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Changes in the microbiome of
the sea anemone Exaiptasia
diaphana during bleaching from
short-term thermal elevation

Jamison R. Sydnor1†, Jaime Lopez1†, Gordon V. Wolfe1,
Lisa Ott2 and Cawa Tran3*

1Department of Biological Sciences, California State University, Chico, CA, United States,
2Department of Chemistry and Biochemistry, California State University, Chico, CA, United States,
3Department of Biology, University of San Diego, San Diego, CA, United States
We examined the response of microbial communities in the model sea anemone

Exaiptasia diaphana (Aiptasia) to short-term thermal elevation. Through 16S rRNA

gene sequencing, we characterized the microbiomes of symbiotic (with algal

symbionts) and aposymbiotic (bleached) anemones under ambient (27°C) and

heat-stressed (34°C) conditions for 8-10 days, using both replicated endpoint

and non-replicated time-course approaches. Consistent with prior studies, we

observed a stable abundance of bacteria from the families Alteromonadaceae

and Rhodobacteraceae, though with wide variation among individual anemones.

We observed that symbiotic state conferred a larger impact on the microbiome

than heat stress, implying the microbiome may play a metabolic role in the

maintenance of cnidarian-dinoflagellate symbiosis. In particular, Pelobacter, an

anaerobic sulfate reducer that is also a potential nitrogen fixer, was present only

in symbiotic anemones, and its abundance decreased with initial exposure to

34°C, but recovered after 7 days. In aposymbiotic anemones, the added heat

stress appeared to result in a large increase of rare bacterial taxa, which included

potential pathogens such as Vibrio following bleaching. We also observed several

archaea, the first reported for this model, but only in the seawater surrounding

aposymbiotic Aiptasia, where abundance increased dramatically following heat

stress. We further explored the diazotrophic (nitrogen fixation) potential of

diverse bacteria associated with symbiotic and aposymbiotic Aiptasia, under

both ambient and heat-stressed conditions, using nifH-PCR and qPCR and the

acetylene reduction assay (ARA). In contrast to some stony corals, nifH was

barely expressed in both anemone types, and under ambient conditions,

diazotrophic activity was not detectable via ARA. Thus, although this research

contributes to the growing knowledge of the bacterial community associated

with a prominent model used in coral-symbiosis research, our results also

suggest using caution when making direct comparisons between Aiptasia and

different coral species in microbiome studies.
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Introduction
An “oceanic rainforest,” tropical-reef ecosystems are one of the

most diverse and productive ecosystems in the world, harbouring

>25% of marine species while covering <1% of the ocean floor

(Knowlton, 2001; Rosenberg et al., 2007; Veron et al., 2009;

Knowlton et al., 2010; Burke et al., 2011; Santos et al., 2014;

Pogoreutz, 2016). Rich in biodiversity and productivity, coral

reefs are found in oligotrophic waters in the tropics that are

extremely scarce in nutrients (Fiore et al., 2010; Ceh et al., 2013;

Rädecker et al., 2015; Pogoreutz, 2016). This strange phenomenon

of being highly productive in nutrient wastelands represents the

“Darwin Paradox” (Rädecker et al., 2015; Pogoreutz, 2016), largely

successful due to the symbiotic interactions occurring within the

coral holobiont (Wang and Douglas, 1998; Knowlton, 2001; Muller-

Parker and Davy, 2001; Baumgarten et al., 2015; Rädecker et al.,

2015; Röthig et al., 2016; Rädecker and Pogoreutz, 2019; Tilstra

et al., 2019; Liang et al., 2020).

The coral holobiont is a symbiotic network in which the coral

host , photosynthet ic dinoflagel la tes from the family

Symbiodiniaceae (hereinafter ‘algal symbionts’), and other related

microorganisms (i.e., bacteria, archaea, viruses, fungi, and protists)

benefit from and interact with each other. (Rohwer et al., 2002;

Rosenberg et al., 2007; Davy et al., 2012; Lema et al., 2012; Rädecker

et al., 2015; Peixoto et al., 2017). The coral host offers inorganic

nutrients from their metabolic waste to their microbial symbionts

for their growth, along with protection from environmental

predation (Weis, 2008; Weis et al., 2008; Lema et al., 2012; Santos

et al., 2014; Rädecker et al., 2015; Röthig et al., 2016; Pogoreutz et al.,

2017; Cui et al., 2019; Tilstra et al., 2019). In exchange, the algal

symbionts provide the coral host with essential nutrients in the

form of amino acids and photosynthates (i.e., photosynthetically

fixed carbon) (Rädecker et al., 2015; Pogoreutz et al., 2017; Rädecker

et al., 2018; Tilstra et al., 2019). Prokaryotes, such as bacteria and

archaea, offer the coral host and their algal symbionts fundamental

micronutrients and antimicrobial properties to fend off diseases and

infections (Rohwer et al., 2002; Croft et al., 2005; Grant et al., 2014).

The multiparty interactions between the coral host and its microbial

symbionts are crucial towards sustaining a healthy holobiont in

nutrient-poor environments.

Studies on marine-bacterial communities are becoming

increasingly important in coral-reef research (Ainsworth and

Hoegh-Guldberg, 2009; Bourne et al., 2009; Vega Thurber et al.,

2009; Littman et al., 2011; Garren et al., 2014; Rädecker et al., 2015;

Pogoreutz, 2016; Ziegler et al., 2017; Tran, 2022). Corals exhibit an

altered microbiome in response to varying thermal conditions and

disruptions to integral nutrient cycles (Ainsworth and Hoegh-

Guldberg, 2009; Raina et al., 2010; Littman et al., 2011; Ziegler

et al., 2017). In the face of climate change, both pathogens and

potentially beneficial bacteria are important to study in the context

of holobiont health. For example, dimethylsulfoniopropionate

(DMSP) present in the coral mucus induces a chemotactic

response in the coral pathogen Vibrio coralliilyticus, providing a

chemical cue that progresses infection. Corals undergoing heat

stress can have up to a five-fold increase in DMSP in their
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mucus, causing a corresponding increase in pathogen response

(Garren et al., 2014). To complement this study, Rosado et al.

(2019) have identified strong candidates of the coral microbiome

that can increase the thermotolerance of the host, reducing the

severity of bleaching by multiple means, one of which being the

degradation of DMSP. By doing so, the infochemical that V.

coralliilyticus uses to target its host is metabolized, preventing the

progression of infection (Rosado et al., 2019). While pathogen

prevalence is shown to be linked to holobiont health, potentially

beneficial bacteria involved in the nutrient cycle should not

be overlooked.

