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Biogenic volatile organic compounds (BVOCs) are a large group of molecules involved
in trophic interactions, stress response and atmospheric chemistry. Although they
have been extensively studied in terrestrial ecosystems, their identity and prevalence
in the marine environment remains largely unexplored. Here we characterized the
volatilome of two abundant marine bacteria that were previously identified as members
of the core microbiome of Symbiodiniaceae (phylum: Dinoflagellata), the photosynthetic
endosymbionts of reef building corals. To determine the influence of Symbiodiniaceae
exudate on their associated bacteria, we incubated isolates of Marinobacter adhaerens
HP15 and Labrenzia sp. 21p with Symbiodiniaceae culture filtrate or culture medium
(control) and investigated their volatilomes using GC-MS. The volatilome of Labrenzia
sp. incubated in Symbiodiniaceae filtrate was significantly different and more diverse
relative to the control. In contrast, the overall composition of the M. adhaerens
volatilomes were consistent between treatment and control. Among the 35 compounds
detected in both bacterial species, the dominant chemical functional groups were
halogenated hydrocarbons, aromatic hydrocarbons and organosulfurs, some of which
are known to play roles in inter-organism signaling, to act as antioxidants and as
antimicrobials. This study provides new insights into the potential sources and diversity
of marine BVOCs, uncovering a wide range of molecules that may play important
physiological and ecological roles for these organisms, while also revealing the role of
Symbiodiniaceae-associated bacteria in the emission of important atmospheric gases.

Keywords: volatilome, Labrenzia sp., Marinobacter adhaerens HP15, GC-MS, core microbiome,

Symbiodiniaceae, algal-bacteria interactions

INTRODUCTION

All organisms are capable of producing biogenic volatile organic compounds (BVOCs), a
class of chemicals known for their ecological and physiological roles. BVOCs can function as
infochemicals, allowing organisms to locate food sources (Runyon et al., 2006), warn conspecifics
of danger (Frost et al, 2007) or provide defense from predators (De Moraes et al, 2001).
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These compounds can also act as antioxidants, preventing
the build-up of damaging reactive oxygen species (Loreto and
Velikova, 2001; Sunda et al, 2002), and upon their release,
they can influence atmospheric chemistry by forming secondary
organic aerosols (Hallquist et al, 2009; Fu et al, 2010),
reacting with greenhouse gases (Atkinson and Arey, 2003) and
thus impacting climate. Previous studies characterizing BVOC
production and emission have largely focused on terrestrial
organisms, and have established the physiological (e.g. stress
response; Vickers et al., 2009), ecological (e.g. signaling; Runyon
et al., 2006) and atmospheric (e.g. ozone depletion; Matsumoto,
2014) roles that BVOCs can play. However, the occurrence
and potential roles of BVOCs in important marine ecosystems,
such as coral reefs, has remained largely overlooked. Coral
reefs are known to produce large concentrations of the sulfur
BVOC, dimethyl sulfide (DMS), resulting in a large body
of research on the potential antioxidant and atmospheric
functions of this compound (Broadbent and Jones, 2004;
Deschaseaux et al., 2014b; Hopkins et al., 2016). A recent
study also identified the capacity of corals to produce other
sulfur volatiles (methyl mercaptan, carbon disulfide, dimethyl
disulfide, dimethyl trisulfide, thiirane, 2,4-dithiapentance, 1,2,4-
trithiolane) as well as isoprene, a ubiquitous BVOC in terrestrial
systems (Swan et al,, 2016). However, the diversity of coral
derived BVOCs remains to be fully explored and it is likely that
the wide range of organisms living in symbioses with corals are
partially responsible for the production of BVOCs across coral
reef ecosystems.

