMSP flux is negligible in deep waters (Miller
and Belas, 2004). It is hypothesised that lateral gene transfer (LGT) partially played a role in the
extraordinary abundance of dmdA in bacteria across several marine habitats (Howard et al., 2008),
resulting in the homogenising of the ecological roles of marine bacteria (Ochman et al., 2000).
This high frequency of dmdA is presumably due to the requirements of these diverse bacteria to
reach high cell density under oligotrophic conditions (Tripp et al., 2008). Since the utilisation of
a reduced sulphur source like DMSP is energetically less costly compared to sulphate reduction,
it is therefore evolutionarily favourable for them to obtain dmdA (Tripp et al., 2008; Reisch et al.,
2011a).

1.3.2.2 DMSP lysis: dddD, dddL, dddP, dddQ, dddY, dddW, dddK

In contrast to the demethylation pathway, there is a diverse group of genes that mediate
the cleavage pathway. Currently, at least seven classes of DMSP-dependent DMS (ddd-) bacterial

enzymes are known, represented by different polypeptide families:

i.  dddD (Todd et al., 2007) which converts DMSP to DMS, acetate and 3-hydroxy-
propionate (3HP) as its C3 cleavage product, instead of DMS and acrylate like the
following ddd- genes,

ii.  dddL (Curson et al., 2008), rare in both cultured and metagenome databases (Reisch et
al., 2011a),

iii.  dddP (Todd et al., 2009), a M24B metalloprotease which cleaves the S-C bond of DMSP,
releasing DMS and acrylate (Choi et al., 2015; Wang et al., 2015a) and which is in high
abundance in several marine metagenomes (Howard et al., 2008; Varaljay et al., 2012;

Carrion et al., 2015; Choi et al., 2015),



iv.  dddQ (Todd et al., 2011), found exclusively in Roseobacters with two adjacent genes
(dddQ1 and dddQ?2) discovered amongst a 10-gene cluster,

v. dddY (Curson et al.,, 2011a), the only DMSP lyase associated with the bacteria’s
periplasmic space and often found adjacent to genes encoding various types of
cytochromes, some of which resemble those involved in acrylate and/or methacrylate
respiration (Mikoulinskaia et al., 1999; Gross et al., 2001),

Vi. dddW (Todd et al., 2012a), rarest of all ddd- genes thus far, and which together with dddL
and dddQ, contains carboxy-terminal domains that form cupin pockets involved in the
binding of DMSP (Alcolombri et al., 2014; Li et al., 2014),

vil.  dddK (Sun et al., 2016), a cupin-like DMSP lyase, only found in Pelagibacterales strains
(SAR11), the most numerically abundant heterotrophic bacteria in the ocean, often

operating simultaneously with dmdA.

The diversity of DMSP lyases is interesting, along with the fact that some bacteria appear
to have multiple cleavage pathways within their genome. It is still unclear why these bacteria
harbour different genes that carry out the same functions, although it is possible that their
physiological functions may be different (Bullock et al., 2017). The relative expression of these
different pathways naturally controls the fate of DMSP-derived sulphur into the atmosphere and
has led to an often-discussed concept in DMSP biogeochemistry that is referred to as the ‘bacterial

switch” (Simo, 2001).

1.3.3  The ‘bacterial switch’ hypothesis (also known as the sulphur demand hypothesis)

All forms of sulphur metabolism can be found within the Proteobacteria (Sievert et al.,
2007). While the ability to degrade DMSP to DMS is widespread among bacteria, we are only
now beginning to quantify their capacity to produce DMSP. The idea of a ‘bacterial switch’ that
regulates DMS degradation and emission to the atmosphere is not new (Kiene et al., 2000; Sim6,
2001). Both reports hypothesised that the two competing bacterial-mediated transformations of
DMSP (demethylation vs. cleavage) is driven by bacterial carbon and sulphur demands by DMSP
availability. It was postulated that the demethylation pathway (dmdA) is favourable when DMSP
supply is low relative to bacterial carbon and sulphur demands, while the cleavage pathway (ddd-
) will be preferred under low bacterial sulphur demand and elevated DMSP supply. It was further
suggested that additional factors involving light and temperature may be involved in the

regulation of the ‘switch’ whereby DMSP demethylation occurs under low UV-A dose (UV



radiation up to a wavelength of ~330 nm) while bacterial DMSP cleavage occurs under elevated

temperatures and moderate UV-A dose (Levine et al., 2012).

The ‘bacterial switch’ has significant environmental consequences. It is not only able to
modulate the partitioning of fluxes through the demethylation or cleavage pathways (Reisch et
al., 2011a), but more importantly, it plays a major role in the regulation of the sulphur cycle from
the oceans to land (Todd et al., 2012b). Emerging studies have supported this hypothesis, with
strains of R. pomeroyi and Roseobacter sp. found to regulate both the DMSP demethylation and
cleavage pathways in response to changing environmental conditions (Biirgmann et al., 2007;
Todd et al., 2012a; Varaljay et al., 2015), and Pelagibacter sp. which is able to simultaneously
catabolise both DMS and MeSH (Sun et al., 2016). The cellular mechanisms controlling the

‘switch’, however, remain elusive (Stefels et al., 2007; Moran et al., 2012).

1.4 DMSP metabolism within the coral holobiont

The first measurements of DMS emissions over coral reefs were carried out by Andreae
et al. (1983) after they noticed that coral specimens brought on board during their expedition
smelled strongly of DMS. Although their results at the time did not show any correlation between
the abundance of corals and DMS levels in surrounding water, they found that corals exposed to
air increased the average concentration of DMS in the atmosphere (Andreae et al., 1983). Almost
a decade later, studies by Jones et al. (1994) established coral reef ecosystems are a major
contributor of DMS emissions to the atmosphere by showing levels of both DMSP and DMS
increase with proximity to coral reefs. Subsequent expeditions measured elevated levels of
atmospheric DMS in the regions of the northern Great Barrier Reef (GBR), Coral Sea, Gulf of
Papua, Solomon Sea and Bismarck Sea, showing further correlation with areas of high coral reef
biomass (Jones and Trevena, 2005). Specifically, they found that high total particle concentrations
in aerosols adjacent to coral reefs are comparable with measured emissions in the past from land
surfaces and forest fires (Bigg and Turvey, 1978). In situ measurements of atmospheric DMS at
the southern GBR further established that coral reefs can be a greater source of DMS compared

to temperate marine ecosystems (Swan et al., 2012).

Biologically-derived demethylated sulphur compounds — which include DMSP, DMS
and DMSO — are very abundant in coral reefs as they can all be found in most (benthic) organisms
within the reef (Jones et al., 1994; Hill et al., 1995; Broadbent et al., 2002; Van Alstyne and
Puglisi, 2007; Swan et al., 2012). The highest concentrations of DMSP and DMS recorded in the
marine environment were measured from coral mucus, which contained more than 10 times the

amount found in sea ice (Broadbent and Jones, 2004). DMSP concentrations in coral tissue can



be up to three orders of magnitude greater than values obtained from benthic macroalgae
(Broadbent et al., 2002), suggesting that corals play a major role in the cycling of DMSP and
more widely of sulphur. The metabolism of these sulphur compounds was hypothesised to be
influenced by a combination of coral growth, grazing of DMS-producing algae by zooplankton
or reef fish, phytoplankton growth and benthic microalgae activity (Broadbent and Jones, 2006).
However, the relative contribution of the wide variety of reef organisms within the dynamics of
DMSP cycling has been difficult to establish (Broadbent et al., 2002; Van Alstyne and Puglisi,
2007; Kamenos et al., 2008).
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Figure 1.5. Dimethylsulphoniopropionate (DMSP) transformation within the coral holobiont and coral reef
waters adapted from Raina et al. (2010) and Deschaseaux et al. (2016). These transformations undergo
oxidation and reduction processes on dimethylsulphoniopropionate (DMSP), dimethylsulphide (DMS), and
dimethylsulphoxide (DMSO) within Symbiodiniaceae cells, coral tissue, and coral mucus. DMSP can be



degraded by enzymes coral-associated bacteria following two routes, the cleavage pathway or the
demethylation pathway. Percentages are estimates of the biochemical budget of each compound in
proportion to the total concentrations of demethylated sulphur compounds based on Deschaseaux et al.
(2014b) for values within the coral holobiont, and the mean obtained from (Jones et al., 2007) and
(Broadbent and Jones, 2006) for values in coral reef waters. Dotted lines indicate the transfer of compounds
between coral tissue, coral mucus, and the surrounding waters.

Most intertidal scleractinian corals are hermatypic (reef-building), usually living in
symbiosis with photosynthetic dinoflagellates of the family Symbiodiniaceae (Trench, 1979;
Douglas, 2003; Harrison and Booth, 2007; Harrison, 2011; LaJeunesse et al., 2018). These algal
endosymbionts provide the coral animal primarily with photosynthetically-derived carbon
(Muscatine and Porter, 1977; Trench, 1993) in exchange for shelter and nutrients such as
ammonium (Trench, 1993; Yellowlees et al., 2008). Corals also host a wide range of bacteria,
viruses, fungi, endolithic algae and archaea within their mucus layer, tissue and skeleton (Rohwer
et al., 2002; Wegley et al., 2004; Ritchie, 2006; Rosenberg et al., 2007; Marhaver et al., 2008;
Bourne and Webster, 2013). Besides providing additional nutrients and occasionally, pathogenic
resistance, the coral microbial community are also responsible for the catabolism of DMSP to
DMS (Johnston et al., 2008; Raina et al., 2009). Together, these micro- and macro-organisms

form a consortium that constitutes the coral holobiont.

Photosynthetic organisms, such as Symbiodiniaceae, bacteria and fungi, can synthesise
methionine, which is a precursor of DMSP. Animals usually acquire methionine through
symbiosis or their diet (Wirtz and Droux, 2005). Therefore, it was initially assumed that DMSP
concentrations measured from corals were the by-product of symbiont activity and thus, were
often expressed as per Symbiodiniaceae or per cell biovolume (Deschaseaux et al., 2016).
Previous studies have also shown a correlation between symbiont density and measured DMSP
production (Van Alstyne et al., 2006). However, the coral animal itself is capable of producing
DMSP (Raina et al., 2013), challenging the dogma that DMSP production in the coral holobiont
was solely attributed to its endosymbiotic microalgae, and calls into question the relative
contribution of the members of the coral holobiont to the sulphur cycle. Even more recently, it
has been found that corals have orthologues of the cobalamin-dependent methionine synthase
(MetH) present in their transcriptome, indicating that they can synthesise methionine on their own

(Aguilar et al., 2017).

It is difficult to determine DMSP flux within the holobiont due to the complex symbiotic
relationship the organisms have with each other. When DMSP is measured in isolated free
Symbiodiniaceae, concentrations were lower compared to those found within the coral host,

suggesting that the polyp may accumulate the compound within its tissue (Jones et al., 1994; Hill



et al., 1995). Different genera of Symbiodiniaceae can also produce different concentrations of
DMSP and DMS (Yost and Mitchelmore, 2009; Steinke et al., 2011). The synthesis of DMSP by
these endosymbionts correlates with their tolerance towards thermal stress (Deschaseaux et al.,
2014a). Coral-associated bacteria can also influence the rate of DMSP degradation to DMS
through the action of six different marine bacterial DMSP lyases (ddd- families) (Raina et al.,
2009; Raina et al., 2010; Alcolombri et al., 2017). Using a mechanism-based inhibitor, 2-bromo-
3-(dimethylsulphonio)-propionate (Br-DMSP), that selectively inhibits the Alma enzyme family
while avoiding other known DMSP lyase families, Alcolombri et al. (2017) found that more than
90% of DMSP lyase activity was inhibited in the crude extract of Acropora millepora. It appears
that the eukaryotic components of the holobiont equipped with Alma-like DMSP lyases play a
larger role in DMS production than previously thought, although there are other corals (e.g.,
Stylophora sp.) that did not demonstrate any inhibition when Br-DMSP was applied, indicating
that their DMS production is of bacterial origin (Alcolombri et al., 2017). With all members of
the holobiont heavily implicated in DMSP metabolism, it remains unclear which component
dominates these conversions, especially under different environmental conditions. What is
currently known of the DMSP cycling within the coral holobiont including predicted budgets is

summarised in Figure 1.5.

1.4.1  Factors affecting DMSP metabolism in coral reefs

The range of biological functions that DMSP and DMS play suggests that the production
of these compounds may be linked to environmental stress responses, particularly in corals
(Deschaseaux et al., 2014b). Previous studies on environmental factors causing oxidative stress
found these are accompanied by variations in DMSP and DMS production by the coral holobiont
that can amplify physiological stress experienced by the coral host, leading to a potential increase
in coral mortality (Van Alstyne et al., 2006; Deschaseaux et al., 2014b; Jones et al., 2014). Studies
have shown atmospheric DMS, to be highest over GBR reef waters at midday in the summer
(Broadbent and Jones, 2006). Its production is influenced by biological processes that involve
photosynthetic activity, which in turn is affected by light and sea surface temperatures (SST)
(Jones et al., 2007). This was confirmed when dissolved oceanic DMSP and DMS,
concentrations measured from the GBR were found to be positively correlated with SST (Jones
etal., 2007). The exposure of corals to the atmosphere during low tides at the reef has also resulted
in enhanced concentrations of atmospheric DMS; at the affected local regions (Jones and Trevena,

2005; Jones et al., 2007; Swan et al., 2012).



The exudation of mucus from stressed corals, particularly during low tide exposure or
when disturbed, have produced the highest concentrations of DMSP and DMS on record in the
marine environment (Broadbent and Jones, 2004). Many marine bacteria that play a central role
in the degradation of DMSP are associated with the coral mucus, and their ability to partake in
coral DMSP metabolism is implicated in the structuring of healthy resident bacterial communities
(Raina et al., 2009; Raina et al., 2010). Coral mucus-associated bacteria are also hypothesised to
act as a first line of defence against invasive pathogens, either by dominating coral niches (Ritchie
and Smith, 2004) or by the production of antimicrobial compounds that inhibit the growth of
invasive microbes (Ritchie, 2006). However, when DMSP concentrations are increased during
stress, the compound can act as a kairomone (a chemical signal that favours the receiver),
attracting bacterial pathogens that can cause bleaching or tissue-loss (Garren et al., 2014; Tout et
al., 2015). Interestingly, some of these pathogens are unable to degrade DMSP (Garren et al.,
2014), potentially disrupting the catabolism of the compound when they replace the resident

microbial communities in stressed corals.

Since reef-building corals are a major source of DMSP, any decrease in DMS emissions
can have significant effects on the regional climate over coral reefs that may intensify mass coral
bleaching events (Jones and Ristovski, 2010; Raina et al., 2013). When increased SST and/or tidal
exposure exceeds bleaching thresholds, the expulsion of coral symbionts and mucus into the
surrounding waters can occur, thus raising DMSP and DMS concentrations on reefs (Broadbent
and Jones, 2004; Jones and Trevena, 2005; Hopkins et al., 2016). Given the high abundance and
diversity of coral-associated bacteria within coral tissue and mucus (Rohwer et al., 2002; Koren
and Rosenberg, 2006; Garren and Azam, 2010; Sunagawa et al., 2010; Daniels et al., 2011; Sweet
etal., 2011), it is likely that coral-associated bacteria contribute towards the high levels of DMSP
in corals as well. Through the ‘bacterial switch’ hypothesis and emerging studies that support it
(Biirgmann et al., 2007; Todd et al., 2012b; Sun et al., 2016), as well as the discovery of dsyB and
its homologues, the role of marine bacteria in DMSP metabolism is more important than initially
thought. While past studies have investigated the catabolism of DMSP by coral-associated
bacteria (Raina et al., 2009; Raina et al., 2010; Raina et al., 2017), there is currently not much
known about their capability to produce DMSP, or how their metabolism of DMSP may
contribute to the flux of DMS to the atmosphere.

Coral reefs are also comprised of other benthic organisms that play a role in DMSP
metabolism (Broadbent et al., 2002; Van Alstyne and Puglisi, 2007; Kamenos et al., 2008). For
example, environmental stressors such as ocean acidification and increased temperatures have
been shown to affect DMSP production or degradation in the sea anemone Anemonia viridis

(Borell et al., 2014), coralline algae (Burdett et al., 2014) and the macroalgae Ulva lactuca



(Kerrison et al., 2012), indicating that the dynamics between various reef organisms can vary in
response to projected future climate conditions. Increased levels of DMSP in macroalgae resulting
from exposure to high partial pressure of carbon dioxide (pCO;) have also been shown to
negatively affect grazing behaviour of herbivorous fish and sea urchins (Borell et al., 2013)
potentially causing a shift to macroalgal dominance in the reef (Hughes, 1994), ultimately

affecting further decline in DMSP production.

1.5 Acrylate — the forgotten story

Concentrations of acrylate, a by-product from the catabolism of DMSP, are exceptionally
high in some coral species (Table 1.1) (Tapiolas et al., 2013). However, acrylate is a compound
that is relatively understudied in biological systems compared to its precursors. Coral reefs are
currently the only known natural environment to contain significant amounts of acrylate (Tapiolas
etal.,2010; Tapiolas et al., 2013; Curson et al., 2014). Acrylate is a C3 compound (CH,=CHCOO"
, Figure 1.6) and thus, a substantial carbon source within the coral holobiont (Tapiolas et al.,
2010). Its production can be achieved through DMSP lyase: six “ddd-" enzymes (dddK, dddL,
dddP, dddQ, dddW, and dddY) are involved in the cleavage of DMSP, subsequently yielding DMS
and acrylate (Curson et al., 2014; Sun et al., 2016). The enzymatic lysis of DMSP to acrylate has
also been reported in various DMSP-producing organisms including dinoflagellates (Steinke et
al., 2002), microalgae (Malin and Erst, 1997; Alcolombri et al., 2015) and chemoheterotrophic
bacteria (Todd et al., 2007; Curson et al., 2008). There have also been suggestions that the DMSP
demethylation pathway may generate acrylate through the demethiolation of MMPA, resulting in
methylthioacryloyl-CoA (MTA-CoA) as a downstream product (Taylor and Gilchrist, 1991;
Reisch et al., 2011b; Tan et al., 2013).

(A) (B)

Figure 1.6. (A) Chemical structure and (B) 3D ball and stick model of acrylate. Colour code: grey, carbon;
white, hydrogen; red, oxygen.



Table 1.1. Acrylate measurements in 18 hard coral species from the Great Barrier Reef adapted from

Tapiolas et al. (2013). ND, not detectable.

Family Species Acrylate (nmol mm-2)
. Acropora millepora 15.223
Acroporidae -
Montipora spp. 0.387
Agariciidae Pachyseris spp. 0.803
Euphyllidae Physogyra lichtensteini 0.330
Diploastrea heliopora ND
. Platygyra sinensis 0.936
Faviidae .
Goniastrea aspera 0.253
Echinopora spp. 8.235
Fungiidae Fungia spp. ND
o Merulina ampliata 2.588
Merulinidae
Hydnophora exesa 0.759
Mussidae Symphyllia recta 0.171
Oculinidae Galaxea fascicularis 1.457
Seriatopora hystrix 0.083
Pocilloporidae Pocillopora damicornis 0.035
Stylophora pistillata 0.130
. Porites spp. 1.083
Poritidae - —
Porites cylindrica 2.945

Acrylate, which is more commonly known for its use as an important industrial chemical
feedstock for acryloyl polymers in paints and other products of the petrochemical industries
(Curson et al., 2014; Tong et al., 2016), is produced in nature. It exhibits high levels of toxicity,
for example it is capable of inhibiting photosynthesis in green plants (Swanson and Jacobson,
1955). However, it is non-toxic in dilute concentrations in certain animal tissues such as in the
gut of pygoscelid penguins (Sieburth, 1959, 1961). Previously, the only reports of high levels of
naturally occurring acrylate were in the epiphytic intertidal alga, Polysiphonia lanosa, through
investigations of its precursor, DMS (Haas, 1935). In recent years, high levels of acrylate — up to
one order of magnitude greater than those of DMSP — have been measured in fast-growing, reef-
building corals such as Acropora sp. (Tapiolas et al., 2010; Tapiolas et al., 2013). It was suggested
that the variations in acrylate levels measured from different coral species may be due to a slower
turnover of acrylate compared to DMSP in Acropora and several other branching corals, or that
acrylate may be stored in these corals (Tapiolas et al., 2013). The reason for its accumulation in
corals is currently unknown although it has been correlated to temperature stress (Westmoreland

et al., 2017). The dramatic change in acrylate concentrations caused by oxidative stress was also



confirmed in Symbiodiniaceae-free coral tissue, which suggests the metabolite could be of animal

origin (Westmoreland et al., 2017).

The intracellular presence of acrylate can inhibit bacterial growth (Sieburth, 1961; Todd
et al., 2012b). However, some bacteria can thrive in high concentrations of acrylate (Noordkamp
et al., 2000) with some, including Gammaproteobacteria isolated from corals (Raina et al., 2009),
using it as a sole carbon source for growth (Yoch, 2002; Todd et al., 2010; Curson et al., 2011a).
Coral mucus, the animal’s first line of defence against diseases, has a lower pH (~7.7) compared
to its surrounding waters (Wild et al., 2005), probably due to the presence of large amounts of
acrylate (Broadbent and Jones, 2004). Acrylate carries a negative charge in aqueous
environments, enabling the compound to scavenge hydroxyl radicals (Westmoreland et al., 2017)
making it a much more effective antioxidant than its precursor, DMSP (Sunda et al., 2002). These
properties raise the possibility that acrylate may play an important role — directly or indirectly —
in coral defence, particularly against disease-causing pathogens or oxidative stress (Sunda et al.,

2002; Reshef et al., 2006; Ritchie, 2006; Raina et al., 2009).

Although there are very few known instances of acrylate accumulation in biological
organisms, its presence may have escaped attention due to its rapid flux through a catabolic
pathway and its ability to autopolymerise (Sieburth, 1961). Many bacteria can convert
exogeneous acrylate to acryloyl-CoA, an active cytotoxic electrophile that attacks sulphhydryl
groups (Herrmann et al., 2005; Todd et al., 2012b; Curson et al., 2014). To overcome this, the
Acul enzyme, with widespread distribution in a range of bacterial phyla, plays a primary role in
reducing the concentrations of acryloyl-CoA to sub-inhibitory levels (Todd et al., 2012b). The
acul gene can be found closely linked to ddd- or dmdA genes, raising the possibility that this close
linkage helps DMSP/DMS-producing bacteria and their host overcome acrylate toxicity (Curson
et al., 2014). However, this does not explain why corals, a major producer of DMSP, accumulate
high levels of acrylate in its toxic form. In 1960, acrylate was discovered from a green
mucilaginous alga, Phaeocystis pouchetii (Sieburth, 1960). While it is an acidic volatile substance
in vivo, it polymerises upon concentration to form inactive residues (Sieburth, 1961). While the
polymerisation of acrylate has extensive application in a variety of commercial and industrial uses
(Donnet et al., 2005), it is not known whether the coral holobiont can polymerise bioaccumulated

acrylate, and if so, whether it is subsequently used for any physiological purpose.

1.6 DMSP metabolism and coral calcification

DMSP metabolism and subsequent acrylate production might play a role in coral

calcification. The coral calcification process begins within the skeletal organic matrix (SOM)
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(Allemand et al., 1998), an extracellular calcifying medium that is located between the skeleton-
forming calicoblastic tissue layer and the growing skeleton (Reggi et al., 2014; Falini et al., 2015).
The SOM is a viscous medium composed of macromolecules and ions arranged in a geometric
lattice structure of crystallised calcium carbonate (CaCQOs) (Figure 1.7) (Michenfelder et al., 2003;
Ajikumar et al., 2005; Goffredo et al., 2011; Weiner and Addadi, 2011; Kalmar et al., 2012; Falini
etal.,2015; DeCarlo et al., 2018). The arrangement forms a three-dimensional framework, around
which CaCOs is precipitated (Ni and Ratner, 2008; Reggi et al., 2014; Sancho-Tomas et al., 2014).
The crystallisation of CaCOjs can result in several structures including calcite and vaterite (Ni and
Ratner, 2008), however, modern scleractinian corals primarily form aragonite, a polymorph

whose stability is highly sensitive to changes in ocean pCO, (Orr et al., 2005; Feely et al., 2009).
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Figure 1.7. Polyp tissues of a scleractinian coral showing the transport mechanisms for calcium (blue) and
carbonate (black and red) ions into the organic matrix. Inset shows the calcification centre, where the ions
are arranged to form aragonite crystals along the mineral matrix.

High concentrations of aspartate (or aspartic acid) (CsH¢NO47; Figure 1.8a) has been
found within the SOM (Reggi et al., 2014). This compound is capable of binding with calcium
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ions (Ca®") (Puverel et al., 2007), making it a very prevalent and functional compound during
Ca’" precipitation. The arrangement of Ca’" within the lattice structure is maintained through
aspartate-rich proteins during confined mineral formation (Rahman and Oomori, 2008), and in its
polymerised form (Figure 1.8b), polyaspartic acid has been hypothesised to be able to influence
the orientation of molecules to achieve crystallisation (Taylor and Sigmund, 2010; Cantaert et al.,

2013).
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Figure 1.8. (A) Chemical structure of aspartate, with its carboxyl group is highlighted within a red box,
(B) polyaspartate and (C) polyacrylate, with their carboxyl groups denoted in red, and dotted lines
indicating the chelation of calcium ions (Ca®").

Acrylate, in its polymerised form, i.e., polyacrylate (Figure 1.8c), bears a strong
resemblance to polyaspartate. The high concentration of acrylate in fast-growing corals from the
genus Acropora suggests that polyacrylate may be utilised by these corals to drive calcification
in a similar manner as polyaspartate. If acrylate is used by corals for calcifying purposes, this
would explain why vast amounts of acrylate appear to be produced and accumulated in their

tissues despite its toxicity.

1.7 Thesis aims and research directions

Coral-associated bacteria are known to utilise DMSP as a nutrient source, with the
capability to catabolise this compound through various pathways. However, the recent discovery
that prokaryotes are also capable of synthesising DMSP suggests that coral-associated bacteria
may have more prominent roles with regards to the sulphur cycle within the coral holobiont.
Therefore, the overarching goals of this thesis are (i) to determine if coral-associated bacteria can

produce DMSP, (ii) to identify the environmental factors influencing DMSP production, and (iii)
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to elucidate the functional role of acrylate, a breakdown product of DMSP, in corals. To

accomplish these goals, the following objectives will be addressed:

1. Determine the occurrence and diversity of DMSP-producing bacteria in corals. This
will be achieved by determining if coral-associated bacteria harbour the key biosynthetic
gene, dsyB. Production of DMSP in isolates that are dsyB-positive will then be confirmed

using nuclear magnetic resonance (NMR) and mass spectrometry.

2. Investigate the metabolic potential of DMSP-producing coral-associated bacteria.
The genome of abundant DMSP-producing bacteria will be fully sequenced to determine

their metabolic capabilities and contribution to the sulphur cycling in the coral holobiont.

3. Quantify how environmental stress affect bacterial DMSP production. Abundant
DMSP-producing bacteria will be subjected to stressors known to affect coral reefs
worldwide, such as temperature, UV, and salinity. The effect of these stressors on

bacterial production of DMSP will be quantified by NMR and quantitative PCR.

4. Investigate the influence of acrylate on coral calcification. Finally, the functional role
of acrylate in coral calcification will be investigated using stable isotope tracking, nano-
scale secondary ion mass spectrometry (nanoSIMS) and Raman spectroscopy. This
unique combination of techniques will aim to follow acrylate incorporation and

localisation of its polymer in coral skeleton at high-spatial resolution.
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Chapter 2:
Isolation and identification of DMSP-producing bacteria in corals

Abstract

Dimethylsulphoniopropionate (DMSP) is a signature molecule for life at sea. This small sulphur
compound is produced in large amounts by marine organisms (more than a billion tons per year
globally) and plays a pivotal role in the sulphur cycle. Until recently, DMSP was thought to be
synthesized by photosynthetic organisms only, but some corals and heterotrophic bacteria have
since been shown to produce it. Within the coral holobiont, DMSP production has been attributed
to both the coral animal and their algal partner Symbiodiniaceae, however, their diverse associated
bacteria could potentially be a cryptic source of DMSP. Here, bacteria associated with corals were
isolated and screened for potential DMSP-producing ability by targeting the bacterial DMSP
synthesis gene, dsyB. Of the 240 bacteria strains obtained, 6% of the isolates harboured dsyB. All
the dsyB-harbouring bacteria belonged to the Alphaproteobacteria class and their capability to
produce DMSP was confirmed through liquid chromatography-mass spectrometry (LC-MS) and
nuclear magnetic resonance (NMR) measurements. These results show that coral-associated
bacteria can produce DMSP and have the ability to contribute to the large DMSP pool produced
by the coral holobiont.

2.1 Introduction

Dimethylsulphoniopropionate (DMSP) is the most abundant organic sulphur compound
in the ocean (Johnston et al., 2012) and is central to the marine sulphur cycle (Sievert et al., 2007).
This molecule has multiple proposed roles in the marine environment. It is an osmolyte (Kirst,
1996; Stefels, 2000; Yoch, 2002), an antioxidant (Sunda et al., 2002; Deschaseaux et al., 2014b;
Gardner et al., 2016), a chemoattractant (Steinke et al., 2002; DeBose and Nevitt, 2007; Seymour
et al., 2010) and a cryoprotectant (Karsten et al., 1996) for various marine organisms. DMSP is
the precursor of dimethylsulphide (DMS) (Turner et al., 1988), the most abundant biogenic
sulphur compound released into the atmosphere. DMS gives the oceans their signature smell and
plays a role in the formation of clouds (Andreae et al., 1983; Bates et al., 1987; Kettle and
Andreae, 2000; Meskhidze and Nenes, 2006; Lana et al., 2011). Furthermore, DMSP is an
essential nutrient source for marine bacteria (Kiene et al., 2000; Wagner-Débler and Biebl, 2006;
Curson et al., 2011b), contributing up to 95% of their sulphur and 15% of their carbon demands
(Zubkov et al., 2001; Simo et al., 2002).
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DMSP production has long been thought to be restricted to photosynthetic eukaryotes
living in or near the marine environment, however, it is now clear that photosynthesis is not a
prerequisite for DMSP production. Indeed, marine bacteria found in saltmarshes, seafloor
sediments and the water column (Curson et al., 2017; Williams et al., 2019) have recently been
shown to produce DMSP. Tropical coral reefs are recognised as DMSP hotspots, particularly
when their coral biomass is high (Jones and Trevena, 2005). In reef-building corals, DMSP is
produced by the photosynthetic endosymbionts from the family Symbiodiniaceae (Keller et al.,
1989; Hill et al., 1995; Broadbent et al., 2002; Van Alstyne et al., 2009; Yost and Mitchelmore,
2009; Steinke et al., 2011), but can also be produced by the coral host itself (Raina et al., 2013;
Aguilar et al., 2017). Yet, the potential roles played by coral-associated microorganisms in the
production of the exceptionally high DMSP concentrations measured in some reef-building corals

has never been investigated.

Bacteria are abundant in and around corals (Ducklow and Mitchell, 1979; Rohwer et al.,
2002; Koren and Rosenberg, 2006; Ritchie, 2006; Kooperman et al., 2007; Rosenberg et al.,
2007). Together with protists, fungi, archaea, and viruses they form a consortium called the coral
holobiont (Rohwer et al., 2002). However, the roles they play within the coral holobiont are still
poorly understood. A recent genomic-based assessment of the coral microbiome has indicated
that bacteria and archaea potentially support central metabolic processes of the eukaryotic
partners through the fixation of carbon, nitrogen cycling through transformation of ammonia, urea
and nitrate (Robbins et al., 2019), and supply of essential B-group vitamins. The metabolic
pathway of DMSP along with that of another sulphur containing small molecule taurine (or 2-
aminoethanesulphonic acid) were also identified within these coral-associated prokaryotic
communities (Robbins et al., 2019). These results along with other previous studies have shown
that coral-associated bacteria can catabolise DMSP to support their growth (Raina et al., 2009;
Raina et al., 2010; Frade et al., 2016). However, it is unknown if coral-associated bacteria can

directly produce DMSP.

One of the key genes involved in the DMSP biosynthesis pathway, dsyB, was first
identified within the Alphaproteobacteria class (Curson et al., 2017). Alphaproteobacteria
represents up to 30% of coral-associated microbiota in reef-building corals (Frias-Lopez et al.,
2002; Rohwer et al., 2002; Bourne and Munn, 2005; Wilson et al., 2012; Blackall et al., 2015),
and have been involved in nitrogen fixation (Lema et al., 2014; Zhang et al., 2016), antimicrobial
production (Raina et al., 2016), and maintaining microbial community structure through quorum-
sensing (Li et al., 2017). Close homologues of DsyB, a methylthiohydroxybutryate
methyltransferase enzyme, exist in the orders Rhodobacterales, Rhizobiales, and

Rhodospirillales, which are all abundant in marine environments (Dang et al., 2008; Curson et
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al., 2017; Curson et al., 2018). Here, we investigated the bacteria associated with six common
species of reef-building corals from the Great Barrier Reef (GBR). We hypothesized that these
corals harbour DMSP-producing bacteria, which may contribute towards the overall DMSP pool
produced by the holobiont. Bacterial isolates were screened for the presence of the dsyB gene,

and their capacity to produce DMSP established through chemical analysis.

2.2 Methodology
2.2.1 Sample collection

A total of six scleractinian coral species were sampled opportunistically to isolate coral-
associated bacteria. All corals appeared healthy when the samples were collected, with no visual
signs of bleaching or disease. One colony each of Acropora millepora and A. tenuis were sourced
from Davies Reef (18°49'03.7"S, 147°38'39.6"E) and transported to the National Sea Simulator
(SeaSIM) at the Australian Institute of Marine Science (AIMS) to acclimate for a week before
sampling. Long term acclimated SeaSIM corals Pocillopora acuta and Stylophora pistillata were

also sampled to source a wider range of coral-associated isolates.

Corals held in SeaSIM were rinsed in sterile artificial sea water (ASW) and coral mucus
collected from five nubbins per colony using sterile 50 ml syringes fitted with 20-gauge
hypodermic needles. Mucus samples were kept on ice, transferred to the lab and processed within
an hour. In addition, two coral nubbins per colony were sampled using bone cutters and placed in
separate Whirl-Pak sterile sample bags (Nasco, Wisconsin, United States). Coral nubbins were
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 using sterile Potter-
Elvehjem tissue grinders and subsequently transferred into sterile 50 ml centrifuge tubes, placed
on ice and processed within an hour. The stripped coral skeletons were then crushed using a
sterilised pestle and mortar, applying up to 40 psi of pressure with a French press and the resulting

skeletal powder transferred into 50 ml centrifuge tubes which was used immediately.

Additionally, one colony each of A. millepora, A. tenuis, A. spathulata, and Montipora
spumosa were collected at the Orpheus Island Research Station (OIRS; 18°36'49.7"S,
146°29'21.4"E) and held in flow-through raceway aquaria for up to three days. Mucus swabs were
taken from three nubbins per coral colony, using sterile cotton buds stored individually in 15 ml
centrifuge tubes. The collected swabs were kept on ice, transferred to the lab and processed within

10 min.
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2.2.2  Bacterial isolation

To increase the probability of obtaining DMSP-producing bacteria, a methionine-
enriched medium was used thereby providing the isolates with a reduced-sulphur precursor
required for DMSP biosynthesis (Curson et al., 2017). Each coral sample type (mucus, tissue
slurry and crushed skeleton) was diluted in ASW (2-fold, 10-fold, 100-fold, and 1,000-fold).
Aliquots (50 ul) of each dilution were then spread onto Difco Marine Agar 2216 (MA; Becton
Dickinson, New Jersey, United States) and modified minimal basal medium (MBM) agar
enriched with a mixed carbon source (300 mM; details in Table 2.1), methionine (CsH;1NO,S;
0.5 mM), and ammonium chloride, (NH4Cl; 20 mM) as nitrogen source. Agar plates were
incubated at 28°C in the dark for one week and inspected daily for growth and the formation of
morphologically distinct individual colonies. Colonies were picked using sterile 20 pl pipette tips
and resuspended in 5 ml of Difco Marine Broth 2216 (MB; Becton Dickinson, New Jersey, 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 liquid MB and aliquots of each isolate stored in 20% v/v glycerol

at -80°C.

Table 2.1. Modified minimal basal medium composition used for the isolation of DMSP-producing coral-
associated bacteria based on Baumann and Baumann (1981) and Curson et al. (2017).

