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Background: Coral reefs are among the most diverse and productive ecosystems on Earth. This success relies on the
coral’s association with a wide range of microorganisms, including dinoflagellates of the family Symbiodiniaceae that
provide coral hosts with most of their organic carbon requirements. While bacterial associates have long been
overlooked, research on these microorganisms is gaining traction, and deciphering bacterial identity and function is
greatly enhancing our understanding of cnidarian biology. Here, we investigated bacterial communities in defensive
tissues (acontia) of the coral model, the sea anemone Exaiptasia diaphana. Acontia are internal filaments that are
ejected upon detection of an external threat and release toxins to repel predators.

Results: Using culturing techniques and 16S rRNA gene metabarcoding we identified bacterial communities
associated with acontia of four Great Barrier Reef-sourced E. diaphana genotypes. We show that bacterial
communities are similar across genotypes, and dominated by Alteromonadaceae, Vibrionaceae, Rhodobacteraceae,
and Saprospiraceae. By analyzing abundant amplicon sequence variants (ASVs) from metabarcoding data from
acontia and comparing these to data from whole anemones, we identified five potentially important bacterial
genera of the acontia microbiome: Vibrio, Sulfitobacter, Marivita, Alteromonas, and Lewinella. The role of these
bacteria within the acontia remains uninvestigated but could entail assistance in defense processes such as toxin

Conclusions: This study provides insight into potential bacterial involvement in cnidarian defense tissues and
highlights the need to study bacterial communities in individual compartments within a holobiont.
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Background

Coral reefs provide us with countless benefits by sup-
porting fisheries, tourism and coastal development, and
their value is estimated to 9.9 trillion USD/year [1]. Add-
itionally, they are among the most diverse ecosystems in
the world and are home to more than 25% of marine
species, hence making them a hallmark of biodiversity
[2, 3]. Despite their immense value, coral reefs have been
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massively declining over the past decades as a result of
anthropogenic pressures [4]. The current climate crisis
is resulting in increases in frequency and intensity of
summer heatwaves, which have been responsible for re-
current coral mass bleaching events in the past years
and significant coral mortality [5, 6].

Corals associate with a multitude of microorganisms [7],
with which they form a holobiont [8]. Of those microor-
ganisms, endosymbiotic dinoflagellates of the Symbiodi-
niaceae family [9, 10] have received the most attention so
far; by translocating photosynthate into coral tissues, they
provide their host with most of their organic carbon needs
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Fig. 1 Acontia structure in E. diaphana (genotype AIMS1). a: Aboral
view of an anemone observed in light microscopy ejecting several
acontia (white arrows). Scale bar; 200 mm. b-c; Visualization of acontia
(grey, transmitted light) in fluorescence microscopy highlighting the
presence of Symbiodiniaceae (blue, white arrow in ¢). Also note the
abundant presence of nematocysts, containing spring structures that
are expelled towards predators (white arrowhead in ¢). Scale bars:
100 um in B; 20 um in C. Blue and grey are not the real colors

[11-13]. As essential as the Symbiodiniaceae are, their as-
sociation with corals is also extremely fragile; increases in
water temperatures can result in the breakdown of this
symbiosis, leading to symbiont loss, a phenomenon known
as ‘coral bleaching’ [14]. Nevertheless, bacteria have also
recently been recognized as crucial members of the coral
holobiont [15, 16]. The flexibility of coral bacterial com-
munity composition during thermal stress events [17-19]
has raised the possibility of a bacterial role in coral bleach-
ing tolerance and overall health. Potential other roles of
coral-associated bacteria include carbon, nitrogen and sul-
fur cycling, and host protection through the production of
antimicrobial compounds or competition with opportun-
istic bacteria [15, 20]. Bacteria are found in all microhabi-
tats in a coral polyp, including the mucus [21], skeleton
[22], tissue layers [23, 24], gastrodermal cavity [25], the
mesoglea [26], and even inside the Symbiodiniaceae cells
[27]. However, only a handful of studies have compared
community structure in the different body parts of the
polyp [23, 28, 29], where a high variability across the dif-
ferent compartments was found.

Exaiptasia diaphana (formerly Exaiptasia pallida and
commonly referred to as “Aiptasia”) has been widely
used as a model for cnidarian-Symbiodiniaceae inter-
actions [30, 31], notably because of its easy laboratory
maintenance, ability to reproduce sexually and asexu-
ally, and associations with similar Symbiodiniaceae to
its coral relatives. Recent studies have also focused on
the bacterial communities associated with different
genotypes of E. diaphana [32-36]. However, compart-
mentalized analyses of bacterial communities are still
lacking in this coral model. Here, we used four geno-
types of Great Barrier Reef-sourced E. diaphana [37]
and investigated the bacterial communities present in
a defensive tissue, the acontia. Acontia are white
coiled filaments that extend from the mesenterial fila-
ments near the pedal disk, and contain numerous cni-
docytes [38—40]. Upon detection of an external threat,
acontia are ejected through cinclide pores [38, 39, 41]
(Fig. 1a) and dart-like tubules discharged from nema-
tocysts [42] (Fig. 1b-c) penetrate the predator and re-
lease toxins that may repel the predator [43, 44].
Acontia subsequently retract and recoil within the
anemone [39]. Acontia have also been shown to act
internally, without being ejected, by releasing
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differences between genotypes were found in any of the alpha-diversity
metrics based on ANOVAs. b: PCoA visualization of beta-diversity of the
0.50 bacterial communities in acontia from genotypes AIMS1-4, based on Bray-
Curtis dissimilarity matrices. Each point is an individual sample. Genotype
was considered as a significant effect based on a PERMANOVA (999
permutations, p = 0001), but no pairwise comparisons between genotypes
50 ) X was found significant (PERMANOVA, 999 permutations). ¢: Relative
abundance of bacterial families in acontia from genotypes AIMS1-4. For
each genotype, three independent replicates were merged
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Alphaproteobacteria, Gammaproteobacteria, Flavobac-

teriia, Actinobacteria and Bacilli. Of the 150 bacterial
isolates, Alteromonas and Muricauda were cultured
from all genotypes. Cultured isolates belonging to
Vibrio, Thalassotalea, and Erythrobacter were also
common.
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16S rRNA gene metabarcoding reveals bacterial
communities of acontia are diverse, with abundant ASVs
being shared among host genotypes

As culture-dependent methods tend to under-represent
the diversity of bacterial communities, we moved to a
culture-independent method to capture a wider bacterial
diversity in acontia. We performed 16S rRNA gene
metabarcoding on whole acontia dissected from anem-
ones from all four genotypes. Sequencing produced 416,
814 reads across acontia (n =3 per genotype), extraction
blanks (# = 1), and no template PCRs (n = 1). After mer-
ging, denoising and chimera filtering 270,326 reads
remained. After removal of contaminants, 690 amplicon
sequence variants (ASVs) were observed across the
acontia samples.