Diazotrophic (nitrogen-fixing) bacteria form site- and species-

specific associations with various corals (Lesser et al., 2004; Lesser

et al., 2007, Olson et al., 2009; Lema et al., 2012; Olson and Lesser,

2013; Lema et al., 2014; Santos et al., 2014; Benavides et al., 2017;

Lesser et al., 2018). These supply the coral host and algal symbionts

with an additional source of nitrogen when availability of dissolved

inorganic nitrogen is scarce (Wang and Douglas, 1998; Reshef et al.,

2006; Rädecker et al., 2015; Benavides et al., 2016; McDevitt-Irwin

et al., 2017; Pupier et al., 2019). For the coral host, access to fixed

forms of nitrogen is vital for the production of cellular and

molecular components. (Pupier et al., 2021). For the algal

symbionts, bioavailable nitrogen is required for growth,

maintenance of chlorophyll-a content, thermal tolerance, and

translocation of fixed carbon to the coral (Rädecker et al., 2015;

Morris et al., 2019; Matthews et al., 2020; Xiang et al., 2020).

Interestingly, fixed nitrogen supplied by the diazotrophs is

assimilated at higher rates by algal symbionts than the coral host

(Pernice et al., 2012; Benavides et al., 2016). However, nitrogen-

fixation rates appear to vary: Although coral-associated diazotrophs

contribute up to 18% of the overall nitrogen pool even in nitrogen-

replete reefs, scleractinian (stony) corals appear to have much

higher nitrogen-fixation rates than soft corals (Pupier et al.,

2019). Diazotrophs are specifically associated with the

scleractinian coral endolithic layer (Moynihan et al., 2021) and

mucus, and much lower nitrogen-fixation rates in soft corals have

been hypothesized as possibly due to differing nutritional strategies

(Pupier et al., 2021). Even then, nutritional strategies for obtaining

nitrogen are highly variable from species to species within both hard

and soft corals (Pupier et al., 2021). Given this wide variation in the

diazotroph abundance and nitrogen-fixation activity across

different types of corals, a central laboratory model to elucidate

the role of diazotrophs within the cnidarian holobiont

seems necessary.

The sea anemone Exaiptasia diaphana (hereafter referred to as

‘Aiptasia’) has been accepted as an informative laboratory model for

coral-symbiosis research because it shares similar characteristics

with corals (Weis et al., 2008). Aiptasia, a cnidarian like corals,

consists of the same key members of the holobiont (cnidarian host,

algal symbionts, and other associated microbes) that contribute

essential resources for the stability of nutrient cycling (Voolstra,

2013; Baumgarten et al., 2015; Rädecker et al., 2015; Rädecker et al.,

2018; Rädecker et al., 2019). Aiptasia is fast-growing under minimal

conditions, making it suitable for diverse laboratory experiments

(Voolstra, 2013). In addition, Aiptasia can be maintained in

symbiotic (with algal symbionts) and aposymbiotic (without algal
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symbionts) states for long periods (Weis et al., 2008; Voolstra, 2013;

Rädecker et al., 2018). Like corals, Aiptasia also offers some degree

of algal-symbiont flexibility, in which it can establish symbiosis with

similar strains of Symbiodiniaceae associated with corals (Thornhill

et al., 2013). Finally, Aiptasia lacks a calcium-carbonate skeleton,

making it easier to process tissue for cellular and molecular work in

the laboratory (Weis et al., 2008; Voolstra, 2013; Baumgarten et al.,

2015; Rädecker et al., 2018). As a result, Aiptasia is a powerful

system for studying symbiosis and metabolic interactions between

animal and microbial partners.

Although microbiome research pertaining to corals has long been

explored, similar studies applied to the Aiptasia model system are only

recently gaining traction. Röthig et al. (2016) reported a ‘core’

microbiome, but also observed notable differences in the bacterial

community associated with Aiptasia in aposymbiotic and symbiotic

states, suggesting algal presence may play a role in influencing the

bacterial community’s composition. In symbiotic anemones, Herrera

et al. (2017) showed distinct bacterial communities associated with the

clonal lines H2 (Hawaii) and CC7 (Florida), demonstrating a lack of

uniformity in bacterial community composition across laboratory

clonal lines. Subsequently, Hartman et al. (2020a) compared these

microbiomes with those of wild Aiptasia sourced from the Great

Barrier Reef. They found a comparable composition of dominant

taxa, albeit with lower evenness and perhaps lower bacterial diversity

in laboratory-cultured strains of Aiptasia. Characterization of the

microbiomes associated with defensive tissues (acontia) observed

similarity across wild Aiptasia sourced from the Great Barrier Reef

(Maire et al., 2021).

Aiptasia also appears to be a suitable model for coral diseases.

Bacterial pathogens such as the genus Vibrio infected Aiptasia in

comparable ways (Zaragoza et al., 2014), with disease progressing

along the same necrotizing pattern, and comparable glycosidase

activity. These complementary studies highlight how the bacterial

community influences, both directly and indirectly, the

maintenance of cnidarian symbioses and their role in the

prevention of dysbiosis (whereby the partnership between the

symbiotic dinoflagellates and their cnidarian host collapses,

leading to rapid death of coral ecosystems). Current interest in

aiding endangered coral-reef systems using microbiome transplants

as ‘probiotics’ has motivated manipulation studies to produce

gnotobiotic strains (Dungan et al., 2021b; Hartman et al., 2022),

to perform microbiome transplants from coral taxa (Costa et al.,

2021), or to try and mitigate oxidative stress (Dungan et al., 2021a;

Dungan et al., 2022).

Temperature stress, currently occurring globally as a result of

anthropogenic climate change, causes dysbiosis. This occurs by one

or more cellular mechanisms: (i) in situ degradation of the algal cell,

(ii) exocytic release of algae from the gastroderm, (iii) detachment

of host cells containing algae, or (iv) death of the host cell (Bieri

et al., 2016). Recent work has shown changes in nutrient cycling

prior to overt bleaching (Rädecker et al., 2021). The impact of

temperature stress on the coral holobiont and the role of the

microbiome in mediating sensitivity to temperature stress

(Morrow et al., 2018) have motivated studies with Aiptasia.

Hartman et al. (2020b) observed a decline in microbiome

diversity in Aiptasia from the Great Barrier Reef in response to a
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7°C elevation over 2 weeks, along with bleaching. In contrast,

Ahmed et al. (2019) reared Aiptasia strains from North America

at ambient (25°C) and elevated (32°C) temperatures for >2 years

and observed higher richness (number of taxa) in heat-stressed

polyps. These studies reflect likely differences in short- and long-

term acclimations, but also possibly changes due to different

Aiptasia lines.

