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Simple Summary: The success of coral reefs is underpinned by the symbiosis between corals and
their dinoflagellate symbionts. Crucially, metabolic interactions between the two partners support
coral metabolism and survival, although these can be influenced by symbiont identity and inter-
partner compatibility. Here, we measured how symbiont identity influences the release of biogenic
volatile organic compounds (BVOCs) via the symbiosis, and related this to concurrent shifts in the
host microbiome; BVOCs are end-products of metabolism and important biological signal molecules.
We used the sea anemone Aiptasia, a model system for cnidarian-dinoflagellate symbiosis, when ei-
ther symbiont-free, populated with its native symbiont, or populated with a non-native symbiont.
We detected 142 BVOCs across all treatments. The volatile profiles of symbiont-free anemones and
those containing the native symbiont were distinct, while the volatile profile of anemones containing
the non-native symbiont shared characteristics with both. The symbiotic state also caused a change in
the host microbiome, but this did not explain the changes seen in BVOC release. These findings con-
tribute to our understanding of how corals may respond to climate change should they acquire novel
symbionts post-bleaching. Furthermore, we provide a platform for future studies of the metabolic
and/or signalling roles of BVOCs in this important symbiosis.

Abstract: The symbiosis between cnidarians and dinoflagellates underpins the success of reef-
building corals in otherwise nutrient-poor habitats. Alterations to symbiotic state can perturb
metabolic homeostasis and thus alter the release of biogenic volatile organic compounds (BVOCs).
While BVOCs can play important roles in metabolic regulation and signalling, how the symbiotic
state affects BVOC output remains unexplored. We therefore characterised the suite of BVOCs that
comprise the volatilome of the sea anemone Exaiptasia diaphana (‘Aiptasia’) when aposymbiotic and
in symbiosis with either its native dinoflagellate symbiont Breviolum minutum or the non-native
symbiont Durusdinium trenchii. In parallel, the bacterial community structure in these different sym-
biotic states was fully characterised to resolve the holobiont microbiome. Based on rRNA analyses,
147 unique amplicon sequence variants (ASVs) were observed across symbiotic states. Furthermore,
the microbiomes were distinct across the different symbiotic states: bacteria in the family Vibrionaceae
were the most abundant in aposymbiotic anemones; those in the family Crocinitomicaceae were the
most abundant in anemones symbiotic with D. trenchii; and anemones symbiotic with B. minutum had
the highest proportion of low-abundance ASVs. Across these different holobionts, 142 BVOCs were
detected and classified into 17 groups based on their chemical structure, with BVOCs containing mul-
tiple functional groups being the most abundant. Isoprene was detected in higher abundance when
anemones hosted their native symbiont, and dimethyl sulphide was detected in higher abundance in
the volatilome of both Aiptasia-Symbiodiniaceae combinations relative to aposymbiotic anemones.
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The volatilomes of aposymbiotic anemones and anemones symbiotic with B. minutum were distinct,
while the volatilome of anemones symbiotic with D. trenchii overlapped both of the others. Col-
lectively, our results are consistent with previous reports that D. trenchii produces a metabolically
sub-optimal symbiosis with Aiptasia, and add to our understanding of how symbiotic cnidarians,
including corals, may respond to climate change should they acquire novel dinoflagellate partners.

Keywords: Aiptasia; Symbiodiniaceae; volatilomics; BVOC; coral

1. Introduction

Coral reefs are highly diverse marine ecosystems and provide habitats and food for
a wealth of marine life [1]. At the core of these diverse ecosystems is the symbiotic re-
lationship between dinoflagellate algae (family: Symbiodiniaceae) and their cnidarian
hosts [2,3]. Dinoflagellate symbionts are housed intracellularly within cnidarian gastro-
dermal cells, where photosynthetic products are translocated from the symbiont to the
cnidarian host, thereby sustaining host metabolism, growth, reproduction, and ultimately
survival in a resource-poor environment [4]. In return, the dinoflagellate is supplied with
inorganic nutrients such as nitrogen and phosphorus [2], and a stable habitat in which
to photosynthesise in the absence of predators. The nature of this symbiosis has been
intensively researched for decades, not only because of its importance for maintaining the
foundation of reef ecosystems, but also because of the vulnerability of the symbiosis to
anthropogenic stressors [5,6], particularly increased ocean temperatures as a consequence
of climate change [7,8].

Comprised of taxonomically distinct genera and species [9-11], the Symbiodiniaceae
family is also physiologically diverse, in particular with respect to photo- and nutritional
physiology, cellular growth, and stress tolerance [12,13]. While many cnidarian hosts
exhibit specificity for the species of Symbiodiniaceae with which they are naturally asso-
ciated [14], others can be associated with a variety of symbiont species [15]. The species
of Symbiodiniaceae with which a cnidarian naturally associates is called the native, or ho-
mologous, symbiont. Following bleaching, hosts can acquire novel symbiont taxa from the
environment [16], or more commonly be repopulated by symbiont taxa that were previ-
ously less abundant within their tissues [17]; these changes in the symbiont population are
termed “switching” and “shuffling”, respectively. While repopulation or reorganisation
with thermally tolerant symbionts can help corals withstand changing environmental con-
ditions, it can also result in an association with altered, suboptimal nutritional exchange
and differences in the activities of specific metabolic pathways [18,19]. Such changes
in the metabolic characteristics of cnidarians associated with non-native (heterologous)
symbionts, relative to associations with homologous symbionts, have been documented
through differences in the transcriptome [18], proteome [20,21], and metabolome [18,22].

In addition to algal symbionts, cnidarians are also associated with an array of other mi-
croorganisms, including bacteria, fungi, viruses, and archaea [23,24]. The association with
these microorganisms is crucial for the optimal functioning of coral reefs, and—collectively
with algal associates—contributes to the physiological functions of the metabolically net-
worked metaorganism, referred to as a “holobiont’. This aggregation of prokaryotes and
eukaryotes has a dynamic influence on holobiont function, and community composition
will reflect the current environment [25]. The importance of bacteria in the overall fitness of
the coral holobiont led to the proposal of the ‘coral probiotic hypothesis’ [26], postulating
that the microbiome composition is optimised to support coral biology given current envi-
ronmental conditions. Indeed, it has been shown that cnidarian-associated bacteria play an
important role in holobiont health, contributing to pathogen defence, metabolism, and nu-
trient cycling [27-30], and that host microbiota differ in symbiotic versus aposymbiotic
anemones [31]. Due to their rapid generation time, bacterial populations can quickly shift,
selecting communities beneficial to the host [30,32]. For example, microbiome flexibility is
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thought to play a role in the tolerance of the coral Fungia granulosa to high salinity levels [33]
and the coral Acropora hyacinthus to thermal stress [34]. Microbiome composition is thought
to be so important to the success of the coral holobiont community that it has been proposed
that microbiome transplants between cnidarians may aid a holobiont’s ability to adjust to
changing environmental conditions [35].

Biogenic volatile organic compounds (BVOCs) are low-molecular-weight (<200 Da)
chemicals with high vapour pressure [36] that are produced by a broad diversity of organ-
isms. BVOCs are emitted by all organisms, including bacteria [37], fungi [38], algae [39],
plants [40], insects [41], corals [42], sea anemones [43], and mammals [44]. On a global scale,
the emission of organically produced VOCs exceeds that of VOCs from anthropogenic
sources [45]. BVOCs can be metabolic by-products [46], end-products (e.g., serving as
pollination attractants [47]), or precursors to other molecules (e.g., plant hormones) [48].
While the majority of BVOC research has focused on compounds produced by terrestrial
ecosystems [49], aquatic ecosystems also produce a diversity of BVOCs that are collectively
designated as ‘volatilomes’ [50]. The composition and abundance of BVOC production
has been shown to vary among environmental conditions and across different species of
Symbiodiniaceae [39] and corals [42], but the physiological roles of many of these com-
pounds remain unknown. We hypothesise that, as with previously described classes of
organic compounds, BVOCs will show altered abundance in symbiotic associations with
heterologous partners.

The symbiotic sea anemone Exaiptasia diaphana (‘Aiptasia’) is a model system for
studying cnidarian-dinoflagellate symbiosis [51,52]. Like corals, Aiptasia forms a stable
symbiosis with dinoflagellates in the family Symbiodiniaceae [53]. Aiptasia can be ren-
dered aposymbiotic via laboratory-induced bleaching, maintained in this state for years
through heterotrophic feeding and repopulated by a variety of symbiont species [54,55].
Furthermore, Aiptasia can reproduce asexually, allowing the maintenance of clonal popula-
tions [56]. While previous work has shown how the microbiome and volatilome change in
Aiptasia in response to symbiosis with a homologous symbiont [31,43] and in response to
thermal stress [57], there is a gap regarding the impact of symbiont identity on the micro-
biome and BVOC production. We therefore explored how the microbiome and volatilome
change in response to a switch in the dinoflagellate endosymbiont community of Aiptasia.

We specifically profiled Aiptasia-associated BVOCs in three different symbiotic states:
(1) in symbiosis with the native partner Breviolum minutum (homologous symbiont); (2) in
symbiosis with a non-native but thermally tolerant partner, Durusdinium trenchii (het-
erologous symbiont); and (3) in the absence of symbionts (aposymbiosis). The microbial
communities present in the holobiont of these three states were also assessed, to further
elucidate how altering the predominant algal symbiont influences holobiont composition
and the net outcome of BVOC emissions. In doing so, we provide a further understanding
of how holobionts may respond to changing environmental conditions and establish a
platform for the future elucidation of the roles of BVOCs in symbiotic cnidarians.

2. Methods
2.1. Experimental Organisms

Along-term (15+ years) clonal culture of the sea anemone Aiptasia (culture ID: NZ1) of
unknown Pacific origin [18] was maintained in the laboratory in 0.22 pm filtered seawater
(FSW) at 25 °C and approximately 70 pmol photons m 2 s~! on a 12:12 h light dark cycle
(GE Lighting T5 F54W /840). Clonal anemones (n = 100) were rendered aposymbiotic
(i.e., symbiont—free) using menthol-induced bleaching: exposure to menthol (20% w/v in
ethanol; Sigma-Aldrich, Auckland, New Zealand) at a final concentration of 0.19 mmol L1
in 0.22 pm FSW [54]. Anemones were incubated in menthol for 8 h during the 12 h light pe-
riod, and after which, photosynthesis was inhibited by replacing menthol/FSW with FSW
containing 5 pmol L1 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU; 100 mmol L~}
dissolved in EtOH, Sigma-Aldrich) for 16 h to prevent repopulation by inhibiting the pho-
tosynthesis of the remaining symbionts. After repeating this 24 h cycle for four consecutive
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days, anemones were maintained in 0.22 um FSW for three days. Anemones were fed once
weekly with Artemia sp. nauplii, with fresh FSW changes 8 h post-feeding. This protocol
was continued for six weeks, and aposymbiotic anemones were maintained in the dark at
25 °C for 1.5 years prior to BVOC sampling.

Breviolum minutum (ITS2 type B1, culture ID ‘FLAp2’) was used as the homologous
symbiont and Durusdinium trenchii (ITS2 Dla, culture ID “Ap2’) was the heterologous
symbiont. B. minutum and D. trenchii isolates were grown in 0.22 um FSW enriched with
f/2-medium maintained at 25 °C in a climate-controlled incubator. Symbiodiniaceae
cultures were grown under light provided by fluorescent lamps (Osram Dulux 36/W890)
at approximately 70 umol photons m~2 s~! on a 12:12 h light/dark cycle. One week prior
to inoculation, cultures were diluted with fresh f/2 medium to ensure that they were in
exponential growth.