Alpha-diversity metrics (observed ASVs, Simpson’s
index, Shannon’s index) showed no significant differ-
ences between genotypes based on ANOVAs (Fgp.
cAsvsae =055, p=066; Feimpas =072, p=057;
Fshan(s,8) = 041, p=0.75) (Fig. 2a). Principal coordinate
analysis (PCoA) visualization of beta-diversity using the
Bray—Curtis dissimilarity index revealed some degree of
clustering of data points by genotype (Fig. 2b), and
PERMANOVA testing (999 permutations) showed that
bacterial community structure varied significantly with
anemone genotype (F(3g) =242, p=0.001). However,
pairwise comparisons between all genotypes did not
yield any significant differences, suggesting a degree of
consistency between the acontia from different geno-
types. Close inspection of community composition con-
firmed these similarities (Fig. 2¢), with around 70% of all
reads belonging to the four same bacterial families in all
four anemone genotypes (Alteromonadaceae, Vibriona-
ceae, Rhodobacteraceae, and Saprospiraceae).

Among the 690 ASVs present in the acontia sam-
ples, 100 were present in all four genotypes (Fig. 3a).
While this only represented 14.5% of all ASVs, these
100 ASVs accounted for 84-89% of all reads (Fig.
3a, Additional file 4A), while unique ASVs repre-
sented less than 5% of reads in each genotype (Fig.
3a, Additional file 4B-E). This indicates that the ma-
jority of the bacterial taxa are shared across geno-
types. In line with this, out of the most abundant
ASVs (relative abundance >0.1% across the dataset,
100 ASVs), 79% were shared by all four genotypes
(Fig. 3b), accounting for 83-89% of all reads (Add-
itional file 4F). This shows that abundant ASVs are
predominantly shared, attesting to the similarity
across acontia from different genotypes. Shared
ASVs largely belonged to three families: Alteromona-
daceae, Vibrionaceae, and Rhodobacteraceae (Fig.
3c), with Vibrio, Sulfitobacter, Marivita, Alteromonas
and Lewinella being the most represented genera
(Additional files 4A and 4F).
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Acontia bacterial communities significantly differ from
those of whole anemones

To investigate which bacteria are enriched in acontia, we
compared our dataset with data obtained from whole
anemones belonging to the same genotypes and clonal
populations, reared in the same conditions, and proc-
essed in the same way as in the present study [47]. PCoA
visualization using the Bray—Curtis dissimilarity index
showed a high degree of clustering by source, with all
acontia data points being clearly separated from all
anemone data points (Fig. 4a). PERMANOVA testing
(999 permutations) by genotype confirmed that bacterial
communities are significantly different between acontia
and whole anemones, for all genotypes (Fammsi(i,19) =
6.94, p = 0.002; Fanvsa(1.19) = 5.94, p = 0.002; Fanvss(i.19) =
7.45, p =0.002; Farmsa(i,19) = 7.12, p=0.002). An indica-
tor value analysis was performed to identify genera that
represent indicators for the acontia (Additional file 5A-
D). These genera met a specificity and fidelity threshold
of 80%. Five of these genera appeared in all genotypes
(Fig. 4b), accounting for 29-56% of all reads in their re-
spective genotype (Additional file 5E). Vibrio, Sulfitobac-
ter, and Lewinella were the most abundant of those
genera. Marivita and Alteromonas were among the most
abundant and shared in acontia from all genotypes
(Additional file 4), were also indicator genera for three
out of four genotypes (Additional file 5). Indicator gen-
era for acontia had very low abundance in whole anem-
ones, sometimes being absent altogether. This can be
explained by three factors: (i) acontia tissues make up a
very small portion of a whole anemone; (ii) bacterial load
is likely much higher in other parts of the anemone, in-
cluding the mucus, which is known to harbor high num-
bers of bacteria in cnidarians [21]; (iii) even though we
sequenced negative controls and decontaminated our
samples accordingly, low-biomass samples, like acontia,
are more prone to reagent and/or environmental con-
tamination. A combination of these factors could have
led to acontia-enriched taxa contributing very few reads
in whole anemone samples.

Discussion

Our study describes the microbial communities associ-
ated with acontia, defensive tissues of the anemone E.
diaphana. Despite several reports investigating bacterial
communities in anemones [32—-36], this is the first time
a single compartment has been targeted for community
profiling. Symbiodiniaceae were found to be present in
acontia, which is consistent with the gastrodermal origin
of the mesenteries from which acontia are derived. Sym-
biodiniaceae were previously identified as Breviolum
minutum in the four E. diaphana genotypes used in this
study [37, 48]. While PERMANOVA analysis found host
genotype to be a driver of bacterial communities,
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across all samples) present in acontia from genotypes AlMS1-4, based on 16S rRNA gene metabarcoding data. Three independent replicates per genotype were
merged for this analysis. Percentages represent the relative abundance of either unique or shared ASVs across each genotype (unique ASVs) or all genotypes
(shared ASV5s). ¢ Relative abundance of the 20 most abundant ASVs that are shared across all genotypes, grouped by family. Within a given family, different blocks
represent distinct ASVs. For each genotype, three independent replicates were merged. See Additional file 4 for full data
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pairwise comparisons did not detect differences between
genotypes, and an analysis of shared ASVs across geno-
types showed high consistency between acontia micro-
biomes across genotypes. This is consistent with a
recent paper showing that whole anemone communities
from these four same genotypes were not significantly
different [35]. Nonetheless, the four genotypes used in
this study are reared in very similar environments. It
would thus be relevant to sample other genotypes as
well as wild populations for comparison of their bacterial
community composition with that of the acontia, as
whole organism microbiomes have been shown to be
more diverse in wild populations [35].

Although acontia bacterial communities were similar
across genotypes, they significantly differed with com-
munities associated with whole anemones from the same
genotypes and reared under the same conditions. How-
ever, acontia and whole anemone data were obtained at
different times, and it is therefore possible that sampling
time was a factor driving bacterial community differ-
ences, as additional bacteria might have been introduced
during anemone feeding and/or cleaning. Examination
of acontia and anemone microbiome simultaneously,
over time, and in different rearing conditions is required
to verify whether acontia have a specific microbiome
that is distinct from other anemone tissues. It is import-
ant to study bacterial communities from different

organismal compartments, as function and degree of in-
tegration are very likely to be correlated with the loca-
tion of different bacteria. Here, we identified five genera
that might be indicative of the acontia microbiome and
exert important roles on the holobiont. These were Vib-
rio, Sulfitobacter, Marivita, Alteromonas and Lewinella.
Of those, Vibrio and Alteromonas are often found in
coral mucus [49, 50].