In the present study, we examined the bacterial communities

associated with symbiotic and aposymbiotic Aiptasia of the CC7

clonal line (Sunagawa et al., 2009) during exposure to ambient

(27°C) and elevated (34°C) temperatures over 8-10 days. We

implemented 16S and 18S rRNA gene sequencing to characterize

the abundance of various prokaryotic and eukaryotic taxa

respectively. We predicted differential responses of the Aiptasia

microbiome to temperature changes and symbiotic state, with an

impact on bacterial taxa that have major functions in nutrient

cycling within the holobiont.

With little known about the nitrogen-fixation potential of

bacteria associated with Aiptasia, we also screened symbiotic and

aposymbiotic anemones specifically for the abundance of the nifH

gene and its expression via PCR and quantitative PCR (qPCR). nifH

encodes for the iron protein of nitrogenase, the enzyme that

converts nitrogen to ammonium, and is conserved across all

diazotrophs (Zehr et al., 2003; Gaby and Buckley, 2012), thereby

making it an effective biomarker for their detection. We also

assessed nitrogen-fixation activity in symbiotic and aposymbiotic

Aiptasia under ambient (27°C) and elevated (34°C) temperatures,

expecting differences across symbiotic state and temperature.
Materials and methods

Animal-rearing conditions

Symbiotic and aposymbiotic Aiptasia belonging to the CC7

clonal line (Sunagawa et al., 2009) were reared in 1-L polystyrene

tanks filled with 700 mL of artificial seawater (ASW) (Red Sea Coral

Pro Salt) at 27°C while being fed Artemia nauplii and supplied with

fresh ASW twice per week. Symbiotic Aiptasia were raised in an

incubator on a 12 h light:12 h dark cycle subjected to 25 mmol

photons m-² s-¹ of white LED light, while aposymbiotic Aiptasia,

previously derived from 3-(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU) treatment according to established methods (Xiang et al.,

2013), remained in the dark. Ten days prior to the beginning of each

experiment, anemones allocated for the experiment were deprived

of food to ensure Artemia were not present in the anemones’

gastric cavities.
Heat-stress microbiome studies

Two different temperature studies were conducted, each with an

ambient treatment at 27°C, and a heat-stress treatment at 34°C,

which prompts bleaching (Bieri et al., 2016; Esherick et al. in

revision). A preliminary 10-day endpoint study with triplicate

replication was performed to assess variance. Following this
frontiersin.org
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experiment, a subsequent 8-day time-series experiment was

conducted without replication, but with much greater numbers of

polyps per time point and associated observation of bleaching. This

experiment, which added sequencing of eukaryotic 18S rRNA, was

designed to give distinct but complementary results that could be

intercompared with the endpoint experiment.

Endpoint experiment. Thirty symbiotic and 30 aposymbiotic

polyps were split into twelve separate 700-mL tanks, each

containing 5 individuals. Half of the tanks were placed in a 34°C

incubator while the other half were kept at 27°C for the entire

duration of the 10-day trial. On the final day, triplicate samples, each

consisting of a mixture of 5 individual polyps, were collected for DNA

extraction (Figure 1A). Triplicate samples of seawater were also

filtered for DNA extraction for seawater bacterial communities,

although only one was sequenced due to cost limitations.
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Time-series experiment. Sixty aposymbiotic and 60 symbiotic

anemones were incubated at an ambient temperature of 27°C, with

four tanks from each symbiotic state harbouring 15 individuals each

(Figure 1B). On day 0, half of the tanks were moved to a heat-stress

temperature of 34°C for the remainder of the 8-day trial.

Throughout the 8-day time series, algal fluorescence was used as

a qualitative proxy for algal abundance as anemones bleached

during thermal stress. Five images per anemone were taken at

each time point using a Leica MC190 HD camera equipped to Leica

M165FC fluorescence stereo microscope with a GFP longpass filter.

All images were standardized using 125 ms exposure, 3.4X

magnification, and 10X gain.

DNA samples were collected from Aiptasia and their surrounding

seawater throughout the 8-day period. In ambient-temperature

treatments, samples were collected on day 0, 4 and 6 (Figure 1C). In
A

B

C

FIGURE 1

Experimental workflows for microbiome community profiling in the sea anemone Aiptasia and its surrounding seawater. (A) Initial 10-day endpoint
experiment; (B) 8-day time-series experiment. (C) Time-series sampling from tanks at 27°C on days 0, 4, and 6 (cyan) and from tanks at 34°C on
days 1, 3, 5 and 7 (peach).
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the heat-stress treatment, samples were collected on days 1, 3, 5, and 7

to observe community responses of both prokaryotes and eukaryotes

before and after peak bleaching (Figure 1C).
Microbiome community profiling

DNA extraction from Aiptasia and seawater
For DNA extractions, polyps were placed in a 1.5-mL

microcentrifuge tube and washed two times with 500 μL of

sterilized seawater (SSW). After washing, 200 μL of SSW was

added to each tube, processed with an OMNI Tissue Master

homogenizer, then needle-aspirated (25G) further to ensure the

sample was properly homogenized. Next, 300 μL of lysis buffer

(Buffer AP1, DNeasy Plant Mini Kit, Qiagen) were added and the

remainder of the DNA extraction was performed according to the

manufacturer’s instructions.

Seawater was sampled to isolate bacterial DNA representative of

the surrounding environment of the anemones. Each tank’s surface

was thoroughly agitated with a micropipette tip to release any

bacterial cells that had adhered to the tanks prior to sampling. In the

endpoint experiment (described above), 1.4 L of seawater from two

separate tanks were filtered through a single 0.4-μm Durapore

PVFD filter on day 10 of the trial. Filters were cut into strips

using a sterile razor blade and placed in a 1.5-mL microcentrifuge

tube with 500 μL of lysis buffer (DNeasy Plant Mini Kit, Qiagen).

For the time-series experiment (described above), the same process

was repeated instead with 120 mL of water filtered on each sampling

day of the 8-day trial from the same tank, showing changes in the

bacterial community within a single tank for the duration of the

trial. The remainder of the DNA extraction for both experiments

was performed according to the manufacturer’s instructions.

DNA quality control and gene sequencing
Quality of the DNA extracted was carefully assessed for each

experiment, in particular for the time-series experiment. Multiple

DNA extractions were conducted from the same samples and

analyzed via gel electrophoresis and NanoDrop (Thermo Fisher

Scientific) to screen for low recoveries. Samples with adequate

recoveries were pooled.

