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ABSTRACT 

 

Insights into bacterial community changes following heat and salinity 

treatments in Aiptasia 

Janna Leigh Randle 

Coral bleaching, i.e. the loss of photosynthetic algal symbionts, caused by ocean warming 

is now the main factor driving reef decline, but not all corals are affected equally. Corals 

from the Arabian Seas have unusually high temperature tolerances, and recently studies 

implicated salinity as one of the contributing factors. In particular, a recent heat stress 

experiment at different salinities using the model system Aiptasia and Red Sea corals, 

showed that cnidaria at large bleach less at heat stress under high salinities and that this is 

associated with an increase of the osmolyte, floridoside Here we were interested to assess 

microbial community changes under heat stress at different salinity levels and whether this 

could help to explain the increase in thermal tolerance of the metaorganism at high 

salinities. We determined microbial community composition via HiSeq 16S rRNA gene 

amplicon sequencing of two anemone strains that differ in their associated symbionts, 

namely H2-SSB01 (type B1) and CC7-SSA01 (type A4), after six days under ambient (25 

°C) and heat stress (34 °C) temperatures at salinities of 36, 39, and 42. Both anemones 

harbored distinct microbial communities, irrespective of temperature or salinity, that were 

also different from the bacteria in surrounding seawater. Within both host-endosymbiont 

pairings, the bacterial community composition at low (36) and intermediate (39) salinities 

did not differ between ambient and heat stress, but was significantly different at high (42) 
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salinities. Subsequent elucidation of bacterial indicator species revealed several taxa that 

could be associated with a response to temperature and salinity. Our results underline that 

microbial community composition adjusts under different environmental settings. 

Importantly, microbial community dynamics of H2-SSB01 aligned with observed 

differences in bleaching susceptibility and thermal tolerance, whereas the pattern remains 

unclear for CC7-SSA01, which harbors an intrinsically higher thermal tolerance. Such 

responses could argue for a contribution of the microbiome to the observed increase in 

temperature tolerance of the Aiptasia metaorganism at increased salinities. An alternative 

interpretation is that the microbiome changes denotes a parallel response to changing 

salinities. 
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1. Introduction 
 

Corals are keystone species, which through the production of calcium carbonate, create the 

three-dimensional structures that constitute one of the most biodiverse ecosystems on Earth 

(Knowlton et al., 2010). The importance of coral reefs is extensive, ranging from ecological 

importance by means of high productivity, to economic importance through supporting 

numerous ecosystem services to humankind (Costanza et al., 2014). Despite this 

knowledge, reef ecosystems are under global threat, with the predominant factor being 

ocean warming as influenced by anthropogenic induced climate change. Sea surface 

temperatures (SSTs) of 1 C above the average summer maxima can provoke coral 

bleaching i.e. the breakdown of the obligate coral-algal symbiosis and the expulsion of 

Symbiodiniaceae from the host (Wild et al., 2011; Muller-Parker, D’Elia and Cook, 2015; 

LaJeunesse et al., 2018), which is signified by the white appearance of the coral host. Coral 

bleaching is now the main driver of global reef loss (Bellwood et al., 2004; Hughes et al., 

2017).  

Although bleaching thresholds are 1C above the average summer maxima, absolute SST’s 

are different in some regions of the world, and this can influence local bleaching thresholds. 

For example, in the Red Sea and Persian/Arabian Gulf, corals are known to possess the 

highest known bleaching thresholds (34-36 C; Coles, 2003), despite absolute summer 

SST’s being 2-7 C higher than any other tropical reef globally (29-32 C; Coles & Riegl, 

2013). 

 The contrast in such thresholds places an importance in gaining a greater understanding of 

what factors contribute to thermal tolerance in corals. Previous research has identified 
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adaptation of the coral host to extreme environmental stressors (D’Angelo et al., 2015) and 

symbiosis with the specialized alga, Symbiodinium thermophilum (Howells et al., 2016; 

Hume et al., 2016) to be potential factors. Given that reef corals in the Red Sea and 

Persian/Arabian Gulf are additionally exposed to the highest natural levels of salinity in 

any waterbody within the worlds ocean (41 and 50 PSU, respectively; Ngugi, et al., 2012; 

Riegl & Purkis, 2012), recent research has investigated the direct influence of increased 

salinity to thermotolerance. In a heat stress experiment at different salinities using the coral 

model Aiptasia and Red Sea corals, it was shown that higher salinities at large can lead to 

less bleaching in the cnidarian-dinoflagellate symbiosis (Gegner et al., 2017; Gegner et al., 

2018, in revision), and this can be associated with an increase of the osmolyte, floridoside 

(Gegner et al., 2018, in revision; Ochsenkühn et al., 2017). 

 Interestingly, the extent of the reduction in bleaching, and the increase of floridoside is 

dependent on host-algal identity. As such, other mechanisms by the host and 

endosymbionts effecting the direct influence of salinity on thermotolerance need to be 

considered (Gegner et al., 2017; Gegner et al., 2018). In this regard, it is important to 

consider the coral as a holobiont; besides the cnidarian-animal host and its endosymbiont 

algae of the family, Symbiodiniaceae, bacteria (among other microbes) are shown to be 

important to coral holobiont function (Rohwer et al., 2002). Over the past decade there has 

been a shift in research, with a focus on the dependency of such associated microbes in 

providing functionality to the animal host, known as the metaorganism concept (McFall-

Ngai et al., 2013).  Bacteria have been shown to have a large functional capacity, playing 

important roles in coral health, pathogen defense, metabolism and nutrient cycling 

(Ainsworth et al., 2015; Bourne et al., 2016; Krediet et al., 2013; Rädecker et al., 2015; 
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Rosenberg et al., 2007). Importantly, bacterial microbiome adaptation within the 

reproductive lifetime of the coral host may provide another potential mechanism to 

counteract the effects of environmental change (Torda et al., 2017).  

