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Bacterial microbiome variation
across symbiotic states and
clonal lines in a cnidarian model

Ezra Curtis1, Joanne Moseley1, Riccardo Racicot1
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1Department of Biological Sciences, Smith College, Northampton, MA, United States, 2Department of
Biological Sciences, Southern Methodist University, Dallas, TX, United States
Introduction: Exaiptasia diaphana is a popular model organism for exploring the

symbiotic relationship observed between cnidarians and their microsymbionts.

While physiological roles of algal photosymbionts (Symbiodinaceae) are well

studied, the contributions of bacterial communities are less defined in this system.

Methods: We investigated microbial variation between distinct parts of the body

and symbiotic state across four genets held in identical environmental conditions

using 16s rRNA gene amplicon sequencing.

Results: We found differentially abundant taxa between body part and symbiotic

state that highlight the roles these bacteria may play in holobiont heterotrophy and

nutrient cycling. Beta-diversity analysis revealed distinct communities between

symbiotic states consistent with previous studies; however, we did not observe the

presence of previously reported core microbiota. We also found community

differences across clonal lines, despite years of identical rearing conditions.

Conclusion: These findings suggest the Exaiptasia bacterial microbiome is greatly

influenced by host genetics and unpredictable environmental influences.
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Introduction

Coral reefs are estimated to support 25% of all marine species (Fisher et al., 2015) and

have immense economic value (Costanza et al., 2014). Due to rising pressures from the global

climate crises, coral reefs are declining (Gardner et al., 2003). Increased intensity, duration,

and frequency of heatwaves in recent decades have led to regular coral mass bleaching events

resulting in high mortality (Hughes et al., 2018a; Hughes et al., 2018b). Rising sea

temperatures have also been associated with increased disease susceptibility in corals

(Miller et al., 2009; Muller et al., 2018). Researching strategies to mitigate harm to coral

reefs is essential. To do so, we must first understand the dynamics contributing to coral health

and fitness.
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Corals have a well-described relationship with their algal

endosymbiont belonging to the family Symbiodineceae, however

the contributions of microbiota to coral health and resilience have

only recently begun to be explored. Cycling of carbon, nitrogen,

sulfur, and host protection through produced antimicrobial

compounds and competition with potential opportunistic bacteria

are among possible functions of coral-associated bacteria (Daniels

et al., 2015; Rädecker et al., 2015; Bourne et al., 2016; Silveira et al.,

2017). Performing research with corals has presented scientists with

many challenges due to its difficult laboratory maintenance. Such

difficulties have slowed progress in understanding the working

mechanisms behind coral function. Thus, Exaiptasia diaphana has

emerged as a model organism due to its ease of lab maintenance and

association with the same algal symbionts as corals. E. diphana’s

ability to be kept in symbiotic and aposymbiotic states has also

allowed for comparative studies between the two states (Weis et al.,

2008). Characterizing the microbiome of E. diaphana opens the

potential for use as a model organism for microbial studies.

To date, a limited number of studies have focused on the

microbiome of E. diaphana. Previous work has implicated

symbiotic state as influential on the anemones’ microbiome (Röthig

et al., 2016). The acontia of anemones have also been shown to be

associated with a unique microbial compared to the whole anemone

(Maire et al., 2021). However, studies focusing on microbiome

analysis including anemones from distinct genetic backgrounds are

scarce. Comparative studies by Herrera et al. (2017); Brown et al.

(2017), and Hartman et al. (2020) identified significant differences

between clonal lines. Here, we expand on these findings by analyzing

microbiota associated with anemones belonging to four distinct clonal

lines reared in identical environmental conditions across symbiotic
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state and anemone body part. Through this analysis, we uncover