All DNA samples from both experiments were also verified with

initial PCR tests using rRNA primers for all three domains, then

stored at -20°C until submission for gene sequencing. Community

rRNA gene sequenc ing was conducted at MR DNA

(www.mrdnalab.com) on an Ion Torrent PGM following the

manufacturer’s guidelines. The prokaryote 16S rRNA gene V4

region was amplified using primers 515F/806R (Caporaso et al.,

2011), while for eukaryotes the 18S rRNA gene V4 region was

amplified using primers V4F/V4R (Stoeck et al., 2010). Eukaryotic

gene sequencing was performed only on symbiotic samples.

Data analysis
Reads from 16S and 18S rRNA gene sequencing were processed

with a proprietary analysis pipeline (MR DNA). Sequences with less

than 150 bp after barcode and primer removal were discarded, as
Frontiers in Marine Science 05
well as sequences containing ambiguous base identification and

homopolymer runs greater than 6 bp. Operational taxonomic units

(OTUs) were generated with the parameter of 97% sequence

homology after conducting BLASTn searches in an aggregate

database consisting of GreenGenes, RDPII, and NCBI. From these

taxonomic assignments, raw OTU read counts were organized at

different phylogenetic levels. For comparison with prior studies, we

focused on OTUs classified at the family level for this study (90-99%

sequence identity).

Statistical assessment of bacterial OTU variance in the endpoint

experiment was done with PERMANOVA using the R Vegan

package. Bacterial family-level composition was examined both

untransformed and square-root-transformed, with 9999

permutations; both analyses gave similar results.
Detection of nitrogen-fixation potential by
Aiptasia microbiomes

Detection of nifH genes and expression
Development of nifH methods was conducted after the

microbiome studies and involved separate experiments with

polyps of the same clonal line (CC7) that were reared under the

same laboratory conditions as described above. Genomic DNA

(gDNA) from Aiptasia was used to quantify nifH abundance,

while complementary DNA (cDNA) was used to quantify nifH

expression. Total DNA and RNA were extracted from homogenized

symbiotic and aposymbiotic anemones and fava-bean root nodules

(as a positive control), following the manufacturer’s instructions

using a ZymoBIOMICS DNA miniprep kit (Zymo Research) and

RNAqueous-4PCR Total Isolation kit (Thermo Fisher Scientific)

respectively. DNA and RNA concentrations from all samples were

verified via a NanoDrop (Thermo Fisher Scientific). To synthesize

cDNA, ~500 ng of total RNA of each sample type was processed

with the Superscript III First-Strand Synthesis kit (Thermo Fisher

Scientific) according to the manufacturer’s protocol. Before qPCR

analysis, gDNA and cDNA were diluted to 5 ng μL-1 for all samples.

Initial PCR tests were conducted to choose the best nifH primer

set (Table S1 and Figure S1), Ueda19F/R6 (Angel et al., 2018). This

primer set was then used for real-time PCR analysis (Eppendorf

MasterCycler). All qPCR reactions used 5 μl of PowerTrack SYBR

Green Master Mix (Invitrogen), 0.5 μL of each primer at a

concentration of 8 μM, 2 μL of template, and 2 μL of nuclease-

free water. A 4X 1:5 dilution series of cDNA was used to generate

standard calibration curves for testing primer efficiency. qPCR was

conducted with the following thermal-cycler conditions: 95°C for

2 min, followed by 50 cycles of 95°C for 30 sec, 54°C for 90 sec, and

72°C for 1 min. The 2-ΔΔCt method (Livak and Schmittgen, 2001)

was used to determine potential differences in relative fold-change

of nifH, normalized to the 16S-V3 rRNA gene copy numbers from

aposymbiotic anemones and root nodules.

Detection of nitrogenase activity
The acetylene reduction assay (ARA) was applied to Aiptasia by

modifying the parameters previously used on coral colonies or
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fragments (Shashar et al., 1994; Wilson et al., 2012; Rädecker et al.,

2014; Pogoreutz et al., 2017; Tilstra et al., 2019) to accommodate the

smaller size of the anemones (Figure 2). Three replicate 60-mL

serum vials, each containing 48 mL ASW, of which 10% (4.8 mL)

had been previously saturated with acetylene, were prepared for

Aiptasia of the CC7 clonal line. Symbiotic and aposymbiotic

anemones (average pooled weights 1.11 g and 0.87 g, respectively)

were added to vials and allowed to acclimate for 10-15 min. Control

vials were prepared with 48 mL of artificial seawater, of which 10%

was previously saturated with acetylene alone (no Aiptasia, negative

control), or with freshly collected fava-bean root nodules in ambient

air as a positive control (triplicate; average pooled weight 4.87 g), as

previous studies have used them to assess nitrogen-fixation rates

(Hudd et al., 1980; Herdina and Silsbury, 1990).

Vials were crimp-sealed with rubber septa, and 1.2 mL of the

headspace was removed with a gas-tight syringe and replaced with

acetylene. This created a headspace environment with 10% acetylene.

From each vial, three replicate 100-μL gas samples were immediately

collected via the rubber septa and analyzed for acetylene and ethylene

by gas chromatography (HP 6890 equipped with a GS-CarbonPLOT

column and a flame ionization detector). All gas samples were

analyzed under the following optimized parameters for a 6-minute

run time: inlet temperature of 250°C, split mode with a 50:1 split

ratio, helium as a carrier gas, a flow rate of 2.1 ml min-1, initial oven

temperature of 45°C with a hold time of 3.80 minutes, a ramp-up

time of 25°C min-1, a final oven temperature of 100°C, and a detector

temperature of 250°C (Table S2).

Subsequently, vials containing aposymbiotic anemones were

covered with aluminum foil to prevent light exposure. All vials were
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then incubated at 27°C, shaking at 130 rpm, and exposed to a 12 h

light:12 h dark cycle with white LED lights (25 mmol photons m-2 s-

1). After 24 h, triplicate gas samples were again collected and

analyzed by gas chromatography. A separate ARA experiment

was conducted at an incubation temperature of 34°C with only

one replicate each on symbiotic and aposymbiotic Aiptasia (pooled

weights 1.17 g and 1.25 g, respectively) and fava-bean root nodules

(pooled weight 5.32 g).
Results

Predominant members of two bacterial
families make up Aiptasia’s microbiome

The initial 10-day endpoint experiment, which assessed

Aiptasia bacterial microbiomes, yielded 2,508 bacterial OTUs.