Despite their putative importance, the understanding of the role of bacteria in holobiont 

function is still limited, this being essential to determine if beneficial microorganisms for 

corals in a changing environment are to be identified (Ainsworth & Gates, 2016; Bourne 

& Webster, 2013; Mouchka et al., 2010; Peixoto et al., 2017; Torda et al., 2017). Bacterial 

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 thermotolerance (Ziegler et al., 

2017). This prompted our interest to assess whether coral-associated bacteria may also play 

a role in the salinity-conveyed thermotolerance (Fine et al., 2013; Gegner et al., 2017; 

Gegner et al., 2018; Osman et al., 2018). 

Given the difficulties imposed when working with corals (Voolstra, 2013), to begin to 

assess a potential role of bacteria in salinity-conveyed thermotolerance, the current study 

utilizes the coral-model system, Aiptasia (sensu Exaiptasia pallida; Grajales & Rodríguez, 

2014) (Baumgarten et al., 2015; Weis et al., 2008). Importantly, Aiptasia allows to test 

different endosymbionts in a common host or vice versa, helping to disentangle the relative 

contribution of host and symbionts (Grawunder et al., 2015; Rädecker et al., 2018; 

Voolstra, 2013; Xiang et al., 2013).  
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1.1 Objectives 

By assessing the bacterial communities under heat stress at three different salinity 

treatments in two Aiptasia strains (H2, CC7) associated with their two distinct native 

endosymbionts (SSA01, SSB01), the current study aims to determine a potential 

contribution of bacteria to salinity-conveyed thermotolerance.   
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2. Materials and methods 

2.1 Animal rearing, experimental setup, and sample processing 

Symbiotic anemones of the clonal Aiptasia strains H2 (Xiang et al., 2013) and CC7 

(Sunagawa et al., 2009) were kept as previously described (Gegner et al., 2017). H2 

anemones associated with their native endosymbionts of the family Symbiodiniaceae type 

B1 [strain SSB01, species Breviolum minutum (Baumgarten et al., 2015; Xiang et al., 2013; 

LaJeunesse et al., 2018)], referred to as H2-SSB01, and CC7 anemones associated with 

their native endosymbionts of the family Symbiodiniaceae type A4 [strain SSA01, species 

Symbiodinium linucheae (Bieri et al., 2016; LaJeunesse et al., 2018)], referred to as CC7-

SSA01.  

For the experiment, anemones were kept at 25 °C in three experimental salinities: low (36), 

intermediate (39) and high (42) for 10 days to acclimate, and were exposed to a 12 h: 12 h 

light/dark cycle at 30-40 mol m-2 s-1. A total of 54 anemones were used in this study that 

represent a subset of the experimental anemones from Gegner et al. 2018 (H2; 5 animals, 

*3 salinities, *2 temperatures = 30 anemones, CC7; 4 animals, *3 salinities, *2 

temperatures = 24 anemones). Animals per host-pairing and salinity and temperature 

treatment were put in individual wells of 6-well plates (water volume of 7ml), wrapped in 

a see-through plastic bag containing wet wipes to minimize evaporation. Salinities were 

monitored throughout the entire experiment using a refractometer (Aqua Medic GmbH, 

Germany). Wells were cleaned every second day with a cotton-swap and the water was 

exchanged. 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 
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lowest salinity (36) and then subsequently adjusted with NaCl until the desired salinities 

were reached. For the water samples, 1L of each created salinity was filtered through a 

0.22 m Durapore PVDF filter (Millipore, Billerica, USA), and subsequently frozen at -

80°C. After the acclimation phase half of the anemones were subjected to a heat stress 

experiment. The anemones were moved to another incubator with identical settings and the 

temperature was ramped from 25 °C to 34 °C over the course of 10 h (1 °C h−1 increment). 

For the entire time of the heat stress the temperature remained at 34 °C. The experiment 

was terminated for all host-pairings after 6 days when the anemones of H2-SSB01 in the 

lowest salinity (36) appeared completely bleached visually, i.e. translucent. 

Individual Aiptasia were rinsed twice with ddH20, briefly drained of excess water, 

transferred into 1.5 mL microtubes containing 150 L PBS buffer, homogenized for 10 s 

using a MicroDisTec homogenizer 125 (ThermoFisher Scientific), and stored in -80 C 

until further processing. 
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2.2 DNA extraction and 16S rRNA gene sequencing  

Each sample was thawed on ice, 400 L AP1 buffer was added and extractions were 

performed using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). For bacterial 

DNA isolation from the seawater, each PVDF filter was thawed, divided into three parts 

using sterile razorblades and transferred into 2 mL microtubes. 400 L of AP1 buffer was 

added and the microtubes were incubated on a rotating wheel for 20 minutes. 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, USA). To generate 16S 

rRNA gene amplicons for sequencing on the Illumina HiSeq Platform, primers 784F [5′ - 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA 

- ′3] and 1061R [5′ - 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACGAC - 

′3] were used to identify and amplify the variable region 5 and 6 of the 16S rRNA gene 

(Andersson et al., 2008). Primers contained Illumina (San Diego, USA) adaptor overhangs 