Symbiotic anemones were generated by recombining aposymbiotic anemones with
cultured Symbiodiniaceae isolates. Prior to this inoculation, aposymbiosis was confirmed
using fluorescence microscopy (Olympus IX53 inverted microscope; 100 x magnification).
A subset of aposymbiotic anemones were starved for seven days prior to inoculation with
either cultured B. minutum or D. trenchii (n = 25 for both species). An aliquot (~20 pL) of
Symbiodiniaceae culture, concentrated via centrifugation to a density of 3 x 100 cells mL 1,
was pipetted directly onto the oral disc of individual aposymbiotic anemones. Artemia sp.
nauplii were mixed into this suspension to encourage the phagocytosis of algal cells [58].
Inoculated anemones were fed twice weekly with Artemia sp. nauplii and maintained
at 25 °C and approximately 70 pmol photons m~2 s~! (GE Lighting T5 F54W /840) on a
12:12 h light/dark cycle. Anemones were fully symbiotic for six months prior to BVOC
sampling. The presence of intracellular symbionts was confirmed via fluorescence mi-
croscopy three months prior to sampling, as described above. Symbiosis was maintained
and inspected visually weekly until sampling, and after which, the symbiont cell densities
were determined as described below.

Symbiotic anemones were maintained at a constant temperature of 25 °C and light
intensity of 70 umol photons m~2 s~2 on a 12:12 h light/dark cycle as described above.
Aposymbiotic anemones were maintained at a constant temperature of 25 °C and kept in
the dark. All anemones were fed twice weekly, with water changes the day after feeding,
using 0.22 um FSW. All animals were retained in these states for six months prior to BVOC
sampling. On the day of sampling, the maximum quantum yield of photosystem II (F,/Fy;,
dimensionless) was used as a relative indicator of photosynthetic competency in symbiotic
anemones (Figure Sla). Symbiotic anemones were dark-acclimated for 15 min before
performing measurements using an Imaging Pulse Amplitude Modulated Fluorometer
(I-PAM, Walz, Effeltrich, Germany; settings: measuring light = 4, saturation intensity = §,
saturation width = 0.8 s, gain = 3, and damping = 3).

2.2. Microbe Sampling and Microbiome Analysis

Frozen Aiptasia samples from which BVOCs were analysed (see below; ~10-15 ani-
mals per sample, depending on symbiotic state) were thawed and resuspended in sterile
artificial seawater (ASW) to produce 1 mL samples, and pooled anemones were mechani-
cally homogenised for 30 s on ice. DNA extraction was performed, and subsequent 165
rRNA diversity was analysed from 15 samples across three symbiotic states: aposymbiotic
anemones (n = 5; ~15 anemones/vial), anemones symbiotic with their homologous sym-
biont, B. minutum (n = 5; ~10 anemones/vial), and anemones symbiotic with a heterologous
symbiont, D. trenchii (n = 5; ~12 anemones/vial).

DNA extraction from 300 pL of anemone homogenate was performed using the DNeasy
Plant Mini Kit (Quiagen), according to the manufacturer’s instructions. DNA concentrations
were quantified using a NanoDrop spectrophotometer (Impen NanoPhotometer™ NP80,
Thermo Fisher). Variable regions 5 and 6 of the 16s rRNA gene were targeted using the
primer pair 784F [5' TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-AGGATTAGAT
ACCCTGGTA 3] and 1061 R [5' GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
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CRRCACGAGCTGACGAC 3'] with Illumina adaptor overhangs (underlined above).
This primer pair was used in previous cnidarian microbiome studies [30,33]. Extracted
DNA was sent to the University of Auckland Genomics Facility for both amplification
of the variable rRNA regions and sequencing of the amplification products (Auckland,
New Zealand). gDNA was normalised to 50 ng uL.~! and 200 ng were used as an input
for the 25 pL PCR reaction. The PCR mix included 12.5 pL of 2 x Platinum SuperFi Master
Mix. The concentration of each primer in the reaction was 0.2 uM. The first round of PCR
thermal cycling conditions was 3 min initial denaturation at 95 °C followed by 25 cycles of
30sat95°C,30sat55°C, and 30 s at 72 °C, followed by a final elongation step at 72 °C for
5 min. After the first round of PCR, 1 pL of each sample was checked for quality using a
BioAnalyzer (2100-Agilent, Santa Clara, CA, USA) with the HS DNA chip. A 0.8 volume
of AMPure XP beads was used to clean up the reactions (20 pL PCR product, 16 pL bead
suspension) with two ethanol washes and elution in 12 uL molecular grade water. A total
of 1.5 pL of the cleaned first-round PCR product was used as an input to the second-round
indexing PCR, which used Nextera V2 indexing primers and the Platinum SuperFi Mas-
terMix. Thermal cycling conditions were 3 min at 95 °C, followed by 8 cycles of 30 s at
95 °C, 30 s at 55 °C, and 30 s at 72 °C, followed by 5 min at 72 °C. After this round of
amplification, dsSDNA was quantified using a Qubit dsDNA HS (high-sensitivity) Assay Kit.
A total of 10 uL of each sample were pooled and cleaned up with two rounds of AMPure
beads using a 1:1 ratio of beads to sample. Samples were gently mixed and incubated at
room temperature for 5 min, and after which, the supernatant was discarded. The same
beads were resuspended with fresh 80% ethanol twice. After both ethanol cleanup steps,
the supernatant was discarded and the beads were allowed to air dry for 10 min. Once dry,
the beads were resuspended with 52.5 pL of 10 mM Tris pH 8.5 and incubated at room
temperature for two minutes. Samples were then loaded onto the Illumina MiSeq platform
for sequencing, according to the manufacturer’s protocol [59].

2.3. BVOC Sampling and Volatilome Characterisation

Biogenic volatile organic compounds (BVOCs) were collected and analysed from
anemones in three different symbiotic states: aposymbiotic anemones (n = 8; ~15 anemones
per vial); symbiotic anemones with B. minutum (n = 8; ~10 anemones per vial); and symbiotic
anemones with D. trenchii (n = 8; ~12 anemones per vial). Different numbers of anemones
were used across treatments to account for variability in anemone size. The experimental
setup and BVOC retrieval were performed using previously established methods described
by Wuerz et al. [44] and modified from Lawson et al. [39,42]. The night before BVOC sam-
pling, experimental organisms were transferred into sterile 150 mL glass vials (Wheaton,
Millville, NJ, USA) containing 75 mL 0.22 pm FSW, where they were retained under con-
ditions identical to those used for growth. Immediately prior to sampling, FSW was
refreshed, and vials were sealed using 20 mm PTFE/Si crimp caps (Agilent, Santa Clara,
CA, USA). BVOCs were collected by passing instrument grade air (100 mL min~!; BOC
Gases, Wellington, New Zealand) into gas-tight sampling vials for 20 min, whereby the
outgoing air was passed through open-ended thermal desorption tubes (TDTs; Markes
International Ltd., Llantrisant, UK) containing the sorbent Tenax TA, and onto which the
BVOCs were adhered. After 20 min, TDTs were immediately sealed using brass storage
caps and stored at 4 °C until processing. After BVOC retrieval, anemones were immediately
frozen at —80 °C and stored at this temperature until DNA extraction, symbiont cell density
determination, and protein quantification. All TDTs were analysed within two weeks of
sampling to minimise sample degradation using gas chromatography coupled with single
quadrupole mass spectrometry (GC-MS), as per Olander et al. [60]. TDT desorption was
performed using a Marks Unity 2 Series Thermal Desorber and ULTRA2 multitube au-
tosampler. Desorption occurred at 300 °C for 6 min, after which, BVOCs were concentrated
on a Tenax cold trap at —30 °C. The cold trap was subsequently flash-heated to 300 °C,
and the concentrated sample was injected onto a 7890A GC (Agilent Technologies, Ltd.,
Melbourne, Australia) via a transfer line maintained at 150 °C. The GC was equipped with
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a 60 m x 0.32 mm BP1 column (Agilent Technologies, Ltd., Melbourne, Australia) with a
film thickness of 1 um. To encourage the complete desorption of BVOCs, the GC oven was
heated at 35 °C for 5 min, followed by increasing the temperature to 160 °C at a rate of
4°C min~!, and then raising the temperature to 300 °C at 20 °C min~! and holding it for
5 min. All samples were run spitless at a flowrate of 2.3 mL min~!. The GC was attached to
a Model 5975 mass-selective detector (Agilent), with the scanning range set to 35-300 amu.

Compounds from GC-MS were run through the open-source MS data processing
program OpenChrom [61] to remove common contaminating ions (amu: 73, 84, 147,
149, 207, and 221). Output files were imported to Galaxy [62] and processed using the
metaMS.runGC package (Galaxy version 2.1.1; [63-65]) in Workflow4Metabolomics. Peaks
were tentatively identified (hereafter ‘identified”) against a database in the National Insti-
tute of Standards and Technology (NIST) Mass Spectral library (NIST 14 library in NIST
MS Search v2.2; NIST, Gaithersburg, MD). A compound match factor of at least 60% was
required for compound identity to be recorded; otherwise, the compound was listed as

‘unknown’.

Prior to desorption, each TDT was injected with 0.2 uL of 150 ppm bromobenzene
(GC grade, Sigma Aldrich, Castle Hill, NSW, Australia) in methanol (HPLC grade, Sigma
Aldrich) and, as an internal standard, BVOCs were also collected from filtered (0.22 um)
seawater blanks (n = 8) using the same methods at the time of sample collection. Average
values for the BVOCs present in the blanks were subtracted from all samples. Finally,
peak abundances were normalised to the protein content of each replicate. Protein was
released from the samples via lysis using ultrasonication (VCX500; Sonics & Materials
Inc., Newtown, CT, USA) and the protein content was measured using the fluorometric
Qubit Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA; [66]). Compounds
identified as likely methodological artefacts, e.g., silicon-containing compounds, were also
removed from the dataset, as they were suspected contaminants from dimethylpolysiloxane
hydrolysis [67]. Only BVOCs present in a minimum of four biological replicates in at least
one symbiotic state were classed as ‘present” in a state. All BVOCs were grouped according
to their chemical class.

2.4. Symbiont Cell Density and Protein Determination

Anemones (n = 8, with 10-15 pooled anemones per replicate), frozen as described
above, were thawed on ice and homogenised using a saw-tooth homogeniser (Ystral D-
79282, Ballrechten-Dottingen, Germany) for 1 min at a mid-speed setting in 500 uL double
distilled water (EASYpure II RF/UV ultrapure water system). Host and symbiont fractions
were separated via centrifugation at 400 x g for 2 min, after which, the symbiont fraction was
washed of residual host material by one additional resuspension and centrifugation with
double distilled water. The supernatant fraction was analysed for protein content using the
fluorometric Qubit Protein Assay Kit. Cell counts were performed using a haemocytometer
(Improved Neubauer) with eight replicate counts per sample and normalised to protein
content. Cell density (symbionts per mg host protein) was then calculated (Figure S1b).