However, even though each replicate was a mixture of 5

anemones, they showed huge variance, with a minority of OTUs

present in all replicates. Alpha diversity, as measured by the

Shannon-Weaver index, revealed a slightly significant change due

to symbiotic state only in the 34°C treatment (Figure 3, p=0.02). A

PERMANOVA test showed no significant effect of heat stress on

microbiome composition, but a modestly significant effect of

symbiotic state (Table 1, p=0.01).

The subsequent 8-d time-series experiment took a complementary

approach.We used twice as many polyps andmerged 15 anemones per

time point to observe changes during and after bleaching. We also

added sequencing of eukaryotes and archaea. This experiment yielded
FIGURE 2

Experimental design for measuring nitrogenase activity using the acetylene reduction assay (ARA). Vial 1: negative control for the detection of
acetylene gas in the headspace. Vial 2: experimental vials in which twenty anemones (either symbiotic or aposymbiotic) were added. Vial 3: positive
control containing fava-bean root nodules. Gas samples were collected at the start and end of a 24-hour incubation period for the detection of
acetylene and ethylene using gas chromatography. ASW, artificial seawater. Created with BioRender.com.
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considerably more bacterial OTUs (11,787), likely due to increased

quantity of Aiptasia DNA extracted. Although it lacked replication, this

experiment showed consistent patterns across time points and in

response to bleaching. Rhodobacteraceae and Alteromonadaceae

dominated Aiptasia bacterial microbiomes in both experiments, but

the first experiment showed a higher fraction of low-abundance

families (40-60%) due to variance, as well as possible contamination,

so we will focus on the time-series results here, as they contain more

detailed information.

Across algal-symbiotic states and temperature treatments in both

Aiptasia and seawater, 24-40% of all OTUs belong to bacterial families

Alteromonadaceae and Rhodobacteracaeae (Figure 4). At the start of

the experiment prior to temperature shift (day 0), we observed that

symbiotic state determined bacterial microbiome composition in

Aiptasia (Figure 4A) but not the surrounding seawater (Figure 4B).

Symbiotic Aiptasia were dominated by members of Pelobacteraceae

(30%) and Rhodobacteraceae (17%), while aposymbiotic Aiptasia were

dominated by members of Alteromonadaceae (22%), with smaller

fractions of Rhodobacteraceae (10%) and Kordiimonadaceae (9%), a
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group that was <1% of the microbiome in symbiotic anemones

(Figure 4A). In contrast, bacterial communities of the seawater

surrounding symbiotic and aposymbiotic animals were less distinct

(Figure 4B), and were dominated by members of Alteromonadaceae

and Rhodobacteraceae, but with significant contributions from

members of Sphingomonadaceae and Chitinophagaceae, two sugar-

consuming families.
Bleaching event following temperature
shift is supported by algal fluorescence but
not 18S OTU abundance shifts

We observed a decrease in chlorophyll fluorescence in heat-

stressed Aiptasia, occurring most dramatically between days 3 and

5, most notably in the tentacles (Figure 5). In contrast, fluorescence

remained constant in anemones that remained at ambient

temperature (Figure 5). 18S sequencing of Aiptasia and seawater

revealed consistent shifts in the eukaryotic community over this

event. Aiptasia samples were dominated, as expected, by anemone

and Symbiodiniaceae DNA, with only traces of other eukaryotes. In

seawater, we found little Symbiodiniaceae DNA at day 0 at 27°C, as

expected. Diatoms (Nitschzia sp.) were detected on day 0, but they

rapidly declined by day 3 (Figure 6A), likely due to grazing by a

gastrotrich (Chaetonotus), which increased on day 4 (Figure 6B).

Exclusive to the 34°C treatments, we observed an increase of

Symbiodiniaceae (normalized to Aiptasia OTU counts) in

seawater from days 3-5, corresponding to Aiptasia bleaching

(Figure 6C). This declined by days 6-7, following a second bloom

of the gastrotrich. Curiously, though, counts of Symbiodiniaceae

OTUs in Aiptasia (normalized to Aiptasia counts) did not decrease

in the 34°C treatments (Figure 6D).
Bacterial and archaeal microbiome shifts
follow heat stress and bleaching

In 27°C samples over 8 days, we observed variability, but no

consistent shifts in bacterial microbiomes for Aiptasia, which retained

the symbiotic signatures of day 0 (Figure S2A). In contrast, seawater

samples showed clear shifts. In seawater surrounding symbiotic

anemones, the fraction of Rhodobacteraceae and Saprospiraceae

members increased, while those of Alteromonadaceae,

Sphingomonadaceae and Chitinophagaceae decreased (Figure S2B).

Even more dramatic was a greater representation of Alteromonadaceae

in seawater surrounding aposymbiotic anemones on days 4 and 6,

which dominated the community (Figure S2B). Reflecting this, alpha

diversity indices remained fairly consistent throughout the experiment,

aside from the seawater associated with aposymbiotic Aiptasia

(Table 2), which decreased markedly.

Under heat stress (34°C), we observed microbiome changes in

both symbiotic states of Aiptasia. Just one day following heat stress,

symbiotic anemones lost almost all their Pelobacteraceae. This loss

extended into bleaching, but recovered after day 5 (Figure 7A),

along with more Saprospiraceae members present. Seawater from

symbiotic anemones also showed a slightly greater abundance of
FIGURE 3

Shannon-Weaver alpha diversity based on bacterial operational
taxonomic units (OTUs) for the 10-day endpoint experiment.
Means ± 1 standard deviation are shown for 3 Aiptasia replicates,
each containing 5 polyps. Although triplicate seawater samples were
collected, only one was sequenced due to cost. Sym, symbiotic
anemones; apo, aposymbiotic anemones. * denotes p=0.02.
TABLE 1 PERMANOVA test results depicting impact of heat stress and
symbiotic state on the Aiptasia bacterial microbiome (at the family level)
in the 10-day endpoint experiment with triplicates.

Variable Df Sum of Squares R2 F Pr (>F)

Heat stress 1 0.17761 0.0977 1.0828 0.3353

Residual 10 1.64028 0.9023

total 11 1.81789 1.0000

Symbiotic state 1 0.35151 0.19336 2.3971 0.014*

Residual 10 1.46638 0.80664

total 11 1.81789 1.00000
Results shown are for square-root-normalized counts and 9999 permutations. *significant
at p<0.05.
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Saprospiraceae following heat stress (Figure 7B), particularly

around days 3-5 when bleaching was observed, with a

corresponding decline of Alteromonadaceae members.

