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Species-specific metabolomic
profiles of coral reef coralline algae
and their influence on the larval
settlement of corals and crown-of-
thorns starfish

Guillermo Diaz-Pulido'™, Steven D. Melvin?, Sophie Ferguson?, Andrea Severati’,
Peter C. Doll%, Sven Uthicke?, Andrew P. Negri® & Muhammad A. Abdul Wahab?

To address a significant knowledge gap in chemical ecology underpinning larval settlement processes
on coral reefs, we examined the tissue-associated metabolomes using nuclear magnetic resonance
(NMR) spectroscopy across 14 species of crustose coralline red algae (CCA) and one non-coralline
calcareous red alga collected from the Great Barrier Reef, Australia. We further explored the
relationship between algal metabolites and the settlement success of fifteen reef-building coral species
across five families, as well as a key coral predator, the crown-of-thorns starfish (CoTS; Acanthaster cf.
solaris). We found that algal metabolomes are highly variable and differ among species, phylogenetic
lineages, and reef habitats, highlighting the combined influence of evolutionary history and
environmental context on algal metabolomes. We also identified strong, positive correlations between
specific algal metabolites, particularly disaccharides and trisaccharides (e.qg., raffinose, maltose), and
glycine betaine with high settlement success in both corals and CoTS. This study provides the most
comprehensive analysis to date of coralline algal metabolomes and their ecological significance to
coral reef ecosystems. These results provide novel chemical, biological and ecological insights that
may be used to inform the optimisation of coral aquaculture techniques for reef restoration, as well as
potential strategies for controlling CoTS outbreaks to mitigate ongoing reef decline.

Keywords Acanthaster, Chemical cues, Coral larval settlement, Crustose coralline algae, Great Barrier Reef,
Reef restoration

Coral reef degradation has intensified due the cumulative impacts of warming-induced coral bleaching, ocean
acidification, nutrient pollution, and outbreaks of key coral predators such as the crown-of-thorns starfish
(CoTS). These pressures have caused widespread coral mortality and driven substantial shifts in reef structure
and function'~>. The degradation of coral reefs poses threats to biodiversity and the ecosystem services they
provide, including fisheries production, coastal protection against storms, and opportunities for tourism and
recreation - services essential for environmental health and human wellbeing*.

While reducing carbon dioxide emissions and strengthening management practices of reefs remain critical
to halting long-term decline, it is also important to implement concurrent strategies that promote coral recovery
and mitigate threats from outbreaks of coral predators. A fundamental process underpinning coral recovery
is the settlement of planktonic coral larvae to the benthos to suitable hard substrates, a step widely recognised
as being facilitated by coralline algae®~’. Notably, larval settlement of coral-feeding CoTS (Acanthaster spp.) is
also mediated by cues from coralline algae®, as is the case for other echinoderms’, abalone!® and other marine
invertebrates!!. Crustose coralline algae (or CCA) are a distinctive group of red calcareous algae that deposit high
magnesium calcite skeletons'. As important reef builders and ecosystem engineers, they play a foundational role
in reef construction and consolidation!*-'%, as well as the formation of rhodolith, and maerl beds'®!”. Through
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these functions, coralline algae are integral to the resilience and recovery of marine populations and benthic
communities.

The mechanisms by which CCA induce larval settlement are varied, although it is generally accepted that
chemical cues play a central role. These cues may be produced directly by the algal tissue'®!”, by microbial
communities associated with their surfaces?*-?2, or by a combination of both, functioning as a holobiont?.
Some CCA such as Titanoderma spp. are consistently strong inducers of larval settlement across a range of
coral taxa?>~%, while others can inhibit larval settlement®. There are also species-specific interactions between
CCA and invertebrate larvae, such as the coral Fungia fungites and species of the Lobophylliidae, which settle
preferentially on the CCA Sporolithon sp.?®, and CoTS larvae which preferentially settle on Melyvonnea cf.
madagascariensis®. Understanding the chemical profiles of CCA is not only valuable for ecological insights but
also holds practical applications for coral aquaculture and reef restoration, where enhancing larval settlement
is a key objective?”8. In the case of CoTS, identifying CCA metabolites associated with preferred or avoided
CCA substrates may provide insight into settlement processes and recruitment patterns, potentially informing
management of population outbreaks that have devastated coral populations across the Indo-Pacific!:*%.

Despite their ecological importance, our understanding of CCA chemical profiles, specifically their
metabolomes (the complete set of metabolites within an organism), remains limited, and only a handful of
species’ metabolomes have been studied to date?*?”31:32, However, emerging research has shown that CCA
possess one of the most chemically complex and diverse metabolomes of coral reef benthic organisms, surpassing
even reef-building corals, algal turfs and fleshy macroalgae®**. Although many unique compounds have been
detected, the majority remain unidentified®!**>34, Jorissen et al.>*> and Vizon et al. > compared the metabolomes
of six and seven CCA species, respectively, from French Polynesian reefs, and found substantial variation in
metabolomic profiles across species and reef microhabitats. However, their studies covered a limited number
of taxa, leaving open questions about how consistent tissue-associated metabolite profiles are across a broader
array of CCA, and whether these profiles reflect phylogenetic relationships. Furthermore, the role of specific
metabolites or metabolomic signatures in inducing larval settlement of marine invertebrates remains poorly
understood*®. While some progress has been made in identifying classes of compounds potentially involved (e.g.
betaine lipids), there is a clear need for systematic metabolomic characterisation using methods such as H-NMR
across taxonomic groups and ecological contexts®. Given the high diversity of coralline algae species, with
more than 1,111 taxa reported worldwide®® and their distinct ecological functions (species can have different
ecological functions in a coral reef system, e.g. larval settlement induction, reef cementation, framework
building), elucidating species-specific and phylogenetically informed metabolomic patterns is essential.

The main objectives of this study are:

o First, to determine whether tissue-associated metabolomes differ among coral reef CCA by comparing the
composition and abundance of metabolites across 14 species of coralline algae and one non-coralline red
calcareous alga. This will help identify species-specific chemical profiles and key metabolites.

« Second, to examine the relationship between phylogenetic affiliation and metabolic composition by analysing
whether metabolomes are conserved within taxonomic orders or families, thus exploring potential evolution-
ary patterns in metabolic traits.

« Third, to assess whether metabolic profiles vary across reef environments (i.e. habitats and light environ-
ments), providing insight into the extent to which environmental conditions shape CCA metabolomes.

« Finally, to explore which CCA metabolites are positively or negatively correlated with larval settlement suc-
cess for 15 species of reef-building corals and western Pacific CoTS (Acanthaster cf. solaris), thereby generat-
ing testable hypotheses about settlement cues.

Results

Nuclear Magnetic Resonance (NMR) spectroscopy analyses of 14 CCA species and one red calcareous algae
species (Table 1) detected a total of 71 chemical features (or putative metabolites) associated with the algal
tissues. Of these, 28 metabolites were confidently identified, with an additional 10 features tentatively annotated
(Supplementary Table S1). The remaining 33 features (46%) could not be assigned to known metabolites or
chemical classes (Supplementary Table S2), highlighting the presence of novel or uncharacterised compounds
in these algal taxa. The identified metabolites spanned several chemical classes, including: organooxygen
compounds (carbohydrates such as monosaccharides, oligosaccharides, O-glycosyl), organonitrogen
compounds (e.g. quaternary ammonium salts such as choline and aminoxides like TMAO); carboxylic acids and
derivates (e.g. amino acids, peptides and analogues); lipids and lipid-like molecules (fatty acyls, possibly fatty
acyl glycosides); alkaloids and derivates; and nucleosides and nucleotide analogues (Supplementary Table S1).