(underlined above). Triplicate Polymerase chain reactions (PCRs) were performed using 

the Qiagen Multiplex PCR kit. For each sample, the final reaction volume was 10 L, 

comprising of 1 L of template DNA (3-10 ng) and a primer concentration of 0.5 M. In 

the last three wells of the PCR plate, no template DNA was added (i.e. negative controls) 

in order to test for unspecific amplification and reagents contamination. PCR conditions 

were as follows: One initial polymerase activation and denaturation cycle at 95 C for 15 

minutes, 30 cycles each at 95 C for 30 seconds, 55 C for 90s, and 72 C for 30 seconds, 

respectively, followed by final elongation step at 72 C for 10 minutes. The first of the 
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triplicate PCRs was visually assessed via 1 % agarose gel electrophoresis (5 L). 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, 

UK). Next, an 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, USA), involving elution in 20 l of buffer at 

normalized concentrations (~4 nM), and pooled in equimolar ratios. Final libraries were 

quality checked on the BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and 

sequenced on an Illumina Hiseq 2500 with a 2x250 bp paired-end in the rapid mode loaded 

with 2 % Phix. 

2.3 Data analysis  

The sequence data set comprised ~12 million paired sequence reads (~200,000 per sample). 

For amplicon editing and analysis the software mothur (version 1.39.5; Schloss et al., 2009) 

was used. Sequences were demultiplexed according to barcodes using the bcl2fastq 

software (version 2.17.1.14, Illumina), and paired reads were assembled into contigs. 

Contigs were quality trimmed by removing any with a Q value > 30, and any with 

ambiguously called bases.  A total of 5,391,581 sequences were discarded as they only 

occurred once over all samples (i.e. singletons). Remaining sequences were aligned against 

the SILVA database (release 128; Pruesse et al., 2007). A pre-clustering step, allowing for 

a 3 base pair difference between sequences (Huse et al., 2010) was performed, and 

chimeras were detected, and subsequently removed using the UCHIME interface within 

mothur (Edgar et al., 2011). Additionally, sequences assigned to chloroplast, mitochondria, 
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archaea, eukaryotes, unknown and other unwanted sequences were excluded. The 

remaining sequences (~6 million, 100,000 per sample) were classified against Greengenes 

database (release gg_13_5_99) using a 60 % bootstrap cutoff (McDonald et al., 2012). 

Remaining sequences were clustered into operational taxonomic units (OTUs) based on a 

<0.03 dissimilarity cutoff using the OptiClust algorithm (Westcott and Schloss, 2017).  

For each OTU, the ratio between the sum of the abundance in the negative controls to the 

sum of the abundance in the samples, was calculated. OTUs with a ratio > 10 % were 

considered contaminants and therefore removed (143 removed). From the remaining 2812 

OTUs, alpha diversity measures [i.e., Chao1 (Chao, 1984), Inverse Simpson and Simpson 

evenness (Simpson, 1949)] were implemented in Vegan (R package; Dixon, 2003). Non-

metric multidimensional scaling (nMDS) based on a Bray-Curtis similarity matrix was 

conducted on standardized OTU abundance counts, using PRIMER v6 software (PRIMER-

E Ltd, Ivybridge, UK; Clarke & Gorley, 2006), to visualize differences between “water 

samples” and “host-endosymbiont pairings” (2 levels: H2-SSB01, CC7-SSA01). 

Differences in microbial communities between water samples and the two host-

endosymbiont pairings were tested using an analysis of similarities (ANOSIM) with 9,999 

permutations.  A taxonomy bar chart was created in R (R Core Team, 2014) to assess 

condition-specific differences in the bacterial community composition of samples at a 

family level. The effect of temperature and salinity on the bacterial community 

composition of H2-SSB01 and CC7-SSA01 was visualized in a Principle Coordinate 

Analysis (PCoA) based on a Bray-Curtis similarity matrix and Pearson correlation 

(PRIMER). For samples of each host-endosymbiont pairing, a two-factorial 

PERMANOVA (Permutational multivariate analysis of variance) was run with the factors 
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“temperature” (2 levels: 25, 34),” salinity” (3 levels: 36, 39, 42), a possible interaction 

effect “temperature * salinity” (fully crossed) and followed by pair-wise tests to denote 

where significant differences occurred within each factor (PRIMER; Clarke & Gorley 

2006).  

To determine bacterial taxa that contribute to differences between salinities at the ambient 

temperature and heat stress for each host-endosymbiont pairing, a similarity percentages 

(SIMPER) analysis was performed in the R package Vegan (Dixon, 2003). The analysis 

was conducted considering only OTUs that contributed to 50 % of the cumulative 

differences for all pairwise comparisons, and the corresponding resemblance matrix was 

based on Bray-Curtis dissimilarity. The abundance of OTUs obtained by SIMPER was 

normalized by sequencing depth (sums), logx+1 transformed and was visualized on heat 

maps using Pearson correlation coefficient to cluster OTU relative abundances averaged 

per treatment. To identify identical or highly similar bacteria which had occurred 

previously, the representative sequence of each significant OTU was used as a query in a 

BLAST search against NCBI’s GenBank nr database. 
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3. Results 

3.1 Distinct bacterial community compositions of seawater and Aiptasia anemones 

As shown by Gegner et al. (2017), H2-SSB01 and CC7-SSA01 exhibited differential 

bleaching susceptibility under heat stress at different salinities; H2-SSB01 were notably 

bleached at the normal salinity, yet significantly retained more Symbiodiniaceae at 

intermediate and high salinities, while CC7-SSA01 showed no changes in bleaching 

susceptibility (uniform Symbiodiniaceae pigmentation) across all three salinities. Here we 

sought to investigate microbial community dynamics and the potential contribution of 

bacteria to the differences in the patterns observed.  