The aposymbiotic anemones, which started with a different

microbiome as explained above, also showed strong changes, with

an initial larger then smaller fraction of Alteromonadaceae

(Figure 7A). Most striking was the larger proportion of

community members that were barely present at the start of the

experiment (‘others’), increasing to over 60% of the total

microbiome by day 7 (Figure 7A). As with symbiotic anemones,

the microbial community in the surrounding seawater reflected
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these changes, with the proportion of Alteromonadaceae

diminishing over time (Figure 7B) and a greater representation of

‘others’ to about 40% of the total by days 5-7. Although day 4 of the

aposymbiotic anemones at 27°C also showed a large burden of

‘others’ (Figure S2A), there was no consistent trend, and ‘others’ in

most samples were <15% of the communities.

We also detected several archaeal families, but only in seawater,

with one possible exception (Figure 8, day 4 of the aposymbiotic

Aiptasia at 27°C, but likely a contaminant). The most abundant

OTUs resembled Aciduliprofundum, a thermophilic euryarchaeote

associated with deep-sea hydrothermal vents, but only at about 85%
A B

FIGURE 4

Relative abundances of bacterial families (based on counts of operational taxonomic units, OTU) associated with the sea anemone Aiptasia (A) and
surrounding seawater (B) at the start (day 0) of the 8-day time-series experiment, prior to temperature stress. Families are ranked by abundance in
symbiotic Aiptasia or their seawater. d, day.
FIGURE 5

Chlorophyll fluorescence in the sea anemone Aiptasia decreases over time while undergoing heat stress, most notably in the tentacles.
Experimental stages denoted by letters: (a) just before onset of heat stress; (b, c) before and after peak expulsion of algae; (d) end of experiment. All
images were taken with the same settings (125 ms exposure, 3.4X magnification, 10X gain) using a Leica MC190 HD camera equipped to a Leica
M165FC fluorescence stereo microscope with GFP longpass filter. T, temperature.
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similarity, with another group mapping to Methanobacteriaceae.

Although present at both temperatures and in both symbiotic states,

we observed a dramatic increase of both groups in seawater of

aposymbiotic anemones following heat stress, which remained high

for the duration of the experiment (Figure 8). To our knowledge,

this is the first observation of archaea associated with Aiptasia,

albeit only in surrounding seawater.
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nifH genes are detected, but not expressed
in Aiptasia microbiomes

Given that Pelobacteraceae, a family containing potential

nitrogen fixers, was present only in symbiotic anemones and

responded dramatically to heat stress, we further examined the

nitrogen-fixation potential of diverse bacteria associated with the

alga-symbiotic state of Aiptasia. To determine the presence of

the nifH genes, we tested four degenerate primer sets universal

for known nifH genes (Table S1), selecting Ueda19F/R6 as the

optimal primer set with an amplicon size of ~454 bp (Figure S1,

lanes 14-16). These primers amplify with known Pelobacter nifH

genes (Figure S3). Sequencing of nifH from root-nodule samples

confirmed the diazotroph, Rhizobium leguminosarum, to be the

bacterial symbiont of fava-bean plants, as expected. Furthermore,

sequencing confirmed the amplification of nifH sequences in

symbiotic and aposymbiotic Aiptasia, and multiple diazotroph

species were apparent in these samples (Phillips et al.,

unpublished). nifH expression, assessed via qPCR using cDNA

from Aiptasia, showed no difference between symbiotic and

aposymbiotic anemones, as nifH was barely expressed in either

(Figure 9A). To detect whether nifH genes were even present, we

attempted qPCR of gDNA from Aiptasia, but the primer efficiencies

were out of range when using gDNA from all samples. However, gel

analysis of nifH-PCR products using a dilution series from anemone

gDNA suggested detectable nifH in Aiptasia microbiomes, with

more possibly in aposymbiotic anemones (Figure S4, lane 9).
Nitrogenase activity is barely detectable in
Aiptasia, though possibly present in
aposymbiotic anemones under
temperature elevation

The ARA was applied to determine if differences in nitrogenase

activity were present in symbiotic versus aposymbiotic Aiptasia at

ambient temperature (27°C). Over 24 h, conversion to ethylene was

easily detected in fava-bean root nodules. Although acetylene was

observed to decrease over 24 h in all Aiptasia samples, conversion to

ethylene was not detected at 27°C (Figure 9B). The ARA was then

repeated at 34°C. Root nodules showed a decrease in nitrogenase

activity at elevated temperature, but was still easily detectable
A

B

D

C

FIGURE 6

18S V4 profiling of eukaryotes associated with symbiotic Aiptasia
over 8 days (based on counts of operational taxonomic units, OTU);
heat stress was applied immediately after sampling at day 0. (A)
Diatoms were observed at the start of the experiment, but only in
symbiotic cultures. They decreased rapidly, likely from grazing by
the gastrotrich Chaetonotus (B). Symbiodiniaceae found in seawater
(C) increased during bleaching (days 3-5) in heat-stress treatments
only, but there was no corresponding decrease of Symbiodiniaceae
in Aiptasia anemones (D).
TABLE 2 Bacterial community Shannon-Weaver alpha-diversity indices for the 8-day time-point experiment, calculated based on operational
taxonomic units (OTUs), and stratified by sample type, symbiotic state, and temperature.

27°C, day 34°C, day

Sample Symbiotic state 0 4 6 1 3 5 7

Aiptasia Symbiotic 5.79 5.67 6.08 6.23 5.73 5.86 5.43

Aiptasia Aposymbiotic 6.26 6.12 6.33 5.85 5.58 6.29 5.52

Seawater Symbiotic 6.00 6.12 5.88 6.30 5.83 5.55 5.46

Seawater Aposymbiotic 5.68 4.58 4.69 6.04 6.33 5.75 6.12
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(Figure 9B). Both symbiotic and aposymbiotic Aiptasia produced

similar but barely detectable amounts of ethylene (17.4 and 18.8 μM

ethylene per gram anemone respectively, Figure 9B). However, not

all anemones remained alive after 24 h at 34°C.
Discussion

In cnidarian research, Aiptasia is growing as a tractable model

organism for corals, primarily due to its shared symbiotic

relationship with Symbiodiniaceae and ease of culturing in a

laboratory setting (Weis et al., 2008; Davy et al., 2012). More

recently, research into its microbiome has contributed to the

development of the model by highlighting similarities of the

bacterial communities between Aiptasia and corals (Röthig et al.,

2016; Herrera et al., 2017; Ahmed et al., 2019; Hartman et al.,

2020b). Cnidarian-associated bacterial communities may confer

heat tolerance to the cnidarian host (Ziegler et al., 2017) and

likely respond rapidly to changes in the environment. In corals,

multiple stressors have been known to cause the associated bacterial

community to change (Ainsworth and Hoegh-Guldberg, 2009;

Raina et al., 2010; Littman et al., 2011; Ziegler et al., 2017). These

changes to the bacterial community can disrupt the health of the

coral holobiont (Thompson et al., 2015; Bourne et al., 2016; Peixoto

et al., 2017); however, the mechanisms as to how this happens are

still unknown.