Variability of metabolomes among CCA species
Multivariate analyses of both identified and unknown metabolites revealed a clear separation between CCA
samples and the aragonite substrate controls (Supplementary Fig. S1). In this comparison, the first two principal
components (PC1 and PC2) explained 53.6% of the total variance (Supplementary Fig. S1). When aragonite
controls and algal turf treatments were excluded, the refined PCA improved the separation of samples by CCA
species, though separation was not complete, with PC1 and PC2 together accounting for 50.2% of the variance
(Fig. 1a; Supplementary Table S3 for PERMANOVA pairwise comparisons). Samples from Ramicrusta sp.,
Sporolithon sp., and Lithothamnion cf. proliferum formed distinct clusters, whereas other species showed greater
overlap in their metabolic profiles.

To further resolve species-level groupings, we applied a partial least squares discriminant analysis (PLS-
DA) which enhanced species-specific clustering and revealed additional patterns, such as a distinct grouping of
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No.
fragments

Species Collection (herbarium | Herbarium | GenBank | GenBank
Species abbreviation | Family/ Sub-family | Order site Habitat | Irradiance level | specimens) | numbers psbA rbcL
Adeylithon cf. Ab Hydrolithoideae Corallinales | Davies Reef | SP210W | prigp ca. 180 (3) |DP-2438 | OP830454 | OP830469
bosencei reef, 4 m
Amphiroa cf. Af Lithophylloideae | Corallinales | Davies Reef | SPallow | Moderate ca.180(3) |DP-2437 | OP830453 | OP830468
foliacea reef,4m | (mid-high)
Hydrolithon cf. Hr Hydrolithoideae Corallinales Palm Island | Shallow | Moderate ca. 200 (14) | DP-2526 | OP830457 | OP830472
reinboldii Group reef,4m | (mid)
Lithophyllum cf. =1 1) Lithophylloideae | Corallinales | Davies Reef | SP1OW | gig 239.(5) DP-2434 | OP830451 | OP830466
kotschyanum reef, 4 m
Lithophyllum cf. | 14 Lithophylloideae Corallinales | Palm Island | Shallow 1, 150 (4) DP-2559 | OP830456 | OP830471
insipidum Group reef, 2 m
Lithophyllum cf. . . . . Shallow | Moderate
pygmacum Lpy Lithophylloideae Corallinales Davies Reef reef,4m | (mid - high) ca. 180 (16) | DP-2430 OP830449 | OP830464
Lithf)thamnion cf Lpr Hapalidiaceae Hapalidiales Davies Reef Cave_s, Low 226 (4) DP-2428 OP830448 | OP830463
pTDll erum crevices
Melyvonnea cf. 1 . Shallow Moderate DP-2493;
madagascariensis Mm Mesophyllumaceae | Hapalidiales Davies Reef reef,6m | (low - mid) 127 (10) DP-2436 OP830452 | OP830467
}Zﬁfi«gi””"””h"” o | nf Neogoniolithoideae | Corallinales | Davies Reef | Reef crest | High 262(2) DP-2489-2 | OP830450 | OP830465
fc o}‘r:f]f;’on onkodes | p., Metagoniolithoideae | Corallinales Davies Reef | Reef crest | High ca. 180 (4) |DP-2425 | OP830445 | OP830460
{:)arr:rllzgtit’?n SP- Por Metagoniolithoideae | Corallinales Davies Reef | Reef crest | High ca. 180 (9) DP-2423 OP830444 | OP830460
Porolithon Palm Island
sp. “yellow Poy Metagoniolithoideae | Corallinales Grou Reef crest | High 180 (13) DP-2467 OP830446 | OP830461
conceptacles” P
Ramicrusta sp. Ra Peyssonneliaceae Peyssonneliales | Davies Reef grae‘\ljz’es Low 219 (3) DP-2435 OP830458 | OP830473
Sporolithon sp. Sp Sporolithaceae Sporolithales Davies Reef gae“’:z’es Low >185 (10) DP-2439 OP830455 | OP830470
Titanoderma f. | 1 Lithophylloideac | Corallinales | Davies Reef | P21 | [ oy - mid 443(10) | DP-2427 | OP830447 | OP830462
tessellatum reef, 4 m

Table 1. List of 14 species of coralline algae and one species of calcareous red algae (Ramicrusta) used in the
study with abbreviation used in figures, taxonomic classification (family, orders), collection site, habitat and
irradiance level, number of fragments collected from the field and herbarium specimens (in brackets) retained
in the Coral Reef Algae Lab collection of Diaz-Pulido at Griffith University, Australia. GenBank accession
numbers for representative psbA and rbcL sequences of each algal species are included.

Porolithon spp. (Fig. 1b). The PLS-DA model was validated showing a Q2=0.43 (R2=0.52; p <0.001), indicating
moderate predictive power, perhaps constrained by the large number of species included.

To refine separation and reduce the influence of less informative variables (by reducing the number of
metabolites from the dataset), a sparse partial least squares discriminant analysis (sPLS-DA) was conducted. This
analysis identified a clear separation of Neogoniolithon cf. fosliei samples from other CCA species, in addition to
those already grouped by the PLS-DA (e.g. Sporolithon sp.) (Fig. 1¢). While these multivariate approaches revealed
species-specific patterns in metabolomic profiles, substantial overlap among taxa remained, and full resolution
was not achieved. To discern whether closely related species within genera (e.g., Porolithon and Lithophyllum)
possess distinct chemical profiles, we performed sPLS-DA within each genus (Supplementary Fig. S2). These
within-genus analyses supported the separation of metabolite profiles at the species level (Supplementary Fig.
S2).

To identify metabolites that are driving the separation among species profiles we examined variable
importance in projection (VIP) scores and loading plots from the PLS-DA and sPLS-DA models respectively
(Supplementary Fig. S3a, b). Most high-ranking VIP compounds were uncharacterised (e.g., unknown40,
unknown14). To further examine species enrichment of known metabolites, we generated heatmaps of relative
metabolite concentrations across CCA species (Fig. 2). Distinct patterns of metabolite enrichment were evident
among species. For example, Ramicrusta sp. was particularly enriched in several known metabolites, including
pyroglutamate, leucine, glutamic acid, citrulline, putative glycerate (unknown18), and a putative 5-Dodecenoic
acid (unknowns8), along with multiple unknowns than could not be annotated (Fig. 2). Neogoniolithon cf. fosliei
was enriched in pseudouridine, leucine, valine, isoleucine, glycylproline and uridine. Species of Porolithon, which
clustered together, were high in uridine, putative acetylserine and several unknown metabolites. Sporolithon sp.
was only enriched in TMAO and was particularly low in glycylproline, trehalose and quinone, suggesting the
simplest metabolomic signature among the studied taxa. A shared enrichment pattern of phenylalanine, formic
acid, and trigonelline was observed in Melyvonnea cf. madagascariensis and Hydrolithon cf. reinboldii (Fig. 2).
The latter species, along with Lithophyllum cf. insipidum, also showed elevated levels of maltose and raffinose.
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Fig. 1. Multivariate analyses of metabolic profiles in 14 species of coralline algae and one species of

red calcareous alga (Ramicrusta sp.). (a) Principal Component Analysis (PCA); (b) Partial least squares
discriminant analysis (PLS-DA); (c) Sparse partial least squares discriminant analysis (sPLS-DA). Figures

with overlapping sample names abbreviated as indicated in Table 1. Symbols represent samples and colours
the species. Ellipses display 95% confidence regions. PERMANOVA F-value: 15.236; PC on X-axis: 1, PC on
Y-axis: 2, explaining 33.3 and 16.9% of the variance, respectively (total variance explained: 50.2%); R%: 0.67013;
p=0.001. Distributions are computed using the Euclidean distance. PLS-DA: Q2=0.43, R2=0.52; p<0.001
(1,000 permutations). sSPLS-DA was run with 5 components and 10 variables within each component, with
Classification Error Rate for two components =23%.
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Fig. 2. Heatmap showing the relative concentration of metabolites (in rows) among coralline algae and
Ramicrusta (in columns). Values are group averages (by samples, n=_8) of normalised intensity of features.
Clustering was performed using Euclidean distance. Heatmap includes unknown metabolites (features).

