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Coral reefs are diverse marine ecosystems that have tremendous ecological and
cultural value and support more than 25% of eukaryote marine biodiversity.
Increased ocean temperatures and light intensity trigger coral bleaching, the
breakdown of the relationship between corals and their photosymbionts,
dinoflagellates of the family Symbiodiniaceae. This leaves corals without their
primary energy source, thereby leading to starvation and, often, death. Coral
bleaching is hypothesized to occur due to an overproduction of reactive oxygen
species (ROS) by Symbiodiniaceae, which subsequently accumulate in coral
tissues. Bacterial probiotics have been proposed as an approach to mitigate
coral bleaching, by reducing ROS levels in the coral holobiont through bacterial
antioxidant production. Both corals and Symbiodiniaceae are known to associate
with bacteria. However, the Symbiodiniaceae-bacteria relationship, and its
impact on Symbiodiniaceae thermal tolerance, remains a poorly studied area.
In this study, cultured Symbiodiniaceae of the species Breviolum minutum were
treated with antibiotics to reduce their bacterial load. The cultures were
subsequently inoculated with bacterial isolates from the genus Roseovarius
that were isolated from the same B. minutum culture and showed either high
or low ROS-scavenging abilities. The B. minutum cultures were then exposed to
experimental heat stress for 16 days, and their health was monitored through
measurements of cell density and photochemical efficiency of photosystem II. It
was found that B. minutum inoculated with Roseovarius with higher ROS-
scavenging abilities showed greater cell growth at elevated temperatures,
compared to cultures inoculated with a Roseovarius strain with lower ROS-
scavenging abilities. This suggests that Roseovarius may play a role in
Symbiodiniaceae fitness at elevated temperatures. Analysis of
Symbiodiniaceae-associated bacterial communities through 16S rRNA gene
metabarcoding revealed that Roseovarius relative abundance increased in B.
minutum cultures following inoculation and with elevated temperature
exposure, highlighting the contribution they may have in shielding B. minutum
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from thermal stress, although other bacterial community changes may have also
contributed to these observations. This study begins to unpick the relationship
between Symbiodiniaceae and their bacteria and opens the door for the use of
Symbiodiniaceae-associated bacteria in coral reef conservation approaches.
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Introduction

Coral reefs are diverse marine ecosystems with highly beneficial
ecological functions, such as providing protection of coastlines from
degradation, and housing fish which humans harvest for nutrition
and economic growth (Cesar et al, 2003). Reef-building corals
associate with photosymbionts, dinoflagellate algae in the family
Symbiodiniaceae (LaJeunesse et al., 2018). Nutrient exchange
occurs between the two organisms; corals provide
Symbiodiniaceae with the compounds they require for
photosynthesis such as CO, (Yellowlees et al., 2008) and in turn,
Symbiodiniaceae translocate photosynthate to corals for use in host
cellular processes (Fournier, 2013). However, corals are
experiencing stress due to climate change-induced summer
heatwaves and exposure to high light levels that typically occur
during summer heatwaves (Hughes et al., 2017). Such stressors
break down the symbiotic relationship between Symbiodiniaceae
and corals, causing coral bleaching and starvation (Weis, 2008;
Suggett & Smith, 2019). Coral bleaching amounts to widespread
habitat destruction for reef-dwelling organisms (Munday, 2004).

One of the mechanisms believed to be responsible for coral
bleaching is the excess production of reactive oxygen species (ROS)
by the Symbiodiniaceae following thermal and high light-induced
damage to the symbionts’ photosystems (Szabo et al., 2020). ROS
are products of reactions of photosystems I and II (PSI and PSII)
within chloroplasts of Symbiodiniaceae (Mehler, 1951; Richter
et al., 1990). Some ROS, such as singlet oxygen from hydrogen
peroxide (H,0,), are hypothesized to diffuse from the
photosynthetic algae to the coral host, disrupt the mitochondrial
membrane (Fournier, 2013), damage DNA (Barzilai and
Yamamoto, 2004) and trigger a cellular cascade resulting in the
loss of the Symbiodiniaceae (Weis, 2008). Providing exogenous
antioxidants to corals has been shown to prevent bleaching under
thermal stress, thus confirming a role of ROS underpinning the
bleaching response (Lesser et al., 1990; Lesser, 1997).

Several coral bleaching mitigation methods have been proposed
that aim to increase thermal tolerance in both corals and
Symbiodiniaceae (van Oppen et al., 2015). One approach
currently gaining traction is the use of bacteria (i.., bacterial
probiotics and microbiome transplantation) to enhance coral
thermal bleaching tolerance (Rosado et al., 2019; Doering et al,
2021; Maire & van Oppen, 2021; Peixoto et al., 2021; Santoro et al.,
2021; Dungan et al., 2022; Doering et al., 2023). Both corals and
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Symbiodiniaceae associate with a diverse community of bacteria
(Lawson et al., 2018; van Oppen and Blackall, 2019; Camp et al,,
2020; Maire et al., 2021a). Bacteria are also found intracellularly in
cultured and in hospite Symbiodiniaceae and on the extracellular
surface of cultured Symbiodiniaceae (Maire et al, 2021c). Their
contribution to nutrient acquisition or thermal stress tolerance is
not well documented (Ritchie, 2012), but studies on other marine
microalgae have demonstrated functional roles. For example,
Marinobacter in the marine diatom Pseudo-nitzschia multiseries
(Amin et al,, 2015) aides siderophore production and assists with
resolving issues of iron bioavailability and iron acquisition (Amin
etal, 2012). Recently, Motone et al. (2020) showed that a bacterium
belonging to the genus Muricauda (Flavobacteriia) enhanced heat
and light tolerance in Symbiodiniaceae cultures (Durusdinium sp.).
Through antibiotic treatment, bacteria from the class Flavobacteriia
were entirely depleted prior to experimental stress exposure. When
Symbiodiniaceae cultures were exposed to thermal and light stress,
photochemical efficiency of photosystem II (PSII) decreased with a
concurrent increase in ROS, an effect that was significantly higher in
cultures treated with antibiotics. However, this effect was smaller in
cultures that were re-inoculated with Muricauda. This restored
tolerance was attributed to Muricauda’s production of the
carotenoid zeaxanthin, an antioxidant that ultimately promotes
Symbiodiniaceae thermal and light resistance by minimizing
damage by ROS. Bacteria sourced from Symbiodiniaceae
themselves could thus be good candidates for probiotic use, but
the functional relationship between Symbiodiniaceae as well as their
potential contribution to thermal tolerance is relatively unexplored
(Matthews et al., 2020).