In this study, we aimed to describe the impact of temperature on

Aiptasia’s microbiome by characterizing the microbial communities

of symbiotic and aposymbiotic Aiptasia under short-term heat

stress at 34°C. We also examined in detail one potential

microbiome benefit, nitrogen fixation, that is thought to be
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important for coral symbioses (Moynihan et al., 2021; Pupier

et al., 2021).
Removal of algal symbionts and elevated
temperature are potentially synergistic
stressors that alter Aiptasia’s microbiome
and pave the way for pathogens

Our study confirms prior reports that Aiptasia maintains core

members of two key families , Alteromonadaceae and

Rhodobacteraceae, as the most abundant across both symbiotic

and aposymbiotic anemones, and at ambient and elevated

temperatures. This is consistent with findings from Röthig et al.

(2016) and suggests that these core members may not only be stable

across multiple rearing conditions and research laboratories, but

also might be specific to this strain of Aiptasia, as both studies use

the CC7 clonal line. Host specificity, as opposed to environmental

conditions, was once suggested not to be a major factor in bacterial

community structure (Brown et al., 2017), but distinct microbiomes

between the CC7 and H2 clonal lines of Aiptasia indicate otherwise

(Herrera et al., 2017). Our study helps clarify some of these

previously contrasting interpretations, affirming that stable

members of two predominant bacterial families exist in Aiptasia

and perhaps even within a specific clonal line.

However, the bacterial communities also varied dramatically

across individual anemones, suggesting either tank effects, as

observed previously (Hartman et al., 2020a; Xiang et al., 2022), or

a stochastic element in microbiome acquisition and development,

as supported by recent transplant studies (Damjanovic et al., 2017;

Ziegler et al., 2017). Because of this variability, we focus primarily
A B

FIGURE 7

Changes in relative abundances of bacterial families (based on counts of operational taxonomic units, OTU) associated with Aiptasia (A) and
surrounding seawater (B) in response to temperature stress, stratified by symbiotic state. Families are ranked by abundance from day 0 at 27°C
(Figure 4); major families shown constitute 87% of all families observed; the remaining 13% are grouped as ‘other’ (grey). d, day; sym, symbiotic
anemones; apo, aposymbiotic anemones.
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on the time-series experiment, which merged 15 anemones for each

time point sample. Although lacking replication due to limitations

of funds at the time of this experiment, multiple quality-control

assessments of the DNA extractions were conducted to confidently

pool anemones and sample multiple time points (see Materials and

Methods). The strength of this experiment is the added capacity to

observe trends in both prokaryotic (bacterial and archaeal) and

eukaryotic microbial communities over time following temperature

stress, with a much greater yield of bacterial OTUs and more

consistent results (i.e., less variability between individual

anemones or tanks).

Beyond Alteromonadaceae and Rhodobacteraceae, bacterial

community structure appears rather flexible. Other bacterial

families show considerable variation: Whereas Röthig et al. (2016)

identified 14 other families across all their samples, we found 20

other families in ours. Although most families occurred in both

studies, albeit at different levels of abundance, our control Aiptasia
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(symbiotic, 27°C) have microbiomes dominated by Pelobacteraceae

(Figure 4A), represented in the community by the singular genus

Pelobacter, a group not detected by Röthig et al. (2016). This family

of Deltaproteobacteria, belonging to the order Desulfuromonadales,

are fermenting anaerobes, and also have the ability to fix nitrogen

(Schink, 1992; Akob et al., 2017). They were absent from

aposymbiotic Aiptasia, suggesting that nitrogen fixation is more

likely to occur when symbiosis with the algae is intact. This

implication is in line with the findings of Xiang et al. (2022) in

which diazotrophs and denitrifying bacteria were abundantly

associated with symbiotic Aiptasia. In contrast, the family

Kordiimonadaceae, represented by the singular genus

Kordiimonas, showed the opposite pattern, being the second-most

abundant family in aposymbiotic samples while absent in symbiotic

anemones (Figure 4A). These bacteria are aerobic polycyclic

aromatic hydrocarbon (PAH)-degrading bacteria found in a

variety of shallow-water environments (Kim and Kwon, 2010;
A

B

FIGURE 8

Changes in archaeal families expressed as counts of total operational taxonomic unit (OTU) represented in Aiptasia and surrounding seawater at 27°C
(A) or in response to a temperature stress of 34°C (B), stratified by symbiotic state. d, day; sym, symbiotic anemones; apo, aposymbiotic anemones.
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Math et al., 2012). The strong associations of Pelobacter and

Kordiimonas with different symbiotic states are not described in

any prior research on Aiptasia’s microbiome. Hence, caution must

be taken in microbiome studies as we consider variability in the
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bacterial communities of various Aiptasia cultures maintained long-

term in different laboratories conducting these studies, as well as the

impacts of producing aposymbiotic states (e.g., use of the

photosystem-II inhibitor DCMU). Interestingly, these dramatic
A

B

FIGURE 9

Nitrogenase gene expression (A) and activity (B) in Aiptasia, relative to fava-bean controls. (A) qPCR products for nifH using 5 ng µL-1 cDNA. Relative
nifH expression for all samples was referenced against the V3 region of the 16S rRNA gene and normalized to aposymbiotic-anemone and fava-
bean samples accordingly. (B) Nitrogenase activity, as inferred from the acetylene reduction assay, in 24-hour incubations at 27°C or 34°C. Ethylene
production was normalized to the average pooled weight for each sample type. The error bar represents one standard deviation from the mean of
three gas replicates taken from 3 vials of Aiptasia or 6 vials of root nodules. Only one experimental replicate was done under temperature elevation
across all sample types. BDL, below detection limit.
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microbiome shifts due to symbiotic state did not extend to

surrounding seawater communities, which were quite similar

(Figure 4B), but with large contributions from families not found

in the anemones (e.g., Sphingomonadaceae, Chitinophagaceae) or

in prior studies, though data are sparse.