Corals are now widely considered as holobionts — complex
assemblages which include the cnidarian host, endosymbiotic
algae (Symbiodiniaceae) and diverse microbial communities
(Rohwer et al., 2002). Multiple mutualistic associations sustain
the health of the coral holobiont (Muscatine and Porter,
1977; Rohwer et al., 2002; Little et al., 2004; Ziegler et al.,
2019), with inter-organism chemical signaling likely to form
an important foundation for these relationships (Koike et al.,
2004; Tebben et al., 2011; Garren et al., 2014; Raina et al.,
2016). Given their importance as signaling molecules in other
environments (Ryu et al., 2003; Runyon et al., 2006; Sharifi and
Ryu, 2018; Shan et al., 2019), BVOCs may play an important
role in mediating interactions within the coral holobiont, by
acting as infochemicals and influencing stress responses. We
recently performed a characterization of the Symbiodiniaceae
volatilome (total BVOCs), with a diverse suite of BVOCs
identified, including compounds implicated in chemical signaling
(e.g. benzaldehyde, methyl jasmonate) and stress tolerance (e.g.
DMS) (Lawson et al., 2019). However, it is probable that these
measurements have only scratched the surface of the full diversity
of BVOCs produced by different members of the coral holobiont.

A central feature of the coral holobiont is the tripartite
interaction between corals, their Symbiodiniaceae partners and
associated bacterial assemblages. We recently identified putative
ecological links between Symbiodiniaceae and bacterial partners
by characterizing the core microbiome associated with 18 strains
of Symbiodiniaceae (Lawson et al., 2018). We identified three
bacterial operational taxonomic units (OTUs), belonging to
the Labrenzia and Marinobacter genera and an unclassified

Chromatiaceae, which occurred in all strains of Symbiodiniaceae
(Lawson et al., 2018). Members of the Marinobacter and
Labrenzia commonly develop associations with microalgae (Han
et al,, 2016; Sandhya et al., 2017), and Marinobacter species have
previously been isolated from other Symbiodiniaceae cultures
(Frommlet et al, 2015). Notably, Labrenzia species (which
comprised up to 38.4% of the Symbiodiniaceae microbiome;
Lawson et al, 2018) can synthesize the DMS precursor,
dimethylsulfoniopropionate (DMSP) (Curson et al, 2017), a
sulfur compound also abundantly produced by Symbiodiniaceae
(Broadbent et al., 2002; Deschaseaux et al., 2014b).

Given the close associations between these bacteria and
Symbiodiniaceae, we examined the impact of the microalgal
exudates on the bacterial volatilomes. We specifically aimed to
provide the first characterization of the Labrenzia sp. 21p and
Marinobacter adhaerens HP15 (hereafter referred to as Labrenzia
sp. and M. adhaerens) volatilomes and to investigate the presence
of putative inter-organism signaling BVOCs. We hypothesized
that when bacteria are incubated in Symbiodiniaceae exudate,
they will produce a greater diversity of BVOCs compared to
controls incubated in Symbiodiniaceae growth medium.

MATERIALS AND METHODS

Bacterial Isolation

A non-axenic species of Symbiodiniaceae, Breviolum minutum
(strain: UTSB; originally isolated from the coral Euphyllia
glabrescens; Lawson et al., 2018), was grown in a sterile 1L Schott
bottle in IMK medium (in artificial seawater; Berges et al., 2001)
[ARALAB incubator; 26 + 1.5°C; ca. 100 & 10 pmol photons
m~2 s7! (LEDs) on a 12:12 light:dark cycle; as per Lawson
et al., 2018]. Bacterial isolates from the B. minutum microbiome
were subsequently obtained by plating 20 pL aliquots of
B. minutum culture on Marine Agar (100%; Difco 2216). Plates
were then incubated for 10 days at room temperature before
visible individual colonies were picked, grown overnight in
Marine Broth (Difco 2216) at 22°C under shaking (180 rpm;
Ratek Orbital Mixer Incubator), and re-plated on Marine Agar
until axenic. Subsequent individual colonies were picked and
grown overnight in Marine Broth (22°C, 180 rpm). Following
establishment of cultures, cells were preserved through the
addition of glycerol (Sigma-Aldrich; 20% final concentration),
snap frozen in liquid nitrogen and stored at —80°C. Small
volumes of pure overnight cultures were centrifuged (1.5 mL at
7,000 g for 10 min), before the supernatant was discarded and the
pellets frozen (—20°C) for subsequent DNA extraction.