Potential functions of these bacteria in the acontia in-
clude nutrient cycling, as both Vibrio and Alteromonas
strains have been suggested to play a part in nitrogen
and sulfur cycling in corals [51, 52]. Sulfitobacter species
can also be involved in sulfur cycling [53] and have been
shown to provide a marine diatom with a growth-
promoting hormone [54]. Sulfitobacter and Marivita
were reported to be enriched in heat-stressed Porites
lutea corals when compared to controls [55], and thus
might have a role in responses to heat stress in anem-
ones. Vibrio are well known as pathogens of cnidarians
[56-58], including E. diaphana where darkening of tis-
sue and tentacle retraction occurs [59, 60], and can be
the cause of coral bleaching [61]. The anemones in our
study were visually healthy, suggesting the observed Vib-
rio strains were not pathogens or were non-virulent.
Some Vibrio species isolated from anemones and sea cu-
cumbers were shown to exert antibacterial activity [62],
supporting this possibility. In addition, it was shown that
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Fig. 4 Acontia bacterial communities differ from whole anemone communities. a: PCoA visualization of beta-diversity of the bacterial communities in acontia
(circles) and whole anemones (triangles) from genotypes AIMS1-4, based on Bray-Curtis dissimilarity matrices on 165 rRNA gene metabarcoding data. Each
point is an individual sample. Whole anemone data were used with permission from [47]. For each genotype, bacterial communities were different between
acontia and whole anemones (PERMANOVA, 999 permutations). b: Relative abundance of five genera that were found to be enriched in acontia (versus whole
anemone) based on an indicator value analysis. These five genera were the only ones appearing in acontia from all four genotypes. See Additional file 5 for
full data

repetitive exposure of E. diaphana to sub-lethal doses of
Vibrio coralliilyticus could lead to immune priming and
improved survival to this pathogen, possibly through the
up-regulation of heat shock proteins [60]. Finally, Vibrio
species can produce tetrodotoxin, a paralyzing neuro-
toxin, in a wide range of marine organisms [63-65].
Hence, Vibrio could be involved in the defensive func-
tions of the acontia. Pure cultures of Vibrio were suc-
cessfully isolated from acontia and should be studied for

further functional analyses to test these hypothetical
functions.

Conclusions

In conclusion, we characterized the microbial communi-
ties associated with the acontia of E. diaphana and hy-
pothesized that some of these bacteria, especially Vibrio,
may be involved in acontia-related defense processes.
Further analyses on cultured isolates, such as genome
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sequencing or metabolite profiling, may provide insight
into the actual function(s) these bacteria have within the
acontia. Our findings illustrate the need to study bacter-
ial communities in individual compartments, both in
cnidarian models and corals, to fully appreciate and take
advantage of the functional diversity of cnidarian-
associated microorganisms.

Material and methods

Anemone rearing and macroscopic observations
Anemones from four Great Barrier Reef-sourced geno-
types were reared as previously described [37]. Briefly,
anemones were grown in reverse osmosis water reconsti-
tuted Red Sea Salt™ at ~ 34 parts per thousand (ppt), and
incubated at 26 °C under lighting of 12—15 umol photons
m *s” ! (light emitting diode - LED white light array)
on a 12h:12h light:dark cycle. Anemones were fed ad
libitum twice weekly with freshly hatched Artemia salina
nauplii. The four genotypes (AIMS 1-4) were previously
identified [37] based on sequencing of the 18S rRNA
gene, one sequence characterized amplified region
(SCAR) marker [66], four Exaiptasia-specific gene loci
[67], and SNP analysis. All anemones used in this study
were reared in the same conditions, and anemones of a
given genotype were reared in the same tank. For
macroscopic observations, anemones were sampled with
sterile pipettes and transferred to 6-well plates in filter
sterilised Red Sea Salt Water (fRSS; 34 ppt salinity).
Acontia ejection was triggered by poking anemones with
tweezers. Images were acquired using a Leica M205FA
stereo microscope (Leica Microsystems, Germany).

Acontia preparation for confocal laser scanning
microscopy (CLSM)

Anemones were sampled with sterile pipettes and anes-
thetized in sterile MgCl, 0.4 M in fRSS. Under a stereo-
microscope, acontia ejection was triggered by poking
anemones with sterile tweezers, and acontia were subse-
quently detached from the body with sterile tweezers to
ensure no cross contamination from other tissues. Acon-
tia from three anemones per genotype were transferred
to paraformaldehyde (PFA) 4% and fixed overnight at
4°C. Acontia were then transferred to 40 um mesh size
strainers (pluriSelect, Germany) for easy transfer be-
tween solutions. Acontia were first rinsed twice in PBS
for 5 min to remove any PFA. Acontia were then trans-
ferred to a Teflon® printed microscope slide (ProSci-
Tech) and mounted in CitiFluor™ CFM3 mounting
medium (Hatfield, PA, USA).

CLSM

Observations were made on a Nikon C2 CLSM (Nikon,
Tokyo, Japan) with the NIS325 Element software. Virtual
band mode was used to acquire variable emission
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bandwidth to tailor acquisition for specific fluorophores.
The acontia structure was observed using the transmit-
ted light channel. The chlorophyll of the Symbiodinia-
ceae cells was excited using the 488 nm laser line, with a
670-720 nm detection range. Nd2 files were processed
using Image].

Cultures of bacteria associated with acontia

Three anemones per genotype were sampled with sterile
pipettes, anesthetized in sterile MgCl, 0.4 M in fRSS, and
acontia were sampled as described above. Acontia were
deposited in 40 um mesh size strainers (pluriSelect) and
briefly rinsed with fRSS, 80% ethanol, and fRSS again, to
remove any debris outside the acontia. Acontia were then
homogenized in a glass homogenizer in 500 uL fRSS. Ho-
mogenized solution from each genotype was diluted by
10, 100, and 1000. 50 pL of each dilution were spread on
Petri plates of BD Difco™ Marine Agar 2216 (MA) and
Oxoid Reasoner’s 2A (R2A) agar prepared with fRSS.
Plates were incubated at 26 °C for 7 days to facilitate bac-
terial colony growth. The morphology of bacterial colonies
including form, elevation, margin, surface, texture, colour,
and opacity were recorded and representatives of all
morphologies from plates with less than 300 colonies per
plate were subcultured by the 16-streak method to attain
culture purity. Pure cultures were stored in sterile 40%
glycerol at — 80 °C.

16S rRNA gene sequencing from cultured bacteria
Individual pure freshly grown bacterial colonies were
suspended in 20 pL sterile Milli-Q® water, incubated for
10 min at 95°C then used as templates in colony PCRs.
PCR amplification of the bacterial 16S rRNA gene was
with primers 27f and 1492r [68] in reactions containing
1 uL template DNA, 0.5 pL of each primer (10 uM, final
concentration: 0.33 pM), 7.5puL of 2x MyTaq HS Red
Mix (Bioline) and 5.5 pL of sterile PCR-grade water. The
amplification cycle was: 5 min at 94 °C; 30 cycles of 60s
at 94°C, 45s at 50°C, and 90's at 72 °C; 10 min at 72 °C;
with a final holding temperature of 4 °C. The PCR prod-
ucts were Sanger sequenced with primer 1492r at
Macrogen (South Korea). Raw sequences were trimmed
and proofread in Mega 7.0 (https://www.megasoftware.
net/home).

Phylogenetic tree construction

Each individual 16S rRNA gene sequence was aligned
using SILVA SINA alignment tool and the SILVA refer-
ence alignment [69]. The SILVA reference alignment
searched the related sequences (two nearest neighbors)
to 95% min identity of the 16S rRNA gene sequences
from this study. The full alignment was stripped of col-
umns containing 99% or more gaps, generating a final
alignment containing 243 taxa (150 from this study) and
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1594 nucleotides. A maximum likelihood tree was in-
ferred using RAxML-HPC BlackBox [70] as imple-
mented on the CIPRES [71] web server under the GTRC
AT evolutionary model. The RAXML inference included
the calculation of 360 bootstrap iterations, with 100 ran-
domly sampled to determine support values.

