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Coral bleaching, i.e., the loss of photosynthetic algal endosymbionts, caused by ocean
warming is now among the main factors driving global reef decline, making the
elucidation of factors that contribute to thermotolerance important. Recent studies
implicate high salinity as a contributing factor in cnidarians, potentially explaining
the high thermotolerance of corals from the Arabian Seas. Here we characterized
bacterial community composition under heat stress at different salinities using the
coral model Aiptasia. Exposure of two Aiptasia host-algal symbiont pairings (H2-
SSB01 and CC7-SSA01) to ambient (25◦C) and heat stress (34◦C) temperatures
at low (36 PSU), intermediate (39 PSU), and high (42 PSU) salinities showed that
bacterial community composition at high salinity was significantly different, concomitant
with reduced bleaching susceptibility in H2-SSB01, not observed in CC7-SSA01.
Elucidation of bacteria that showed increased relative abundance at high salinity,
irrespective of heat stress, revealed candidate taxa that could potentially contribute
to the observed increased thermotolerance. We identified 4 (H2-SSB01) and 3 (CC7-
SSA01) bacterial taxa belonging to the orders Alteromonadales (1 OTU), Oligoflexales
(1 OTU), Rhizobiales (2 OTUs), and Rhodobacterales (2 OTUs), suggesting that only
few bacterial taxa are potential contributors to an increase in thermal tolerance at high
salinities. These taxa have previously been implicated in nitrogen and DMSP cycling,
processes that are considered to affect thermotolerance. Our study demonstrates
microbiome restructuring in symbiotic cnidarians under heat stress at different salinities.
As such, it underlines how host-associated bacterial communities adapt to prevailing
environmental conditions with putative consequences for the environmental stress
tolerance of the emergent metaorganism.
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INTRODUCTION

Corals are keystone species that, through the secretion of calcium
carbonate, create the three-dimensional structures that constitute
one of the most biodiverse ecosystems on Earth: coral reefs
(Knowlton et al., 2010). Coral reefs are ecologically important
because of their high biodiversity, and economically important
by providing ecosystem services (Costanza et al., 2014). But reef
ecosystems are under threat due to global coral bleaching caused
by climate change (Bellwood et al., 2004; Hughes et al., 2017).

Coral bleaching refers to the breakdown of the obligate coral-
algal symbiosis, which leads to the expulsion of Symbiodiniaceae
from the host and may ultimately entail the death of the
coral (Dove and Hoegh-Guldberg, 2006). Although bleaching
thresholds are approximately 1◦C above average summer
maxima, absolute temperatures are different across reef regions.
For example, corals in the Red Sea and Persian/Arabian Gulf
have much higher bleaching thresholds than corals elsewhere
(Coles, 2003; Coles and Riegl, 2013; Fine et al., 2013; Osman
et al., 2018). Previous research has identified the symbiosis
with a specialized alga, Cladocopium thermophilum (formerly:
Symbiodinium thermophilum, Clade C3) to be a contributing
factor for this remarkable thermotolerance (D’Angelo et al., 2015;
Howells et al., 2016; Hume et al., 2016; Howells et al., 2020).
Given that reef corals from the Red Sea and Persian/Arabian
Gulf are also exposed to the highest levels of salinity in any of
the world’s oceans (41 and 50 PSU, respectively; Ngugi et al.,
2012; Riegl and Purkis, 2012), recent research has investigated
whether high salinity could affect thermotolerance (D’Angelo
et al., 2015; Gegner et al., 2017; Ochsenkühn et al., 2017).
In particular, studies using the coral model Aiptasia showed
that higher salinities can lead to reduced bleaching in the
cnidarian-dinoflagellate symbiosis (Gegner et al., 2017, 2019).
This salinity-conveyed thermotolerance could be further linked
to an increase of the osmolyte floridoside that is produced by the
associated algal endosymbiont, and putatively reduces the effects
of bleaching-associated reactive oxygen species (ROS) due to its
ROS-scavenging capabilities (Ochsenkühn et al., 2017; Gegner
et al., 2019).

Despite the importance of algal endosymbionts, it is important
to consider the coral as a holobiont, i.e., as a consortium
of associated species (coral animal host, endosymbiont algae,
bacteria, viruses, etc.; Rohwer et al., 2002; Bang et al., 2018).
In particular, bacteria have been shown and suggested to play
important roles in coral health, pathogen defense, metabolism,
and nutrient cycling (Rosenberg et al., 2007; Krediet et al., 2013;
Ainsworth et al., 2015; Rädecker et al., 2015; Bourne et al., 2016;
Neave et al., 2017; Jaspers et al., 2019). Although the precise
functional roles of specific bacteria are still largely unknown,
association with beneficial bacteria is argued to be an avenue for
corals to adapt to rapid environmental change (Mouchka et al.,
2010; Bourne and Webster, 2013; Ainsworth and Gates, 2016;
Peixoto et al., 2017; Torda et al., 2017). As such, microbiome
restructuring has been suggested to play a role in the rapid
acclimatization of Fungia granulosa after long-term exposure to
high-salinity levels (Röthig et al., 2016b) and the adaptation of
Acropora hyacinthus to increased thermal stress (Ziegler et al.,

2017b). At large, microbiome flexibility, i.e., the potential for
dynamic restructuring of the bacterial microbiome to support
prevailing environmental conditions, is now put forward as a
fast-track mechanism to support ecological adaption of the coral
holobiont (Ziegler et al., 2019; Voolstra and Ziegler, 2020).