Volume or
Solution Component weight per
litre
1M Tris-HCI (pH 7.5) 300 ml
Basal Dipotassium phosphate (K2HPO4) 0.174 g
media® Ammonium chloride (NH4Cl) 19
Milli-Q water 750 ml
Ethylenediaminetetraacetic acid ferric (FEEDTA)
zteoliIE)aTA sodium salt (C1oH12N2NaFeOs) °9
Milli-Q water 1,000 ml
Succinate (CsHeO4) 54 g
Mixed Glucose (CeH1206) 36.3g
carbon Sucrose (C12H22011) 68.46 g
source® Pyruvate (CsH4O3) 176 g
Glycerol (C3HsO3) 14.6 ml
Milli-Q water 985.4 ml
Biotin (C10H16N203S) 2 mg
L Folic acid (C19H19N7Os) 2 mg
Vitamin —
supplement® Pyrldoxme-HCI (CsH12CINO3) 10 mg
(100 ml) Riboflavin (C17H20N4Os) 5mg
Thiamine (C12H17N4OS*) 5 mg
Nicotinc acid (CsHsNOz2) 5 mg
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Pantothenic acid (CoH17NOs) 5 mg

Cyanocobalamin (Ce3sHssCoN14014P) 0.1 mg
p-aminobenzoic acid (C7H7NOz) 5mg
Milli-Q water 100 ml
Sea salts 35¢
Basal media 250 ml
Milli-Q water 394 ml
Mix FeEDTAT 50 ml
Mixed carbon source? 300 ml
Vitamin supplement’ 1Tml
Methionine (CsH11NO2S) ®T (optional) 5ml

2Solutions were prepared and autoclaved separately before being combined.

bSolutions were prepared and filtered using gamma sterilised 0.22 um Millex-GP syringe filters (Merck,
New Jersey, United States) before being combined.

fSolutions were added post-autoclaving once media had cooled to ~50°C.

2.2.3  DNA extraction and purification

DNA extraction from single strain liquid cultures grown overnight in MB at 28°C was
performed using the DNeasy UltraClean Microbial Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The extracted DNA were quantified on a NanoDrop ND-1000 UV-
Vis spectrophotometer (Thermo Fisher Scientific, Massachusetts, United States). Aliquots of
extracted DNA were diluted with sterile Milli-Q water to 10 ng ul" and stored at -20°C until

required.

2.2.4  PCR amplification of bacterial 16S rRNA and dsyB genes

DNA obtained from the isolated coral-associated bacterial strains was screened using the
universal primers 27F and 1492R (Lane, 1991), designed to amplify bacterial 16S ribosomal RNA
(rRNA) genes, as well as the dsyB specific primers dsyB deglF and dsyB_deg?R that amplify a
246 bp region of the gene (Williams et al., 2019). Each PCR reaction mixture contained 1x
reaction buffer containing NH4, 2 mM of MgCl, solution, 1 mM of deoxyribonucleotide
triphosphate (ANTP) mix, 0.4 mM of each primer, and 0.5 pl of BIOTAQ DNA Polymerase
(Bioline, London, United Kingdom), adjusted to a final volume of 25 pl with UltraPure
DNase/RNase-free distilled water (Thermo Fisher Scientific, Massachusetts, United States).

Approximately 1 ng ul"' of template DNA was used for each reaction.

Rapid temperature cycling for PCR amplifications was as follows: (i) dsyB deglF/
dsyB_deg2R: initial heating 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
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and Munn (2005). PCR products were purified with the Wizard SV Gel and PCR Clean-Up
System (Promega, Wisconsin, United States) and visualised via electrophoresis on a 1% agarose
gel stained with ethidium bromide. DNA of Amorphus coralli DSM19760 and Oceanicola
batsensis HTCC2597, which harbour dsyB (Curson et al., 2017) were used as positive controls.

2.2.5 Sequencing and phylogenetic analysis

PCR products were sent for Sanger sequencing 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, Auckland, New
Zealand) where possible. Some dsyB amplicon sequences were too short or degraded to be paired

and merged, therefore in those instances, only one (either forward or reverse) sequence was used.

Nucleotide BLAST searches (Altschul et al., 1990) were conducted using the 16S rRNA
database obtained from the National Center for Biotechnology Information (NCBI) to identify the
closest taxonomic-related strains of the isolated coral-associated bacteria. The 16S rRNA
sequences were aligned using MAFFT (Multiple Alignment using Fast Fourier Transform)
version 7 (Katoh et al., 2002; Katoh and Standley, 2013) using default settings, then trimmed
using trimAl version 1.4 (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. The phylogenetic tree was
constructed using IQ-TREE version 1.6.12, with 1,000 ultrafast bootstrap replicates (Minh et al.,
2013) used to assess node support, and formatted using the ggtree package (Yu et al., 2017) in R
(R Core Team, 2020) through RStudio (RStudio Team, 2015).

The dsyB amplicon sequences were translated into protein sequences and searches to find
regions of local similarity performed using BLASTP. These translated sequences were also
aligned with the known DsyB protein from Labrenzia aggregata (AOR83342) (Curson et al.,
2017) to assess for 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 version 11.00 (Notredame et al.,
2000; Di Tommaso et al., 2011) (available at http://tcoffee.crg.cat/apps/tcoffee/do:regular) with

default settings and formatted using Boxshade 3.21 (available at https://embnet.vital-
it.ch/software/BOX_form.html).
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The bacterial 16S rRNA gene amplicon sequences reported in this study have been
deposited in GenBank (https://www.ncbi.nlm.nih.gov) under accession codes MW828351 to
MW828582.

2.2.6  Synthesis of DMSP

DMSP was synthesised following the method described by Chambers et al. (1987) and
Oduro et al. (2011) with some modifications. All chemicals were sourced from Sigma Aldrich
(Missouri, United States). Briefly, sulphuric acid (H.SO4) was dripped onto sodium chloride
(NaCl) in an airtight flask, producing hydrogen chloride (HCI) gas which was then bubbled slowly
through a stirring mixture of dichloromethane (CH>Cl,; 20 ml), DMS (5 ml) and acrylic acid
(CH,=CHCOOH; 4 ml distilled over copper wool). The white precipitate was subsequently
filtered and recrystallised with ice-cold ethanol to remove any unreacted acrylic acid, then freeze-

dried overnight to give DMSP (2.11 g or 27% yield; ~95% purity as determined by '"H-NMR).

2.2.7  Culture of dsyB-positive bacterial strains

dsyB-positive bacterial strains were cultured in 500 ml of MB and yeast tryptone sea salts
(YTSS; as described in Gonzalez et al. (1996)) mixed with either unmodified MBM broth or
methionine-enriched MBM broth. The cultures were incubated at 28°C and 180 RPM, then
harvested after 24 hours by centrifugation (3,000 g for 15 min at 4°C). All supernatant was
transferred into 50 ml centrifuge tubes, snap-frozen with liquid nitrogen and stored at -20°C until
required. The cell pellets were also snap-frozen with liquid nitrogen, lyophilised overnight
(Dynavac freeze dryer, Massachusetts, United States; model FD12) and stored at -20°C until

required.

2.2.8 Liquid chromatography-mass spectrometry (LC-MS)

Liquid chromatography-mass spectrometry (LC-MS) was used to establish the presence
or not of intracellular DMSP in bacterial isolates cultured in liquid MB. Cultures were centrifuged
(3,000 g for 15 min at 4°C), the supernatant decanted and the residual bacterial cell pellet
extracted with CH3;OH:H,O (2:1), vortexed at maximum speed for 5 min and sonicated for 10
min at room temperature followed by centrifugation (3,000 g for 5 min). Extracts were analysed

on an Agilent 1100 series high performance liquid chromatograph coupled to a Bruker Esquire
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3000 quadrupole ion trap mass spectrometer (LC-MS; Bruker Daltonics, Massachusetts, United
States) equipped with an electrospray ionisation interface (ESI). Extracts (5 ul) were separated on
a reverse-phase Luna 3p HILIC column (Phenomenex, California, United States; 150 x 3 mm,
with a particle size of 3 pm) 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 (CH;OH, HPLC grade OmniSolv), at a flow rate of 0.5 ml min™'. 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 =20 min, 60% B; t=
22 min, 60% B. The ESI was operated in positive mode and the target mass of m/z 135,
corresponding to the [M+H]" of DMSP, monitored (established from a DMSP standard). Acrylate
is a product of DMSP catabolism by some bacteria, and therefore its presence was also monitored
for by LC-MS. The target mass of m/z 117, corresponding to the [M+HCOOH]" of acrylate, was

monitored in positive mode (established from an acrylate standard).

2.2.9  Nuclear magnetic resonance (NMR)

Dried bacterial pellets were resuspended in 2 ml of deuterated methanol (CDs;OD;
Cambridge Isotope Laboratories, Massachusetts, United States), vortexed at maximum speed for
5 min and sonicated for 10 min at room temperature. Deuterium oxide (D,0, 666 ul; Cambridge
Isotope Laboratories, Massachusetts, United States) was added to the mixture and again vortexed
at maximum speed for 1 min followed by sonication for 5 min at room temperature. The bacterial
extracts were then centrifuged at 3,000 g for 5 min to pelletize the debris. A 700 pl aliquot of each
particulate-free extract was transferred into a 5 mm Norell 509-UP NMR tube (North Carolina,
United States) and analysed immediately by 'H NMR.

NMR spectra of the bacterial extracts were recorded on a Bruker Avance 600 MHz NMR
spectrometer (Bruker BioSpin, Massachusetts, United States) with a triple resonance cryoprobe
(TXI), referenced using CD;0D (8 3.31). 'H NMR spectra were acquired using the steps outlined
in (Tapiolas et al., 2013) using a standard Bruker solvent suppression pulse sequence. 2D NMR
spectra were also acquired to confirm assignment of DMSP. All spectra were referenced to
residual "H and "*C resonances in CD;OD. In addition, given the zwitterionic nature of DMSP,
one extract was spiked with 14 pl of 50 mM DMSP (leading to a 1 mM increase in overall DMSP

concentration) to confirm the position of the methyl singlet.
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2.3 Results
2.3.1 Isolation of coral-associated bacteria

A total of 240 bacteria belonging to 47 different genera were isolated from mucus swabs
(35%), coral mucus (33%) and coral tissue (32%). Attempts to isolate bacteria from the crushed
coral skeleton samples were unsuccessful. Based on taxonomic identity established from the 16S
rRNA gene data, 44 bacterial strains were isolated multiple times from the different coral niches
(i.e., mucus swabs, coral mucus and coral tissue). The most abundant taxon of bacteria isolated
from each coral niche was the Gammaproteobacteria class, followed by Alphaproteobacteria and

Flavobacteria (Figure 2.1).
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Figure 2.1. Taxonomic composition of isolated coral-associated bacteria, from mucus swabs (83 isolates),
coral mucus (80 isolates), and coral tissue (77 isolates).

Table 2.2. Abundance and diversity of coral-associated bacteria isolated from mucus swabs, coral mucus
and coral tissue.

Sampled niche  No. of isolates  No. of families No. of genera No. of species

Mucus swabs 83 10 17 32
Coral mucus 80 15 30 52
Coral tissue 77 14 29 46
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The number of bacteria isolated varied among each sample niche. Isolates obtained from
coral mucus and coral tissue belonged to a broader range of phylogenetic groups compared to
those from mucus swabs (Table 2.2). This can be attributed to the nature of the mucus swabs
which were processed undiluted. Because nutrient-rich growth media favour fast-growing
bacterial strains (Stewart, 2012), repeated dilution of the starting samples enabled a wider

diversity of slower growing strains to be isolated from coral mucus and coral tissue.

The coral mucus isolates were the most heterogenous across all levels of taxonomy,
followed by the coral tissue and mucus swabs isolates. Despite picking approximately the same
number of isolates from all three niches, nearly twice as many genera were isolated from the coral
mucus and tissue compared to mucus swabs. Although attempts were made to reduce bias when
picking colonies, some genera remain over-represented. It is possible that the isolation approaches
implemented in this study may preclude the growth of some bacteria species. Maximum-
likelihood analyses established the similarity of the bacterial isolates within each niche (Figures
2.2 to 2.4). Many of the isolates grouped together indicating that they are closely related or highly

similar strains. This was certainly the case for isolates obtained from mucus swabs (Figure 2.2).
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Isolation source  Closest taxonomic.related strains SeqID (%) Align (bp)

Acropors tenuis Thalassobius mediterraneas strain XSM10 29925 13101329
Acropora mifiep T i strain X5M 19 299.25 13181328
Acropora tenuis Thalassobius mediemraneus strain XSM 10 00.25 132041330
Acropora tenurs Thalassobius medierraneus strain XSK 18 99.25 13141324
P tenuis T i strzin XSM10 97.30 1083/1112 a-protecbactaria
Acropora spathulata Shimia isoporae strain S\W6 80.16 7151892
Acropora spathulata Shimia maring strain CL-TAD3 28.41 130341324
Acropors spathulals Leisingers aquaemixise strain SSKE-1 08.03 12081322
Acropora spathulata Ruegeria areniitons strain G-M8 97.05 12841323 J
Acropora tenuis Tenascibacwum skagerrakense strain D20 20.56 13451351 7
Acropora milepora  Tenacibaculum skagerrakense strain D30 99.56 13451351
pora tenuis T g strain D20 9056  1345/1351
Acropora tenuis Tenacibaculum skagerrakense strain D30 9956 134311349 Flavobactenia
Acropora mifiep Tenac g strain D30 9048 13441351
Acropors miflepara  Tenscibaculum sksgerrakense strain D30 9958 134741352
Acropora mifiepora Tenac g strain D20 9004 134041353 -
Acropora hulata Arcobacter strain LFT 1.7 24.54 1282/1356 3 e-proteshacteria
Acropoea milepora  Acinetobacter venetisnus RAG-1 = CIP 110063 strain ATCC 31012 20.79 1400/1403 7]
Acropora tenuis Endozcicomonas monliporae CL-23 89.08 o977/1007
Acropors spathulats Psesdomonss stutzen ATCC 17588 = LMG 11192 9988 13081400
Acropora tenuis Marinobacter hydrocarbonoclasficus ATCC 49840 99.79 1404/1407
Montip T ize strain Eup-16 28.01 1370/1407
i T ise strain Eup-16 a7.37 137211409
cropora spathulala Thalassotalea loyana strain CBMAI 722 24.82 133711410
Monfipors spumosa Thalassotales corali strain Eup a-8 9.7 13731317
Montipors spumosa Thalassolales loyana strain CBMAI 722 24.73 133171405
Acropors spathulats Thalassotsles ponticols strain GJSW-38 99.42 1380/1368
Acropors tenuls AlNeromonas macieodii strain 107 98.83 110211115
Acropora tenuis AMeromonas macleodii strain 107 08.50 1256801270
Acropora tenuis Alteromonas macleodit strain 107 99.20 110211118
Acropora miflepora  ANeromonas macleodii strain 107 99.00 1080/1100
Acropora tenuis Alleromonas macieodii strain 107 98.18 108041100
Acropora miflepors  Alteromonas macleodii strain 107 97.98 12891301
Acropora miiepors  Alleromonas macleodil strain 107 28.92 127n2rr
% macleodii strain 107 28.57 138371402
Monti; i strain 107 28.93 1384/1302
tenuis macleodii strain 107 29.71 135711361
Acrop Ak maclecdii sirain NBRC 102226 99.58 13531359
Afonii; it strain DE 28.64 1380¥1309
P maclecdii sirain NBRC 102226 28.75 134171358
Monti; it strain DE 98.82 134011358
Acropora mi it strain DE §87.10 485554
Monti it strain DE 97.58 1388/1402
Monti; it strain DE 86.83 0361078
Acropora tenuis  Aliiglaciecols coringensis strain AKAS 9503  1318/1388
Acropors tenuis Aliigisciecols corngensis strain AK49 95.00 131741385
Acmopora lenuis Aliiglaciecola coringensis strain AK49 24.08 132001402
Acropora miliep hioy kiensis strain SE3 20.00 130171408
Acropora mi F 0 it kignsis strain SE3 20.01 138371407
Acropora m{Mepwa Pseudoalferomonas shiopsahieﬂsis strain SE3 99.00 130241406 y-protesbactera
Acropora f strain SE3 99.00 138041404
Acropora miiepora yasaki strain SE3 99.00 130041404
it i & strain SE3 99.00 130071404
P it ¥ oy iensis strain SE3 99.00 139071404
Acropors miflep hioyasakiensis strain SE3 0874 141141420
CIOPOra it F J hi o strain SE3 99.00 139071404
Acropora milep hioy kiensis strain SE3 90.00 13021408
Acropora mi ¥ K wensis strain SE3 90.29 1396/1406
Monti; F rubra strain ATCC 20570 99.14 1387711309
Monti; rubras strain ATCC 20570 9914 138711300
Acropora ¥ ea strain MBRC 103183 99.71 1394/1308
Acropora tenuis Pseudoalieromonas lufeoviciscea strain NBRC 103133 20.71 13021306
¥ phenciica stram JCM 21460 99.93 139641387
Acropora tenuis Grimontia cefer strain 96-237 99.20 13811372
Acropora milepors Grimontia celer strain 93-237 90.20 13611372
Acropora tenuis Grimontia celer stram 96-237 28.59 140141421
Acropora spathulats Photobscterium rosenbergii strain CC1 08 87 13081412
Acropora mifepora Vibrio astriarense stran CT 99.50 1366801372
P tep Vibria J icus ATCC BAA-Z122 strain N384 28.24 13071422
Acropora millepors  Vibrio tubiashii ATCC 19109 28.24 1306/1421
Acropora miepora  Vibrio canbbeanicus ATCC BAA-2122 strain N384 28.24 1397/1422
Acropors milepars  Vibrio carbbesnicus ATCC BAA-2122 strain N384 28 24 130011424
Acropora spathulala Vibrio canbbeanicus ATCC BAA-2122 sirain N384 98.03 1386/1422
Acropora spathulsts Vibrio canbbesnicus ATCC BAA-2122 strain N384 00.58 14141420
Montipora spumosa Vibrio tubiashii ATCC 12109 99.20 14051415
Acropora tenuis Vibrio tubiashii ATCC 19109 90.23 1411/1422
Montpors spumosa Vibrio tubiashii ATCC 19109 99.23 1414
Montipors spumosa Vibric fortis strain CAIM 628 29.51 140041418
Montipors spumoss Vibrio fortis strain CAIM 620 99.15 14051417
Monfipors spumosa Vibrio sestivus strain M22 99.15 14051417
Acropora miflepors  Vibrio mediferranei strain ATCC 43341 20.02 140711421
Acropora miepora  Vibrio shioni strain LMG 19703 a3.75 13661457
Acropora millepora  Vibrio coraliiiyticus strain ATCC BAA-450 88.50 segO7s

Figure 2.2. Identity of the 83 bacteria isolated from mucus swabs, based on near-complete 16S rRNA
sequences. The maximum-likelihood trees were constructed based on MAFFT alignments. Bootstrap
support for nodes is indicated with only values of more than 50% indicated.
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Isolation source

Chapter 2: Isolation and identification of DMSP-producing bacteria in corals

Closest taxonomic-related strains

SeqID (%) Align (bp)

Acrop: D Vibrio # CAIM 510 = NBRC 15621 strain ATCC 25020
P ifiep Vibrio CAIM 51 BRC 15631 strain ATCC 25920
P ifiep Vibrio it CAIM 51 IBRC 15631 strain ATCC 25920
Acropora milepora Vibrio campbetiii CAIM 519 = NBRC 15621 strain ATCC 25920
P ifepora Vibrio 3 CAIM 577 = LMG 21460
e it Vibrio i CAIM 577 = LMG 21460
Pocillopora acuta  Vibrio harveyi strain NCIMB1280
Pocillopora acuta  Vibrio harveyi strain NCIMB1280
Acropora millepora Vibrio harveyi strain NBRC 15624
Acrop: iflep Vibrio algil i strain ATCC 17749
Acrop: ifiep Vibnio icus strain ATCC 17749
Acropora mifiepora Vibrio owensii CAIM 1854 = LNG 25443 strain DY05
Acropora tenuts Vibrio owensi CAIM 1854 = LMG 25443 strain DY05
Acropora tenuis Vibrio coraliiilyticus strain ATCC BAA-450
Acrop: itiep Vibrio icus strain ATCC BAA-450
Acrop i Vibrio iilyticus strain ATCC BAA-450
Acropora miflepora Vibrio shilonii strain LNG 19703
Acropora miliepora Vibrio ishigakensis strain C1
Acropora miiepora Vibrio tubiashii ATCC 19109
Acropora tenuls Vibrio xuii strain R-15052
T iflep Vibrio ius strain LMG 20362
Pocillopora acuta  Vibrio fortis strain CAIM 629
Acropora miflepora Vibrio ponticus strain 69
Acropora miflepors Vibrio rotiferianus CAIM 577 = LMG 21460
pora tenuls i ica strain JCM 21460
Acropora miflep Ps strain JCM 21460
P tenuis F strain JCM 21460
pora tenuis F A strain NCIMB 1893
P it F strain NBRC 103183
pora tenuis F rubvra strain ATCC 20570
Acropora tenuis Psychrosphaera saromensis strain SAL-48
Acropora miepors Psy o strain SA4-48

Acropora mifiepora

Agarivorans albus MKT 106
T

P P

loyana strain CBMAI 722

P P
Acropora tenuis
Acropora tenuis

> pora T! loyana strain CBMAI 722
i acuts T litores strain HMF4133
P acuts F futt strain NBRC 101558
Pocillopora acuta  Microbulbifer echini strain AM134
Acropora tenuis Maricurvus nonylphenoficus strain KU41E
Acrop: ifiep concharum strain LHW37
P i strain MEBIC05461
Stylophora pistillata Kangiella taiwanensis strain KT1
Acropora tenuis Kangiells taiwanensis strain KT1
0 it Aquit pongiae strain AG
Acrop itlep: Aquir strain AB
Pociliopora acuta  Aquimarnina penaei strain P3-1
Pociillopora acuta  Aquimaring gracilis strain PSC32
Acropora tenuis Aquimaring aggregata strain RZW4-3-2
Acrop: ifiep Aquil it is strain M124
Acropora mil it is strain M124
P Quil it is strain M124
oA Aquimaris it is strain M124
Kordia jejt is strain SSK3-3

Bizionia echini strain KMM 6177
Eudorasea chungangensis strain CAU 1296

Acropora millepora

Pocillopora acuta  Muricauda oleana strain CL-SS4
P iflep T i i strain B-1
Acrop iflepora Te i strain B-l
0 pistillata ié is strain HKU50
P ilepora Bscilius paramy strain MCCC 1A04008
o Ery i strain SW-110
e pistillata Ery lutimaris strain S-5
pistillata Ery pelag strain UST081027-248
Acropora milepora Roseovarius pacificus strain 81-2
pistillata Limit is strain UST950701-009P
Acropora millepors Roseivivax lentus strain S5-5
pora tenuis geri is strain G-M8
i scuts g is strain G-M8
> itiepo: is strain MM-10
Acropora milepora Shimia marina strain CL-TA03
Acropora millepora  Shimia sestusni strain JC2048

Shimia aestuani strain JC2049

P pora F i strain JLT1210
Acrop ifiep i frati strain JLT1210
0 pistillata it YT tae strain CL-SK30
Stylophora pistillata Labrenzis aggregata strain NBRC 16684
Pocillopora acuta  Labrenzia aggregata strain NBRC 16684
Pocil acuta P « i strain NBRC 100825
pistillata P: strain NBRC 100825
Acropora mil P ibri if strain NBRC 100825

99.72
90.79

90.28
90.07
92.35
95.81
97.66
100.00
90.86
98.22
28.86
26.70
926.97
96.54
99.93
100.00
99.93
99.86
97.62
93.26
20.21

141371417
1409/1412
140771411
1311/1421
1408/1416
1417/1421
1413/1416
1417/1420
1364/1380
1405/1408
1416/1419
1412/1412
1415/1419
141271421
141271421
141111421
141471420
13931477
1406/1421
1153/1194
139171398
1414/1420
1329/1369
989/1057
1386/1389
1396/1399
1395/1399
1387/1403
1397/1399
1392/1401
131411371
1296/1375
1393/1410
1064/1108
135471404
1387/1400
1379/1389
1388/1401
1292/1399
1348/1407
1377/1410
1362/1362
1400/1402
1380/1405
1383/1399
134671392
134671388
1338/1386
139371304
1389/1389
1392/1393
1388/1390
1352/1385
1301/1395
1382/1392
1320/1304
1398/1403
1379/1387
1380/1383
728/851
1322/1343
1337/1352
132411326
1296/1329
1300/1324
1319/1328
1323/1325
132471326
12751318
127911331
12711314
1204/1333
1305/1308
132211325
132471350
134171347
1318/1339
134771349
135171352
135171352

3
u}

y-proteobacteria

Flavobacteriia

Actinobactena
Bacilli

a-protecbacteria

Figure 2.3. Identity of the 80 bacteria isolated from coral mucus, based on near-complete 16S rRNA
sequences. The maximum-likelihood trees were constructed based on MAFFT alignments. The isolates in
blue are bacteria possessing dsyB homologues. Bootstrap support for nodes is indicated with only values of

more than 50% indicated.
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100 —2.SPT-01
-2.PAT-Y1

2-AMT-W1
AMT-P-31

AMT-P-22
2-ANT-01

Isolation source  Closest taxonomic-related strains

Seq D (%)

Align (bp)

Acropora m strain XSM19
Acropors miti strain XSM19
Acropora miliep Lei strain SSK6-1

P jopora acuta

Leisingera aquaemixtae strain SSK&-1
ors Pseu ° s strain JLT121
Acropora miflepora Pseudooceanicola nitratireducens strain JLT1210
Acropora mitiepora Marimonas arenosa strain CAU 1311

Pocillopors acuta  Ruegeria arenilitons strain G-M8

Acropora tenuis Ruegeria arenifiton's strain G-M8

Acropora tenuis Ruegeria profundi strain ZGT108

Acropora tenwis  Ruegeria atlantica strain NBRC 15792

Stylophora pistiiata Ruegeria atiantica strain NBRC 15702
Acropora miliepora Ruegeria conchae strain TW15
Acropora miiepora Ruegeria conchae strain TW15
Pociliopora acuta

Ruegeria profundi strain ZGT108
A aquimans strain MM-10
Maliponia aquimans strain MM-10

Labrenzia alba strain SOM6
Pseudovibrio denitrificans strain NBRC 100825

NBRC 86

Acropora tenuis
Stylophora pistillata Erythrobacter pelagi strain UST081027-248

Pociliopora acuta  Erythrobacter flavus strain SW-46
Acropora miiepora Aquimarina spongiae strain AB

fop pistillata Ag spongiae strain AG
Acropora milepora  Aquimarnina agarilytica ZC1
it idiar ter flavus strain NH57N
Croceitalea ecklonise strain DOKDO 025
Pociliopora acuta  Muricauda beolgyonensis strain BB-My12
Pocifopora acuta  Maribacter stanieci strain KMM 6046
Acropora miflepora Tenacibaculum jejuense strain CNURIC013

Po: liepo
Acropora tenuis

Tenacit strain ad
Tenacibacuium litopenaei strain B-l
Tenaci i i strain B

Pociiiopora acuta

Gordonia hongkongensis strain HKU50
g strain JAMB A3

P liepora Mic garily
Acropora miliep: Mic: Fyticus strain JAMB A3
P pistillata Mic garily strain JAMB A3

i pistillata Mic strain JAMB A3

Acropora milepora  Microbuibifer variabilis strain Ni-2088

Acropora tenuis Endozoicomonas acroporae strain Acr-14

Acropora mifiepora Neptunomonas concharum strain LHW37
POra tenuss concharum strain LHW37

Acropora tenuis Halomonas smyrnensis strain AADG

Acropora mifiepora Vibrio hepatarius strain LMG 20362

PO itiepr Vibrio hepa strain LMG 20362

Acropora miepora strain LMG 20362

W acuta  Vibrio hepatarius strain LMG 20362

Acropora miiepora Vibrio tubiashii ATCC 19102

Acropora miflepora Vibrio tubiashi ATCC 19109

Acropora miliepora Vibrio corafiiilyticus strain ATCC BAA-450
POl iflepr Vibrio 7 i strain ATCC 43341

Acropora milepora Vibrio shilonii strain LMG 19703

Acropora mifiepora Vibrio shiloni strain LMG 19703

Acropora miliepora Vibrio fortis strain CAIM 629

Acropora miiepora Vibrio fortis strain CAIM 629

Acropora miflepora Fermmonas senticii strain P2S11

Acropora m P

PO
Acropora miliep P
Acropora milepora Pseudoalteromonas rubra strain ATCC 29570
Acropora milepora Psychrosphaera saromensis strain SA4-48
Acropora miiepora Tl phyilize strain Eup-16
Pocifiopora acuta Thaiassotalea euphyiiiae strain Eup-16
Pocifiopora acuta  Thaiassolalea euphyilise strain Eup-16
Acropora mitiepora T iphyilize strain Eup-16
Acropora miliepora Alteromonas macieadi strain 107

Acropora miflepora Shewanelia intestini strain XMDDZSB0408
Acropora miiepora Shewanella coralii strain fav-2-10-05

ea strain NBRC 103183
ifepora P futeovioiscea strain NBRC 103183
i strain NBRC 103183

1 )

1331/1340
1322/1330
1289/1317
1289/1322

1283/1324
1206/1313
1300/1326
1304/1328
1311/1328
1317/1328
1326/1329
1322/1328
1305/1318
1276/1318

13 3
132271341
1349/1350
1346/1355
1337/1346
1371/1406 7
1387/1398
1118/1369
1326/1391
1335/1390
1250/1318
1338/1397
1360/1384
1372/1378
1354/1399
1379/1382 J
13831383 3
1381/1395 7]
1395/1402
1388/1392
1392/1398
1383/1399
1236/1259
1347/1407
1348/1407
1401/1406
1392/1426
1356/1394
1375/1433
1395/1414
1414/1420
1406/1420
141271421
1356/1465
1391/1452
13741391
1412/1421
1415/1422
1353/1364
1375/1379
1395/1399
1385/1387
1364/1372
1336/1407
1342/1344
1402/1405
1399/1404
1369/1407
139471401
133371367
1392/1411

a-proteobacteria

Flavobacteriia

Actinobacteria

y-proteobacteria

Figure 2.4. Identity of the 77 bacteria isolated from coral tissue, based on near-complete 16S rRNA
sequences. The maximum-likelihood trees were constructed based on MAFFT alignments. The isolates in
blue are bacteria possessing dsyB homologues. Bootstrap support for nodes is indicated with only values of

more than 50% indicated.

Of the 48 species isolated, nineteen were common to both the coral mucus and tissue

(Figure 2.5), indicating they are true coral associates, potentially occupying the matrix between

the coral tissue surface and inner mucus layer, and are unaffected by the surrounding water

column. Of these, six genera were also found in mucus swabs: Pseudoalteromonas (n = 26

isolates), Ruegeria (n = 11 isolates), Shimia (n = 13 isolates), Tenacibaculum (n = 13 isolates),

Thalassotalea (n = 13 isolates), and Vibrio (n = 52 isolates). Four genera are common between

the mucus swabs and coral tissue bacteria composition, including Alteromonas (n = 18 isolates),
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the ubiquitous Endozoicomonas (n = 2 isolates) (Ainsworth et al., 2015; Neave et al., 2017),

Leisingera (n = 3 isolates), and Thalassobius (n = 7 isolates).

Fourteen isolates (6% of the total) were found to harbour the dsyB gene. These strains
belong to the Alphaproteobacteria class, specifically the family Rhodobacteraceae, and include
Roseivivax (n = 3), Shimia (n = 10), and Pseudooceanicola (n = 1) related microorganisms. These
dsyB-harbouring strains were isolated from the mucus (21%) and tissue (79%) of Acropora sp.
Preliminary screening also identified a potential match for the gene in a Gammaproteobacterium

closely related to Vibrio hepatarius (isolate AMT-P-4).

Mucus swabs

Acinetobacter
Aliiglaciecola
Alteromonas
Arcobacter
Grimontia
Marinobacter
Photobactenium
N . Pseudomonas
Coral mucus
Pseudoalteromonas Alteromonas
Agarivorans Ruege,da Endo;o.r’comonas
Amphritea S.‘?:m:a Le:smger;li
Bacillus Aquimarina T?gaf mssoigrg;n A
Bizionia Erythrobacter aj,b 2
Eudoraea Ferrimonas L
Kangiella Gordonia
Kordia Labrenzia
Limimaricola Maliponia Muricauda
Maricurvus Microbulbifer Neptunomonas
Maritalea Pseudooceanicola Croceitalea
Roseovarius Pseudovibrio Halomonas
Psychrosphaera Maribacter
Roseivivax Marimonas
Meridianimaribacter
Shewanella

Figure 2.5. Venn diagram showing the bacterial taxa associated with corals (n=48). The three circle Venn
diagram shows the distribution of bacteria taxa isolated from coral mucus swabs (blue), mucus (green) and
tissue (orange). Nineteen bacterial taxa were common to both the coral mucus and tissue.

2.3.2  Comparative analysis of the dsyB gene in coral-associated bacteria

The primers dsyB deglF and dsyB deg2R (Williams et al., 2019) which were used to
screen for dsyB genes in the isolated bacteria yielded between 150-200 bp of sequence data. The

translated amino acid sequences were directly compared to the previously known DsyB protein
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obtained from Labrenzia aggregata (AOR83342) (Curson et al., 2017). The derived DsyB
sequences from the dsyB-harbouring isolates showed high sequence identity (see Figure 2.6) with
an average of 65% similarity to the described DsyB protein of L. aggregata (Curson et al., 2017;
Curson et al., 2018). Isolate AMT-P-24 (Shimia aestuarii) had the highest sequence identity at
60.3%, while isolate AMT-P-26 (Pseudooceanicola nitratireducens) had the lowest sequence

identity at 48.1% (Table 2.3).

IR CI T I A L 2D L F S SERQY| TRERVAES L DIEDRATL L TAL TSLGLVIARE GAF TNSPAAEAF LVKGRK
AMM-P-2 (A TN F SlelL S ElCC=MSINR SN AN DEDRAIET LL TALNEL GLVIAYERGFINEPAAERF LVKGIK
AMM-P -3 A LI sl S ENCLMEPLIENANGY | DRDRAGTL L TAL L GLVIAYEMBNF ANCPAAERF LVKGEK
AMT-P-2 A LI sl S ENCLMEPLEN ANV | DEDRATLLTAL L GLVIAYEMBNF ANCPAAEF LVKGEK
AMT-P-5 A LI sl S ENCLMEPLIEN ANV L DEDRATLLTAL L GLVIAYEMBNF ANCPAAEF LVKGEK
AMT-P-6 A LI sl SENCLMEPLENANEY | DEDRATLLTAL L GLVIAYEMBNF ANCPAAERF LVKGEK
AMT-P-13 (VDY - o'y)) S £/ cMSIN SN A NV DEDRAIET L TALINEL GLVIAYERGIFIINEPAAEF L VKGIK
AMT-P-15 (VDY - 5's)| S £/ MSINEN ANV DEDRAIET LL TALINEL GLVIAYERGIFIINEPAAEF L VKGIK
AMT-P-16 A LIZIDNF el S ERCMEITRANIAY | DEDRATTLL TALEICL GLVIAYERBINFENEPAAERF LVKGEK
AMT-P-18 A LIZDWF el S ERCMITRANIAY | DEDRATTLL TALEICL GLVIAYERBINFENEPAAERF LVKGEK
AMT-P-24 A LW el S ERCMSIIANIAT | DEDRATLLTALICL GLVIAYERBINFENEPAAEF LVKGEK
AMT-P-26 1 mmmmmmmmeeees [0 TYAEEv ANCRLE L TR AL L T AR TI L GBS GR F NP AAE AF LVKGIK]
3-AMM-9 1 -mmmmeee- P\ SPRICYe TINS 2y AlGIE L SIINR Al T LMT AL TEL G LESUBGIF NP AAEAF LVKGIK
3-AMT-6 1 VIMIo6[ [ loc- GAKPAEE[ EKAAG HAA TR IIA IR TVEE SR
3-ATT-3 1 mmeeen- | s PRINe 1IN AINGeL SR AET LHTAL TiEL 6 LISYBOBHHF NP AAEAF LVKGHK]
consensus 1 .. e e .. ce el JEE R RR Rk L R R Rk xRk X

Figure 2.6. Multiple sequence alignment of DMSP biosynthesis protein DsyB from Labrenzia aggregata
(Curson et al., 2017) and the DsyB protein amplicons from dsyB-positive coral-associated bacteria strains
(n=14). The reference protein sequence of L. aggregata (AOR83342) is highlighted in blue. Residues that
have consensus identity are shaded in black, while conserved substitutions are shaded in grey. Amino acid
residues that are conserved across all 15 sequences are marked with asterisks below.

Table 2.3. Selection of protein sequences showing E-values and sequence identity when compared with
the Labrenzia aggregata DsyB protein sequence.