Here, we conducted microbiome manipulation using a
bacterium belonging to the genus Roseovarius. Roseovarius spp.
have previously shown to have traits such as the ability to neutralize
ROS molecules (Yoch, 2002; Miller and Belas, 2004; Randle et al.,
2020). Breviolum minutum cultures isolated from Exaiptasia
diaphana collected at the Great Barrier Reef were treated with
antibiotics, inoculated with Roseovarius, and exposed to thermal
stress. It was hypothesized that B. minutum inoculated with
Roseovarius that had antioxidant abilities would be more
thermally tolerant compared to B. minutum inoculated with
Roseovarius lacking antioxidant ability, or a no-inoculum control.
This study provides the foundation for future research into
Symbiodiniaceae-bacteria relationships, and more generally the
study of bacterial roles in Symbiodiniaceae heat tolerance.
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Materials and methods
Symbiodiniaceae cultures

Breviolum minutum MMSFO1 were obtained from Exaiptasia
diaphana (Aiptasia) from the central Great Barrier Reef (Tortorelli
et al, 2020). Cultures were maintained in 15 mL Daigo’s IMK
medium (1X concentration), prepared with filtered red sea salt
water (fRSSW, 34 ppt) in sterile 50 mL polypropylene culture flasks
where media was changed fortnightly. These flasks were kept in a 12
h light:12 h dark incubator (50-60 umol photons m 2s™" of
photosynthetically active radiation) at 26°C.

Antibiotic treatment

The method detailed by Costa et al. (2019) was adapted to
minimize bacterial community diversity and bacterial load in B.
minutum cultures. First, 10 mL of Symbiodiniaceae culture were
mixed with 18.7 uL of 0.1% Triton X-100 solution, and gently
shaken for 30 sec to remove any loosely associated bacteria. This
solution was then centrifuged for 5 min at 5000 x g and
subsequently suspended in 10 mL of an antibiotic cocktail
solution containing rifampicin, nalidixic acid, carbenicillin,
nystatin and erythromycin (Table S1) for two days, then
centrifuged and resuspended in IMK 1X for five days and this
process was repeated three times in August 2020. During this time,
flasks were maintained for three weeks in the same light and
temperature conditions as described above. Following this
antibiotic treatment, 50 ul Symbiodiniaceae culture were
transferred to 1% agar plates that contained IMK (1X
concentration), ampicillin, streptomycin, and gentamicin to
further remove bacterial communities. Plates were maintained for
one month in the same light and temperature conditions as
described above, after which one colony was transferred to a new
IMK plate supplemented with antibiotics and grown for one month.
A single Symbiodiniaceae colony was then picked from the
antibiotic agar plates and transferred to sterile 50 mL
polypropylene culture flasks that contained 5 mL Daigo’s IMK
medium (0.5X concentration, prepared with fRSSW). This volume
was then increased to 15 mL after two weeks and these cultures were
then maintained (media changed fortnightly) for a year until the
temperature stress experiment. Medium was diluted to 0.5X to
increase reliance of the Symbiodiniaceae on their bacteria rather
than receiving all their nutrients from the media itself. The resulting
culture from this antibiotic treatment was named MMSF01-Ax.

Bacterial cultures

Twenty-three bacterial strains belonging to four genera of
interest were selected based on potential beneficial functions
reported in the literature (Labrenzia, Muricauda, Marinobacter
and Roseovarius); these strains were previously isolated from B.
minutum (Maire et al., 2021c) and were revived from glycerol stocks
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kept at -80°C as part of the culture collection at the Marine
Microbial Symbiont Facility (University of Melbourne, VIC,
Australia). These bacterial isolates were streaked onto marine agar
(DifcoTM Marine Agar 2216) or Reasoner’s 2A (Oxoid R2A Agar
CMO0906B) agar plates, grown in an incubator at 26°C, and
subcultured by re-streaking for use when required.

Qualitative DPPH assay

The 23 bacterial isolates mentioned earlier were assessed for
their antioxidant capacity with a qualitative 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay. DPPH is a free radical that appears
purple when in solution, however antioxidant compounds present
in solution cause a purple to yellow color change (Floegel et al.,
2011). This qualitative assay was completed by streaking bacterial
isolates onto marine agar or Reasoner’s 2A agar plates which were
then grown in a 26°C incubator for six days. Sterile Whatman #4
filter papers were placed on top of the streak plates with bacterial
colonies, and the plates with filters were placed back into the
incubator for approximately six hours to ensure bacteria were
absorbed by the filter paper. In a fume hood, filter papers were
removed using sterile forceps, and left to dry with the ‘bacterial side’
up for ~30 min, before 1 mL of 0.2 mM DPPH (Sigma-Aldrich)
solution in methanol was applied with a pipette as per Dungan et al.
(2021). Bacterial isolates were assessed for the formation of a white-
yellow halo around the bacterial colonies following DPPH
application. If a halo appeared within 1 min the isolate was
deemed strongly positive. If a halo appeared between 1 and 3 min
it was weakly positive, and negative readings occurred when no
halos formed.

Flow cytometry for bacterial quantification

To count the number of bacteria present in B. minutum
cultures, staining with SYBR green dye which binds to nucleic
acids was carried out using a modified method by Lawson et al.
(2020). SYBR green dye 10,000X (Sigma-Aldrich) was first diluted
1:500 using MilliQ water. Prior to sampling, flasks were shaken for 3
seconds to suspend B. minutum in solution. A sample of 250 UL was
taken from each culture flask and diluted with 250 uL of 0.5X IMK
media. Twenty-five pL of 1:500 SYBR green were applied to the
samples and incubated for 15 min. An unstained sample was also
processed as a control (receiving 25 UL of milliQ water). Before flow
cytometry processing with a CytoFLEX LX flow cytometer
(Beckman Coulter), samples were filtered through a 40 um mesh-
size strainer (pluriSelect) and vortexed to suspend cells and remove
clumps. Violet SSC height was used as an acquisition trigger.
Symbiodiniaceae cells were gated and counted by
autofluorescence using a 405 nm violet laser (emission 763 + 21.5
nm) (Figure S1). To differentiate SYBR green stained bacterial cells
from debris and noise, 0.5X IMK media, MilliQ water and
unstained samples were processed. Events measured in IMK-only
samples (Figure S1A) were considered noise. Therefore, events from
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Symbiodiniaceae samples falling in this part of the plot were also
excluded (Figure S1D). Stained bacteria were analyzed via a
bivariate plot of SYBR green fluorescence (488 nm excitation,
emission 525 + 20 nm) vs 405 nm side scatter (SSC) height.
Singlet cells were gated and counted using a violet SSC area vs
violet SSC height bivariate plot. At least 1000 Symbiodiniaceae cells
were processed per sample. Bacterial count per Symbiodiniaceae cell
was calculated by dividing bacterial cell count by Symbiodiniaceae
cell count. These quantities were used to determine bacterial re-
inoculation densities (see Bacterial Re-inoculation below).