For this reason, we conduced 16S rRNA gene amplicon sequencing of H2-SSB01 and 

CC7-SSA01 anemones and their surrounding seawater at heat stress and ambient 

temperature at low, intermediate and high salinities (36, 39, 42, respectively). To represent 

overall bacterial community composition of the anemones and seawater, sequences were 

classified to the family level. The taxonomy bar chart indicated how each water sample in 

the three salinities were markedly different from the two host-endosymbiont pairings (Fig. 

1). Water samples were dominated by Others (~ 41-54 %), i.e. those families which did not 

contribute to the top twenty. The bacterial community composition of H2-SSB01 and CC7-

SSA01 were different from each other. H2-SSB01 was abundant in Rhodobacteraceae (~ 

19-30 %) and Flavobacteriaceae (~ 11-28 %), yet in CC7-SSA01 the greater proportion of 

reads belonged to Alteromonadales (~ 10-27 %). Differences were confirmed by ANOSIM. 

At the OTU level, water-associated bacteria were highly significantly different from 

bacteria associated with both H2-SSB01 and CC7-SSA01 (ANOSIM, R= 0.968, P = 0.001 
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and R= 0.998, P = 0.002, respectively; Table 1, Appendix A). Microbial communities were 

also highly significantly different between the host-endosymbiont pairings, i.e. H2-SSB01 

and CC7-SSA01 (ANOSIM, R= 0.631, P = 0.002; Table 1, Appendix A). Following the 

notable differences between water samples and the two hosts, for further analyses, water 

was excluded and the two host-endosymbiont pairings were considered separately. 

 

 

 

 

Table 1. Summary statistics of two-way crossed ANOSIM between the two host-

endosymbiont pairings and the seawater samples based on Bray-Curtis distances of 

bacterial abundances. 

Groups  R Statistic P Value Actual  

      Permutations 

H2-SSB01, SW 0.968 0.001 999 

CC7-SSA01, SW 0.998 0.002 999 

H2-SSB01, CC7-SSA01 0.631 0.001 999 
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Figure 1. Taxonomy bar chart of bacterial families (Greengenes database, bootstrap 60) of H2-SSB01, CC7-SSA01 and the seawater 

samples across temperatures and salinities. Each bar denotes the mean percentage of 16S rRNA sequences across replicates for each 

host and treatment (temperature and salinity). Each color represents one of the twenty most abundant families across samples. The 

“others” category groups the less abundant families. 
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3.2 Distinct bacterial community composition of H2-SSB01 and CC7-SSA01 

anemones at ambient and heat stress temperatures across different salinities 

To assess bacterial community differences of H2-SSB01 and CC7-SSA01 between the 

ambient temperature and heat stress across different salinities, sequence data was clustered 

into OTUs. There were no significant differences (Kruskal Wallis chi-squared > 0.05) in 

the average Chao1 estimator of species richness, Inverse Simpson and Simpson’s evenness 

for both host-endosymbiont pairings under any treatment (Appendix B). However, highly 

significant differences in bacterial community composition for both host-endosymbiont 

pairings were identified between temperatures (ambient and heat stress) and salinities (H2-

SSB01; PPERMANOVA = 0.001, Pseudo-F = 3.2986, 999 unique permutations and 

PPERMANOVA = 0.001, Pseudo-F = 3.5567, 998 unique permutations, respectively; Table 2, 

Fig. 2a) (CC7-SSA01; PPERMANOVA = 0.002, Pseudo-F = 3.4289, 998 unique permutations 

and PPERMANOVA = 0.002, Pseudo-F = 2.284, 998 unique permutations, respectively; Table 

2, Fig. 2b).  The interaction between temperature and salinity was not significant for both 

host-endosymbiont pairings (H2-SSB01; PPERMANOVA = 0.139, Pseudo-F = 1.2805, 997 

unique permutations) (CC7-SSA01; PPERMANOVA = 0.192, Pseudo-F = 1.2277, 998 unique 

permutations; Table 2). Subsequent pair-wise PERMANOVA tests further identified 

significant differences between temperatures, along with the low and intermediate 

salinities to be significantly different from high salinity for both host-endosymbiont 

pairings (P = 0.001, P = 0.002, respectively; Appendix C). Interestingly, H2-SSB01 that 

shows a salinity-dependent thermotolerance (Gegner et al., 2017) also showed a clearer 

separation in the clustering of the PCoA plot, as further supported by the more significant 

P-values for H2-SSB01. 
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Table 2. Summary statistics of two-factorial PERMANOVA based on Bray-Curtis 

distances for each host-endosymbiont pairing with temperature, salinity and the interaction 

of the two. 

Host-

endosymbiont 

Factors Pseudo-F P Value Unique 

Permutations 

H2-SSB01 temperature 3.2986 0.001 999 

H2-SSB01 salinity 3.5567 0.001 998 

H2-SSB01 temperature x salinity 1.2805 0.139 997 

CC7-SSA01 temperature 3.4289 0.002 998 

CC7-SSA01 salinity 2.284 0.002 998 

CC7-SSA01 temperature x salinity 1.2277 0.192 998 
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Figure 2. (A) Clustering of H2-SSB01 and (B) CC7-SSA01 samples across temperatures and salinities based on Bray-Curtis 

dissimilarity of microbial community in a principal coordinate analysis (PCoA).  Blue = low, orange = intermediate and red = high 

salinity, open squares = ambient temperature, closed triangles = heat stress. Variation explained by the two coordinates are presented 

by percentages on the axes. 
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3.3 Contribution of bacterial taxa to differences between salinities at ambient and 

heat stress temperatures 

To determine bacterial taxa that contribute to differences between salinities at the ambient 

temperature and heat stress, we considered all OTUs that contributed up to 50 % of the 

cumulative differences between treatments using SIMPER (Fig. 3). For H2-SSB01, we 

identified a total of 13 OTUs at 25 C and 34 C that were different across salinities. The 

taxa were from the bacterial families Rhodobacteraceae (n = 5 OTUs), 

Rhizobiales_unclassified (n = 3 OTUs), Pirellulaceae (n = 2 OTUs), Flavobacteriaceae (n 