DNA Extraction, 16S rRNA PCR, and

Strain Selection

To identify the bacterial isolates (25 in total; Supplementary
Table S1), their DNA was extracted and their 16S rRNA
gene sequenced. Briefly, frozen bacterial pellets were
resuspended in 200 pL of nuclease free water (Ambion,
Austin, TX, United States), heated at 95°C for 10 min to
break cell walls, and centrifuged to pellet debris (10,000 g
for 5 min). The DNA in the resulting supernatant was
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amplified with PCR targeting the 16S rRNA gene using the
primers: 27F-AGAGTTTGATCMTGGCTCAG and 907R-
CCGTCAATTCMTTTRAGTTT. The PCR mixture comprised
1 wL DNA, 1 pL of each primer, 9.5 uL nuclease free water
(Ambion, Austin, TX, United States) and 12.5 pL of GoTaq
colorless master mix (Promega, Madison, WI, United States) for
a total reaction volume of 25 L. The PCR reaction conditions
were as follows: 95°C for 3 min followed by 30 cycles of
95°C for 30 s, 50°C for 30 s, 72°C for 1.45 min, and a final
extension of 72°C for 7 min. The PCR products were visualized
with electrophoresis on a 1% agarose gel strained with Gel
Red (Biotium, Fremont, CA, United States) and analyzed
using Sanger sequencing at the Australian Genome Research
Facility (AGRF). Sequences were identified using nucleotide
BLAST' (Supplementary Table S1). Isolate 21p was identified
as Labrenzia sp. (GenBank Accession number: MN305698),
and displayed 97% sequence identity (BLASTN 2.9.0) to the
Labrenzia sp. OTU that was previously identified as a core
member of the Symbiodiniaceae microbiome (Lawson et al.,
2018). None of the other bacterial isolates matched members of
the Symbiodiniaceae core microbiome as defined in Lawson et al.
(2018); present in 100% of samples from 18 Symbiodiniaceae
cultures (n = 3). In lieu of other core microbiome isolates, we
used a laboratory culture of M. adhaerens, a model bacterium
extensively studied in the context of its interactions with
phytoplankton (Gérdes et al., 2010; Sonnenschein et al., 2012),
and present in the Symbiodiniaceae core microbiome (Lawson
et al,, 2018). M. adhaerens displayed 97% sequence similarity to
the Marinobacter sp. OTU previously identified as a core member
of the Symbiodiniaceae microbiome (Lawson et al., 2018). To
our knowledge, neither of these bacteria have previously had
their volatilomes characterized and are currently not included in
the microbial VOC database (mVOC; Lemfack et al., 2018).

Volatile Sampling of Labrenzia sp. and
Marinobacter adhaerens

Glycerol stocks of Labrenzia sp. and M. adhaerens were replated
onto Marine Agar (100%; Difco 2216) and all bacterial biomass
was resuspended in 300 mL of Marine Broth (Difco 2216).
Bacteria cultures were grown overnight in a shaking incubator
(KuhnerShaker X; room temperature), before being centrifuged
at 1,000 g for 10 min. The supernatant was discarded, and the
pellet washed by resuspension in IMK medium (Diago, Japan) (in
artificial seawater; Berges et al., 2001). The process was repeated,
before the cells were resuspended in either IMK or non-axenic
Symbiodiniaceae culture filtrate (B. minutum; grown in IMK,
n =3, as above) and incubated for 4.5 h prior to volatile sampling.
This timing was selected based on a pilot study that identified
additional compounds in bacterial cultures incubated for 4.5 h in
IMK medium relative to axenic IMK medium. The IMK medium
incubation was used as a reference to investigate the influence
of Symbiodiniaceae culture filtrate on the bacterial volatilomes,
hereafter the IMK incubation will be referred to as the “control.”