possible drivers of variation and identify taxa with potential

functional importance.
Methods and materials

Anemone rearing and dissection

Prior to sequencing, stock populations of the anemones were

maintained in replicate 10-gallon tanks at 25 degrees in 34 ppt Instant

Ocean artificial seawater (ASW). Each tank contained one genet (H2,

CC7, VWA, or VWB) in one symbiotic state (symbiont-rich or

symbiont-depleted). Symbiont-depleted anemones were subjected to

a bleaching protocol as previously described (Lehnert et al., 2012) and

maintained in dark conditions for approximately 6–9 months before

nucleic acid isolation. Symbiotic states were defined based upon pale

appearance to the naked eye, although the symbiont-depleted

anemones from all genets retained some algal cells (Figure 1). The

H2 and VWB clonal strains originate from Coconut Island, HI (Xiang

et al., 2013). VWA is a multi-origin strain (Poole et al., 2016). CC7

was originally obtained from Carolina Biological Supply (Sunagawa

et al., 2009). Symbiont-rich anemones were kept on a 12:12 light:dark

cycle using white LED lights at about 12µmol photons/m/s. All

anemones were fed freshly hatched Artemia shrimp nauplii 2–3x

weekly and were subject to regular salinity checks and water changes.

Anemones were transferred to a 6-well plate for each symbiotic

state and clonal line (genet), with one or two individuals per well in

3mL ASW. The anemones in the 6-well plates were kept in an

incubator (Percival AL30L2) for a week of acclimation under
FIGURE 1

Images of sea anemone E. diaphana demonstrating symbiont-depleted (A, B) and symbiont-rich (C, D) states. Images acquired using the Zeiss Axio
Imager M2 Light Microscope under brightfield (A, C) or fluorescent light (B, D) and Zeiss Zen Image Acquisition and Processing software.
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optimal conditions including white light on a 12:12 schedule and

twice weekly feedings with freshly hatched Artemia shrimp nauplii.

After the acclimation period, anemones were anesthetized for

approximately 10 minutes and rinsed in a solution of sterile 0.5%

MgCl2 in ASW in order to relax their bodies for dissection. Once the

anemones were anesthetized, they were dissected using a dissecting

microscope, fine forceps, and a needle. The anemones were sliced just

under the oral disc, resulting in the separation of the oral disc and

tentacle region, and the stem and peduncle region. Anemones were

kept separate by genet and symbiotic state combination during the

dissection process, and the tools were sterilized and wiped clean with

ethanol rinses and clean lint-free disposable cloths between uses.

Once the anemones in each group (3–6 replicates each) were

dissected into top (oral disc and tentacles) and bottom (stem and

peduncle), they were placed into 1.5mL Eppendorf tubes. Each tube

was then labeled with a 4-character code indicating the genet,

symbiotic state, replicate, and body part, and placed in a -80°C

freezer for storage.
Nucleic acid isolation

Nucleic acid isolation was performed using a modified SlimeAway

protocol (Vargas et al., 2021). Anemone samples were first

homogenized using a motorized pestle inside their Eppendorf tubes

on dry ice. Next, a CTAB extraction buffer was prepared bymixing 17µl

molecular grade water, 28µl 0.5M EDTA, 56µl 1M TRIS, 224µl 5M

NaCl solution, 112µl 0.1M PVP (Polyvinylpyrrolidone K30) solution,

and 112µl 0.1M CTAB (Cetyltrimethylammoniumbromide) solution

per sample. The buffer was incubated in a water bath at 60°C for 10

minutes, after which 12µl b-Mercaptoethanol per sample was added to

the buffer. 550µl CTAB buffer was then added to each sample tube,

followed by 5µl Proteinase K, inverting the tube to mix. Samples were

incubated at 56°C for between 2 hours to overnight, inverting the tubes

regularly to avoid tissue clumping, until there were no visible tissue

clumps in solution.

Once the solution was free of clumps, 150µl 5M KoAc solution

was added to each tube, and they were incubated again at 56°C for 10

minutes. The samples were then centrifuged for 15 minutes at 4°C at

15000xg, ~600µl supernatant was removed avoiding any pellet or

viscous precipitate, and 600µl (1 volume) chloroform was added.

After this addition, samples were shaken vigorously for 20 seconds

then centrifuged again at the same parameters. Finally, ~400µl of the

supernatant was transferred, avoiding the interphase, to a new,

labeled 1.5mL Eppendorf tube.