In contrast, Titanoderma cf. tessellatum had no metabolites ranked as VIPs and was overall characterised by low
metabolite loadings relative to other species (Supplementary Fig. S3a, b).

Relationship between CCA metabolomes and CCA phylogeny

To investigate whether phylogenetic affinities among coralline algae (Subclass Corallinophycidae) correspond to
similarities in metabolic profiles, we conducted multivariate analyses excluding the order Peyssonneliales, which
belongs to a different subclass of red algae (Rhodymeniophycidae). The sPLS-DA revealed a correspondence
between metabolic profiles and the phylogenetic arrangement of Corallinophycidae, both at the order (i.e.
Corallinales, Hapalidiales, and Sporolithales) and family levels (Fig. 3a, b; Supplementary Fig. S4). The three orders
formed distinct clusters, with Sporolithales particularly well segregated. PERMANOVA pairwise comparisons
from Principal Component Analyses (PCA) showed significant differences among orders (Supplementary Table
S4). At the family level, clear distinctions were observed among Sporolithaceae (Sporolithales), Hapalidiaceae
(Hapalidiales), and both Neogoniolithoideae and Metagoniolithoideae (Corallinales). In contrast, substantial
overlap in metabolic profiles was evident among Mesophyllumaceae (Hapalidiales), Hydrolithoideae and
Lithophylloideae (Corallinales), with no clear separation between these families (Fig. 3b), observations
supported by PERMANOVA pairwise comparisons (Supplementary Table S4).

VIP analysis identified several unknown compounds (Unknown40, 33, 32, 19) that drove the clustering of
samples by orders and families (Supplementary Fig. S3c-f). Twelve VIP compounds were enriched in Corallinales,
while only one was enriched in Sporolithales (i.e. Trimethylamine N-oxide -TMAO) (Supplementary Fig. S3c,
d). Compounds enriched in Corallinales include leucine, pyroglutamate, valine and alanine, while glutamic
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Fig. 3. Relationship between coralline algae metabolic profiles, phylogeny and the environment. Sparse Partial
Least Squares Discriminant Analysis (SPLS-DA) of metabolite profiles in 14 coralline algae species grouped

by their phylogenetic classification of (a) Order; (b) Family, both excluding Ramicrusta sp. (Peyssonneliales)
samples; and (c) Habitat; and (d) Light environment, both including Ramicrusta sp. Symbols represent samples
and colours the groupings. Samples from aragonite substrates and algal turfs are excluded. Ellipses display

95% confidence regions. SPLS-DA were run with 5 components and 10 variables within each component

and Classification Error Rates for two components were 3.6, 18.8, 11.7 and 7.5% for (a-d), respectively.
PERMANOVA pairwise comparisons from Principal Component Analyses (PCA) for the variables considered
are presented in (Supplementary Table S4).

acid, acetic acid, phenylalanine, formic acid, and trigonelline, among others, were enriched in Hapalidiales
(Supplementary Fig. S4a). Although few VIPs were associated with Sporolithales, this order showed enrichment
in citrulline, TMAO, choline and a range of unknown carbohydrates (Supplementary Fig. S4a).

Several VIPsalso contributed to the separation at the familylevel (SupplementaryFig. S3e). Metagoniolithoideae
was enriched in three unknown compounds (e.g. Uknown6, 7, and 5), while choline was also elevated, though
it had a low VIP score. Neogoniolithoideae showed enrichment in four unknown metabolites (e.g. Unknown40
and 19), as well as leucine, valine, and isoleucine (all with low VIP scores). Mesophyllumaceae was enriched
in one unknown carbohydrate and several low-VIP compounds including phenylalanine, trigonelline, betaine
(also known as glycine betaine) and raffinose (Fig. 2; Supplementary Fig. S3e, f). Interestingly, Lithophyllaceae
showed no strongly enriched VIPs; only Unknown31 was moderately enriched, although it had a low VIP score
(Supplementary Fig. S4b).
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Relationship between CCA metabolomes and reef habitat and light environments

The metabolic profiles of the CCA also reflected the reef habitats and light environments from which samples
were collected. The sPLS-DA grouped samples according to habitat, with a clear separation of samples from reef
crest and cave habitats, and an intermediate grouping from shallow to moderate depths (Fig. 3¢; Supplementary
Table S4 for PCA PERMANOVA pairwise comparisons). Samples also clustered by the light environment, with
clear separation between low and high irradiance settings, with samples from moderate irradiance partially
overlapping with those from high light (Fig. 3d; Supplementary Table S4). PLS-DSA models also demonstrated
good predictive ability, with two component models for both habitat and light environment yielding Q2 values
0f 0.632 (R2=0.657, p<0.001) and 0.664 (R2=0.722, p <0.001), respectively.

Known metabolites such as trehalose, uridine, valine, glycylproline, leucine, putative acetylserine
(unknown12), pseudouridine, and isoleucine were enriched in CCA samples from the shallow reef crest
habitat (Supplementary Fig. S5a, heatmap). In addition, seven unidentified VIPs (unknown6, 7, 5, 19, 33, 37)
and trehalose were also highly enriched in this habitat (Supplementary Fig. S6a). In contrast, citrulline and 11
unknown metabolites were elevated in samples from caves/overhang habitats (Supplementary Fig. S5b), with
VIP scores highlighting two unidentified compounds (unknown39, 34) and a putative glycerate (unknown18)
feature as cave-associated (Supplementary Fig. 6a). Metabolites enriched in well-lit environments included
leucine 0.9701, maltitol, choline, glycylproline, trehalose, pseudouridine, valine, isoleucine, raffinose, uridine
(Supplementary Fig. S5b). In contrast, betaine, leucine 1.7564, citrulline, glutamic acid, TMAO, and others were
elevated under low light conditions (Supplementary Fig. S5b). VIPs associated with high-light environments
included unknown features (unknown40, 6, 7, 5, 37, 19, 33), trehalose, quinone, choline, while only two VIPs
were enriched under low light levels (unknown34, 39) (Supplementary Fig. 6¢).

Relationship between CCA metabolomes and coral and CoTS settlement

Corals

The relationship between the CCA metabolomes and settlement in 15 coral species was assessed using total
settlement (i.e. all coral species), family-level settlement (Acroporidae, Merulinidae, Lobophylliidae, Poritidae,
and Fungiidae), and species-level settlement (Table 3 from Abdul Wahab et al. 2023). For clarity, we focussed on
total and family-level settlement patterns, and on a subset of species where trends were most apparent.