Accession Isolate ID Closest taxonomic match E-value % identity to
number DsyB
MW828384 3-AMM-9  Roseivivax lentus 2e-15 52.63
MW828400 AMM-P-2  Shimia aestuarii 2e-12 55.88
MW828401 AMM-P-3  Shimia aestuarii 2e-12 55.88
MwW828534 3-AMT-6 Roseivivax halotolerans 3e-10 51.52
MW828538 3-ATT-3 Roseivivax lentus 2e-15 52.63
MW828556 AMT-P-2  Shimia aestuarii 2e-12 55.88
MW828559 AMT-P-5  Shimia aestuarii 2e-12 55.88
MwW828560 AMT-P-6 Shimia aestuarii 2e-12 55.88
MW828565 AMT-P-13 Shimia aestuarii 3e-11 57.14
MW828567 AMT-P-15 Shimia aestuarii 3e-11 57.14
MW828568 AMT-P-16 Shimia aestuarii 2e-12 55.88
MW828570 AMT-P-18 Shimia marina 2e-12 55.88
MW828576 AMT-P-24 Shimia aestuarii 2e-12 55.88
MW828578 AMT-P-26 Pseudooceanicola nitratireducens 5e-12 49.02
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2.3.3  DMSP production by coral-associated dsyB-positive bacteria
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Figure 2.7. Detection of dimethylsulphoniopropionate (DMSP) in the dsyB-positive Shimia sp. AMM-P-2
(a) DMSP standard (CsH;00:S; MW=134.197) - extracted ion chromatogram (EIC) of the [M+H]" ion =
135 m/z , and (b) EIC 135 m/z of the Shimia sp. AMM-P-2 extract, (c) the corresponding base peak
chromatogram showing signal resolution, and (d) expanded region of the EIC 135 m/z at retention time 5.9
min. LC-MS confirms the production of DMSP by Shimia sp.

DsyB-harbouring strains were assessed for their ability to produce DMSP. LC-MS
analysis of isolates grown in MBM with methionine enrichment detected a peak at m/z 135 and
retention time of 5.9 min consistent with DMSP (Figure 2.7). No DMSP was detected in the LC-
MS chromatograms of dsyB-positive isolates grown in MB and YTSS (Supplementary Data
Figure 2.1).

NMR of the bacterial extracts was done to confirm the ion at 135 m/z was DMSP. 'H
NMR revealed a well-resolved singlet at ou 2.95 ppm (2 x CHj3) diagnostic for DMSP (Figure
2.8a and b). Spiking a random sample with DMSP supported the 'H NMR assignment (Tapiolas
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et al., 2013) (Figure 2.8c). DMSP was also confirmed to be absent in bacterial extracts of dsyB-
positive isolates grown in MB and YTSS (Supplementary Data Figure 2.2).
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Figure 2.8. 'H NMR spectra of: (a) 1 mM dimethylsulphoniopropionate (DMSP) standard in deuterated
methanol (CD3;0OD) compared to, (b) extract of a Shimia bacterium (isolate AMM-P-2) cultured in
methionine enriched minimal basal medium in CD3;0D, (c) the same extracted Shimia bacterium spiked
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with 10 pl of 1 mM DMSP standard, and (d) 4 mM acrylate standard in CD;OD compared to (e) extract of
AMM-P-2 in CD;0D.
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Figure 2.9. 'H-'"H COSY spectrum of a Shimia bacterium (isolate AMM-P-2) extract, cultured in
methionine enriched minimal basal medium (MBM), run in CD3;OD. The correlation between the two
methylene groups (8u 3.45 - du 2.70) is annotated in blue.

A 'H-'H correlation spectroscopy (COSY) NMR experiment revealed a correlation
between the two methylene groups, S-CHa- (du 3.45, t) and -CH»-CO,H (dx 2.70, t) (Figure 2.9).
In addition, a 'H-">C heteronuclear multiple bond correlation (HMBC) NMR experiment (Bax
and Summers, 1986; Willker et al., 1993) revealed long-range chemical shift correlations between
the protons of the two methyl groups (S-CH3) and the carbon of the S-methylene group (o 2.94
- Oc 43.21), and between the carboxyl-methylene protons to the carboxyl carbon (du 2.69 - d¢
172.03) and the S-methylene carbon (ou 2.69 - d¢ 43.21) (Figure 2.10). These correlations
observed in the COSY and HMBC spectra established the positions of the methyl and methylene
groups in the chemical structure of DMSP, thus verifying the presence of DMSP in the bacteria
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extracts. Corroborating the LC-MS data, the methyl signal intensity was low (nearing the
detection limit) in isolates grown in MBM but was greatly enhanced in all dsyB-harbouring

isolates when cultured in methionine enriched MBM (Figure 2.8).
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Figure 2.10. 'H-*C HMBC spectrum of a Shimia bacterium (isolate AMM-P-2) extract, cultured in
methionine enriched minimal basal medium (MBM) run in CD;OD. Observed correlations for DMSP are
annotated in blue.

Ions diagnostic for acrylate were not found in these same bacterial extracts. To confirm
this finding, an isolate extract was spiked with acrylate and reanalysed. Acrylate was still not
detected indicating a sample matrix effect, hence this method was found unsuitable for the
simultaneous detection of DMSP and acrylate. However, acrylate was detected in these bacterial

extracts using "H NMR (Figure 2.8 d and e).
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2.4 Discussion

Although the determination of the natural diversity of coral-associated bacteria is
informative in the context of coral microbial ecology, the primary goal of this study was to isolate
DMSP-producing coral-associated bacteria. Therefore, mucus swabs were obtained from field
corals at Orpheus Island and mucus and tissues were sampled from aquarium-adapted corals at
the SeaSIM. Aquaria conditions can alter microbiome community profiles (Kooperman et al.,
2007; Schottner et al., 2009; Pratte et al., 2015), which may aid holobiont local acclimatization
(Osman et al., 2020). Biological replicates of host colonies were not included in the experimental

design as assessing variation in coral microbiome between colonies was not the goal of this work.

DMSP biosynthesis by bacteria was originally identified in Labrenzia aggregata LZB033
isolated from the East China Sea (Curson et al., 2017). A gene involved in the production of
DMSP, dsyB was identified in this bacterium and demonstrated to be a robust reporter gene for
the potential of a bacterium to synthesize DMSP (Curson et al., 2017). The production of DMSP
by several dsyB-harbouring Alphaproteobacteria from the Rhodobacterales order has also been
experimentally confirmed, including members of the Oceanicola, Pelagibaca, Sediminimonas,
Amorphus, Sagittula, and Thalassobaculum genera (Curson et al., 2017). Reported here for the

first time is the presence and identity of DMSP producers among coral-associated bacteria.

2.4.1 Coral-associated bacteria have dsyB

In the present study, approximately 6% of the bacterial strains isolated from six species
of corals harboured the dsyB gene. All these dsyB-harbouring bacteria were isolated from mucus
or tissues of Acropora sp. corals. As with previous reports (Curson et al., 2017), the dsyB-
harbouring bacteria belonged to the Rhodobacterales order, with bacteria of the Shimia genus
being the most commonly isolated. Shimia are members of the Roseobacter clade (Choi and Cho,
2006), which are metabolically versatile marine bacteria that are abundant in the water column,
in marine sediments and are commonly associated with eukaryotic hosts (Lenk et al., 2012; Luo
and Moran, 2014). More specifically, members of the Shimia genus have been commonly reported
in association with phytoplankton (Behringer et al., 2018) and reef-building corals (Chen et al.,
2011; Chiu et al., 2012; Séré et al., 2014; Séré et al., 2016). The other isolated dsyB-harbouring
bacteria belonged to the Pseudooceanicola and Roseivivax genera. Members of the latter are
known to induce settlement in coral larvae (Sharp et al., 2015) and have also been isolated from

corals (Chen et al., 2012).
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Three strains of Labrenzia, the bacterial genus from which the dsyB gene was initially
identified (Curson et al., 2017), were isolated from the mucus and tissue of Pocillopora and
Stylophora corals, but surprisingly, they did not harbour dsyB. While one of the Labrenzia strains
isolated from coral tissue is of a different species from the one reported (L. alba), two of the
isolates obtained from coral mucus are closely affiliated (by 16S rRNA gene sequencing) to the
model bacteria used by Curson and colleagues (L. aggregata LZB033), albeit related to a different
strain (L. aggregata NBRC 16684). While it is currently unknown if most Labrenzia bacteria
have dsyB, it is probable that only some strains acquire the gene to assist the bacteria in
overcoming oxidative stress through the production of DMSP (Curson et al., 2017). Pocillopora
damicornis and Stylophora pistillata have been shown to produce DMSP, but in much lower
concentrations than A. millepora (Tapiolas 2013). It has been previously suggested that dsyB and
its homologues have been transferred between prokaryotes, notably of Alphaproteobacterial
origin, and eukaryotes multiple times (Curson et al., 2018). It is possible that the lesser production
of DMSP in some species of corals could be due to the bacterial community they harbour and the
lack of dsyB homologues acquired via horizontal gene transfer. Considering that the dsyB gene
has so far only been identified in Alphaproteobacteria (Curson et al., 2017), further examination
of the a potential dsyB gene in isolate AMT-P-4, a Gammaproteobacterium closely related to

Vibrio will have to be done before we can confirm this discovery.

2.4.2  dsyB-positive coral-associated bacteria are capable of producing DMSP

DMSP was unambiguously identified in extracts of dsyB-harbouring bacteria, but only
when the cultures were grown in methionine-enriched MBM. Methionine is the universal
precursor of DMSP (Hanson et al., 1994; Uchida et al., 1996; Gage et al., 1997; Rhodes et al.,
1997; Kocsis et al., 1998). Supplementation of cultures with methionine increased their DMSP
production, indicating that methionine was assimilated by the bacteria. In dsyB-harbouring
bacteria, methionine is converted successively into 4-methylthio-2-oxobutyrate (MTOB), 4-
methylthio-2-hydroxybutyrate (MTHB), 4-dimethylsulphonio-2-hydroxybutyrate (DMSHB) and
finally DMSP, with dsyB mediating the conversion between MTHB and DMSHB (Curson et al.,
2017). Addition of pathway intermediates, including methionine, have been shown to enhance
DMSP production, but dsyB-harbouring bacteria can produce DMSP through de novo production
of methionine (presumably from inorganic sulphate present in high concentration in seawater)

(Curson et al., 2017).

DMSP concentrations can vary by more than three orders of magnitudes between coral

genera. While Pachyseris sp. produces tens of picomoles per mm?, production in the fast-growing
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Acropora can reach tens of nanomoles per mm? (Raina et al., 2013; Tapiolas et al., 2013;
Deschaseaux et al., 2014b). All the DMSP-producing bacteria isolated in the present study
originated from Acropora, with the majority (78.6%) isolated from coral tissue. This strongly
suggests that DMSP-producing bacteria contribute to the large DMSP pool produced by this coral
genus. Concomitantly, corals from the genus Acropora are also characterised by their high
concentrations of the DMSP-breakdown product acrylate (Tapiolas et al., 2010). This compound
was detected in the DMSP-producing isolates, suggesting the culture conditions were conducive
to the expression of DMSP-degrading genes, and that these bacteria likely possess these genes.
Future studies are recommended to identify how much each partner within the coral holobiont

(i.e., the host, Symbiodiniaceae and the bacterial communities) contribute to this DMSP pool.

2.4.3  Conclusions and future direction

Bacterial communities associated with corals are highly diverse (Mouchka et al., 2010;
Blackall et al., 2015; Hernandez-Agreda et al., 2017; Hernandez-Agreda et al., 2018; van Oppen
and Blackall, 2019) but their metabolic capabilities and contributions to the holobiont’s nutrient
cycling are still poorly characterised. This study demonstrates that coral-associated bacteria can
produce the important organosulphur compound DMSP. This result implies that multiple sources
of DMSP co-occur within the coral holobiont, with Symbiodiniaceae, coral host and bacterial
communities each capable of DMSP production. Quantifying the contribution of each holobiont
member to the DMSP pool present in corals and how these contributions are modulated and
impacted by extreme events is important given the multifaceted roles of this compound and its
involvement in stress response (Sunda et al., 2002). In addition, it has recently been shown that
bacteria can also use a second pathway (independent of dsyB) to produce DMSP, involving a gene
called mmtN (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 our dsyB-
centric screening approach. Future studies should therefore aim to characterise the full diversity

and abundance of DMSP-producing bacteria associated with corals.
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Chapter 3:
Genome analysis of Shimia aestuarii, a DMSP-producing bacterium
associated with the coral Acropora millepora

Abstract

Tropical coral reefs are natural hotspots for the production of dimethylsulphoniopropionate
(DMSP), a key component of the marine sulphur cycle and precursor of the climatically-relevant
gas dimethylsulphide (DMS). Reef-building corals from the genus Acropora, together with their
microalgal partner, Symbiodiniaceae, and associated bacteria collectively produce some of the
highest DMSP concentrations recorded in the environment. However, the functional capabilities
of coral-associated DMSP-producing bacteria are unknown. Here we analysed the genome of
Shimia aestuarii AMM-P-2, a DMSP-producing bacterium associated with Acropora millepora,
to characterise its sulphur cycling capabilities. Specifically, this bacterium was confirmed to have
the genetic machinery to assimilate sulphate and synthesise the DMSP precursors, cysteine and
methionine, to catabolise DMSP to methanethiol, DMS, and acrylate, and to utilise or detoxify
acrylate. These findings provide the basis for understanding the involvement of S. aestuarii

AMM-P-2 in sulphur metabolism within the coral holobiont.

3.1 Introduction

The marine environment is one of the largest reservoirs of bacteria and archaea on Earth.
Each litre of seawater contains approximately one billion cells, which account for approximately
70% of the total marine biomass (Bar-On et al., 2018). This abundance encompasses a wide
phylogenetic diversity together with a broad range of trophic strategies (Lauro et al., 2009) and
the collective metabolic activities of these microorganisms drive marine biogeochemical cycles
(Falkowski et al., 2008). Although their roles in the carbon and nitrogen cycles have received
much attention to date (Worden et al., 2015), marine microorganisms are also playing a central
role in the marine sulphur cycle. Sulphur is present at high concentrations in seawater as inorganic
sulphate (~28 mM SO4*) (Sievert et al., 2007), which can be assimilated by many marine
microorganisms (Cuhel et al., 1982; Gilmore et al., 1989) using cys-operons and PAPSS or sat
genes to form sulphide (S2) and subsequently biosynthesise amino acids such as cysteine and
homocysteine. However, sulphate is bioenergetically costly to assimilate (Jones-Mortimer, 1968;
Kredich, 1971; Sekowska et al., 2000) in comparison to reduced sulphur compounds such as

methionine (CsH;;NO:S), methanethiol (MeSH; or CH3SH) or dimethylsulphoniopropionate
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(DMSP; CsH002S). Of these, DMSP represents the most abundant source of organic sulphur in
the world’s ocean (Johnston et al., 2012), with more than a billion tons produced yearly (Stefels

et al., 2007), satisfying up to 95% of the total bacterial sulphur demand (Zubkov et al., 2001).

DMSP can be metabolised by many abundant groups of marine bacteria, such as the
Roseobacter clade and SAR11 within the Alphaproteobacteria class (Kiene et al., 1999; Tripp et
al., 2008). Two competing pathways exist for DMSP degradation, the first is the
demethylation/demethiolation pathway and is mediated by the DMSP demethylase genes, dmdA-
D and is estimated to be present in 60% marine bacteria (Kiene et al., 2000; Venter et al., 2004;
Howard et al., 2008). This pathway produces MeSH, which can be used for the biosynthesis of
protein amino acids (Kiene, 1996; Kiene and Linn, 2000). The second pathway produces
dimethylsulphide (DMS; C,HsS) through the ddd- [DMSP-dependent DMS] genes and is present
in approximately 30% of these microorganisms (Yoch, 2002; Curson et al., 2011b).

Sulphide can also be converted to DMSP following the syntheses of cysteine and
methionine. The first DMSP biosynthesis gene (dsyB) was identified by Curson et al. (2017) in a
marine Alphaproteobacterium Labrenzia aggregata LZB033. It encodes a methyltransferase-like
protein (SIAM614 21095) and confers DMSP production when expressed in bacteria. A
subsequent DMSP biosynthesis gene, coined mmtN [methionine methyltransferase], was found in
broader groups of bacteria (i.e. Alpha-, Gamma-, and Actinobacteria) from marine surface
sediments (Williams et al., 2019). These bacteria have been shown to utilise the methionine
methylation pathway, which is dsyB-independent, and was formerly only associated with
angiosperms. While several reports exploring the functionality of dsyB have been published,
much of the focus has been on pelagic bacteria or bacteria in sediments (Curson et al., 2017;
Curson etal.,2018; Sun et al., 2020; Zheng et al., 2020; McParland et al., 2021). Recently bacteria
harbouring the dsyB gene have been isolated from reef-building corals and production of DMSP

confirmed in culture (see Chapter 2).

To better understand the metabolic capabilities of two coral-associated DMSP-producing
bacteria AMM-P-2 and AMT-P-4 from different bacterial classes (Alphaproteobacteria and
Gammaproteobacteria, respectively, as isolated in Chapter 2), we sequenced their genomes using
the [llumina MiSeq (short reads) and the Oxford Nanopore MinlON (long reads) platforms. Using
this hybrid assembly pipeline, the complete genomes were constructed, and the sulphur

assimilation and degradation repertoire of these bacteria were explored.
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3.2 Methodology
3.2.1 DNA extraction

The bacteria were cultured overnight in 5 ml of Marine Broth (based on peptone and yeast
extract) at 28°C and 180 RPM. The overnight cultures were then centrifuged for 5 min at 10,000
g and the supernatant decanted. To obtain high molecular weight DNA, a modified method based
on Wilson (2001) was performed. A combination of 567 ul of tris-ethylenediaminetetraacetic acid
buffer, 30 ul of sodium dodecyl sulphate, and 3 pl of proteinase K were added to each sample
and the solution was gently mixed using a micropipette. The sample was incubated at 37°C for 1
hour after which sodium chloride (100 ul) was added. Cetyl trimethylammonium bromide buffer
(80 ul) was added, the solution again mixed thoroughly, and incubated at 65°C for 10 min. Equal
volumes of phenol:chloroform were added to the sample with mixing and then centrifuged at
10,000 g for 5 min. The supernatant was carefully transferred into a clean tube followed by
addition of chloroform:isoamyl alcohol (1 ml). The solution was mixed gently, centrifuged at
10,000 g for 5 min and again the supernatant transferred into a clean tube. To precipitate DNA,
an equal volume of chilled (ice cold) isopropanol was added and the sample spun down at 10,000
g for 5 min. The supernatant was decanted, and the DNA gently rinsed with 70% ethanol followed
by centrifugation for 10 s. Again, the supernatant was carefully decanted, and the DNA left to air
dry for 20 min.

A faster DNA extraction was also performed using the DNeasy UltraClean Microbial Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. All extracted DNA was
resuspended in 20 pl of UltraPure DNase/RNase-Free Distilled Water (Invitrogen, California,
United States) and stored at 4°C until required. DNA that was not used within a week was stored
at -80°C until needed. The quality and quantity of the extracted DNA were assessed by
spectrophotometry (NanoDrop ND-1000, ThermoFisher, Delaware, United States) and

fluorometric quantification (Qubit, ThermoFisher, Delaware, United States).

3.2.2 Genome sequencing

DNA extracted using the phenol:chloroform method was sent to the Ramaciotti Centre
for Genomics (Sydney, Australia) for library preparation using the Nextera XT DNA Library
Preparation Kit (Illumina, California, United States) and sequenced on the Illumina MiSeq system

using V2 with 2x250 bp nano paired end reads.

48



DNA extracted with the DNeasy UltraClean Microbial kit was sequenced on the Oxford
Nanopore MinlON system. The library was prepared using the Rapid Sequencing Kit (SQK-
RADO004, Oxford Nanopore Technologies, Oxford, United Kingdom) following the
manufacturer’s protocol. A SpotON Flow Cell with approximately 1200 available pores was
flushed, primed, and checked using the MinKNOW software. The library was then loaded onto
the flow cell with care to avoid introduction of air bubbles during pipetting. The sequencing run
proceeded for 46 hours until the output of high quality (Q>7) reads from the flow cell had dropped
below 1000 reads hour™.

3.2.3  Genome assembly and annotation

The MiSeq read set was trimmed, assembled, and error-corrected using Trimmomatic
0.38 (Bolger et al., 2014), SPAdes version 3.13.0 (Bankevich et al., 2012), and Pilon version 1.23
(Walker et al., 2014), respectively. All were implemented through Shovill version 1.0.4 (available

at https://github.com/tseemann/shovill) using default settings. Annotation was performed with

Prokka version 1.13.3 (Seemann, 2014) using standard databases (i.e. [Sfinder, NCBI Bacterial
Antimicrobial Resistance Reference Gene Database, and UniProtKB (SwissProt)) and default

settings. The MinlON read set was assembled using Canu version 1.7 (Koren et al., 2017).

All raw data were used to obtain a draft assembly and to generate trimmed and corrected
reads. The draft assembly was then polished using Medaka version 0.7.0 (available at

https://nanoporetech.github.io/medaka/index.html) and Racon version 1.3.3 (Vaser et al., 2017).

The Canu assembly was first filtered to remove contigs shorter than 100 kB because these cannot
be handled by Medaka, and minimap2 version 2.12 (Li, 2018) was used to align the reads to this
filtered draft assembly. Racon was then used to correct the raw contigs based on read alignments
to produce a corrected assembly. This process was then repeated, mapping reads to the corrected
assembly and using Racon a second time to generate an updated assembly before running a final
round of polishing with Medaka. The final contigs were subsequently circularised with Circlator
version 1.5.5 (Hunt et al., 2015), with a minimum identity percentage of 85% and breaklen set to
1000. Two of the largest contigs from the MinlON read set were taxonomically classified using
GTDB-Tk version 0.2.2 (Chaumeil et al., 2019). Annotated gene predictions for the assemblies
were generated using Prokka version 1.14.6 (Seemann, 2014). The assembly graphs for all

genomes were then visualised using Bandage (Wick et al., 2015).
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Figure 3.1. A summary of the genome assembly and annotation pipeline. The processing of the MiSeq data
is highlighted in blue, while that of the MinION data is highlighted in grey. The steps highlighted in green
involved using MiSeq data to polish the MinION assembly.

3.2.4  Bioinformatic analyses

Predicted DsyB protein sequences used in the alignment and maximum likelihood
phylogenetic tree were obtained from the shortlisted group (n=47) curated by Curson et al. (2017).
Identification of genes involved in sulphur metabolism was performed with BLAST 2.7.1+
(Altschul et al., 1990; Altschul et al., 1997), searching against KEGG (the Kyoto Encyclopedia
of Genes and Genomes) (Kanehisa et al., 2004) and UniProtKB (the Universal Protein Resource
Knowledgebase) (Consortium, 2018) databases.
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The predicted protein sequences including the sequence obtained from S. aestuarii
AMM-P-2 (n=48) were aligned by MAFFT version 7.394 (Multiple Alignment using Fast Fourier
Transform) (Katoh et al., 2002). trimAl version 1.4 (Capella-Gutiérrez et al., 2009) was then used
to filter positions with more than 50% gaps. All positions containing gaps and missing data were
eliminated, with 337 positions left after trimming. The maximum likelihood tree was inferred
using [Q-TREE version 1.6.4 (Nguyen et al., 2014) allowing the best-fitting evolutionary model
to be selected automatically using ModelFinder (LG+R4) with 1,000 ultrafast bootstrap. The
consensus tree was then visualised in ggtree (Yu et al., 2017; Yu et al., 2018; Yu, 2020).

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 version 11.00 (Notredame et al.,
2000; Di Tommaso et al., 2011) (available at http://tcoffee.crg.cat/apps/tcoffee/do:regular) with

default settings and formatted using Boxshade 3.21 (available at https:/embnet.vital-

it.ch/software/BOX_form.html). Conserved domains within the predicted DsyB sequence was

detected using CD-Search (Marchler-Bauer and Bryant, 2004) (available at
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) against the Conserved Domain Database

(CDD) version 3.18 (Marchler-Bauer et al., 2010; Marchler-Bauer et al., 2014; Lu et al., 2019).

3.3 Results

3.3.1 Draft de novo assembly of the genomes of bacterial isolates AMM-P-2 and AMT-P-4

The genomes derived from bacterial isolates AMM-P-2 and AMT-P-4 assembled from
MiSeq reads were unexpectedly similar despite previous 16S rRNA gene Sanger sequencing (see
Chapter 2) indicating that the isolates belonged to two different bacterial classes
(Alphaproteobacteria and Gammaproteobacteria, respectively). Both genome assemblies were
approximately 3.9 Mb, had a GC content of 60.6%, contained nearly equal numbers of genes
(3,906 for AMM-P-2; 3,891 for AMT-P-4), and were similarly fragmented (AMT-P-4: 103
contigs, N50 123kb; AMM-P-2: 75 contigs, N50 181kb). The derived 16S rRNA gene from the
preliminary genome data was identical for both strains and identified them as
Alphaproteobacteria. Isolate AMM-P-2 was confirmed as a Shimia aestuarii strain. Visualisation
of the assembled genome of isolate AMT-P-4 (Figure 3.2a) clearly indicated fragmentation in the
SPAdes assembly of the MiSeq reads (Figure 3.2a), likely due to the fact that short reads obtained
from this sequencing method can produce unresolved repeats resulting in ambiguous paths which

were difficult to assign.
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(a) (b)

Figure 3.2. Genome assembly of culture AMT-P-4 based on (a) [llumina MiSeq reads using SPAdes and
(b) Oxford Nanopore MinION reads using Canu. The colours denote different nodes, and the black
connecting lines represent known overlaps. Branching node intersections are caused by multiple potential
overlapping nodes. The gammaproteobacterial genome related to Vibrio hepatarius is highlighted by the
blue rectangle, the alphaproteobacterial genome related to Shimia aestuarii is highlighted by the orange
rectangle. Plasmids are highlighted by the yellow boxes, but it is unclear which genome they belong to.

To resolve the issues around assembly of the derived genome from the AMT-P-4 culture,
further sequencing was carried out on the MinION platform. Assembly of the raw reads derived
from this culture resulted in two complete circular chromosomes of 3.4 and 1.8 Mb, which is the
typical organisation of the genomes of members of the bacterial genus Vibrio (Figure 3.2b)
(Okada et al., 2005). Comparative analyses of the 16S rRNA region confirmed that the isolate
was closely related to Vibrio hepatarius. In addition to the two large, closed chromosomes, a long
linear contig was also assembled. The size (3.5 Mb) and much lower read coverage (~8%), when
compared with the circular Vibrio contigs (both ~150%), suggested that it might correspond to the
Alphaproteobacterium genome partially assembled from the previous MiSeq sequencing data. In
light of this, the MiSeq reads were used to polish this MinION assembly. As predicted, the 16S
region of this genome matched with Shimia aestuarii JC2049 (>97% similarity). Closer
inspection of this MinlON-assembled S. aestuarii genome resulted in the identification of a dsyB
gene sequence homologous to that reported in Labrenzia aggregata 1LZB033 (Curson et al., 2017).
These results confirmed that the initial ambiguity in identification was due to the AMT-P-4
culture being a mixture of two species, a Shimia aestuarii strain and a Vibrio hepatarius affiliated
species. Analysis of the Vibrio sp. genome failed to identify genes involved in DMSP biosynthesis
(i.e., dsyB gene homologues), implying that the positive PCR results obtained for this AMT-P-4
culture were likely due to co-culture of the Shimia aestuarii strain. All subsequent analyses
therefore focused only on the dsyB-harbouring S. aestuarii AMM-P-2 strain. The genome

statistics for S. aestuarii AMM-P-2 are summarised in Table 3.1.
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Table 3.1. Genome statistics for Shimia aestuarii AMM-P-2.

Attribute Value
Genome size (bp) 4,151,190
DNA coding (bp) 3,972,669
No. of sequences 75

GC content (%) 60.6

N50 181,193
Gap ratio (%) 0.0

No. of CDSs 3,906

No. of rRNA 3

No. of tRNA 46

No. of CRISPRS 0

Coding ration (%) 89.7

3.3.2  Phylogenetic analysis of the S. aestuarii AMM-P-2 DsyB protein

The phylogenetic position of the predicted S. aestuarii AMM-P-2 DsyB protein was
examined by comparison with the representative range of bacteria included in the Curson et al.
(2017) analysis (Figure 3.3), all of which were obtained from either NCBI (the National Center
for Biotechnology Information) or JGI (the U.S. Department of Energy Joint Genome Institute)
databases. All sequences included in the phylogenetic analysis identified as DsyB orthologues
(with >39% identity, and E-value of < 1¢™ in comparison to L. aggregata LZB033) are from
Alphaproteobacteria; the sequences from Firmicutes (Bacillus mycoides) and Actinobacteria
(Streptomyces varsoviensis) are related (i.e., non-DsyB) proteins that were included in the
analysis to act as outgroups. Thus, the phylogenetic analysis confirmed that the predicted S.
aestuarii AMM-P-2 protein is a typical DsyB family member (sequence data is available in

Supplementary Data Table 3.1.)

Overall, the predicted S. aestuarii AMM-P-2 DsyB protein had 58.81% identity with the
reference sequence from L. aggregata 1L.ZB033, the E-value for this comparison being <1 e'*°.
The closest match to the S. aestuarii AMM-P-2 DsyB protein was from an unidentified member
of the Rhodobacteraceae (>74.78% identity, E-value < 1 ¢'”). Predictably, the maximum
likelihood tree (Figure 3.3) closely resembles that which was previously published in Curson et
al. (2017), and broadly reflects the accepted species phylogeny of the Alphaproteobacteria. One
inconsistency in the DsyB phylogeny was identified: sequences from members of the
Rhodospirillales did not form a monophyletic group. Rather, three sequences from
Rhodospirillales formed an early diverging clade, whereas those from two Nisaea isolates and

from Rhizobiales were embedded in clades dominated by members of the Rhodobacterales.
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Pseudooceanicola atlanticus 2211-S11g
Oceanicola batsensis HTCC2597
Salipiger mucosus DSM16094
Roseivivax halodurans JCM 10272
Roseivivax sediminis DSM26472
mCih eicella aestuari DEM22011
Citreicella sp. 357
Pefagibaca bermudensis HTCC2601
Donghicola sp. S598
Rhodobacteraceae bacterium PD-2
Shimia aestuarii AMM-P-2

Pseudodonghicola xiamenensis DSM18339
Thalassobius gelatinovorus DSM5887
Roseibacterium elongatum DSM19469

47

Fonticoccus sp. UMTAT08
Antarciobacter heliothermus DSM11445
Oceanicola sp. 5124
COceanicola sp. HL-35
Sediminimonas giaohouensis DSVM21189
TI = Oceanicola nanhaiensis DSM18065

[ NYangia pacifica CGMCC 1.3455
_| g Ya:lgia pacifica DSM26894
i Rhizobiales bacterium HL-109

E Nisaea deniirificans DSM18348

Nisaea sp. BAL199 ¢

Amorphus coralli DSM19760 §

Tropicibacter naphthalenivorans DSM19561

Sagittula stellata E-37

Maritimibacter alkaliphilus HTCC2654
Rhodobacteraceae bacterium bin09

Stappia stellulata DSM5886 §

ﬂ{.abrenma sp. C1B10 §

oLabrenzia sp. C1B70 §

s Labrenzia aggregata LZB033 §

9 Labrenzia aggregata CECT4801 §

Labrenzia aggregata |IAM12614 §

10 Labrenzia alexandrif DFL-11 §

Roseibium hamelinense ATCC BAA-252 §
Labrenzia sp. DG1229 §
Roseovarius indicus DSM26383

= Litorimicrobium taeanense DSM22007
Defluviimonas sp. 20W17

Rhodospiritales bacterium URHDOO17 +

; Thalassobaculum litoreum DSM18839 «
Thalassobaculum salexigens DSM19539 +

Caenispirilium salinarum AK4 ¢

Streptc varsoviensis

Figure 3.3. Maximum likelihood tree of known prokaryotic DsyB amino acid sequences constructed using
the LG + R4 model based on the Bayesian Information Criterion. All DsyB sequences are from
Alphaproteobacteria. The positions of the reference strain Labrenzia aggregata 1.ZB033 and the Shimia
aestuarii AMM-P-2 isolate are shown in blue and red, respectively. Sequences indicated in grey are non-
DsyB proteins that were included in the analysis to act as an outgroup. Most of the known DsyB sequences
are from members of the order Rhodobacterales, the few known from representatives of the
Hyphomicrobiales (n=10, marked with §), Rhizobiales (n=1, marked with ), and Rhodospirillales (n=6,
marked with ) are shown for comparison.
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Figure 3.4. Multiple sequence alignment of DsyB homologues from different Alphaproteobacteria (n=14)
representing the diversity of this protein family. Residues that are identical are shaded in black, while
conserved substitutions are shaded in grey. Amino acid residues that are conserved across all 14 sequences
are marked with asterisks below. The reference strain Labrenzia aggregata 1LZB033 and the Shimia
aestuarii AMM-P-2 isolate are highlighted in blue and red, respectively. Conserved domains that were
found within the protein are indicated with a yellow and green box, which represent the S-
adenosylmethionine-dependent methyltransferases class [ superfamily (cl17173) and dimerization2
superfamily (cl06920), respectively.
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The predicted amino acid sequence of the S. aestuarii AMM-P-2 DsyB protein shares
highly conserved regions with its close homologues. Proteins representing the diversity within
the DsyB family (n=14) were selected on the basis of the phylogenetic tree (Figure 3.3) and the
ClustalW+Lalign alignment (Notredame et al., 2000) used to visualise conserved regions (Figure
3.4). The S. aestuarii AMM-P-2 DsyB protein sequence contains two conserved domains
corresponding to an S-adenosylmethionine-dependent methyltransferase (AdoMet-MTase) class
I superfamily domain (pfam00891; E-value 4.02 ¢'¢) and a dimerization2 superfamily domain
(pfam16864; E-value 4.13 ¢”), which frequently occurs in methyltransferases. This domain
structure is common to all dsyB orthologues (Figure 3.4). Proteins containing AdoMet-MTase
class I domains carry out a wide range of functions, and this is reflected in limited amino acid
sequence conservation (as low as 10% in some cases). However, despite such low conservation
at the sequence level, higher order domain structure, which is required for the binding and transfer

of S-adenosyl-methionine, is highly conserved (Struck et al., 2012).

As in several other Rhodobacterales strains (S. mucosus DSM16094, P. bermudensis
HTCC2601, T. gelatinovorus DSM5887, D. xiamenensis DSM18339, A. heliothermus
DSM11445, P. nanhaiensis DSM18065, Citreicella sp. 357, C. aestuarii DSM22011, S.
giaohouensis DSM21189, R. halodurans JCM10272), the S. aestuarii AMM-P-2 dsyB gene is
closely linked with isc [iron sulphur cluster] or suf[sulphur formation] gene clusters (Figure 3.5).
The suf- gene clusters also shared synteny between the Rhodobacterales representatives used in

the plot, but not with L. aggregata.

Whereas the organisation of genes 5’ of dsyB is conserved in several Rhodobacterales
(Curson et al., 2017), only limited conservation of gene organisation was observed in the region
3’ of dsyB in this order. As shown in Figure 3.5, a cluster of genes consisting of fabF' I, acpP 1
and IpxD located 3’ of dsyB in the Shimia isolate were also located 3’ of dsyB in
Pseudooceanicola nanhaiensis, but no other clear cases of synteny on the 3’-side were observed.
As noted in Curson et al. (2017), the arrangement of the genes surrounding dsyB in
Rhodobacterales strains typically only differ in terms of the number of hypothetical proteins

between the predicted SufC and SufB proteins (Figure 3.5).