Symbiodiniaceae culture (B. minutum) was grown as
described above, before triple filtration (5, 2, and 0.22 pm

Uhttps://blast.ncbi.nlm.nih.gov/Blast.cgi

Isopore Membrane filters, Merck Millipore, Ltd., Tullagreen,
Ireland) using a peristaltic pump (Watson Marlow Sci-Q 323) in
order to remove all algal cells and bacteria. This filtration was
carried out, on average, 3.5 h prior to its use in the experiment.

Sampling of volatiles was staggered so that all samples
received a 4.5 h incubation period within either Symbiodiniaceae
culture filtrate or the control. Following the incubation, technical
duplicates were taken from each biological replicate for volatile
sampling. Each technical duplicate (50 mL) was placed into a
100 mL gas tight vial and purged for 30 min (while under identical
growth conditions) with instrument grade air (BOC Gases,
Linde Group, Australia). Volatiles were captured on thermal
desorption (TD) tubes (Markes Tenax TA) that were stored at
4°C until processing on GC-MS (<2 weeks later). For processing,
TD tubes were desorbed (ULTRA 2 & UNITY 2; Markes
International, Ltd., Llantrisant, United Kingdom) for 6 min at
300°C, then concentrated on a Tenax TA cold trap at —30°C. This
concentrated sample was flash heated (300°C) and injected, at a
flow rate of 2.3 mL/min, via a heated transfer line (150°C) onto
a 7890A GC-MS (Agilent Technologies Pty, Ltd., Melbourne)
fitted with a BP1 capillary column (60 m x 0.32 mm, 1 pm film
thickness; SGE Analytical Science Pty, Ltd., Melbourne). Samples
were run splitless to allow detection of trace compounds. The GC
oven was heated at 35°C for 5 min, then ramped up 4°C min~! to
160°C, then 20°C min~! to 300°C for 10 min. The GC-MS was
coupled to a mass-selective detector (Model 5975C; Agilent) that
was set to a scanning range of 35-300 amu.

Flow Cytometry

Bacterial cell abundance was calculated in order to normalize
BVOC concentrations. Aliquots (500 wL) of bacterial cultures
were taken at the time of volatile sampling and fixed
in glutaraldehyde (Sigma-Aldrich; 2% final concentration).
Bacterial abundance was quantified by staining the cells with
SYBR Green (1:10,000 final dilution; Applied Biosystems, Foster
City, CA, United States) and analysis on a CytoFLEX S (Beckman
Coulter, Brea, CA, United States) flow cytometer with filtered
MilliQ water as the sheath fluid. For each sample, forward scatter
(FSC), side scatter (SSC), and green fluorescence (SYBR Green)
were recorded. The samples were analyzed at a flow rate of 25 pL
min~!, with bacterial cells discriminated according to SSC and
SYBR Green fluorescence.

Data Analysis

Chromatograms were stripped of common contaminating ions
(73, 84, 147, 149, 207, 221, 262, and 281 m/z) using the Denoising
function in OpenChrom (Wenig and Odermatt, 2010), before
peak integration in ChemStation (Agilent Technologies Pty, Ltd.,
Melbourne) with an initial threshold of 15 and an initial peak
width of 0.068. The chromatograms were then processed in the
MSeasyTkGUI package (Nicole et al.,, 2012) in R version 3.5.3
(R Core Team, 2017) to cluster all putative compounds. Peaks
were identified by manually comparing mass spectra against a
commercial library (NIST08 library in NIST MS Search v.2.2f;
NIST, Gaithersburg, MD, United States). Blank media samples
of both algal filtrate and IMK medium were run in conjunction
with all analysis; the average values for contaminants present in
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the blanks were subtracted from all samples. Trimethyl silanol
was removed from the analysis as it was likely contamination
resulting from the hydrolysis of dimethylpolysiloxane (GC
column material) (Cella and Carpenter, 1994). Any compound
that did not occur in at least 4 of the 6 samples (2 technical
replicates per biological replicate) was removed. All data were
normalized to the bacterial cell concentration (cells mL™1).