2.5. Data Analysis

For microbial analysis, the MiSeq output fastq file was de-multiplexed in R [68] using
the insect package (v 1.4.0; [69]) and trimmed sequences were filtered to produce a table of
exact amplicon sequence variants (ASVs) using the DADA2 R package [70]. ASVs were
identified to the lowest possible taxonomic rank using a two-step classification process.
This involved the following: (1) exact matching against the RDP v18 reference database
(accessed on 15 June 2022 from https:/ /doi.org/10.5281/zenodo.4310150) and assigning
taxonomy at the lowest common ancestor level (LCA; i.e., assigning to family level if there
were sequence matches with 100% identity to more than one genus), and (2) querying
any unwanted sequences against the same RDP reference database using the SINTAX
classification algorithm [71] with a conservative assignment threshold of >0.99. In both
cases, the maximum assignment resolution was set to genus level due to the high over-
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classification rates associated with species-level assignment [71]. Sequencing data, along
with taxonomic assignment, are publicly available at https://github.com/maggiewuerz/
symbiont_identity_microbiome.git (accessed on 23 June 2023).

Differential abundance of BVOCs was estimated using the limma R package [72];
the voom function was used to convert counts to logy-counts-per-million and to assign
weights to each observation based on the mean variance trend. Functions ImFit, eBayes,
and topTable were used to fit weighted linear regression models and calculate empirical
Bayes moderated t-statistic and g-values [73]. Box plots, bar graphs, and pie charts were
created using ggplot2 [74] in RStudio. Pairs of biological replicates, standardised using the
decostand function in the vegan package [75] in R (version 1.2.5033), were compared using
the Bray—Curtis similarity measure, and this output was subjected to non-metric multidi-
mensional scaling to visualise differences among groups based on BVOCs. To compare the
dispersion of biological replicates using a distance measure, PERMANOVA was performed
to test whether the distance between biological replicates was greater between treatments
than within treatments. PERMANOVA was performed on NMDS scores using the adonis
function, and post hoc tests were performed using the pairwise.adonis function in the vegan
package in R (version 1.2.5033). PERMANOVA was performed for both volatilomes and
microbiomes. To determine whether there was any correlation between microbiomes and
volatilomes, Procrustes analysis was performed to compare the distances between these
two datasets, using the procrustes function on NMDS scores and using the vegan package
in R (version 1.2.5033). The differential abundance of microbial taxa was measured using
the relative abundance of each microbial taxon within a sample and estimated using the
limma R package, as described above.

3. Results
3.1. Bacterial Community of Aiptasia in Different Symbiotic States

Bacterial taxa identified by 16S diversity data were grouped at the family level, re-
vealing notable differences across the three symbiotic states (Figure 1). Aposymbiotic
anemones were generally dominated by Vibrionaceae (average 22% of the microbiome) and
Campylobacteraceae (16%), although variability among the samples was high. In contrast,
anemones symbiotic with D. trenchii were dominated by Crocinitomicaceae (24%) and the
class Gammaproteobacteria (mean 17%), and anemones symbiotic with B. minutum were
dominated by Gammaproteobacteria (20%) and ‘other” bacteria (unclassified or rare taxa;
28%). Interestingly, a single ASV of Campylobacteraceae was identified exclusively in
aposymbiotic anemones.

Ten microbial ASVs were identified in all samples across the dataset, designated as the
‘core microbiome’ (i.e., ASVs present in all biological replicates). These taxa included the
following: Alteromonas sp.; Crocinitomicaceae; three taxa within the Gammaproteobacteria;
Maricaulis maris; Owenweeksia sp.; Pseudoalteromonas arabiensis; Rhizobium subbaraonis; and
Rhodobacteraceae (Table S1).
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Figure 1. Bacterial community composition grouped by family. Each colour represents one of the
most abundant 14 families identified across the dataset. Sequences unclassified at the family level
were denoted at the class level. Less abundant families were designated as ‘other’. Numbers in
parentheses denote the number of unique taxa within that family. Mean abundances across biological
replicates are shown in (A) aposymbiotic anemones; (B) anemones symbiotic with homologous
symbiont Breviolum minutum; and (C) anemones symbiotic with heterologous symbiont Durusdinium
trenchii. (D) Relative abundances of bacterial taxa in each biological replicate.

3.2. Contrasting Microbiota between Symbiotic States

A total of 57 bacterial taxa were differentially abundant between the three symbiotic
states (Table S2).

(i) Aposymbiotic anemones versus anemones harbouring homologous symbionts

A total of 41 differentially abundant bacterial taxa were recorded between aposymbi-
otic anemones and anemones symbiotic with B. minutum. Of these, 16 were more abundant
in anemones symbiotic with B. minutum, including 1 taxon of the genus Labrenzia, 2 taxa of
the genus Chlamydiia, and 2 taxa of the family Alteromonadaceae. A total of 25 ASVs were
more abundant in aposymbiotic anemones, including 1 taxon of the family Campylobac-
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teraceae, 8 taxa of the family Vibrionaceae, and 2 species of the family Rhodobacteraceae
(Tepidibacter mesophilus and Polaribacter huanghezhanensis).

(i) Aposymbiotic anemones versus anemones harbouring heterologous symbionts

A total of 38 differentially abundant bacterial taxa were recorded between aposymbi-
otic anemones and anemones symbiotic with D. trenchii. Of these, 11 were more abundant
in anemones symbiotic with D. trenchii, including Erythrobacter gaetbuli, 2 taxa of the genus
Limimaricola, and 1 taxon from each of the orders Cytophagales and Rhizobiales. A total of
27 ASVs were more abundant in aposymbiotic anemones, including 8 taxa of the family
Vibrionaceae, 3 taxa of the phylum Bacteroides, and 1 taxon of the family Campylobacter-
aceae.

(iii) Anemones harbouring homologous symbionts versus heterologous symbionts

A total of 14 differentially abundant bacterial taxa were recorded between anemones
symbiotic with B. minutum versus D. trenchii. Of these, three taxa were more abundant in
anemones symbiotic with D. trenchii, including two taxa of the family Rhodobacteriaceae,
and one taxon of the family Vibrionaceae. In contrast, 11 were more abundant in anemones
symbiotic with B. minutum, including 2 taxa of the family Alteromonadaceae, 2 taxa of the
genus Chlamydiia, and 1 taxon of the genus Labrenzia.

Non-metric multidimensional scaling further demonstrated a clear distinction be-
tween the microbial communities associated with each of the symbiotic states (Figure 2).
PERMANOVA (F; 12 = 3.704, p < 0.01) post hoc analysis indicated that all three symbiotic
states were distinct from each other: aposymbiotic anemones harboured microbiota dis-
tinct from hosts symbiotic with D. trenchii (p < 0.05) and those symbiotic with B. minutum
(p < 0.05), while anemones symbiotic with B. minutum were distinct from those symbiotic
with D. trenchii (p < 0.05).

3.3. BVOC Emissions Are Affected by Symbiont Identity

The volatilome was significantly influenced by symbiotic state (PERMANOVA:
Fy 21 =1.9501, p < 0.01; Figure 3A). Specifically, the volatilome of aposymbiotic anemones
and anemones symbiotic with B. minutum was significantly distinct (post hoc p < 0.01),
while the volatilome of anemones symbiotic with D. trenchii was not significantly different
from that of either aposymbiotic anemones (p = 1) or anemones symbiotic with B. minutum
(p = 0.123), i.e., it overlapped with both.

A total of 142 BVOCs were detected across the three symbiotic states (Figure 3B).
Of these, 29 were produced solely by aposymbiotic anemones, 13 were produced solely
by anemones in symbiosis with B. minutum, and 13 were produced solely by anemones in
symbiosis with D. trenchii. Forty-five BVOCs were present in all samples and were therefore
designated as ‘core compounds’. Of these core compounds, 35 were identified, with the
most abundant chemical class being aromatic compounds, followed by BVOCs with multi-
ple different functional groups (classified as diverse functional groups, DFGs). The only
halogenated hydrocarbon core compound identified was dibromomethane. Interestingly,
the volatilome of aposymbiotic anemones was the most diverse, with 107 BVOCs, whereas
the volatilome of anemones symbiotic with B. minutum was the least diverse, with only
70 BVOCs. Anemones symbiotic with D. trenchii produced a volatilome comprised of
97 BVOCs. The most abundant chemical class was DFGs for aposymbiotic anemones
(22) and B. minutum-populated anemones (17), and unclassified compounds (24) for D.
trenchii-populated anemones (Figure 3C).
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Figure 2. Non-metric multidimensional scaling (stress = 0.088) plot of bacterial amplicon sequence
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chosen based on the top 5 and bottom 5 loading scores for each NMDS dimension. PERMANOVA

(p < 0.01); post hoc results indicated that all symbiotic states were distinct from each other.
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Figure 3. BVOC diversity among three symbiotic states in Aiptasia: aposymbiotic anemones,

anemones symbiotic with the homologous symbiont (Breviolum minutum), and anemones symbiotic
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(NMDS) ordination plot of BVOCs detected across symbiotic states; (B) Venn diagram showing pres-
ence of 142 BVOCs detected across dataset; and (C) BVOCs grouped by chemical class. BVOCs had
to be present in at least four of eight biological replicates within one symbiotic state to be included.

DFG = diverse functional group; halogenated HC = halogenated hydrocarbon; cmpd = compound.
See Table S3 for a complete list of the BVOCs detected.
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3.4. Contrasting Volatilomes between Symbiotic States

A total of eight BVOCs were differentially abundant between the three symbiotic states,
as determined via pairwise differential abundance testing (Table S4, Figure 4). Only six
differentially abundant BVOCs were recorded between aposymbiotic anemones and Aipta-
sia symbiotic with B. minutum. Of these, isoprene and dimethyl sulphide were detected
in higher quantities in the volatilome of B. minutum-populated anemones (p < 0.001 and
<0.05, respectively), while octanal, dodecanal, nonanal, and cis-6-nonenol were detected in
higher quantities in the volatilome of aposymbiotic anemones (p < 0.05 for all comparisons).
A further three differentially abundant BVOCs were identified between aposymbiotic
anemones and anemones containing D. trenchii. Dimethyl sulphide and 2-methoxy-thiazole
were detected in higher quantities in the volatilome of anemones symbiotic with D. trenchii
(p < 0.001 and <0.05, respectively), while 1,1,2,2,3,3-hexamethylindane was detected in
higher quantities in the volatilome of aposymbiotic anemones (p < 0.01). Only one dif-
ferentially abundant BVOC was detected between anemones symbiotic with B. minutum
vs. D. trenchii; specifically, isoprene was detected in higher quantities in the presence of B.
minutum (p < 0.05).
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Figure 4. Differentially abundant BVOCs (+standard error) produced by aposymbiotic anemones,
anemones symbiotic with Breviolum minutum, and anemones symbiotic with Durusdinium trenchii.
Abundance data represent dimensionless areas under a peak normalised to chemical standard,
seawater blanks, and protein content. Statistical significance (p < 0.05) is indicated by letters above
error bars on the plot.
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3.5. Correlation of Microbiome and Volatilome

The relationship between the microbiome and volatilome was explored using Pro-
crustes correlation analysis (Figure S2) to assess the extent to which shifts in the microbial
community rather than Symbiodiniaceae species might explain the observed altered BVOC
patterns. Microbial diversity did not, however, significantly influence the volatilome in the
three symbiotic states (p = 0.138).