In L. aggregata, genes neighbouring dsyB are more diverse in function. For example,
araC (arabinose) is involved in carbon metabolism, stress responses, and pathogenesis (Gallegos
et al., 1997), and maoC, an enoyl-CoA hydratase, encodes enzymes (Sugino et al., 1992; Fukui
et al., 1998) required for acrylate detoxification (Figure 3.5). The dsyB gene in L. aggregata is
also linked with gnat, a GCN5-related N-acetyltransferase which has been implicated in bacterial
antibiotic resistance (Favrot et al., 2016), and b/uB (cob(Il)yrinic acid a,c-diamide reductase)

which is a part of the biosynthetic pathway for vitamin B, in bacteria (Pollich and Klug, 1995;
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Rodionov et al., 2003; Campbell et al., 2006; Taga et al., 2007). Interestingly, a mtap (S-methyl-
5'-thioadenosine phosphorylase) gene, whose product participates in the methionine salvage

pathway (KEGG entry M00034), was located near dsyB in Labrenzia.
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Figure 3.5. Microsynteny plot showing gene arrangement in four dsyB-containing bacteria. Bacteria are
labelled according to taxonomic codes as follows: AMM-P-2, Shimia aestuari; DSM18065,
Pseudooceanicola nanhaiensis; HTCC2601, Pelagibaca bermudensis; IAM12614, Labrenzia aggregata.
Relationships between orthologous genes are shown in light blue bars. Genes with unknown function
(hypothetical protein) are shown in grey arrows. The dsyB gene is shown in red arrows, while predicted
genes are shown in dark blue arrows, and are denoted as follows: fabF, 3-oxoacyl-[acyl-carrier-protein]
synthase II; acpP, acyl carrier protein; /pxD, UDP-3-O-acylglucosamine N-acyltransferase; phsC,
thiosulphate reductase cytochrome B subunit; cArR, anti-sigma-E factor; rpoE, ECF RNA polymerase
sigma factor; rmlA, glucose-1-phosphate thymidylyltransferase; rfbD, dTDP-4-dehydrorhamnose
reductase; rffG, dTDP-glucose 4,6-dehydratase 2; rfbC, dTDP-4-dehydrorhamnose 3,5-epimerase; dsyB, 2-
hydroxy-4-(methylsulphanyl)butanoate S-methyltransferase; sufS, cysteine desulphurase; sufD, Fe-S
cluster assembly protein; sufC, Fe-S cluster assembly ATP-binding protein; sufB, Fe-S cluster assembly
protein; iscS, cysteine desulphurase; iscR, HTH-type transcriptional regulator; /dt, L-2CD-transpeptidase
family protein; Pi7, inorganic phosphate transporter; r7f2, Rrf2 family transcriptional regulator; cydJX,
cytochrome bd-I oxidase subunit; cydB, cytochrome d ubiquinol oxidase subunit II; cyoB, cytochrome
ubiquinol oxidase subunit I; cydD, thiol reductant ABC exporter subunit; cefD, aminotransferase class V-
fold PLP-dependent enzyme; ychF, redox-regulated ATPase; FAH, fumarylacetoacetate hydrolase family
protein; araC, AraC family transcriptional regulator; nasD, NAD(P)-dependent oxidoreductase; maoC,
MaoC family dehydratase; gnat, GNAT family N-acetyltransferase; bluB, 5,6-dimethylbenzimidazole
synthase; aprt, adenine phosphoribosyltransferase; mtap, S-methyl-5'-thioadenosine phosphorylase; cytC,
cytochrome cl; cytB, cytochrome b/b6; petA, ubiquinol-cytochrome c¢ reductase iron-sulphur subunit.
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3.3.3  Sulphur metabolism genes

To determine whether S. aestuarii AMM-P-2 has the capacity to exploit inorganic
sulphate from seawater as a sulphur source, or instead relies on reduced sulphur compounds
produced exogenously, its genome was surveyed for other genes associated with sulphur
metabolism. The presence of enzymes involved in uptake and assimilation of inorganic sulphate
to cysteine were examined by reciprocal BLAST analyses. Sulphate assimilation genes which
have been previously recorded from prokaryotic organisms were obtained from the KEGG
database and compared against the S. aestuarii AMM-P-2 genome. The orthology of identified
putative proteins with high similarity (E-value > 1 ¢*°) to known sulphate assimilation amino acid
sequences was confirmed by conducting BLASTP analyses against the NCBI NR (non-
redundant) database, followed by BLASTP analyses of retrieved best match against the S.
aestuarii AMM-P-2 predicted proteins.
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Figure 3.6. Assimilatory sulphate reduction pathway in Shimia aestuarii AMM-P-2, adapted from the
KEGG database (M00176). Enzymes that mediate each step are listed in Table 3.2.
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Table 3.2. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes involved in the
assimilatory sulphate reduction pathway.

Catalyses Enzyme S. aestuarii Reciprocal BLAST hit
; KEGG
step in . " AMM-P-2 Y
th identifier Common name EC Sequence Organism E-value %
pathway number sequence identifier 9 identity
sulphate/thiosulphate HEBAHGMP_00410  WP_058309570  Shimia thalassica 2.00E- 92.91
transport system 173
K02045 ATP-binding protein 7323 Thal bi
g P HEBAHGMP_02412  WP_127115693 8lassoblUs SP- 0 goE+00  97.05
(cysA) - - zQ172
sulphate/thiosulphate
Ko2046 ~ ransportsystem N/A HEBAHGMP 02120  WP_028005055 | cudodonghicola — 1.00E- 75.76
s1 permease protein xiamenensis 114
(cysT)
sulphate/thiosulphate
Ko2o47 ~ ransportsystem N/A HEBAHGMP 02120  WP_028005055 | scudodonghicola  1.00E- 75.76
permease protein - - xiamenensis 114
(cysw)
Koaspq  Sulphate permease N/A HEBAHGMP_00688  WP_138014946  Pelagicola litoralis ~ 0.00E+00  84.35
(sulP family)
sulphate Rhodobacteraceae 5.00E-
K00957 adenylyltransferase 2774 HEBAHGMP_02373 NKW91153 bacterium '172 89.06
s2 subunit 2 (cysND) R_SAG9
sulphate Thalassobius s|
K00958  adenylyltransferase 27.74  HEBAHGMP_02840 WP_127115399 570 - 0.00E+00  91.32
(sat)
bifunctional enzyme 2.7.74; Thalassobius sp.
kooess N 5719y HEBAHGMP 02840 WP_127115309 7% 0.00E+00  91.32
52,83 2r;osphoadenosine 2.7.74; Thalassobius sp
KI3811 L hoslohate 27405 HEBAHGMP_ 02840 WP 127115399 W07 0.00E+00  91.32
synthase (PAPSS)
s3 Koogsp ~ 2denvlvisulphate 27425 HEBAHGMP_ 02840 WP 127115399  N@ssobiussp. o noe iy o132
kinase (cysC) ZQ172
phosphoadenosine
K00390  phosphosulphate 1.84.8  HEBAHGMP_00715  PIE11931 Rhodobacterales 4.00E 64.49
bacterium 108
S4 reductase (cysH)
Koosgy ~ Sulphite reductase 1.8.71  HEBAHGMP_00716  TMV93179 Thioclava sp. 0.00E+00  80.58
(ferredoxin) (sir) BHET1
sulphite reductase
S5 koosgt ~ (NADPH) 1812  HEBAHGMP_00716  TMV93179 Thioclava sp. 0.00E+00  80.58
hemoprotein beta- BHET1

component (cysl)

This approach led to the identification of genes encoding clear homologues of each of the
enzymes of the sulphate reduction pathway (Figure 3.6 and Table 3.2), confirming S. aestuarii
AMM-P-2 has the genetic machinery required to catalyse the uptake and conversion of
extracellular inorganic sulphate (via cysA/T/W and sulP; Table 3.2) to sulphide. As the
concentration of sulphate in seawater is approximately 28 mM (Canfield, 2004), sulphur
limitation is unlikely to present an issue for this bacterium, therefore it is not surprising they are
metabolically equipped to assimilate exogeneous sulphur. However, as they exist within the coral
holobiont, where a proportion of the available sulphate is in an organic form, it makes sense that
this bacterium also has the capacity to recycle these compounds. The identification of genes
whose products can mediate a range of similar transformations in the sulphate reduction pathway
(e.g. sat and cysND, and PAPSS and cysC; Figure 3.7) provides S. aestuarii AMM-P-2 with
alternative means of assimilating sulphur, should less energetically demanding sulphur sources

become available.
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Figure 3.7. Assimilatory sulphate reduction pathway adapted from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. Sulphate assimilatory genes that were found within the Shimia aestuarii
AMM-P-2 genome are noted in bold.

Following sulphide production, S. aestuarii AMM-P-2 can produce cysteine (Figure 3.8,
step C2; EC 2.5.1.47) and methionine, the latter being a precursor of DMSP (via aspartate; Figure
3.9). With respect to the cysteine biosynthesis pathway, S. aestuarii AMM-P-2 can produce
cysteine through serine or homocysteine (mediated by cysE/K or mccA/B respectively; Figure
3.8). We also found metK, a S-adenosyl-methionine (SAM) synthase (Figure 3.8, step C3; EC
2.5.1.6) which encodes the first step in the reverse trans-sulphuration pathway (KEGG entry
MO00609), converting methionine to cysteine. While this indicates a potentially larger role for
methionine as a sulphur source in S. aestuarii AMM-P-2, enzymes that mediate the subsequent

steps in this pathway were not found.
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Figure 3.8. Cysteine biosynthesis pathways in Shimia aestuarii AMM-P-2, adapted from the KEGG
database (M00021, M00338, and M00609). Incomplete pathways are denoted with a dash-dotted arrow
indicating the presence of one or more genes involved in the pathway, but not all. Enzymes that mediate
each step are listed in Table 3.3.
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Table 3.3. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes involved in the cysteine
biosynthesis pathway.

Catalyses Enzyme Reciprocal BLAST hit
ste;’in KEGG S. aestuarii AMM-P-
f i EC Sequence . %
pathway identifier Common name number 2 sequence identifier Organism E-value identity
serine O- -
c K00640  acetyltransferase 23130 HEBAHGMP 01916 WP 093094421  onimia 2.00E- 89.43
aestuarii 177
(cysE)
c2 Koi73g ~ oysteine synthase 25147  HEBAHGMP 01557  WP_093094169  Slmia 0.00E+00  87.21
(cysK) aestuarii
S-adenosylmethionine Shimia
c3 K00789 2516  HEBAHGMP_03728  WP_093089958 0.00E+00  86.01

synthetase (metK) aestuarii

cystathionine beta- Shimia
Cc4 K17216 synthase (O-acetyl-L- 251.134 HEBAHGMP_01557 WP_093094169 aestuarii 0.00E+00 87.21
serine) (mccA)

HEBAHGMP 00189 WP 093090600 Mm@ 0.00E+00  79.47
L - - aestuarii
cystathionine gamma- Shimia
s Ki7p17  Ivase/homocysteine 4441  HEBAHGMP 00185 WP 058300835 M 0.00E+00  85.50
desulphhydrase
5 .
(meeB) HEBAHGMP_00999  WP_009814890  <0SSOValUS 4 horin0 8928
nubinhibens

The S. aestuarii AMM-P-2 also has enzymes that encode a complete methionine
biosynthesis pathway (KEGG entry M00017; Figure 3.9). Methionine and DMSP are compounds
that are highly interrelated (del Valle et al., 2015), and the production and accumulation of DMSP
can be influenced by methionine availability (Grone and Kirst, 1992). The transformation of
homocysteine to methionine (Figure 3.9, step M7; EC 2.1.1.13), which is the final step in this
pathway, can be mediated by homologous enzymes metH (Banerjee et al., 1989) and yitJ (Grundy
and Henkin, 1998). The metH gene utilises vitamin B, as a co-factor in a reaction that is faster
than other Bis-independent enzymes mediating the same reaction (Sekowska et al., 2000).
Although yitJ is homologous to metH, we found two different matches within the predicted
proteins of S. aestuarii AMM-P-2 which indicate the bacterium may contain both genes. The YitJ
protein is a member of the S-box regulon (Grundy and Henkin, 1998) which plays a role in the
regulation of genes involved in methionine biosynthesis, particularly during methionine

starvation.
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Figure 3.9. Methionine biosynthesis pathway in Shimia aestuarii AMM-P-2, adapted from the KEGG
database (M00017). Enzymes that mediate each step are listed in Table 3.4.

Table 3.4. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes involved in the
methionine biosynthesis pathway.

Catalyses Enzyme Reciprocal BLAST hit
stegin KEGG S. aestuarii AMM-
identifier EC P-2 sequence Sequence f . %
pathway Common name number d identifier Organism E-value identity
. Ruegeria
M1 K00928  aspartate kinase (lysC) 2724  HEBAHGMP_02030  WP_003028111  “0° 0.00E+00  80.35
M2 Koo1ag ~ ospartate-semialdehyde 12411 HEBAHGMP_ 00229 WP 093090633 onmia 0.00E+00  95.88
dehydrogenase (asd) aestuarii
M3 Kooppz ~ nomoserine 1113  HEBAHGMP 03385 WP 093095776  Olmia 0.00E+00  84.81
dehydrogenase (hom) aestuarii

homoserine O- Shimia
M4 K00651 succinyltransferase/O- 2.3.1.46 HEBAHGMP_02661 WP_093094066 0.00E+00 89.22

acetyltransferase (metA) aestuari
athioni HEBAHGMP_00189  WP_093090600 aS:'STL':m 0.00E+00  79.47
M5 K01739 zyf‘t:as'zn(';zgmma' 2.5.1.48 S
¥ HEBAHGMP_00185  WP_058309835 imia 0.00E+00  85.50
thalassica
Shimia
. . HEBAHGMP_00185  WP_058309835 . 0.00E+00  85.50
cysteine-S-conjugate beta- - - thalassica
Ko1760 lyase (metC) 44113 Shimi
4 HEBAHGMP_00189  WP_093090600 e 0.00E+00  79.47
M6 - - aestuarii
Kiaiss ~ Oysteine-Scconjugatebeta- 4 15 pepanGMP 02583 WP 157708104  ROSEOVAIUS 60000 7667
lyase (patB) faecimaris
Shimia
5-methyltetrahydrofolate-- HEBAHGMP_02613  WP_093094111 ; 0.00E+00  89.20
i aestuarii
K00548 homocysteine 21113 Shimia
methyltransferase (metH) HEBAHGMP_01621  WP_058310851 , 0.00E+00  91.50
M7 thalassica

methionine synthase / Shimia
K24042 methylenetetrahydrofolate 2.1.1.13  HEBAHGMP_02613  WP_093094111 aestuarii 0.00E+00 89.20
reductase (NADPH) (yitJ)

Focussing on DMSP metabolism, the genome of S. aestuarii AMM-P-2 has genes
encoding for the two known DMSP degrading pathways: demethylation (Figure 3.10, step D2;
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EC 2.1.1.269) and lyase (Figure 3.10, step D6; EC 4.4.1.3). The bacterium has the entire
dmdA/B/C suite of genes that converts DMSP to MeSH, as well as DMSP lyases dddP and dddW
which produce equal amounts of DMS and acrylate. It is also able to metabolise acrylate to
propionyl-CoA through acul and prpE genes. Interestingly, we also obtained significant matches
to dddA and dddC (E-values > 1.39 ¢°) which catabolises 3-hydroxypropionyl-CoA (3HP) to
acetyl-CoA (Table 3.5). However, we were unable to find convincing protein matches to dddD or
acuNK which mediates the production of 3HP from DMSP. Finally, we were unable to identify
any genes able to convert MeSH to methionine (EC: 1.8.3.4), which would have completed the

entire cycle within the bacterium.
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Figure 3.10. DMSP metabolism pathways in Shimia aestuarii AMM-P-2. Incomplete pathways are denoted
with a dash-dotted arrow indicating the presence of one or more genes involved in the pathway, but not all.
Enzymes that mediate each step are listed in Table 3.5.
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Table 3.5. Predicted proteins of Shimia aestuarii AMM-P-2 that encode enzymes involved in DMSP

metabolism.
Catalyse KEGG Enzyme ) Reciprocal BLAST hit
sstepin identifie S aestuarii AMM- %
EC P-2 sequence Sequence . . :
pathway r Common name number identifier Organism E-value |deynt|t
2-hydroxy-4-
D1 N/A (methylsulphanyl)butanoate N/A HEBAHGMP_0168 ~ WP_13260188  Rhodovulum 0.00E+00 77.22
6 3 adriaticum
S-methyltransferase (dsyB)
Dimethylsulphonioproprionat 2.1.1.26 HEBAHGMP_0245 Rhodospirillaceae
D2 K17486 e demethylase (dmdA) 9 0 NMM45499 bacterium KN72 0.00E+00 74.13
N/A if:-(methylthlo)proplonyI-CoA 6.2.1.44 HEBAHGMP_0104 WP_05831144 Shimia thalassica 0.00E+00 78.41
ligase (dmdB1) 2 1
D3 ) . HEBAHGMP_0252 WP_09309471 Shimia aestuarii 0.00E+00 82.22
K20034 3-(methylthio)propionyl-CoA 6.2.1.44 0 6
ligase (dmdB2) HEBAHGQMP_OSSS WP_1 35286215 Shimia isoporae 0.00E+00 80.48
HEBAHGSMP*OMO WP709509470 Shimia aestuarii 0.00E+00 81.09
K20035 3-(methylthio)propionyl-CoA 138
dehydrogenase (dmdC1) T HEBAHGMP_0160 WP_00981060 Roseobacter sp.
0.00E+00 76.03
6 7 MED193
HEBAHGMP_0351 WP_05831206 Shimia thalassica 0.00E+00 87.19
Acyl-CoA dehydrogenase 4 5
D4 K20035 ) X 1.3.8.-
family protein (dmdC2) HEBAHGMP_0160 WP_00981060 Roseobacter sp.
0.00E+00 76.03
6 7 MED193
HEBAHGSMP*MOG WP*091309530 Shimia aestuarii 0.00E+00 92.05
K20035 3-(methylthio)propionyl-CoA 138.
dehydrogenase (dmdC3) T HEBAHGMP_0160 WP_00981060 Roseobacter sp.
0.00E+00 76.03
6 7 MED193
HEBAHGGMP70140 MAY87610 sPseudooceanlcola 0.00E+00 92.94
Kooo3s  (Methyithio)acryloyl-CoA 42115 P
D5 hydratase (dmdD) 5 HEBAHGMP_0161 01040102 Roseobacter sp. 0.00E+00 89.41
1 MedPE-Swde
N/A Acrylate utilization hydratase 42117 HEBAHGMP_0244 WP_12711348 Thalassobius sp. 6.00E-173 91.09
(acuH) 2 8 ZQ172
K16953 Dimethylsulphoniopropionate 4413 HEBAHGMP_0078 AUR03903 lPh.aeobacter 0.00E+00 80.54
lyase (dddP) 9 inhibens
D6
Dimethylsulphoniopropionate HEBAHGMP_0143 Rhodobacteraceae
K16953 lyase (dddw) 4413 3 PHO04256 bacterium 4F10 1.00E-60 69.92
K14469 Acryloyl-CoA reductase 1.3.1.84 HEBAHGMP_0155 ASP23632 Ant.arctobacter 0.00E+00 85.20
(acul) 0 heliothermus
b7 HEBAHezMP—M% WP—052831 3 Shimiathalassica  0.00E+00  89.98
K01908 Acrylate-CoA ligase (prpE) 6.2.1.17
HEBAHGsMP70083 we_1 0560644 Shimia abyssi 0.00E+00 89.13
HEBAHG7MP*0256 WP709309167 Shimia aestuarii 0.00E+00 87.40
3-hydroxypropionate
dehydrogenase (dddA) N/A HEBAHG1MP*0292 WP*09;09463 Shimia aestuarii 0.00E+00 76.03
N/A N/A
HEBAHGQMP—0357 WP—095345510 Rhodobacteraceae 0.00E+00 100.00
Malonate-semialdehyde HEBAHGMP_0188 WP_07167533 Nioella
dehydrogenase (dddC) NIA 9 0 nitratireducens 0.00E+00 93.19
34 Discussion
3.4.1 Resolving the genomic basis of DMSP production in the AMT-P-4 culture

This study applied genomic methods to explore the capacity of an Alphaproteobacterium
(S. aestuarii) and a Gammaproteobacterium (V. hepatarius), identified from coral tissues using

16S rRNA Sanger sequencing, to metabolise DMSP. A more thorough inspection of their
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respective DNA exposed ambiguities in the sequenced 16S rRNA gene data of isolate AMT-P-4,
initially identified as V. hepatarius, that could not be resolved due to the strict targeted approach
of Sanger sequencing. As such, this method was unable to confirm the species homogeneity of
the DNA (Montesino et al., 2007). The MinlON method, used in conjunction with MiSeq which
was applied to polish the data and remove minor systematic errors, proved critical in confirming
this. Circular assemblies were obtained and enabled the unambiguous assignment of all genes to

their organism of origin.

Both MiSeq and MinlON sequencing are regularly used to generate de novo genome
assemblies of various organisms including bacterial isolates (Quick et al., 2014; Allard et al.,
2016). However, the higher quality short-reads obtained through MiSeq can lack contiguity
(Goldstein et al., 2019) leading to fragmented contigs and ambiguous regions (Cabhill et al., 2010;
Kingsford et al., 2010; Koren et al., 2013; Neal-McKinney et al., 2021), as observed in Figure
3.2a for AMT-P-4. Meanwhile, longer reads obtained from MinION are often of lower quality
(Laver et al., 2015; Jain et al., 2017) and are more prone to error (Ip et al., 2015), frequently
requiring additional polishing steps (Goldstein et al., 2019). However, MinlON can provide
greater taxonomic resolution compared to MiSeq (Wommack et al., 2008; Nygaard et al., 2020).
When both sequencing methods are used in conjunction (Pop, 2009; Henson et al., 2012) the
outcomes can result in high-quality assemblies (Risse et al., 2015; Lu et al., 2016; Goldstein et
al., 2019; Neal-McKinney et al., 2021) overcoming the limitations of short-read sequencing
technologies and facilitating accurate annotation of genes, as can be seen in our efforts here, which

resolved issues with the AMPT-P-4 culture.

Prior to the availability of genome sequence data presented here, the assumption was that
the dsyB gene amplified from AMT-P-4 was encoded by V. hepatarius, resulting in the first report
of'a Gammaproteobacterium with a dsyB gene. However, the dsyB gene was eventually confirmed
to belong to S. aestuarii and not V. hepatarius. This is in agreement with other studies that have
confirmed DMSP production via the detection of DsyB proteins in prokaryotes belonging to the
Alphaproteobacteria (Curson et al., 2017) or other ancient lineages including cyanobacteria,
purple sulphur bacteria and purple non-sulphur bacteria (McParland and Levine, 2019). While
genomic data are lacking for some non-Alphaproteobacteria prokaryotic groups at this time, it is
important to recognise that the absence of sequence data supporting DMSP production by this
particular group of bacteria does not mean they are necessarily incapable of producing this
metabolite (Williams et al., 2019). In addition, the advent of more robust preliminary genetic
screening able to establish the presence of the dsyB gene and neighbouring associated genes
should expediate identification of bacteria with the genetic machinery to produce DMSP. Even

though the combined MinlON-MiSeq approach described here enables robust genetic screening
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of mixed cultures and is capable of accurately identifying the origin of specific genes associated
with the metabolism of DMSP, it remains necessary to conduct chemical analyses to establish
whether the bacterium is actually able to produce intracellular DMSP (i.e., as reported in Chapter

2).

It is interesting that, to date, there is conservation of the dsyB gene within
Alphaproteobacteria and that it has yet to be identified from any other bacteria class suggesting
this Order plays a unique and important role in sulphur cycling. The gene mm¢N, a separate but
similarly robust reporter gene with the potential to synthesise DMSP (Williams et al., 2019), is
common in Gammaproteobacteria. However, it is less abundant compared to dsyB (Williams et
al., 2019; Sun et al., 2020). A Gammaproteobacterium belonging to the genus Marinobacter has
also been found capable of producing DMSP, but lack dsyB and mmtN in its genome (Curson et
al., 2017; Williams et al., 2019) indicating that unknown isoforms of the enzymes or other novel
pathways (Dickschat et al., 2015) for the synthesis of DMSP exist. The possibility that more
unknown bacteria capable of producing DMSP may exist must be taken into account when
estimating DMSP budgets in the bacterial community and when bacteria are associated with other

organisms such as corals.

3.4.2  DsyB protein in Shimia aestuarii AMM-P-2

Several Shimia species have been previously reported in coral microbial communities,
notably, S. isoporae which was first isolated from the reef-building coral Isopora palifera (Chen
et al., 2011), and S. marina, a potential coral pathogen which has been consistently identified
within bacterial communities associated with Porites white patch syndrome (Séré et al., 2014).
Until now little has been understood about sulphur metabolism by coral-associated Shimia spp.,
although there has been a report of a Shimia strain originating from marine sediment that is
capable of aerobic and anaerobic sulphur cycling at the seafloor, which has the genetic machinery
to produce DMS through the degradation of DMSP or the reduction of dimethylsulphoxide
(Kanukollu et al., 2016). Here we report the presence of the DMSP biosynthesis gene, dsyB, in
Shimia spp., thereby elevating the importance of this genus in the cycling of sulphur on coral

reefs.

The proximity of isc/suf genes to dsyB in S. aestuarii suggests that DMSP may play a
role in the bacterium’s responses to environmental stressors faced by the coral holobiont. These
groups of genes encode proteins involved in the Fe-S cluster assembly, which have a role in
oxidative stress protection (Ayala-Castro et al., 2008). The IscS protein has been previously

shown to interact with and transfer sulphur from cysteine to IscU scaffold proteins within the Fe-
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S assembly. Meanwhile, the IscR protein is known to regulate suf transcription in response to
oxidative stress (Yeo et al., 2006). Aside from S. aestuarii AMM-P-2, other well-characterised
strains of bacteria capable of producing DMSP include L. aggregata 1LZB033 via dsyB (Curson
etal., 2017) and Novosphingobium sp. BW1 via mmtN (Williams et al., 2019). DMSP production
by L. aggregata 1L.ZB033 did not appear to be affected by varying conditions of salinity,
temperature, oxidative stress, nitrogen supply, freezing, or combinations of these conditions
(Curson et al., 2017), which is consistent with a notable lack of linkage in the functions of
predicted proteins neighbouring DsyB (see Figure 3.6b). However, a more comprehensive study
of the transcriptomics of L. aggregata is needed to confirm this. As the dsyB gene in S. aestuarii
AMM-P-2 neighbours clusters of Fe-S genes (sufX) associated with stress responses (Figure 3.5a),
it would also be pertinent to investigate how dsyB expression in S. aestuarii AMM-P-2 is
potentially influenced by environmental stressors regularly experienced by the coral host. In
addition, while the production of DMSP by Novosphingobium sp. BW1 has been shown to be
significantly enhanced by the addition of methionine (Williams et al., 2019), the influence of

environmental stressors is yet to be investigated.

3.4.3  Pathways to DMSP production in Shimia aestuarii AMM-P-2

Genome sequencing has revealed that S. aestuarii AMM-P-2 possesses a complete set of
genes encoding for the DMSP biosynthesis pathway from inorganic sulphate, to DMSP, enabling
it to produce DMSP de novo. S. aestuarii is capable of utilising sulfate from seawater, as well as
select the least energetically-costly route to produce sulphur by-products as needed. Although the
bacterium is capable of methionine synthesis through metH or yitJ, its growth on methionine-
enriched media (as discussed in Chapter 2) indicates that it is also able to uptake exogenous
sources of methylated sulphur compounds, boosting the pool of reduced sulphur intermediates

available for the synthesis of DMSP.

The presence of dsyB in S. aestuarii AMM-P-2 confirms that it utilises the transamination
pathway (see Figure 1.3 in Chapter 1) to produce DMSP (Curson et al., 2017). The intermediates
for this pathway (4-methylthio-2-oxobutyrate, MTOB; 4-methylthio-2-hydroxybutyrate, MTHB;
4-dimethylsulphonio-2-hydroxybutyrate, DMSHB) are presumably present due to the committing
step that dsyB mediates, which is the methylation of MTHB to DMSHB (Gage et al., 1997,
Summers et al., 1998; Ito et al., 2011). Despite this knowledge, the genes that mediate the steps
prior to methylation in the transamination pathway in bacteria are currently unconfirmed or

unknown (Curson et al., 2017).
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3.4.4 DMSP degradation pathways in Shimia aestuarii AMM-P-2

Aside from DMSP production, S. aestuarii AMM-P-2 also has a complete suite of genes
capable of degrading DMSP into either MeSH (demethylation pathway) or equal amounts of
DMS and acrylate (cleavage pathway). It has been previously hypothesised that concentration of
environmental DMSP might be an important factor regulating the choice of degradation pathway
used by bacteria (Kiene et al., 2000). This hypothesis was recently confirmed, revealing that when
DMSP concentrations are low the demethylation pathway is favoured, whereas when
concentrations are higher, most of the DMSP is converted to DMS through the cleavage pathway
(Gao et al., 2020). Other factors have also been suggested to affect the regulatory juncture of
DMSP degradation in bacteria including ultraviolet light stress (Slezak et al., 2007) and osmolyte
requirements (Kiene et al., 2000; Reisch et al., 2008). Further physiological studies alongside
measurements of gene regulation (Varaljay et al., 2015) are required to confirm the conditions

that control the regulation of these competing pathways in S. aestuarii AMM-P-2.

It is noteworthy that S. aestuarii AMM-P-2 has the genetic machinery to degrade acrylate
into less toxic compounds. Corals belonging to the genus Acropora are known to produce and
accumulate within their tissues large quantities of intracellular acrylate from the degradation of
DMSP (Tapiolas et al., 2010). It is therefore likely that coral-associated bacteria contribute to this
large pool of acrylate. In addition, most of the known acrylate degrading genes have been
identified in bacteria (Todd et al., 2010; Todd et al., 2012b). Interestingly acul typically functions
in conjunction with the demethylation gene, dmdA (Todd et al., 2012b), potentially affecting the

partition of the DMSP catabolic flux between cleavage and demethylation routes.

3.4.5 Conclusions and future direction

This study showcases the importance of applying more robust, in-depth next-generation
sequencing whenever possible to confirm the results of preliminary screening based on standard
Sanger sequencing. When used together, MiSeq and MinlON sequence data can generate high
quality bacterial genomes while resolving ambiguities in preliminary screening data. Analyses of
the genome of the coral-associated bacterium, S. aestuarii AMM-P-2, assembled using this
strategy, permitted identification of genes involved in sulphate assimilation and DMSP
metabolism, and suggest roles for this bacterium in sulphur cycling within the coral holobiont. A
priority for future research must be the application of chemical and/or physical techniques to test

hypothetical roles that have been proposed for S. aestuarii AMM-P-2 based on the genome data.
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Chapter 4:
The effect of environmental stressors on DMSP biosynthesis in coral-
associated bacteria

Abstract

Dimethylsulphoniopropionate (DMSP), a central compound in the marine sulphur cycle,
is produced in large amounts by corals. Its production is impacted by environmental stressors
experienced by coral reefs in the Anthropocene. The discovery that coral-associated bacteria can
also produce DMSP has introduced an additional factor influencing DMSP dynamics within the
coral holobiont. In Chapter 4, cultures of S. aestuarii AMM-P-2 were exposed to variation in both
temperature and salinity, high UV radiation, and complete darkness, and DMSP concentrations
monitored. Intracellular DMSP concentrations increased almost two-fold under both hypersaline
conditions (40 PSU) and following UV exposure. Meanwhile, conditions that are stressful for the
coral host but not necessarily for the bacteria, such as fluctuations beyond the average temperature
range (22 and 32°C), did not induce significant changes in intracellular DMSP concentrations.
DMSP production in response to variable salinity and UV suggests that under stress, S. aestuarii
AMM-P-2 favoured the DMSP cleavage pathways, which in addition to acrylate, produce the
antioxidant DMS. Overall, these results indicate that DMSP biosynthesis by S. aestuarii AMM-

P-2is impacted by specific environmental conditions which are not necessarily tied to coral stress.

4.1 Introduction

In recent years, coral reefs have been severely impacted by climate change and other
anthropogenic stressors, threatening their ecological integrity and function (Field, 2014). In
addition to ocean acidification, which can compromise coral calcification (Hoegh-Guldberg et al.,
2007; Erez et al., 2011; Mollica et al., 2018), increases in the frequency and intensity of exposure
to thermal stress leads to mass bleaching events (Hoegh-Guldberg, 1999; Hughes et al., 2003;
Hughes et al., 2018b; Hughes et al., 2018a; Hughes et al., 2019). These stressors have significant
ecological impact on coral reef ecosystems: they reduce habitat complexity (Hughes et al., 2018b)
and change community structure (Glynn, 1993; Hughes, 1994; Shulman and Robertson, 1996;
Ostrander et al., 2000; Bellwood et al., 2006b). A well-documented stress response in corals is
the increase or decrease of dimethylsulphoniopropionate (DMSP) concentrations measured in
coral tissue. For example, heat stress can result in increases in DMSP levels in hard corals from

the genus Acropora (Raina et al., 2013; Deschaseaux et al., 2014a; Jones et al., 2014; Gardner et
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al.,, 2017). Variation in seawater salinity can also induce major changes (both increases or
decreases) of intracellular DMSP concentrations (Gardner et al., 2016; Aguilar et al., 2017).
Previous studies have shown that other stressors such as irradiance (Fischer and Jones, 2012;
Cropp et al., 2018), or elevated exposure to copper (Yost et al., 2010) or zinc (Deschaseaux et al.,

2018) can also affect DMSP levels in corals.

DMSP can be produced by multiple members of the coral holobiont: Symbiodiniaceae
(Keller et al., 1989; Hill et al., 1995; Broadbent et al., 2002; Van Alstyne et al., 2009; Yost and
Mitchelmore, 2009; Steinke et al., 2011), the coral host (Raina et al., 2013; Aguilar et al., 2017),
and coral-associated bacteria (see Chapter 2). It has several functions, acting as an osmolyte
(Kirst, 1996; Stefels, 2000; Yoch, 2002), an antioxidant (Sunda et al., 2002; Deschaseaux et al.,
2014b; Gardner et al., 2016), a chemoattractant (Steinke et al., 2002; DeBose and Nevitt, 2007;
Seymour et al., 2010) or a cryoprotectant (Karsten et al., 1996). Deciphering which members are
responsible for the variation in DMSP concentrations observed during stress is challenging due
to the intertwined nature of the holobiont. Testing the response to stress of holobiont members in
isolation is one avenue to understand DMSP dynamics in corals and this approach has previously
been applied to Symbiodiniaceae in culture (Gage et al., 1997; Van Alstyne et al., 2009) and
aposymbiotic coral juveniles (Raina et al., 2013; Aguilar et al., 2017). To date, the stress response

of DMSP-producing coral-associated bacteria has not been investigated.

Curson et al. (2017) has recently reported the discovery that marine bacteria are capable
of producing DMSP. One of the genes responsible for this biosynthesis was identified as dsyB,
which encodes the key methyltransferase enzyme of the methionine transamination route (see
Chapter 1, Figure 1.3), a pathway also used by macroalgae and phytoplankton (Gage et al., 1997).
DMSP production and dsyB transcription were upregulated in cultures of the
alphaproteobacterium Labrenzia aggregata exposed to increased salinity, nitrogen limitation and
low temperature (Curson et al., 2017). Homologues of DsyB proteins have since been found in
many marine Alphaproteobacteria (Curson et al., 2017), including in five species of coral-
associated bacteria recently isolated from Acropora millepora (see Chapter 2). Of these, Shimia
aestuarii is the most prolific DMSP producer, however, the environmental conditions that

regulate the biosynthesis of this molecule are currently unknown.

Here we used a combination of quantitative nuclear magnetic resonance (QNMR) and
quantitative polymerase chain reaction (qQPCR) to investigate the effect of multiple environmental
stressors on the expression of dsyB and subsequent production of DMSP in the coral-associated
bacterium S. aestuarii AMM-P-2. These stressors included high and low growth temperatures,
constant darkness, UV exposure, and hyper-/hyposaline conditions, all of which are known to

alter DMSP concentrations in the coral holobiont (Fischer and Jones, 2012; Raina et al., 2013;
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Jones et al., 2014; Aguilar et al., 2017; Gardner et al., 2017). By using stressor levels that are
relevant for coral reefs, this work aims to characterise the role that environmental factors play in

DMSP production in coral-associated bacteria.

4.2 Methodology
4.2.1 Bacteria culture and growth

Isolate AMM-P-2 (Chapter 2) was revived from 20% v/v glycerol stock using 6 ml of
modified minimal basal media (MBM) (Curson et al., 2017). Methionine (final concentration 0.5
mM) was added as a source of sulphur to the modified MBM and the culture incubated at 27°C
and 180 RPM (Innova 44R, New Brunswick Scientific, New Jersey, United States). Once growth
was visible to the naked eye (approximately 3-4 days), an aliquot of the starter culture was
inoculated (1:10 dilution) into 60 ml of modified MBM. As previously, 0.5 mM methionine was
added, and the culture maintained at 27°C and 180 RPM.

Two replicate cultures were prepared to monitor the bacterium’s growth. Modified MBM
(60 ml) containing 0.5 mM methionine maintained under the same conditions acted as the control.
Every two hours for 48 hours, all three cultures were gently shaken to ensure homogeneous
distribution within the media, and 100 pl aliquots transferred by pipette into sterile
microcentrifuge tubes. The optical density of the three cultures (2 ul each) was measured at 600
nm (ODsoo) on a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts,

United States) and a standard growth curve generated.
4.2.2  Bacteria stress experiment

Starter cultures of S. aestuarii AMM-P-2 were grown under different environmental
conditions simulating those that induce stress in tropical corals: temperature, UV and salinity.
Bacteria cultures were initially grown under standard conditions: 27°C at 180 RPM, ambient
lighting, and 35 practical salinity units (PSU). To test the effect of temperature, the bacterial
cultures were grown at 22°C (low temperature; T»,) and 32°C (high temperature; T3,). To test the
effect of extreme UV, the bacteria were exposed to UV through a combination of Deluxlite Black
Light Blue (18W) and Reptile One UVB 5.0 (18W) UVR fluorescent tubes or grown in complete
darkness. Full spectrum radiation emitted by the UVR fluorescent tubes was measured using a
Solarmeter Model 5.0 UVA + UVB meter (Solar Technology, Pennsylvania, United States), with
an average UV emission in the incubator of 1.328 mW c¢m™. These measurements included the

attenuation of the UVR through the glass flasks used for the cultures. To test the effect of extreme
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salinity, the quantity of sea salts (Sigma-Aldrich, Missouri, United States) was adjusted using a
8410A Portasal salinometer (Guildline Instruments, Ontario, Canada) calibrated with IAPSO SS
(International Association for Physical Sciences of the Ocean Standard Seawater; Ocean
Scientific International, Hampshire, United Kingdom) to give a final salinity equivalent to 25
PSU (low) and 40 PSU (high) in the modified MBM. Three biological replicates were grown for

each of the described conditions, including control conditions.