= 2 OTUs), Cohaesibacteraceae (n = 1 OTU), Alteromonadaceae (n = 1 OTU), 

Alteromonadales_unclassified (n = 1 OTU), Spirobacillales_unclassified (n = 1 OTU), 

Legionellales_unclassified (n = 1 OTU) and Hyphomicrobiaceae (n = 1 OTU). Similarly, 

for CC7-SSA01 we identified 14 and 17 OTUs that were different across salinities for the 

ambient temperature and heat stress, respectively. The taxa covered the bacterial families 

of Rhodobacteraceae (n = 7 OTUs), Flavobacteriaceae (n = 2 OTUs), 

Spirobacillales_unclassified (n = 2 OTUs), Alteromonadaceae (n = 2 OTUs), 

Alphaproteobacteria_unclassified (n = 2 OTUs), Cohaesibacteraceae (n = 1 OTU), 

Legionellales_unclassified (n = 1 OTU), Hyphomicrobiaceae (n = 1 OTU), 

Nannocystaceae (n = 1 OTU), Alteromonadales_unclassified (n = 1 OTU), Pirellulaceae 

(n = 1 OTU), Rhizobiales_unclassified (n = 1 OTU), Oceanospirillaceae (n = 1 OTU) and 

Cryomorphaceae (n = 1 OTU).  

Looking at the overall pattern, only few taxa were particularly abundant at a specific 

temperature and salinity (e.g., OTU0026 was highly abundant in H2-SSB01 at 25 C, at a 
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salinity of 39). Rather, we found that OTU abundance at salinities of 36 and 39 were more 

similar to each other than to 42, as evidenced by the clustering across salinities (Fig 3). 

This being in line with the pairwise PERMANOVAs that found significant differences 

between salinities of 36 vs. 42 and 39 vs. 42, but not between 36 vs. 39 (see above and 

Appendix C).  

Given that our primary interest was in elucidating whether certain bacterial taxa could 

potentially explain the increased thermotolerance at higher salinities, we had a more 

detailed look at those taxa that consistently increased in abundance at the high salinity, 

irrespective of temperature. We reasoned that these taxa can potentially contribute to 

functional differences of the holobiont, while not being just differentially abundant as a 

consequence of heat stress. For H2-SSB01 four OTUs were consistently highly abundant 

at high salinity irrespective of temperature, i.e. OTU0001, OTU0009, OTU0012, and 

OTU0017 (Fig. 3). The OTUs belonged to the orders, Alteromonadales and Rhizobiales. 

and the family, Rhodobacteraceae, respectively. Taxa were either previously associated 

with Exaiptasia pallida (OTU0001; Röthig et al., 2016a; Table 3) or scleractinian coral, 

namely Acropora hyacinthus and Isopora palifera (OTU009; Ziegler et al., 2017, 

OTU0012, respectively; Table S3). Similarly, for CC7-SSA01 we identified three OTUs 

that were consistently abundant at the high salinity (OTU0003, OTU0005 and OTU0017), 

and as such may explain a functional difference at high salinities. The OTUs belonged to 

the families, Cohaesibacteraceae and Rhodobacteraceae, respectively, and were previously 

associated with Exaiptasia pallida (OTU0003; Röthig et al., 2016a; Table S3) or 

subsurface seawater (OTU0005; Table 3).  
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Figure 3. Heat map displaying differently abundant bacterial taxa based on SIMPER 

analyses for H2-SSB01 and CC7-SSA01 across temperatures and salinities. Each cell 

represents the clustered OTU relative abundances averaged per treatment using Pearson 

correlation coefficient (n = 4-5). The asterisk denotes highly expressed OTUs at the high 

salinity irrespective of temperature. The Row Z-score bar indicates high abundance (+1 

standard deviation above the mean, green) to low abundance of bacterial taxa (-1 standard 

deviation below the mean, black.
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Table 3. Summary of OTUs associated with H2-SSB01 and CC7-SSA01 at the ambient and heat stress temperature in the high salinity, 

based on the SIMPER analysis. Information includes the bacterial taxonomic classification, previous occurrences of identical or highly 

similar bacteria listed with their GenBank Accession number. Associated functions, temperature and salinity ranges are recorded from 

previous literature as discussed. 

 

OTU 
Lowest taxonomic level 

(Greengenes) 

Source, nearest relative 

(GenBank accession number) 
Functions Temperature Salinity 

Host-endosymbiont: H2-SSB01 

OTU0001 
Unclassified 

Alteromondales 

Exaiptasia pallida, uncultured 

bacterium  (KY347043.1) 
N/A N/A N/A 

OTU0009 Unclassified Rhizobiales 
Acropora hyacinthus, uncultured 

bacterium (KY377318.1) 
nitrate reduction, nitrogen fixation 30-35 °C 

1-5 % 

NaCl 

OTU0012 
Rhodobacteraceae      

(Genus Shimia) 

Isopora palifera Shimia isoporae           

(MH283808.1) 

DMSO reduction, DMSP degradation, 

denitrification pathway 
25-37 °C 

2-5 % 

NaCl 

OTU0017 
Rhodobacteraceae                    

(Genus Roseovarius) 

Rosevarius sp.                        