4. Discussion

Cnidarian metabolism changes in response to symbiosis with different symbiont
species [18], and BVOC analysis can provide a non-invasive technique with which to ex-
plore the underlying metabolic regulation and restructuring associated with this change
(see [42]). We examined the microbial composition and BVOC output of the model cnidarian
Aiptasia in three different symbiotic states: (1) aposymbiosis; (2) symbiosis with the homol-
ogous symbiont, B. minutum; and (3) symbiosis with a heterologous symbiont, D. trenchii.
While it is important to acknowledge that the need to hold aposymbiotic anemones in
prolonged darkness prior to analysis may have influenced their microbiome and volatilome
relative to that of the two symbiotic states that were maintained on a diel light/dark cy-
cle, our BVOC analysis was consistent with earlier gene expression [18], proteomic [21],
and metabolomic [18] studies. Specifically, D. trenchii appeared to form a physiologically
sub-optimal symbiosis with Aiptasia, with the response of D. trenchii-populated anemones
sharing features with both aposymbiotic and B. minutum-populated anemones, while these
two latter states were markedly different to one another. Here, we discuss the shift in the
volatilome and microbiome in response to symbiosis with different species of Symbiodini-
aceae, and the potential sources and functions of released BVOCs.

4.1. Symbiosis and Symbiont Type Are Correlated to Changes in the Holobiont Microbiome

Microbial communities shift in response to environmental change in a variety of
systems, including humans [76], plants [77], corals [78], and anemones [79]. Indeed,
the Aiptasia microbiome, which has been defined in multiple studies [35,80], has previ-
ously been shown to respond to both symbiotic state [31] and thermal stress [57]. Here,
we demonstrate that the microbiome also shifts in response to symbiosis with a non-native,
physiologically sub-optimal species of Symbiodiniaceae.

Across the three symbiotic states, a core microbiome was revealed that was comprised
of ten bacterial taxa, including Maricaulis maris and the nitrogen fixer Rhizobium subbaraonis.
The ubiquity of these taxa may highlight their importance to the cnidarian host, regardless
of symbiotic state. An analysis of human-associated microbes (The Human Microbiome
Project) revealed few common bacterial species across all of the individuals studied, and it
was proposed that the ‘core’” microbiome be interpreted in terms of the functionality of
metabolic pathways rather than the specific species present [81]. Although we observed
a difference at the species level between our study and another study investigating the
microbiome of symbiotic and aposymbiotic anemones [33], the respective microbiomes may
not be functionally different from each other. Thus, these observed microbiome differences
may have little consequence to holobiont function in the model systems between the
experimental system of Rothig et al. [33] and ours. Although we observed a difference at
the species level, the only bacterial taxon common to the two studies was Alteromonas sp.,
with this dissimilarity perhaps being unsurprising given that both studies used laboratory
Aiptasia cultures reared over many generations in an isolated environment. The repeated
presence of Alteromonas sp. in the microbiome of Aiptasia is consistent with this bacterium
playing an important role in the holobiont community and warrants further exploration.

Our data also show that anemones symbiotic with the homologous symbiont are asso-
ciated with a more diverse microbiota relative to aposymbiotic anemones and those contain-
ing heterologous symbionts. This diversity could be indicative of a healthier, more balanced
holobiont. Indeed, in humans, a diverse gut microbiome correlates with improved personal
health, with links to a more nutritious diet [82,83]. A link between the microbiome and
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holobiont health is also suggested by the greater abundance of bacteria belonging to the
family Vibrionaceae in aposymbiotic anemones, relative to anemones containing either
Symbiodiniaceae species. Vibrio species have been identified as being prominent coral
pathogens and implicated in coral disease. For example, Vibrio coralliilyticus is a known
pathogen of the coral Pocillopora damicornis, in which infection causes cell lysis in corals at
high temperatures [84,85]. Similarly, Vibrio shiloi is thought to cause bleaching in the coral
Oculina patagonica by secreting extracellular materials that inhibit photosynthesis [86], while
Vibrio owensii is particularly abundant in corals suffering from Acropora white syndrome [87].
Additionally, bacteria from the family Campylobacteraceae, which were detected in high
levels in aposymbiotic anemones, are known pathogens in humans [88]. However, it is
unknown as to whether bacteria from this family can be pathogenic to cnidarians. The rea-
sons for a microbiome shift in aposymbiotic anemones towards reduced diversity and
putatively more pathogenic bacteria are unknown, but could be related to a poor nutritional
state due to the absence of photosynthate provided by the dinoflagellate symbionts and
compromised defences against pathogens. For example, the surface microbes of corals are
regulated, in part, through the periodic sloughing of mucus [89], yet much of this mucus
is synthesised from the products of symbiont photosynthesis [90]; so, it seems reasonable
to hypothesise that aposymbiotic anemones will produce less mucus than symbiotic ones
which could impact the microbial diversity. Furthermore, there is both transcriptomic
and proteomic evidence to suggest that aposymbiotic anemones exhibit higher levels of
cellular oxidative stress than symbiotic anemones [18,91]. Likewise, the observed decrease
in microbial species richness between anemones with homologous symbionts versus those
with heterologous symbionts may indicate the presence of a sub-optimal dinoflagellate
symbiont. Crocinitomicaceae, previously classified within the Cryomorphaceae family [92],
were particularly common when anemones harboured D. trenchii; these bacteria are often
found in areas rich in organic carbon, including in seawater, marine sediment, and coral
mucus [92]. Why they were more abundant in the presence of the heterologous dinoflagel-
late is unknown, but it is plausible that they simply benefitted from reduced competition
from other members of the microbiome.

4.2. Symbiosis and Symbiont Types Induce Changes in the Holobiont Volatilome

BVOC emissions are being increasingly explored as indicators of the health of organ-
isms, including humans [93], and the health of ecosystems [94], including coral reefs [42,95].
Additionally, BVOCs are recognised as potential signalling molecules between phyloge-
netically distinct organisms [3,96]. Indeed, as has been proposed for other organically
produced molecules like primary metabolites [18] and proteins [21], BVOCs may play a role
in cellular signalling in the cnidarian-dinoflagellate symbiosis. For example, BVOCs could
act as messengers to other individuals, perhaps to signal stress to neighbouring cnidarians,
to induce an immune response, or to attract a particular symbiont species. Conversely,
neighbouring cnidarians could be ‘warned’ against a less desirable algal partner through
the triggering of an immune response in neighbouring cnidarians, as has been observed
with parasitic insects via BVOC production by terrestrial plants [97,98]. Crucially, in this
regard, our analysis showed that microbial diversity and the volatilome were not signif-
icantly correlated, suggesting that the bulk of the BVOCs detected were of anemone or
Symbiodiniaceae origin.

Dimethyl sulphide (DMS) was found in high abundance in the volatilome of both
Aiptasia-Symbiodiniaceae combinations, irrespective of symbiont identity, but was ab-
sent in the volatilome of aposymbiotic anemones. This contrasts with our previous
study in which we did identify small amounts of DMS in the volatilome of aposymbiotic
anemones [43], potentially arising from the bacterial metabolism of dimethylsulphoniopro-
pionate (DMSP) to DMS and acrylate [99]; nevertheless, in all reported cases, the presence
of Symbiodiniaceae is associated with a much more prolific release of DMS from the holo-
biont, highlighting a central role for the algal partner in its synthesis [43,100]. Moreover,
we found DMS production to be greatest in the presence of the heterologous D. trenchii.
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One explanation for this could relate to innate physiological differences between the two
symbiont types, as previous work on DMS production showed that D. trenchii is a more
prolific producer of DMS than Breviolum sp. [39]. A second explanation, however, which
is not mutually exclusive, could relate to the finding that D. frenchii elicits more oxidative
stress in Aiptasia than B. minutum [18]. DMSP, the precursor of DMS, has multiple roles in
other ecosystems, including osmoregulation [101], cryoprotection [102], as a foraging cue
for fishes, and as an attractant for a diversity of marine bacteria (e.g., [103]); but, of partic-
ular interest here, it is known as an effective scavenger of reactive oxygen species (ROS).
Furthermore, its breakdown products, DMS and acrylate, are 20-60 times more reactive
than DMSP [103], and so are even more effective at scavenging ROS. Together, these three
compounds (DMSP, DMS, and acrylate) act as a powerful antioxidant system, and could
help to combat cellular stresses induced by the non-native symbiont.

Isoprene was detected in higher abundance in anemones symbiotic with B. minutum
than in aposymbiotic anemones or anemones populated with D. trenchii. This prolifically
emitted BVOC has functions in thermal tolerance in the tropical tree Vismia guianensis [104],
scavenging ROS in the tall grass Phragmites australis [105], and providing protection against
herbivory in the tobacco plant Nicotiana tabacum by deterring potential plant pests [106].
Although isoprene has been detected from microalgae—including diverse members of
the Symbiodiniaceae—previously [107], to our knowledge, this is the first report on its
production in Aiptasia. Should the protective function be conferred to the cnidarian host,
these results may indicate that symbiosis with B. minutum conveys higher thermal tolerance
in symbiosis with this native symbiont relative to symbiosis with the non-native D. trenchii
or aposymbiosis, although these protective effects could be due to higher symbiont cell
density in anemones symbiotic with B. minutum relative to those symbiotic with D. trenchii,
rather than an effect due to symbiont identity alone.

Another compound, nonanal, was detected at significantly higher levels in the volatilome
of both aposymbiotic anemones and anemones containing heterologous symbionts relative
to those with homologous symbionts. It is possible that nonanal could act as an infochemi-
cal in cnidarians signalling a non-optimal symbiotic state. Nonanal is produced by a variety
of plant species and has been shown to elicit a response in both insects and neighbouring
plants. For example, nonanal production by the cactus Opuntia stricta acts as an attractant
to the South American cactus moth Cactoblastus cactorum [108]. Furthermore, the emission
of nonanal by barley (Hordeum vulare) and lima beans (Phaseolus lunatus) infected with
the fungus Blumeria graminis and bacterium Pseudomonas syringae, respectively, induced
systemic-acquired resistance in neighbouring plants [96,109], priming the immune system
of uninfected plants by acting as a chemical warning signal. Nonanal is also emitted during
courtship by the female vector for chagas disease Triatoma infestans to attract male suit-
ors [110], and acts as an aggression pheromone in the bed bug Cimex lectularius [111]. There
is therefore considerable potential for nonanal to play a comparable role as an infochemical
in the Aiptasia system, making it an interesting candidate for future research. Though
the signalling pattern of nonanal is common with 6-cis-nonenal, dodecanal, and octanal,
their synthesis pathways are unknown. Their shared pattern of expression, however, could
suggest that they share a common signalling pathway. Given that they were detected in
both sub-optimal symbiotic states (aposymbiosis and symbiosis with D. trenchii), these
molecules could be upregulated during periods of stress, and shut down in the optimal
symbiotic state (i.e., symbiosis with B. minutum).

Other chemicals detected in higher abundance in aposymbiotic anemones relative
to those in symbiosis with B. minutum include dodecanal and octanal. Dodecanal has
been identified as a sex pheromone in ring-tailed lemurs [112], while in the moth Zygaena
filipendulae it is a by-product of metabolism or stress [113]. Its release by aposymbiotic
anemones could therefore be consistent with either a role in the chemoattraction of sym-
bionts or host stress metabolism. In comparison, octanal is released from insect-damaged
potato tubers and has putative roles in the attraction of nematode predators [114]. If this
compound similarly plays a role in pathogen defence in Aiptasia, then this pattern of
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volatile production could reflect the putative shift towards a more pathogenic microbiome
in aposymbiotic anemones, as discussed above, which has also been observed in bleached
corals [115].