Heat stress experiment

Symbiodiniaceae cultures

B. minutum cultures MMSFO01 as well as MMSF01-Ax cultures
treated with antibiotics were used for the heat stress experiment.
These B. minutum cultures were subcultured into 20 experimental
treatment culture flasks (Figure S2) at a starting density of ~5 x 10°
cells mL™. Following bacterial inoculation (see below), cultures
were maintained in the ambient incubator (26°C) for 24 hours
before day 0 sampling. Each culture was then separated into two
flasks, for ambient and elevated temperature treatments. Ambient
culture flasks were kept in the 12h light:12h dark incubator (50-60

2

umol photons m™2 s™! of photosynthetically active radiation) at 26°

C for the duration of the experiment. Elevated temperature

10.3389/fevo.2023.1079271

treatment culture flasks were maintained in a 12h light:12h dark
incubator under the same light conditions, at 32°C for the first 8
days of the experiment, with a subsequent temperature increase to
34°C on day 9 for seven days (Figure 1).

Bacterial re-inoculation

For each temperature treatment, cultures were subjected to four
distinct treatments. The AB+ ROS+ (antibiotic treatment, bacterial
inoculation with high antioxidant abilities) group aimed to assess
the contribution of Roseovarius with putative antioxidant abilities to
thermal tolerance. AB+ ROS- (antibiotic treatment, bacterial
inoculation with low antioxidant abilities) was introduced to
understand if B. minutum were exhibiting heterotrophic feeding
whereby the bacteria would have acted as a food source (Jeong et al.,
2012; Dungan et al, 2021). AB+ Control (antibiotic treatment,
bacterial media inoculum) offered a comparison for the effect of
Roseovarius inoculation, and the AB- Control (no antibiotic
treatment, bacterial media inoculum) treatment group was
included to understand the effect of the antibiotic treatment.

Bacterial isolate MMSF_3448 was chosen as the ROS+ bacterial
treatment as it showed positive antioxidant properties in the DPPH
assay and MMSF_3432 was chosen as ROS- as it was negative in the
assay. Bacteria were streaked from frozen glycerol stocks onto
marine agar plates and incubated at 26°C for 4 days. Using an
inoculating loop, a single colony of each culture was transferred to

A

Symbiodiniaceae Antibiotic Recovery Inoculation with Thermal Stress
Culturing Treatment (6 months) Roseovarius Exposure
B Incubator Temperature ELEVATED

35 ) =) B =i
34
% W\AMI‘/,WM,: | X5
% gf Ambient E ‘ E =
S — Elevated 5 2
S 29
g % ‘ AMBIENT
@ 27 =\ - = .
26 L B E
2 \ ‘ x5
24—k ke kT Ak [ [ | | I
1012345867 8910111213141516 :
Time (days) _
|AB+ ROS+‘ AB+ ROS- |AB+ Control IAB- COntroI|
Symbiodiniaceae Bacterial Inculum Added Treatment Name
Antibiotic Treatment (AB+) MMSF 3448 (ROS+) AB+ ROS+
Antibiotic Treatment (AB+) MMSF 3432 (ROS-) AB+ ROS-
Antibiotic Treatment (AB+) Marine Broth (Control) AB+ Control
No Antibiotic Treatment (AB-) Marine Broth (Control) AB- Control

FIGURE 1

Experimental Design (A) Illustrates the sequence of experiments in this study. B. minutum were cultured and treated with antibiotics and maintained
for one year until inoculation with Roseovarius and subsequent subjection to a heat stress. (B) The graph represents incubator temperature during
the heat stress experiment obtained from data loggers (HOBO Pendant UA-001-08) in each incubator. Elevated incubator temperature was
increased from 32°C to 34°C on day 9 of the experiment. Stars denote experiment sampling days, where orange stars show additional sampling for
16S rRNA gene metabarcoding. The green arrow indicates the day that B. minutum cultures were inoculated with bacteria. The right-hand side panel
defines the four bacterial treatment groups (n = 5) exposed to ambient and elevated temperatures.
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marine broth (DifcoTM Micro Marine Broth 2216) (MB) and grown
in an orbital incubator (Ratek orbital incubator) at 26°C and 300
rpm. Optical density (OD) readings were recorded at 600 nm using
a plate reader (CLARIOstar Plus BGM Labtech). Escherichia coli
approximations (ODgq of 0.5 is equal to 4 x 10® bacteria mL™") were
used to calculate bacterial cell densities at measured ODs (Volkmer
& Heinemann, 2011). Twelve hours prior to inoculation, broth
cultures were diluted with MB to reach an ODgyy of 0.1 and
returned to the orbital incubator. Cultures with an ODgqg of ~0.5
were vortexed and used to inoculate B. minutum a day prior to the
temperature stress experiment, as per the following treatment
groups listed in Figure 1.

As per bacterial abundance data obtained from 16S rRNA gene
metabarcoding (Table 1), it was known that Roseovarius had 0.24%
relative abundance prior to antibiotic treatment and was
approximated to 0.5% for calculations. This, along with the
bacterial cell counts per Symbiodiniaceae cell determined using
SYBR green dye, was used to calculate the volume of inoculum
required to deliver enough Roseovarius cells to restore its initial
relative abundance. The number of Roseovarius cells to add through
inoculation was determined by multiplying the Symbiodiniaceae
cell density (5 x 10° cells mL™) by the number of bacteria present in
the culture per cell (124 bacterial cells per Symbiodiniaceae cell for
culture receiving ROS+ Roseovarius strain inoculum, 153 bacterial
cells per Symbiodiniaceae cell for culture receiving ROS-
Roseovarius strain inoculum). Of this value, 0.5% of these bacteria
are Roseovarius, thus 309,584 cells mL™" and 382,042 cells mL™ for
each treatment respectively. For 100 mL of culture, 30,958,350 and
38,204,200 Roseovarius cells were added. An inoculum with an
optical density (ODggo) of 0.5 contains 4 x 108 cells mL! (E. coli
approximation). The ODgg, value for the ROS+ Roseovarius strain
was determined to be 0.460 and 0.463 for ROS-, thus had bacterial
densities of 3.8 x 10° cells mL™" and 3.7 x 10® cells mL™. These
densities divided by the number of Roseovarius cells determined
earlier (30,958,350 and 38,204,200) calculated volumes of 84 UL for
ROS+ and 103 puL ROS-. AB+ Control and AB- Control received a
90 uL (averaged value) of inoculum. These inoculum volumes were
added to 100 mL Symbiodiniaceae cultures thus, the differences in

TABLE 1 Elimination of Roseovarius from B. minutum cultures.