(MF948949.1) 

DMSP degradation, degradation of 

aromatic hydrocarbons 
23-37 °C 

2-8 % 

NaCl 

Host-endosymbiont: CC7-SSA01 

OTU0003 Cohaesibacteraceae 
Exaiptasia pallida, uncultured 

bacterium (KY347042.1) 
N/A N/A N/A 

OTU0005 
Rhodobacteraceae       

(Genus Marivita) 

subsurface seawater, uncultured 

bacterium (MG011931.1) 
nitrate reduction 10-40 °C 

3-5 % 

NaCl 

OTU0017 
Rhodobacteraceae       

(Genus Roseovarius) 

Rosevarius sp.                       

(MF948949.1) 

DMSP degradation,                    

degradation of aromatic hydrocarbons 
23-37 °C 

2-8 % 

NaCl 
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4. Discussion 

Research has previously investigated salinity-conveyed thermotolerance in Aiptasia and 

Red Sea corals. Results indicated that high salinity can reduce bleaching susceptibility 

under heat stress conditions (Gegner et al., 2017, 2018 in revision). A dependency on the 

host-algal identity was acknowledged, but a potential role of other members constituting 

the bacterial microbiome were not explored. The microbiome at large is becoming 

increasingly known to be of importance to holobiont function (Torda et al., 2017), and in 

particular the importance of bacteria (McFall-Ngai et al., 2013). Yet, the role of bacteria in 

salinity-conveyed thermotolerance is currently unknown. Here we conducted bacterial 

community analysis of a follow-up experiment from (Gegner et al., 2017), in which the 

effect of different salinities at an ambient and heat stress temperature on Aiptasia was 

evaluated. This allowed us to characterize the bacterial community structure in response to 

salinity and temperature, and speculate about the bacterial contribution to the salinity-

conveyed thermotolerance in the host-endosymbiont. To our knowledge, this is the first 

study to assess changes in the cnidarian-dinoflagellate bacterial community composition 

following exposure to different salinity treatments and how this may influence the response 

to heat stress. 
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4.1 Aiptasia bacterial microbiome changes with regard to temperature and salinity 

The bacterial community compositions of both H2-SSB01 and CC7-SSA01 were distinct 

and markedly different from seawater (Table 1 and Appendix A), as shown previously 

(Herrera et al., 2017; Röthig et al., 2016a). While H2-SSB01 showed a greater abundance 

in Rhodobacteraceae and Flavobacteraceae, a greater proportion of reads in CC7-SSA01 

belonged to Alteromonadales, and water samples were dominated by families not in the 

top twenty with regards to their relative abundance (Fig. 1).  Looking at the bacterial 

microbiome at large, we identified highly significant differences in the bacterial 

community composition of both host-endosymbiont pairings between temperatures 

(ambient and heat stress) and salinities (Table 2, Fig. 2a and b). Interestingly, a significant 

interaction between temperature and salinity was not identified for both host-endosymbiont 

pairings (Table 2), suggesting that bacterial taxa which contribute to the effects between 

temperatures are different from those which contribute to the differences between 

salinities. More specifically, we found highly significant changes in the bacterial 

microbiome of both H2-SSB01 and CC7-SSA01 at the ambient and heat stress temperature 

in the high salinity when compared to both the low and intermediate salinity (Appendix C). 

This being in line with Röthig et al. (2016b) finding of a significant shift in the bacterial 

community associated with F. granulosa after long-term exposure to high salinity levels.  

To further explore microbiome patterns, we next focused on the bacterial taxa that 

contributed to differences between treatments using a SIMPER analysis that targeted OTUs 

contributing up to 50 % of these cumulative differences. Overall, bacterial communities 

for both temperatures at high salinity were distinct, suggesting that bacterial taxa which 

contribute to the effects between temperatures are different from those which contribute to 
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the differences between salinities. Notably, the here employed experimental setup allowed 

us to disentangle bacterial taxa that were different as a consequence of temperature and 

bacterial taxa that were different as a consequence of salinity. As such, we focused on the 

bacterial taxa that increased at high salinity, irrespective of temperature, as our reasoning 

was that those might potentially contribute to the beneficial salinity-conveyed 

thermotolerance effect. In the SIMPER analysis targeting OTUs that contribute up to 50% 

of the cumulative differences between treatments, we found four OTUs (OTU0001; 

Alteromondales_unclassified, OTU0009; Rhizobiales_unclassified, OTU0012 and 

OTU0017; Rhodobacteraceae) in H2-SSB01 and three OTUs (OTU0003; 

Cohaesibacteraceae, OTU0005 and OTU0017; Rhodobacteraceae) in CC7-SSA01 which 

were highly abundant at high salinity, and thus will be discussed in the following. 