The promise of the microbiome to contribute to
environmental adaptation prompted our interest to assess
whether coral-associated bacteria may play a part in salinity-
conveyed thermotolerance (Fine et al., 2013; Gegner et al.,
2017; Ochsenkühn et al., 2017; Osman et al., 2018). To begin to
address a possible contribution of bacteria to salinity-conveyed
thermotolerance, we used the coral model Aiptasia (sensu
Exaiptasia pallida; Weis et al., 2008; Baumgarten et al., 2015)
and conducted a series of manipulative experiments. Using
16S rRNA gene amplicon sequencing, we assessed bacterial
communities under control and heat stress conditions at three
different salinity treatments in two Aiptasia strains (H2, CC7)
associated with their two distinct native endosymbionts (SSB01,
SSA01), drawing directly from a recently conducted experiment
that showed salinity-conveyed thermotolerance at high salinities
(Gegner et al., 2019). Aiptasia strains H2 and CC7 were shown
recently to harbor distinct bacterial microbiomes, with CC7
exhibiting a more diverse microbiome and H2 a more variable
one, besides many of the most prevalent taxa being distinct
(Röthig et al., 2016a; Herrera et al., 2017). First, we determined
overall changes in the bacterial community composition under
each treatment, and subsequently, we identified individual
bacterial taxa that contributed to the differences observed and
their putative contribution.

MATERIALS AND METHODS

Animal Rearing, Experimental Setup, and
Sample Processing
Samples used in this study were taken from the experiment
detailed in Gegner et al. (2019). Briefly, symbiotic anemones
of the clonal Aiptasia strains H2 (Xiang et al., 2013) and CC7
(Sunagawa et al., 2009) were maintained in salinity-adjusted Red
Sea seawater (see below) exposed to a 12 h: 12 h light/dark
cycle at 30–40 µmol photons m−2 s−1. H2 anemones were
associated with their native endosymbionts of strain SSB01 (type
B1, species Breviolum minutum; Xiang et al., 2013; Baumgarten
et al., 2015; LaJeunesse et al., 2018), referred to as H2-SSB01;
CC7 anemones were associated with their native endosymbionts
strain SSA01 (type A4, species Symbiodinium linucheae; Bieri
et al., 2016; LaJeunesse et al., 2018), referred to as CC7-SSA01.
Anemones were kept at 25◦C in three experimental salinities: low
(36 PSU), intermediate (39 PSU), and high (42 PSU) for 10 days
to acclimate; the experimental salinity levels are well within
the tolerance range of Aiptasia (Coles and Jokiel, 1992; Gegner
et al., 2017, 2019). Feeding was ceased with the beginning of the
acclimation. The experimental salinities were achieved by using
autoclaved Red Sea seawater diluted with ddH20 to the lowest
salinity (36 PSU) and subsequent adjustment with NaCl until the
desired salinities were reached. Seawater samples were collected
by filtering 1 L of seawater of each salinity through a 0.22 µm
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Durapore PVDF filter (Millipore, Billerica, United States). Filters
were subsequently stored at−80◦C.

After the acclimation phase, anemones were transferred into
individual wells of 6-well plates (water volume of 7 ml at
corresponding salinities) and wrapped in see-through plastic bags
containing wet wipes to minimize evaporation (bags were not
sealed to allow for aeration and oxygen levels were normal as
determined from a pilot experiment). Salinities were monitored
throughout the entire experiment using a refractometer (Aqua
Medic GmbH, Germany). Half of the anemones were subjected to
heat stress by ramping the temperature from 25◦C to 34◦C over
the course of 9 h (1◦C h−1 increments) and subsequently held at
34◦C. A total of 52 anemones were used in this study as follows:
H2-SSB01: 4–5 animals × 3 salinities × 2 temperatures = 28
anemones (for salinity 39 PSU, temperature 25◦C and for
salinity 42 PSU, temperature 34◦C only 4 replicate anemones
were available); CC7-SSA01: 4 animals × 3 salinities × 2
temperatures = 24 anemones. Wells of the 6-well plates were
cleaned every second day with a cotton-swab and the water
was exchanged. The experiment was completed for all host-
symbiont pairings after 6 days. At this time point, the anemones
of H2-SSB01 in the lowest salinity (36 PSU) appeared completely
bleached, i.e., visually translucent. Upon collection, Aiptasia
were rinsed twice with ddH20, briefly drained of excess water,
transferred into 1.5 mL microtubes containing 150 µL PBS buffer,
homogenized for 10 s using a MicroDisTec homogenizer 125
(Thermo Fisher Scientific, Waltham, MA, United States), and
stored in−80◦C until further processing. The experimental setup
is depicted in Supplementary Figure 1.