Bacterial Antibiotic Treat- Mean Relative Abun-
genus ment dance (%)
Labrenzia AB- 12.15
AB+ 0.004
Marinobacter AB - 0.48
AB+ 64.72
Muricauda AB- 0.005
AB+ 0.15
Roseovarius AB- 0.24
AB+ 0

Bacterial relative abundance in B. minutum of four genera of interest as determined by 16S
rRNA gene metabarcoding, six months prior to inoculation and temperature exposure
experiment where n = 3.
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inoculum volumes (80 uL - 100 uL) were deemed negligible due to
the large final culture volume. To confirm inoculum viability, serial
dilutions (10" to 107®) of each inoculum were plated onto MA
plates with three replications per dilution. MA plates were
incubated at 26°C for a week before colony forming units (CFUs)
were counted (Table S2).

Symbiodiniaceae cell density

To quantify cell density over time, B. minutum cell density was
obtained using a Countess II FL cell counter (Thermo Fisher
scientific). Samples (100 UL) were taken from each replicate flask
(five per treatment group). Of this, three 10 pL samples were
processed to obtain cell density for each flask.

Microscopy PAM Fluorometry for Maximum
Quantum Yield of PSII

To assess Symbiodiniaceae photosynthetic fitness, the
maximum quantum yield of PSII (F,/F,, of PSII) was measured
using Pulse Amplitude Modulation (PAM) fluorometry. From each
flask, 1 mL samples were briefly centrifuged (5 sec) to concentrate
cells at the bottom of the tube, dark adapted for 15 min, and
pipetted directly from the pellet onto a glass slide and covered with
a cover slip for F,/F,, estimations using microscopy-PAM
(IMAGING-PAM M-Series, Walz, Germany) from 1300 hr.
Samples belonging to a particular treatment group were processed
at the same time on each sampling day to avoid variation in F,/F,
due to the light variation across the day. Ten areas of interest
containing three or more cells were focused simultaneously in each
sample using a green colored neutral density filter (only allows
green light to pass through) to avoid intense light exposure to
samples, and imaged using blue measuring light. To obtain F,/F,,,
dark adapted samples were exposed to a measuring light intensity of

5 umole quanta m? s

at 4 Hz frequency to record minimal
fluorescence (F0) followed by an application of saturating pulse of
309 pmole quanta m™ s™ for 720 ms. The gain and damping were

set to 7 and 15, respectively, to minimize noise.

16S rRNA gene metabarcoding

DNA extractions

DNA was extracted using a salting-out method as detailed by
Wilson et al. (2002) with modifications as per Hartman et al. (2020)
from 200 UL samples taken from Breviolum minutum cultures
which included B. minutum cells and culture medium, six
months prior to the thermal stress experiment (Figure S3). Four
extraction blanks were included. The same method was used during
the thermal stress experiment detailed below with 200 puL samples
that were taken from each culture flask on days -1, 0, 4 and 16 of the
experiment. Six DNA extraction blanks were included.

Metabarcoding library preparation

To amplify hypervariable regions V5-V6 of 16S rRNA genes, the
primer pair 784F (5' GTGACCTATGAACTCAG
GAGTCAGGATTAGATACCCTGGTA 3) and 1061R (' CTGAG
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ACTTGCACATCGCAGCCRRCACGAGCTGACGAC 3') were used.
Underlined are the Ilumina adapters attached to the primers. 16S

rRNA gene PCR amplification, library preparation, and sequencing
were completed as per the method detailed by Maire et al. (2021b).
Briefly, bacterial 16S rRNA genes were amplified with PCR using a
Thermal Cycler (Applied Biosystems, ThermoFisher Scientific) as per
the following conditions: denaturation at 95°C for 3 min, 18 cycles of:
denaturation at 95°C for 15 sec, annealing at 55°C for 30 sec and
extension at 72°C for 30 sec, ending with extension at 72°C for 7 min.
Each reaction contained 1 UL of DNA (extracted from samples
mentioned earlier), 1.5 UL of 10 uM each forward and reverse
primers, 7.5 pL MyTaq HSRed MasterMix (BioLine) and 3.5 uL
nuclease-free water (Thermofisher). Triplicates for each sample were
conducted, and pooled following PCR. Preparation for library pooling
was completed as per Maire et al. (2021c). Library preparation and
MiSeq Illumina sequencing was performed at the Walter and Eliza Hall
Institute (WEHI) in Melbourne, Victoria.

Data analyses

16S rRNA gene metabarcoding data analyses

16S rRNA gene metabarcoding data was processed using
QIIME2 version 2021.8 (Bolyen et al., 2019). Metabarcoding data
were obtained as paired-end, demultiplexed files with primers and
adapters attached. The cutadapt plugin was used to remove primer
and adapter sequences, with an error rate of 0.2. The quality of
trimmed sequences was determined using the DADA2 plugin,
which de-noises, filters, dereplicates, detects chimeras and merges
paired-end reads (Callahan et al., 2016). Reads with low quality (Q-
score < 30) were removed. To assign taxonomy, a SILVA classifier
(version 138) was trained to classify bacterial 16S rRNA reads for
hypervariable regions V5-V6. To construct a phylogenetic tree with
mid-point rooting the alignment and phylogeny packages in
QIIME2 were used (Caporaso et al., 2010). Reads that represented
mitochondria and chloroplasts were filtered out. The metadata file,
phylogenetic tree, and Amplicon Sequence Variant (ASV) tables
were exported and analyzed in R studio.

The metadata file, phylogenetic tree, and Amplicon Sequence
Variant (ASV) tables were imported into R studio for analyses,
using the phyloseq package (McMurdie and Holmes, 2013). Rare
ASVs (percentage abundance lower than 1.10°) were removed from
the dataset. Samples with low read numbers (less than 400) were
removed: 1 x ambient AB+ ROS-, 1 x ambient AB- Control and 3 x
elevated AB+ ROS+, 1 x elevated AB- Control sampled on day 4,
and 1 x ambient AB+ ROS+ from day 16. PCR and DNA blanks
were analyzed to reveal contaminants using the decontam package
(Table S3) for heat stress experiment data, as well as samples
collected six months after antibiotic treatment (Table S4) (Davis
et al, 2018). A Principal Coordinates Analysis (PCoA) plot was
created using the Unifrac dissimilarity index, to visualize
dissimilarities between bacterial communities in B. minutum
cultures over time. One outlier (Ambient AB+ROS- collected on
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day 0) was removed from the plot, as well as the AB- Control
samples. A 3-factor nonparametric permutational multivariate
analysis of variance (PERMANOVA) using UniFrac distance
matrix was conducted to inform the interactions between time,
temperature and bacterial treatments. Number of permutations was
999. A second PERMANOVA was used to assess the factors of
temperature and bacterial treatments on day 16. The indicator value
analysis (De Caceres and Legendre, 2009) was applied on Day 16
samples, in each of the four conditions independently (AB- Control,
AB+ Control, AB+ ROS-, AB+ ROS-), to detect ASVs that were
significantly associated with either ambient or elevated treatment
using a significance threshold o = 0.05, specificity = 0.9, and fidelity
= 0.9. Four Roseovarius ASVs were detected in the metabarcoding
data, however, only the major ASV present in the inocula was
further analyzed, as the remaining ASVs had very low percentage
abundance (i.e., 0.06%) in the inoculum samples, as well as
experimental samples. Statistical test results were considered
significant where oo = 0.05, unless otherwise stated. Graphs were
generated using GraphPad Prism version 9.2.0.