Metabolic profiles differed significantly among the total settlement ranks (minimum, moderate and high;
PERMANOVA F-value: 14.514; R%: 0.17915; p=0.001; Supplementary Table S5). While separation between
moderate and high settlement profiles was less distinct, it remained statistically significant (PERMANOVA
pairwise comparisons, R?=0.065, p adjusted=0.004, Fig. 4a; Supplementary Table S5). Low total settlement
corresponded to the aragonite substrates and, to a lesser extent, with profiles of Amphiroa cf. foliacea. The
correspondence between settlement intensity varied across coral families and species. For example, species in
the genus Acropora, such as A. hyacinthus showed a clear alignment, with settlement corresponding to distinct
CCA metabolomic profiles, while in other corals such as Platygyra sinensis, that correspondence was less clear
(Fig. 4).

Spearman rank correlations between relative metabolite concentrations (spectral bins) and total, family-
level, and species-level settlement, showed that both the direction and intensity of the relationship varied
according to the metabolites and taxonomic resolution examined (Supplementary Fig. S7). Several metabolites
were positively correlated with total coral settlement, including raffinose (spearman rank correlation coefficient
r, = 0.698, p=<0.0001, n=136, Fig. 5a), betaine (rS =0.598, p=<0.0001, Fig. 5b), maltose + raffinose (rS =0.596,
p=<0.0001, Fig. 5¢) and maltitol (rS = 0.48, p=<0.0001, Fig. 5d), among others. These metabolites (raffinose
4.2322, raffinose 5.4305, betaine) also had high VIP scores (Supplementary Fig. S8). Heatmap of all relative
metabolite concentrations across total settlement ranks (low to high) is shown in Supplementary Figure S9.
Settlement within the Acroporidae was also positively correlated with raffinose 5.4305, maltose + raffinose,
raffinose 4.2322, maltitol, betaine, and alanine (although the relationship is somewhat linear for alanine, Fig. 6a),
and inversely correlated with TMAO (Supplementary Fig. S7b). The Poritidae, represented by Porites lobata,
showed metabolite-settlement associations similar to those observed in Acroporidae (Supplementary Fig. S7e).
For Merulinidae, positive correlations were observed with two raffinose metabolites, maltose +raffinose,
betaine and several unknown compounds (Supplementary Fig. S7c). Notably, for Mycedium elephantotus,
the relationship between raffinose 5.4305, and settlement deviated from a linear trend, with peak settlement
occurring at intermediate raffinose concentrations (Fig. 6b).

In the Lobophylliidae, settlement was strongly associated with an unknown metabolite (unknown22;
Spearman r, = 0.669, p <0.0001), in addition to two raffinose metabolites and betaine, the latter again exhibiting
an apparent non-monotonic relationship (Fig. 6¢). Metabolites that were positively correlated with settlement of
Fungiidae included a putative galactose (unknown17, r, = 0.514, p<0.001) and several unknown carbohydrates.
However, in contrast to other families, several metabolites were negatively correlated with settlement, including
trehalose 5.2166 (r, = -0.399, p<0.001), quinone (r, = -0.392, p<0.001) and additional unknown compounds
(Fig. 6d; Supplementary Fig. S7f).

CoTS

A statistically significant relationship was observed between the metabolic profiles of CCA species and CoTS
larval settlement (PCA, PERMANOVA F-value: 6.4763; R% 0.17397; p=0.001). Metabolic profiles from samples
that corresponded with low settlement differed significantly from those with high and very high settlement
(PERMANOVA pairwise comparisons, R?=0.355 and 0.239, p adjusted =0.005, 0.025 respectively). Although
samples corresponding to low settlement clustered distinctly, there was no consistent or characteristic metabolic
profile related to high settlement. Instead, high CoTS settlement appeared to result from a combination of diverse
metabolic profiles, as indicated by the considerable overlap in CCA metabolomes across settlement categories
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Fig. 4. Relationship between coralline algae metabolic profiles and larval settlement. Partial least squares
discriminant analysis (PLS-DA) of metabolite profiles in 14 species of coralline algae and one species of red
calcareous alga (Ramicrusta) grouped by settlement ranks of (a) Total coral (total larvae settled for all 15 coral
species); (b) Acropora hyacinthus; (c) Platygyra sinensis; and (d) Crown-of-thorns starfish (CoTS). Symbols
represent samples and colours the groupings. Ellipses display 95% confidence regions. Q2, R2 and p values
(1,000 permutations) for (a—d) were 0.402, 0.461, <0.001; 0.393, 0.481, <0.001; 0.386, 0.483, <0.001; and
0.4334, 0.504, < 0.001, respectively. Settlement data was converted to a categorical, semiquantitative ranking
(i.e. 0-19% = minimal ; 20-39% = low, 40-59% = moderate , 60-79% = high, 80-100% = very high (V.high));
note that for Total settlement there are only 3 categories as those not included had a frequency of zero.

(PLS-DA shown in Fig. 4d). The VIP scores (Supplementary Fig. S8b) identified several compounds that have
a large influence on the model arrangement, including a putative galactose (unknown20), which was enriched
in high settlement samples. However, overall enrichment of VIP metabolites associated with high settlement
was limited. One unknown compound (unknown?) was consistently high in samples that had low settlement,
suggesting it may exert an inhibitory effect on CoTS settlement. A comprehensive heatmap displaying relative
metabolite concentrations across settlement ranks is included in Supplementary Figure S9b.

To further explore these relationships, Spearman rank correlations were conducted between relative
metabolite concentrations and CoTS settlement. Positive correlations were observed for maltose (Spearman r,
=0.571, p<0.0001, n=136), maltose + raffinose (rS =0.46, p<0.0001) and phenylalanine (rS =0.454, p<0.0001),
while citrulline was negatively correlated with settlement (r, = -0.354, p=<0.001) (Fig. 7; Supplementary Fig.
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Fig. 5. Boxplots of relative concentrations (spectral bins) of metabolites across a gradient of Total coral
settlement. (a) Raffinose (4.232242, 4.224698); (b) Betaine; (c) Maltose + Raffinose; and (d) Maltitol (possible
annotation). Bar plots on the left show the original values (mean +/— SD) and the box and whisker plots on the
right show the normalised values. Minimal: Min; Moderate: Mod. All metabolites are significantly correlated
with settlement ranks (see text for details).

S7n, also heatmap in Supplementary Figure S9b). Notably, phenylalanine7.34 was particularly enriched in
Melyvonnea cf. madagascariensis (Figs. 2 and 7d), suggesting a potential species-specific cue.

Discussion

This study explored the variability in metabolomes of coralline algae, a group of organisms critically important
for coral reef resilience, using the most comprehensive dataset of coralline algae species examined to date. With
this novel information, we investigated the relationship between algal metabolites and the settlement intensity
of fifteen reef-building coral species across five families, as well as the settlement of a key coral predator, the
crown-of-thorns starfish (Acanthaster cf. solaris). Our findings revealed that CCA metabolomes are highly
variable and differ among species, phylogenetic lineages, and reef habitats, highlighting the combined influence
of evolutionary history and the environmental context on algal metabolomes. We also identified strong,
positive correlations between specific metabolites, particularly disaccharides and trisaccharides (e.g., raffinose,
maltose), and amino acid derivatives (e.g. betaine), to high settlement in corals and CoTS. Together, these results
provide novel chemical, biological and ecological insights that can inform the optimisation of coral aquaculture
techniques for reef restoration, as well as strategies for controlling CoTS outbreaks to help halt ongoing reef
decline.