DNA Extraction and 16S rRNA Gene
Sequencing
For DNA extraction, each sample was thawed on ice, 400 µL
AP1 buffer was added and extractions were performed using the
DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. For DNA isolation from
seawater, one PVDF filter for each of the three salinities was
divided into three parts using sterile razor blades and transferred
into a 2 mL microtube. Next, 400 µL of AP1 buffer were
added and incubated on a rotating wheel for 20 min. DNA was
extracted following the manufacturer’s instructions (DNeasy
Plant Mini Kit, Qiagen). For all samples, DNA concentrations
were quantified on a NanoDrop 2000C spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States).
To generate 16S rRNA gene amplicons for sequencing
on the Illumina HiSeq2500 Platform, primers 784F [5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATT
AGATACCCTGGTA -3′] and 1061R [5′- GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACGAC
-3′] were used to amplify the variable region 5 and 6 of the 16S
rRNA gene (Andersson et al., 2008; Bayer et al., 2013).
Primers contained Illumina (San Diego, United States) adaptor
overhangs (underlined above). For each sample, triplicate
PCRs were performed using the Qiagen Multiplex PCR kit.
The final reaction volume was 10 µL, comprised of 1 µL of
template DNA (1–10 ng) and a final primer concentration of

0.5 µM. In addition, we performed three no template DNA
negative controls in order to test for putative contaminants;
notably, a potential source of contamination remains from
the extraction procedure, which was not assessed here. PCR
conditions were as follows: 95◦C for 15 min, 30 cycles each at
95◦C for 30 s, 55◦C for 90 s, and 72◦C for 30 s, followed by a final
elongation step at 72◦C for 10 min. Successful PCR amplification
was checked via visualization of amplicon products in a 1%
agarose gel (5 µL). Triplicate PCRs for each sample were pooled
and subsequently cleaned with the ExoProStar 1-Step PCR,
followed by the Sequence Reaction Clean-up Kit (GE Healthcare,
Buckinghamshire, United Kingdom). Subsequently, the indexing
PCR was performed over 8 cycles to add Nextera XT sequencing
adapters (Illumina), according to the manufacturer’s instructions.
Indexed PCR products were purified and normalized using the
Invitrogen SequalPrep Normalization Plate (96) Kit (Thermo
Fisher Scientific, Carlsbad, CA, United States), involving elution
in 20 µl of buffer at normalized concentrations (∼4 nM), and
subsequent pooling of samples in equimolar ratios. Sequencing
libraries were quality checked on the BioAnalyzer (Agilent
Technologies, Santa Clara, CA, United States) and sequenced
on an Illumina HiSeq 2500 with 2 × 150 bp in rapid mode,
loaded with 10% PhiX.

Data Analysis
The sequence dataset comprised ∼12 million read pairs that
were demultiplexed according to barcodes using the bcl2fastq
software (version 2.17.1.14, Illumina) resulting in ∼ 200,000
sequences per sample. For sequence data analysis the software
mothur (version 1.39.5) was used (Schloss et al., 2009).
Briefly, bases with quality scores < 20, ambiguities, or primer
sequences were trimmed before merging paired reads. Next,
sequences that occurred only once over all samples were
discarded and remaining sequences were aligned against the
SILVA database (release 128; Pruesse et al., 2007). A single-
linkage pre-clustering step, allowing for a 2-bp difference
between sequences (Huse et al., 2010) was performed to reduce
potential sequencing errors. After that, we screened for chimeras
using VSEARCH (Rognes et al., 2016) as implemented in
mothur. Sequences were classified using the Greengenes (release
gg_13_5_99) and SILVA 138 databases with a 60% bootstrap
cutoff; sequences assigned to chloroplast, mitochondria, archaea,
eukaryotes, or unknown were excluded (Pruesse et al., 2007;
McDonald et al., 2012). Sequences were clustered into operational
taxonomic units (OTUs) based on a 0.03 dissimilarity cutoff,
after splitting the distance matrix by taxonomical annotation
(order level) using mothur’s implementation of the OptiClust
algorithm (Westcott and Schloss, 2017). Consensus sequences
were calculated for the resulting 2,955 OTUs and a new
taxonomical annotation was done as described above. The
final dataset comprised ∼6 million sequences, equating to
about 100,000 sequences per sample. A taxonomy bar chart
at the family level was created in R (R Core Team, 2016) to
provide visual assessment of bacterial community composition of
anemones and seawater.