PAST (PAleontological STatisitics; version 3.25) was used
to generate principal component analysis (PCA) and non-
metric multidimensional scaling (nMDS) plots on fourth root
transformed data (Hammer et al,, 2001). Primer v6.1.14 was
used to perform a PERMANOVA+ (v1.0.4) analysis (Clarke and
Gorley, 2006; Anderson et al., 2008) with p values based on the
Monte Carlo statistic (Hope, 1968). All other statistical tests were
run in IBM SPSS Statistic (version 25). UC denotes an unclassified
compound (the number following UC indicates the retention
time of the compound if the chemical functional group could
not be determined). All mass spectra files are available (Accession
number MSV000084431; MassIVE?), to help future studies as
databases continue to improve.

RESULTS

Across the two bacterial strains (Labrenzia sp. and M. adhaerens)
tested here, a total of 35 volatile compounds were detected.
Half of these compounds were successfully identified, and a
further 11% were assigned to a chemical functional group. Only
six of the compounds detected from the two Symbiodiniaceae-
associated bacteria examined here have previously been reported
from other bacteria. These included acetone, DMS, dimethyl
trisulfide (DTS), toluene, camphor and 2-ethylhexanal (mVOC
2.0; Lemfack et al., 2018; as of 10/06/2019). The remaining 29
newly reported bacterial BVOCs included alcohols, aromatic
hydrocarbons, esters, ethers, halogenated hydrocarbons, ketones,
and organosulfurs. The volatilomes of the two bacterial isolates
were not only distinguished from each other, but each
bacterium generated a different volatilome when incubated
in Symbiodiniaceae filtrate relative to the control (nMDS,
Stress = 0.1259; Figure 1A).

The Labrenzia sp. volatilome was strongly influenced
by the presence of Symbiodiniaceae filtrate. This induced
significant differences in the overall structure of the volatilome
(p = 0.014; PERMANOVA+; Supplementary Table S2)
and more BVOCs present in the filtrate compared to the
control incubations (20 vs. 15 compounds; Figure 1B). These
differences were also confirmed using PCA, which identified
the volatiles driving the strong separation between the two
incubations. DMS was the leading cause of separation between
the Labrenzia sp. control and filtrate volatilomes [Principal
Component loading (PC)1 = 0.631], followed by acetone
(PC1 = 0.405) and UC44.40 (PC2 = 0.409) (Figure 2A).
Specifically, incubation of Labrenzia sp. in Symbiodiniaceae
filtrate resulted in the production of one extra ketone and
organosulfur, five additional unclassified compounds and

Zhttps://massive.ucsd.edu

two fewer halogenated hydrocarbons relative to the control
(Figure 1B). Additionally, the relative quantities of nine
compounds significantly differed among Labrenzia sp. cells
incubated in the two media types, including DMS, acetone and
1,2-15,16-diepoxyhexadecane (Figure 3). Only one of these
compounds, 2-ethyl-3-hydroxyhexyl-2-methylpropanoate, was
detected in higher levels in the control incubation, while the
other eight compounds were present in higher quantities in the
Symbiodiniaceae culture filtrate (Figure 3).

Incubation of M. adhaerens in Symbiodiniaceae filtrate did
not result in significant differences in the overall structure of
the M. adhaerens (p = 0.163; PERMANOVA+; Supplementary
Table S2), nor a considerable change in the number of
compounds detected relative to the control (23 BVOCs in
filtrate, 25 in control) (Figure 1B). However, PCA did reveal
some separation between the M. adhaerens volatilomes, with
2-ethylhexanal (PC1 = 0.445), UC44.40 (PC1 = 0.348), DMS
(PC1 = 0.339, PC2 = —0.244) and toluene (PCl1 = 0.307,
PC2 = 0.421) driving this separation (Figure 2B). Moreover,
there were specific differences in individual BVOCs, with the
control incubation resulting in the production of the only
aldehyde detected, an extra ketone and an extra organosulfur
(Figure 1B). Additionally, the relative quantities of three
BVOCs were significantly higher following incubation in the
Symbiodiniaceae filtrate compared to the control, two of which
were identified as acetone and allyl nonanoate (Figure 3).
A further five compounds occurred in significantly lower
quantities in the filtrate incubation, and included DMS, 2,2,4-
trimethyl-3-carboxyisopropyl-isobutylester-pentanoic acid, 2-
ethylhexanal, an UC organosulfur and UC44.40 (Figure 3).
However, these differences in the quantities of individual
BVOCs were not sufficient to significantly alter the overall
structure of the M. adhaerens volatilome between culture
filtrate and control.