In H2-SSB01, one of the distinct bacterial taxa identified (OTU0009) belonged to the order 

Rhizobiales. Rhizobiales are known to play putative functional roles in the nitrogen cycle, 

as indicated by nitrite reduction in hypersaline microbial mats (nirK gene; Abed et al., 

2015) and nitrogen fixation in corals (Rädecker et al., 2015). The vertical transfer of 

Rhizobiales from Acropora millepora parental colonies to their larvae, has been suggested 

to be beneficial for overall holobiont functioning (nifH gene; Lema, et al., 2014; Rädecker 

et al., 2015). Interestingly, other 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), and one of which has been previously isolated from the mucus of F. 

granulosa in the Northern Red Sea (Hiraishi et al., 1995; Yosef et al, 2008). 
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Two bacterial taxa (OTU0012 and OTU0017) identified in H2-SSB01 belonged to the 

family Rhodobacteraceae. The genus Shimia (OTU0012) has previously been shown to 

have putative functional roles in the sulphur cycle through producing DMS by DMSO 

reduction and DMSP degradation, and in the nitrogen cycle via the denitrification pathway 

(Kanukollu et al., 2016). The genus Roseovarius has been located in deep ocean sediments, 

playing a role in the degradation of aromatic hydrocarbons (OTU0017, Genus Roseovarius; 

Louvado et al., 2015). Generally, the majority of currently known phototrophic iron-

oxidizing bacteria belong to Rhodobacteraceae (Hedrich et al., 2011), and degraders of 

chitin in prey crustaceans have also been identified (Neulinger et al., 2008). Shimia and 

Roseovarius species additionally show tolerance and adaptation to extreme temperature 

(optimal growth at 25-37 C, and 23-37 C, respectively) and saline (optimum 2-5 % NaCl 

and 2-8 % NaCl, respectively) conditions (Choi & Cho, 2006; Choi, Lee et al., 2013; 

Hameed et al., 2013; Kang et al., 2015; Kanukollu et al., 2016; Wang et al., 2010).  

In CC7-SSA01, one distinct bacterial taxa (OTU0005) identified belonged to 

Rhodobacteraceae. The genus Marivita contributes to nitrogen cycling via nitrate reduction 

(Yoon et al., 2013), and species are known to persist in high temperatures (10-40 C) and 

salinities (3-5 % NaCl) (Hwang et al., 2009; Yoon et al., 2013; Zhong et al., 2015). 

Roseovarius was also present in CC7-SSA01, and DMSP degradation is an additional 

function which has been associated with these taxa (González et al., 2003). 

Taken together, two bacterial taxa in each host-endosymbiont pairing (H2-SSB01; 

OTU0012 and OTU0017, CC7-SSA01; OTU0005 and OTU0017) belonged to the family 

of Rhodobacteraceae. Bacteria of this family have previously been considered to be 
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opportunistic pathogens due to their association with coral disease (Godwin et al., 2012; 

Roder et al., 2014; Séré et al., 2013; Sunagawa et al., 2009), however they have also been 

frequently identified in healthy corals (Bayer et al., 2013; Li et al., 2014; Morrow et al., 

2012; Röthig et al., 2016b). It is perhaps not surprising that all bacterial taxa identified 

within Rhodobacteraceae belong to the Roseobacter clade, given their prevalence in the 

marine and hypersaline environment (Pujalte et al. 2014; Buchan & Moran, 2005). The 

ability of the Roseobacter clade to persist in varying environmental conditions, reflects 

their metabolic versatility, notably their important roles in the global carbon and sulfur 

cycle (Wagner-Döbler and Biebl, 2006; Luo and Moran, 2014; Bosch and Miller, 2016). 

Considering this, the presence of Rhodobacteraceae in both host-endosymbiont pairings 

may indicate overall importance to holobiont functioning in high salinities during heat 

stress, yet differential taxa identified between hosts may be contributing to functional 

differences.  

For example, DMSP, a putative osmolyte and antioxidant (Dickson et al., 1980; Sunda et 

al., 2002), is produced in higher quantities by Symbiodiniaceae during exposure of the 

holobiont to changes in salinity and increases in temperature (Miller, 2009; McLenon and 

DiTullio, 2012; Caruana and Malin, 2014). In particular, when the host is associated with 

thermally sensitive Symbiodiniaceae clades (Tchernov et al., 2004; McLenon and 

DiTullio, 2012), such as the association of Aiptasia strain H2 in this study with clade B 

(strain SSB01, species Breviolum minutum; LaJeunesse et al., 2018; Xiang et al., 2013). 

Thus, the high abundance of the Roseobacter, Shimia (OTU0012) in H2-SSB01 may be 

indicative of its function in converting DMSP and DMSO into DMS, given that DMS is 

more effective at scavenging hydroxyl radicals and reactive oxygen species (Deschaseaux 



36 
 

 
 

et al., 2014; Kanukollu et al., 2016; Raina et al., 2010; Sunda et al., 2002). This may not 

only suggest a potential function of Roseobacter members, such as Shimia in the overall 

stress response of H2-SSB01, but also their putative contribution in the observed reduction 

in bleaching severity and thermotolerance in the high salinity.  

Other studies investigating hypersaline conditions identified no significant changes in 

DMSP concentrations in the host, Acropora millepora (40 PSU; Aguilar et al., 2017), yet 

an increase in the model DMSP-producing Rhodobacteraceae, Labrenzia aggregata, of 

which was attributed to an upregulation of dsyB transcription, a DMSP synthesis gene 

(Curson et al., 2017). It is important to note that although recent research shows the 

additional contribution of the coral host and specific bacteria to overall DMSP production 

in the holobiont (Fischer and Jones, 2012; Raina et al., 2013; Curson et al., 2017), the 

pathway and the response to such environmental stresses may differ (Aguilar et al., 2017; 

Curson et al., 2017), therefore this contrast provides an avenue for further research.  