Sampling and DNA extraction for 16S rRNA gene
metabarcoding

Five anemones per genotype were sampled with sterile
pipettes, anesthetized in sterile MgCl2 0.4 M in fRSS,
and acontia were sampled as described above. Acontia
were deposited in 40 um mesh size strainers (pluriSelect)
and briefly rinsed with fRSS, ethanol 80%, and fRSS
again, to remove any debris outside the acontia. Acontia
were then homogenized in a glass homogenizer in
500 pL fRSS, snap-frozen and kept at — 80 °C until DNA
extraction. DNA extraction were performed according to
the Wilson’s method [72] with modifications as previ-
ously described [48]. One blank DNA extraction was
conducted as a negative control.

16S rRNA gene PCR amplification, library preparation and
sequencing

Hypervariable regions V5-V6 of the 16S rRNA genes
were amplified using the primer set 784F (5° GTGACC
TATGAACTCAGGAGTCAGGATTAGATACCCTGG
TA 3’) and 1061R (5° CTGAGACTTGCACATCGC
AGCCRRCACGAGCTGACGAC 3’) [73]. Ilumina
MiSeq adapters were attached to the primers and are
shown as underlined. Bacterial 16S rRNA gene by PCR
on a SimpliAmp Thermal Cycler (Applied Biosystems,
ThermoFisher Scientific). Each reaction contained 1 pL
of DNA template, 1 pL of forward primer (10 uM stock),
1 puL of reverse primer (10 uM stock), 7.5 uL. of MyTaq
HSRed MasterMix (BioLine), and 4.5 uL. of nuclease-free
water (Thermofisher), with a total volume of 15 uL per
reaction. Three triplicate PCRs were conducted for each
sample and one no template PCR was conducted as a
negative control. PCR conditions for the 16S rRNA
genes were as follows: initial denaturation at 95 °C for 3
min, then 18 cycles of: denaturation at 95 °C for 15s, an-
nealing at 60 °C for 30s, and extension at 72 °C for 30s;
with a final extension at 72 °C for 7 min. Samples were
then held at 4 °C. Following PCR, triplicates were pooled,
resulting in 45 puL per sample.

Metabarcoding library preparation and sequencing was
performed at the Walter and Eliza Hall Institute (WEHI)
(Melbourne, Australia) on one MiSeq V3 system (Illu-
mina) with 2x300bp paired-end reads. Library prepar-
ation involved addition of 20pL of next-generation
sequencing magnetic beads to 20 pL of PCR product (1:
1), for clean-up to ensure high quality down-stream se-
quencing. Beads were washed twice with 70% ethanol,
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and DNA was resuspended with 40 pL of nuclease-free
water. 10 pL of cleaned-up PCR products were combined
with 10 uL 2x Taq MasterMix (M0270L, New England
BioLabs) and 0.25 uM of forward and reverse indexing
primers. The second PCR conditions were as follows:
initial denaturation at 95 °C for 3 min, 24 cycles of: 95 °C
for 155, 60°C for 30s, and 72 °C for 30s; followed by a
final extension at 72 °C for 7 min. Product size and spe-
cificity of two replicates of representative 16S rRNA
gene amplifications were assessed using the TapeStation
(2200 TapeStation, Agilent Technologies). A final bead
clean-up was performed on a pool of 5puL from each
well per plate. Pooled libraries were checked for quality
control, size determination, quantity and purity of each
sample, to inform pool normalisation by using the
TapeStation (2200 TapeStation, Agilent Technologies).

Bacterial 16S rRNA gene analysis

QIIME2 v 2019.4.0 [74] was used for processing 16S
rRNA gene sequences. The plugin demux [74] was used
to create an interactive plot to visualise the data and as-
sess the quality, for demultiplexing and quality filtering
of raw sequences. The plugin cutadapt [75] was used to
remove the primers and Illumina MiSeq adapters. Plugin
DADA2 [76] was used for denoising and chimera check-
ing, trimming, dereplication, generation of a feature
table, joining of paired-end reads, and correcting se-
quencing errors and removing low quality reads (Q-
score < 30). Summary statistics were obtained using the
feature-table to ensure processing was successful. Tax-
onomy was assigned by training a naive Bayes classifier
with the feature-classifier plugin [74], based on a 99%
similarity to the V5-V6 region of the 16S rRNA gene in
the SILVA 132 database to match the 784F/1061R pri-
mer pair used [77]. Alignment [78] and phylogeny [79]
packages enabled the production of a phylogenetic tree
for later analyses in R Studio. Metadata file, phylogenetic
tree, and tables with Amplicon Sequence Variant (ASV)
taxonomic classifications and counts were imported into
R for statistical analyses.

Statistical analyses in R studio

Statistical analyses and graphs were performed using R
version 3.5.0 [80], and the packages phyloseq [81], vegan
[82], RVAideMemoire [83], ggplot2 [84], tidyverse [85],
indicspecies [86]. Statistical tests were considered signifi-
cant at o =0.05, unless otherwise stated. Metadata file,
taxonomy table, phylogenetic tree and ASV table were
imported into R and mitochondria and chloroplast se-
quences were removed. Contaminants ASVs were identi-
fied manually based on their abundance in negative
controls: any ASVs that was five times more abundant in
either the extraction blank or the no template PCR, and
that represented at least 50 reads in other samples was
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considered a contaminant and removed from the data-
set. 22 putative contaminant ASVs were identified, con-
stituting 7.3% relative abundance of the bacterial
communities in acontia samples (Additional file 6).

Alpha diversity metrics (observed ASVs, Simpson
index, Shannon index) were calculated after rarefying
the samples to 12,460 reads per sample. Alpha diversity
data were then analyzed for overall differences using
ANOVA, after checking that data had a normal distribu-
tion and homogenous variances using Shapiro and
Levene tests, respectively.

Differences in community composition (p-diversity,
[87]) were computed using Bray—Curtis dissimilarity
matrices and tested via permutational multivariate ana-
lysis of variance (PERMANOVA, [88]). Variation in
community composition among samples was visualized
with PCoA. A test for multivariate homogeneity of group
dispersions (PERMDISP, [89]) was used to check for
homogeneity of variances and pairwise comparisons
were performed between groups using the Benjamin and
Hochberg [90] correction for multiple testing. Venn dia-
grams were constructed using Venny 2.1.0 [91].

Whole anemone data used for indicator value analysis
was previously published (PRJNA576556 [47];) These data
were obtained from whole anemones deriving from the
same clonal populations used for acontia sampling. Anem-
ones from both studies were derived from the same clonal
populations, maintained in the same lab and in the same
rearing conditions. Sampling, DNA extractions, and 16S
rRNA gene metabarcoding was conducted with the same
protocols and at the same facility. Data analysis was per-
formed through the same pipelines. The indicator value
analysis [86] was applied to detect genera that were signifi-
cantly associated with acontia (versus whole anemones)
when both specificity and fidelity had probabilities > 80%.
Comparisons (PCoA, PERMANOVA, indicator species)
were performed at the genus level to avoid ASV-level
differences that could result from data processing
differences.
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Additional file 1. Visualization of acontia (grey, transmitted light) in
fluorescence microscopy highlighting the presence of Symbiodiniaceae
(blue) in AIMS2 (A), AIMS3 (B), and AIMS4 (C) genotypes. Note the
presence of a tentacle in A, highlighting the much higher
Symbiodiniaceae density in tentacles than in acontia. Scale bars: 100 ym
(left column); 20 pm (right column). Blue and grey are not the real colors.
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Additional file 2 Database of bacteria isolated from acontia from E.
diaphana. Is reported for each isolate: source genotype, partial 165 rRNA
sequence, morphology, closest BLAST result and full taxonomy. When
there were several BLAST results with identical scores, the species column
was left on “sp.”.