Variability among CCA species and characteristic metabolites

The metabolic profiles of the studied coralline algae varied significantly between species, although there was
considerable overlap between some profiles. Neogoniolithon cf. fosliei, Sporolithon sp., and the non-coralline
calcareous alga Ramicrusta sp. had clearly differentiated chemical signatures. Many of the VIP compounds
driving the uniqueness in chemical profiles remain unidentified. While, certain metabolites were enriched across
multiple species, they were not diagnostic (i.e. VIP compounds) of individual taxa. Our findings are consistent
with the results from two other comparative metabolomics studies of coralline algae, both conducted in French
Polynesia?**2, which similarly demonstrated that coralline algae possess species-specific metabolomes. Jorissen
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Fig. 6. Boxplots of relative concentrations (spectral bins) of metabolites across a gradient of coral larval
settlement. (a) Alanine vs. Acroporidae settlement; (b) Raffinose (5.4305) vs. Mycedium elephantotus; (c)
Betaine vs. Lobophylliidae settlement; and (d) Trehalose (5.2166) vs. Fungiidae settlement. Bar plots on the
left show the original values (mean +/— SD) and the box and whisker plots on the right show the normalised
values. All metabolites are significantly correlated with settlement (see text for details).

et al. (2021) identified fifteen VIP compounds characteristic of Titanoderma, all of which were glycerolipids,
including four betaine lipids. In contrast, our study did not identify any VIP compounds in relative high
concentrations uniquely associated with Titanoderma cf. tessellatum. On the contrary, the metabolome of T.
cf. tessellatum was characterised by generally low relative metabolite concentrations compared to other species
(based on inspection of Heatmap in Fig. 2; Supplementary Fig. S3a, b). Although betaine (known as glycine
betaine) was moderately enriched in T. cf. tessellatum, it did not emerge as a defining compound (Supplementary
Fig. S3). Similarly, Sporolithon exhibited widespread depletion of metabolites, underscoring the broad chemical
diversity and distinctiveness of CCA metabolomes.

The metabolome of the calcareous, non-CCA red alga Ramicrusta sp. was also clearly distinct from those of
the CCA examined, which is consistent with its classification outside the coralline algae (Corallinophycidae). A
previous study from the Caribbean found caffeine enriched in exudates from a Ramicrusta species®’; however,
caffeine was not detected in our samples. Other shared metabolites such as phenylalanine, were present in both
datasets. Although Neogoniolithon cf. fosliei also displayed a highly distinctive metabolomic profile in our study,
limited comparative data are available to place this finding in a broader context.

Relationship of metabolomes with phylogenetic groups

The metabolic profiles of coralline algae reflected the phylogenetic organization of the Corallinophycidae, which
was particularly evident at the order level and, to some extent at the family level. As with species-level analysis,
the majority of compounds responsible for the unique signatures of specific groups are unknown, which limits
detailed interpretation. However, some clear patterns emerged.

The order Sporolithales exhibited a highly distinct metabolic profile, characterised by a single VIP
feature — the organonitrogen compound TMAO. Sporolithales represents the most ancient linage within the
Corallinophycidae, with an estimated divergence dating back to the Lower Cretaceous (~ 137 million years
ago (Ma))*®%. In contrast, Corallinales, is the most recently evolved order (ca. 66 Ma), with intermediate
divergence in Hapalidiales (116 Ma). It has been proposed that more ancient or morphologically simpler plant
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Fig. 7. Boxplots of relative concentrations (spectral bins) of metabolites across a gradient of CoTS
settlement (a—c) and coralline algae species (d). (a) Maltose; (b) Phenylalanine 7.3461; (c) Citrulline; and
(d) Phenylalanine 7.3461 vs. coralline algae species. Bar plots on the left show the original values (mean +/—
SD) and the box and whisker plots on the right show the normalised values. All metabolites are significantly
correlated with settlement (see text for details).

lineages tend to possess a reduced diversity of metabolites compared to more recently evolved and structurally
complex taxa'®!. A similar pattern may be operating in Corallinophycidae. Recent studies support this
hypothesis by revealing that monosaccharides richness (and diversity) in cell walls is lower in Sporolithon cf.
durum compared to that from species in Hapalidiales and Corallinales®?. Moreover, S. cf. durum has shown a
more limited transcriptomic response to environmental change than Corallinales®’, suggesting lower metabolic
plasticity and complexity in Sporolithales.

Despite the general clustering of samples within taxonomic families, there was distinct metabolic divergence
among species within the same genus and between genera within the same subfamily. This was particularly
evident in the Metagoniolithoideae, which included three species of Porolithon, and in the Lithophylloideae,
which included three species of Lithophyllum and Titanoderma (Supplementary Fig. S2; Supplementary Table
S4). In the case of Porolithon, the three species are considered cryptic as they lack clear morpho-anatomical
characters and cannot be distinguished (i.e. they all look the same) but are under different evolutionary
trajectories, yet they exhibit distinct metabolite profiles. These chemical differences may reflect divergent
evolutionary trajectories, suggesting that selection is acting on chemical and metabolic pathways rather than on
morpho-anatomy. This observation aligns with the idea that highly diverse ecosystems like coral reefs promote
chemical diversity*, and suggest that environmental pressures such as herbivory and space competition may
drive metabolic differentiation in the absence of visible morphological change.

Potential influence of the environment on metabolomic profiles

The environment seems to exert an important influence in shaping the metabolomes of the studied species. In
particular, metabolic profiles from the shallow, well-lit environments were significantly different from those
of the cryptic, low light environments, consistent with the findings from French Polynesia®’. However, these
patterns should be interpreted with caution, as species composition is not independent of habitat type. In other
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words, the observed metabolomic differences may partly reflect phylogenetic or species-specific effects rather
than environmental influence alone. For example, species of Porolithon are typically associated with shallow,
high irradiance reef crest environments*, and exhibit distinct metabolic profiles that may be a result of both
evolutionary history and environmental exposure. Conversely, species such as Ramicrusta, Lithothamnion
and Sporolithon are generally restricted to caves or shaded microhabitats and are generally excluded from
environments with high irradiance?>*4’. This habitat-specific distribution complicates direct attribution of
metabolomic differences to environmental factors such as irradiance. To disentangle species and environmental
effects, reciprocal transplant experiments using the same species of alga (confirmed using DNA sequencing)
would help elucidate the direct influence of environmental conditions on CCA metabolomes. Despite this
limitation of the current dataset, our results reveal distinct chemical fingerprints from different habitats and light
environments, offering a valuable foundation for generating hypotheses about the environmental regulation of
CCA metabolism and function.

Several metabolites in our study may also be linked to light intensity regimes. For instance, glycylproline
(dipeptide composed of two amino acids: glycine and proline), which may be involved in UV protection (glycine
is a mycosporine-like amino acids ultra-violet-absorbing compound)*®, was more abundant in species from high-
light environments. Confirmation of this role, however, requires further analyses of the compound’s absorption
spectrum. Conversely, the accumulation of citrulline, may suggest roles in nitrogen metabolism and storage
under reduced irradiance®. These preliminary associations highlight the need for targeted studies to investigate
the ecological and physiological functions of key metabolites under variable environmental conditions.