In further support, the order Rhizobiales identified in H2-SSB01 (OTU0009) has 

previously been associated with clade B Symbiodiniaceae (B. minutum; LaJeunesse et al., 

2018; Shoguchi et al., 2013). Taken together, these findings suggest that the algal symbiont 

may be bringing beneficial bacteria to the holobiont, rather than the host. This highlights 

how the metaorganism is the functional unit, and how all interacting components 

contribute. Indeed, (Bosch and Miller, 2016) suggested that the relationship between the 

host, Symbiodiniaceae and bacteria should be considered into four interacting components, 

taking into account both the algal-bacterial and host-bacterial symbiosis. 
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5. Conclusions 

Our finding of distinct bacterial taxa in the high salinity that aligns with a putative 

contributory function to high salinity acclimation, suggests that bacteria may play a role in 

salinity-conveyed thermotolerance. Moreover, our findings support that this may not only 

be accomplished through interactions of bacteria with the cnidarian host, but also through 

their interactions with Symbiodiniaceae (Roseobacter cross-reference), thus highlighting 

the importance of all member species in a holobiont framework and how they together 

contribute to the metaorganism phenotype.  

At large, the notion that bacteria flexibly associate with host organisms and that the most 

advantageous microbiome is selected for in a given environment was formulated in the 

coral probiotic hypothesis (Reshef et al., 2006; Rosenberg et al., 2007) Röthig et al. (2017) 

and Pogoreutz et al. (2018) argued further that different levels of microbial flexibility exist 

that determine how far microbial association can change. While Pocillopora verrucosa 

seems to harbor an invariant microbiome even under conditions of bleaching and severe 

tissue loss (Pogoreutz et al., 2018), the deep-sea coral Eguchipsammia fistula seems highly 

flexible with regard to its associated microbes. Accordingly, Pogoreutz argued that P. 

verrucosa might represent an “extreme” case of specialization to its habitat, whereas E. 

fistula might be more flexible, and this therefore may possibly contribute to its global 

distribution across a broad range of environmental conditions. In the future, it may be 

interesting to determine whether H2-SSB01 and CC7-SSA01 differ in their ability to 

associate with different microbes. From the data here, both anemone-endosymbiont 

pairings change their microbiomes under temperature and salinity changes. However, the 

data does not allow to discern whether the changes constitute a parallel response of the 
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bacterial community to environmental differences or whether the changes provide 

beneficial effects to the host. It is encouraging that we found comparatively few bacterial 

taxa that change, in line with the notion that not all associated bacteria are functionally 

important. This provides an avenue to specifically test function to those few via e.g. 

removal of distinct taxa or extra provisioning. Experimental manipulation of associated 

microbes in the coral model Aiptasia is a first step to probiotics, which may provide an 

avenue to assist corals exposed to climate change. 
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APPENDICES 

Appendix A. Non-metric multidimensional scaling (nMDS) of bacterial communities from 

H2-SSB01 (diamond), CC7-SSA01 (circle) and water (square). Each symbol represents 

one sample. The plots are based on Bray Curtis distances of the standardized abundance 

data of bacterial OTUs. Goodness of fit is denoted by the stress value. 
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Appendix B. Summary of sample information and alpha diversity indices (Chao1; mean ± SE, Inverse Simpson and Simpson’s 

Evenness; mean ± SD) of the bacterial community composition associated with H2-SSB01 and CC7-SSA01 across temperature and 

salinity treatments.   

Host-

endosymbiont 
Temperature Salinity 

Observed 

species 
Chao1 

Inverse 

Simpson 
Simpson's evenness n 

H2-SSB01 25 36 521 1174.58 (± 104.48) 13.32 (± 6.6) 0.00057 (± 0.0003) 5 

H2-SSB01 25 39 404 738.82 (± 61.07) 10.09 (± 4.95) 0.00078 (± 0.0005) 5 

H2-SSB01 25 42 516 1014 (± 79.45) 10.77 (± 4.9) 0.00068 (± 0.0003) 4 

H2-SSB01 34 36 508 1198.61 (± 117.14) 17.14 (± 6.64) 0.00036 (± 0.0001) 5 

H2-SSB01 34 39 506 1042.81 (± 90.37) 11.69 (± 4.44) 0.00054 (± 0.0003) 5 

H2-SSB01 34 42 488 1016.15 (± 83.87) 12.32 (± 5.45) 0.00042 (± 0.0001) 4 

CC7-SSA01 25 36 593 1143.92 (± 81.35) 13.98 (± 4.38) 0.00034 (± 0.0001) 4 

CC7-SSA01 25 39 535 876 (± 54.34) 12.22 (± 7.19) 0.00059 (± 0.0004) 4 

CC7-SSA01 25 42 526 930.25 (± 66.2)  15.93 (± 10.36) 0.00035 (± 0.0002) 4 

CC7-SSA01 34 36 577 1288.4 (± 110.1) 9.57 (± 2.66) 0.00054 (± 0.0001) 4 

CC7-SSA01 34 39 515 1181.18 (± 111.51) 17.29 (± 5.1) 0.00029 (± 0.0001) 4 

CC7-SSA01 34 42 413 803.62 (± 73.31) 14.32 (± 3.16) 0.0004 (± 0.00007) 4 
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Appendix C. Summary statistics of pair-wise PERMANOVA results. Analysis based on 

Bray-Curtis resemblance matrix of standardized bacterial OTU abundances. Test design 

with type III (partial) sum of squares and 9,999 permutations. 

Host-endosymbiont; Groups  t P (perm) Unique Permutations 

  H2-SSB01; t25, t34  1.8162 0.002 999 

H2-SSB01; 36, 39 1.1282 0.19 999 

H2-SSB01; 36, 42 2.1243 0.001 999 

H2-SSB01; 39, 42 2.172 0.001 997 

  CC7-SSA01; t25, t34 1.8517 0.001 999 

CC7-SSA01; 36, 39 1.0623 0.303 999 

CC7-SSA01; 36, 42 1.6938 0.002 999 

CC7-SSA01; 39, 42 1.7328 0.002 998 
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