For each OTU, we calculated the ratio between the sum
of the abundance in the three negative controls to the
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sum of the abundance in all other samples. OTUs with a
ratio > 0.1 (corresponding to a 10% abundance of that sequence
in negative control samples in comparison to biological
samples) were considered putative contaminants and therefore
removed (143 OTUs removed). The remaining 2,812 OTUs
were used for the remainder of analyses (Supplementary
Data 1). Alpha diversity measures, i.e., Chao1 (Chao,
1984), Inverse Simpson, and Simpson evenness (Simpson,
1949), were determined using the R package Vegan (Dixon,
2003). A non-metric multidimensional scaling (nMDS)
plot based on Bray–Curtis dissimilarities of relative OTU
abundances were generated using PRIMER v6 (Clarke and
Gorley, 2006) to visualize differences between bacterial
communities associated with seawater and Aiptasia host-
symbiont pairings. Significant differences between bacterial
communities associated with seawater and host-algal
symbiont pairings were determined using PERMANOVA
(Permutational Multivariate Analysis Of Variance; 2 levels:
seawater, host-symbiont pairing). Differences in bacterial
community composition across temperatures and salinities
of host-symbiont pairings (H2-SSB01 and CC7-SSA01)
were visualized in a Principle Coordinate Analysis (PCoA)
based on a Bray–Curtis dissimilarity matrix (see above).
To assess statistically significant differences in bacterial
community composition, we conducted a two-factorial
PERMANOVA for samples of each host-algal symbiont
pairing using the factors temperature (2 levels: 25◦C, 34◦C),
salinity (3 levels: 36 PSU, 39 PSU, 42 PSU), and possible
interactions thereof (temperature × salinity), followed by
pairwise testing of different salinities using PRIMER v6
(Clarke and Gorley, 2006).

To determine bacterial taxa that contribute to differences
in community composition between salinities at ambient
and heat stress temperatures for each host-algal symbiont
pairing, we performed a similarity percentages (SIMPER)
analysis based on a Bray–Curtis dissimilarity matrix of OTU
abundances using the R package Vegan (Dixon, 2003). OTUs
that contributed up to 50% of the cumulative differences
across pairwise comparisons were visualized on heat maps
for both temperatures and host-algal symbiont pairings
(Supplementary Data 2). Empirical evaluation found that a
50% cutoff provided a good balance between the number of
OTUs considered and their relative contribution (i.e., past
the 50% threshold many OTUs are found with marginal
contribution). For heat map display, OTU abundances
were log(x + 1)-transformed and z-score normalization
was applied for each OTU across salinities (i.e., rows). OTUs
and salinity treatments were clustered by similarity for using
Pearson correlation coefficient. This allowed us to identify
main contributing OTUs that changed as a consequence
of increasing salinity, irrespective of temperature, and thus
may represent putative candidates to contribute to salinity-
conveyed thermotolerance. The representative sequence of
each of these OTUs (Supplementary Data 1) was used as
a query in a BLASTn search against the NCBI nt database
to elucidate whether identical or similar bacteria were
identified in other studies and to get a glimpse at a potential
associated function.

RESULTS

Distinct Bacterial Community
Compositions of Seawater and Aiptasia
Anemones
H2-SSB01 and CC7-SSA01 exhibited differential bleaching
susceptibility under heat stress at different salinities, as shown
by Gegner et al. (2019) when considering retained algal
endosymbionts and visual paling (Supplementary Figure 2).
Whereas H2-SSB01 were notably bleached at the low salinity
under heat stress (34◦C), they retained more Symbiodiniaceae
at intermediate and high salinities (Supplementary Figure 2).
By comparison, CC7-SSA01 showed no changes in bleaching
susceptibility across all three salinities under heat stress
(34◦C) and generally maintained high algal symbiont densities
(Gegner et al., 2019).

The 16S rRNA gene sequencing of the bacterial communities
associated with H2-SSB01 and CC7-SSA01 across temperatures
and salinities revealed that bacterial community compositions
of both host-algal symbiont pairings were significantly different
from each other (PPERMANOVA = 0.001), and further, that
both were significantly different from the surrounding seawater
(PPERMANOVA = 0.001; Figure 1 and Table 1). The latter was
further illustrated by a nMDS plot (Supplementary Figure 3),
which showed that anemone and water bacterial communities
were clearly distinct. At large, bacterial communities of seawater
were much more even and we found an overall lower
number of bacterial taxa in seawater (on average about 500
OTUs in Aiptasia and about 200 OTUs in seawater samples,
Supplementary Table 1). Of note, bacterial communities of
seawater were different across salinities, showing that the
prevailing environments that the anemones are exposed to under
changing salinities are distinct (Figure 1 and Supplementary
Table 1). The differences in bacterial communities of seawater
across salinities may directly be reflective of the differential
preference for bacteria to grow under different salinities as
shown for soil and coral communities recently (Röthig et al.,
2016b; Zhang et al., 2019). In order to retain focus on our
interest to explore differences across salinities and temperatures
for a given host-algal symbiont pairing, we excluded seawater
samples from subsequent analyses and considered the two hosts
separately. H2-SSB01 and CC7-SSA01 were both associated to
a similar extent with Rhodobacteraceae (on average 18.35% vs.
22.40%, respectively). In contrast, Flavobacteriaceae were more
abundant in H2-SSB01 in comparison to CC7-SSA01 (on average
16.13% vs. 6.25%, respectively). Conversely, bacteria of the order
Alteromonadales were comparatively rare in H2-SSB01 and more
prevalent in CC7-SSA01 (on average, 4.07% vs. 19.78%).