Additional file 3. Maximum likelihood phylogeny of the 16S rRNA gene
placing the acontia-associated cultured bacterial symbionts within the
broader phylogeny of the bacteria. The final alignment contained 243 se-
quences, 150 from this study, and was generated using the SILVA SINA
alignment tool and the SILVA reference alignment. The tree was con-
structed using RAXML-HPC under the GTRCAT model of evolution. See
Table S1 for a full description including colony morphology, 16S rRNA
gene sequences, and taxonomic affiliations of the 150 isolates cultured
from acontia.

Additional file 4. Abundance of ASVs shared across all four genotypes
AIMS1-4 (A, F) or unique to a given genotype (B-E). Only ASVs with a
mean abundance > 0.1% are shown in F.

Additional file 5. Abundance of genera specific to acontia (versus
whole anemones) based on an indicator value analysis (A-D). Five genera
were present in all genotypes, and their abundance across all genotypes
is presented in E.

Additional file 6. List of contaminants identified in the 165 rRNA
metabarcoding data.

Acknowledgements

We thank the Biosciences Microscopy Unit (University of Melbourne) and the
Biological Optical Microscopy Platform for the use of their stereo, confocal
and scanning electron microscopes, and Dr. Allison van de Meene for
assistance during sample preparation for electron microscopy. We are
grateful to Dr Ashley Dungan for providing 16S rRNA gene metabarcoding
data from whole anemones and comments on the manuscript, and to Dr.
Katarina Damjanovic and Dr. Leon M. Hartman for their valuable help in
developing codes for metabarcoding data analysis.

Authors’ contributions

Conceptualization: JM, LLB, MJHVO; Investigation: JM; Methodology: JM;
Formal analysis: JM; Visualization: JM; Funding acquisition: MJHVO;
Supervision: LLB, MJHvO; Writing — original draft: JM, LLB, MJHVO. The
authors read and approved the final manuscript.

Funding
This research was supported by the Australian Research Council Laureate
Fellowship FL180100036 (to MJHVO).

Availability of data and materials

Genbank accession numbers for 16S rRNA sequences of cultured bacteria are
MT840368-MT840517 (see Additional file 2). Raw Illumina MiSeq data from
acontia are available under NCBI BioProject ID PRINA650220. Raw lllumina
MiSeq data from whole anemones [47] are available under NCBI BioProject
ID PRINA576556.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'School of Biosciences, The University of Melbourne, Melbourne, VIC,
Australia. “Australian Institute of Marine Science, Townsville, QLD, Australia.


https://doi.org/10.1186/s12866-021-02211-4
https://doi.org/10.1186/s12866-021-02211-4

Maire et al. BMC Microbiology

(2021) 21:152

Received: 14 January 2021 Accepted: 29 April 2021
Published online: 21 May 2021

References

1.

20.

21.

22.

Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubiszewski
I, et al. Changes in the global value of ecosystem services. Glob Environ
Chang. 2014;26:152-8. https://doi.org/10.1016/j.gloenvcha.2014.04.002.
Spalding MD, Ravilious C, Green EP. World atlas of coral reefs. Prepared at
the UNEP World Conservation Monitoring Centre [Internet]. 2001. 424 p.
Fisher R, O'Leary RA, Low-Choy S, Mengersen K, Knowlton N, Brainard RE, et al.
Species richness on coral reefs and the pursuit of convergent global estimates.
Curr Biol. 2015;25(4):500-5. https//doi.org/10.1016/j.cub.2014.12.022.

Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC,
et al. Coral reefs in the Anthropocene. Nature. 2017;546(7656):82-90. https://
doi.org/10.1038/nature22901.

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, et al. Global
warming transforms coral reef assemblages. Nature. 2018;556(7702):492-6.
https://doi.org/10.1038/541586-018-0041-2.

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, et al.
Spatial and temporal patterns of mass bleaching of corals in the
Anthropocene. Science (80- ). 2018;359:80-3.

Blackall LL, Wilson B, van Oppen MJH. Coral-the world’s most diverse
symbiotic ecosystem. Mol Ecol. 2015;24(21):5330-47. https.//doi.org/10.1111/
mec.13400.

Rohwer F, Seguritan V, Azam F, Knowlton N. Diversity and distribution of
coral-associated bacteria. Mar Ecol Prog Ser. 2002,243:1-10. https://doi.org/1
0.3354/meps243001.

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra
CR, et al. Systematic revision of Symbiodiniaceae highlights the antiquity
and diversity of coral endosymbionts. Curr Biol. 2018;28:2570-2580.e6.
Trench RK. Microalgal-invertebrate symbioses: a review. Endocytobiosis Cell
Res. 1993;9:135.

Muscatine L. R. McCloskey L, E. Marian R. estimating the daily contribution
of carbon from zooxanthellae to coral animal respiration1. Limnol
Oceanogr. 1981;26(4):601-11. https;//doi.org/10.4319/10.1981.264.0601.
Muscatine L, Falkowski PG, Porter JW, Dubinsky Z. Fate of photosynthetic
fixed carbon in light- and shade-adapted colonies of the symbiotic coral
Stylophora pistillata. Proc R Soc Lond Ser B Biol Sci. 1984;222:181-202.
Muscatine L, Porter JW. Reef corals: mutualistic symbioses adapted to
nutrient-poor environments. Bioscience. 1977;27(7):454-60. https//doi.org/1
0.2307/1297526.

Weis VM. Cellular mechanisms of cnidarian bleaching: stress causes the
collapse of symbiosis. J Exp Biol. 2008;211(19):3059-66. https://doi.org/1
0.1242/jeb.009597.

van Oppen MJH, Blackall LL. Coral microbiome dynamics, functions and
design in a changing world. Nat Rev Microbiol. 2019;17(9):557-67. https//
doi.org/10.1038/541579-019-0223-4.

Peixoto RS, Rosado PM, Leite DC de A, Rosado AS, Bourne DG. Beneficial
microorganisms for corals (BMC): proposed mechanisms for coral health
and resilience. Front Microbiol. 2017;8:341.

Lee STM, Davy SK, Tang SL, Kench PS. Mucus sugar content shapes the
bacterial community structure in thermally stressed Acropora muricata.
Front Microbiol. 2016;7:371.

Ziegler M, Seneca FO, Yum LK, Palumbi SR, Voolstra CR. Bacterial community
dynamics are linked to patterns of coral heat tolerance. Nat Commun. 2017;
8(1):14213. https://doi.org/10.1038/ncomms14213.

Grottoli AG, Dalcin Martins P, Wilkins MJ, Johnston MD, Warner ME, Cai W-J,
et al. Coral physiology and microbiome dynamics under combined
warming and ocean acidification. PLoS One. 2018;13(1):¢0191156. https//
doi.org/10.1371/journal.pone.0191156.