Relationship between CCA metabolites and coral settlement

Our study demonstrates that the relationship between coral settlement and CCA metabolomes is highly variable
and species-specific, both in terms of coral and algal identity. Given the large number of coral-algal combinations
examined, this variability is not unexpected. The intensity of settlement for some coral groups was related to
distinct chemical profiles, suggesting that complex compound mixtures can modulate settlement behaviour. For
example, strong associations were found between metabolic profiles and settlement intensity for Acroporidae,
particularly Acropora hyacinthus (Fig. 4), while preferences for other species, such as Platygyra sinensis, were
less clear. These findings support previous research highlighting variable coral larval responses to chemical cues
from CCA™.

Titanoderma has long been considered a model CCA for inducing coral settlement, known to elicit high
larval settlement on its surface across multiple reef systems in the Caribbean and Indo-Pacific!®?3-2>552, In our
study, and based on inspection of heatmaps visualising the relative concentrations of metabolites (Fig. 2), the
metabolome of Titanoderma cf. tessellatum was characterised by an overall relative depletion of many metabolites,
but was moderately enriched in betaine (Fig. 2). It remains unclear whether this apparent depletion itself plays
a role in enhancing larval attraction, or if specific enriched metabolites are the key drivers. In French Polynesia,
the metabolome of Titanoderma “prototypum” was enriched in glycerolipids, including betaine lipids?, while
Tebben et al.'® identified glycoglycerolipids and polysaccharides from the CCA Porolithon cf. onkodes as primary
constituents of settlement inducing fractions in Acropora spp.'®. These findings highlight glycerolipids, including
betaine lipids, as a key chemical class potentially underpinning coral larval settlement, and our study provides
novel evidence of specific betaine compounds (such as glycine betaine) (Figs. 5 and 6) that may underpin coral
larval settlement behaviour.

Several polysaccharides, including the disaccharide maltose and the trisaccharide raffinose, were positively
correlated with coral settlement (Fig. 5). These sugars may function as chemical cues that signal a favourable
microhabitat or metabolic resource to larvae. Carbohydrates and carbohydrate conjugates such as sulfated
glycosaminoglycans® and uncharacterised polysaccharides'®*" have been previously extracted from CCA and
proposed as inducers for coral settlement!'®3. Our use of untargeted metabolomics with H-NMR allowed the
identification of specific, potentially bioactive sugars, which may act individually or in conjunction with other
metabolites to influence larval behaviour in both coral and CoTS larvae. These compounds, as well as betaine, are
also rich in essential nutrients such as carbon and nitrogen, which may support early microbial colonisation or
larval metabolism. Other metabolomic studies have shown that CCA and Ramicrusta exude complex mixtures
of metabolites that influence microbial communities on coral reefs*?’. It is plausible that larvae detect these
compounds as indicators of a suitable settlement substrate, either directly, or indirectly via microbial biofilms, or
perhaps as an initial energy source while symbionts are acquired.

Our study does not allow us to determine whether the detected metabolites are produced directly by the
coralline algae tissue or by the microbial biofilms associated to the algae surface. Nonetheless, it is worth
considering the potential role of CCA-associated microbes in coral settlement. Compounds previously isolated
from CCA-associated bacteria and known to induce coral settlement, such as tetrabromopyrrole (TPB)?**4%° and
cycloprodigiosin (CYPRO)>*7, were not detected in our study. However, we cannot rule out the possibility that
some of the unidentified features reported (Supplementary Table S2) may be related to these or similar bioactive
molecules, underscoring the need for further investigations into the identity of the CCA-derived metabolites and
the detection limits influencing metabolite identification. There is ongoing debate about whether coral (or CoTS)
settlement-inducing chemical cues are produced by the CCA tissue!®!® or by the microbial biofilms?*-?2%8,
Different CCA species harbour distinct microbiomes®®°, and there are close associations between CCA-
associated microbiomes and tissue-associated metabolomes?*3. Therefore it is likely that complex interactions
between host metabolomes and microbial communities strongly influence coral settlement outcomes!'®?3%7,
Further investigations are required to elucidate the mechanisms by which specific CCA compounds influence
microbial communities (or vice versa) to modulate coral settlement.

Scientific Reports |

(2026) 16:409 | https://doi.org/10.1038/s41598-025-29875-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Relationship between CCA metabolites and CoTS settlement

Compared to coral larvae, CCA are not only important in inducing settlement and indicating ‘suitable’
environmental conditions, but also provide the first food source of CoTS prior to their ontogenetic diet shift to
coral after ~ 6 months®. Our study identified a suite of compounds, including carbohydrates such as maltose,
raffinose and the amino acid phenylalanine, that were positively correlated with CoTS larval settlement.
There was no clear metabolic profile associated to high settlement of CoTS; however, these compounds were
enriched in several CCA species, including Melyvonnea cf. madagascariensis. This species has previously been
shown to induce very high settlement in Acanthaster cf. solaris® and is preferentially consumed by juvenile
CoTS, supporting faster growth rates®. Betaine, known to act as an effective feeding cue for adult Acanthaster
spp-°1:%2, was also moderately enriched in M. cf. madagascariensis. It is possible that high concentrations of
carbohydrates like maltose, increase the nutritional value of the CCA and thus lead to accelerated growth of
juveniles and earlier transition to coral feeding®®®>. An earlier ontogenetic shift to coral feeding may assist
juvenile CoTS to escape high predations rates on small-bodied, herbivorous juveniles®, thus contributing to
population outbreaks. The enrichment of phenylalanine is noteworthy, as this amino acid could potentially serve
as a precursor to secondary metabolites such as alkaloids or signalling compounds in CoTS larvae, though its
specific role remains untested. The ecological function of these metabolites as attractants of CoTS settlement,
recruitment and growth is still poorly understood and represents a promising area of future research®. Our
study provides novel insights into the complex chemical mixture of compounds mediating larval settlement in
CoTS. These findings could be applied to develop novel chemical-based strategies to attract CoTS larvae and
juveniles and develop traps to contribute to strategies to control population outbreaks and reduce the impacts of
this species in coral reefs®. Future studies determining the relative contribution of CCA chemical compounds
and CCA-associated microbial biofilms as drivers of CoTS larval settlement and feeding behaviour, as well as the
required cue concentrations will be important for the development of CoTS capture traps. Importantly, further
insight into the prevalence and distribution of CCA, particularly Melyvonnea cf. madagascariensis, and their
response to environmental changes may also assist us to understand (and manage) causes of CoTS outbreaks.

Conclusions

This study provides the most comprehensive analysis to date of coralline algal metabolomes and their ecological
relevance to coral reef systems. While the suite of metabolomes presented here comprises many unknown
features, providing future opportunities for discovery, we demonstrate that CCA metabolomes are highly variable
across species, congruent to phylogenetic lineages and habitats at some level, and are likely shaped by both
evolutionary history and environmental adaptation. Importantly, we reveal that specific metabolites, including
disaccharides, trisaccharides, and betaine compounds, are positively associated with the larval settlement of reef-
building corals and their primary predator, the crown-of-thorns starfish (CoTS). These findings not only deepen
our understanding of the chemical ecology underpinning larval settlement processes on reefs, but also offer
practical insights for reef restoration and pest management. Targeted application of these bioactive compounds
could inform the design of improved coral aquaculture systems and the development of CoTS settlement and
recruitment traps, contributing to integrated strategies to improve coral reef resilience.