Cultures were sampled over four time points corresponding to the mid-exponential (24
hours), late exponential (28 hours), early stationary (32 hours), and late stationary (36 hours)
growth stages of the bacterium, as established from the standard growth curve. At each time point,
one culture per treatment was removed and aliquots taken for: protein estimation (I ml; snap
frozen and stored in -80°C until required), RNA extraction (10 ml) and quantitative nuclear
magnetic resonance (QNMR) analysis (49 ml; centrifuged for 5 min at 3,000 g, pellet snap frozen
and stored at -20°C until analysis).

4.2.3  Protein estimation

The frozen cells (1 ml aliquots taken from each culture at each time point) were defrosted
gradually at room temperature, then vortexed quickly for 3 s to resuspend. Resuspended cells
were lysed by sonication for 10 s on ice (to ensure samples did not overheat). Sonication was
repeated three times with 30 s rest between each event, after which samples were centrifuged at
a maximum speed (21,130 g) for 5 min and the supernatant collected. The protein content was
estimated using the Bradford method (Bradford, 1976) and the protein extraction performed using
the Quick Start Bradford Protein Assay Kit 1 (Bio-Rad, California, United States) following the
manufacturer’s protocol. Protein concentrations were then measured on a Cytation 3 Cell Imaging

Multi-Mode Reader (Biotek, Vermont, United States).

4.2.4  Bacterial cell counts

To determine the conversion factor between optical density and bacterial cell number,
ODsoo and flow cytometry counts were carried out simultaneously on S. aestuarii grown under
standard conditions in triplicate (27°C at 180 RPM, ambient lighting, 35 PSU, in modified MBM).
After each ODggpo measurement, 100 pl of cells were fixed for 15 min in 2% glutaraldehyde for
subsequent flow cytometry analysis. Samples were then stained with SYBR Green (1:10,000 final

dilution; ThermoFisher, Massachusetts, United States), incubated for 15 min in the dark and

72



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 pl min™'. 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 pl) per sample.

4.2.5 RNA extraction and cDNA synthesis

Bacterial RNA was extracted from 10 ml of culture using RNeasy Plus Mini Kits (Qiagen,
Hilden, Germany). The 10 ml aliquots were initially centrifuged for 5 min at 5,000 g and then
processed following the manufacturer’s protocol with some modifications (see below). Once

processed, the supernatant was decanted, and the bacterial pellets stored at -80°C until required.

Bacterial pellets kept frozen in a liquid nitrogen bath were extracted as follows: 1 ml of
Buffer RLT Plus was added into each microcentrifuge tube and pipetted up and down repeatedly
until a homogeneous mix was achieved. The suspension was transferred into 2 ml Powerbead
tubes (0.1 mm glass beads; Qiagen, Hilden, Germany) and the bacterial cells disrupted using a
FastPrep-24 5G bead beating system (MP Biomedicals, California, United States) for 40 s at 6.0
m ™. The homogenised lysate was loaded onto a gDNA Eliminator spin column (Qiagen, Hilden,
Germany) set in a 2 ml microcentrifuge collection tube and centrifuged for 30 s at 8,000 g. Equal
volumes of 70% ethanol were added to the eluant and mixed well by gentle pipetting. The lysate
was then transferred into a RNeasy spin column (Qiagen, Hilden, Germany) set in a 2 ml
microcentrifuge collection tube and centrifuged for 30 s at 8,000 g. The ensuing eluant was
discarded and 700 pl of Buffer RW1 added to the spin column which was again centrifuged for
30 s at 8,000 g. The eluant was again discarded and 500 pl of Buffer RPE added followed by
centrifugation for 30 s at 8,000 g. Treatment of the retentate with Buffer RPE was repeated with
a longer centrifugation step (2 min) after which the spin column was transferred to a clean 2 ml
microcentrifuge collection tube. RNase-free water (50 pl) was added directly to the spin column
membrane and centrifuged for 1 min at 8,000 g. The eluate containing the RNA was stored at -

20°C and analysed within a week.

The extracted bacterial RNA was treated with TURBO DNase (Invitrogen, California,
United States) following the manufacturer’s protocol to eliminate traces of genomic DNA. Each
sample was then analysed on a Qubit 3.0 Fluorometer using the protocol for Qubit RNA HS Assay
Kit (Thermo Fisher Scientific, Massachusetts, United States), to determine the quantity and
quality of the RNA. Reverse transcription of the DNA-free RNA samples was achieved using
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SuperScript IV VILO Master Mix (Invitrogen, California, United States) according to the
manufacturer’s protocol. No reverse transcriptase (NRT) controls were performed on randomly

selected samples to confirm samples were free of DNA or other contaminants.

4.2.6 Real-time quantitative polymerase chain reaction (RT-qPCR)

The SYBR gqPCR assay system was applied to quantify the dsyB transcript and that of the
housekeeping gene, rec4, in the samples. Assays were prepared with an epMotion 50751
automated liquid handling system (Eppendorf, Hamburg, Germany) and performed on a Bio-Rad
CFX384 Touch Real-Time PCR System (California, United States) with three technical
replicates, a standard curve, and negative controls. A melting curve analysis was also carried out
at the end of every run to confirm the presence of a single PCR product. The reaction mixture for
each assay was: 2.5 pl iTaq Universal SYBR Green Supermix (Bio-Rad, California, United
States), 0.2 ul of each 10 pM forward and 10 uM reverse primers, 1 pl of template DNA, and 1.1

ul of sterile water for a final reaction volume of 5 pl.

A set of RT-qPCR primers specific for dsyB and recA, as described in Curson et al.
(2017), were used. The bacterial DMSP biosynthesis gene (dsyB) was amplified with dsyB _F (5'—
CTTGACGCCACAGCATGTTG-3’) and dsyB R (5= TCCGTCCTTTCACCAGAAAC-3")
with the following cycling conditions: 95°C for 3 min followed by 40 cycles of 95°C for 15 s,
50°C for 15 s, and 72°C for 45 s. The housekeeping gene (recA) was amplified with recA F (5°-
CACTGGAAATTGCCGATACG-3’) and recA_R (5’- CACCATGCACTTCGACTTG-3’) with
the following cycling conditions: 95°C for 3 min followed by 45 cycles of 95°C for 15 s, and
60°C for 1 min.

For quality control, the coefficient of variation (CV) was calculated for the technical
triplicates (1.5 + 1.3; average + standard deviation), and where necessary, triplicates with a CV

greater than 2% were removed from the analysis.

4.2.7  Quantitative nuclear magnetic resonance (QNMR)

Frozen bacteria pellets were lyophilised overnight in a Dynavac FD-12 freeze drier
(Massachusetts, United States). The dried pellets were then resuspended in 1 ml of deuterated
methanol (CD3;0OD; 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 CD;0D

and 666 pl of deuterium oxide (D,0O; Cambridge Isotope Laboratories, Massachusetts, United
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States) were added into the mixture (for a final CD3OD to D,O ratio of 3:1), which were then
vortexed at maximum speed for 5 min and sonicated for 10 min at room temperature. A clean
spatula was used to break up any remaining pellet chunks. The bacteria extracts were subsequently
centrifuged at 3,000 g for 5 min. A 700 pl aliquot of each particulate-free extract was transferred
into a 5 mm Norell 509-UP NMR tube (North Carolina, United States) and analysed immediately
using 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

etal. (2013).

'H NMR spectra were acquired on a Bruker Avance 600 MHz NMR (Massachusetts,
United States) with TXI cryoprobe operated by Topspin 2.1, non-spinning at 290 K (22°C) with
a spectral width of 20 ppm, a 90° pulse to maximize sensitivity, a relaxation delay of 35 seconds,
receiver gain of 57, two dummy scans, 16 acquisition scans, and 64,000 data points. The spectra
were referenced against CD;OD (8H 3.31 ppm), phase and baseline corrected, then integrated.
DMSP concentrations were calculated via the methyl singlet (2.98-2.90 ppm; 6H") while acrylate
concentrations were calculated via two integrals, whereby the two downfield doublet of doublet
signals were integrated together (6.17-5.97 ppm; 2H"). Intra-compound integrals were compared

to ensure consistency of the expected proton values.

The ERETIC method was performed using stock solutions of 1 mM DMSP prepared in
CD;0D and DO (ratio of 3:1). A synthetic ERETIC signal was applied at -0.5 ppm and its integral
used as a reference, against which DMSP and acrylate peak concentrations were determined. The
integral of the ERETIC signal was equivalent to 1 mM DMSP, where the measured integrals were

equal to the actual concentrations of DMSP and acrylate in the samples.

4.2.8 Data analyses

Statistics were performed using IBM SPSS Statistics version 27.0.1. 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 simple main
effects analysis was done to determine the difference between treatments at each time point for
both DMSP and acrylate. Further, a Pearson product-moment correlation was run to determine
the relationship between DMSP and acrylate concentrations in S. aestuarii AMM-P-2. Detailed
statistical data are presented in Supplementary Data Tables 4.1 to 4.5.
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4.3 Results
4.3.1 Bacteria standard growth curve

S. aestuarii AMM-P-2, grown in methionine-enriched MBM under standard conditions
and monitored by measuring the optical density, exhibited four distinct phases of growth during
a 48 hours incubation (lag, exponential, stationary, and decline). From the growth curve (Figure
4.1), the sampling time points for the exposure experiments were chosen: mid-exponential (24
hours after inoculation), late exponential (28 hours after inoculation), early stationary (32 hours

after inoculation), and mid-stationary (36 hours after inoculation).
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Figure 4.1. Growth curve of Shimia aestuarii AMM-P-2, grown in methionine-enriched modified minimal
basal medium under standard conditions (27°C at 180 RPM, ambient lighting, and 35 PSU). phase. Error
bars display standard error.

4.3.2  Protein estimation and bacterial cell counts

Total protein of S. aestuarii AMM-P-2 cultures grown under each experimental condition
was measured at all four time points to allow normalisation of the chemistry produced by the
bacterium. However, the protein concentrations (Figure 4.2) did not show an increase
concomitant to cell density across time (Figure 4.3). Although previous studies into DMSP
production by bacteria (Curson et al., 2017; Williams et al., 2019) have used total protein to
normalise chemical data, the lack of correlation between protein concentration and bacterial

density in S. aestuarii AMM-P-2 cultures precluded this. A lack of glycerol addition to the snap-
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frozen culture aliquots was most likely responsible for the variable total protein measurements;
samples stored at -80 °C without cryoprotectant can be compromised by the effects of
freeze/thawing degrading bacterial cell integrity (Elliott et al., 2017). The supernatant was also
observed to be slightly viscous, an indication that high molecular weight DNA may be present
which could potentially interfere with the total protein measurements (Groves et al., 1968).

Therefore, these data were assumed to be compromised and not used further.
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Figure 4.2. Protein concentration estimates for Shimia aestuarii AMM-P-2 cultures grown under varying

experimental conditions of temperature (22 and 32°C), salinity (25 and 40 PSU), UV exposure and constant
darkness.

Bacterial cell counts for S. aestuarii AMM-P-2 were obtained as an alternative method
to normalise subsequent chemical data. For this purpose, culture cell numbers were quantified
over a wide range of optical densities (at 600 nm; Figure 4.3). The equation obtained from the
line of best fit was used to normalise production of DMSP and acrylate by the number of cells in

subsequent experiments (Chiu et al., 2016).
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Figure 4.3. Calibration curve showing the relationship between optical density (ODgoo) and cell density for
Shimia aestuarii AMM-P-2. Error bars display standard error.

4.3.3  DMSP production under different stress conditions

Intracellular DMSP concentrations in S. aestuarii cells were not statistically different
between the four time points, irrespective of the treatments (ANOVA, p = 0.078; see
Supplementary Data Table 4.1). No significant interaction was identified between time and
treatments (ANOVA, p = 0.204; see Supplementary Data Table 4.1). Under standard conditions,
the average concentration of DMSP was 0.464 (£0.041) fmol cell”'. The concentration of DMSP
in cultures grown at 22°C was the only treatment that was not significantly different from the
standard condition among the range of experimental conditions. Of the treatments, variations in
salinity affected DMSP concentrations the most. Indeed, cultures grown in hyposaline conditions
(25 PSU) had the lowest DMSP levels, with an average of 0.175 (£0.009) fmol cell”, 63% lower
than standard conditions. In contrast, the highest DMSP measurements were recorded under
hypersaline conditions (40 PSU), with an average of 0.836 (£0.032) fmol cell”’, or 80% more
intracellular DMSP compared to standard conditions. Changes in DMSP levels occurred at 24
and 32 hours under hyposaline conditions, and at all time points under hypersaline conditions.
Intracellular DMSP concentrations were also altered when grown under high UV conditions and
in complete darkness. Both UV and dark treatments resulted in major increases in intracellular
DMSP levels with an overall increase of 65% and 43% compared to growth under standard
conditions, or 0.767 and 0.665 fmol cell”!, respectively. Impacts on DMSP concentrations were
observed in the late exponential stage (28 hours) and with levels increasing as the experiment

progressed. Darkness induced significant increases in DMSP concentrations in the stationary
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phase (32 and 36 hours). Temperature variations resulted in lower DMSP concentrations
compared to standard growth conditions. Of the two, only the higher temperature (32°C) was
found to be significantly different between 28-32 hours. On average, the DMSP concentrations at

32°C were 42% less (0.271 fmol cell™!) than what was produced at optimal, standard conditions.

The presence of DMS in S. aestuarii AMM-P-2 extracts was initially established by its
distinctive smell. Although it cannot be measured quantitatively by qNMR due to its volatile
nature, its production was corroborated by the detection of acrylate. qNMR analysis demonstrated
acrylate was present in each sample and its concentration was approximately one order of
magnitude lower than that of DMSP (Figure 4.4b). Together, these observations confirm the
bacterium utilises the DMSP cleavage pathway. Unlike DMSP, however, acrylate concentrations
differed significantly between time points (ANOVA, p = 0.003; see Supplementary Data Table
4.2), and the interaction between time and treatments was significant (ANOVA, p = 0.047; see
Supplementary Data Table 4.2). Under standard growth conditions, the average acrylate level
measured throughout the experiment was 0.125 (£0.008) fmol cell”, with an overall 38% drop in

concentration between 24-36 hours, peaking at 0.128 (£0.017) fmol cell at 32 hours.

The variations observed between treatments for DMSP concentrations were not as
pronounced for acrylate. The 32°C treatment was the only condition that significantly affected
acrylate concentrations across all four time points (with an average of 68% less acrylate compared
to standard conditions). Cultures grown in the dark had significantly lower concentrations of
acrylate than those grown under standard conditions, with an average of 0.075 fmol cell (40%
less). Salinity had the greatest impact on intracellular acrylate concentrations, with significant
decreases (average 46% less than standard conditions) between 24-32 hours under hyposaline
conditions, and significant increases (average 36% more than standard conditions) between 28-

36 hours under hypersaline conditions.
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Figure 4.4. Changes in the concentration of (a) DMSP and (b) acrylate by Shimia aestuarii AMM-P-2
exposed to temperature (22 and 32°C), salinity (25 and 40 PSU), constant darkness, and UV exposure,
measured at four growth time points. Standard conditions: cultures were grown at 27°C in modified MBM
media adjusted to 35 PSU and supplemented with 0.5 mM methionine. Error bars indicate standard error
(n=13). Significance was determined using repeated measures ANOVA (p <0.05), experimental conditions
marked with an asterisk (¥) are significantly different from the standard conditions.

A positive correlation was identified between the intracellular concentrations of DMSP
and acrylate across the different conditions tested (Pearson Correlation, #(28) = 0.708, p <.001,
Figure 4.5a; see Supplementary Data Table 4.5). Conditions were separated between two
categories: (1) conditions that are stressors for bacteria (i.e., high UV, 25 and 40 PSU), and (2)
those that are unlikely to elicit a stress in bacteria but are coral-related stress conditions (i.e.,
darkness, 22 and 32°C), and the responses reanalysed. No significant correlation was identified

between DMSP and acrylate concentrations with respect to coral-related stress conditions
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(R?=0.054; Figure 4.5b), however, the increase in DMSP concentrations was closely mirrored by
a concomitant increase in acrylate concentration in the bacterial-related stress treatments,

resulting in a strong positive correlation (R*=0.761; Figure 4.5c).
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Figure 4.5. Correlation between the concentrations of DMSP and acrylate in Shimia aestuarii AMM-P-2
under (a) all experimental conditions (temperature [22 and 32°C]; salinity [25 and 40 PSU], constant
darkness, and UV exposure), (b) coral-related stress conditions: temperature (22 and 32°C) and darkness,
and (c) bacteria-related stress conditions: salinity (25 and 40 PSU) and high UV.

4.3.4 dsyB gene regulation

Having confirmed that the DMSP biosynthesis gene dsyB is present in the genome of the
S. aestuarii AMM-P-2 and that the gene is functional through preliminary NMR measurements
of its extract (reported in Chapters 2 and 3), the expression of dsyB was monitored across all

experimental conditions employed in section 4.3.3 (Figure 4.6). The samples were run in
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triplicates (see Supplementary Data Table 4.6), but some replicates failed during the qPCR runs.
Compared to cultures grown in standard conditions, stress elicited a decreasing trend in dsyB
expression across all conditions tested. In addition, these expression results were found to be
highly variable and, within each treatment, the dsyB expression patterns did not correlate with the

gNMR data (Figure 4.4a).
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Figure 4.6. dsyB transcription in Shimia aestuarii AMM-P-2 under varying experimental conditions of
temperature (22 and 32°C), salinity (25 and 40 PSU), constant darkness, and UV exposure.

4.4 Discussion

DMSP production by the coral animal and associated Symbiodiniaceae exhibit similar
trends, with elevated intracellular concentrations occurring when the isolated partner is subjected
to stressors commonly experienced by the holobiont on the reef (Jones and King, 2015). Our
results show that, compared to control conditions, S. aestuarii AMM-P-2, a bacterial symbiont
isolated from Acropora millepora, produced almost twice as much DMSP when exposed to
hypersaline and high UV stress. In contrast, exposure to temperature stress (22 and 32°C), which
induces changes in DMSP levels in the coral holobiont, had no effect. The detection of acrylate
in S. aestuarii AMM-P-2 extracts confirmed the DMSP degrading genes identified in its the
genome (see Chapter 3) are active. Overall, acrylate concentration was positively correlated with
DMSP production. Changes in DMSP and acrylate concentrations over time mirrored the
bacterium’s growth curve, with concentrations of both metabolites falling as the culture aged.

This decline in concentrations was more pronounced under hypo/hypersaline conditions and high
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UV exposure, which are known to cause stress in a variety of bacteria (Stanley and Morita, 1968;

Joux et al., 1999; Santos et al., 2013).
4.4.1 DMSP metabolism by Shimia aestuarii AMM-P-2

The DMSP concentrations in S. aestuarii cells were not significantly different between
sampling time points within each of the seven culture treatments (i.e,. control, temperature [22°C
and 32°C], salinity [25 and 40PSU], UV, and complete darkness). However, some treatments
displayed larger changes in DMSP concentrations in relation to the control treatment. Salinity is
a factor known to influence DMSP concentrations in corals (Gardner et al., 2016; Aguilar et al.,
2017), while also affecting subsequent DMSP degradation in bacteria (Salgado et al., 2014; Liu
etal., 2018). Results presented here corroborate past studies whereby hypersalinity induces higher
DMSP synthesis in various organisms (Vairavamurthy et al., 1985; Kirst et al., 1991; Karsten et
al., 1992; Trossat et al., 1998). The higher levels of intracellular DMSP under hypersaline
conditions (~0.836 fmol cell') compared to lower levels observed in hyposaline conditions
(~0.175 fmol cell™) also supports the role of DMSP as an osmolyte in bacteria (Burg and Ferraris,
2008). This pattern was also observed in L. aggregata LZB033, currently the only other bacterial
model for DMSP production (Curson et al., 2017).

Short term high UV exposure can generate hydroxyl radicals (¢*OH) and other reactive
oxygen species (ROS), which can be detoxified by DMSP (Sunda et al., 2002; Darroch et al.,
2015). The levels of UV radiation in this study were approximately double the values previously
measured at the surface of Great Barrier Reef waters (~0.9 mW cm™) (Michael et al., 2012;
Nordborg et al., 2018) or other coastal and oceanic locations (Tedetti and Sempéré, 2006; Barron
et al., 2009). This high UV exposure, which acts as a proxy for oxidative stress, induced a nearly
two-fold increase in DMSP concentration compared to control conditions, which suggests that

this compound plays a role in protection against oxidative stress in S. aestuarii AMM-P-2.

The experimental growth conditions selected for this study were related to environmental
stressors that the coral holobiont may experience on a reef (Fitt et al., 2001; Hughes et al., 2003;
Hoegh-Guldberg et al., 2007), however, marine bacteria have a broad physiological capacity and
these coral stress conditions are not likely stressful to the bacterial cells. For example, small
temperature variations (e.g. + 5°C) are likely not sufficient to induce a stress response in the
bacteria as temperature alone is rarely a limiting factor for marine heterotrophic bacteria,
particularly if grown ex situ (Pomeroy and Wiebe, 2001). This explains why DMSP
concentrations were less affected by these conditions. Another condition not expected to be a
stressor for heterotrophic bacteria is complete darkness. The increases in DMSP concentration

recorded in cultures grown in absence of light supports the notion that light is not a limiting factor
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for DMSP production, which has implications for DMSP dynamics of mesophotic coral
ecosystems. Mesophotic corals generally support fewer algal cells per coral cell (Dustan, 1979;
McCloskey et al., 1984; Ziegler et al., 2015), which limits the DMSP contribution of
Symbiodiniaceae within the coral holobiont. Previously, DMSP production observed in
Symbiodiniaceae (Borell et al., 2016) and corals (Laverick et al., 2019) in mesophotic zones were
hypothesised as a possible defence against depth-related stress. A recent study revealed that deep-
sea bacteria inhabiting the marine seafloor of the Mariana Trench produce substantial amounts of
DMSP, the production of which increased with hydrostatic pressure (Zheng et al., 2020). As such,
our results suggest coral-associated bacteria contribute more prominently to the holobiont DMSP

pool in mesophotic corals, however, further targeted investigation is needed to confirm this.

Intracellular acrylate concentrations measured in S. aestuarii AMM-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 concentrations were strongly and positively correlated under
conditions eliciting a stress for 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.,
temperature, darkness). This suggests that under stress conditions, more DMSP is channelled
towards the DMSP cleavage pathway, forming equal amounts of DMS and acrylate, rather than
the demethylation pathway which forms MeSH and 3-mercaptopropionate (Howard et al., 2006;
Todd et al., 2007; Curson et al., 2008; Gao et al., 2020). DMS can function as an antioxidant
(Sunda et al., 2002; Deschaseaux et al., 2014b), and therefore may be the more useful compound
(compared to MeSH), acting as a protective mechanism against oxidative stress and potential

build-up of reactive oxygen species (ROS) which may accumulate due to intracellular stress.

4.4.2  dsyB regulation by Shimia aestuarii AMM-P-2

Unfortunately, we are unable to relate measured concentrations of DMSP in S. aestuarii
cells with the level of expression of the dsyB gene. Indeed, levels of the S. aestuarii dsyB mRNA
across the experimental conditions were highly variable within each treatment and were generally
lower under all the treatments compared to the controls. Our results are not consistent with
previous studies (Curson et al., 2017) and the large variability recorded within each treatment
(several orders of magnitudes) stands in stark contrast with the low variance recorded with our
gNMR measurements. Some of this variability may be due to the selection of the housekeeping
gene used to normalise the expression of dsyB. We chose rec4 because it has previously been
used to normalise dsyB expression (Curson et al., 2017), and the transcription of this gene appears

to be constitutive in pure bacterial cultures as well as in the environment (Lloyd and Sharp, 1993;
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Eisen, 1995; Cox, 2003; Giloteaux et al., 2013). However, given the involvement of recA proteins
in DNA repair (Miller and Kokjohn, 1990), it may not be an appropriate standard for stress
experiments, particularly in the case UV treatment, and other genes should be assessed for their

suitability in this bacterium.

4.4.3  Conclusions and future direction

In summary, this study has shown that de novo production of DMSP by the coral-
associated bacterium S. aestuarii AMM-P-2 is dynamic and regulated by specific environmental
conditions. Variations in salinity, constant darkness, and UV exposure elicited the greatest effect
on DMSP concentrations, confirming its role in bacterial stress response. The confirmed
production of the antioxidant acrylate by the bacterium also establishes a link between the
catabolism of DMSP and the bacterial stress response. These results indicate that the role bacteria
play in the metabolism of DMSP and acrylate in the coral holobiont is complex, as stressors may
elicit distinct effects on different members of the holobiont. Future studies should elucidate the
regulatory dynamics of dsyB and other DMSP and acrylate degradation genes across a broad range
of environmental stressors. It is important to note that coral-associated bacteria are likely to
demonstrate different physiologies under stress in laboratory cultures compared to their natural
symbiotic state within the coral host (Ohbayashi et al., 2019). Together with culture-independent
studies investigating the effects of these stressors on microbial communities in sifu within the
coral holobiont, these additional investigations will further our understanding of the role these

compounds play in the coral stress response in a changing climate.

85



Chapter 5:
Identification of polyacrylate in the skeleton of Acropora millepora, and its
potential role in coral calcification

Abstract

Acrylate is directly derived from DMSP catabolism and is produced in high concentrations by
fast-growing, reef-building corals, including Acropora millepora, constituting a substantial
carbon source in the coral holobiont. While possible functions of acrylate in corals have been
hypothesized, the reason for its accumulation in these organisms is still unknown. In industrial
applications, its polymerised form, polyacrylate, can produce a stable scaffold for the
precipitation of calcium carbonate (CaCOs), which is the major component of coral skeleton. In
Chapter 5, the potential role of acrylate in coral skeleton formation was investigated. One-week
old aposymbiotic 4. millepora juvenile corals were supplemented with *C-labelled acrylate and
the coral skeleton examined using nanoscale secondary ion mass spectrometry (NanoSIMS) and
confocal Raman spectroscopy, for the presence of polyacrylate. Although the NanoSIMS results
were inconclusive, polyacrylate was detected by Raman at the growing edge of the skeleton,
suggesting a role in the biomineralization of CaCOj3; and growth of the skeleton. These results
suggest the presence of an alternate biomineralization mechanism that can be adopted by acrylate-

producing corals, potentially contributing to the fast accretion rate of these coral genera.

5.1 Introduction

A wide range of marine taxa have the cellular machinery to biomineralize calcium
carbonate (CaCOs3) and utilise some of its polymorphs (e.g. aragonite, calcite, and vaterite) as
specialised structures for growth (i.e. skeleton and spicules) or defence (i.e. shells and spines)
(Cusack and Freer, 2008). This makes CaCOj one of the most abundant minerals formed by living
organisms (Ni and Ratner, 2008), and biomineralisation an integral biogeochemical process in
marine ecosystems. Scleractinian corals are among the most prolific marine mineralisers,
producing exoskeletons of CaCOs that form the structural basis of coral reefs (Chave et al., 1972;
Barnes and Devereux, 1984). This ecosystem provides a habitat for approximately 25% of marine
organisms (Fisher et al., 2015) and supports numerous ecosystem services generating hundreds
of billions of dollars annually (Costanza et al., 2014). Besides being one of the most diverse
ecosystems on the planet (Moberg and Folke, 1999; Bellwood et al., 2006a), coral reefs also act

as a natural barrier for coastlines by providing a vast defensive buffer against the physical stress
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generated by extreme weather events such as tropical cyclones or tsunamis (Pendleton, 1995;

Moberg and Folke, 1999; Hoegh-Guldberg et al., 2007; Ferrario et al., 2014).

Despite the importance of coral calcification for coral physiology, ecosystem structure
and primary production, this process remains poorly understood. The coral skeleton was initially
predicted to form as a result of a purely physical process through the precipitation of inorganic
aragonite from seawater (Falini et al., 2013; Higuchi et al., 2014). However, oxygen and carbon
isotopes, which are widely used as environmental indicators, are not incorporated into the coral
skeleton at the expected ratios. Microscopic comparison of CaCOjs crystals in corals with those in
inorganic minerals revealed a strong resemblance, however, the highly intricate and complex
structures observed in the coral skeleton led Bryan and Hill (1941) to propose the concept of an
organic “gel” enveloping each sclerodermite (fan-like, fine aragonite crystals) and guiding further
crystal growth. Subsequently, Barnes (1970) hypothesized that the space located between the
coral polyp and the skeletal surface harboured a viscous micro-scale layer of supersaturated
CaCO; buffered with organic molecules, with this limited space favouring the precipitation of
aragonite crystals. Since then, the existence and composition of this skeletal organic matrix
(SOM) has been heavily debated (Tambutté et al., 2011; Falini et al., 2015). Studies into the
sensitivities of coral calcification rates to seawater saturation of aragonite (Q4, a measure of the
concentrations of dissolved calcium [Ca®'] and carbonate [COs*] ions available for CaCO;
precipitation) (Gattuso et al., 1998; Langdon et al., 2003; Langdon and Atkinson, 2005; Chan and
Connolly, 2013; Farfan et al., 2018) have supported the idea that coral calcification is a
physicochemical process whereby aragonite crystal formation is dependent on Qa (Ries, 2011).
This is referred to as ‘biologically-induced mineralisation’ and promotes the precipitation of
minerals along the surface of the cells through inorganic processes (Lowenstam, 1981; Allemand
etal., 2011). However, it has also been argued that the calcification process may be mediated by
biomolecules within the SOM (Mann, 1983), some of which have now been linked to the
nucleation of aragonite crystals. This has been referred to as ‘biologically-controlled
mineralisation’ (DeCarlo et al., 2018). Several of these biomolecules have been identified,
including glutamate (CsHsNOy) and aspartate (C4sHgNOy4") (Figure 5.1a and b, respectively) and
acidic proteins thereof, all of which have been closely associated with the initiation and
development of the coral skeleton (Falini et al., 1996; Michenfelder et al., 2003; Ajikumar et al.,
2005; Goffredo et al., 2011; Weiner and Addadi, 2011; Kalmar et al., 2012; DeCarlo et al., 2018;
Kellock et al., 2020). These acidic proteins can form strong interactions with Ca**, producing
lattice structures (Ni and Ratner, 2008; Reggi et al., 2014; Sancho-Tomas et al., 2014) to which
CO;”* is also delivered (Allemand et al., 2011; DeCarlo et al., 2018), thereby creating an
environment inducive to the nucleation of CaCOs crystals (Brennan et al., 2004; Ramos-Silva et

al., 2014; Smeets et al., 2015; Sevilgen et al., 2019). Other large molecular weight biomolecules
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such as polysaccharides and lipids (Reggi et al., 2016; Naggi et al., 2018), many of which are

produced in large amounts by reef-building corals, might also play a role in calcification.

Past studies into the role of large molecular weight organic molecules within the coral
skeleton (Mitterer, 1978; Weiner, 1979) have confirmed that complex biochemical processes are
occurring within the space between the skeleton-forming calicoblastic tissue layer and the
growing surface of the CaCOj; skeleton (Barnes, 1970; Cohen and McConnaughey, 2003; Venn
et al., 2011; Tambutté et al., 2012). The concentration of macromolecules and ions within the
SOM have been attributed to certain roles in crystal growth including the spontaneous induction
of aragonite precipitation from seawater (Mass et al., 2013). Additionally, acidic proteins
(polyaspartate and polyglutamate) within the SOM provide the foundation for the mineral lattice
structure (Postolache and Matei, 2007; Cantaert et al., 2013) which acts as a three-dimensional
blueprint and facilitates the formation of coordinate bonds between carboxylate oxygen atoms
and Ca?" in either a bidentate or syn/anti monodentate mode (Holm et al., 1996). The electrostatic
displacement of protons from bicarbonate anions in this process allows the precipitation of

inorganic carbonates on an organic scaffold (Greenfield et al., 1984).

Corals produce a plethora of small molecular weight compounds including
dimethylsulphoniopropionate (DMSP) and its breakdown product acrylate (Figure 5.1c) (Cantoni
and Anderson, 1956; Todd et al., 2010; Curson et al., 2011b), both of which were found in high
levels in reef-building corals (Tapiolas et al., 2010). In corals, DMSP plays a significant role as
an antioxidant (Deschaseaux et al., 2014b) and chemoattractant (Garren et al., 2014). In the
marine environment, it is a key source of carbon and sulphur for marine food webs and the global
sulphur cycle (Yoch, 2002). Compared to DMSP, less is known about the role of acrylate in
marine ecosystems, although it has been established to function as a cellular antioxidant (Sunda
et al., 2002) and an antimicrobial (Sieburth, 1961; White-Stevens et al., 1962; Todd et al., 2012b).
Acrylate is readily protonated to acrylic acid, which is responsible for inducing cytotoxicity
(Frederick et al., 2002; Todd et al., 2012b), therefore organisms require effective systems for both
the utilization and detoxification of acrylate (Wang et al., 2017). Surprisingly, the concentration
of acrylate in reef-building corals from the genus Acropora can reach up to 680 umol g™', or 15%
of the total carbon content of coral tissue (Tapiolas et al., 2010; Tapiolas et al., 2013), representing
some of the highest levels reported in the environment (Tapiolas et al., 2010; Tapiolas et al., 2013;
Curson et al.,, 2014). Although the intracellular acrylate concentration is influenced by
temperature stress, supporting its role as an antioxidant (Raina et al., 2013; Westmoreland et al.,

2017), the reason for its accumulation in fast-growing scleractinian corals is currently unknown.

88



0
'OJ\/\:)J\O' \H/‘vﬂ\o H o o)

NHg* O  NHs' H O

(a) Glutamate (b) Aspartate (c) Acrylate
Ca++"—-.___ — ’Ca++
. T---0
G -G
0 0 ——o0
0 o} o}
\%ﬁ : H
N
N N 0
H H
B
o] 0
(d) Polyaspartate ] (e) Polyacrylate ©

Figure 5.1. Chemical structures of the major constituents of biomineralisation within the calcifying liquid
of the coral skeletal organic matrix, (a) glutamate and (b) aspartate, compared to (c) acrylate, and chelation
of calcium ions [Ca?'] by the polymerised products (d) polyaspartate and (e) polyacrylate.

Acrylate accumulation in marine organisms has been overlooked (Todd et al., 2012b;
Curson et al., 2014) and was initially speculated to act as a food reserve or a structural material,
due to its ability to autopolymerise (Sieburth, 1961). The polymerisation properties of acrylate
have been exploited in the construction and building industries (Donnet et al., 2005). For example,
in the presence of a polymerisation catalyst, it provides a stable scaffold for precipitation of
CaCO;, reminiscent of skeletal calcification (Postolache and Matei, 2007; Ozawa et al., 2008;
Nudelman et al., 2013) (Figure 5.1d). Akin to the acidic protein polymers polyaspartate and
polyglutamate (Postolache and Matei, 2007; Cantaert et al., 2013), polyacrylate can chelate Ca**
through its carboxylate groups thus inducing nucleation of CaCOs (Figure 5.1d and e). However,

the polymerisation of acrylate in natural systems, such as corals, has not been explored.

Given the reactivity of acrylate, which readily yields polyacrylate, and its accumulation
in high concentrations in reef-building corals from the Acropora genus, both acrylate and
polyacrylate were investigated for their potential role in coral skeletal development. Here we used
a combination of stable isotope tracking, nanoscale secondary ion mass spectrometry
(NanoSIMS) and Raman spectroscopy to elucidate the fate of acrylate in corals and investigate

its presence in the newly formed SOM of aposymbiotic juveniles of the coral Acropora millepora.
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5.2 Methodology
5.2.1 Coral spawning and larval settlement

Gravid colonies of Acropora millepora and Platygyra daedalea were collected from
Davies Reef (18°49'03.7"S, 147°38'39.6"E) and Magnetic Island (19°10'16.6"S, 146°50'54.5"E)
aweek before the full moon in November 2016. The colonies were then acclimated in the National
Sea Simulator (SeaSIM) at the Australian Institute of Marine Science (AIMS) prior to spawning.
Released gametes were collected, randomly fertilised as per Pollock et al. (2017), and the viable
larvae transferred into 500 I tanks supplied with 0.5 um filtered seawater (FSW). Two weeks post
fertilisation, aposymbiotic coral larvae were collected using 1 um mesh nets, rinsed in 0.2 pm
FSW, and placed in a 500 ml container. Active, swimming larvae were randomly selected using
a sterile plastic pipette and rinsed three times in 0.2 pm FSW, before being added to pre-

conditioned six-well plates (six plates per species, 30 larvae per well).