Bourne DG, Morrow KM, Webster NS. Insights into the coral microbiome:
underpinning the health and resilience of reef ecosystems. Annu Rev
Microbiol. 2016;70(1):317-40. https://doi.org/10.1146/annurev-micro-102215-
095440.

Garren M, Azam F. New method for counting bacteria associated with coral
mucus. Appl Environ Microbiol. 2010;76(18):6128-33. https://doi.org/10.112
8/AEM.01100-10.

Ricci F, Rossetto Marcelino V, Blackall LL, Kihl M, Medina M, Verbruggen H.
Beneath the surface: community assembly and functions of the coral
skeleton microbiome. Microbiome. 2019;7(1):159. https://doi.org/10.1186/s4
0168-019-0762-y.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34,

35.

36.

37.

38.

39.

40.

42.

43.

Page 10 of 12

Ainsworth TD, Krause L, Bridge T, Torda G, Raina J-B, Zakrzewski M, et al. The
coral core microbiome identifies rare bacterial taxa as ubiquitous
endosymbionts. ISME J. 2015,9(10):2261-74. https;//doi.org/10.1038/ismej.2
015.39.

Neave MJ, Apprill A, Ferrier-Pagés C, Voolstra CR. Diversity and function of
prevalent symbiotic marine bacteria in the genus Endozoicomonas. Appl
Microbiol Biotechnol. 2016;100(19):8315-24. https://doi.org/10.1007/500253-
016-7777-0.

Agostini S, Suzuki Y, Higuchi T, Casareto BE, Yoshinaga K, Nakano Y, et al.
Biological and chemical characteristics of the coral gastric cavity. Coral
Reefs. 2012,31(1):147-56. https://doi.org/10.1007/500338-011-0831-6.

Miller AW, Blackwelder P, Al-Sayegh H, Richardson LL. Fine-structural analysis of
black band disease infected coral reveals boring cyanobacteria and novel
bacteria. Dis Aquat Org. 2011,93(3):179-90. https://doi.org/10.3354/dao02305.
Maire J, Girvan SK, Barkla SE, Perez-Gonzalez A, Suggett DJ, Blackall LL, et al.
Intracellular bacteria are common and taxonomically diverse in cultured
and in hospite algal endosymbionts of coral reefs. ISME J. 2021:1-15.
Pollock FJ, McMinds R, Smith S, Bourne DG, Willis BL, Medina M, et al. Coral-
associated bacteria demonstrate phylosymbiosis and cophylogeny. Nat
Commun. 2018,9:1-13.

Sweet MJ, Croquer A, Bythell JC. Bacterial assemblages differ between
compartments within the coral holobiont. Coral Reefs. 2011;30(1):39-52.
https://doi.org/10.1007/500338-010-0695-1.

Weis VM, Davy SK, Hoegh-Guldberg O, Rodriguez-Lanetty M, Pringle JR. Cell
biology in model systems as the key to understanding corals. Trends Ecol
Evol. 2008;23(7):369-76. https://doi.org/10.1016/j.tree.2008.03.004.

Weis VM. Cell biology of coral symbiosis: foundational study can inform
solutions to the coral reef crisis. Integr Comp Biol. 2019;59(4):845-55.
https://doi.org/10.1093/icb/icz067.

Herrera M, Ziegler M, Voolstra CR, Aranda M. Laboratory-cultured strains of
the sea anemone Exaiptasia reveal distinct bacterial communities. Front Mar
Sci. 2017;4:115. https.//doi.org/10.3389/fmars.2017.00115.

Brown T, Otero C, Grajales A, Rodriguez E, Rodriguez-Lanetty M. Worldwide
exploration of the microbiome harbored by the cnidarian model, Exaiptasia
pallida (Agassiz in Verrill, 1864) indicates a lack of bacterial association
specificity at a lower taxonomic rank. PeerJ. 2017;16:3235.

Rothig T, Costa RM, Simona F, Baumgarten S, Torres AF, Radhakrishnan A,
et al. Distinct bacterial communities associated with the coral model
Aiptasia in aposymbiotic and symbiotic states with Symbiodinium. Front
Mar Sci. 2016;3:234.

Hartman LM, van Oppen MJH, Blackall LL. Microbiota characterization of
Exaiptasia diaphana from the great barrier reef. Anim Microbiome. 2020;2(1):
10. https://doi.org/10.1186/542523-020-00029-5.

Hartman LM, van Oppen MJH, Blackall LL. The effect of thermal stress
on the bacterial microbiome of exaiptasia diaphana. Microorganisms.
2020;8:20.

Dungan AM, Hartman LM, Tortorelli G, Belderok R, Lamb AM, Pisan L, et al.
Exaiptasia diaphana from the great barrier reef: a valuable resource for coral
symbiosis research. Symbiosis. 2020;80(2):195-206. https://doi.org/10.1007/
$13199-020-00665-0.

Shick JM. Functional biology of sea anemones; 1991. https://doi.org/10.1
007/978-94-011-3080-6.

Lam J, Cheng YW, Chen WNU, Li HH, Chen CS, Peng SE. A detailed
observation of the ejection and retraction of defense tissue acontia in sea
anemone (Exaiptasia pallida). Peer). 2017,2017:1-11.

Strémberg SM, Ostman C. The cnidome and internal morphology of
Lophelia pertusa (Linnaeus, 1758) (Cnidaria, Anthozoa). Acta Zool. 2017;
98(2):191-213. https//doi.org/10.1111/az0.12164.

Edmunds M, Potts GW, Swinfen RC, Waters VL. Defensive behaviour of
sea anemones in response to predation by the opisthobranch
mollusc Aeolidia papillosa (L.). J Mar Biol Assoc United Kingdom. 1976;
56:65-83.

Niichter T, Benoit M, Engel U, Ozbek S, Holstein TW. Nanosecond-scale
kinetics of nematocyst discharge. Curr Biol. 2006;16(9):R316-8. https.//doi.
org/10.1016/j.cub.2006.03.089.

Frazdo B, Vasconcelos V, Antunes A. Sea anemone (Cnidaria, Anthozoa,
Actiniaria) toxins: an overview. Mar Drugs. 2012;10(12):1812-51. https//doi.
0rg/10.3390/md10081812.