Collectively, we found that the volatilome of Aiptasia had a reduced diversity of
compounds in the presence of the homologous B. minutum. This perhaps indicates a
tighter recycling of metabolic products between the cnidarian host, dinoflagellate symbiont,
and the associated microbiome, as may be expected for an optimally functional holobiont.
In contrast, the greater diversity of the volatilome of anemones containing the heterologous
D. trenchii and especially aposymbiotic anemones perhaps arises from a lesser degree or
lack of inter-partner metabolic integration, respectively, and even cellular stress. Previous
work on nutritional interactions in the Aiptasia-dinoflagellate symbiosis has shown that
heterologous symbionts may form a metabolically sub-optimal, less-well-integrated associ-
ation when compared to homologous symbionts [18,55,116-118]. Further work is needed
to deduce the cause of variability observed between biological replicates, both within and
between studies. Work is also needed to elucidate the BVOC pathways involved and how
the various partners of the holobiont, including members of the microbiome, interact to
metabolise and modify different volatiles to generate the BVOC emission patterns observed.

5. Conclusions

In conclusion, we have shown that symbiosis with the non-native dinoflagellate sym-
biont D. trenchii induces a distinct shift in both the microbiome and volatilome of the
Aiptasia holobiont. The volatilomes of aposymbiotic anemones and those populated with
the homologous B. minutum were distinct from one another, and yet both shared character-
istics with the volatilome of D. trenchii-populated anemones, consistent with the view that
D. trenchii forms a physiologically sub-optimal symbiosis with this host species. The ways
in which different members of the holobiont contribute to the volatilome remain unclear
given the complex inter-partner interactions involved. To elucidate these interactions,
greater insight is needed into the functional roles for specific BVOCs to reconcile the or-
ganismal and ecological implications of any changes in intracellular symbiont populations.
Our study provides a foundation for these future investigations, as we aim to understand
the implications of climate change on the cnidarian-dinoflagellate symbiosis and coral reef
function and health.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biology12071014/s1: Figure S1: Maximum photosystem II (PSII)
photochemical efficiency (Fy /Fm) and symbiont cell densities of holobionts populated with symbiont
species Breviolum minutum and Durusdinium trenchii taken on day of BVOC and microbial sampling;
Figure S2: Correlation analysis between the microbiome and volatilome of anemones in three differ-
ent symbiotic states (aposymbiotic, symbiotic with native Breviolum minutum, and symbiotic with
non-native Durusdinium trenchii). Table S1: Differentially abundant BVOCs (<0.05) detected across
(1) aposymbiotic anemones; (2) anemones symbiotic with Durusdinium trenchii (heterologous); and
(3) anemones symbiotic with Breviolum minutum (homologous); Table S2: Differentially abundant
microbes (p < 0.05) detected across (1) aposymbiotic anemones; (2) anemones symbiotic with Durus-
dinium trenchii; and (3) anemones symbiotic with Breviolum minutum (homologous); Table S3: BVOCs
detected throughout dataset; Table S4: Bacterial taxa (ASV counts) detected throughout dataset.

Author Contributions: Conceptualisation, M.W., C. AL, C. A.O.,, ARG, VMW, D]S. and SKD,;
methodology, M\W,, C. AL, C.A.O, DJS. and SK.D.; software, MW., C.A.L,, M.P. and SPW.;
validation, M.W., C. AL, C.A.O., D.J.S. and S.K.D.; formal analysis, M.W., M.P. and S.P.W.; investi-
gation, M.W.; resources, D.J.S. and S.K.D.; data curation, M.W., C.A.L., M.P. and S.P.W.; writing—
original draft, M.W.; writing—review and editing, M.W., C.A.L.,, CA.O., M.P, ARG, VMW, DJ].S.
and S.K.D.; visualisation, M.W. and C.A.O,; supervision, C.A.O., D.J.S. and S.K.D.; project administra-
tion, M.W.; funding acquisition, M.W., C.A.O., AR.G., VM.W,, D.J.S. and S.K.D. All authors have
read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/biology12071014/s1
https://www.mdpi.com/article/10.3390/biology12071014/s1

Biology 2023,12, 1014 16 of 20

Funding: This work was funded by a Victoria University doctoral scholarship awarded to M.W.
and the Royal Society of New Zealand Te Aparangi Marsden Fund (19-VUW-086, awarded to S.K.D.,
ARG, CA.O,DJS. and VM.W), and the contributions of D.].S. and C.A.L. were supported by an
Australian Research Council discovery project (DP200100091, awarded to D.J.S.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Microbiome data are available at maggiewuerz/symbiont_identity_
microbiome (github.com) (accessed on 23 June 2023).

Acknowledgments: We thank the three anonymous reviewers whose comments contributed to the
enhancement of our work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bouchet, P. The magnitude of marine biodiversity. In The Exploration of Marine Biodiversity: Scientific and Technological Challenges;
Duarte, C.M., Ed.; Fundacion BBVA, Pub.: Bilbao, Spain, 2006; pp. 31-64.

2. Davy, SK,; Allemand, D.; Weis, V.M. Cell biology of cnidarian-dinoflagellate symbiosis. Microbiol. Mol. Biol. Rev. 2012, 76,
229-261. [CrossRef] [PubMed]

3. Rosset, S.L.; Oakley, C.A.; Ferrier-Pages, C.; Suggett, D.J.; Weis, V.M.; Davy, S.K. The molecular language of the cnidarian—
dinoflagellate symbiosis. Trends Microbiol. 2021, 29, 320-333. [CrossRef]

4. Roth, M.S. The engine of the reef: Photobiology of the coral-algal symbiosis. Front. Microbiol. 2014, 5, 422. [CrossRef] [PubMed]

5. Suggett, D.J.; Smith, D.]J. Coral bleaching patterns are the outcome of complex biological and environmental networking. Glob.
Chang. Biol. 2020, 26, 68-79. [CrossRef] [PubMed]

6. Hughes, T.P; Kerry, ].T.; Connolly, S.R.; Alvarez-Romero, J.G.; Eakin, C.M.; Heron, S.F.; Gonzalez, M.A.; Moneghetti, ]. Emergent
properties in the responses of tropical corals to recurrent climate extremes. Curr. Biol. 2021, 31, 5393-5399.€3. [CrossRef]

7. Glynn, PW. Coral reef bleaching: Ecological perspectives. Coral Reefs 2012, 12, 1-17. [CrossRef]

8. Hoegh-Guldberg, O.; Poloczanska, E.S.; Skirving, W.; Dove, S. Coral reef ecosystems under climate change and ocean acidification.
Front. Mar. Sci. 2017, 4, 158. [CrossRef]

9. LaJeunesse, T.C.; Parkinson, J.E.; Gabrielson, PW.; Jeong, H.]J.; Reimer, ].D.; Voolstra, C.R.; Santos, S.R. Systematic revision of
Symbiodiniaceae highlights the antiquity and diversity of coral endosymbionts. Curr. Biol. 2018, 28, 2570-2580.e6. [CrossRef]

10. Nitschke, M.R.; Craveiro, S.C.; Brandao, C.; Fidalgo, C.; Serodio, J.; Calado, A.].; Frommlet, J.C. Description of Freudenthalidium
gen. nov. and Halluxium gen. nov. to formally recognize clades Fr3 and H as genera in the family Symbiodiniaceae (Dinophyceae).
J. Phycol. 2020, 56, 923-940. [CrossRef]

11. LaJeunesse, T.C.; Wiedenmann, J.; Casado-Amezua, P.; D’Ambra, I.; Turnham, K.E.; Nitschke, M.R. Revival of Philozoon Geddes for
host-specialized dinoflagellates, ‘zooxanthellae’, in animals from coastal temperate zones of northern and southern hemispheres.
Eur. J. Phycol. 2022, 57, 166-180. [CrossRef]

12.  Suggett, D.J.; Goyen, S.; Evenhuis, C.; Szabo, M.; Pettay, D.T.; Warner, M.E.; Ralph, PJ. Functional diversity of photobiological
traits within the genus Symbiodinium appears to be governed by the interaction of cell size with cladal designation. New Phytol.
2015, 208, 370-381. [CrossRef]

13. Nitschke, M.R; Rosset, S.L.; Oakley, C.A.; Gardner, S.G.; Camp, E.F; Suggett, D.].; Davy, S.K. The diversity and ecology of
Symbiodiniaceae: A traits-based review. Adv. Mar. Biol. 2022, 92, 55-127. [CrossRef] [PubMed]

14. Thornhill, D.J.; Xiang, Y.; Pettay, D.T.; Zhong, M.; Santos, S.R. Population genetic data of a model symbiotic cnidarian system
reveal remarkable symbiotic specificity and vectored introductions across ocean basins. Mol. Ecol. 2013, 22, 4499-4515. [CrossRef]
[PubMed]

15. Baker, A.C.; Romanski, A.M. Multiple symbiotic partnerships are common in scleractinian corals, but not in octocorals: Comment
on Goulet (2006). Mar. Ecol. Prog. Ser. 2007, 335, 237-242. [CrossRef]

16. Boulotte, N.M.; Dalton, S.J.; Carroll, A.G.; Harrison, PL.; Putnam, HM.; Peplow, L.M.; van Oppen, M.].H. Exploring the
Symbiodinium rare biosphere provides evidence for symbiont switching in reef-building corals. ISME ]. 2016, 10, 2693-2701.
[CrossRef] [PubMed]

17.  Cunning, R,; Silverstein, R.N.; Baker, A.C. Investigating the causes and consequences of symbiont shuffling in a multi-partner
reef coral symbiosis under environmental change. Proc. R. Soc. B Biol. Sci. 2015, 282, 20141725. [CrossRef]

18.  Matthews, J.L.; Crowder, C.M.; Oakey, C.A.; Lutz, A.; Roessner, U.; Meyer, E.; Grossman, A.R.; Weis, V.M.; Davy, S.K. Optimal
nutrient exchange and immune responses operate in partner specificity in the cnidarian-dinoflagellate symbiosis. Proc. Natl.
Acad. Sci. USA 2017, 114, 13194-13199. [CrossRef]

19. Matthews, J.L.; Oakley, C.A.; Lutz, A.; Hillyer, K.E.; Roessner, U.; Grossman, A.R.; Weis, V.M.; Davy, S.K. Partner switching and

metabolic flux in a model cnidarian—dinoflagellate symbiosis. Proc. R. Soc. B Biol. Sci. 2018, 285, 20182336. [CrossRef]


maggiewuerz/symbiont_identity_microbiome
maggiewuerz/symbiont_identity_microbiome
github.com
https://doi.org/10.1128/MMBR.05014-11
https://www.ncbi.nlm.nih.gov/pubmed/22688813
https://doi.org/10.1016/j.tim.2020.08.005
https://doi.org/10.3389/fmicb.2014.00422
https://www.ncbi.nlm.nih.gov/pubmed/25202301
https://doi.org/10.1111/gcb.14871
https://www.ncbi.nlm.nih.gov/pubmed/31618499
https://doi.org/10.1016/j.cub.2021.10.046
https://doi.org/10.1007/BF00303779
https://doi.org/10.3389/fmars.2017.00158
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1111/jpy.12999
https://doi.org/10.1080/09670262.2021.1914863
https://doi.org/10.1111/nph.13483
https://doi.org/10.1016/bs.amb.2022.07.001
https://www.ncbi.nlm.nih.gov/pubmed/36208879
https://doi.org/10.1111/mec.12416
https://www.ncbi.nlm.nih.gov/pubmed/23980764
https://doi.org/10.3354/meps335237
https://doi.org/10.1038/ismej.2016.54
https://www.ncbi.nlm.nih.gov/pubmed/27093048
https://doi.org/10.1098/rspb.2014.1725
https://doi.org/10.1073/pnas.1710733114
https://doi.org/10.1098/rspb.2018.2336

