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Many cnidarians form symbiotic relationships with brown dinoflagellate algae in
the genus Symbiodinium. Bacteria are important to this symbiosis, with diverse
functions such as providing nutrients to the symbiont and pathogen protection to
the cnidarian. Disrupted bacterial communities are associated with thermally stressed
cnidarians, which have a higher likelihood of expelling their symbionts, an event called
bleaching. To better understand the association between thermal tolerance and bacterial
community structure, we studied communities associated with an exceptionally thermal
tolerant cnidarian, Anthopleura elegantissima. This intertidal symbiotic sea anemone
is distributed from the subtropical waters of Baja California to subarctic Alaska, and
experiences daily temperature fluctuations of up to 20◦C. It is also flexible in its
symbioses, predominantly hosting Symbiodinium, but occasionally hosting the green
algae Elliptochloris marina or existing without symbionts in an aposymbiotic state.
We used 16S rRNA gene amplicon sequencing to characterize the natural variation
of microbial communities associated with Anthopleura elegantissima in these three
symbiotic states and across a latitudinal gradient. In this study, we identified a core
microbiome, made up predominantly of low-abundance taxa. We found that the
communities associated with A. elegantissima were weakly linked to latitude. Diversity
analyses revealed significantly higher species richness values for microbial communities
associated with anemones hosting E. marina. Lastly the microbiome communities
associated with different symbiotic states were compositionally distinct. Taken together,
our results suggest that the structure of microbial communities associated with these
temperate cnidarians is tightly linked to symbiotic state and weakly linked to other
biogeographic phenomena.

Keywords: cnidaria, microbiome analysis, Symbiodinium, symbiosis, rocky interdial zone, 16S

INTRODUCTION

Many cnidaria in classAnthozoa, including corals and sea anemones, form mutualistic relationships
with endosymbiotic brown dinoflagellate algae in the genus Symbiodinium. Bacterial symbionts
facilitate this relationship, providing metabolic and protective functions such as supplying
nitrogen to the brown dinoflagellate algae and inhibiting growth of pathogens on cnidarians
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(Rypien et al., 2010; Lema et al., 2012). The community of a
cnidarian, its algal endosymbionts, and all associated microbiota
is often modeled as an ecological unit called a holobiont
(Rohwer et al., 2002). Destabilization or stress on one
holobiont component can propagate through the community
and cause the system to collapse. Thermal stress, for example,
can diminish the protective functions of commensal and
symbiotic bacteria of scleractinian corals, allowing opportunistic
pathogenic bacteria such as Vibrio shiloi to bloom (Frydenborg
et al., 2014). However, destabilized bacterial communities do
not always precede bleaching, and bleaching is not always
caused by pathogens; in some cases, thermal stress can directly
lead to bleaching, with destabilized bacterial communities
following the bleaching event (Ainsworth and Hoegh-Guldberg,
2009). Some cnidarians, such as the intertidal sea anemone
Anthopleura elegantissima, experience extreme thermal variation
in their natural habitat with no adverse effects to their
symbiosis with the brown algal Symbiodinium (Bingham et al.,
2011). A. elegantissima also occasionally hosts a green algal
symbiont, Elliptochloris marina, but this symbiosis is highly
susceptible to bleaching (Dimond et al., 2013). Observing the
microbiota associated with A. elegantissima in these different
symbiotic states may provide clues into the relationship between
stability of bacterial communities and stability of cnidarian-algal
symbioses.

Anthopleura elegantissima is a symbiotic intertidal sea
anemone distributed from subtropical Baja California
to subarctic Alaska. It exhibits broad thermal tolerance,
experiencing fluctuations of up to 20◦C within minutes without
obvious signs of stress (Bingham et al., 2011). It is uniquely
flexible in its symbioses compared to other cnidarians, and can
host the brown algae Symbiodinium, the green algae E. marina,
or no symbionts at all in an aposymbiotic state. Irradiance
conditions and temperature are the main predictors of symbiotic
state: generally, A. elegantissima is found in either the brown
symbiotic state (hosting Symbiodinium) when in the light or in
the aposymbiotic state in the dark (Bates et al., 2010). Anemones
in the green symbiotic state (hosting E. marina), on the other
hand, are found in the more restrictive ecological range of
low-temperature and low-but-nonzero irradiance conditions,
making up < 1% of anemones as far north as Vancouver, British
Columbia (Bates et al., 2010). A. elegantissima can also be found
hosting both symbionts, particularly in the Salish Sea, where
east-facing slopes allow for a gradient of irradiances (Dimond
et al., 2011). The paucity of anemones in the green symbiotic state
is concordant with experimental evidence that the green algae
are less beneficial to A. elegantissima; brown algal symbionts
are estimated to contribute about five times as much carbon
to their hosts compared to green algal symbionts (Verde and
McCloskey, 1996). Furthermore, A. elegantissima, which are
facultative sexual reproducing animals, exhibit higher rates of
sexual reproduction in the green symbiotic state and higher rates
of asexual reproduction in the brown symbiotic state (Bingham
et al., 2014). This is in agreement with the common observation
that in facultative sexual organisms, sexual reproduction is
usually associated with poor conditions (Ram and Hadany,
2016).