Plates were prepared by placing a 22x22 mm Thermanox coverslip (polyolefin polymer;
Thermo Scientific, Massachusetts, United States) into each well. Fresh chips of the coralline
crustose algae (CCA; ~2x2 mm) Porolithon onkodes (Maneveldt and Keats, 2014) were
positioned in the centre of the well to ensure coral larvae settled on the coverslip and not on the
wall of the well. Each well was then filled with 20 ml of 0.2 um FSW. The six-well plates were
incubated at 27°C in the dark to prevent the growth of potential photosynthetic organisms
originating from the CCA. Twelve hours after larval settlement, CCA chips were carefully
removed from each well, and the FSW decanted to eliminate any remaining unmetamorphosed
larvae and unattached juvenile corals. Each well was then gently rinsed and refilled with 20 ml of
0.2 um FSW. Settled juvenile corals were inspected daily and FSW exchanged every second day

to remove any dead or detached recruits.

5.2.2  Supplementation with acrylate

One-week old coral juveniles (4. millepora and P. daedalea), successfully settled into
the 6-well plates were divided into three treatment groups 1) 10 mM '“C-acrylate (Sigma-Aldrich,
Missouri, United States; two plates per species), 2) 10 mM "C-acrylate (0.13 g) (Cambridge
Isotope Laboratories, Massachusetts, United States; two plates per species), and 3) 0.2 um FSW
(one plate per species to act as negative controls). The concentration of acrylate chosen was based
on previous findings by Tapiolas et al. (2010) and Motti et al. (unpublished data) with 1 M stock
solutions of '*C-acrylate and '*C-acrylate prepared in Milli-Q water. Each carbon of acrylate was

labelled with 100% '*C (i.e., 1-13C, 2-13C, 3-13C-acrylate)-acrylate, ensuring detection of the
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B3C/C ratio above natural abundance (1.12%) in the SOM should the molecule be polymerised

or metabolised.

At the start of the experiment (t=0; 1-week old coral juveniles) one plate per species of
the ?C- and "*C-acrylate treatments were sacrificed by adding methanol (CH;OH) and used as a
control to assess for potential passive accumulation of acrylate in the skeleton. All plates were
then supplemented with 20 ml of the designated treatment ('*C-acrylate, *C-acrylate; 10 mM
final concentration of acrylate) or FSW (as control). Every 24 hours thereafter the wells were
emptied, gently washed with FSW and fresh aliquots of the treatment added. The plates were
placed on a rocking mixer for 5 min to ensure homogeneity before being transferred into

incubators maintained at 27°C.

After 72 hours (representing three acrylate-enriched water exchanges), the wells were
decanted, and the coral juveniles gently rinsed three times with FSW to remove any residual
dissolved acrylate. Residual liquid was carefully absorbed using a sterile cotton bud. CH;0H (250
ul) was added into each well, ensuring that the settled corals were fully immersed, and swirled
gently for 1 min to remove tissues from the skeleton. A glass pipette was used to remove the
methanolic coral tissue extract, and the remaining skeleton rinsed in Milli-Q water three times to
ensure removal of any remnant CH3OH. The coral skeletons were dried at 60°C followed by
lyophilisation (Dynavac model FD12, Massachusetts, United States). Plates were then sealed with
parafilm (Bemis, Wisconsin, United States) and stored for further analysis using nanoscale

secondary ion mass spectrometry (NanoSIMS) and confocal Raman spectroscopy (CRM).

5.2.3  Scanning Electron Microscopy (SEM)

Intact and cross-sectioned skeletons of juvenile 4. millepora and P. daedalea were
visualised by SEM. To prepare flat cross-sections, each Thermanox coverslip was trimmed with
scissors, leaving a 2 mm band around the coral skeleton. The trimmed coverslip was covered with
a droplet of Milli-Q water, attached to a cryo-pin and frozen in place using vapour of liquid
nitrogen. The mounted frozen skeleton was then placed in an EM UC6/FC6 Ultra cryo-microtome
(Leica Microsystems, Wetzlar, Germany) and the surrounding temperature maintained at -120°C
to ensure the sample remained frozen and fixed in position. Approximately 10 pm of skeleton
was removed from the top of the coral skeleton using a diamond knife (DIATOME Histo 45°),
resulting in flat cross-sections through the upper part of the skeletal septa. The cryo-pin was then

removed from the Ultramicrotome instrument and dried at 60°C for 20 min.
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Intact and cross-sectioned skeletal preparations attached to Thermanox strips were
mounted on stubs using carbon tape. The samples were then coated with 10 nm of platinum and
10 nm of carbon. Images were acquired at 5 kV using a Zeiss 55 Field Emission Scanning Electron

Microscope (Oberkochen, Germany).

5.2.4  Nanoscale secondary ion mass spectrometry (NanoSIMS)

Juvenile coral skeletons from the *C-acrylate treatment (n=1) and FSW control (n=1)
were analysed using NanoSIMS. Dried juvenile coral skeletons were embedded in anhydrous
Araldite 502 resin (Sigma-Aldrich, Missouri, United States) and once set, the Thermanox
coverslips were carefully removed using forceps. The exposed basal surface of resin-encased
skeletons was sandpapered and polished down to 1 pm using a RotoPol-35 (Struers, Ohio, United
States). The polished surface was then carefully rinsed with demineralised water, air dried, and
coated with 5 nm of gold using a 208HR High Resolution Sputter Coater (Ted Pella, California,
United States).

A NanoSIMS-50 (Cameca, Gennevilliers, France; located at the Centre for Microscopy,
Characterisation and Analysis (CMCA) at The University of Western Australia) was used to
investigate '°C enrichment in the skeleton of the coral juveniles. Four isotopic species were
simultaneously detected ('*C, *C, 'O, and 'C'*N). Enrichment of C in carbonates was

investigated by performing a line scan using a 50 pA beam.

5.2.5 Confocal Raman microscopy (CRM)

Juvenile coral skeletons from the '*C-acrylate treatment, and from the FSW and non-
living (passive accumulation) controls were analysed by CRM (n=2 per treatment). Samples were
prepared as for SEM (see above). Briefly, a 10 pm thin horizontal section was removed from the

top of each skeleton by Ultramicrotome and dried at 60°C for 20 min.

CRM measurements were made with an Alpha 300RA+ Raman spectrometer (WITec,
Ulm, Germany) using a 785 nm laser source with an Andor iDUS 401 CCD (Charge Coupled
Device) detector maintained at -60°C, a 20x objective with a 0.5 numerical aperture, and a grating
of 600 g/mm at 750 nm blaze. The first-order Raman peak of silicon at 520.2 cm™ was used for
calibration and to optimise the alignment and signal intensity of the instrument before each
analysis. Raman spectra of sodium acrylate (monomer; Sigma-Aldrich, Missouri, United States),

commercial grade polyacrylate (MW = 450,000), crushed adult coral skeleton (a source of
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biogenic aragonite), and a mix of polyacrylate and crushed adult coral skeleton were obtained and
used as experimental standards to generate a basis analysis mask to identify diagnostic regions

from which fluorescence maps of target chemical compounds could be generated.

CRM measurements of the juvenile coral skeletons were conducted along the coral
septum (first located by the instrument camera), with septum size dictating the scan area. A full
image map of each skeleton was built by stitching together 10-25 scanned areas, with scanning
integration time of 0.5s. The spectral analysis and imaging processing were performed using the

Project FOUR software (build 4.0.12.9, WITec, Ulm, Germany).

5.3 Results
5.3.1 Coral settlement

A. millepora larvae were successfully settled in the presence of CCA chips at 27°C, with
most settling at the edges of the well or directly on top of the CCA chips. However, on average,
five juveniles settled per well directly on the Thermanox coverslip. Unlike A. millepora, P.
daedalea larvae did not settle after 72 hours under the same conditions. However, they were
successfully settled by increasing both the larval density per well (n=40 in 20 ml FSW) and the
temperature (30°C). As for A. millepora larvae, the majority of P. daedalea larvae settled in the
corners of the well or directly on the CCA chips. An average of three juveniles per well settled
on each coverslip. Juvenile corals were observed growing and developing over the seven-day pre-

exposure period.

Septa were clearly observed in the fast-growing A4. millepora (Figure 5.2a) but were
absent in P. daedalea (Figure 5.2b). Cross-sections of samples earmarked for SEM and Raman
analyses were prepared according to standard protocols. However, as the crystalline structure of
juvenile coral skeletons is extremely fragile, attempts to polish and cross-section proved futile,
with skeletons simply crumbling when cut. To stabilise the skeleton, samples were embedded in
resin, however, due to their porosity, the resin fully infiltrated the skeleton and interfered with
subsequent analyses. This method was therefore modified, whereby the fragile skeleton was
instead successfully stabilised by freezing in a drop of water, remaining intact during cross-

section planing. Drying exposed an otherwise unchanged cross-sectioned of the skeleton.
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Figure 5.2. Microscope images of aposymbiotic (a) Acropora millepora and (b) Platygyra daedalea
juvenile corals after 72-hours incubation in acrylate-enriched sea water. The septa of 4. millepora can be
observed (in red circles) while the septa of P. daedalea were not visible.

Microtomed flat sections of A. millepora (sacrificed using CH;OH) revealed an intricate
skeletal structure (Figure 5.3b). In contrast, the slower growing P. daedalea displayed thin walls
with no septa evident one-week post-settlement (Figure 5.3c¢). Unfortunately, and in spite of
repeated attempts to modify the preparation method, the fragile skeleton of P. daedalea shattered
during microtoming (Figure 5.3d), preventing any further analysis. All subsequent results relate

directly to A. millepora settled juveniles.
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Figure 5.3. Scanning electron microscopy images of (a) 7-day old Acropora millepora, the region in the
red box expanded to show (b) the exposed cross-section of an individual septum, (c) 7-day old Platygyra
daedalea, and (d) collapse of the skeleton of P. daedalea caused by microtome planing.

5.3.2  NanoSIMS

To establish whether the carbon from acrylate is directly incorporated into aragonite, 4.
millepora juveniles co-incubated with *C-labelled acrylate were analysed. The *C/**C ratio of
the skeleton was statistically indistinguishable between the specimen incubated with *C-labelled
acrylate and the control (independent sample t-test; p > 0.05; Figure 5.5). However, the *C/"*C
ratio of both treatments was on average 25% lower than the natural abundance values detected
from the mounting resin (Figure 5.4a-e). These results indicate that the isotopic composition of
coral skeleton is not adequately captured by NanoSIMS, and unfortunately do not permit the
assessment of the incorporation of '*C acrylate in the newly formed aragonite of the juvenile

corals.
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Figure 5.4. 3C (a and c) and '30 (b and d) NanoSIMS images revealing the skeletal structure of Acropora
millepora incubated with '3C-acrylate (a and b) and with filtered seawater (FSW; control; ¢ and d) - the
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scans compared with the natural '3C/'2C abundance at 1.12% (black line).
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Figure 5.5. The average '*C/!2C ratio in juvenile Acropora millepora skeleton obtained from NanoSIMS
line scans.

5.3.3  Raman spectroscopy

To provide a baseline for our Raman mapping of coral skeleton samples, Raman spectra
of polyacrylate, biogenic aragonite and acrylate standards were acquired (Figure 5.6). The
acrylate standard (Figure 5.6a) displayed sharp peaks at 530, 862, 898, 967, 1,060, 1,283, 1,458,
and 1,636 cm”. The spectrum of the polyacrylate standard (Figure 5.6b) exhibited several
diagnostic signals at 502, 841, 1,100, and 1,325 cm™, including a sharp and narrow peak at 1,453
cm’'. These are reminiscent of local conformations of the polyacrylate polymeric chain (Todici
et al., 2015). The aragonite standard, obtained from a biogenic source (crushed adult 4. millepora
skeleton; Figure 5.6¢), revealed a strong peak at 205 cm™ which is unique to aragonite (Dandeu
et al., 2006). No calcite signals (expected at 281 cm™) were observed, indicating that the mineral
formed is purely aragonite, corroborating literature results (Clode et al., 2011; Ivankina et al.,
2020). A mixture of polyacrylate and biogenic aragonite was also scanned to ascertain if there
was any interference by the stronger aragonite peaks or whether they are coincidental with the
diagnostic signals for polyacrylate. The indicative peak for aragonite remained resolved and
visible in the spectrum (Figure 5.6d). Other peaks associated with polyacrylate were also observed

in the mixture at 851, 888, 982, 1,062, 1,130, 1,295, 1,417, 1,439, and 1,462 cm™.

97



(d) Polyacrylate-aragonite mix

o
©
o
< (c) Biogenic aragonite
7]
©
. A . :
Oo
O«
h (b) Polyacrylate
\\u. ~— TN
od m—— —"“’\-..M NW /\W"m\
(a) Acrylate
o
&

200 400 600 800 1000 1200 1400 1600
rel. 1/cm

Figure 5.6. Raman spectra of (a) acrylate standard, (b) polyacrylate standard (MW = 450,000), (c) biogenic
aragonite standard, and (d) mixture of biogenic aragonite and polyacrylate.

Raman mapping of the flat cross-sectioned regions of skeletons of 7-day old 4. millepora
juveniles identified the presence of polyacrylate. Diagnostic signals of the compounds of interest
were targeted (see Figure 5.6), revealing the spatial distribution of aragonite (regions of spectra
mapped: 56.62-351.85 cm™, 652.22-754.91 cm’, and 1,045.00-119.50 cm™), polyacrylate
(regions of spectra mapped: 1,050.10-1,070.70 cem™, 1,119.50-1,140.00 cm™, 1,281.20-1,309.40
cm’, and 1,404.40-1,504.50 cm™) and acrylate (regions of spectra mapped: 56.62-351.85 and
652.22-1,504.50 cm™). In FSW control and '’C-acrylate supplemented skeleton samples,
aragonite was homogenecously distributed (Figure 5.7¢c and g), however, polyacrylate was
localised within the newly deposited septal regions of the corallite (Figure 5.7d and h). The
highest concentrations of polyacrylate, reflected as high CCD counts, were observed at the edges
of the corallite where skeletal growth occurs (Barnes, 1970). In contrast, acrylate was not
detected. The absence of this compound in the '*C-acrylate supplemented skeleton also confirmed
that rinsing and cleaning steps were effective at removing any residual dissolved acrylate from

the samples.

A polyacrylate signal in the scanned heat maps was also observed across the skeleton of
the non-living controls in the false colour maps in Figure 5.7j. The intensity of this signal differed

from that of the FSW control (Figure 5.7b-d) and '*C-acrylate supplemented treatments (Figure
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5.7f-h), and appears to be accumulated along the gaps or cracks in the developing skeleton (Figure

5.7j and 1), as visualised via SEM imaging (Figure 5.8).

High CCD

Low CCD

Figure 5.7. Confocal Raman microscopy of the skeleton of aposymbiotic Acropora millepora juveniles.
(a) Control juveniles grown in filtered seawater, (¢) juveniles supplemented with 2C-acrylate, and (i) non-
living controls, showing the regions along newly formed septa selected for analysis (black boxes), and (b,
f and j) expanded view of a single septum (coloured boxes), with the false colour composite maps of
aragonite (in yellow) and polyacrylate (in pink). Heat maps show the spatial distribution of (c, g and k)
aragonite and (d, h and 1) polyacrylate obtained from the scanned regions (scale bar = 10 um).
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Figure 5.8. SEM imaging of a horizontal plane of Acropora millepora septa from (a) '*C-acrylate
supplemented juvenile and (b) non-living control, with white boxes indicating the gaps/cracks along the
septum.

Comparison of the average distribution of both polyacrylate and aragonite across all
treatments revealed a higher accumulation of both compounds in the skeleton of FSW controls
(Figure 5.9). Aragonite levels in juveniles incubated with '*C-acrylate were slightly lower than in
FSW controls, although no difference was observed in their average polyacrylate:aragonite ratios
(Figure 5.10). CRM revealed lower levels of aragonite in non-living specimens incubated in '*C-

acrylate, however, they exhibited a larger polyacrylate:aragonite ratio compared to the other two

treatments.
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Figure 5.9. Average distribution of polyacrylate and aragonite in juvenile coral skeleton across all three
treatments: incubation of live specimens in '?C-acrylate, incubation of non-living specimens in >C-acrylate,
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and incubation of live specimens in filtered seawater (FSW). CCD = charge coupled device; n = 2 per
treatment.
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Figure 5.10. The average ratio of polyacrylate to aragonite found in skeletons of juvenile corals across
three treatments: incubation of live specimens in >C-acrylate, incubation of non-living specimens in 2C-
acrylate, and incubation of live specimens in filtered seawater (FSW).

54 Discussion

Reef-building corals from the genus Acropora produce acrylate through the catabolism
of DMSP (Raina et al., 2013; Alcolombri et al., 2015). The accumulation of this toxic compound
in the tissue of this fast-growing coral genus (Tapiolas et al., 2010) suggests it serves a specific
purpose for the biology of these organisms. The hypothesis that acrylate may be involved in
skeletal formation and may therefore directly impact the growth capabilities of acroporid corals
was tested. While the application of NanoSIMS proved inconclusive and was unable to establish
whether acrylate acts as a direct source of carbon for CaCOs deposition during coral
biomineralisation due to the inherent properties of CaCOs, CRM revealed that polyacrylate is
present at the growing edge of the newly formed juvenile A. millepora coral skeleton and likely
supports the accretion of CaCOs3 and skeletal growth. These findings have provided further insight

into the complex process of coral calcification and imply a role for acrylate.
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5.4.1 Detection of °C in the coral skeleton using NanoSIMS

NanoSIMS has been used to monitor the incorporation of several elements including “*Ca,
86Sr and ¥’Sr in coral skeleton (Brahmi et al., 2012; Gagnon et al., 2012), '*C in coral tissue (Clode
etal., 2007), and '°N and **S in microalgae from the family Symbiodiniaceae (Pernice et al., 2012;
Raina et al., 2017). Here NanoSIMS was used to assess the potential incorporation of '*C into the
newly deposited skeleton of coral juveniles incubated with '*C-acrylate. Unexpectedly, surface
scans of intact coral skeleton did not yield carbon counts reflecting the chemical composition of
this CaCOs structure. Indeed, >C counts were much lower than expected and the *C signal was
undetectable (which is abnormal given that '*C represents 1.1% of all natural carbon on Earth
(Midani et al., 2017); see Figure 5.3a and c). To increase the strength of the carbon signal
recovered from the coral skeletons, a line scan analysis was applied, using a beam that was 25x
more powerful (50 pA) than that typically used for routine NanoSIMS analysis. Although we
were able to detect a '>C signal using this approach, the *C/"*C ratio was still lower than the
natural abundance values as the beam moved from the surface of the resin (which embedded the
coral skeleton) into the CaCOj; skeleton (see Figure 5.4c). No difference was detected between
the '*C/"2C ratios of corals incubated in '*C-acrylate vs FSW. These unexpected low carbon values
are likely due to the lack of conductivity of biomineralized carbonates (Sugiura et al., 2010),
which is seemingly dampening the detection of natural abundance '*C and "°C signals associated
with CaCOs. As a result, these data are inconclusive with respect to the incorporation of '*C into
the coral skeleton, either as Ca'*COj; or any other *C-product and indicate that NanoSIMS is not

a suitable technique for '*C-related analysis of the coral skeleton.

5.4.2  Detection of polyacrylate in the Acropora millepora coral skeleton using CRM

CRM mapping has been used to establish the microstructural arrangement and SOM
distribution within the coral skeleton. This technique has been used to study microscale fibres in
blue coral (Zhang et al., 2011), characterise coral skeleton mineralogy (DeCarlo, 2018), and
investigate the origin and role of the SOM (DeCarlo et al., 2018). Using this technique, we
detected signals diagnostic of polyacrylate in the skeleton of aposymbiotic coral juveniles,
including those not supplemented with an exogeneous acrylate. Polyacrylate contains carboxylate
functionality that is exploited in industrial processes to control the precipitation of CaCOs3, a
process reminiscent of coral acid-rich protein (CARPs)-controlled calcification. While the
production of polyacrylate in acroporids requires further verification, its presence in the juvenile
coral skeleton suggests it is possibly linked to the accelerated calcification process and skeletal

formation. This not only correlates with the high production of acrylate in fast-growing corals
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(Tapiolas et al., 2010; Tapiolas et al., 2013) but also with the recent discovery in Acropora species
of several paralogs of the 4lmal gene, which enables the production of acrylate from DMSP
(Alcolombri et al., 2015; Shinzato et al., 2020).

The heat maps obtained via CRM (see Figure 5.7) show the distribution of polyacrylate
is localised at the edges of the corallite, where the new skeleton is deposited (DeCarlo, 2018).
Heat maps, generated from the acrylate standard spectrum, were unable to detect any trace of
acrylate in the coral skeleton, including at the edges of the corallite, in any of the treatments. This
confirmed that (i) rinsing corals with FSW prior to tissue extraction had removed any exogeneous
acrylate, (ii) methanolic extraction of any endogenous acrylate within tissues was complete, and
(iii) the presence of polyacrylate within the skeleton is unlikely to have resulted from passive
polymerisation of surface acrylate. This lends support to the hypothesis that polyacrylate plays a
role in the biomineralisation process, and that this process may be biologically-controlled.
Furthermore, incubation with acrylate did not increase the polyacrylate:aragonite ratio suggesting
that corals did not uptake significant amounts of exogenous acrylate, but that they instead utilised

endogenously produced acrylate via the catabolism of DMSP (Shinzato et al., 2020).

Polyacrylate was also detected in the control corals, sacrificed prior to incubation with
exogenous acrylate. Biologically-controlled polymerisation of acrylate is not possible in the
absence of live tissue, however, the average ratio of polyacrylate:aragonite in these non-living
samples was higher than in the FSW controls and '*C-acrylate supplemented juveniles. Larger
amounts of polyacrylate may have been deposited at the onset of the skeletal formation within the
first seven days of growth to support the initial precipitation and accretion of CaCOs3, but then
ceased upon sacrifice resulting in a higher polyacrylate:aragonite ratio. Alternatively, physical
absorption of exogeneous acrylate onto the surface of the skeleton of non-living juveniles may
have occurred, and in turn undergone passive polymerisation thereby increasing the
polyacrylate:aragonite ratio. However, with higher levels of polyacrylate present on the surface
of these controls, the environment would be conducive for passive CaCOjs precipitation, therefore
the polyacrylate:aragonite ratio would not be expected to increase unless CaCOj is precipitated
in other forms. An additional study into the crystal structure of the detected polyacrylate in both
live and non-living samples incubated with acrylate is needed to confirm if it is formed through
biologically-controlled or biologically-induced mineralisation processes (Lowenstam and

Weiner, 1989; Cuif and Dauphin, 2005; Veis, 2005).

While signals diagnostic for polyacrylate were detected at the surface of the skeleton in
fast-growing A. millepora, supporting the role of acrylate in coral calcification, attempts to
analyse juveniles of the slow-growing non-acrylate producing P. daedalea, were unsuccessful.

The limited biomineralisation over the course of the experiment and the lack of structural
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morphology (i.e., septa) for this species meant the skeleton was too fragile and could not
withstand the sample preparation process without intractable damage. If polyacrylate is important
in skeletal formation, the lack of acrylate production in P. daedalea might influence the initial
thickness of its skeleton and might explain the results observed here. P. daedalea requires
approximately four to eight months of growth to achieve similar skeletal morphology as a one-
week old A. millepora (Babcock et al., 2003), at which point its skeleton may be able to survive
the sample processing used in this study. Previous studies by Tapiolas et al (2010) demonstrated
that acroporids contained high levels of acrylate, though other species have far lower
concentrations. Hence, the generalisation of incorporation of polyacrylate into the skeletons of
other corals genera (and species) should be avoided until further studies specifically investigating
this process are undertaken. Recently Shinzato et al. (2020) reported the DMSP lyase gene,
Almal is highly duplicated in Acropora species, which further supports the hypothesis that
Acroporids have evolved mechanisms for synthesising acrylate which may aid rapid skeleton

growth.

The precipitation of CaCO3 biominerals is affected by ocean acidification conditions
(Anthony et al., 2011). Increasing atmospheric CO; (pCO,) elevates dissolved CO; concentrations
which in turn decreases the pH of seawater. The lower pH influences the availability of [CO3*]
ions in seawater by driving the equilibrium towards the formation of [HCO3] ions. This can alter
the net negative charge of biomolecules, such as CARPs, thereby inhibiting CaCOj3 precipitation
(Elhadj et al., 2006) as well as decreasing the Q4 resulting in skeleton dissolution (Marubini et
al., 2008; Erez et al., 2011; Jokiel, 2011; Steiner et al., 2018). These chemical changes can
negatively impact coral calcification leading to stunted reef formation (Anthony et al., 2011;
Moya et al., 2012). The ability to biosynthesise alternative macromolecules such as polyacrylate
that are potentially capable of sequestering low levels of COs* may enhance skeletal growth and
provide an ecological advantage to specific coral species. This concept requires further
investigation in the context of predicted increases in ocean acidification. Specifically, a
comparative study is needed to establish the polyacrylate:aragonite ratio in fast-growing

acroporid coral skeletons compared to other slower-growing coral genera.

5.4.3  Conclusions and future direction

The thin SOM (microns or less in size and less than 0.1% of the skeleton by mass)
(Goffredo et al., 2011), where the site of calcification occurs, is challenging to investigate in situ
given its location directly underneath the living polyp (Tambutté et al., 2011). Therefore, most

studies have used indirect methods through proxies such as '*C-aspartic acid (Allemand et al.,
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2004), extraction of the SOM (Reggi et al., 2014) and skeleton-bound organic nitrogen (CS-8'°N)
(Wang et al., 2015b) to characterise more precisely the location of the SOM within the skeleton
and its chemical constituents (e.g. aspartate or glutamate). Indeed, the process of chemical
extraction to remove the tissue from the skeleton usually results in the dissolution, at least in part,
of the SOM (Falini et al., 2013). To overcome these limitations and shed further light on the role
acrylate plays in coral calcification, this study applied two direct detection methods NanoSIMS
and CRM. The high levels of acrylate in fast growing hard corals and the detection of signals
diagnostic of polyacrylate at the growing edge of the A. millepora coral skeleton, along with the
recent reporting of the A/mal gene being the most duplicated DMSP lyase gene in Acropora
species (Shinzato et al., 2020), suggest that acrylate-producing corals have a significant ecological
advantage over slower growing species, which may impact their response to rapidly shifting ocean

chemistry.

To garner further supporting evidence for the hypothesis that acrylate is involved in coral
calcification, this study should be replicated with alternate slow-growing coral species that lack
the ability to accumulate acrylate and confirm the presence or otherwise of polyacrylate
components within their skeleton (once developed). As this study only focussed on coral
juveniles, future studies should investigate established adult corals to determine whether the
accumulation of polyacrylate as a component of the organic scaffold is a process that occurs only
in the early stages of coral skeletal development, or if polyacrylate remains as an important and

relevant biomolecule in biomineralisation in adult colonies as well.

Acrylate is a key metabolite derived from DMSP catabolism and while the coral animal
has the capacity to produce and accumulate acrylate, their endosymbiotic Symbiodiniaceae
(Broadbent et al., 2002) and associated microbes (as revealed in Chapters 2 and 3) are also
producers of DMSP and subsequently acrylate. While the juvenile corals used in this study are
aposymbiotic, they are not axenic. Although it is highly likely that coral juveniles were harbouring
DMSP-degrading bacteria (Raina et al., 2013), it is important to note that the highly duplicated
presence of the Almal gene in acroporid corals (Shinzato et al., 2020) indicates that the coral
animal can produce acrylate independently from their microbial partners. Future investigations
looking into whether the inclusion of Symbiodiniaceae and key microbial partners within the
developing holobiont increases the concentration of polyacrylate within the coral skeleton will
further aid our understanding of the roles each partner plays within the coral holobiont. These
additional studies will further elucidate the role of acrylate in coral calcification, and its potential

role to alleviate the effect of increasing ocean acidification.

While no enzyme is currently known to mediate the polymerisation of acrylate in any

organism, our study indicates that a biologically-controlled mechanism is occurring in corals. The
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localisation of accumulated acrylate in Acropora species is unknown, however, it is possible that
corals concentrate this compound in specific compartments, possibly situated at or near the SOM-
skeleton interface, which could induce its autopolymerisation. Identifying the process that
mediates the production, transport, and deposition of polyacrylate into coral skeleton is critical to
understand how these ecosystem engineers are able to create the intricate three-dimensional
structures that support the most productive marine ecosystem on earth and harbour 25% of all

marine species.
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Chapter 6:
General discussion

This research has substantially contributed to the current understanding and knowledge
of sulphur cycling via metabolism of dimethylsulphoniopropionate (DMSP) by coral-associated
bacteria, while also laying the foundation to explore a novel coral biomineralisation mechanism
driven by its catabolism product, acrylate. Here, a synthesis of the experimental work and results
is presented and discussed in the context of the role of DMSP within the coral holobiont and
highlights the importance and relevance of this metabolite in a changing environment. Future
research directions are offered to further advance our understanding of DMSP metabolism within
the coral holobiont, while emphasising the importance of microbe associations in underpinning

coral health.

6.1 Coral-associated bacteria contribute to DMSP synthesis in the holobiont

Tropical coral reefs are rich sources of DMSP, with the coral holobiont responsible for
the bulk of methylated sulphur released into the water column. Subsequent emissions of sulphur
into the atmosphere via DMS is speculated to have a role influencing local climate regimes (Hill
etal., 1995; Broadbent et al., 2002; Broadbent and Jones, 2004). Quantification of sulphur budgets
within the coral holobiont has highlighted gaps in our knowledge of sources and sinks of DMSP
and other derived sulphur organic compounds (Deschaseaux et al., 2014b). Due to our previously
limited understanding of the genetic machinery responsible for DMSP biosynthesis (Stefels,
2000), potentially unknown or cryptic sources of DMSP within the coral holobiont may still exist.
The discovery of dsyB, a key DMSP biosynthesis gene in marine bacteria mediating the
committing step (4-methylthio-2-hydroxybutyrate to 4-dimethylsulphonio-2-hydroxybutyrate;
see Figure 1.3 in Chapter 1) in the methylation pathway (Curson et al., 2017), has greatly
improved our understanding of organic sulphur cycling in environmental systems. Due to the
coral holobiont being a large contributor to the DMSP pool in tropical reef ecosystems, identifying
and characterising the roles coral-associated bacteria play in its biosynthesis is an important step
towards the quantification and further refinement of oceanic sulphur biogeochemical budgets and

may potentially reveal additional roles for these organic sulphur compounds in corals.

Corals host highly diverse microbial communities (Blackall et al., 2015) shaped by the
varying physiochemical microenvironments within the coral holobiont (Sweet et al., 2011;

Pollock et al., 2018). Bacterial communities from coral mucus are usually highly diverse (Sweet
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et al., 2011), while communities within coral tissues might be less so and have predominantly
been identified in aggregates dominated by members of the Gammaproteobacteria (Ainsworth et
al., 2006; Work and Aeby, 2014; van de Water et al., 2015; Wada et al., 2019), such as the
ubiquitous Endozoicomonas (Neave et al., 2017). In addition, the coral skeleton is dominated by
endolithic microbes such as filamentous cyanobacteria, anoxygenic phototrophic bacteria, and
anaerobic green sulphur bacteria (Pernice et al., 2020). To date, few coral-associated bacteria have
been cultivated, as such there is renewed effort to create publicly available isolate collections that
are more representative of broader coral-associated bacterial taxa (Sweet et al., 2021). Among the
coral-associated bacteria previously isolated, specific traits (such as DMSP biodegradation, or
nitrogen fixation) have been targeted using specialised growth media and approaches (Raina et

al., 2009; Lema et al., 2016).

In this study, two non-selective growth media, marine agar (MA) and minimal basal
medium (MBM; see Chapter 2 for details), were used to culture a broad range of bacteria and to
maximise the chances of isolating DMSP-producing bacteria. Mucus, tissue, and skeleton were
selectively sampled from six coral species (Acropora millepora, A. spathulata, A. tenuis,
Montipora spumosa, Pocillopora acuta and Stylophora pistillata) to obtain isolates from different
communities across the microhabitats within these holobionts. Two hundred and forty bacterial
isolates were obtained and the near complete 16S rRNA gene sequence of each strain used to
construct a taxonomic profile (see figure 2.1 in Chapter 2). In total, 47 different genera were
isolated, the majority derived from the mucus (i.e., mucus swabs 35% and coral mucus 33%).
Gammaproteobacteria were the dominant class, followed by Alphaproteobacteria and
Flavobacteria. In addition, many of the isolated bacteria, such as Aquimarina, Endozoicomonas,
Halomonas, and Pseudoalteromonas, have been commonly identified as members of the coral
microbiome through culture-independent studies (Sweet et al., 2011; Nguyen-Kim et al., 2014;
Roder et al., 2015; Silva et al., 2019; Ziegler et al., 2019).

The first gene confirmed to mediate DMSP biosynthesis, dsyB, was characterised from
an alphaproteobacterium (Curson et al., 2017), with homologues identified in members of the
orders Rhodobacterales, Rhizobiales and Rhodospirillales. dsyB has since been identified in a
number of marine metagenomes (Curson et al., 2017; Curson et al., 2018). An adapted polymerase
chain reaction (PCR)-based assay (Williams et al., 2019) using degenerate primers designed to
target dsyB revealed that 6% of the 240 isolates possessed the gene (n=14 see Chapter 2), the
majority of these (n=11; 79%) were retrieved from coral tissues. The proportion of dsyB-positive
coral-associated bacterial strains identified is higher than the predicted environmental abundance
of the gene in marine metagenomes (0.35-0.50%) reported from the Tara Oceans, Global Ocean

Sampling (GOS), and the ocean microbial reference gene catalogue (OM-RGC) metagenomic
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datasets (Curson et al., 2017; Curson et al., 2018). All dsyB-positive isolates identified here were
from the family Rhodobacteraceae, with the majority (71%; n=10 strains) related to the Shimia
genus, the remainder belonging to Roseivivax halotolerans, R. lentus, and Pseudooceanicola
nitratireducens. The dsyB gene has thus far only been identified within the Alphaproteobacteria,
and the outcomes of this study are consistent with the gene being restricted to this taxonomic
group. All isolates possessing the dsyB gene were recovered from Acropora spp., a fast-growing
coral genus known for producing large amounts of DMSP (Raina et al., 2013; Tapiolas et al.,
2013). Hence, the bacteria associated with this coral genus likely contribute to the DMSP budgets

of the coral holobiont.

Due to the inherent limitation of growing bacteria ex sifu in laboratory conditions (Rappé
and Giovannoni, 2003; Kirchman, 2010), it is almost certain that many coral-associated bacteria
capable of DMSP biosynthesis were unculturable under conditions employed here. Even if
bacteria can be cultured, possessing the genetic repertoire to produce DMSP does not equate to
its metabolic synthesis. For example, if key precursors such as methionine, which is assimilated
through the transamination pathway (see Box B in Figure 6.1) (Curson et al 2017), are not
available, then the bacterium may not be able to produce DMSP. Here, chemical analysis of
intracellular extracts of the dsyB-positive bacterial cultures grown in methionine-enriched MBM
confirmed the production of DMSP. However, as there are other pathways for DMSP production
beyond the dsyB-mediated transamination pathway (Curson et al., 2017) (see Figure 1.3 in
Chapter 1, and Box B in Figure 6.1), sulphur intermediates such as 2-oxo-4-methylthiobutanoate
(MTOB) or S-methylmethionine (SMM), and media optimised to target a broad range of
Alphaproteobacteria (Senechkin et al., 2010; Karimi et al., 2019; Kurm et al., 2019) should be

used to maximise the likelihood of obtaining novel DMSP-producing bacterial strains.

Culture-independent studies using conserved gene-specific primers to target dsyB can be
conducted to screen for this gene in coral-associated bacteria (i.e., mucus, tissue, and skeleton
microhabitats) and establish the relative abundance of bacteria that are capable of DMSP
biosynthesis within the coral microbiome. Using the dsyB-specific primers previously developed
(Williams et al. (2019), these future studies should be able to identify a greater diversity of dsyB-
harbouring bacteria from corals. Other culture-independent bioinformatic investigations
focussing on the dsyB gene, including metagenomic or metatranscriptomic screening of the
microbiomes derived from corals species with high or low DMSP concentrations should also be
undertaken to obtain a clear understanding of the relative abundance and potential contribution of
DMSP-producing bacteria in the coral holobiont. Recently another gene, mmtN, has been
identified in marine bacteria as being responsible for DMSP biosynthesis, albeit via a methylation

pathway (see Figure 1.3 in Chapter 1) (Williams et al., 2019). mmtN is less abundant than dsyB
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in environmental samples, but has been identified in a greater number of bacteria classes including
Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria (Williams et al., 2019). There is
currently a lack of information regarding its abundance and function in coral-associated bacteria
communities, hence, including mmtN in future studies of the coral holobiont is also warranted.
GeneFISH probes (Moraru et al., 2010) which can link gene presence directly with cell identity
in situ, could also be designed to target dsyB and mmtN to identify the location of DMSP-

producing bacteria in corals.