Statistical analyses of phenotypic data in R Studio

Statistical analyses were conducted using R Studio version
1.3.1073. Shapiro-Wilk tests were used to confirm normality in
distributions within groups (Ghasemi & Zahediasl, 2012). For cell
density data log transformations were required to normalize
distributions (Keene, 1995) and fulfil the underlying assumptions
underpinning analysis of variance (ANOVA) use. Levene’s tests
confirmed homogeneity of variances (Gastwirth et al., 2009), thus 3
factor ANOVAs were used for statistical analyses of
Symbiodiniaceae cell density and maximum quantum yield
readings. Pairwise comparisons between groups were completed
using Welch’s t-tests (DeCoster, 2006) for the previously
mentioned datasets.

Results
Roseovarius as ROS-scavenging bacteria

Of the 23 bacterial isolates tested for their ROS scavenging
abilities, positive, or weakly positive readings were observed for only
three isolates, with 20 appearing negative in the DPPH assay (Table
S5). All three bacterial strains that recorded positive results
belonged to the genus Roseovarius. Bacterial isolate MMSF_3448
was chosen as the ROS+ bacterial treatment and MMSF_3432 was
chosen as ROS-. Analysis of previously obtained 16S rRNA gene
sequences (Maire et al., 2021¢) by BLAST showed that sequences for
isolates MMSF_3448 and MMSF_3432 had 99% identity based on
~800 bp long fragments. Both isolates shared >99% identity with
Roseovarius confluentis, R. algicolus and R. atlanticus. Thus, the
species of MMSF_3448 and MMSF_3432 could not be determined,
and are henceforth referred to as Roseovarius sp.

frontiersin.org


https://doi.org/10.3389/fevo.2023.1079271
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Heric et al.

Effect of antibiotics and inoculation on
Symbiodiniaceae bacterial community

Metabarcoding data collected six months after antibiotic
treatment revealed changes in percentage abundances of bacteria
belonging to the four genera of interest: Labrenzia, Marinobacter,
Muricauda and Roseovarius prior to and post antibiotic treatment
(Table 1). Roseovarius was entirely depleted in the antibiotic
treatment cultures, with very low relative abundances of
Labrenzia remaining (0.004%). Interestingly, Muricauda increased
in relative abundance (0.005 to 0.15%) in the antibiotic treated B.
minutum, while it was not detected in the non-treated culture, and
Marinobacter showed greater relative abundance (0.5 to 65%) in
antibiotic treated B. minutum. In addition to the four genera of
interest, Phycisphaeraceae, Gammaproteobacteria, Pseudohongiella,
and Leptospiraceae drastically diminished in relative abundance
following antibiotic treatment whilst Micavibrionales and Balneola
greatly increased (Figure S4). Thus, the antibiotic treatment was
variably effective, but overall was successful in removing some

10.3389/fevo.2023.1079271

bacterial species from B. minutum such as Roseovarius, which was
then used for reinoculation.

The number of bacteria significantly increased following
inoculation for all bacterial treatments with increases of greater
magnitude observed for bacterial inocula compared to media alone
(Figure 2; Table S6). AB+ ROS+, AB+ ROS- and AB- Control
contained on average 130 bacterial cells per Symbiodiniaceae cell
prior to inoculation (day -1) which increased variably depending on
the treatment. Interestingly, AB+ Control had the highest number of
bacterial cells on day -1 with an average of 194 bacterial cells per
Symbiodiniaceae cell and AB- Control had the lowest with an average
of 120. AB+ ROS- showed the highest post-inoculation count with an
average of 250 cells mL™', with AB+ Control, AB+ ROS+ and AB-
Control increasing to 242, 195 and 154, respectively. The ratio of the
means of bacterial cell count before and after inoculation was
approximately 1.6 for AB+ ROS+ and AB+ ROS- and 1.3 for AB+
Control and AB- Control. The greater increase observed for
treatments receiving Roseovarius compared to bacterial media alone
confirms the success of inoculation (Table S7).
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FIGURE 2

Bacterial cell counts increased following Roseovarius inoculation Bacterial cell count per Symbiodiniaceae cell, pre and post inoculation. Day -1 was
measured prior to inoculation, and Day 0 one day after inoculation. (A) A significant increase in bacterial cell count was detected for all treatment
groups by ANOVA. Bars represent the mean and error bars represent + SD, where n = 5. Asterisk represents significant pairwise comparisons by
Welch's t-tests where p < 0.05. (B) Ratio of the mean values of bacterial cell count before and after inoculation.
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Inoculation with ROS-scavenging
Roseovarius assisted with maintaining cell
densities at elevated temperature

Symbiodiniaceae cell density was measured throughout the heat
stress experiment (Figure 3A). A three-way ANOVA informed that
all three factors (time, temperature, and bacterial treatment) (Table
S8), as well as the two-way and three-way interactions between these
factors, had a significant effect. Overall, cell density for all elevated
treatments decreased over time, but it was found that AB+ ROS+ did
not decrease as much as the other treatment groups (Figure 3A). On
day 16, cell density was significantly lower for cultures in elevated
temperature condition compared to ambient (Figure 3C; Table S9),
confirming the negative effect of elevated temperature on cell density
as well as signifying that the cells were under stress. Mean cell density
at ambient temperatures were on average three times higher on day
16 compared to day 0 (Table S10): AB+ ROS-, AB+ Control and AB-
Control treatments observed a 51%, 54% and 64% decrease in mean
cell density, respectively, between day 0 and day 16. Conversely, AB+
ROS+ exposed to elevated temperature only observed a decrease of

10.3389/fevo.2023.1079271

7% in mean cell density over time. On day 16, cell density was
significantly higher in elevated AB+ ROS+ compared to AB+ ROS-,
and AB+ ROS+ compared to AB+ Control (Table S10). Additionally,
Symbiodiniaceae cell density was significantly higher in AB+ Control
vs AB- Control on day 16 (Table S10). Together these results suggest
that B. minutum experienced thermal stress at elevated temperature
which lessened cell density as time progressed, however the addition
of Roseovarius through inoculation minimized the negative effect of
temperature on cell fitness.