DNA was precipitated using 400µl (1 volume) isopropanol added

to each sample, then sample tubes were shaken for 15 seconds before

being incubated at room temperature for 10 minutes. They were

placed in the -20°C freezer overnight. The next day, the samples were

centrifuged at 4°C for 30 minutes at 15000xg. The isopropanol

supernatant was discarded without disturbing the pellet, and 62.5µl

cold (-20°C) 100% ethanol, 1µl 20mg/mL glycogen, and 2.5µl 3M

NaAc solution were added to each sample and mixed. The samples

were incubated at -20°C between 2 hours and overnight, then

centrifuged at 4°C at 15000xg for 30 minutes. Next the supernatant

was carefully removed, the pellet was washed with 500µl cold (-20°C)

75% ethanol and vortexed, and the pellet was centrifuged again with
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the same settings for 15 minutes. This ethanol removal, wash, and

spin step was repeated one more time. The supernatant was once

again removed, and the pellet was allowed to dry for 10 minutes,

followed by resuspension in 30µl molecular-grade water and stored at

-80°C. Samples were treated with Monarch RNase A and

subsequently purified with the Monarch PCR & DNA Clean Up Kit

(New England Biolabs, Massachusetts). All samples were eluted in 30

µL 1X TE buffer after cleanup. DNA was then quantified using the

Qubit HS ssDNA kit and assessed for quality on the Nanodrop 8000

spectrophotometer (ThermoFisher, California).
Library preparation

16S ribosomal RNA libraries were generated from the V3-V4

variable region according to the Illumina 16S Metagenomic

Sequencing Library Preparation guide. Samples were normalized to

5 ng/µL in 1X TE buffer. 550 bp amplicons from the V3-V4 region of

the rRNA gene were generated for each sample The primers included

the V3-V4 locus specific sequences underlined below based on

Klindworth et al., 2013, as well as an Illumina overhang

adapter sequence.

Forward 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGA

CAGCCTACGGGNGGCWGCAG

Reverse 5 ’ GTCTCGTGGGCTCGGAGATGTGTATAA

GAGACAGGACTACHVGGGTATCTAATCC

Amplicons were cleaned using HighPrep beads (MagBio,

Maryland) and target size was verified using Fragment Analyzer

(Agilent, California). Illumina Nextera DNA CD unique dual

indexes were added to the amplicons, then cleaned using HighPrep

beads (MagBio, Maryland). Final libraries were quantified using the

Qubit HS DNA assay (Thermo Scientific, California) and library size

was verified using Fragment Analyzer (Agilent, California).
Sequencing

52 amplicon libraries were normalized to 2 nM, then pooled

together in equal volumes. The library pool was then denatured and

diluted following the MiSeq dilute and denature guide. Sequencing

was performed on the Illumina MiSeq using a paired end 600 cycle v3

sequencing kit (Illumina, California).
Analysis

The DADA2 (Callahan et al., 2016) pipeline was followed in R v.

4.2.1 (R Core Team, 2022) for filtering, trimming, denoising sequences,

merging reads, and performing chimeric checks. All statistical analysis

and data visualization was performed using R. Silva ver. 132 was used to

assign taxonomy. Non-bacterial sequences were removed from

downstream analysis. Sequence data was compiled into a Phyloseq

object to perform diversity and abundance analyses (McMurdie and

Holmes, 2013). Data were not normalized prior to diversity analyses.

Alpha-diversity was measured using the observed number of ASVs, the

Shannon index, and Pielou’s evenness. Beta-diversity distances were

calculated using the Bray-Curtis method. Vegan (Oksanen et al., 2022)
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was used to create rarefaction curves. Data was visualized using GGplot2

(Wickham, 2016) and Vegan (Oksanen et al., 2022). DESeq2 (Love et al.,

2014) was used for differential abundance analysis. The results of the

differential abundance analysis were further filtered using a threshold of

⅔ presence across samples belonging to the differentially abundant

category of interest to focus on ASVs that were commonly observed.