6.1.1 Shimia aestuarii AMM-P-2: from sulphur assimilation to DMSP production

The majority of dsyB-positive bacteria strains isolated in this study were related to Shimia
aestuarii (64%; n=9), a marine bacterium affiliated with the Roseobacter group within the family
Rhodobacteraceae that was originally recovered from tidal flat sediments (Yi and Chun, 2006).
Little information is available on the ability of Roseobacters to synthesise DMSP de novo, but
this is hardly surprising given that most progress in this area has occurred relatively recently,
since 2017. As is the case for many marine bacteria (Kanukollu et al., 2016), this study shows S.
aestuarii AMM-P-2 can assimilate exogeneous sulphate (see Chapter 3; Figure 6.1). Furthermore,
as for Shimia strain SKO013 and S. haliotis (Kanukollu et al., 2016), the S. aestuarii AMM-P-2
genome encodes the enzymatic machinery for assimilation of sulphide into cysteine and
methionine, which are precursors of DMSP. Stable isotope incorporation in combination with
mass spectrometry techniques have been used to investigate sulphate assimilation in higher plants
(Stefels, 2000) and the coral-associated microalgae, Symbiodiniaceae (Raina et al., 2017). Such
experiments not only enable in vivo confirmation of metabolic pathways inferred in silico, but
also provide estimates of fluxes and sinks of sulphur metabolites. Applying similar stable isotope
tracers to S. aestuarii AMM-P-2 during growth under different conditions should be carried out
to follow the assimilation of sulphate and the production of other sulphur compounds by the cells.
Likewise, conducting these same experiments on the coral holobiont or simplified model systems,
although technically demanding, would also be highly informative in predicting the impacts of
environmental variables on sulphur metabolism in corals, and relating these impacts to broader

ecological impacts on the reef.

Experiments on the coral animal and its associated Symbiodiniaceae have confirmed that
DMSP production in vitro is influenced by a range of environmental parameters that are
considered stressful on the reef (Fischer and Jones, 2012; Raina et al., 2013; Deschaseaux et al.,
2014a; Jones et al., 2014; Gardner et al., 2016; Aguilar et al., 2017; Gardner et al., 2017; Cropp

et al., 2018). These conditions include variations in temperature and salinity, light limitation, and
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UV-exposure, all of which when prolonged, can lead to coral bleaching (Hoegh-Guldberg, 1999;
Hughes et al., 2003; Hughes et al., 2018b; Hughes et al., 2018a; Hughes et al., 2019) or weakened
coral immunity, both permitting the onset of coral disease (Rozenblat and Rosenberg, 2004;
Bourne et al., 2009; Réadecker et al., 2021). Similar parameters were used as a baseline to gather
insights into the ecological function of DMSP in coral-associated bacteria (see Chapter 4). We
found a decoupling between the coral host and S. aestuarii AMM-P-2 in their responses to
stressful conditions, whereby the intracellular DMSP concentrations of the bacterial cells were
not necessarily affected by environment stressors known to negatively impact the coral host.
While corals typically have a narrow range of optimal thermal tolerance (Coles et al., 1976; Fitt
et al., 2001; Schoepf et al., 2015; de Oliveira Soares et al., 2019), variation in S. aestuarii AMM-
P-2 culture growth conditions of £5°C from the optimal tropical reef temperature of ~27°C did
not result in significant changes in its intracellular DMSP concentrations. Since bacterial
communities in the coral surface mucus layer are likely to be exposed to greater variations in
temperature throughout the day than the internal tissues, it is likely that they are less susceptible
to the small (£5°C) variations employed here. Their high densities in the coral surface mucus
layer (Garren and Azam, 2012) and thermal tolerance support their role as the first line of defence

for corals (Shnit-Orland and Kushmaro, 2009; Bakshani et al., 2018).

Exposure to extreme salinity and oxidative (through UV-exposure) stressors induce
changes in DMSP production in corals and Symbiodiniaceae (Sunda et al., 2002; Darroch et al.,
2015; Gardner et al., 2016; Aguilar et al., 2017). In these instances DMSP is known to function
as an osmolyte (Burg and Ferraris, 2008) in bacteria to confer short-term tolerance towards
changes in salinity, and as an antioxidant (Sunda et al., 2002; Deschaseaux et al., 2014b; Gardner
et al., 2016) detoxifying hydroxyl radicals and other reactive oxygen species produced under UV-
induced oxidative stress. These same extreme conditions triggered significant responses in
intracellular DMSP concentrations of S. aestuarii AMM-P-2 (see Chapter 4) and suggest that this
bacterium likely contributes to the pool of DMSP in the mucus to mediate this stress. Interestingly,
under prolonged darkness, significant increases in intracellular DMSP concentrations were
measured (see Chapter 4), indicating that bacteria such as S. aestuarii may be beneficial to corals
in low-light mesophotic or deep-sea environments. As eukaryotic homologues of dsyB (DSYB)
have also been identified in both corals (including Acropora spp.) and microalgae such as
Symbiodiniaceae (Curson et al., 2018), it would be interesting to simultaneously analyse
transcriptomic responses of dsyB and DSYB to environmental variables and combine this with
chemical determination of DMSP levels in the various compartments to better understand organic

sulphur metabolism in corals from different environments.
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Figure 6.1. Overview highlighting the major findings of this thesis. Coral-associated bacteria isolated from
coral tissue and mucus were discovered to be active DMSP-producers, capable of (A) assimilating sulphate,
(B) biosynthesising DMSP through the dsyB-mediated transamination pathway, and (C) degrading DMSP
via demethylation (dmdA) and cleavage (dddP and dddW) pathways. (D) One of the DMSP breakdown
product, acrylate, which is present in high concentration in some coral species can form a polymer called
polyacrylate, which has been detected within the skeleton of juvenile corals from the genus Acropora and
might enhance biomineralisation within the coral skeletal organic matrix.

6.2 DMSP degradation — pathways and implications

Coral-associated bacteria are also known to play a role in DMSP degradation. DMSP is
an important source of carbon and sulphur for coral-associated bacteria (Raina et al., 2009; Raina

et al., 2010), and can be catabolised through two pathways, namely the demethylation pathway
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yielding methanethiol (MeSH), and the cleavage pathway yielding equal amounts of dimethyl
sulphide (DMS) and acrylate (see Figure 1.4 in Chapter 1 and Box C in Figure 6.1). A large
fraction of the bacteria known to degrade DMSP and DMS are typically found in corals, and gene
sequences matching dddP and dmdA were identified in metagenomes from the coral Porites lutea

(Robbins et al., 2019).

The analyses of cellular extracts from S. aestuarii AMM-P-2 cells also revealed the
production of acrylate (see Chapter 4). This implies that S. aestuarii AMM-P-2 was not only able
to produce DMSP, but also degrade it via the cleavage pathway (see Box C in Figure 6.1). The
ability to degrade DMSP appears to be widespread amongst Shimia spp. and Roseobacters more
generally (Kanukollu et al., 2016). Investigations into the genome of S. aestuarii AMM-P-2 (see
Chapter 3) revealed that the bacterium has the genetic machinery to degrade DMSP using both
the demethylation (via dmdA) and cleavage pathways (using dddP and dddW genes), which is
common among marine bacteria (Kiene and Linn, 2000). Two interconnected hypotheses
proposed more than 20 years ago suggest that DMSP concentration is an important factor
regulating the degradation pathway used (DMSP Availability Hypothesis (Kiene et al., 2000)),
and that bacteria control the fate of sulphur fixed in DMSP by modifying the relative expression
of the demethylation and cleavage pathways (Bacterial Switch hypothesis (Simd, 2001)). It was
recently confirmed that external DMSP concentrations drive the relative expression of the two
pathways in planktonic bacteria, with most of the DMSP channelled through the demethylation
route when external DMSP concentrations are low, and that the production of DMS increases,
through the cleavage pathway, when DMSP concentrations are higher (Gao et al., 2020). These
results suggest that in environments with high DMSP concentrations, such as within the coral
holobiont, a large fraction of the DMSP pool will be channelled towards the production of DMS.
This is consistent with the high levels of DMS measured in reef building corals and surrounding
environments (Jones et al., 1994; Jones and Trevena, 2005; Broadbent and Jones, 2006; Hill et
al., 2010; Jones and Ristovski, 2010; Fischer and Jones, 2012; Swan et al., 2012). Indeed, DMS
concentrations in mucus from acroporid corals are the highest ever measured in any environment

(Broadbent and Jones, 2004).

Considering that the coral animal, Symbiodiniaceae, and coral-associated bacteria can
metabolise DMSP, further studies investigating the impacts of extreme environmental conditions
on their ability to produce and utilise DMSP as individuals and within the coral holobiont will

provide insight into how corals will fare under future predicted climate change conditions.
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6.2.1 Acrylate, a potential driver of coral biomineralisation

As for DMS, acrylate concentrations are also extremely high in some corals (Tapiolas et
al., 2013) particularly acroporids (Tapiolas et al., 2010). It has been reported that acrylate
represents up to 15% of the total carbon present in organic extracts from 4. millepora, with similar
levels detected in A. spathulata and A. tenuis (Tapiolas et al., 2010). Analysis of the genome of
S. aestuarii AMM-P-2 (see Chapter 3) confirmed that this bacterium encodes DddP and DddW
enzymes which mediate the DMSP cleavage pathway (see Box C in Figure 6.1) to yield acrylate.
In addition, other members of the coral holobiont can contribute to the large pool of acrylate:
paralogues of the almal gene, which was first discovered in the alga Emiliania huxleyi and can
cleave DMSP (Alcolombri et al., 2015), is also found in the coral animal 4. millepora, and
Symbiodiniaceae (Robbins et al., 2019). When using specific inhibitors targeting Almal, but not
the bacterial enzymes, DMSP lyase activity decreased by more than 90% in extracts from
Acropora millepora (Alcolombri et al., 2017), indicating that the eukaryotic component of the

coral holobiont (i.e., host and Symbiodiniaceae) plays a key role in DMS and acrylate production.

Tapiolas et al. (2013) noted that acrylate concentrations measured in Acropora spp. were
consistently an order of magnitude higher than those of DMSP, suggesting either a slower
catabolism of the metabolite or that the corals are purposefully sequestering it. Acidic proteins
containing polyaspartate residues (see Figure 5.1 in Chapter 5) are present at high concentrations
within the coral skeletal organic matrix (SOM) (Reggi et al., 2014) and have been linked to the
initiation and development of the coral skeleton (Falini et al., 1996; Michenfelder et al., 2003;
Ajikumar et al., 2005; Goffredo et al., 2011; Weiner and Addadi, 2011; Kalmar et al., 2012;
DeCarlo et al., 2018; Kellock et al., 2020). In the presence of a catalyst, acrylate can polymerise
to form polyacrylate (Sieburth, 1961), which in turn supports the formation of mineral lattice
structures (Ni and Ratner, 2008; Reggi et al., 2014; Sancho-Tomas et al., 2014) by inducing the
crystallisation of calcium carbonate (see Figure 1.7 in Chapter 1). This is reminiscent of the
biomineralisation mechanism controlled by the coral SOM (see Figure 6.1) to produce the calcium

carbonate skeleton (Postolache and Matei, 2007; Ozawa et al., 2008; Nudelman et al., 2013).

Given the similarities in the structures of polyaspartate and polyacrylate and their
potential biomineralisation capabilities, we hypothesised a link between the high cellular
concentrations of acrylate and coral skeletal development. The presence of polyacrylate within
the skeleton of aposymbiotic juvenile 4. millepora was confirmed through Raman spectroscopy
(see Figure 5.6 in Chapter 5), supporting the hypothesis that acrylate can be a potential driver of
coral biomineralisation. Comparative analyses should be undertaken in the future to test if

intracellular acrylate levels in different coral species correlate with their growth rates.
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The spectroscopic detection of polyacrylate within the coral skeleton warrants further
investigation. Specifically, isolation and characterisation of polyacrylate from the coral skeleton
is critical to support our finding. In addition, mapping the localisation of acrylate within the
various compartments of the coral holobiont (including bacterial communities) will improve
understanding of its metabolism and flux, and shed further light on its role in coral skeletal
formation. Identifying the catalysts inducing the polymerisation of acrylate in corals would also
be highly informative and help to establish whether this metabolite supports an alternative

biomineralisation process facilitating enhanced production of calcium carbonate skeleton.

6.3 Concluding remarks

Tropical coral reefs are vital as a habitat for many marine organisms and can influence
the community structure. However, reefs are under considerable and increasing pressure from
global and local stressors. Coral resilience into the future is unknown and is currently the subject
of intense research investigation. A better fundamental understanding of the functions that
underpin coral fitness within the holobiont will support predictions of how coral reefs will respond

to a rapidly changing climate.

This thesis has provided additional important insights and filled several gaps in our
understanding of the coral holobiont by focussing specifically on the role of the organic sulphur
compound DMSP and its break-down product acrylate. While the coral host and Symbiodiniaceae
are known to produce DMSP, this is the first study to demonstrate that coral-associated bacteria
(i.e., S. aestuarii AMM-P-2) can and do produce this metabolite, thereby contributing to the total
pool of organic sulphur compounds within the holobiont. Genomic sequencing of a representative
bacterium, S. aestuarii AMM-P-2, determined its physiological responses to parameters relevant
to those experience by corals under environmental stress, further emphasising the importance of
coral-associated bacteria within the coral holobiont. Coral calcification is a central process in reef-
building, and this study revealed a novel link between the DMSP breakdown product acrylate and
the mechanism of calcification of the coral skeleton in fast-growing coral species. While more
rigorous studies are needed to test the hypothesis of acrylate involvement in coral skeletogenesis,

findings reported here provide a basis to further explore this novel idea.

DMSP and its breakdown products are central to the health and function of the coral
holobiont. Confirmation that bacterial members of the coral holobiont are involved in the
metabolism of DMSP and acrylate is crucial to our understanding of the roles these bacteria play

in coral health and resilience.
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Supplementary data

S1: Supplementary data for Chapter 2
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Supplementary Data Figure 2.1. An example of LC-MS extracted ion chromatograms (EIC) at 135 m/z
of (a) a DMSP standard (CsH;00.S; MW=134.197) compared to bacterial extracts of Shimia sp. AMM-P-
2 cultured in (b) modified minimal basal media (MBM) spiked with DMSP, (¢) modified MBM, (d) yeast
tryptone sea salts (YTSS) media, and (e) marine broth, demonstrating that DMSP was only produced by
the bacterium when cultured in modified MBM. DMSP was not detected in extracts of the bacterium grown
in YTSS media or marine broth.
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Supplementary Data Figure 2.2. An example of 'H NMR spectra of: (a) 4mM DMSP standard in
deuterated methanol (CD3OD) compared to bacterial extracts of Shimia sp. AMM-P-2 cultured in (b)
modified minimal basal media (MBM) spiked with DMSP, (c) modified MBM, (d) yeast tryptone sea salts
(YTSS) media, and (e) marine broth, demonstrating that DMSP was only produced by the bacterium when
cultured in modified MBM. The spectra of bacterial extracts were referenced to the CD;OD signal (red
arrow) and normalised to the signal at 2.65 ppm (black arrows), with blue arrows showing the position of
DMSP signals (singlet at oy ~2.95 ppm and triplet at oy ~3.45 ppm). DMSP spiking was done to confirm
the shift in DMSP signals in the bacterial extract. DMSP was not detected in extracts of the bacterium
grown in YTSS media or marine broth.
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S2: Supplementary data for Chapter 3

Supplementary Data Table 3.1. Nucleotide and amino acid sequences of Shimia aestuarii AMM-P-2

dsyB gene.

Nucleotide
sequence

ATGACCGCCCTGACCACCGCCGACCAGATTTCCGATATCGCCTTCGGGTTCATGGGATCC
AAGGCGCTTTTCGCGGCGCTTGAGGCGGATACCTTTTCGCAGCTCTCCGAGAAGGGACCG
ATGAGCGCACGGGAACTGGCCAATTTCGTCCCCCTCGATGCCGACCGCGCCGAGACGCTT
CTGACGGCACTGGCGGGGCTTGGCCTTGTGACGGTGGAGGCGGGTAAGTTCGCCAATGGT
CCGGCGGCGGAAATGTTCCTTGTGAAGGGCGCGAAATACGATTTTGGCGACTACCTGCGC
CTACAGGTGGGGCGCCAGATGTATGGCCTTCTCGACCAGATTGATGATGCGCTGATGAAC
CGTCTGCCGCCCGAGGCGACGGCCTCTTATGCGGAATGGTTCTCGGACCCAGACGAGGCG
CGGCTCTACTCGGCCTCGCAACATGCGGGCTCTCTCGGTCCGGCGCGTCAACTTGTGAAG
TCGATGGACCTTTCTGGCGCCAAGACGATGCTCGACGTGGGCGGCGGCACCGGGGCCTTT
GCCATCACGCTTTGTCACGCGGTCGAAGGGCTTTCCGCGACCATCGTCGATTTTCCCAAC
GTGGCCGCGCTTGGCCGGGATTATGTCGCCGAGGCAGGCCTCTCCGAGCGGATTTCCTAC
ATTGAGGGCAACGCGCTCGAGACCGACTGGCCGGGCGGGCAAGACCTGATCCTGATGTCT
TATCTCTTCTCCGGCGTGCCCGGTGAAACCCATGATCGCCTCTTGGCGCAGGCCTATGCC
TGTCTCAACCCCGGCGGGCGGCTCCTCGTGCATGATTTCGTCGTCGAGGAAAGCCGCGAC
GGCCCCAAGCTCGCCGCCCTCTGGCAACTCCAGCACACCGCCTTTACCCCACGCGCCGTC
TCGCTTGATAAGGGCTGGCTCAAGGCGGCTCTGACCGAGAAAGGGTTTGATGGGGTAAGT
GTCTCGGAAATGATCCCCGAGATGACCATGCTCGCCATCGGCCAGAAGCCCGGCTGA

Amino acid
sequence

MTALTTADQISDIAFGFMGSKALFAALEADTFSQLSEKGPMSARELANFVPLDADRAETL
LTALAGLGLVTVEAGKFANGPAAEMFLVKGAKYDFGDYLRLQVGRQMYGLLDQIDDALMN
RLPPEATASYAEWFSDPDEARLYSASQHAGSLGPARQLVKSMDLSGAKTMLDVGGGTGAF
AITLCHAVEGLSAT IVDFPNVAALGRDYVAEAGLSERISY 1EGNALETDWPGGQDL I LMS
YLFSGVPGETHDRLLAQAYACLNPGGRLLVHDFVVEESRDGPKLAALWQLQHTAFTPRAV
SLDKGWLKAALTEKGFDGVSVSEMIPEMTMLAIGQKPG
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S3: Supplementary data for Chapter 4

Supplementary Data Table 4.1. Sums of squares, mean squares, and significance levels of repeated
measures ANOVA for intracellular DMSP concentrations.

Mauchly's Test of Sphericity?

. . . Epsilon®
Within Subjects Mauchly's Approx. Chi- .
df | Sig.
Effect w Square Greenhouse- Huynh- Lower-
Geisser Feldt bound
Time 0.418 11.108 5 | 0.050 0.660 1.000 0.333

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is

proportional to an identity matrix.
a. Design: Intercept + Treatment

Within Subjects

Design: Time

b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed
in the Tests of Within-Subjects Effects table.

Tests of Within-Subjects Effects

Partial
Source SS ”u";rzfs df S"'ﬁ:'e F Sig. Eta
q a Squared
Sphericity 0.075 3 0.025 2.803 0.051 0.167
. Assumed
Time G h
reenhouse- 0.075 1.981 0.038 2.803 0.078 0.167
Geisser
Sphericity
. 0.233 18 0.013 1.448 0.160 0.383
Time * Assumed
Treatment -
" Greenhouse 0.233 11.888 0.020 1.448 0.204 0.383
Geisser
Sphericity 0.376 42 0.009
. Assumed
Error (Time) G h
reenhouse- 0.376 27.739 0.014
Geisser
Multiple Comparisons
Tukey HSD
95% Confidence Interval
Treatment Mean Std. Error Si
Difference ) g Lower Upper
Bound Bound
22°C 0.08108 0.030912 0.191 -0.02447 0.18663
32°C .19308" 0.030912 0.000 0.08753 0.29863
25 PSU 28925 0.030912 0.000 0.18370 0.39480
Standard -
40 PSU -.37142 0.030912 0.000 -0.47697 -0.26587
uv -.30258" 0.030912 0.000 -0.40813 -0.19703
Dark -.20067" 0.030912 0.000 -0.30622 -0.09512

Based on observed means.
The error term is Mean Square (Error) = .001.

*. The mean difference is significant at the .05 level.
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Supplementary Data Table 4.2. Sums of squares, mean squares, and significance levels of repeated
measures ANOVA for intracellular acrylate concentrations.

Mauchly's Test of Sphericity?

. . . Epsilon®
Within Subjects Mauchly's Approx. Chi- .
df | Sig.
Effect w Square Greenhouse- Huynh- Lower-
Geisser Feldt bound
Time 0.361 12.972 5 | 0.024 | 0.715 1.000 0.333

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is

proportional to an identity matrix.
a. Design: Intercept + Treatment

Within Subjects Design: Time
b. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are displayed
in the Tests of Within-Subjects Effects table.

Tests of Within-Subjects Effects

Sum of Mean Partial
Source Sauares df Square F Sig. Eta
a q Squared
Sphericity 0.006 3 0.002 6.639 0.001 0.322
. Assumed
Time G h
reennouse- 0.006 2.144 0.003 6.639 0.003 0.322
Geisser
Sphericity
. 0.011 18 0.001 2.097 0.024 0.473
Time * Assumed
Treatment -
Greenhouse 0.011 12.864 0.001 2.097 0.047 0.473
Geisser
Sphericity 0.012 42 0.000
. Assumed
Error (Time) G h
reenhouse- 0.012 30.017 0.000
Geisser
Multiple Comparisons
Tukey HSD
95% Confidence Interval
Treatment Mean Std. Error Si
Difference ) 9- Lower Upper
Bound Bound
22°C 0.01725 0.007873 0.358 -0.00963 0.04413
32°C .07533" 0.007873 0.000 0.04845 0.10222
25 PSU .05708" 0.007873 0.000 0.03020 0.08397
Standard -
40 PSU -.04508 0.007873 0.001 -0.07197 -0.01820
uv -0.00442 0.007873 0.997 -0.03130 0.02247
Dark .04950° 0.007873 0.000 0.02262 0.07638

Based on observ

ed means.

The error term is Mean Square (Error) = 9.30E-005.
*. The mean difference is significant at the .05 level.
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Supplementary Data Table 4.3. Simple main effects analysis of intracellular DMSP concentrations

Dependent Variable:

Pairwise Comparisons

95% Confidence Interval

Mean for Difference®
Time Difference Std. Error Sig.”
(1-J) Lower Upper
Bound Bound
22°C 0.063 0.074 0.394 -0.084 0.211
32°C 153 0.074 0.042 0.005 0.301
25PSU 297 0.074 0.000 0.149 0.445
T Standard -
40PSU -.250 0.074 0.001 -0.397 -0.102
uv =211 0.074 0.006 -0.359 -0.064
Dark -0.043 0.074 0.562 -0.191 0.105
22°C 193 0.074 0.011 0.045 0.340
32°C 292" 0.074 0.000 0.144 0.440
25PSU .354° 0.074 0.000 0.206 0.501
T2 Standard -
40PSU -.331 0.074 0.000 -0.479 -0.184
uv -252 0.074 0.001 -0.399 -0.104
Dark -0.140 0.074 0.063 -0.287 0.008
22°C 0.145 0.074 0.054 -0.003 0.293
32°C 254 0.074 0.001 0.106 0.402
25PSU .350° 0.074 0.000 0.202 0.497
T3 Standard -
40PSU -.397 0.074 0.000 -0.545 -0.250
uv -.296° 0.074 0.000 -0.444 -0.148
Dark -278 0.074 0.000 -0.426 -0.131
22°C -0.077 0.074 0.303 -0.224 0.071
32°C 0.073 0.074 0.325 -0.075 0.221
25PSU 157 0.074 0.037 0.010 0.305
T4 Standard -
40PSU -.507 0.074 0.000 -0.655 -0.360
uv -.451 0.074 0.000 -0.598 -0.303
Dark -.341 0.074 0.000 -0.489 -0.194

Based on estimated marginal means

*. The mean difference is significant at the .05 level.

b. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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Supplementary Data Table 4.4. Simple main effects analysis of intracellular acrylate concentrations

Dependent Variable:

Pairwise Comparisons

95% Confidence Interval

Mean for Difference®
Time Difference Std. Error Sig.”
(1-J) Lower Upper
Bound Bound
22°C 0.012 0.014 0.424 -0.017 0.041
32°C 104 0.014 0.000 0.075 0.133
25PSU .068" 0.014 0.000 0.039 0.097
T1 Standard
40PSU -0.017 0.014 0.246 -0.046 0.012
uv .036 0.014 0.016 0.007 0.065
Dark .081° 0.014 0.000 0.052 0.110
22°C 0.014 0.014 0.350 -0.015 0.043
32°C .076 0.014 0.000 0.047 0.105
25PSU .048° 0.014 0.002 0.019 0.077
T2 Standard -
40PSU -.063 0.014 0.000 -0.092 -0.034
uv -0.020 0.014 0.166 -0.049 0.009
Dark .054" 0.014 0.000 0.025 0.083
22°C .035 0.014 0.019 0.006 0.064
32°C 072 0.014 0.000 0.043 0.101
25PSU 075 0.014 0.000 0.046 0.104
T3 Standard -
40PSU -.048 0.014 0.002 -0.077 -0.019
uv -0.006 0.014 0.680 -0.035 0.023
Dark .048° 0.014 0.002 0.019 0.077
22°C 0.009 0.014 0.552 -0.020 0.038
32°C 049 0.014 0.001 0.020 0.078
25PSU .037° 0.014 0.013 0.008 0.066
T4 Standard -
40PSU -.052 0.014 0.001 -0.081 -0.023
uv -0.027 0.014 0.064 -0.056 0.002
Dark 0.015 0.014 0.316 -0.014 0.044

Based on estimated marginal means

*. The mean difference is significant at the .05 level.

b. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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Supplementary Data Table 4.5. Correlation analysis of intracellular DMSP and acrylate concentrations

Correlations

DMSP Acrylate

Pearson Correlation 1 .708”
Sig. (2-tailed) 0.000

DMSP Sum of Squares and Cross-products 1.636 0.199
Covariance 0.061 0.007
N 28 28
Pearson Correlation .708” 1
Sig. (2-tailed) 0.000

Acrylate Sum of Squares and Cross-products 0.199 0.048
Covariance 0.007 0.002
N 28 28

**. Correlation is significant at the 0.01 level (2-tailed).

Supplementary Data Table 4.6. Raw dsyB transcription in Shimia aestuarii AMM-P-2 at four time points
(24, 28, 32, and 36 hours after inoculation) under varying experimental conditions of temperature (22 and
32°C), salinity (25 and 40 PSU), constant darkness, and UV exposure. N/A denotes instances of failed
qPCR runs.

Treatment Time R1 R2 R3 Average Std. dev.
T 3.85E-03 9.18E-07 5.89E-04 1.48E-03 2.07E-03
Standard T2 8.83E+02 1.73E+00 4.61E+02 4.49E+02 4 41E+02
T3 7.75E-03 N/A N/A 7.75E-03 N/A
T4 N/A 6.56E+04 1.36E+07 6846387.85 9.59E+06
T1 6.06E-02 4 17E-06 2.08E-03 2.09E-02 3.44E-02
22°C T2 N/A N/A 4.49E-07 4 .49E-07 N/A
T3 3.32E-03 4.49E-03 1.89E+03 6.28E+02 1.09E+03
T4 N/A 7.89E-01 N/A 7.89E-01 N/A
T1 6.92E-04 1.70E-04 N/A 4.31E-04 3.69E-04
32°C T2 N/A N/A N/A N/A N/A
T3 N/A 4.65E-05 2.96E-04 1.71E-04 1.76E-04
T4 N/A N/A 2.95E-05 2.95E-05 N/A
T1 6.95E-04 1.47E-03 1.29E-04 7.64E-04 6.71E-04
25 PSU T2 2.84E-04 5.56E-01 1.76E-04 1.85E-01 3.21E-01
T3 2.43E-04 9.08E-04 6.81E-04 6.11E-04 3.38E-04
T4 5.22E-06 N/A 3.92E-05 2.22E-05 2.41E-05
T 1.04E-05 7.50E-01 3.15E-06 2.50E-01 4.33E-01
40 PSU T2 1.89E+00 1.54E-03 1.63E-06 6.30E-01 1.09E+00
T3 2.27E+00 N/A 2.16E-02 1.15E+00 1.59E+00
T4 6.78E-06 3.06E-01 8.04E-01 3.70E-01 4.06E-01
T 5.80E-05 5.48E-04 9.29E-05 2.33E-04 2.73E-04
uv T2 N/A 1.89E-03 3.19E-04 1.11E-03 1.11E-03
T3 N/A 1.24E-04 7.46E-04 4.35E-04 4.40E-04
T4 1.23E-03 1.66E-04 1.52E-04 5.16E-04 6.18E-04
T1 N/A 3.77E-03 N/A 3.77E-03 N/A
Dark T2 6.35E-05 2.15E-02 2.92E-01 1.05E-01 1.63E-01
T3 1.02E-02 2.13E+00 3.32E-01 8.25E-01 1.14E+00

T4 1.48E-01 1.86E+01 2.75E-04 6.26E+00 1.07E+01
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ABSTRACT: Marine organisms produce a diverse range of toxins and
bioactive peptides to support predation, competition, and defense. The
peptide repertoires of stony corals (order Scleractinia) remain relatively
understudied despite the presence of tentacles used for predation and
defense that are likely to contain a range of bioactive compounds. Here,
we show that a tentacle extract from the mushroom coral, Hefiofungia
actiniformis, contains numerous peptides with a range of molecular
weights analogous to venom profiles from species such as cone snails.
Using NMR spectroscopy and mass spectrometry we characterized a 12-
residue peptide (Hact-1) with a new sequence (GCHYTPEGLICF) and
well-defined f-hairpin structure stabilized by a single disulfide bond. The
sequence is encoded within the genome of the coral and expressed in the
polyp body tissue. The structure present is common among toxins and
venom peptides, but Hact-1 does not show activity against select
examples of Gram-positive and Gram-negative bacteria or a range of ion channels, common properties of such peptides, Instead, it
appears to have a limited effect on human peripheral blood mononuclear cells, but the ecological function of the peptide remains
unknown. The discovery of this peptide from H. actiniformis is likely to be the first of many from this and related species.
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ABSTRACT Bacteria associated with coral hosts are diverse and abundant, with
recent studies suggesting involvement of these symbionts in host resilience to
anthropogenic stress. Despite their putative importance, the work dedicated to cultur-
ing coral-associated bacteria has received little attention. Combining published and
unpublished data, here we report a comprehensive overview of the diversity and func-
tion of culturable bacteria isolated from corals originating from tropical, temperate, and
cold-water habitats. A total of 3,055 isolates from 52 studies were considered by our
metasurvey. Of these, 1,045 had full-length 16S rRNA gene sequences, spanning 138 for-
mally described and 12 putatively novel bacterial genera across the Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria phyla. We performed comparative genomic
analysis using the available genomes of 74 strains and identified potential signatures of
beneficial bacterium-coral symbioses among the strains. Our analysis revealed =400 bio-
synthetic gene clusters that underlie the biosynthesis of antioxidant, antimicrobial, cyto-
toxic, and other secondary metabolites. Moreover, we uncovered genomic features—not
previously described for coral-bacterium symbioses—potentially involved in host coloni-
zation and host-symbiont recognition, antiviral defense mechanisms, and/or integrated
metabolic interactions, which we suggest as novel targets for the screening of coral
probiotics. Our results highlight the importance of bacterial cultures to elucidate
coral holobiont functioning and guide the selection of probiotic candidates to
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promote coral resilience and improve holistic and customized reef restoration and
rehabilitation efforts.

IMPORTANCE Our paper is the first study to synthesize currently available but decen-
tralized data of cultured microbes associated with corals. We were able to collate
3,055 isolates across a number of published studies and unpublished collections
from various laboratories and researchers around the world. This equated to 1,045
individual isolates which had full-length 16S rRNA gene sequences, after filtering of
the original 3,055. We also explored which of these had genomes available.
Originally, only 36 were available, and as part of this study, we added a further 38—
equating to 74 in total. From this, we investigated potential genetic signatures that
may facilitate a host-associated lifestyle. Further, such a resource is an important step
in the selection of probiotic candidates, which are being investigated for promoting
coral resilience and potentially applied as a novel strategy in reef restoration and reha-
bilitation efforts. In the spirit of open access, we have ensured this collection is available
to the wider research community through the web site http:/isolates.reefgenomics.org/
with the hope many scientists across the globe will ask for access to these cultures for
future studies.

KEYWORDS symbiosis, holobiont, metaorganism, cultured microorganisms, coral,
probiotics, beneficial microbes, genomes, symbiosis

I n recent years, the concept of the metaorganism or holobiont, which defines the
Uassociations formed by a host organism and its microbiome (1-3), has become a cor-
nerstone of biology (4). Scleractinian corals are an excellent example of host-microbe
associations, as they build reefs through close symbiotic interactions between the host
modular animal, its endosymbiotic dinoflagellates {(Symbiodiniaceae), and an array of
other microbial partners, including bacteria, archaea, and fungi (3, 4). The bacterial
taxa associated with corals can vary between coral species and geographical origin,
though often there are patterns in the community structure that link microbial and
coral taxa (5, 6). Many original discoveries on the importance of coral-associated bacte-
ria and their interactions with the coral host were made using culture-based methods
(7, 8). However, the majority of recent studies exploring the importance of coral-associ-
ated microbes have focused on the use of cultivation-independent approaches, based
on 16S rRNA gene amplicon sequencing (9) and, more recently, shotgun metagenom-
ics (10, 11). Such methods are central in identifying what bacteria are associated with
corals and how their metabolic and functional potential contribute to holobiont health
and response to environmental conditions (9, 12-14). However, the bacterial metabolic
pathways that interact with the host and respond to environmental changes are often
best understood using culture-based approaches (15). This is particularly relevant
because metagenomic information gives insights into potential functional traits and
other cellular traits only, and often environmental changes have pleiotropic effects on
holobiont physiology that are impossible to grasp using metagenomics alone (16-19).
Inherently, culture-based approaches retrieve only a small fraction of the total bac-
terial diversity within any given environment, a phenomenon known as the “great
plate anomaly” (20-22). Often however, it is not a case of being “unculturable” but of
not yet knowing the {range of) conditions needed to culture specific microorganisms
(23). Cultivating host-associated microorganisms can be challenging, as their nutrient
requirements and cross-feeding networks are often unknown (24). In addition, many
“environmental” microorganisms grow very slowly (in contrast to clinical isolates), and
are not adapted to or capable of growing on commonly used nutrient-rich media, and
are outcompeted by copiotrophic bacteria (25, 26). To counter this, at least to some
degree, recent studies have implemented novel and alternative culture-based methods
to retrieve a higher proportion of the bacterial diversity present in any given sample
(24, 27, 28), and these approaches have also been applied to corals (29-31).
Organismal, growth form, and tissue complexity create unique microenvironments
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that are thought to contribute to the high bacterial diversity often seen in corals
(32-34). The diverse coral bacteriome plays an integral role in the balance between
health and disease of the coral holobiont (35, 36) and represents a valuable source of
biotechnological products (37, 38). Disalvo (39} was perhaps the first to isolate bacteria
from coral in 1969, recovering strains from the skeletal regions of Porites lobata, fol-
lowed by Ducklow and Mitchell (40) who reported on bacteria isolated from mucus of
Porites astreoides and two octocoral species 10 years later. Microbe-mediated diseases
have also been well documented as driving declines in reef health, especially through-
out the Caribbean for example (41). This has fostered a great interest in understanding
coral disease causative agents, stimulating cultivation efforts of coral-associated bacte-
ria (42-44). For example, Kushmaro et al. {45) isolated a bacterium that caused bleach-
ing of the coral Oculina patagonica, and many subsequent studies have implicated
vibrios in coral disease causation (46-48)—although it should be noted that coral
bleaching is not typically considered a disease and is ascribed to dysbiosis of the coral
host and associated Symbiodiniaceae (49). Regardless, many of these studies focused
on targeted isolation and conducted reinfection studies to satisfy Koch’s postulates,
with varying success (reviewed in reference 50).

Counter to the notion of pathogenicity of certain bacteria, growing evidence under-
lines the key role secondary metabolites produced by (beneficial) bacteria have on
host health (35, 51-54). For instance, Ritchie (55) was among the first to demonstrate
that mucus-associated bacteria from healthy colonies inhibit the growth of potential
pathogens. Subsequent studies revealed high antimicrobial activity among culturable
coral-associated bacteria, with up to 25% of the isolates producing antimicrobial com-
pounds (56). Kuek et al. (57) showed a strong link between observed antibiotic activity
in well diffusion assays and existence of polyketide synthase (PKS} and/or nonriboso-
mal peptide synthetase (NRPS) genes in the bacterial isolates. More recently, Raina et
al. (17} found that the antimicrobial compound tropodithietic acid (TDA) was produced
by the coral-associated bacterium Pseudovibrio sp. and subsequent studies found that
Pseudovibrio species harbor several biosynthetic gene clusters for the synthesis of bio-
active compounds (58, 59).