Biology 2023,12, 1014 17 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Medrano, E.; Merselis, D.G.; Bellantuono, A.J.; Rodriguez-Lenetty, M. Proteomic basis of symbiosis: A heterologous partner
fails to duplicate homologous colonization in a novel cnidarian-symbiodiniaceae mutualism. Front. Microbiol. 2019, 10, 1153.
[CrossRef]

Sproles, A.E.; Oakley, C.A.; Matthews, J.L.; Peng, L.; Owen, J.G.; Grossman, A.R.; Weis, V.M.; Davy, S.K. Proteomics quantifies
protein expression changes in a model cnidarian colonised by a thermally tolerant but suboptimal symbiont. ISME . 2019, 13,
2334-2345. [CrossRef]

Tsang Min Ching, S.J.; Chan, W.Y.; Perez-Gonzalez, A.; Hillyer, K.E.; Buerger, P.; van Oppen, M.].H. Colonization and metabolite
profiles of homologous, heterologous and experimentally evolved algal symbionts in the sea anemone Exaiptasia diaphana. ISME
Commun. 2022, 2, 30. [CrossRef]

Bosch, T.C.G.; Mcfall-Ngai, M.]. Metaorganisms as the new frontier. Zoology 2011, 114, 185-190. [CrossRef] [PubMed]

Van Oppen, M.].H.; Blackall, L. Coral microbiome dynamics, functions and design in a changing world. Nat. Rev. Microbiol. 2019,
17,557-567. [CrossRef] [PubMed]

Osman, E.O.; Suggett, D.J.; Voolstra, C.R.; Pettay, D.T.; Clark, D.R.; Pogoreutz, C.; Sampayo, E.M.; Warner, M.E.; Smith, D.J.
Coral microbiome composition along the northern Red Sea suggests high plasticity of bacterial and specificity of endosymbiotic
dinoflagellate communities. Microbiome 2020, 8, 8. [CrossRef] [PubMed]

Reshef, L.; Koren, O.; Loya, Y.; Zilber-Rosenberg, I.; Rosenbreg, E. The coral probiotic hypothesis. Environ. Microbiol. 2006, 8,
2068-2073. [CrossRef]

Raina, ].B.; Tapiolas, D.; Willis, B.L.; Bourne, D.G. Coral-associated bacteria and their role in the biogeochemical cycling of sulfur.
Appl. Environ. Microbiol. 2009, 75, 3492-3501. [CrossRef]

Krediet, C.J.; Ritchie, K.B.; Paul, V.J.; Teplitski, M. Coral-associated micro-organisms and their roles in promoting coral health and
thwarting diseases. Proc. R. Soc. B Biol. Sci. 2013, 280, 20122328. [CrossRef]

Pogoreutz, C.; Oakley, C.A.; Radecker, N.; Cardenas, A.; Perna, G.; Xiang, N.; Peng, L.; Davy, S.K.; Ngugi, D.K.; Voolstra, C.R.
Coral holobiont cues prime Endozoicomonas for a symbiotic lifestyle. ISME J. 2022, 16, 1883-1895. [CrossRef]

Voolstra, C.R.; Ziegler, M. Adapting with microbial help: Microbiome flexibility facilitates rapid responses to environmental
change. BioEssays 2020, 42, e2000004. [CrossRef]

Rothig, T.; Costa, R.M.; Simona, F; Baumgarten, S.; Torres, A.F.; Radhakrishnan, A.; Aranda, M.; Voolstra, C.R. Distinct bacterial
communities associated with the coral model Aiptasia in aposymbiotic and symbiotic states with Symbiodinium. Front. Mar. Sci.
2016, 3, 234. [CrossRef]

Voolstra, C.R.; Suggett, D.].; Peixoto, R.; Parkinson, J.; Quigley, K.; Silveira, C.B.; Sweet, M.].; Muller, E.M.; Barshis, D.].; Bourne,
D.; et al. Extending the natural adaptive capacity of coral holobionts. Nat. Rev. Earth Environ. 2021, 2, 747-762. [CrossRef]
Rothig, T.; Ochsenkuhn, M.A.; Roik, A.; van der Merwe, R.; Voolstra, C.R. Long-term salinity tolerance is accompanied by major
restructuring of the coral bacterial microbiome. Mol. Ecol. 2016, 25, 1308-1323. [CrossRef] [PubMed]

Ziegler, M.; Seneca, F.O.; Yum, L.K.; Palumbi, S.R.; Voolstra, C.R. Bacterial community dynamics are linked to patterns of coral
heat tolerance. Nat. Commun. 2017, 8, 14213. [CrossRef]

Costa, R.M.; Cardenas, A.; Loussert-Fonta, C.; Toullec, G.; Meibom, A.; Voolstra, C.R. Surface topography, bacterial carrying
capacity, and the prospect of microbiome manipulation in the sea anemone coral model Aiptasia. Front. Microbiol. 2021, 12,
637834. [CrossRef]

Mansurova, M.; Ebert, B.E.; Blank, L.M.; Ibanez, A.]J. A breath of information: The volatilome. Curr. Genet. 2018, 64, 959-964.
[CrossRef]

Tahir, H.A.S.; Gu, Q.; Wu, H.; Raza, W,; Hanif, A.; Wu, L.; Colman, M.V.; Gao, X. Plant growth promotion by volatile organic
compounds produced by Bacillus subtilis SYST2. Front. Microbiol. 2017, 8, 171. [CrossRef]

Werner, S.; Polle, A.; Brinkmann, N. Belowground communication: Impacts of volatile organic compounds (VOCs) from soil
fungi on other soil-inhabiting organisms. Appl. Microbiol. Biotechnol. 2016, 100, 8651-8665. [CrossRef] [PubMed]

Lawson, C.A.; Possell, M.; Seymour, J.R.; Raina, J.B.; Suggett, D.J. Coral endosymbionts (Symbiodiniaceae) emit species-specific
volatilomes that shift when exposed to thermal stress. Sci. Rep. 2019, 9, 17395. [CrossRef]

AJurgens, A.; Wee, S.L.; Shuttleworth, A.; Johnson, S.D. Chemical mimicry of insect oviposition sites: A global analysis of
convergence in angiosperms. Ecol. Lett. 2013, 16, 1157-1167. [CrossRef] [PubMed]

Wyatt, T.D. Pheromones and animal behaviour. In Communication by Smell and Taste; Cambridge University Press: Cambridge,
UK, 2003; pp. 359-370.

Lawson, C.A.; Raina, ].B.; Deschaseaux, E.; Hrebien, V.; Possell, M.; Seymour, ].R.; Suggett, D.]. Heat stress decreases the diversity,
abundance and functional potential of coral gas emissions. Glob. Chang. Biol. 2021, 27, 879-891. [CrossRef]

Wuerz, M.; Lawson, C.A.; Ueland, M.; Oakley, C.A.; Grossman, A.R.; Weis, V.M.; Suggett, D.]J.; Davy, S.K. Symbiosis induces
unique volatile profiles in the model cnidarian Aiptasia. J. Exp. Biol. 2022, 225, jeb244600. [CrossRef] [PubMed]

Gallagher, M.; Wysocki, C.J.; Leyden, ].].; Spielman, A.L; Sun, X.; Preti, G. Analyses of volatile organic compounds from human
skin. Br. |. Dermatol. 2008, 159, 780-791. [CrossRef] [PubMed]

Guenther, A.; Geron, C.; Pierce, T.; Lamb, B.; Harley, P; Fall, R. Natural emissions of non-methane volatile organic compounds,
carbon monoxide, and oxides of nitrogen from North America. Atmos. Environ. 2000, 34, 2205-2230. [CrossRef]

Tyc, O.; Song, C.; Dickschat, J.S.; Vos, M.; Garbeva, P. The ecological role of volatile and soluble secondary metabolites produced
by soil bacteria. Trends Microbiol. 2017, 25, 280-292. [CrossRef]


https://doi.org/10.3389/fmicb.2019.01153
https://doi.org/10.1038/s41396-019-0437-5
https://doi.org/10.1038/s43705-022-00114-7
https://doi.org/10.1016/j.zool.2011.04.001
https://www.ncbi.nlm.nih.gov/pubmed/21737250
https://doi.org/10.1038/s41579-019-0223-4
https://www.ncbi.nlm.nih.gov/pubmed/31263246
https://doi.org/10.1186/s40168-019-0776-5
https://www.ncbi.nlm.nih.gov/pubmed/32008576
https://doi.org/10.1111/j.1462-2920.2006.01148.x
https://doi.org/10.1128/AEM.02567-08
https://doi.org/10.1098/rspb.2012.2328
https://doi.org/10.1038/s41396-022-01226-7
https://doi.org/10.1002/bies.202000004
https://doi.org/10.3389/fmars.2016.00234
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1111/mec.13567
https://www.ncbi.nlm.nih.gov/pubmed/26840035
https://doi.org/10.1038/ncomms14213
https://doi.org/10.3389/fmicb.2021.637834
https://doi.org/10.1007/s00294-017-0800-x
https://doi.org/10.3389/fmicb.2017.00171
https://doi.org/10.1007/s00253-016-7792-1
https://www.ncbi.nlm.nih.gov/pubmed/27638017
https://doi.org/10.1038/s41598-019-53552-0
https://doi.org/10.1111/ele.12152
https://www.ncbi.nlm.nih.gov/pubmed/23841830
https://doi.org/10.1111/gcb.15446
https://doi.org/10.1242/jeb.244600
https://www.ncbi.nlm.nih.gov/pubmed/36156083
https://doi.org/10.1111/j.1365-2133.2008.08748.x
https://www.ncbi.nlm.nih.gov/pubmed/18637798
https://doi.org/10.1016/S1352-2310(99)00465-3
https://doi.org/10.1016/j.tim.2016.12.002

Biology 2023,12, 1014 18 of 20

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

Raguso, R.A. Wake up and smell the roses: The ecology and evolution of floral scent. Annu. Rev. Ecol. Evol. Syst. 2008, 39, 549-569.
[CrossRef]

Dani, K.G.S,; Loreto, F. Plant volatiles as regulators of hormone homeostasis. New Phytol. 2022, 234, 804-812. [CrossRef]
Monson, R.K. Volatile organic compound emissions from terrestrial ecosystems: A primary biological control over atmospheric
chemistry. Isr. |. Chem. 2002, 42, 29-42. [CrossRef]

Steinke, M.; Randell, L.; Dumbrell, A.J.; Saha, M. Volatile Biomarkers for Aquatic Ecological Research. Adv. Ecol. Res. 2018, 59,
75-92. [CrossRef]

Baumgarten, S.; Simakov, O.; Esherick, L.Y.; Liew, Y.J.; Lehnert, EM.; Michell, C.T.; Li, Y.; Hambleton, E.A.; Guse, A.; Oates,
M.E; et al. The genome of Aiptasia, a sea anemone model for coral symbiosis. Proc. Natl. Acad. Sci. USA 2015, 112, 11893-11898.
[CrossRef]

Réadecker, N.; Raina, J.B.; Pernice, M.; Perna, G.; Guagliardo, P; Kilburn, M.R.; Aranda, M.; Voolstra, C.R. Using Aiptasia as a
model to study metabolic interactions in Cnidarian-Symbiodinium symbioses. Front. Physiol. 2018, 9, 214. [CrossRef]