The volatilomes of Labrenzia sp. and M. adhaerens cells
also differed significantly to one another when incubated in
Symbiodiniaceae culture filtrate (p = 0.007; PERMANOVA+;
Supplementary Table S2). DMS and UC27.33 were significantly
over-represented in Labrenzia sp. relative to M. adhaerens
(Figure 3). However, 10 compounds were detected in
significantly higher levels in M. adhaerens, including
acetone, 1,2-dichloroethane, benzocyclobutene, 2-phenyl-
2-butanol, allyl nonanoate, DTS, 1,3-di-tert-butylbenzene,
UC organosulfur, UC42.46 and UC46.46 (Figure 3).
Similarly, the control volatilomes of the Labrenzia sp. and
M. adhaerens cells also differed significantly to one another
(p = 0.014, PERMANOVA+; Supplementary Table S2).
This difference was driven by significantly higher amounts
of UC27.33 in the Labrenzia sp. relative to the control and
a further 11 BVOCs over-represented in M. adhaerens,
these encompassed acetone, DMS, 1,2-dichloroethane,
benzocyclobutene,  2-phenyl-2-butanol,  2,2,4-trimethyl-3-
carboxyisopropyl-isobutylester-pentanoic acid, 2-ethylhexanal,
DTS, UC45.15, and UC24.00 (Figure 3). Neither species of
bacteria showed any significant difference in cell abundance
following incubation in either IMK medium or culture filtrate
(Supplementary Figure S1).
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FIGURE 1 | (A) Non-metric multidimensional scaling (hnMDS; Bray-Curtis Similarity; Stress = 0.1055) analysis on the volatilomes of Labrenzia sp. 21p and
Marinobacter adhaerens incubated either IMK medium or algal filtrate. (B) Chemical functional groups present in Labrenzia sp. 21p and Marinobacter adhaerens
incubated in either IMK medium or algal filtrate (total number of volatile compounds present in at least two out of three replicates). HC, hydrocarbon; DFG, diverse
functional groups.

DISCUSSION

Despite the important roles that BVOCs can play in enhancing
the growth and survival of microorganisms (Stotzky and Schenck,
1976; Ryu et al., 2003, 2004; Ramirez et al., 2010; Schmidt
et al,, 2015; Moore et al, 2019), bacterial BVOC production
and emission remains relatively unexplored. Numerous BVOCs
have been detected from a range of bacteria and while we
are currently unable to identify or determine the ecological
relevance of them all, they have the potential to strongly influence
the growth and success of neighboring microorganisms. For
example, the most abundant bacterium on Earth, Pelagibacter
(SAR11), metabolizes diatom derived BVOCs, which constitute
a significant portion of the carbon released by phytoplankton
cells (Moore et al, 2019). Furthermore, bacteria often live
within or associated with a host Raina et al. (2019) and as
such, bacterial emissions can interact and react with host
emissions (Schmidt et al., 2015; Kai et al., 2018). Importantly,
such associations can potentially lead to BVOCs being falsely
attributed to the host and can also lead to the formation
of new compounds resulting from the interaction of different
BVOCs (Kai et al., 2018). The multitude of bacterial BVOCs
that have been studied in terrestrial ecosystems have also
highlighted the signaling role of many of these BVOCs
(Sharifi and Ryu, 2018). Following the characterization of the
Symbiodiniaceae volatilome and microbiome (Lawson et al.,
2018, 2019), here we investigated the potential influence of
the exudates from non-axenic Symbiodiniaceae cultures on
the volatilomes of two members of the Symbiodiniaceae
core microbiome.