Core microbiome analysis was performed by making lists of ASVs

present in 100% of samples. We also searched for a core set of ASVs

present in each category of analysis by sub-setting samples by clonal line,

body part, and symbiotic state, similar to Röthig et al. (2016). Results

were considered significant at an alpha level of 0.05.
Results

We performed 16S rRNA gene metabarcoding on E. diaphana

across symbiotic state and distinct body parts. After merging,

denoising, and chimera filtering, 1,106,571 reads remained

(Supplementary File S1). Read depth ranged from 538 to 102,169

reads per sample. A total number of 489 ASVs were observed across

samples, which is consistent within an order of magnitude with

previous studies in E. diaphana (e.g., Hartman et al., 2020; Xiang

et al., 2022). The majority of reads belonged to rare ASVs. Rarefaction

curves plateaued, indicating sufficient sequencing depth

(Supplementary Figure S1).
Diversity metrics across body part, symbiotic
state, and genet

Alpha-diversity metrics (observed ASVs, Shannon’s index, Pielou’s

evenness) did not indicate any significant differences between symbiotic

states and body parts (Figure 2). Pairwise Wilcox rank-sum tests using

FDR correction showed significant differences between observed alpha-

diversity between four genet pairings, however only one genet pairing

showed significant difference using the Shannon metric for alpha-

diversity. Anemones from the VWA and VWB clonal lines displayed

greater evenness compared to anemones belonging to CC7 and H2

(Figure 2C). Beta-diversity was visualized via principal coordinates

analysis (PCoA) based upon the Bray-Curtis dissimilarity index reveals

some clustering by symbiotic state and genet (Figure 3). Results of

permutational multivariate analysis of variance, where the R2 value

represents the proportion of variation in the distance matrix explained

by each variable, confirmed substantial variation driven by genet (R2 =

0.31; p = 0.001) and symbiotic state (R2 = 0.03, p = 0.02), but not body

part (R2 = 0.02, p = 0.146). Additional pairwise comparisons were

performed between each individual genet. Differences between each

pairing were significant, further cementing our finding that genets have

distinct microbial communities.
Taxonomic differences between body part,
symbiotic state, and genet

The mean relative abundance of bacteria was used to provide an

overview of dominant ASVs at multiple taxonomic levels across

sample types. ASVs originating from Proteobacteria had the highest
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relative abundance (74%), followed by Plancomyetes (11%),

Actinobacteria (4.5%) and Lentisphaerae (3.5%) (Figure 4). The

abundance profile of phyla remained similar between genets, body

parts, and symbiotic states.

At the family level, ASVs belonging to Rhodobacteraceae (21%),

Phycisphaeraceae (8.3%), Teraskiellaceae (5.7%), Beijerinckiaceae

(5.2%), Caulobacteraceae (4.4%), and Stappiaceae (3.9%) were

common. Samples from the VWA clonal line abundances revealed

greater evenness between families, with Beijerinckiaceae (12.4%) and

Caulobacteraceae (11.2%) being particularly common. In contrast,

Stappiaceae (10.2%) was particularly abundant within the VWB

genet. Abundances were much more variable across genets at the

genus level, however Marivita, Methylobacterium, Phycisphaera,

Brevundimonas, Labrenzia, and Thalassobius were common. A core

microbiome, defined by the presence of an ASV in 100% of samples,

was not identified by our data. Similarly, no ASVs were found to be

universal within each body part, symbiotic state, nor clonal line.
Differential abundance analysis

To further investigate taxonomic differences between anemone

body part and symbiotic state, differential abundance analysis was

performed using DESeq2. We identified a total of 91 differentially

abundant ASVs between symbiotic states (Supplementary File S2)

and 32 differentially abundant ASVs between anemone body parts

(Supplementary File S3; Figure 5). To account for the compositional

dissimilarity between samples, we considered ASVs found in at least

⅔ of samples belonging to the category of interest as part of a

“common” group. 12 ASVs in this common group were shown to

be significantly more abundant in symbiont-depleted anemones than

symbiont-rich anemones, including ASVs belonging to Marivita,

Magnetospira, Nitrospina, Kordiimonas and Mycobacterium. In

contrast, only 2 ASVs, belonging to Mesorhizobium and Maritalea,

were found to be significantly more abundant in symbiont-rich

anemones with modest L2FC difference. Only 7 common and

differentially abundant ASVs between anemone body parts were

identified, all of which were more abundant in the bottom half of

the anemone. Visualization of the differential abundance analysis

results reveal greater consistency in abundance of abundant ASVs in

symbiont-depleted anemones compared to symbiont-rich anemones,

implicating algal-symbiont identity as a possible driver of variation

(Supplementary Figure S2).
Discussion

The bacterial microbiome is increasingly appreciated as a

component of holobiont health in systems ranging from honey bees

(Raymann and Moran, 2018) to humans (Cho and Blaser, 2012).