Distinct Bacterial Community
Composition of H2-SSB01 and
CC7-SSA01 Anemones at Ambient and
Heat Stress Temperatures Across
Different Salinities
Bacterial community differences of H2-SSB01 and CC7-SSA01
between the ambient temperature and heat stress across different
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FIGURE 1 | Taxonomy bar chart of bacterial families (Greengenes database, bootstrap ≥ 60) of Aiptasia host-algal symbiont pairings (H2-SSB01, CC7-SSA01) and
seawater samples across temperatures and salinities. Each bar denotes the mean percentage of 16S rRNA gene sequences across replicates for each host and
treatment (number of replicates are denoted above bars). Each color represents one of the twenty most abundant families across samples. The “Others” category
groups the less abundant families.

salinities were assessed at the level of OTUs. Although we found
no significant differences with regard to species richness and
diversity (Chao1, Inverse Simpson, and Simpson’s evenness;
Supplementary Table 1) for both host-algal symbiont pairings
(PKruskal−Wallis > 0.05), we found highly significant differences in
bacterial community composition for both host-algal symbiont
pairings between temperatures and salinities (both factors
PPERMANOVA = 0.001 for H2-SSB01 and PPERMANOVA = 0.002
for CC7-SSA01, respectively; Table 2 and Figure 2). Notably,
we did not find a significant interaction effect of temperature
and salinity for both host-algal symbiont pairings, suggesting
that the effects of temperature and salinity are distinct
(PPERMANOVA = 0.139 for H2-SSB01 and PPERMANOVA = 0.192 for
CC7-SSA01; Table 2, Figure 2, and Supplementary Figure 4).
To further explore differences between salinities, subsequent
pair-wise testing revealed that bacterial communities at low and
intermediate salinities were similar to each other, but significantly

TABLE 1 | Summary statistics of PERMANOVA based on Bray–Curtis dissimilarity
of bacterial taxa abundances (OTUs) for seawater and host-algal
symbiont pairings.

Pairing F statistic P-value

H2-SSB01 vs. CC7-SSA01 11.738603 0.001

H2-SSB01 vs. Water 5.741039 0.001

CC7-SSA01 vs. Water 7.359307 0.001

different from high salinity bacterial communities for both
host-algal symbiont pairings (PPERMANOVA = 0.001 for H2-
SSB01 and PPERMANOVA = 0.002 for CC7-SSA01, respectively;
Supplementary Table 2).

Bacterial Taxa That Contribute to
Differences Between Salinities as
Candidates for Salinity-Conveyed
Thermotolerance
To determine the bacterial taxa that contributed to observed
differences in microbial community composition, we determined
all OTUs that contributed up to 50% of the cumulative
differences between salinities for a given temperature
and host-symbiont combination using SIMPER (Figure 3
and Supplementary Data 2). For H2-SSB01, 50% of the
cumulative differences across salinities were explained by
13 bacterial taxa at ambient temperature and under heat
stress, respectively. These taxa belonged to the bacterial
families Rhodobacteraceae (6 OTUs), Rhizobiaceae (2 OTUs),
Pirellulaceae (2 OTUs), Flavobacteriaceae (2 OTUs), Stappiaceae
(2 OTUs), Pseudoalteromonadaceae (1 OTU), Devosiaceae
(1 OTU), Marinobacteraceae (1 OTU), and unclassified
Gammaproteobacteria (1 OTU). Similarly, for CC7-SSA01 14
and 17 OTUs explained ≥50% of the cumulative differences
across salinities at ambient temperature and under heat
stress, respectively. These taxa belonged to the bacterial
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TABLE 2 | Summary statistics of two-factorial PERMANOVA based on Bray–Curtis dissimilarity of bacterial taxa abundances (OTUs) for both host-algal
symbiont pairings.

Host-algal symbiont pairing Factors F statistic P value Permutations

H2-SSB01 Temperature 3.2986 0.001 999

H2-SSB01 Salinity 3.5567 0.001 998

H2-SSB01 Temperature × salinity 1.2805 0.139 997

CC7-SSA01 Temperature 3.4289 0.002 998

CC7-SSA01 Salinity 2.2840 0.002 998

CC7-SSA01 Temperature × salinity 1.2277 0.192 998

FIGURE 2 | Principal coordinate analysis (PCoA) of Aiptasia host-algal symbiont pairings (A) H2-SSB01 and (B) CC7-SSA01 across temperatures and salinities
based on Bray–Curtis dissimilarity of bacterial OTU abundances. Blue = low salinity (36 PSU), orange = intermediate salinity (39 PSU), red = high salinity (42 PSU),
open squares = ambient temperature (25◦C), and closed triangles = heat stress (34◦C). Variation explained by the two coordinates are denoted by percentages on
the axes.

families Rhodobacteraceae (7 OTUs), Flavobacteriaceae
(2 OTUs), Rhizobiaceae (2 OTUs), unclassified Oligoflexales
(2 OTUs), Alteromonadaceae (1 OTU), Cryomorphaceae
(1 OTU), Devosiaceae (1 OTU), Marinobacteraceae (1 OTU),
Nannocystaceae (1 OTU), Nitrincolaceae (1 OTU), Pirellulaceae
(1 OTU), Pseudoalteromonadaceae (1 OTU), unclassified
Rhizobiales (1 OTU), Terasakiellaceae (1 OTU), and unclassified
Gammaproteobacteria (1 OTU).