Bacterial isolates from corals represent an invaluable resource for assessing the viru-
lence of potential pathogens, and for applying classical clinical approaches to elucidate
disease etiology (60). Beneficial traits that bacteria may provide to coral holobiont
functioning can also be elucidated using pure bacterial cultures (10, 18). Bacteria iso-
lated from corals can also be used as probiotics to facilitate host health (61, 62}, and
such approaches have been proposed to promote coral resilience in the face of envi-
ronmental stress. For example, Rosado et al. (53) showed that application of so-called
“beneficial microorganisms for corals” {or BMCs) increases the resilience of the coral to
temperature stress and pathogen challenge. However, despite the demonstrated im-
portance of BMCs (63), a centralized and curated collection of isolates obtained from
corals and their associated genetic information does not currently exist. Moreover,
many culture-based studies often focus on relatively few bacteria (targeted for patho-
genic agents for example), meaning a large-scale comparison of which bacterial iso-
lates can be cultured and their genetic information is currently missing. Here, we
sought to centralize and curate the current cultured fraction of coral bacteria by com-
bining published data with unpublished collections from around the world (Fig. 1).
Without doubt, some studies and culture collections will have been missed in this first
compilation; however, our aim was to start building a resource that can be built upon.
To highlight the importance of such a collection, we explore the relationships between
the isolated bacteria, the host origin, and the media utilized for growth. Further, a total
of 74 genomes of cultured coral bacteria, 36 of which are available in public databases
and 38 of which are presented in this study for the first time, were investigated to infer
potential genetic signatures that may facilitate a host-associated lifestyle. Finally, alter-
native ways and improvements for the isolation of bacterial groups not yet recovered
from corals {including the specific targeting of obligate symbionts) are discussed. This

May/June 2021 Volume6 Issue3 &01249-20

168

msystems.asm.oorg 3

Downloaded from https:/journals.asm.org/joumnal/msystems on 22 June 2021 by 124.186.185.141.



Sweet et al.

@ Appradrats lecations
of samgpling stes

. i Incubation
b ---Deposits.. .cCoral species., ---.Depth ..., -Medium types, . temperature }

152 publications E ' i E
53(557 §eqduencei E 14+ s E 4-32C

leposite ' '
; 49';?;, Wostly reported; iMostly reported}
ideposited, ___} R e
\ )

. Phylogenetic analyses . ... Distribution...... ,-..Genome analyses .

' s =
é L Figure 2 | : i | Figures3 (and ST} | : ; | Figures4ands | :
i Phylogenetictreeof |+ Taxonomic distributionof;  + Functional analyses of §

H H '
: 1,045 i 4 3,055 p A 74 :
1 high quality 165 (RNA E ' isolates per“Medium E ' isolates with whole E
i genesequences(a)and ¢ | Type®(and”Coral Species”)t |  genomeavailable !
i _theirrelated hosts(b) _+ ! ¥ '

FIG 1 Overview of the data detailed in this article. {a) Sampling sites of the coral species used as
isolation sources. Map data © 2020 Google. {b} Data summary recovered from the publications and
accession numbers available in data banks. {c}) Overview of the analyses performed in the current
article using the available isolates.

study provides the most comprehensive synthesis of the cultured bacterial fraction of
the coral holobiont thus far.

RESULTS

Phylogenetic analysis of culturable coral-associated bacteria. To define the rela-
tionships and a taxonomic overview of the groups of coral-associated bacteria isolated
from around the world, published and unpublished data sets were interrogated, identi-
fying 3,055 cultured coral-associated bacteria, for which 1,045 high-quality full-length
165 rRNA gene sequences are available (Fig. 2a). Altogether, these data indicate that
bacteria from at least 138 genera can be cultured from corals using a variety of differ-
ent media (12 defined commercial media and various bespoke custom media). While
most isolates belong to the phylum Proteobacteria (72% of those cultured), strains
from Firmicutes (14%), Actinobacteria (10%), and Bacteroidetes (5%) were also recov-
ered. The genera Ruegeria, Photobacterium, Pseudomonas, Pseudoalteromonas, Vibtio,
Pseudovibrio, and Alteromonas were commonly isolated across studies (see Tables S1,
$3, and S4 in the supplemental material). Of 43 genera identified as putative beneficial
microbes (proposed in current literature; see examples and references in Table S4),
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58% (i.e., 25 isolates) have been shown to be culturable and are represented in this col-
lection (Table S4). Most of the isolates that have been cultured from diseased corals
belong to the family Vibrionaceae (Proteobacteria). However, it should be noted that
many of the studies reporting Vibrionaceae focused on a targeted approach to isolate
these bacteria. Among the isolates from the phylum Proteobacteria, 25.5% were associ-
ated with diseased coral colonies, as were 7.4% of the isolates belonging to the phy-
lum Bacteroidetes. Firmicutes and Actinobacteria had the lowest cultivation success
from diseased corals, with 5.0% and 0.7%, respectively. Although the majority of the
isolates were matched with other representatives in GenBank, 12 were highly diver-
gent with low similarity to known isolates, suggesting that they may be novel genera.

Taxonomic composition of bacterial isolates by culture medium. The taxonomic
patterns of the cultured bacterial strains at the phylum, order, and genus levels varied
according to the type of medium used to isolate them (Fig. 3). Marine agar {MA) (including
its diluted versions) was the most commonly utilized medium across studies and sup-
ported the growth of 715 distinct isolates collectively. Bacterial isolates belonging to the
families Vibrionaceae, Alteromonadaceae, Pseudoalteromonadaceae, Rhodobacteraceae,
Flavobacteriaceae, and Micrococcaceae could all be isolated from MA from a diverse set of
coral species. The next most productive nonselective medium was glycerol artificial sea-
water agar (GASWA), which supported the growth of 572 distinct isolates, while a variety
of “custom” media from different laboratories supported the growth of 523 isolates.
Interestingly, the latter collection of media, i.e., the custom variants (along with blood agar
specifically), favored the retrieval of Firmicutes (46.8% of isolates) and Protecbacteria repre-
sentatives (35.2%) at the expense of Actinobacteria species (17.6%). In contrast, media com-
monly deployed to sample a wider bacterial diversity, such as marine agar, favored the
growth of several Proteobacteria species, usually affiliated with diverse clades within the
Alphaproteobacteria and Gammaproteobacteria classes (Fig. 2 and 3). Curiously, use of thio-
sulfate-citrate-bile salts-sucrose medium (TCBS) supported the growth of manifold bacte-
rial lineages across the four phyla documented in this study, including Micrococcus and
Photobacterium for example, despite its presumed selectivity for Vibrio species.

Bacteria belonging to the phylum Proteobacteria {the dominant isolates captured in
this study, 72%) could be retrieved from nearly all cultivation media and conditions
examined, according to the design and scope of the study (Fig. 2). Members of other
abundant phyla, i.e, Firmicutes, Actinobacteria, and Bacteroidetes, also appeared to be
cultured on most media (Fig. 3a). Orange serum agar seemed to be selective for
Actinobacteria (Table S1). The media MA, R2A, and minimal basal agar shared a very simi-
lar pattern at the order level, all yielding similar proportions of members from the orders
Vibrionales, Rhodobacterales, Pseudomonadales, Flavobacteriales, and Actinomycetales
{Fig. 3). Likewise, LB, blood agar, and the “custom” media shared similar patterns, which
included the orders Vibrionales, Pseudomonadales, Bacillales, Alteromonadales, and
Actinomycetales (Fig. 3b). At the genus level, no immediate patterns seemed to be
shared among the media (Fig. 3¢). The highest number of unique isolates identified to
genus level was obtained from MA, which had 115 unique isolates, followed by 55 iso-
lates from custom media, 48 from minimal basal media, and 47 from GASWA (Table S1).
However, when dividing the number of different genera by the total number of isolates
in each medium, the normalized ratios show that nutrient agar (0.64), followed by dime-
thylsulfoniopropionate (DMSP}-enriched media (0.54) and R2A (04), supported the
growth of higher bacterial diversity. Conversely, lowest bacterial diversities were found
on TCBS (0.04), Nfb (0.04), and GASWA (0.08). The normalized ratios for each medium
{considering all the isolates analyzed here) can be found in Table S1.

FIG 2 Legend (Continued)

P, AP

;. D, 1
¥ na. vens, P

s guariconensis, Massilia namucuonensis, Vibrioni ragmilacihabil Mycetocola
tolaasinivorans, and Bacillus subtilis. The colors on the outer ring refer to the coral genus from which the bacteria were isolated, and the
background colors in the center refer to the bacteria phyla. {b} Phylogenetic tree of the species of corals used in this study produced via
{https//www.ncbinlm.nih.gov/Taxonomy/CommonTree/wwwemt.cgi). The label colors used to identify the genera are linked to the outer
ring of Fig. 2A.
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FIG 4 Functional analysis of 74 genomes of cultured coral bacteria according to their protein family (Pfam) profiles. Principal coordinate analysis (PCoA)
was performed on the Pfam profiles using the Bray-Curtis similarity matrix calculated from Hellinger-transformed abundance data (a). The ordination is
shown in eigenvalue-scale. Symbol shapes indicate the taxonomic class of each genome and the host origin (filled symbols for scleractinian corals; open
symbols for octocorals). In addition, BMC bacteria are highlighted in cyan blue, while typical coral pathogens are highlighted in dark red. Isolate numbers
(as in panel b) are given next to each symbol. The number of CDSs assigned to Pfam entries related to eukaryote-like proteins “ELPs” (i.e., ankyrin-,
tetratricopeptide-, WD40- and leucine-rich repeats) and other features involved in host-microbe interactions are highlighted in the table below (b). The
color code from dark blue to dark red reflects an increase in the number of CDSs related to each function. ELPs, CRISPR proteins, endonucleases,
transposases, and secretion systems were each represented by more than one Pfam entry across the data set. The CDS counts of these functionally
belonging Pfams were summed. The number of Pfams that contributed to each function were as follows: ankyrin repeats, 5 Pfam entries; tetratricopeptide
repeats, 21 Pfam entries; WD40 repeats, 6 Pfam entries; leucine-rich repeats, 8 Pfam entries; CRISPR proteins, 21 Pfam entries; endonucleases, 42 Pfam
entries; transposases, 37 Pfam entries; T2SS, 17 Pfam entries; T3SS, 19 Pfam entries; T4SS, 15 Pfam entries; T6SS, 18 Pfam entries (see Table S5 in the
supplemental material for Pfam identifiers [IDs] and names). In the case of taurine and dimethylsulfoniopropionate (DMSP) catabolism, only one Pfam entry
(PF02668.16 and PF16867.5) was found, respectively.

Functional genomics of coral bacterial isolates. A total of 74 cultured coral-asso-
ciated bacteria had full or draft genomes available; 36 genomes were accessible as of
February 2020, with a further 38 genomes now available from this study (Table S2).
The genome sizes ranged from 2.71 Mb in Erythrobacter sp. strain A06_0 (associated
with the scleractinian coral Acropora humilis) with only 2,669 coding sequences (CDSs),
to 7.28 Mb in Labrenzia alba (synonym Roseibium album) EL143 (associated with the
octocoral Eunicella labiata) with 7,593 CDSs (Table S2). The mean and median genome
size was 4.77 Mb and 4.71 Mb, respectively. The average GC content of these genomes
was 53%, with the lowest GC content (32.9%) found in Aquimarina megaterium strain
EL33 (isolated from E. labiata), and the highest GC content (71.4%) found in Janibacter
corallicola strain NBRC 107790 (from Acropora gemmifera).

Multivariate analysis, based on protein family (Pfam) profiles (Fig. 4a), unsurprisingly
showed that the genomes grouped mostly according to their (class level) taxonomic
affiliations (permutational multivariate analysis of variance [PERMANOVA], F=11.55, P =
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0.0001). Exceptions were the two Actinobacteria and two Bacteroidetes genomes, which
clustered with four Alphaproteobacteria genomes of the order Sphingomonadales and
Caulobacterales and the Luteimonas sp. strain JM171 (Gammaproteobacteria) genome,
respectively, However, this is likely a reflection of the very low number of genomes avail-
able from coral-associated Actinobacteria and Bacteroidetes, rather than a significant
functional overlap between the two phyla. Interestingly, a PERMANOVA analysis per-
formed on the Pfam profiles of the Vibrionales genomes revealed that the five Vibrio
genomes from known pathogens were significantly different from all nonpathogenic
Vibrionaceae strains (P = 0.0006, df =1, F = 1.829) (Table S5).

Functions that potentially have a role in host-microbe interactions, such as proteins
containing eukaryote-like domains involved in host-symbiont recognition (11, 64, 65),
secretion systems potentially important for host colonization, and biosynthetic gene
clusters encoding secondary metabolites were investigated across the isolates
(Fig. 4b). Eukaryote-like repeat proteins (ELPs), such as ankyrin repeats, WD40 repeats,
tetratricopeptide repeats, and leucine-rich repeats, are widely existing protein motifs
which mediate protein-protein interactions. They can be found in all domains of life
but are most common in eukaryotes (66-69). The Endozoicomonas strains G2_1, G2_2,
and Acr-14 had the highest number of ankyrin repeats (>789), and high numbers of
WDA40 repeats (between 37 and 116). In contrast, ankyrin repeats were absent or only
present in low numbers in all Vibrio strains. Alteromonadales strains (including the
Pseudoalteromonas BMCs), had high numbers of tetratricopeptide (>250) and 29 to
142 WDA0 repeats. The strain with the overall highest number of eukaryote-like repeat
protein-related entries (1,367 repeats) was Endozoicomonas sp. strain G2_01 from
Acropora cytherea, closely followed by the octocoral associate Aquimarina megaterium
EL33 (class Flavobacteria) (1,208 repeats). Endozoicomonas montiporae strain CL-33 dis-
played the highest number of domains related to antiviral defense mechanisms, such
as CRISPR proteins and endonucleases, which are known to be enriched in the micro-
biomes of marine sponges (65, 70) and healthy octocorals (11). Further, 49 out of the
74 genomes assessed harbored the TauD (PFO2668) gene. TauD is involved in the deg-
radation of host-derived taurine {(an amino-sulfonic acid widely distributed in animal
tissue) into sulfide which is then assimilated into microbial biomass (71-73). An ele-
vated number of TauD-encoding CDSs was found in the two BMC strains Cobetia ma-
rina BMC6 and Halomonas tateanensis BMC7, both isolated from Pocillopora damicornis.
Further, several isolates (N= 11} of the Rhodobacteraceae family (Alphaproteobacteria) con-
tained CDSs involved in dimethylsulfoniopropionate (DMSP) degradation, potentially con-
tributing to sulfur cycling in corals.

Among secretion systems, type Il (T2SS), Il (T3SS), IV (T4SS), and VI (T6SS), known to
be involved in host colonization (74), horizontal gene transfer (75}, or interbacterial an-
tagonism and/or virulence {76), dominated the genomes of coral-associated bacteria.
We found a high number of entries related to T2SS in the Gammaproteobacteria associ-
ates, particularly in the Endozoicomonas and Vibrio genomes (see reference 77 for roles
of the T2SS in symbiosis and pathogenicity}. The Vibrionales genomes were further
characterized by an elevated number of T6SS-related Pfam domains, whereby the five
pathogenic Vibrio strains encoded a significantly higher number of T65S domains {mean
of 27 T6SS domains in CDSs) than the six nonpathogenic Vibrio strains (mean of 10 T65S
domains in CDSs; Mann-Whitney U-test, P = 0.0126).

We also assessed the secondary metabolite coding potential in the 74 genomes.
AntiSMASH v.5.0 detected a total of 416 biosynthetic gene clusters (BGCs) across all
genomes, whereby the number of BGCs varied substantially between strains, from no
BGCs in Endozoicomonas montiporae CL-33 to 12 BGCs in Pseudoalteromonas luteovio-
lacea HIN (Fig. 5). Bacteriocin clusters (N=75), found in 81% of the strains, were the
most frequently detected BGCs, followed by homoserine lactone (N=62; in 43% of
strains), nonribosomal peptide synthetase (NRPS; N=59; in 51% of strains), beta-lac-
tone (N=46; in 53% of strains), terpene (N=234; in 38% of strains), ectoine (N=28; in
35% of strains), and siderophore (N=25; in 28% of strains) clusters. The relatively large
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Secondary metabolite coding potential in the genomes of cultured coral bacteria
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FIG 5 Distribution of biosynthetic gene clusters (BGCs) across 74 genomes of cultured coral bacteria. BGC counts per compound class were obtained using
antiSMASH v.5.0 with default settings {and all extra features on). NAGGN, N-acetylglutaminylglutamine amide; LAP, linear azol{inje-containing peptide; hglt-
KS, heterocyst glycolipid synthase-like PKS; PUFA, polyunsaturated fatty acids; NRPS, nonribosomal peptide synthetase cluster; PKS, polyketide synthase
cluster; TfuA-related, TfuA-related ribosomal peptides. The category “Others” comprises rare BGCs that had each less than three entries across the data set
famong those were furan, ladderane-hybrid, phosphonate, polybrominated diphenyl ethers, lassopeptide, fanthipeptide, and butyrolactone BGCs). Symbo!

shapes above bars indicate the taxonomic class and the host origin of each genome {same as in Fig. 4).

group of coral-associated Rhodobacteraceae genomes analyzed in this study presented a
consistently rich BGC profile, characterized by the presence of bacteriocin, homoserine lac-
tone, and NRPS-T1PKS clusters, while siderophore clusters were typically absent in this
group. Siderophores were typically found in the Vibrio genomes of this study as well as in
three of the four Endozoicomonas genomes. Characteristic for all Pseudoalteromonas
genomes, including the BMC strains, was the presence of aryl polyene clusters, a com-
pound class functionally related to antioxidative carotenoids (78). The absence of known
BGC in the genome of E. montiporae CL-33 is an unusual outcome, as for example the
closely related strains in the Oceanospirillales order usually display >4 BGCs (Fig. 5). The E.
montiporae CL33 genome is complete (100% completeness, 0.9% contamination, 95.5%
quality; 1 contig); hence, low assembly quality—which sometimes compromises the identi-
fication of large BGCs—does not explain the lack of BGCs in this genome.

DISCUSSION

Here, we show that a taxonomically diverse array of bacteria can be isolated using a
variety of medium and culture conditions. A total of 138 of these isolates (recruited
from 52 studies) have been formally described, and at least 12 are putatively novel bac-
terial genera. It is promising that such extensive phylogenetic diversity can be cap-
tured from a limited number of culture media employed in the examined studies.
Additional diversity is therefore likely to be captured through the implementation of
alternative cultivation procedures that may improve our capacity to cultivate the “as-
yet-uncultured” (28). Testimony to this is the observation that most of the strains assigned
to the phylum Firmicutes in our meta-analysis were obtained almost exclusively from the
various “custom media” utilized by different laboratories and blood agar alone, illustrating
how diversification in cultivation design can widen the phylogenetic spectrum of the
organisms isolated. In this regard, we anticipate that broader phylogenetic diversity will be
gained within the culturable fraction if gradients in aerophilic conditions, temperature,
and other physicochemical parameters are attempted along with innovative, less invasive
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techniques to extract microbial cells from the host matrix. The richness of bacterial phyla
uncovered in this study corresponds to the phyla more often reported to dominate bacte-
rial communities in corals by cultivation-independent studies (12}, namely, Proteobacteria,
Bacteroidetes, Actinobacteria, and Firmicutes, yet how diversity at lower taxonomic ranks
within each phylum is captured remains to be determined. Another exciting challenge
ahead is the unveiling of host-microbe and microbe-microbe molecular interdependence
networks (e.g., cross-kingdom signaling and cross-feeding cascades) (79, 80). Such knowl-
edge would likely enable laboratory captivation of so-far “unculturable” coral-specific or
enriched lineages. Increasing the diversity of these coral-associated culturable bacteria will
likely help in the identification of genomic features that could underpin the interaction
with the host and its microbiome representing the foundation for experimental validation.

Although one of the initial aims of this study was to ascertain the percentage of cul-
turable bacteria from a given coral species, it was deemed too speculative to report
the findings due to variation in culture effort across the various studies. Indeed, this
highlights the paucity of studies dedicated to determine exactly this, and there is a
need for such mechanistic projects deploying multiple culture media and conditions
to comprehensively sample bacterial associates from a single or a few host species.
Collectively, studies aimed at capturing the culturable microbiome will extend our
understanding of coral bacterial communities and their putative function in the coral
holobiont. A catalog of cultures {as presented here and one which will hopefully be
expanded) provides a means to increase our understanding of host-symbiote relation-
ships. The ability to describe, understand, and culture specific symbionts from any
given organism {like corals) also opens up the potential to utilize them as probiotics to
restore degraded habitats (53, 61). For example, specific traits found in certain coral-
associated bacteria, such as the presence of the genes nifH (nitrogenase), nirK (nitrite
reductase), or dmdA (DMSP demethylase) involved in nitrogen and sulfur cycling, or
those known to control pathogens, the enzymatic mitigation of reactive oxygen spe-
cies (ROS) or other toxic compounds, may have roles in increasing coral health when
the host is experiencing stress (53, 63, 81, 82). Identifying these traits via molecular
analyses and laboratory tests using cultured bacteria with defined coral hosts will allow
for the more rapid administration of native bacteria with the potential to help rehabili-
tate damaged corals. In addition, such a resource increases the possibility of identifying
novel compounds of biotechnological interest (83). This seems particularly relevant in
the case of coral-microbe symbioses, which are known to rank as one of the most pro-
lific sources of bioactive molecules in the oceans (38).

A search in public databases (National Center for Biotechnology Information [NCBI])
found that, despite the 1,045 cultured coral-associated bacterial sequences with full-
length 16S rRNA gene sequences, only 36 had genomes available as of February 2020.
Clearly, a systematic effort to disclose the genomic features of coral-associated bacteria
is needed in order to better understand the holobiont ecology and identify potentially
beneficial microbes. As part of this study, we were able to add a further 38 to this tally
(see Table S2 in the supplemental material). Even with this addition, the number of pub-
licly available coral-associated bacterial genomes remains scant, and it is recognized that
to more fully understand the roles of the cultivable fraction of coral bacteria, a thorough
characterization of the species kept in culture, including genome sequencing, needs to be
fostered alongside experimental biology and manipulative approaches. Moreover, a large
collection of coral-associated genomes could also help to identify specific traits that are
needed to thrive in the various niches within the hosts or point to those bacteria which
offer a specific benefit to their host.

All of the available genomes were screened for an array of functions potentially im-
portant in establishing and maintaining interactions between bacterial symbionts and
their marine invertebrate hosts. Overall, the Endozoicomonas and Pseudoalteromonas
strains displayed high numbers of eukaryote-like protein-encoding genes important
for host-symbiont recognition in well-studied systems such as marine sponges (65, 84,
85). The strain with the second highest number of eukaryote-like repeat protein-related
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entries (1,208 CDSs, after Endozoicomonas sp. G2_1 with 1,367 CDSs) was the octocoral
associate Aquimarina sp. strain EL33 (class Flavobacteria). In the current culture collec-
tion, 15 additional Aguimarina isolates are reported, from the scleractinian corals
Porites lutea, Pocillopora acuta, Stylophora pistillata, Acropora millepora, Acropora tenuis,
and the octocoral E. labiata. Retrieving the genomes from these candidates will allow
us to explore these emerging patterns in greater detail. For example, a recent compar-
ative genomics survey of host-associated and free-living Aquimarina species revealed
complex secondary metabolite biosynthesis and polycarbohydrate degradation capaci-
ties {86), but further investigation into their mechanisms of interactions with corals is
warranted.

Only eight Endozoicomonas isolates (five of them type species) have so far been cul-
tured from corals (according to our collated information). These are from the octoco-
rals Eunicea fusca and Plexaura sp. and the scleractinian corals Montipora aequitubercu-
lata, Acropora cytherea, Acropora hemprichii, and Acropora sp. To date, only four of
these (two from this study) have had their genomes sequenced (all from scleractinian
corals) (18, 87). This is surprising given that numerous studies found that this genus is
highly abundant in the healthy coral holobiont and seems to decrease in abundance
upon deteriorating environmental conditions {(e.g., reviewed in references 35, 88, and
89). Future cultivation efforts should therefore be directed toward the Endozoicomonadaceae
family in order to increase the representation of their taxonomic and functional diversity in
culture collections {29). In this regard, this study finds evidence that supplementing culture
media with DMSP is an approach worth investing in future attempts to cultivate coral-
associated Endozoicomonas, possible in combination with growth at lower temperatures
{29). The metabolic data obtained from the comparative analysis of these four strains can
be used, for example, to drive the selection of specific nutrients and conditions required to
culture this particular genus of coral symbionts. Furthermore, there are 55 cultured
Pseudoalteromonas strains in our collection which should also be explored regarding their
symbiotic properties and their functional gene content {only 6 genomes currently avail-
able). Similar to Endozoicomonas, Pseudoalteromonas species are also frequent members of
coral-associated microbiomes (35). A number of Pseudoalteromonas have been shown to
display high antimicrobial activity, and many of these bacteria are isolated from coral mu-
cus, lending support to the protective role the surface mucous layer has for the host and
its importance in the coral holobiont’s defense-—against bacterial coral pathogens in par-
ticular (90). Indeed, five of the six Pseudoalteromonas (where genomes are available) were
shown to be effective BMCs when corals were challenged with the coral pathogen Vibrio
coralliilyticus (53}.

Having genomes available from the potential pathogens also allows for greater
insight into coral biology, especially when interested in ascertaining pathogenicity-
related traits (91, 92). For example, from the 11 Vibrio species for which genomic data
were available, we were able to show functional separation (based on Pfam profiles) of
known pathogenic and nonpathogenic strains. This was further accompanied by a sig-
nificantly higher abundance of CDSs encoding for the type VI secretion system, impor-
tant for virulence in the pathogenic strains (76). Prevalence of siderophore-encoding
genes was also noted in the Vibrionaceae strains, suggesting that these bacteria likely
gain competitive advantages through efficient and extensive iron acquisition, which is
a trait often seen in opportunistic and pathogenic bacteria (93, 94). Hypothetically, the
selection of beneficial microbes that are also good siderophore producers could add to
the biological control of these pathogens. Indeed, two proposed BMC strains Cobetia
marina BMC6 and Halomonas taenensis BMC7 harbor such siderophore clusters on
their genomes and so did three of the four Endozoicomonas strains. However, the five
Pseudoalteromonas BMC strains and the Endozoicomonas montiporae CL-33 had low
numbers of BGCs, possibly indicating a reduced investment into secondary metabo-
lism. Indeed, the low number of BGCs in these Pseudoalteromonas strains is in contrast
to the established prevalence of biologically active compounds in many marine host-
associated Pseudoalteromonas strains (95). In part, this may reflect a limitation of the
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software utilized to detect genes for all secondary metabolites, as genes for common
metabolites (such as for the production of the antibiotic marinocin and those that pro-
duce tetrabromopyrrole coral larval settlement cues by Pseudoalteromonas [96, 97])
were not picked up. These bioinformatic limitations emphasize the importance of hav-
ing bacterial cultures for the elucidation of the chemical ecology underpinning coral
holobiont functioning.

Broader functional traits can also be ascertained from looking at the complete pic-
ture of isolates with annotated genomes. For example, 66% (49 out of 74} harbored
the TauD gene, which is involved in taurine utilization (98). Two proposed BMCs, the
Cobetia marina BMC7 and Halomonas taeanensis BMC7, revealed the highest copy
number of TauD CDSs (seven and eight, respectively), while others range between one
and five TauD copies. Taurine is an organo-sulfur compound widely present in animal
tissues, and recent research has shown that obligate symbionts of sponges have
enriched copies of taurine catabolism genes and taurine transporters in comparison
with free-living bacteria (65, 72, 73). The widespread capability of the isolates studied
here to potentially utilize host-derived taurine could guide the formulation of novel,
taurine-containing cultivation media in the attempt to captivate coral symbionts, par-
ticularly from the important, yet underrepresented order Oceanospirillales (TauD was
consistently present in all Oceanospirillales genomes [N =8] analyzed here). The ubiqui-
tous occurrence of bacteriocin clusters among the genomes is another example of
broad-scale trends which we have identified in our genome meta-analysis. These may
confer the specific culturable symbionts with particular competitive capacities toward
closely related taxa in highly dense microbiomes (99, 100}, as is commonly identified
across corals and sponges. Moreover, the widespread presence of NRPS and beta-lac-
tone clusters hints toward broad-spectrum antimicrobial and cytotoxic capabilities in
multiple associates. It also corroborates the hypothesis that these marine metaorganisms
are promising sources of novel bioactive compounds, representing targets for bioprospec-
tion (38). Many strains also possess homoserine lactone-encoding BGCs indicative of so-
phisticated, cell-density-dependent chemical communication mechanisms. Antioxidant
activities are likely conferred by the presence of aryl polyene BGCs in the genomes (78,
101). These pigment type compounds, functionally related to carotenoids, characterized
most of the proposed BMC strains. Furthermore, several coral-associated bacteria of differ-
ent taxonomic origins are seemingly well equipped to handle osmotic stress as revealed
by the occurrence of ectoine- and N-acetylglutaminylglutamine amide (NAGGN}-encoding
genes. Therefore, there is a need to continue the effort in culturing coral-associated bacte-
ria to explore new biosynthetic potentials, both for bioprospecting purposes and for better
understanding the chemical ecology of the metaorganism.

Identifying likely candidates for symbiosis is one challenge, but once the candidates
are confirmed and characterized, the need to understand how the animal host estab-
lishes symbiosis and retains the relationship will also be critical. However, this is a two-
way street. Current research in sponges has revealed that bacteria expressing the
ankyrin genes avoid phagocytosis by sponge amoebocytes, thus becoming residents
of the sponge microbiome by evading the host's immune system (64, 70}. Further, as
ankyrin repeats are enriched in the microbial metagenomes of healthy corals (10, 11),
it is expected that commensal coral-associated bacteria also use this aspect of ankyrin
genes to establish symbiosis. The evolutionary forces shaping the symbiosis are even
trickier here, as bacteriophages encode for ankyrin biosynthesis in their genomes and
might transfer this information across different community members (70). As identified
above with siderophore-encoding genes, similar patterns of symbiosis establishment
and energy utilization may be adopted by both commensal and pathogenic bacteria.

To conclude, here we have highlighted that diverse coral-associated bacteria are al-
ready cultured, although these are often scattered across collections and rarely col-
lated into one easily accessible location. Further, only a few of these have had their
genomes sequenced. Despite the lack of genomes, we were able to identify a number
of genetic features commonly encoded by these coral bacterial associates. These
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features include broad-spectrum antimicrobial, antioxidant, and cytotoxic compound pro-
duction capabilities, high abundance of ankyrin repeat entries, tetratricopeptide, and
WD40 repeats, and taurine degradation genes. That said, this can only be quantitatively
assessed through comparison of metagenome profiles from corals versus other environ-
ments, such as sediments and seawater in a comprehensive fashion (several samples with
replication, etc.). Such metagenome-based analyses should be complemented by (large-
scale) marker gene surveys and/or visualization techniques to determine the nature and
holobiont site of bacterial association, in particular since any metaorganism {configuration)
is specific to a time and place and not static given the temporal (“fluidic”) nature of host-
microbe interactions (102). Even though the statistical power, with only part of the repre-
sentative genomes available from cultures (as in this study), is limited, we exemplify here
the importance of the cultured bacterial fraction of corals in hypothesis testing and
applied microbiology.

We end by highlighting the importance and need for a global initiative to create an
online catalog of genomic and physiological features of cultured coral-associated bac-
teria. Combining the use of these genomic insights with innovative culturing techni-
ques (37), aimed at improving the collection of coral-associated bacterial isolates, will
see this field of coral biology move forward. Such an initiative should likely start with
those microbes which have their complete genomes sequenced. This study pioneers
the organization of such a global collection, as part of the efforts from the Beneficial
Microbes for Marine Organisms network (BMMO), through a public invitation to
researchers working in this field. As a result, we have here provided a list of cultured
bacteria from corals that are currently available in public databases, plus isolates that
were kept in collections from all the laboratories that responded to our invitation
(Table S1 and available now, open access via http//isolates.reefgenomics.org). Now
other researchers can access this virtual collection and/or contact specific laboratories
for collaborations or solicitations of specific microbial strains.

MATERIALS AND METHODS

Literature search and data curation. Geogle Scholar and the Natienal Center for Biotechnelogy
Information (NCBI) were searched for publicly available 165 rRNA gene sequences of cultured coral-asso-
ciated bacteria (as of 2018). Search terms, including coral, bacteria, 165, and culture, were utilized as wel|
as combinations of these. The results were supplemented with data from culture collections from labo-
ratories around the world through a public invitation to researchers working in this field. In total, we
were able to obtain bacterial isolates originating from 84 coral species {representing tropical, temperate,
and cold-water habitats) from all major oceans {Fig. 1; see also Table S1 in the supplemental material).
Due to the number and varied nature of the different contributing sources of these isolates, parts of the
associated metadata for certain cultures are missing or incomplete.

Phylogenetic analysis and tree generation. In total, we were able to collate 3,055 individual iso-
lates which had {at least} part of the 165 rRNA gene sequenced (see Table S1 for details). We selected
only high-quality sequences by removing those shorter than 500 bp, or longer than 1,600 bp and con-
taining more than one ambiguity. Further, we utilized the mothur {v.1.42.0} commands screen.seqs and
filter.seqs to remove poorly aligned sequences and positions without sequence information, respectively
{103}. This resulted in 1,045 isolates with near full-length 165 rRNA gene sequences, which were used in
downstream phylogenetic analyses. To this end, sequences were aligned using the SILVA 138.1 database
as a reference (104), and the clear-cut command was used within mothur to generate a phylogenetic
tree using the relaxed neighbor-joining method {RNJ) (105, 106). Te generate the distance matric, the
default of percent identities {so-called p-distances} was retained.

A phylogenetic tree of coral species was also generated using the Taxonomy Common Tree tool of
NCBI (107). Species names were added manually to create a tree file. Tree features were optimized using
ITOL v4 {108).

Taxonomic composition of bacterial isolates by medium. Bacterial strains listed in Table S1 were
sorted by isolation medium and subsequently grouped at phylum, order, and genus levels according to
the current SILVA {138.1) taxonomy {104). Stacked column graphs, showing relative abundances of the
cultivated taxa were created thereafter. At the genus level, all groups representing less than 1% of the
total pool in each medium were included in a group labeled "others.”

Genome analysis. The integrated Microbial Genomes and Micobiomes database (IMG; https//img
Jjgidoegov/) {109} from the Department of Energy’s Joint Genome Institute {DOE-JGI}, and the assembly
database from NCBI {httpsy//www.necbinlmnih.gov/assembly) were searched for publicly available
genomes from cultured coral bacteria in February 2020. Thirty-six bacterial genome assemblies {21 from
scleractinian coral and 15 from octocoral associates) were downloaded from NCBI and included in this
analysis. The annotation of genomic features such as genome size, GC content, and number of coding
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sequences {CDSs) was performed for all 74 genomes with the RAST server (110} (see Table $2). Protein
families (Pfams) were predicted with the online server WebMGA {default settings) (111) using amino acid
sequence files obtained from RAST. The resulting individual Pfam annotation files were then joined using a
customized R script and the resulting count tables were Hellinger transformed for multivariate analyses {see
Table $5). Dissimilarity between genomes based on the Pfam profiles were then @lculated using the Bray-
Curtis index. Crdination of the genomes based on thelr functional profiles was carried out using principal
coordinate analysis {PCoA) and plotted in eigenvalue scale {i.e., scaling of each axis using the square root of
the eéigenvalue) with PAST software v3.25 {112). PERMANOVAs (permutational multivariate analyses of var-
fance} were performed with 999 permutations 1o test for overall differences in functional profiles between
bacterial genomes from different taxonomic classes. Five groups (classes) were used: Alphaproteobacteria,
Gammaproteobacteria, Adinobacteria, Cytophagia, and Flavobacteriia. A separate PERMANOVA analysis of
Bray-Curtis dissimilarities calculated for the 11 available Vibrio genomes was then performed in order to high-
light differences between strains identified as potentially pathogenic (N=5, group 1} and those apparently
nenpathogenic (N=6, group 2) {identification of pathogenicity from available literature—see references).
Finally, AntiSMASH version 5.0 {113} was used with default parameters {and extra features “All on”) to identify
biosynthetic gene clusters (BGCs) in all genomes.

Data availability. The newly described genomes associated with this project (38 in total; also see
Table $2) can be found in the following BioProjects on NCBI: accession no. PRINA698462, PRINA638634,
and PRINA343499.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, JPG file, 0.6 MB.
TABLE S1, XLSX file, 0.8 MB.
TABLE S2, XLSX file, 0.03 MB.
TABLE S3, XLSX file, 0.02 MB.
TABLE $4, XLSX file, 0.01 MB.
TABLE S5, XLSX file, 2.1 MB.
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