Inoculation with ROS-scavenging
Roseovarius did not lead to detectable
negative effects on photochemical
efficiency of Symbiodiniaceae

at elevated temperature

The maximum quantum yield (F,/F,,) of the Symbiodiniaceae
was measured as a proxy for photosynthetic fitness throughout the
heat stress experiment (Figure 3B). A three-way ANOVA analysis
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Roseovarius may assist in the maintenance of Symbiodiniaceae cell density and maximum quantum yield at elevated temperatures (A) Cell density of

Symbiodiniaceae over time at ambient (26°C) (dark colors and solid lines)

and heated (34°C) temperature (faded colors and dotted lines) for AB+
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= 3. (C) Symbiodiniaceae cell density on day 16. Bars represent the mean
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showed that the time and temperature, as well as their interaction,
had a significant effect but bacterial treatment and all other
interactions did not - at least not over the course of the
experiment (Table S11). For all bacterial treatments, F,/F,, was
significantly lower on day 16 compared to day 0 at elevated
temperature (Table S12), indicative of heat stress in these
cultures. On day 16, however, pairwise t-tests confirmed that F,/
F,, was significantly lower in elevated AB+ ROS-, AB+ Control and
AB- Control when compared to their ambient counterparts
(Figure 3D; Table S13), suggesting there are greater disturbances
to B. minutum maximum quantum yield when Roseovarius with
antioxidant abilities are absent. Conversely, no significant
differences were detected in F,/F,, for ambient compared to
elevated temperature treatments for AB+ ROS+ B. minutum on
day 16 (Table S13), suggesting a role for Roseovarius for
photochemical performance in B. minutum at heightened
temperature. It is however possible that the lack of significant
difference observed between AB+ROS+ on day 16 was due to the
variability of samples that limited the power of statistical analyses.
The greatest difference in F,/F,, between day 0 and day 16 was
observed for elevated AB- Control (75% decrease). Overall, F,/F,,
decreased for all treatment groups at elevated temperatures,
suggesting that temperature strongly impacted the maximum
quantum yield of B. minutum but the addition of Roseovarius
minimized these effects.

Bacterial communities changed
throughout exposure to elevated
temperature

The bacterial community composition was highly similar
among samples belonging to day -1, day 0, and day 4, regardless
of the temperature or bacterial treatment (Figure 4A). However, on
day 16, samples obtained from elevated temperature groups
clustered away from those at ambient temperatures, suggesting a
combined effect of time and temperature on bacterial community
structure. PERMANOV A analysis confirmed these observations, as
time and temperature, as well as their interaction, were significant
in explaining the dissimilarity, but bacterial treatment was not
(Table S14). However, the interaction between bacterial treatment
and time was also found to be significant. In light of these
interactions, further PERMANOVA analysis was conducted for
day 16, which showed that bacterial communities were significantly
different between ambient and elevated temperatures, and between
bacterial treatments (Table S15). This pattern was also seen at the
family level (Figure 4B). AB- Control was most different to AB+
ROS+, AB+ ROS- and AB+ Control on day 0, with the largest
percentage abundance (20%) being bacteria of the family
Bacteriovoracaceae. Major community composition changes over
time were similar across the three treatments AB+ ROS+, AB+
ROS- and AB+ Control. Taxa such as Algiphilaceae and
Balneolaceae showed a drastic decrease in relative abundance
between day 0 and day 16, where Algiphilaceae decreased from
an average of 35% to <1% and Balneolaceae decreased from 10% to
3%. Rickettsiales relative abundance increased variably, regardless
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of temperature, showing the impact of time alone on community
composition. Other taxa, such as Terasakiellaceae and
Oleiphilaceae, increased in relative abundance from an average of
3% to 10% in Terasakiellaceae and <1% to 6% on average in
Oleiphilaceae only at elevated temperature, highlighting the effect
of temperature over time on community composition. These
changes were underpinned by differences in ASV abundances at
ambient and elevated temperatures for each treatment group, which
were investigated with an indicator analysis (Figure S5). For
elevated treatments, ASV 15 UC Terasakiellaceae and ASV 16
Oleiphilus sp. were the most abundant indicator ASVs for AB+
Control, AB+ROS-, and AB+ROS+. For elevated AB- Control ASV
40 UC Saprospiraceae and ASV 31 Pelagibius sp. appeared in higher
abundances. Ambient indicator species include ASV 03 UC
Paracaedibacteraceae most prevalent in AB+ROS- and AB+
Control and ASV 01 UC Rickettsiales in AB- Control and AB
+ROS+. Labrenzia were more abundant at elevated temperature
with ASV 28 Labrenzia sp. and ASV 32 Labrenzia marina being
abundant indicator ASVs at elevated temperatures. Altogether,
these results suggest that bacterial community structure changed
over time as a result of temperature exposure, with variable changes
observed in different bacterial taxa.

Roseovarius inoculation was successful

To assess Roseovarius persistence following inoculation and thus
the sustained success of inoculation over time, Roseovarius relative
abundance was determined throughout the experiment using 16S
rRNA gene metabarcoding. Following decontamination, three ASVs
were found in the two inocula, all belonging to the genus Roseovarius,
with one single ASV (Roseovarius sp. ASV01) making up 99% and 98%
of the reads in the ROS+ and ROS- inocula, respectively which points
to high inocula purity (Figure S6). The remaining 1-2% of reads were
likely contaminants from library preparation, as well as the 1.9%
ASV01 abundance which was observed in the control inoculum. Thus,
the abundance of this major ASV that comprised the two Roseovarius
inocula was further investigated. Prior to inoculation, Roseovarius sp.
ASVO01 relative abundances were ~4% for AB+ ROS+ and AB+ ROS-,
2% for AB+ Control and 0.6% for AB- Control, which contrasts with
metabarcoding data that were obtained six months prior to the heat
stress experiment where Roseovarius was not detected (Table 1). In fact,
overall bacterial communities were quite different between the
beginning of the heat stress experiment and the sampling conducted
six months prior. Six months before the heat stress experiment, AB-
cultures were dominated by Phycisphaeraceae, Stappiaceae, and
Pseudohongiellaceae in comparison to AB+ cultures that mostly
contained Marinobacteraceae as well as Balenoelaceae and
Micavibrionales (Figure S4B). On day 0 of the heat stress
experiment, Phycisphaeraceae were still highly abundant but
Bacteriovoracaceae were most abundant for AB- cultures. At this
time, Algiphilaceae, Balneolaceae, and Marinobacteraceae were
observed in the highest abundance for AB+ cultures. Roseovarius
relative abundance increased significantly over the course of the heat
stress experiment (Figure 5; Table S16), particularly on day 16 for
elevated treatment groups, with a 17% and 16% abundance observed
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FIGURE 4
Bacterial communities changed throughout exposure to elevated temperature (A) PCoA plot where Axis 1 and Axis 2 are PC1 and PC2 respectively,
representing the beta-diversity of bacterial communities of three of the bacterial treatments in antibiotic-treated cultures, AB+ ROS+ (Positive), AB+
ROS- (Negative) and AB+ Control (Media) at ambient and elevated temperatures. Each data point denotes a single sample, retrieved on a given
sampling day: day -1, day O, day 4 and day 16 (D-1, DO, D4 and D16, respectively) of the experiment. (B) Bar chart of percentage abundance of the
top 20 bacterial families present in samples on day 0 and day 16, at ambient and elevated temperature.