Wolfowicz, I.; Baumgarten, S.; Voss, P.A.; Hambleton, E.A.; Voolstra, C.R.; Hatta, M.; Guse, A. Aiptasia sp. larvae as a model to
reveal mechanisms of symbiont selection in cnidarians. Sci. Rep. 2016, 6, 32366. [CrossRef]

Matthews, J.L.; Sproles, A.E.; Oakley, C.A.; Grossman, A.R.; Weis, V.M.; Davy, S.K. Menthol-induced bleaching rapidly and
effectively provides experimental aposymbiotic sea anemones (Aiptasia sp.) for symbiosis investigations. J. Exp. Biol. 2016, 219,
306-310. [CrossRef] [PubMed]

Gabay, Y.; Weis, V.M.; Davy, S.K. Symbiont identity influences patterns of symbiosis establishment, host growth, and asexual
reproduction in a model cnidarian-dinoflagellate symbiosis. Biol. Bull. 2018, 234, 1-10. [CrossRef]

Lehnert, E.M.; Burriesci, M.S.; Pringle, ].R. Developing the anemone Aiptasia as a tractable model for cnidarian-dinoflagellate
symbiosis: Generating transcriptomic resources and profiling gene expression. BMC Genom. 2012, 13, 1-10. [CrossRef]
Hartman, L.M.; van Oppen, M.J.H.; Blackall, L. The effect of thermal stress on the bacterial microbiome of Exaiptasia diaphana.
Microorganisms 2020, 8, 20. [CrossRef] [PubMed]

Davy, S.K,; Lucas, I.A.N.; Turner, J.R. Uptake and persistence of homologous and heterologous zooxanthellae in the temperate sea
anemone Cereus pedunculatus (Pennant). Biol. Bull. 1997, 192, 208-216. [CrossRef] [PubMed]

Mlumina. 165 metagenomic sequencing library preparation. 2013. Available online: https://support.illumina.com/documents/
documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf (accessed on 23 June 2023).
Olander, A.; Lawson, C.A.; Possell, M.; Raina, ].B.; Ueland, M.; Suggett, D.]. Comparative volatilomics of coral endosymbionts
from one- and comprehensive two-dimensional gas chromatography approaches. Mar. Biol. 2021, 168, 76. [CrossRef]

Wenig, P.; Odermatt, J. OpenChrom: A cross-platform open source software for the mass spectrometric analysis of chromato-
graphic data. BMC Bioinform. 2010, 11, 405. [CrossRef]

Guitton, Y.; Tremblay-Franco, M.; Le Corguille, G.; Martin, J.E; Petera, M.; Roger-Mele, P; Delabriere, A.; Goulitquer, S.; Monsoor,
M.; Duperier, C.; et al. Create, run, share, publish, and reference your LC-MS, FIA-MS, GC-MS, and NMR data analysis
workflows with the Workflow4Metabolomics 3.0 Galaxy online infrastructure for metabolomics. Int. J. Biochem. Cell Biol. 2017, 93,
89-101. [CrossRef]

Wehrens, R.; Weingart, G.; Mattivi, F. MetaMS: An open-source pipeline for GC-MS-based untargeted metabolomics. J. Chromatogr.
B 2014, 966, 109-116. [CrossRef]

Giacomoni, F,; Le Corguillé, G.; Monsoor, M.; Landi, M.; Pericard, P.; Pétéra, M.; Duperier, C.; Tremblay-Franco, M.; Martin, J.E;
Jacob, D.; et al. Workflow4Metabolomics: A collaborative research infrastructure for computational metabolomics. Bioinformatics
2015, 31, 1493-1495. [CrossRef] [PubMed]

Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.; Griining, B.A; et al.
The Galaxy platform for accessible, reproducible, and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018, 46,
W537-W544. [CrossRef]

Vergauwen, G.; Dhondyt, B.; Van Deun, ].; De Smedt, E.; Berx, G.; Timmerman, E.; Gevaert, K.; Miinalainen, I.; Cocquyt, V.; Braems,
G.; et al. Confounding factors of ultrafiltration and protein analysis in extracellular vesicle research. Sci. Rep. 2017, 7, 2704.
[CrossRef] [PubMed]

Cella, J.A.; Carpenter, ].C. Procedures for the preparation of silanols. J. Organomet. Chem. 1994, 480, 23-26. [CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021; Available online: http:/ /www.R-project.org (accessed on 1 June 2019).

Wilkinson, S.P.; Davy, S.K.; Bunce, M.; Stat, M. Taxonomic identification of environmental DNA with informatic sequence
classification trees. Peer] 2018, preprints.

Callahan, B.J.; McMurdie, PJ.; Rosen, M.].; Han, A.W,; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods. 2016, 13, 581-583. [CrossRef]

Edgar, R. SINTAX: A simple non-Bayesian taxonomy classifier for 165 and ITS sequences. Biorxiv 2016, 074161.

Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.,; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]

Phipson, B.; Lee, S.; Majewski, L].; Alexander, W.S.; Smyth, G. Robust hyperparameter estimation protects against hypervariable
genes and improves power to detect differential expression. Ann. Appl. Stat. 2016, 10, 946-963. [CrossRef]


https://doi.org/10.1146/annurev.ecolsys.38.091206.095601
https://doi.org/10.1111/nph.18035
https://doi.org/10.1560/0JJC-XQAA-JX0G-FXJG
https://doi.org/10.1016/bs.aecr.2018.09.002
https://doi.org/10.1073/pnas.1513318112
https://doi.org/10.3389/fphys.2018.00214
https://doi.org/10.1038/srep32366
https://doi.org/10.1242/jeb.128934
https://www.ncbi.nlm.nih.gov/pubmed/26596538
https://doi.org/10.1086/696365
https://doi.org/10.1186/1471-2164-13-271
https://doi.org/10.3390/microorganisms8010020
https://www.ncbi.nlm.nih.gov/pubmed/31877636
https://doi.org/10.2307/1542715
https://www.ncbi.nlm.nih.gov/pubmed/28581862
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://doi.org/10.1007/s00227-021-03859-2
https://doi.org/10.1186/1471-2105-11-405
https://doi.org/10.1016/j.biocel.2017.07.002
https://doi.org/10.1016/j.jchromb.2014.02.051
https://doi.org/10.1093/bioinformatics/btu813
https://www.ncbi.nlm.nih.gov/pubmed/25527831
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1038/s41598-017-02599-y
https://www.ncbi.nlm.nih.gov/pubmed/28577337
https://doi.org/10.1016/0022-328X(94)87098-5
http://www.R-project.org
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gkv007
https://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1214/16-AOAS920

Biology 2023,12, 1014 19 of 20

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; Volume 35, Available online:
http:/ /link.springer.com/10.1007 /978-0-387-98141-3 (accessed on 1 June 2019).

Oksanen, A J.; Blanchet, EG.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchen, PR.; O'Hara, R.B.; Simpson, G.L.;
Solymos, P,; et al. Vegan: Community Ecology Package. 2020. Available online: https://cran.r-project.org/web/packages/
vegan/vegan.pdf (accessed on 1 June 2019).

Ahn, J.; Hayes, R.B. Environmental influences on the human microbiome and implications for noncommunicable disease. Anni.
Rev. Public Health 2021, 42, 277-292. [CrossRef]

Hacquard, S.; Wang, E.; Slater, H.; Martin, F. Impact of global change on the plant microbiome. New Phytol. 2022, 234, 1907-1909.
[CrossRef]

Pootakham, W.; Mhuantong, W.; Yoocha, T.; Putchim, L.; Jomchai, N.; Sonthirod, C.; Naktang, C.; Kongkachana, W.; Tangphat-
sornruang, S. Heat-induced shift in coral microbiome reveals several members of the Rhodobacteraceae family as indicator
species for thermal stress in Porites lutea. Microbiologyopen 2019, 8, €935. [CrossRef]

Hartman, L.M.; van Oppen, M.].H.; Blackall, L.L. Microbiota characterization of Exaiptasia diaphana from the Great Barrier Reef.
Anim. Microbiome. 2020, 2, 10. [CrossRef]

Dungan, A.M.; Hartman, L.M.; Tortorelli, G.; Belderok, R.; Lamb, A.M.; Pisan, L.; McFadden, G.L; Blackall, L.L.; van Oppen,
M.J.H. Exaiptasia diaphana from the great barrier reef: A valuable resource for coral symbiosis research. Symbiosis 2020, 80, 195-206.
[CrossRef]

Gevers, D.; Knight, R; Petrosino, J.F,; Huang, K.; McGuire, A.L.; Birren, B.W.; Nelson, K.E.; White, O.; Methe, B.A.; Huttenhower,
C. The human microbiome project: A community resource for the healthy human microbiome. PLoS Biol. 2012, 10, 6-10.
[CrossRef] [PubMed]

Rook, G.A.W,; Raison, C.L.; Lowry, C.A. Microbial ‘old friends’, immunoregulation and socioeconomic status. Clin. Exp. Immunol.
2014, 177, 1-12. [CrossRef]

Deng, F;; Li, Y.; Zhao, J. The gut microbiome of healthy long-living people. Aging 2019, 11, 289-290. [CrossRef] [PubMed]
Ben-Haim, Y.; Rosenberg, E. A novel Vibrio sp. pathogen of the coral Pocillopora damicornis. Mar. Biol. 2002, 141, 47-55. [CrossRef]
Ben-Haim, Y.; Thompson, EL.; Thompson, C.C.; Cnockaert, M.C.; Hoste, B.; Swings, J.; Rosenberg, E. Vibrio coralliilyticus sp. nov.,
a temperature-dependent pathogen of the coral Pocillopora damicornis. Int. J. Syst. Evol. Microbiol. 2003, 53, 309-315. [CrossRef]
Ben-Haim, Y.; Banim, E.; Kushmaro, A.; Loya, Y.; Rosenberg, E. Inhibition of photosynthesis and bleaching of zooxanthellae by
the coral pathogen Vibrio shiloi. Environ. Microbiol. 1999, 1, 223-229. [CrossRef]

Wilson, B.; Aeby, G.S.; Work, T.M.; Bourne, D.G. Bacterial communities associated with healthy and Acropora white syndrome-
affected corals from American Samoa. FEMS Microbiol. Ecol. 2012, 80, 509-520. [CrossRef] [PubMed]

Dasti, ].I.; Tareen, A.M.; Lugert, R.; Zautner, A.E.; Grof3, U. Campylobacter jejuni: A brief overview on pathogenicity-associated
factors and disease-mediating mechanisms. Int. . Med. Microbiol. 2010, 300, 205-211. [CrossRef] [PubMed]

Rivera-Ortega, J.; Thomé, P.E. Contrasting antibacterial capabilities of the surface mucus layer from three symbiotic cnidarians.
Front. Mar. Sci. 2018, 5, 392. [CrossRef]

Crossland, C.J.; Barnes, D.J.; Borowitzka, M.A. Diurnal lipid and mucus production in the staghorn coral Acropora acuminata. Mar.
Biol. 1980, 60, 81-90. [CrossRef]

Oakley, C.A.; Ameismeier, M.E,; Peng, L.; Weis, VM.; Grossman, A.R.; Davy, S.K. Symbiosis induces widespread changes in the
proteome of the model cnidarian Aiptasia. Cell. Microbiol. 2016, 18, 1009-1023. [CrossRef] [PubMed]

Munoz, R; Rossell6-Mora, R.; Amann, R. Revised phylogeny of Bacteroidetes and proposal of sixteen new taxa and two new
combinations including Rhodothermaeota phyl. nov. Syst. Appl. Microbiol. 2016, 39, 281-296. [CrossRef]