Anderluh G, Macek P. Cytolytic peptide and protein toxins from sea
anemones (Anthozoa: Actiniaria). Toxicon. 2002;40(2):111-24. https://doi.
0rg/10.1016/50041-0101(01)00191-X.


https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.1016/j.cub.2014.12.022
https://doi.org/10.1038/nature22901
https://doi.org/10.1038/nature22901
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1111/mec.13400
https://doi.org/10.1111/mec.13400
https://doi.org/10.3354/meps243001
https://doi.org/10.3354/meps243001
https://doi.org/10.4319/lo.1981.26.4.0601
https://doi.org/10.2307/1297526
https://doi.org/10.2307/1297526
https://doi.org/10.1242/jeb.009597
https://doi.org/10.1242/jeb.009597
https://doi.org/10.1038/s41579-019-0223-4
https://doi.org/10.1038/s41579-019-0223-4
https://doi.org/10.1038/ncomms14213
https://doi.org/10.1371/journal.pone.0191156
https://doi.org/10.1371/journal.pone.0191156
https://doi.org/10.1146/annurev-micro-102215-095440
https://doi.org/10.1146/annurev-micro-102215-095440
https://doi.org/10.1128/AEM.01100-10
https://doi.org/10.1128/AEM.01100-10
https://doi.org/10.1186/s40168-019-0762-y
https://doi.org/10.1186/s40168-019-0762-y
https://doi.org/10.1038/ismej.2015.39
https://doi.org/10.1038/ismej.2015.39
https://doi.org/10.1007/s00253-016-7777-0
https://doi.org/10.1007/s00253-016-7777-0
https://doi.org/10.1007/s00338-011-0831-6
https://doi.org/10.3354/dao02305
https://doi.org/10.1007/s00338-010-0695-1
https://doi.org/10.1016/j.tree.2008.03.004
https://doi.org/10.1093/icb/icz067
https://doi.org/10.3389/fmars.2017.00115
https://doi.org/10.1186/s42523-020-00029-5
https://doi.org/10.1007/s13199-020-00665-0
https://doi.org/10.1007/s13199-020-00665-0
https://doi.org/10.1007/978-94-011-3080-6
https://doi.org/10.1007/978-94-011-3080-6
https://doi.org/10.1111/azo.12164
https://doi.org/10.1016/j.cub.2006.03.089
https://doi.org/10.1016/j.cub.2006.03.089
https://doi.org/10.3390/md10081812
https://doi.org/10.3390/md10081812
https://doi.org/10.1016/S0041-0101(01)00191-X
https://doi.org/10.1016/S0041-0101(01)00191-X

Maire et al. BMC Microbiology

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2021) 21:152

Schlesinger A, Zlotkin E, Kramarsky-Winter E, Loya Y. Cnidarian internal
stinging mechanism. Proc R Soc B Biol Sci. 2009,276(1659):1063-7. https.//
doi.org/10.1098/rspb.2008.1586.

Lang JC, Chornesky EA. Competition between scleractinian reef corals - a
review of mechanisms and effects. Ecosystems World Elsevier. 1990:209-52.
Dungan AM, van Oppen MJ, Blackall LL. Short-term exposure to sterile
seawater reduces bacterial community diversity in the sea anemone.
Exaiptasia Diaphana Front Mar Sci. 2021;7:1249.

Tortorelli G, Belderok R, Davy SK, Mcfadden Gl, Van Oppen MJH. Host
genotypic effect on algal symbiosis establishment in the coral model, the
anemone Exaiptasia diaphana, From the Great Barrier Reef. Front Mar Sci.
2020,6:833.

Osman EO, Suggett DJ, Voolstra CR, Pettay DT, Clark DR, Pogoreutz C, et al.
Coral microbiome composition along the northern Red Sea suggests high
plasticity of bacterial and specificity of endosymbiotic dinoflagellate
communities. Microbiome. 2020,8:1-16.

Li J, Chen Q, Long LJ, De Dong J, Yang J, Zhang S. Bacterial dynamics
within the mucus, tissue and skeleton of the coral Porites lutea during
different seasons. Sci Rep. 2014;4:1-8.

Ceh J, Kilburn MR, Cliff JB, Raina J-B, van Keulen M, Bourne DG. Nutrient
cycling in early coral life stages: Pocillopora damicornis larvae provide their
algal symbiont (Symbiodinium) with nitrogen acquired from bacterial
associates. Ecol Evol. 2013;3(8):2393-400. https://doi.org/10.1002/ece3.642.
Raina JB, Tapiolas D, Willis BL, Bourne DG. Coral-associated bacteria and
their role in the biogeochemical cycling of sulfur. Appl Environ Microbiol.
2009;75(11):3492-501. https://doi.org/10.1128/AEM.02567-08.

Curson ARJ, Rogers R, Todd JD, Brearley CA, Johnston AWB. Molecular
genetic analysis of a dimethylsulfoniopropionate lyase that liberates the
climate-changing gas dimethylsulfide in several marine a-proteobacteria
and Rhodobacter sphaeroides. Environ Microbiol. 2008;10(3):757-67. https//
doi.org/10.1111/j.1462-2920.2007.01499.x.

Amin SA, Hmelo LR, Van Tol HM, Durham BP, Carlson LT, Heal KR, et al.
Interaction and signalling between a cosmopolitan phytoplankton and
associated bacteria. Nature. 2015;522(7554):98-101. https://doi.org/10.1038/
nature14488.

Pootakham W, Mhuantong W, Yoocha T, Putchim L, Jomchai N, Sonthirod
C, et al. Heat-induced shift in coral microbiome reveals several members of
the Rhodobacteraceae family as indicator species for thermal stress in
Porites lutea. Microbiologyopen. 2019;8:2935.

Pollock FJ, Krediet CJ, Garren M, Stocker R, Winn K, Wilson B, et al.
Visualization of coral host-pathogen interactions using a stable GFP-labeled
Vibrio coralliilyticus strain. Coral Reefs. 2015;34(2):655-62. https://doi.org/10.1
007/500338-015-1273-3.

Sussman M, Willis BL, Victor S, Bourne DG. Coral pathogens identified for
white syndrome (WS) epizootics in the indo-Pacific. PLoS One. 2008;3(6):
€2393. https://doi.org/10.1371/journal.pone.0002393.

Ben-Haim Y, Thompson FL, Thompson CC, Cnockaert MC, Hoste B, Swings J,
et al. Vibrio coralliilyticus sp. nov.,, a temperature-dependent pathogen of
the coral Pocillopora damicornis. Int J Syst Evol Microbiol. 2003;53(1):309-15.
https://doi.org/10.1099/ij5.0.02402-0.

Zaragoza WJ, Krediet CJ, Meyer JL, Canas G, Ritchie KB, Teplitski M.
Outcomes of infections of sea anemone Aiptasia pallida with Vibrio spp.
pathogenic to corals. Microb Ecol. 2014,68(2):388-96. https.//doi.org/10.1
007/500248-014-0397-2.

Brown T, Rodriguez-Lanetty M. Defending against pathogens-
immunological priming and its molecular basis in a sea anemone, cnidarian.
Sci Rep. 2015;5:1-14.

Kushmaro A, Loya Y, Fine M, Rosenberg E. Bacterial infection and coral
bleaching. Nature. 1996;380(6573):396. https.//doi.org/10.1038/380396a0.
Ledn-Palmero E, Joglar V, Alvarez PA, Martin-Platero A, Llamas |, Reche I.
Diversity and antimicrobial potential in sea anemone and holothurian
microbiomes. PLoS One. 2018;13(5):e0196178. https://doi.org/10.1371/journa
| pone.0196178.

Noguchi T, Hwang DF, Arakawa O, Sugita H, Deguchi Y, Shida Y, et al. Vibrio
alginolyticus, a tetrodotoxin-producing bacterium, in the intestines of the
fish Fugu vermicularis vermicularis. Mar Biol. 1987,94(4):625-30. https://doi.
0rg/10.1007/BF00431409.