Between Labrenzia sp. and M. adhaerens, a total of 35
BVOCs were detected. This BVOC richness is comparable to
observations in other marine bacterial species. For example,
69 different BVOCs were detected in a liquid culture of the
Actinobacteria Streptomyces sp. (Dickschat et al., 2005a), while
38 BVOCs were detected from two Proteobacteria grown on agar
plates, Loktanella BIO-204 and Dinoroseobacter shibae DFL-27
(Dickschat et al., 2005b).

The range of BVOCs detected in this study varied significantly
between species and the substrates that the bacteria were
incubated in. The Labrenzia sp. volatilome differed significantly
between cells incubated in Symbiodiniaceae culture filtrate and
the control, with more BVOCs detected when the bacteria
were inoculated in the Symbiodiniaceae filtrate. The quantities
of all but one of the BVOCs that differed significantly
between the Labrenzia sp. volatilomes were higher within the
Symbiodiniaceae filtrate incubation. Among these were DMS,
acetone, 1,2-15,16-diepoxyhexadecane and five unclassified
BVOCs. The extract of the herbaceous plant Artemisia annua
has been shown to contain 1,2-15,16-diepoxyhexadecane, but
this compound has no known functions in microorganisms
(Hameed et al., 2016). Acetone has previously been reported
in 13 bacterial genera (mVOC2.0; Lemfack et al., 2018) and is
thought to inhibit fungal growth (Stotzky and Schenck, 1976;
Amavizca et al,, 2017). Notably, acetone was also present in a
mixture of bacterial volatiles that was shown to promote the
growth of the microalga Chlorella sorokiniana (Amavizca et al.,
2017). The number of halogenated hydrocarbons decreased in
the Labrenzia sp. filtrate relative to the control, with some of
these compounds thought to function as signaling molecules
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FIGURE 2 | Principal component analysis (PCA; Bootstrap N = 1000) of (A) Labrenzia sp. 21p and (B) Marinobacter adhaerens incubated either IMK medium or

PC1=58.41%
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(Ohsawa et al., 2001; Cabrita et al., 2010; Paul and Pohnert,
2011) and quorum sensing inhibitors (Hentzer et al., 2002). The
higher total numbers of BVOCs detected in the Symbiodiniaceae
filtrate incubation relative to the control could suggest that
Labrenzia sp. is capable of utilizing Symbiodiniaceae-derived
organic molecules to produce a wider diversity of volatile
compounds. Given the dominance of this bacterial genus in the
Symbiodiniaceae core microbiome (Lawson et al., 2018) and its
culturability, future experiments should identify the nature of the

Symbiodiniaceae-Labrenzia relationship and the role(s) that this
bacterium could fulfill.

The number of M. adhaerens derived BVOCs detected were
equivalent when incubated in either Symbiodiniaceae culture
filtrate or control (23 and 25, respectively), and the structure of
the M. adhaerens volatilome did not differ significantly between
conditions. As such, the presence of the chemicals produced by
the Symbiodiniaceae host appear to have had little to no effect
on the M. adhaerens volatilome. Despite no apparent influence
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FIGURE 4 | Functional chemical groups produced by Symbiodiniaceae (left oval) and Marinobacter adhaerens and Labrenzia sp. 21p (right oval) and the
compounds that were present in both (overlap). Only compounds detected in Symbiodiniaceae during ambient conditions (26°C) were included. Compounds had to
be present in at least four (out of six) technical replicates in at least one species. Unclassified BVOCs were excluded from this figure, see Supplementary Table S4

for a full list of BVOCs present in Symbiodiniaceae and bacteria.