Only few taxa were particularly present at a specific salinity
and temperature (e.g., OTU0026 was largely dominant at a
salinity of 39 PSU at 25◦C in H2-SSB01), and we found that the
majority of OTUs were either particularly present at salinities of
36 and 39 PSU or at a salinity of 42 PSU (Figure 3). This allowed
us to single out bacterial taxa that were dominant at high salinity,
irrespective of temperature, for both host-symbiont pairings. Of
note, due to the nature of the 16S amplicon sequencing employed,
we can only assess relative abundance differences, although it
would be highly interesting to assess differences in absolute
bacterial abundance across different salinities. We reasoned
that particular dominant taxa are potential candidates for a
contribution to the observed salinity-conveyed thermotolerance,
as their increased relative abundance was due to the high salinity,
and not a consequence of heat stress. While all bacteria present
under heat stress may convey a potential beneficial function to the
holobiont (or not), they would not necessarily explain the salinity

dependence. Thus, we focused our attention on bacteria that were
prevalent under high salinity.

For H2-SSB01, four OTUs were prevalent at high salinity
irrespective of temperature, i.e., OTU0001, OTU0009, OTU0012,
and OTU0017 (Figure 3 and Table 3). OTU001 and OTU0009
belonged to the genus Algicola and Labrenzia, respectively.
OTU0012 and OTU0017 were determined to belong to the genera
Shimia and Aliiroseovarius, respectively. OTU0001, OTU0009,
and OTU0012 were previously identified to be associated with
cnidarians, in particular the coral model Aiptasia (OTU0001;
Röthig et al., 2016a) and the corals Acropora hyacinthus
(OTU009; Ziegler et al., 2017b) and Isopora palifera (OTU0012;
Chen et al., 2011). Notably, bacteria in the genus Labrenzia
(OTU0009) are associated with nitrate reduction and nitrate
fixation (Table 3). For CC7-SSA01, we identified three OTUs
that were prevalent at high salinity, i.e., OTU0003, OTU0005,
and OTU0017 (Table 3). OTU0003 and OTU0005 belonged to
the genus Cohaesibacter and the order Oligoflexales, respectively,
and were previously found associated with Aiptasia (OTU0003;
Röthig et al., 2016a) and the coral Montastrea faveolata
(OTU0005). Notably, OTU0017 was found prevalent at high
salinity in both host-symbiont pairings and has been recorded
to be particularly tolerant toward high salinity (up to 8% NaCl,
Table 3). In addition, OTU0017 is associated with degradation
of DMSP and aromatic hydrocarbons, a function found highly
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FIGURE 3 | Heat map displaying differentially abundant bacterial taxa across salinities (36 PSU, 39 PSU, and 42 PSU) under ambient temperature (25◦C) and heat
stress (34◦C) for Aiptasia host-algal symbiont pairings H2-SSB01 and CC7-SSA01 based on SIMPER analyses. Shown are bacterial taxa that contribute up to 50%
of the cumulative differences between salinities. Color indicates Z-score normalized average abundance scaled by taxa. Taxa were clustered by similarity using
Pearson correlation coefficient. OTUs in bold and with asterisk denote bacterial taxa that exhibited consistent relative high abundance at high salinity.

enriched in bacteria associated with corals under long-term
hypersalinity (Röthig et al., 2016b).

DISCUSSION

Bacteria associated with multicellular animals at large are
becoming increasingly acknowledged for providing functions
to their respective hosts, together comprising so-called
metaorganisms or holobionts (Bosch and McFall-Ngai, 2011;
McFall-Ngai et al., 2013; Jaspers et al., 2019; Voolstra and
Ziegler, 2020). Microbes may be particularly important for
organisms living in environmental extremes (Bang et al., 2018),
and for relaying rapid adaptive responses to environmental
change (Torda et al., 2017; Ziegler et al., 2017a,b; 2019; Voolstra
and Ziegler, 2020). In this regard, the recent observation of
salinity-conveyed thermotolerance in Aiptasia (Gegner et al.,
2017) and the notion that osmoadaptation of the algal symbiont
may be (one of) the driver(s) of this phenomenon (Ochsenkühn
et al., 2017; Gegner et al., 2019), and more largely contribute to

the extra-ordinary thermotolerance of corals from the Arabian
Seas (Fine et al., 2013; D’Angelo et al., 2015; Hume et al., 2015;
Osman et al., 2018, 2020), is yet another example of the putative
importance of host-associated microbes. Here we wanted to
assess whether changes in the microbiome associated with
two host-symbiont pairings of the coral model Aiptasia under
different salinities at ambient and heat stress temperatures
support a putative contribution of bacteria to the observed
salinity-conveyed thermotolerance. To our knowledge, this
is the first study to assess changes in bacterial community
composition of symbiotic cnidarians under heat stress at
different salinities. Importantly, at current it is unknown whether
bacterial community patterns and the response of the cnidarian
host to different salinities are causally linked, or whether we
are looking at a parallel response of the host and its associated
bacterial assemblage.