Despite the different microbiomes present in symbiotic versus

aposymbiotic animals, we observed clear trends in bacterial-

community responses to heat stress corresponding to the period

of bleaching in symbiotic anemones (Figures 5, 7). The dominant

Pelobacteraceae in symbiotic Aiptasia dropped dramatically

following heat stress, recovering only after bleaching on days 5-7

(Figure 7A), with several other families also being more (e.g.,

Saprospiraceae) or less (e.g., Alteromonadaceae) represented.

Previous research shows coral- and Aiptasia-associated

microbiomes exhibit higher diversity while undergoing bleaching

caused by heat stress (Zaneveld et al., 2017; Ahmed et al., 2019).

This change in diversity has been attributed to the Anna Karenina

Principle (AKP), in which animals undergoing dysbiosis possess

higher variation within microbial community composition

compared to healthy animals (Zaneveld et al., 2017), attributed to

the environmental stress limiting the ability of the host or its

microbiome to regulate community composition. The outcome of

a multi-year heat-stress experiment in Aiptasia (Ahmed et al., 2019)

was in accordance with the AKP, but in our short-term heat-stress

study, alpha-diversity indices during bleaching of symbiotic

anemones were largely unchanged under heat stress (Table 2).
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However, we did observe increased abundance of rare taxa during

the combined treatments of (i) lack of algal symbionts and (ii) animals

and seawater under elevated temperatures (Figures 7A, B). Therefore, if

we interpret aposymbiotic Aiptasia to be analogous to bleached corals

and potentially experiencing some stress in this state, our results

suggest that the AKP may explain the combined effects of multiple

short-term stressors (this study) or a sustained single stressor (Ahmed

et al., 2019). In aposymbiotic Aiptasia, the most notable change was a

larger proportion of rare community members, which came to

dominate the heat-stressed anemones by days 5-7 (Figure 7B).

Among these were potential pathogens including Vibrio species,

which exhibited a steady increase in aposymbiotic animals

undergoing heat stress, as well as their surrounding seawater

(Figure 10A), but not in symbiotic Aiptasia or any non-heat-stressed

animals (Figure 10B). Dominant Vibrio species identified included V.

harveyi, V. parahemolyticus, and V. alginolyticus. In tropical corals, V.

harveyi is a known causative agent of white band disease, resulting in a

general loss of tissue and algal pigment (Luna et al., 2010). Similar

necrotizing pathogens V. coralliialyticus and V. shiloi, originally

isolated from tropical corals and inoculated into Aiptasia, also cause

disease (Zaragoza et al., 2014). As we identifiedV. harveyi exclusively in

aposymbiotic samples, this suggests that the dual stressors (i.e., lack of

algae and elevated temperature) are synergistic. Microbiome-transplant

studies have shown that aposymbiotic Aiptasia have a ~10X lower

carrying capacity than symbiotic Aiptasia (Costa et al., 2021), and

perhaps the combination of thermal stress and lower microbiome

occupancy can enhance the success of pathogens in the holobiont.

Follow-up studies using a growth-inhibition assay with cultured V.

harveyi in the presence of Symbiodiniaceae could isolate a potentially

interesting algal-bacterial interaction within the holobiont.

Archaea have seldom been described in the coral holobiont, and

never in Aiptasia (Puntin et al., 2022). Crenarchaeota and

euryarchaeota have been found in close association with the

tropical coral Porites asteroides, accounting for upwards of 50% of

their prokaryotic community (Wegley et al., 2004). Archaea may

have a role in methanol oxidation and ammonia oxidation (Siboni

et al., 2008). In this study, we observed euryarchaeota present in the

seawater, but not polyps, of heat-stressed aposymbiotic Aiptasia,

although low sequence homology (87%) precluded identification.

The presence of archaea exclusively in the environment but not in

anemones themselves aligns with observations of archaea’s

tendency to reside exclusively in coral mucus but not corals

themselves (Frade et al., 2016). Further studies distinguishing

anemone mucus from the seawater environment are warranted to

understand the role of these novel archaea associated with the

Aiptasia holobiont.
Little evidence of nitrogen fixation in
Aiptasia suggests a more heterotrophic
lifestyle and its use as a model for only
some (not all) coral types

Since Pelobacter, a potential nitrogen fixer, was specifically

associated with symbiotic anemones, and more present following

heat stress at 34°C, we decided to further investigate the role of
A
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FIGURE 10

The potential pathogen Vibrio increases in abundance (based on
counts of operational taxonomic units, OTU) exclusively in heat-
stressed aposymbiotic Aiptasia and their seawater (A) but not in
symbiotic Aiptasia or their seawater, or any non-heat-stressed
treatments (B). Dominant Vibrio species identified included V.
harveyi, V. parahemolyticus, and V. alginolyticus.
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nitrogen fixation in Aiptasia. But despite using PCR primers that

should easily amplify Pelobacter nifH (Figure S3), we found, if

anything, more evidence for genomic nifH in aposymbiotic Aiptasia

(Figure S4), but little evidence of actual nifH expression (Figure 9A)

or nitrogen fixation, as measured by the ARA (Figure 9B), for both

symbiotic states. Our results are vastly different from what has been

observed in autotrophic coral species that display both nifH

expression and nitrogenase activity (Pogoreutz et al., 2017), but

this difference may also be attributed to the different nifH primers

used between the two studies. Interestingly, our findings are more

consistent with the highly heterotrophic coral species that

Pogoreutz et al. (2017) examined, in which nifH abundance was

low and nitrogen-fixation activity was also below the detectable

limit. Thus, it would appear that cultured laboratory strains of

Aiptasia may rely on heterotrophy when nitrogen is limiting.

Furthermore, our observations of possible increased nitrogen

fixation in heat-stressed Aiptasia (Figure 9B) align with

observations of increased nitrogen-fixation activity under heat

stress in certain corals (Rädecker et al., 2015; Cardini et al., 2016;

Bednarz et al., 2019; Rädecker et al., 2021). But the lack of

replication and obvious death of anemones during the 24-h heat

stress in the ARA makes this observation very tenuous.

As Aiptasia laboratory cultures have been maintained for more

than 30 years (Weis et al., 2008), it is possible that lack of

diazotrophy is an adaptation to a more heterotrophic lifestyle,

and its reputation as a notorious fast-growing contaminant of

marine aquaria also suggests a different trophic strategy. Wild

strains should also be examined for nitrogen-fixing microbiomes,

but our results emphasize using caution when extrapolating results

from laboratory strains of Aiptasia to coral-reef ecosystems.
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