Future research should aim to determine whether the proposed chemical compounds, individually or in
combination, induce settlement in coral and CoTS larvae. Further investigations should assess how key CCA
metabolites respond to environmental variation, and elucidate their role in larval settlement under different
environmental conditions. In addition, identifying the specific sources of settlement-associated chemical cues
and characterising the interrelationships between CCA metabolomes and CCA-associated microbiomes will
provide insights into the chemical communications and how they influence coral and CoTS larval behaviour.

Methods
Field collections, taxonomic and molecular identification
The metabolomic analyses were conducted on 14 species of coralline red algae collected from shallow coral reefs
around Davies Reef (18°49'13.5”S 147°38'40.32"E), and the Palm Island Group (18°45'56.4"S 146°32’2.58"E)
in the central Great Barrier Reef (GBR). These reefs were selected due to their proximity to the headquarters
of the Australian Institute of Marine Science (AIMS), where the coral and CoTS larval experiments were
conducted®?. Davies Reef is representative of a low-turbidity mid-shelf reef, whereas the reefs of the Palm
Island group typify the fringing reefs of inshore islands of the GBR. The CCA species chosen for this study are
common and representative of the CCA communities in the region (e.g.*>*”) and included members of the
three main phylogenetic orders of tropical corallines (Subclass Corallinophycidae): Corallinales, Hapalidiales
and Sporolithales. Further, the selected genera and species (Table 1) have important ecological relevance as
they contribute to reef framework construction and cementation (e.g. Porolithon spp., Lithophyllum spp.,
Neogoniolithon cf. fosliei, Hydrolithon cf. reinboldii, Adeylithon cf. bosencei®*® and induce the settlement of
corals (e.g. Titanoderma cf. tessellatum, Porolithon spp. '**>*°) and CoTS (e.g. Melyvonnea cf. madagascariensis,
Lithothamnion spp®®. Additionally, the calcareous alga Ramicrusta sp. (Subclass Rhodymeniophycidae) was
included in the analyses. Although not a true coralline alga, Ramicrusta sp. shares several morphological and
ecological characteristics with CCA, such as a calcified, encrusting thallus, and it plays important roles in coral
reef ecosystems (e.g.%). For comparative purposes, filamentous algal turfs growing on coral rubble were also
collected and analysed.

Specimens were collected on SCUBA in October 2021 using hammer and chisel from reef crests and shallow
reef slopes habitats (2-6 m depth), and from microenvironments such as crevices and overhangs and caves.
Details of the taxonomic classification (orders, families, subfamilies), and reef habitat and light environment
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of each of the 15 collected algal species, are provided in Table 1. Algal samples were collected under GBRMPA
Permit G21/45348.1 through the AIMS.

Collected specimens were rapidly transferred to 68 L plastic bins (Nally, Australia) with running seawater
and sorted by species onboard the AIMS research vessel ‘Magnetic. A total of 3,131 specimens were collected
to provide material for the metabolomics study, the coral larval settlement experiments using 15 coral species
(Abdul Wahab et al. 2023) and the CoTS larval settlement assays (Doll et al. 2023). Each specimen was carefully
examined by GD-P under a stereomicroscope to confirm taxonomic identity, focusing on key diagnostic features
typical of CCA genera and species. These included the presence and arrangement of trichocytes, multiporate
conceptacles and sporangial sori, as well as the organisation of internal thallus (e.g., dimerous, monomerous or
coaxial). 110 specimens were designated as herbarium specimens (numbers varied across species as some are
more difficult to identify that others; Table 1) and dried using silica gel crystals; specimens were decalcified to
confirm the presence of secondary pit connections and cell fusions, important traits for distinguishing between
genera’’. Representative herbarium specimens were used for molecular identification (see section below) and
archived in the Coral Reef Algae Lab collection at Griffith University, Brisbane.

Following initial sorting, CCA samples were transported to the AIMS National Sea Simulator (SeaSim) in
Townsville on October 20th and placed in holding tanks (80 x 140 x 28 cm, 280 L) receiving 1 um filtered seawater
at a rate of ~3 turnovers per day. Lighting regimes were adjusted to match habitat specific light preferences:
high-light adapted CCA received up to ~120 pmol photons m™ s™' at midday, while low-light adapted CCA
were maintained under 12.7-15 umol photons m™ s™'. A 6.5 h linear ramp-up from darkness began at 05:30 h,
followed by a 6.5-hour ramp-down to complete darkness at 18:30 h. Light intensities were measured using a LI-
COR LI-250 A light meter.

For handling and transport, specimens were cut into 1 x 1 cm fragments and allowed to recover for 7 — 10 days.
Eight replicate fragments were prepared per CCA species and for algal turf samples growing on coral rubble.
Inert aragonite substrates were also included as controls. Each fragment was placed in a cryovial and flash-
frozen in liquid nitrogen on November 12th. The samples could not be flash-frozen immediately after collection;
thus, potential effects of aquarium conditions on the CCA metabolomes cannot be fully excluded. Nevertheless,
given the high and stable water quality maintained at SeaSim, we are confident that the metabolomes accurately
represent those of freshly collected specimens. Samples were subsequently shipped to Griffith University (Gold
Coast) for metabolomic analyses (see below).

Molecular identification

The taxonomic identity of all CCA species and their phylogenetic relationships were determined by analyses of
two genetic markers: psbA (psbAF1 and psbAR2 primers) and rbcL (F57/R1150 and F993/RrbcStart primers).
DNA extraction and amplification was conducted by S Jeong (Griffith University, Nathan) following® and
sequencing was performed by Macrogen (Seoul, South Korea). Further details of the DNA extractions and
phylogenetic analyses and trees are provided in?® and sequences are accessible in GenBank with accession
numbers included in Table 1. The phylogenetic trees are useful to delineate groups (or clades) allowing us to
explore the relationship between the evolutionary history of CCA and their metabolic profiles.

Metabolomics approach
The tissue associated metabolomes of the CCA were analysed using an untargeted metabolomic approach aimed
at comprehensively detecting and identifying as many metabolites as possible. Nuclear Magnetic Resonance
(NMR) spectroscopy was used for these analyses. Although NMR is less sensitive than platforms such as liquid
chromatography mass spectrometry (LC-MS), it offers distinct advantages for structural elucidation of unknown
compounds, particularly in organisms for which metabolite databases are limited (as discussed in”%7?).
Metabolites were extracted following established protocols’>”>. Briefly, 1 cm? CCA fragments were incubated
overnight at -20 °C in 1.2 mL methanol. The following day, chloroform and water were added, and the mixture
was vortexed, centrifuged and partitioned using a methanol: chloroform: water solvent system (4: 8: 3). This
biphasic extraction effectively separates polar (water soluble) metabolites from non-polar (lipid soluble)
compounds, while precipitating proteins and cellular debris.

Nuclear magnetic resonance (NMR) spectroscopy

Polar extracts were dried using a centrifugal evaporator, and metabolites were reconstituted in 200 uL deuterium
oxide (D,O) buffered with phosphate-buffered saline (PBS) and including 0.05% sodium-3-(trimethylsilyl)-
2,2,3,3-tetradeuteriopropionate (TSP) as an internal reference. Reconstituted samples were loaded into 3 mm
NMR tubes using a glass syringe (Hamilton" Company, Reno, Nevada), and spectra were acquired with an
800 MHz Bruker Avance III HDX spectrometer equipped with a Triple (TCI) Resonance 5 mm Cryoprobe.
Spectra were acquired at 298 K, using the internal reference for field locking (TSP § 0.00 ppm) and the zg30 pulse
program with 0.8 relaxation delay, 8.20 pulse width and a spectral width of 16 kHz using 64 scans.