Bacterial community composition of H2-SSB01 and CC7-
SSA01 were distinct and markedly different from seawater
(Figure 1, Table 1, and Supplementary Figures 3, 4), suggesting
that both Aiptasia strains harbor a specific microbiome, as
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TABLE 3 | Overview of prevalent bacterial taxa associated with Aiptasia anemones H2-SSB01 and CC7-SSA01 under high salinity.

OTU Classification (lowest
taxonomic level), SILVA 138

Source, nearest relative
(GenBank)

Functions Temp. (◦C) Salinity (%NaCl)

Host-algal symbiont pairing: H2-SSB01

OTU0001 Alteromonadales (Algicola) Exaiptasia pallida, uncultured
bacterium (KY347043.1)1

N/A N/A N/A

OTU0009 Rhizobiales (Labrenzia) Acropora hyacinthus, uncultured
bacterium (KY377318.1)2

Nitrate reduction3, nitrogen fixation4 30–355 1–55

OTU0012 Rhodobacteraceae (Shimia) Isopora palifera, Shimia isoporae
(MH283808.1)

DMSO reduction6, DMSP degradation,
denitrification6

25–376,7,8 2–56,7,8

OTU0017 Rhodobacteraceae
(Aliiroseovarius)

Unknown source, Rosevarius sp.
(MF948949.1)

DMSP degradation9, degradation of
aromatic hydrocarbons10

23–3711,12,13 2–811,12,13

Host-algal symbiont pairing: CC7-SSA01

OTU0003 Rhizobiaceae (Cohaesibacter) Exaiptasia pallida, uncultured
bacterium (KY347042.1)1

N/A N/A N/A

OTU0005 Oligoflexales Montastraea faveolata, uncultured
proteobacterium (FJ425635.1)

N/A N/A N/A

OTU0017 Rhodobacteraceae
(Aliiroseovarius)

Unknown source, Rosevarius sp.
(MF948949.1)

DMSP degradation9, degradation of
aromatic hydrocarbons10

23–376,7,8 2–86,7,8

1Röthig et al. (2016a); 2Ziegler et al. (2017b); 3Abed et al. (2015); 4Rädecker et al. (2015); 5Yosef et al. (2008); 6Kanukollu et al. (2016); 7Choi and Cho (2006); 8Hameed
et al. (2013); 9González et al. (2003); 10Louvado et al. (2015); 11Wang et al. (2010); 12Choi et al. (2013); 13Kang et al. (2015).

shown previously (Röthig et al., 2016a; Herrera et al., 2017).
In addition to these overall differences, we found bacterial
community composition to significantly differ between salinities
and temperatures for both host-algal symbiont pairings (Table 2
and Figure 2). Notably, we did not identify a significant
interaction effect of temperature and salinity for both host-algal
symbiont pairings (Table 2), suggesting that bacterial taxa that
contribute to differences between temperatures are distinct from
those that contribute to differences between salinities. Further
investigation revealed significant differences in the bacterial
microbiome of H2-SSB01 and CC7-SSA01 under high salinity
in comparison to low and intermediate salinities, which were
not significantly different from each other (Supplementary
Table 2). As such, it is tempting to speculate that functionally
consequential bacterial community differences may manifest
only at salinities past a certain threshold, e.g., >40 PSU, in
line with the higher average salinities of the Red Sea and the
Persian/Arabian Gulf (Osman et al., 2020).

To identify the bacterial taxa that underlied the observed
differences in microbial community assemblage, we determined
and considered those bacteria that contributed up to 50%
of cumulative differences between salinities and temperatures
(Figure 3 and Supplementary Data 2). Notably, the here-
employed experimental setup allowed us to disentangle bacterial
taxa that increased in relative abundance as a consequence
of temperature and those that exhibited relative abundance
differences due to salinity differences. An obvious short-coming
of the collected data is that we cannot make any definitive
statements about the increase or decrease of certain bacterial
taxa, given that we assessed relative abundance (differences) of
bacterial taxa across temperature/salinity conditions. Focusing
on the bacterial taxa that increased in relative abundance at
high salinity, and as such, might potentially contribute to the
observed salinity-conveyed thermotolerance effect, we identified
four and three OTUs for H2-SSB01 and CC7-SSA01, respectively

(Table 3). First off, given the hundreds of observed bacterial
taxa at each temperature and salinity (Supplementary Table 1),
it is interesting to note that we only identified a handful of
bacteria that increased (in relative terms) as a consequence of
high salinity, and further, that one of these taxa was identical
between H2-SSB01 and CC7-SSA01 (OTU0017). As such, if there
is a contribution of the bacterial community to the observed
salinity-conveyed thermotolerance, then it is likely restricted to
few taxa, which makes experimental testing amenable. At the
same time, we cannot exclude that rare bacterial taxa exist that
were missed in our analysis but potentially contribute to the
host phenotype. Nevertheless, functional testing, in particular in
a system where the methods to strip off the native microbiome
and subsequent introduction of distinct bacterial taxa is actively
being developed is feasible and should be pursued (Costa et al.,
2019). Second, the finding that OTU0017 is a candidate taxon for
both host-symbiont pairings may argue that bacterial community
dynamics denote a parallel response to changing salinities, rather
than being host-specific.