for AB+ ROS+ and AB+ ROS- respectively at the conclusion of the
experiment, compared to only 4% for AB+ Control and 1% for AB-
Control, demonstrating that inoculated Roseovarius was able to
establish itself in the B. minutum cultures. Further, on day 16,
Roseovarius relative abundance was significantly higher at elevated
temperature, compared to ambient, in the AB+ ROS+ and AB+ control
treatments, but not for AB+ ROS- and AB- Control (Table S17).
Overall, Roseovarius relative abundance showed greater increases over
time after inoculation with Roseovarius, compared to negative controls
confirming the successful establishment of inoculated Roseovarius into
the B. minutum cultures.
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Discussion

The relationship between Symbiodiniaceae and their bacteria is
not extensively studied, and further inquiries are required to
understand the functional contribution of bacteria to
Symbiodiniaceae health and survival. Here, an antibiotic cocktail
was administered to minimize B. minutum’s bacterial load and
diversity, with subsequent inoculation with Roseovarius and
exposure to elevated temperature. B. minutum inoculated with
Roseovarius with high ROS-scavenging abilities showed greater
cell density and smaller decreases in F,/F,, at elevated
temperatures, suggesting that Roseovarius may provide benefits to
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FIGURE 5

Roseovarius persisted in B. minutum culture following inoculation Relative abundance of Roseovarius sp ASVO1 in each bacterial treatment over time
(day-1 to day 16). A and E denote ambient and elevated temperatures, respectively. Bars represent the mean and error bars are + SD, where n = 5.
Asterisks denote significant differences by Welch's t-tests where p < 0.05. Significant differences were detected when comparing samples obtained
prior to inoculation (day -1) and a day after inoculation (day 0), as well as comparisons between day -1 and day 16. Elevated treatment bars appear

patterned on day 4 and day 16 to allow for clearer comparisons.

B. minutum under heat stress conditions. Analysis of
Symbiodiniaceae bacterial communities through 16S rRNA gene
metabarcoding revealed that Roseovarius relative abundance
increased in B. minutum cultures following inoculation and
increased with elevated temperature exposure, suggesting they
may play a role in shielding B. minutum from the effects of
thermal stress.

Antibiotic treatment was marginally
effective at removing bacterial
community members

The B. minutum cultures were not rendered axenic following
antibiotic treatment. Of the four genera of interest (Labrenzia,
Marinobacter, Muricauda, Roseovarius), Roseovarius was no longer
detected in antibiotic treated B. minutum cultures, with
considerable decreases seen in Labrenzia. In contrast, Muricauda
and Marinobacter showed an increase in relative abundance, in
antibiotic treated B. minutum. Thus, the antibiotic treatment was
successful in significantly reducing the abundance of certain genera,
but not all. By estimating absolute bacterial load prior to
inoculation, it was found that the cultures not treated with
antibiotics had fewer bacteria present compared to all antibiotic
treatment cultures. This pattern is opposite to expectations and
suggests that the antibiotic treatment had limited effectiveness in
removing bacteria associating with Symbiodiniaceae. Alternatively,
the bacteria may have been able to grow back to pre-AB treatment
levels during recovery, as the cultures were maintained for one year
following antibiotic treatment. Additionally, while we observed an
absence of Roseovarius six months after antibiotic treatment,
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samples taken approximately one year after antibiotic treatment
during the heat stress experiment showed a resurgence of
Roseovarius, which was accompanied by other major changes in
bacterial community composition. This suggests that bacteria,
including Roseovarius, may have been reintroduced following
antibiotic treatment, or that undetectable levels of Roseovarius
were still present which later resurfaced. Similar antibiotics
durably depleted Flavobacteriia from Symbiodiniaceae in an
earlier study, after two months of antibiotic treatment and three
months of recovery, although absolute bacterial load was not
measured (Motone et al, 2020). In contrast, Xiang et al. (2013)
reported the complete elimination of bacterial associates in five
Symbiodiniaceae cultures.

Interestingly, cultures that did not go through antibiotic
treatment showed the greatest fitness decrease over time at
elevated temperature, as reflected in the cell density and
photochemical efficiency data. It is possible that some bacteria
that resisted the antibiotic treatment were able to thrive following
the removal of antibiotic-sensitive bacteria, and have functions that
assist with thermal tolerance. The antibiotic treatment restructured
the microbiome and it is possible that the microbiome
modifications following antibiotic treatments rendered it more
beneficial during thermal stress. Further studies with the B.
minutum cultures without antibiotic treatment in addition to
inoculation with ROS-scavenging bacteria (ROS+) and non-ROS-
scavenging bacteria (ROS-) will help to understand these observed
differences. The thermally tolerant photosymbiont genus
Durusdinium has previously shown the greatest microbiome
stability under experimental thermal stress, suggesting that stable
microbiomes assist with thermal tolerance (Camp et al., 2020).
Heat-evolved Cladocopium, exposed to elevated temperature (31°C)
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for 6 years, housed less diverse but more stable bacterial
communities than their wild type counterparts (Buerger et al,
2022), with differences in microbiome composition suspected to
contribute to thermal tolerance. Thus, a heat-selected microbiome
achieved through experimental evolution (Buerger et al., 2022) or
inoculation with certain bacteria (Motone et al., 2020) may equip
Symbiodiniaceae for elevated temperature conditions, however
further functional studies are required.

Exposure to elevated temperature
induced changes in bacterial
communities of B. minutum

Changes in bacterial community structure were observed, with
temperature being a significant factor influencing these changes,
although those changes did not occur immediately. This suggests
that the effects of bacterial treatment were delayed and coupled with
extended exposure to thermal stress conditions. Therefore, other
bacteria, beyond Roseovarius, may have played a role in thermal
stress tolerance. This was also reflected in studies completed by
Camp et al. (2020), whereby B. minutum experienced significant
bacterial community changes when exposed to elevated
temperatures. B. minutum was associated with both Roseovarius
and Labrenzia at similar relative abundances under ambient and
elevated temperature, with little Hyphobacterium observed at
elevated temperature (Camp et al., 2020). Following
Symbiodiniaceae experimental evolution, the genera Labrenzia,
Algiphilus, Hyphobacterium and Roseitalea were more abundant
in heat-evolved Cladocopium strains compared to wild type
(Buerger et al., 2022). Interestingly, we observed higher Algiphilus
(family Gammaproteobacteria) relative abundance following
antibiotic treatment in B. minutum, although it decreased
following exposure to elevated temperature. Labrenzia are found
in high relative abundance across the majority of Symbiodiniaceae
strains (Lawson et al., 2018; Camp et al., 2020; Maire et al., 2021c;
Diaz-Almeyda et al., 2022). Labrenzia plays a role in the production
of dimethylsulfoniopropionate (DMSP) in other dinoflagellates
(Sunda et al, 2002) which is a compound that scavenges ROS,
thus it may function as an antioxidant and assist with heat stress
tolerance. In our analysis, Labrenzia were found in higher
abundance at elevated temperature on day 16. The altered
community following elevated temperature exposure in our study
may have influenced thermal tolerance due to the presence of
Roseovarius, Labrenzia, and bacterial species that provide a
functional contribution to thermal stress mitigation.