Cheng CA, Hwang DF, Tsai YH, Chen HC, Jeng SS, Noguchi T, et al.
Microflora and tetrodotoxin-producing bacteria in a gastropod, Niotha
clathrata. Food Chem Toxicol. 1995;33(11):929-34. https://doi.org/10.1016/02
78-6915(95)00061-6.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

Page 11 of 12

Noguchi T, Jeon J k, Arakawa O, Sugita H, Deguchi Y, Shida Y, et al.
Occurrence of tetrodotoxin and anhydrotetrodotoxin in Vibrio sp. Isolated
from the intestines of a xanthid crab, Atergatis floridus. J Biochem. 1986,99:
311-4.

Thornhill DJ, Xiang Y, Pettay DT, Zhong M, Santos SR. Population genetic
data of a model symbiotic cnidarian system reveal remarkable symbiotic
specificity and vectored introductions across ocean basins. Mol Ecol. 2013;
22(17):4499-515. httpsy//doi.org/10.1111/mec.12416.

Bellis ES, Denver DR. Natural variation in responses to acute heat and cold
stress in a sea anemone model system for coral bleaching. Biol Bull. 2017;
233(2):168-81. https://doi.org/10.1086/694890.

Lane D. 165/23S rRNA sequencing. Nucleic Acid techniques in bacterial
systematics; 1991. p. 115-47.

Pruesse E, Peplies J, Glockner FO. SINA: accurate high-throughput multiple
sequence alignment of ribosomal RNA genes. Bioinformatics. 2012;28(14):
1823-9. https//doi.org/10.1093/biocinformatics/bts252.

Stamatakis A. RAXML version 8: A tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics. 2014;30(9):1312-3. https://doi.
0rg/10.1093/bioinformatics/btu033.

Miller MA, Pfeiffer W, Schwartz T. Creating the CIPRES Science Gateway for
inference of large phylogenetic trees. 2010 Gateway computing
environments workshop, GCE 2010; 2010.

Wilson K, Li Y, Whan V, Lehnert S, Byrne K, Moore S, et al. Genetic mapping
of the black tiger shrimp Penaeus monodon with amplified fragment
length polymorphism. Aquaculture. 2002;204(3-4):297-309. https.//doi.org/1
0.1016/50044-8486(01)00842-0.

Andersson AF, Lindberg M, Jakobsson H, Backhed F, Nyrén P, Engstrand L.
Comparative analysis of human gut microbiota by barcoded
pyrosequencing. PLoS One. 2008;3(7):e2836. https://doi.org/10.1371/journal.
pone.0002836.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat Biotechnol. 2019;37(8):852-7. https://doi.org/10.1038/541
587-019-0209-9.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnetjournal. 2011;17(1):10. https://doi.org/10.14806/
€j.17.1.200.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869.

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al.
Optimizing taxonomic classification of marker-gene amplicon sequences
with QIIME 2's g2-feature-classifier plugin. Microbiome. 2018,6(1):90. https//
doi.org/10.1186/540168-018-0470-z.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol. 2013;
30(4):772-80. https://doi.org/10.1093/molbev/mst010.

Price MN, Dehal PS, Arkin AP. FastTree 2 - approximately maximum-
likelihood trees for large alignments. PLoS One. 2010;5(3):¢9490. https://doi.
0rg/10.1371/journal.pone.0009490.

R Core Team. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-
project.org/. 2018.

McMurdie PJ, Holmes S. phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One.
2013;8:€61217.

Oksanen J, Guillaume Blanchet F, Kindt R, Legendre P, Minchin PR, O'Hara
RB, et al. Package “vegan" community ecology package. See https//cran r-
project 2018;

Hervé M. RVAideMemoire: testing and plotting procedures for biostatistics.
R package version 0.9-69; 2018.

Wickham H. ggplot2: elegant graphics for data analysis. Springer-Verlag,
New York; 2009.

Wickham H. tidyverse: easily install and load the Tidyverse’. R package
version 1.2.1; 2017.

De Céceres M, Legendre P. Associations between species and groups of
sites: indices and statistical inference. Ecology. 2009,90(12):3566-74. https://
doi.org/10.1890/08-1823.1.

Anderson MJ, Ellingsen KE, McArdle BH. Multivariate dispersion as a
measure of beta diversity. Ecol Lett. 2006;9(6):683-93. https://doi.org/1
0.1111/1.1461-0248.2006.00926 x.


https://doi.org/10.1098/rspb.2008.1586
https://doi.org/10.1098/rspb.2008.1586
https://doi.org/10.1002/ece3.642
https://doi.org/10.1128/AEM.02567-08
https://doi.org/10.1111/j.1462-2920.2007.01499.x
https://doi.org/10.1111/j.1462-2920.2007.01499.x
https://doi.org/10.1038/nature14488
https://doi.org/10.1038/nature14488
https://doi.org/10.1007/s00338-015-1273-3
https://doi.org/10.1007/s00338-015-1273-3
https://doi.org/10.1371/journal.pone.0002393
https://doi.org/10.1099/ijs.0.02402-0
https://doi.org/10.1007/s00248-014-0397-2
https://doi.org/10.1007/s00248-014-0397-2
https://doi.org/10.1038/380396a0
https://doi.org/10.1371/journal.pone.0196178
https://doi.org/10.1371/journal.pone.0196178
https://doi.org/10.1007/BF00431409
https://doi.org/10.1007/BF00431409
https://doi.org/10.1016/0278-6915(95)00061-6
https://doi.org/10.1016/0278-6915(95)00061-6
https://doi.org/10.1111/mec.12416
https://doi.org/10.1086/694890
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1016/S0044-8486(01)00842-0
https://doi.org/10.1016/S0044-8486(01)00842-0
https://doi.org/10.1371/journal.pone.0002836
https://doi.org/10.1371/journal.pone.0002836
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x

Maire et al. BMC Microbiology (2021) 21:152 Page 12 of 12

88.  Anderson MJ. A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 2001;26:32-46.

89.  Anderson MJ. Distance-based tests for homogeneity of multivariate
dispersions. Biometrics. 2006;62(1):245-53. https;//doi.org/10.1111/j.1541-042
0.2005.00440.x.

90. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful spproach to multiple testing. J R Stat Soc Ser B. 1995,57:289-300.

91.  Oliveros JC. Venny. An interactive tool for comparing lists with Venn's
diagrams https://bioinfogp.cnb.csic.es/tools/venny/index.html.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC



https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://bioinfogp.cnb.csic.es/tools/venny/index.html

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	E. diaphana’s acontia associate with Symbiodiniaceae and bacteria
	16S rRNA gene metabarcoding reveals bacterial communities of acontia are diverse, with abundant ASVs being shared among host genotypes
	Acontia bacterial communities significantly differ from those of whole anemones

	Discussion
	Conclusions
	Material and methods
	Anemone rearing and macroscopic observations
	Acontia preparation for confocal laser scanning microscopy (CLSM)
	CLSM
	Cultures of bacteria associated with acontia
	16S rRNA gene sequencing from cultured bacteria
	Phylogenetic tree construction
	Sampling and DNA extraction for 16S rRNA gene metabarcoding
	16S rRNA gene PCR amplification, library preparation and sequencing
	Bacterial 16S rRNA gene analysis
	Statistical analyses in R studio
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