Reef-building corals also depend on fragile associations with healthy

microbes (Gilbert et al., 2012; Glasl et al., 2016), and microbe

manipulation is currently being considered as a tool to help corals

resist devastating effects of climate change (Epstein et al., 2019;

Rosado et al., 2019; Doering et al., 2021; Li et al., 2022). In this

study, we characterized microbial variation in a lab-tractable

organism often used to investigate basic cnidarian biology,
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A

B

C

FIGURE 2

Alpha diversity metrics (Observed, Shannon’s index, Pielou’s evenness) of bacterial communities from body parts (A), symbiotic states (B), and genets (C).
The bar represents the median. Outer boundaries of the box represent first and third quartiles. Points represent individual samples. P-values are based on
pairwise Wilcox rank-sum tests using FDR correction, with values < 0.05 italicized.
A B

FIGURE 3

Principal coordinate analysis (PCoA) visualization using Bray-Curtis distances on abundance of ASVs between anemones. Spider-clustering groups
samples by symbiont-depleted (SD) and symbiont-rich (SR) anemones (A) and genet (B). Shapes represent body parts and colors represent genets,
according to the inset legend. R-square and p-values were generated by permutational multivariate analysis of variance (adonis).
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Exaiptasia diaphana. Though other studies have previously examined

the bacterial microbiome in E. diaphana (Röthig et al., 2016; Dungan

et al., 2020; Costa et al., 2021; Maire et al., 2021), this study compares

across clonal lines and body part, in addition to algal symbiotic state.

Comparing microbiota across genets, which were reared in

independent tanks but otherwise identical conditions for years,

helps elucidate the role that host genetics may play in structuring

bacterial communities. We did not identify a core microbiome

consisting of taxa present across all samples, consistent with

previous findings of either no or few shared taxa across clonal lines

(Brown et al., 2017; Herrera et al., 2017). The absence of shared taxa

between anemones raised in identical rearing conditions, including

water and Artemia from a shared bulk supply, suggests possible

genetic drivers of microbial variation. Diversity analyses further

confirmed microbiome clustering by genotype. While core

microbiomes have been identified across genets previously in E.

diaphana (Hartman et al., 2020; Maire et al., 2021), these studies

sourced genets from similar geographic regions and therefore are

likely less genetically distinct than the clonal lines used here, such as

CC7 sourced from off the southeastern coast of the United States and

H2 and VWB sourced from Hawaii (Sunagawa et al., 2009; Xiang

et al., 2013). Previous work in another anemone, Nematostella

vectensis, also found differences in bacterial communities across

different source populations of animals despite years of laboratory

rearing under identical conditions (Mortzfeld et al., 2016). We also

note that we used ethanol wipes to sterilize equipment between

samples. Ethanol would not remove DNA from dissecting

equipment, but our repeated wiping and rinsing has sufficed to

prevent nucleic acid contamination in the past. However, we did

not treat our equipment with DNase between samples. Cross-

contamination may have reduced our ability to detect differentially

abundant ASVs between symbiotic states. However, the stark
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differences in bacterial communities between genets support a

hypothesis that cross-contamination was minimal.

Community composition at the phylum level for previously

characterized CC7 and H2 clonal lines is consistent with previous

findings, however highly inconsistent at lower levels of classification

(Röthig et al., 2016; Herrera et al., 2017). For example, Herrera et al.