Ratiu, I.A.; Ligor, T.; Bocos-Bintintan, V.; Mayhew, C.A.; Buszewski, B. Volatile organic compounds in exhaled breath as
fingerprints of lung cancer, asthma and COPD. J. Clin. Med. 2021, 10, 32. [CrossRef]

Laothawornkitkul, J.; Taylor, J.E.; Paul, N.D.; Hewitt, C.N. Biogenic volatile organic compounds in the Earth system. New Phytol.
2009, 183, 27-51. [CrossRef]

Lawson, C.A.; Camp, E.; Davy, S.K.; Ferrier-Pages, C.; Matthews, J.; Suggett, D.J. Informing coral reef conservation through
metabolomic approaches. In Coral Reef Conservation and Restoration in the Omics Age. Coral Reefs of the World; Van Oppen, M.].H.,
Aranda Lastra, M., Eds.; Springer: Cham, Switzerland, 2022; Volume 15. [CrossRef]

Bouwmeester, H.; Schuurink, R.C.; Bleeker, P.M.; Schiestl, F. The role of volatiles in plant communication. Plant . 2019, 100,
892-907. [CrossRef]

Yi, H.S.; Heil, M.; Adame-Alvarez, R.M.; Ballhorn, D.J.; Ryu, C.M. Airborne induction and priming of plant defenses against a
bacterial pathogen. Plant Physiol. 2009, 151, 2152-2161. [CrossRef]

Fu, Z.Q.; Dong, X. Systemic acquired resistance: Turning local infection into global defense. Annu. Rev. Plant Biol. 2013, 64,
839-863. [CrossRef] [PubMed]

Kuek, EW.I; Motti, C.A.; Zhang, J.; Cooke, LR.; Todd, ]J.D.; Miller, D.J.; Bourne, D.G.; Raina, J.B. DMSP production by coral-
associated bacteria. Front. Mar. Sci. 2022, 9, 1-12. [CrossRef]

Hopkins, EE.; Bell, T.G.; Yang, M.; Suggett, D.].; Steinke, M. Air exposure of coral is a significant source of dimethylsulfide (DMS)
to the atmosphere. Sci. Rep. 2016, 6, 36031. [CrossRef] [PubMed]

Otte, M.L.; Wilson, G.; Morris, ].T.; Moran, B.M. Dimethylsulphoniopropionate (DMSP) and related compounds in higher plants.
J. Exp. Bot. 2004, 55, 1919-1925. [CrossRef] [PubMed]


http://link.springer.com/10.1007/978-0-387-98141-3
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://doi.org/10.1146/annurev-publhealth-012420-105020
https://doi.org/10.1111/nph.18187
https://doi.org/10.1002/mbo3.935
https://doi.org/10.1186/s42523-020-00029-5
https://doi.org/10.1007/s13199-020-00665-0
https://doi.org/10.1371/journal.pbio.1001377
https://www.ncbi.nlm.nih.gov/pubmed/22904687
https://doi.org/10.1111/cei.12269
https://doi.org/10.18632/aging.101771
https://www.ncbi.nlm.nih.gov/pubmed/30648974
https://doi.org/10.1007/s00227-002-0797-6
https://doi.org/10.1099/ijs.0.02402-0
https://doi.org/10.1046/j.1462-2920.1999.00027.x
https://doi.org/10.1111/j.1574-6941.2012.01319.x
https://www.ncbi.nlm.nih.gov/pubmed/22283330
https://doi.org/10.1016/j.ijmm.2009.07.002
https://www.ncbi.nlm.nih.gov/pubmed/19665925
https://doi.org/10.3389/fmars.2018.00392
https://doi.org/10.1007/BF00389151
https://doi.org/10.1111/cmi.12564
https://www.ncbi.nlm.nih.gov/pubmed/26716757
https://doi.org/10.1016/j.syapm.2016.04.004
https://doi.org/10.3390/jcm10010032
https://doi.org/10.1111/j.1469-8137.2009.02859.x
https://doi.org/10.1007/978-3-031-07055-6_12
https://doi.org/10.1111/tpj.14496
https://doi.org/10.1104/pp.109.144782
https://doi.org/10.1146/annurev-arplant-042811-105606
https://www.ncbi.nlm.nih.gov/pubmed/23373699
https://doi.org/10.3389/fmars.2022.869574
https://doi.org/10.1038/srep36031
https://www.ncbi.nlm.nih.gov/pubmed/27796323
https://doi.org/10.1093/jxb/erh178
https://www.ncbi.nlm.nih.gov/pubmed/15181109

Biology 2023,12, 1014 20 0f 20

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Trevena, A.].; Jones, G.B.; Wright, S.W.; Van Den Enden, R.L. Profiles of DMSP, algal pigments, nutrients and salinity in pack ice
from eastern Antarctica. J. Sea Res. 2000, 43, 265-273. [CrossRef]

Sunda, W.; Kieber, D.J.; Kiene, R.P.; Huntsman, S. An antioxidant function for DMSP and DMS in marine algae. Nature 2002, 418,
317-320. [CrossRef]

Rodrigues, T.B.; Baker, C.R.; Walker, A.P.; McDowell, N.; Rogers, A.; Higuchi, N.; Chambers, J.Q.; Jardine, K.J. Stimulation of
isoprene emissions and electron transport rates as key mechanisms of thermal tolerance in the tropical species Vismia guianensis.
Glob. Chang. Biol. 2020, 26, 5928-5941. [CrossRef]

Velikova, V.; Edreva, A.; Loreto, F. Endogenous isoprene protects Phragmites australis leaves against singlet oxygen. Physiol. Plant.
2004, 122, 219-225. [CrossRef]

Laothawornkitkul, J.; Paul, N.D.; Vickers, C.E.; Possell, M.; Taylor, J.E.; Mullineaux, PM.; Hewitt, C.N. Isoprene emissions
influence herbivore feeding decisions. Plant Cell Environ. 2008, 31, 1410-1415. [CrossRef]

Exton, D.A.; Suggett, D.].; Steinke, M. Chlorophyll-normalized isoprene production in laboratory cultures of marine microalgae
and implications for global models. Limnol. Oceanogr. 2013, 58, 1301-1311. [CrossRef]

Pophof, B.; Stange, G.; Abrell, L. Volatile organic compounds as signals in a plant-herbivore system: Electrophysiological
responses in olfactory sensilla of the moth Cactoblastis cactorum. Chem. Senses 2005, 30, 51-68. [CrossRef]

Brambilla, A.; Sommer, A.; Ghirardo, A.; Wenig, M.; Knappe, C.; Weber, B.; Amesmaier, M.; Lenk, M.; Schnitzler, ].P; Volt, A.C.
Immunity-associated volatile emissions of 3-ionone and nonanal propagate defence responses in neighbouring barley plants. J.
Exp. Bot. 2022, 73, 615-630. [CrossRef] [PubMed]

Fontan, A.; Audino, P.G.; Martinez, A.; Alzogaray, R.A.; Zerb, EN.; Camps, E; Cork, A. Attractant volatiles released by female
and male Triatoma infestans (Hemiptera: Reduviidae), a vector of chagas disease: Chemical analysis and behavioral bioassay. J.
Med. Entomol. 2002, 39, 191-197. [CrossRef] [PubMed]

Siljander, E.; Gries, R.; Khaskin, G.; Gries, G. Identification of the airborne aggregation pheromone of the common bed bug, Cimex
lectularius. J. Chem. Ecol. 2008, 34, 708-718. [CrossRef]

Shirasu, M.; Ito, S.; Itoigawa, A.; Hayakara, T.; Kinoshita, K.; Munechika, I.; Imai, H.; Touhara, K. Key male glandular odorants
attracting female ring-tailed lemurs. Curr. Biol. 2020, 30, 2131-2138. [CrossRef]

Zagrobelny, M.; Simonsen, H.T.; Olsen, C.E.; Bak, S.; Meller, B.L. Volatiles from the burnet moth Zygaena filipendulae (Lepidoptera)
and associated flowers, and their involvement in mating communication. Physiol. Entomol. 2015, 40, 284-295. [CrossRef]
Laznik, Z.; Trdan, S. Attraction behaviors of entomopathogenic nematodes (Steinernematidae and Heterorhabditidae) to synthetic
volatiles emitted by insect damaged potato tubers. J. Chem. Ecol. 2016, 42, 314-322. [CrossRef] [PubMed]

Muller, E.M.; Bartels, E.; Baums, I.B. Bleaching causes loss of disease resistance within the threatened coral species Acropora
cervicornis. ELife 2018, 7, e35066. [CrossRef]

Leal, M.C.; Hoadley, K; Pettay, D.T.; Grajales, A.; Calado, R.; Warner, M.E. Symbiont type influences trophic plasticity of a model
cnidarian-dinoflagellate symbiosis. J. Exp. Biol. 2015, 218, 858-863. [CrossRef]

Sproles, A.E.; Oakley, C.A.; Krueger, T.; Grossman, A.R.; Weis, V.M.; Meibom, A.; Davy, S.K. Sub-cellular imaging shows reduced
photosynthetic carbon and increased nitrogen assimilation by the non-native endosymbiont Durusdinium trenchii in the model
cnidarian Aiptasia. Environ. Microbiol. 2020, 22, 3741-3753. [CrossRef]

Mashini, A.G.; Oakley, C.A.; Grossman, A.R.; Weis, V.M.; Davy, S.K. Immunolocalization of metabolite transporter proteins in a
model cnidarian-dinoflagellate symbiosis. Appl. Environ. Microbiol. 2022, 88, €0041222. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S1385-1101(00)00012-5
https://doi.org/10.1038/nature00851
https://doi.org/10.1111/gcb.15213
https://doi.org/10.1111/j.0031-9317.2004.00392.x
https://doi.org/10.1111/j.1365-3040.2008.01849.x
https://doi.org/10.4319/lo.2013.58.4.1301
https://doi.org/10.1093/chemse/bji001
https://doi.org/10.1093/jxb/erab520
https://www.ncbi.nlm.nih.gov/pubmed/34849759
https://doi.org/10.1603/0022-2585-39.1.191
https://www.ncbi.nlm.nih.gov/pubmed/11931256
https://doi.org/10.1007/s10886-008-9446-y
https://doi.org/10.1016/j.cub.2020.03.037
https://doi.org/10.1111/phen.12113
https://doi.org/10.1007/s10886-016-0686-y
https://www.ncbi.nlm.nih.gov/pubmed/27108451
https://doi.org/10.7554/eLife.35066
https://doi.org/10.1242/jeb.115519
https://doi.org/10.1111/1462-2920.15142
https://doi.org/10.1128/aem.00412-22
https://www.ncbi.nlm.nih.gov/pubmed/35678605

	Introduction 
	Methods 
	Experimental Organisms 
	Microbe Sampling and Microbiome Analysis 
	BVOC Sampling and Volatilome Characterisation 
	Symbiont Cell Density and Protein Determination 
	Data Analysis 

	Results 
	Bacterial Community of Aiptasia in Different Symbiotic States 
	Contrasting Microbiota between Symbiotic States 
	BVOC Emissions Are Affected by Symbiont Identity 
	Contrasting Volatilomes between Symbiotic States 
	Correlation of Microbiome and Volatilome 

	Discussion 
	Symbiosis and Symbiont Type Are Correlated to Changes in the Holobiont Microbiome 
	Symbiosis and Symbiont Types Induce Changes in the Holobiont Volatilome 

	Conclusions 
	References