Acquired NMR spectra for each sample were manually phase corrected, baseline adjusted using the ablative
algorithm, referenced and normalised to TSP (1H 6 0.00), using MestReNova version 14.2.2 (Mestrelab Research
S.L., Spain). Metabolites were identified based on'H NMR spectra using Chenomx NMR Suite version 11
software (Chenomx Inc., Edmonton, Canada) (www.chenomx.com) and, where possible, additional annotations
were made by cross-referencing against standard compounds in the Human Metabolome Database (HMDB)
and Yeast Metabolome Database (YMDB).

Coral larvae and CoTS settlement
To explore the relationship between the CCA metabolomes and larval settlement in both corals and CoTS, we
integrated metabolite abundance data generated in this study with published larval settlement data for 15 species
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of scleractinian corals®® and one species of CoTS (Acanthaster cf. solaris)®. Settlement assays were conducted in
parallel with the metabolomic analyses using the same pool of CCA fragments, with all species collected at the
same sites and times by the research team (GD-P, MAW) and prepared at the AIMS SeaSim facility. While the
exact fragments used for metabolomic and settlement assays differed (to avoid any influence of larval exposure
on the CCA metabolomes), the consistency of the metabolic profiles within each CCA species confirms that the
larvae were exposed to the same suite of tissue associated metabolites analysed with NMR in this study.

The coral larval settlement methodology is described in Abdul Wahab et al. (2023)%. In short, gravid
corals from 15 coral species (across five families) were collected from the same reefs as the CCA samples and
transported to the SeaSim. A list of the coral species used, with details of collection sites, modes of reproduction,
spawning information, and the age of larvae at the start of the experiment is included in Table 1 of Abdul Wahab
et al. (2023). After gamete release and fertilisation, embryos were transferred to culture tanks and raised until
larvae were ready for use in settlement assays. Each assay was conducted in six-well cell culture plates containing
10 mL of 0.2 um filtered seawater, with ten 10 actively swimming larvae and one live 5 x 5 mm CCA treatment
fragment per well. Settlement was defined as permanent attachment and metamorphosis, either on live CCA
tissue, on its underside or sides, within its matrix, or the plastic surface of the well. Except for a few cases, 12
replicate fragments per CCA species were used, and mean settlement success was calculated for subsequent
correlations with metabolite data.

CoTS larval settlement assays are detailed in Doll et al. (2023)3, using the same CCA species and pool of
fragments as the metabolite analyses. CoTS larvae were reared at the AIMS SeaSim following®’%. For each
settlement assay, 10 competent CoTS larvae were added to 6-well cell culture plates containing 10 mL of 0.2
pm filtered seawater and a single 5 x 5 mm live CCA treatment fragment. Twelve replicates were conducted per
CCA treatment. The categorical, semiquantitative settlement data used in our analyses is based on the mean
settlement success for each CCA treatment (i.e., mean percentage of settled CoTS larvae across 12 replicate
assays) within 24 h following experiment commencement.

Peak assignments and processing of 1 H NMR spectra

Post processing was performed with MestReNova v11.0.3 (Mestrelab Research S.L., Spain). 1 H NMR FIDs
were Fourier transformed with a 0.3 Hz line broadening and HSQC spectra were processed with default
Bruker post-processing parameters. All spectra were manually phase corrected, automatically baseline adjusted
(ablative) and referenced to TSP (1 Hd 0.00, 13 C d 0.0). Spectra were normalized to the chemical reference and
binned into 0.02 ppm buckets. Integrated peak areas of each bucket were exported for further processing and
multivariate statistical analysis. Metabolites were tentatively assigned to 1 H NMR spectra using Chenomx NMR
Suite version 11 software (Chenomx Inc., Edmonton, Canada) (www.chenomx.com). Metabolite identification
was further verified by comparison of HSQC NMR spectra with published reference spectra from the Human
Metabolome Database (HMDB) and Yeast Metabolome Database (YMDB).

Statistical analyses

Spectra data were investigated using multivariate analyses performed using MetaboAnalyst 6.0 (https://www.m
etaboanalyst.ca/home.xhtml)”>. Imported data were filtered using a reliability and variance filter (interquartile
range) of 25% and 5% respectively, and no abundance filtering was applied. Data were logl0 transformed and
normalisation examined visually. We used separation [Principal Components Analysis (PCA)] and classification
techniques [Partial Least Squares Discriminant Analysis (PLS-DA), sparse PLS-DA (sPLS-DA) and heatmaps] to
explore differences in metabolite profiles between treatment groups (e.g. species, phylogenetic groups, habitat).
We used PERMANOVA (Permutational Multivariate Analysis of Variance) to determine significant differences
between groups in the PCA and distributions were computed using the Euclidean distance. PERMANOVA results,
including FDR (False Discovery Rate)-adjusted p-values are presented in Supplementary Table S3-S5. PLS-DA is
used to maximise separation among groups, while sSPLS-DA can reduce the number of variables (metabolites) to
produce robust and easy-to-interpret models. VIP (variable importance in projection) scores and Loading plots
from the PLS-DA, and sPLS-DA, respectively were also inspected to help in identification of relevant compounds
in each group under study; specifically, these plots show the contributions of compounds with high importance
to the classification of the models. VIP score is a weighted sum of squares of the PLS loadings, and the weights
are based on the amount of explained Y-variance in each dimension of the multivariate analysis (or model). The
Loadings plot shows the compounds selected by the sPLS-DA model for a given component, and compounds
are ranked by the absolute values of their loadings. For the PLS-DA, cross validation and permutation analyses
were conducted and Q2, R2 (with a maximum of 5 components to search) and p values (1,000 permutations)
are reported. sPLS-DA were run with 5 components and 10 variables within each component and Classification
Error Rate (CER) are reported. Clustering in heatmaps was performed using Euclidean distance and the Ward
method. The algal turfs and aragonite substrate treatments were initially considered in the analyses, but later
removed to maximise data visualisation and trend identification within the coralline algae.

The relationship between the CCA chemical profiles with coral and CoTS settlement data was visually
explored using PCA, PLS-DA, sPLS-DA and heatmaps, as well as using the Metadata module in MetaboAnalyst
6.0. Spearman rank correlations were used to evaluate the relationship between the spectral bins (similar to
concentrations) of metabolites and percent settlement, and for this purpose settlement data (corals - Abdul
Wahab et al. 2023, CoTS - Doll et al. 2023) was converted to a categorical, semiquantitative ranking (20% bins,
5 categories; 0-19% = minimal settlement; 20-39% = low, 40-59% = moderate, 60-79% = high, and 80-100%
= very high) for a more conservative approach in the analyses. For total coral settlement, there were only 3
settlement categories (minimal, moderate and high) as those not included (low and very high) had a frequency
of zero.
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Data availability

The original feature spectral bin dataset generated during the current study is available in the Griffith University
institutional repository (Griffith Research Online -GRO), with the following accession number: https://doi.org/
10.25904/1912/5818. Metadata of the CCA species used during the current study are included in Table 1 in the
main article. DNA sequences of the CCA species used during the current study were uploaded to GenBank un-
der accession numbers OP830444 to OP830473, and accession numbers are also included in Table 1. GenBank
sequences could be accessed here: https://www.ncbi.nlm.nih.gov/genbank/.
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