from the Symbiodiniaceae culture filtrate, the M. adhaerens
volatilome was still diverse, comprising a range of alcohols (2),
aromatic hydrocarbons (3), esters (2), ethers (1), halogenated
hydrocarbons (3), ketones (1), and organosulfurs (2). The
aromatic hydrocarbon toluene was detected in both M. adhaerens
incubations. This compound has previously been detected in the
volatilomes of 20 different bacterial genera (mVOC 2.0; Lemfack
et al., 2018) and is also produced by both higher plants and
microalgae (Misztal et al., 2015). The enzyme responsible for
toluene biosynthesis (PhdB) was recently identified in bacteria
(Beller et al., 2018), and while the biological function of this
molecule remains uncertain, it has been proposed to serve as
an infochemical and/or to play a role in stress response (Misztal
et al,, 2015). Dimethyl trisulfide (DTS) was also detected in all
M. adhaerens samples under both incubation conditions. This
compound has previously been detected in 34 bacterial genera
(mVOC 2.0; Lemfack et al., 2018) and has been shown to have
a strong antifungal activity (Fernando et al., 2005), while also
playing a role in inter-organism signaling (Thibout et al., 1995).
Marinobacter has previously been reported to consume volatile
hydrocarbons (Ali et al., 2015), yet to the best of our knowledge
no studies have reported BVOC production by this genus. Given
the close association of this bacterial genus with phytoplankton,
its production of the diverse range of BVOCs reported here may
contribute to the complex inter-organism signaling underpinning
these relationships.

Dimethyl sulfide is an important sulfur molecule known
to act as antioxidant (Sunda et al,, 2002) and as a signaling
molecule (Seymour et al., 2010). DMS was a strong contributor
to the differentiation between the volatilomes of Labrenzia
sp. cells, as it was not detected in the control incubation.
This is particularly interesting as Labrenzia aggregata is
capable of synthesizing the DMS precursor, DMSP (Curson

et al, 2017). Additionally, Symbiodiniaceae produce large
quantities of both DMS and DMSP (Broadbent et al., 2002;
Steinke et al., 2011; Deschaseaux et al, 2014a). Detection
of DMS solely in the filtrate incubation may indicate that
Labrenzia sp. was preferentially using Symbiodiniaceae-derived
DMSP to form DMS. Surprisingly, DMS was detected in
the M. adhaerens control volatilome. Given that IMK media
only contains inorganic sulfur and no DMSP, the presence
of DMS in this sample provides the first evidence that
M. adhaerens may have the capacity to biosynthesize DMSP.
Furthermore, the absence of the DMSP-producing gene dsyB
in M. adhaerens genome (Supplementary Table S3) potentially
points to the existence of alternative production pathways and
a more widely distributed capacity to produce DMSP among
marine bacteria.

Further comparing the BVOCs emissions of Labrenzia
sp. and M. adhaerens with those previously identified
from Symbiodiniaceae cultures (Lawson et al, 2019)
demonstrated that only two compounds, DMS and toluene,
were common to both bacteria and Symbiodiniaceae volatilomes
(Figure 4). The ubiquitous nature of these BVOCs in the
Labrenzia sp. and M. adhaerens volatilomes, and their
similar putative functions, suggests that they might be
critical for the physiology of both Symbiodiniaceae and
its core bacteria. Excluding DMS and toluene, a further
33 BVOCs were only detected in the bacterial volatilomes,
highlighting the capacity of these bacteria to produce a wide
variety of BVOC:s.

In summary, we have demonstrated that two members
of the Symbiodiniaceae core microbiome, M. adhaerens and
Labrenzia sp. are capable of producing a diverse range of
BVOCs, with the structure of the volatilome varying with
the availability of Symbiodiniaceae culture-derived nutrients.
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Our experiments demonstrate the importance of marine bacteria
as a source of BVOCs and provides evidence that their production
may play a role in the complex chemical interplay between
bacteria and their hosts — and thus between microbes that
are critical to sustaining the health and productivity of coral
reef ecosystems. Identification of the production of several key
compounds such as DTS, toluene and a range of halogenated
BVOCs, provides direction for future work specifically targeting
and quantifying the occurrence and potential functions of these
chemicals in marine ecosystems.
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