It should be noted that differences in the microbiome that
provide putative functional consequences may only become
apparent in the case of H2-SSB01, which exhibits a salinity-
conveyed thermotolerance at the experimental temperatures
tested, but may be masked in CC7-SSA01 that displays
an inherent higher thermotolerance across the evaluated
temperature range (Gegner et al., 2017, 2019). Despite of this, two
of the six bacterial taxa prevalent at high salinity belonged to the
family Rhodobacteraceae (H2-SSB01: OTU0012 and OTU0017,
CC7-SSA01: OTU0017). Bacteria of this family are commonly
identified in corals, and either denote opportunistic pathogens
due to their abundant association in diseased corals (Sunagawa
et al., 2009; Godwin et al., 2012; Séré et al., 2013; Roder et al.,
2014), or beneficial associates, as they are frequently identified in
healthy corals (Morrow et al., 2012; Bayer et al., 2013; Li et al.,
2014; Röthig et al., 2016b). Considering this, the presence of
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Rhodobacteraceae in both Aiptasia host-algal symbiont pairings
may suggest functional importance to the holobiont under high
salinities and/or during heat stress.

Comparison of the bacterial taxa that exhibited increased
relative abundance at high salinity with previously recorded
occurrences of the same or similar taxa revealed associated roles
related to nitrogen and sulfur cycling. In H2-SSB01, one of
the bacterial taxa identified (OTU0009) belonged to the order
Rhizobiales. Rhizobiales play a putative role in the nitrogen cycle,
as indicated by nitrite reduction in hypersaline microbial mats
(Abed et al., 2015) and nitrogen fixation in corals (Rädecker
et al., 2015). Of note, bacterial strains identified from this
order are both mesophilic (optimum growth at 30–35◦C) and
halophilic (with optimal salinity ranges of 1–5% NaCl; Yosef
et al., 2008). The two further bacterial taxa (OTU0012 and
OTU0017) belonged to the family Rhodobacteraceae. OTU0012
belonged to the genus Shimia that has previously been shown
to have functional roles in the sulfur cycle through producing
DMS by DMSO reduction and DMSP degradation, and in the
nitrogen cycle via the denitrification pathway (Kanukollu et al.,
2016). OTU0017 from the genus Aliiroseovarius has been found
to also play a role in DMSP degradation (González et al., 2003), in
addition to the degradation of aromatic hydrocarbons (Louvado
et al., 2015). More generally, Shimia and Aliiroseovarius taxa
show tolerance and adaptation to high temperature (optimal
growth at 25–37◦C and 23–37◦C, respectively) and rather
extreme saline conditions (optimum 2–5% NaCl and 2–8% NaCl,
respectively; Choi and Cho, 2006; Wang et al., 2010; Choi et al.,
2013; Hameed et al., 2013; Kang et al., 2015; Kanukollu et al.,
2016). In CC7-SSA01, functional annotation of similar taxa was
available for only one of the three bacterial taxa (OTU0017). As
detailed above, OTU0017 in the genusAliiroseovariuswas present
in H2-SSB01 and CC7-SSA01.

Taken together, we find distinct bacterial taxa that increase
in relative abundance under conditions of high salinity for
both host-algal symbiont pairings (H2-SSB01 and CC7-SSA01).
Closely related affiliates of these taxa, were previously shown
to harbor functions related to the retention of nitrogen and
provision of anti-oxidant capacity. In particular, the putative
presence of DMSP pathways for two of the six bacterial taxa
is in line with its role as an important osmolyte (Ngugi et al.,
2020). As such, if these taxa were to have the ascribed functions,
one could hypothesize that they are putatively beneficial and
may contribute to an increase in thermotolerance. The observed
salinity-conveyed thermotolerance is only apparent in H2-SSB01,
and any beneficial effect for CC7-SSA01 may be masked by the
innate higher thermotolerance of this host-symbiont pairing.
At large, the notion that bacteria flexibly associate with host
organisms and that the microbiome carries the potential for
dynamic restructuring to assist metaorganism function was
recently put forward in the microbiome flexibility hypothesis
(Ziegler et al., 2019; Voolstra and Ziegler, 2020). Importantly,
it does not require or imply sensu stricto selection by the
host. Rather, the increased relative presence of certain bacteria

as a response to changes in the prevailing environment may
initially be detached from the host response, but those bacteria
may nevertheless harbor functions beneficial to their host
in the new environment. Importantly, hypotheses on specific
bacterial associates as put forward here require rigorous testing
and examination through means of microbiome manipulation
(removal or provision of microbial associates) and subsequent
assessment of metaorganism phenotypes, which are currently
actively being developed for the coral model Aiptasia.
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