Despite the antibiotic treatment’s limited capacity to perturb
the B. minutum microbiome and the resurgence of Roseovarius
before the thermal stress experiment, Roseovarius established in the
B. minutum cultures following inoculation. This suggests that
treating Symbiodiniaceae with antibiotics may not be necessary in
order to assess the contributions of inoculated bacteria. Roseovarius
relative abundance had greater increases at elevated compared to
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ambient temperature, thus Roseovarius may be better at competing
with other bacteria at elevated temperature.

Roseovarius may assist in the maintenance
of Symbiodiniaceae cell density

and maximum quantum yield

at elevated temperatures

Re-inoculation with ROS-scavenging Roseovarius may have
contributed to greater B. minutum cell density at elevated
temperatures. At the conclusion of the temperature stress
experiment, cell density at elevated temperatures were
significantly higher for flasks inoculated with ROS-scavenging
Roseovarius, compared to other elevated temperature bacterial
treatment groups, albeit lower than in the ambient treatment. In
addition, smaller reductions in maximum quantum yield were
detected in flasks inoculated with ROS-scavenging Roseovarius,
suggesting this treatment group maintained better photosynthetic
fitness compared to controls at elevated temperatures. Statistical
analyses may have been affected by sample variability, in turn
contributing to the non-detectable differences in maximum
quantum vyield observed for ROS-scavenging Roseovarius
inoculated flasks. Greater sample size in future studies would
disentangle whether these observations were limited by the
statistical analyses. In addition, since absolute bacterial load was
not measured, observed Roseovarius increases only reflect the
proportional change in bacterial communities, not whether
Roseovarius cell abundance increased. Thus, future studies should
measure absolute abundances to conclusively determine inoculation
success and subsequent influence on inoculated species. The
addition of a Roseovarius strain with low ROS-scavenging abilities
was a useful control group as cultured Symbiodiniaceae can feed on
bacteria (Jeong et al., 2012). If heterotrophic feeding was responsible
for the observed fitness increases, the same effects would have been
expected for the Roseovarius inoculation with the low ROS
scavenging strain. Previous cnidarian probiotic studies have failed
to include such treatment groups for comparison (Rosado et al,
2019; Doering et al.,, 2021; Santoro et al., 2021; Zhang et al., 2021),
with few including an inoculum without the beneficial function
under study (Dungan et al., 2021; Dungan et al., 2022), but it should
become common practice in future investigations.

In a previous study by Maire et al. (2021c), species of
Roseovarius appeared both closely and loosely associated to B.
minutum. Relative abundances of Roseovarius were 1% for closely
associated fractions and less than 0.01% for loosely associated
fractions (Maire et al., 2021c), suggesting Roseovarius preferably
closely associate with Breviolum. However, we cannot confirm the
particular ASV assessed here closely associates with B. minutum as
samples for DNA extraction were not washed and filtered upon
collection. Thus, Roseovarius in our study may simply be free-living
within the culture medium. Further, Maire et al. (2021c) suggest
that bacteria appear on the external surface of Symbiodiniaceae cells
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under culture conditions and are absent in hospite. As we cannot
conclude the nature of the association of Roseovarius with B.
minutum and there is a possibility that the bacteria exist within
the culture medium, further research is required to determine
whether Roseovarius closely associate with B. minutum and
subsequently if this association confers any benefits in hospite.

Roseovarius was found to play a key role in sulfur cycling and
the de-methylation of DMSP to dimethylsulfide (DMS) in the
dinoflagellate Pfiesteria piscicida (Yoch, 2002; Miller and Belas,
2004). In species of Roseovarius isolated from seawater (Gonzalez
etal., 2003), DMS and DMSP were found to play a role in the DMSP
antioxidant system and scavenge ROS (Sunda et al., 2002), which
could contribute to the reduction of oxidative stress during thermal
stress. Additionally, Roseovarius was detected in heat-stressed corals
(Pootakham et al, 2019), and Aliiroseovarius, a closely related
genus, increased in relative abundance during heat stress at high
salinities in the sea anemone Exaiptasia diaphana (Randle et al,
2020), suggesting a functional contribution to thermal stress.
Whole-genome sequencing of the two isolates used in our study
should be undertaken to understand the mechanisms underlying
the different effects they had on Symbiodiniaceae cultures, and
whether it is indeed ROS-related or whether other biological
processes are at play.

Microbiome manipulations such as those used in the present
study are carried out to understand if Symbiodiniaceae-associated
bacteria can enhance thermal tolerance. Targeted studies like our
investigation as well as Motone et al. (2020) aim primarily to
elucidate specific bacteria of interest that may confer beneficial
functions and increase thermal tolerance of Symbiodiniaceae, and
future investigations should assess the nature of the association of
bacteria with Symbiodiniaceae in hospite in order to make concrete
conclusions about their beneficial functions. It has been shown that
bacterial communities of Symbiodiniaceae differ following
experimental evolution (Buerger et al, 2022), and these changes
may contribute to the increased Symbiodiniaceae heat tolerance.
Further studies are required to assess if Roseovarius contribute to
thermal tolerance of Symbiodiniaceae in hospite and whether there
are potential implications in coral restoration. Insightful future
investigations include inoculating Symbiodiniaceae, or corals
experiencing thermal stress, to observe which bacterial
community members are incorporated which could suggest
beneficial functions.

Conclusion

This study begins to decipher the relationship between
Symbiodiniaceae and their bacteria with a particular focus on the
genus Roseovarius. The findings demonstrate the positive effect of
Roseovarius inoculation on cultured Symbiodiniaceae exposed to
thermal stress and suggest a potential functional role of Roseovarius
in Symbiodiniaceae thermal tolerance. Further studies are required
to explore whether bacterial inoculation with Roseovarius could be
used to mitigate thermal stress in other Symbiodiniaceae species or
in corals, and may give rise to new research avenues and coral
restoration practices.
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