(2017) and Röthig et al. (2016) identified Kordia and Glaciecola as the

most abundant genera in H2 and CC7 anemones respectively, but

these genera were absent from these anemones. Similarity at higher

orders of classification may suggest that some functional roles are

being filled by alternate taxa. For example, Rhodobacteraceae, a

family highly abundant in E. diaphana, is known for carbon and

sulfur cycling capabilities (Pujalte et al., 2014). Similarly,

Beijerinckiaceae are known for their nitrogen fixation capabilities

(Marıń and Arahal, 2014). While these anemones are treated as clonal

lines in labs across the globe, live culture through clonal division

allows unique mutations to accumulate. Thus, genetic differences

between “clones” in different facilities may explain some

incongruence of genet-specific microbiota across studies.

Comparing the results described here to other studies using the

same lines (e.g., CC7 in Röthig et al., 2016), reveals how strong

environmental effects may limit how confidently we can determine

the roles of specific taxa in general holobiont biology. One source of

this variation could be symbiont identity, as Röthig et al. (2016)

inoculated the symbiotic anemones with a specific algal culture.

Röthig et al. also contrasts from our study starved prior to

sampling. Diet has been implicated as a driver of microbiome

variation in other systems, including cold water corals, and thus

may account for some of the observed differences within the genet

(Kartzinel et al., 2019; Galand et al., 2020; Delaroque et al., 2022).

Further investigations of the environmental factors that initially shape

distinct bacterial communities, and the molecular factors that allow
A B

FIGURE 4

Bacterial community composition at the level of phylum (A) and genus (B). Each color represents a genus or phylum with a relative abundance >1%
across all samples.
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decades-long persistence in new environments, could help optimize

microbiome engineering efforts. Additionally, future studies should

continue to investigate genetic and environmental drivers of bacterial

microbiome variation to further assess the amount of variation one

can expect between systems in this model organism. We should also

focus on what can be learned about host health without the

requirement of identifying specific taxa that may have only brief or

regional associations with reef organisms. For example, functional

characterization of microbiota can reveal similarities in general

metabolic capability and thus functional capability between

communities each composed of unique taxa (Zhang et al., 2015).

This concept of functional redundancy has been demonstrated within

the human microbiome and has been suggested in studies focusing on

coral microbiomes (Hernandez-Agreda et al., 2018; Tian et al., 2020).

No large-scale differences between anemone body parts were

observed, contrasting from a previous study comparing acontia to

whole anemone microbiomes (Maire et al., 2021). However, the

acontia in our samples were not expelled prior to dissection and

therefore may be represented in the bottom (i.e., lower stalk and pedal

disk) of our samples. Future studies may identify more distinctions in

microbial communities by finer dissection, e.g., pedal disk vs. stalk vs.

mouth, in Exaiptasia. For example, trisection analysis performed in

Nematostella revealed an abundance of Spirochaetaceae in the

capitulum relative to two aboral sections of these anemones

(Bonacolta et al., 2021). We identified 32 differentially abundant

ASVs between body parts, seven of which were present after

filtering for consistency between samples. Each of those seven ASVs

were more abundant in the lower body region than in the upper
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mouth and tentacles. One ASV belongs to Terasakiellaceae, which has

been implicated in nitrogen cycling in a cold-water coral (Weiler

et al., 2018).

Symbiont-depleted anemones displayed higher structural

consistency compared to symbiont-rich anemones. This variation

could be explained by differing symbiont identity between the

anemones. Characterizing algal symbionts was beyond the scope of

this work, but previous work has demonstrated stable associations

between algal symbiont types and Exaiptasia genets. For example, H2

is associated with Breviolum pseudominutum (Xiang et al., 2013) and

CC7 hosts Symbiodinium linuchae (Sunagawa et al., 2009). VWA and

VWB have been characterized as hosting Breviolum minutum (B1) in

other labs. OnlyMesorhizobium andMaritalea of the 14 differentially

abundant ASVs identified after filtering for sample consistency were

abundant in symbiotic anemones. Mesorhizobium is suggested to

have a nitrogen-fixing role (Carlos et al., 2013) potentially increasing

nitrogen availability and thus facilitating growth and high density of

the anemone’s algal symbiont (Rädecker et al., 2015). Future

functional analysis of these identified taxa is necessary to provide

confirmation of the proposed contributions to cnidarian fitness.
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