The robustness of A. elegantissima’s symbiosis with the
brown algal Symbiodinium, as well as its flexibility to exist
in different symbiotic states, make it an ideal model to
investigate high-level patterns of host-symbiont-microbiome
associations. In this study, we used 16S amplicon sequencing
to characterize the microbial communities associated with
A. elegantissima across a latitudinal gradient and in different
symbiotic states. Our goals were to (a) evaluate how host-
associated microbial communities vary across a large-scale
temperature and irradiance gradient (i.e., latitude) and (b)
compare the microbiome of A. elegantissima in three of its
symbiotic states (brown, green, and aposymbiotic) to assess the
degree to which microbial communities associate with symbiotic
states.

MATERIALS AND METHODS

Sample Collections and Preparation
We collected 119 anemones from eight sites ranging from
Cape Mendocino, California, to Point of Arches, Washington,
United States during August and September 2014 (Figure 1).
We began collections approximately 1 h before low tide. To
account for possible effects of factors associated with tide
(e.g., temperature, exposure time, substrate), we collected equal
numbers of samples from each biological intertidal zone (low,
middle, high). The low zone was defined by presence of feather
boa kelp, the middle zone by mussel beds, and the high zone
by barnacles (Paine, 1974). For questions concerning symbiotic
state, we collected fifteen anemones from the middle tidal zone at
Boiler Bay, OR, United States, in fall 2014: five brown, five green,
and five aposymbiotic. Symbiont typing was performed by careful
visual inspection in the laboratory. We collected anemones using
forceps and sterile nitrile gloves. A fresh pair of gloves was used
for each sample, and forceps were cleaned using 70% ethanol
between samples. For storage, we placed samples in Whirl-pak R©

sampling bags (Nasco), and froze the samples on dry ice in the
field.

DNA Isolation, 16S PCR, and Sequencing
Samples were stored at −80◦C prior to DNA extractions for
16S PCR. Whole anemones were homogenized using mortar and
pestle. DNA was isolated from the homogenate using PowerSoil
DNA Extraction kits (MOBIO, Carlsbad, CA, United States). We
sequenced three kit blanks and two PCR negative blanks to assess
contamination introduced during this step. The V4 region of the
16S rRNA gene was amplified using 515F-806R primers modified
for Illumina indexing (Kozich et al., 2013) and AccuStart II
PCR ToughMix (Gaithersburg, MD, United States). PCR was
performed in triplicate with the following program: 1 × 2 min
at 95◦C, 30 × (20 s at 95◦C, 15 s at 50◦C, 5 min at 72◦C),
1 × 10 min at 72◦C. We included two PCR negatives to assess
contamination introduced during this step. Samples were pooled,
quantified using qPCR, and normalized before sequencing the
MiSeq platform (Illumina, San Diego, CA, United States) using
the single-end 150 bp chemistry.
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FIGURE 1 | We collected A. elegantissima from eight sites in the Pacific rocky intertidal over a latitudinal range of eight degrees. We returned to Boiler Bay to collect
samples for analyses concerning symbiotic state.

16S Amplicon Pre-processing
After demultiplexing and initial quality filtering (Q > 20) using
the Quantitative Insights in Microbial Ecology (QIIME) (version
1.9) pipeline split_libraries_fastq.py (Caporaso et al., 2010),
sequences were clustered into de novo operational taxonomic
units (OTUs) using Swarm (Mahé et al., 2014). Singleton OTUs
were discarded to minimize false OTUs (Auer et al., 2017).
Chimeric sequences removed using uchime (Edgar et al., 2011,
v4.2.40) against the Silva gold chimera reference (Quast et al.,
2012). Taxonomy was assigned using BLAST (Altschul et al.,
1990) with an e-value cutoff of 0.001 against the Greengenes
13.8 reference, the default database for QIIME. OTUs identified
as chloroplasts and mitochondria were removed from the OTU
table. Additionally, OTUs were identified as contaminants and
removed if their relative abundances were above 1% in the
kit blanks or PCR negatives. We chose these thresholds to
avoid removing OTUs that might appear in the kit blanks
or PCR negatives due to Illumina sample bleeding or cross-
contamination from samples.

Diversity Analyses
Core Microbiome of A. elegantissima
Commonly used taxonomic classifiers and databases often differ
at lower taxonomic ranks (Bokulich et al., 2018), so the Order

level was chosen as the unit for core taxa analyses, so our
results could be compared to studies using different classifiers and
databases. Because the term “core” is not well defined (Shade and
Handelsman, 2012), three separate core taxa sets were identified
using 95, 75, and 50% prevalence cutoffs. Quantiles of the relative
abundances of these orders were also included to relate the
abundances of these taxa to their prevalence (Supplementary
Data Sheet S2).

Alpha Diversity Metrics
To account for random biases associated with rarefaction, OTU
tables were rarefied 10 times and the Chao1 metric, Faith’s
Phylogenetic Diversity, and Shannon Index were calculated for
each rarefied table. Mean values were used for statistical tests
and plots. The 114-sample OTU table for latitude analyses
was rarefied to a depth of 5,000. The 15-sample OTU table
for symbiosis analyses was rarefied to a minimum depth of
2,632 so that all samples could be included in the analysis. We
conducted Kruskal–Wallis tests to assess differences in alpha
diversity among groups and Mann-Whitney U tests to assess
differences between groups.

Beta Diversity
For beta diversity analyses, we conducted permutational
multivariate analyses of variance (PERMANOVA) tests using
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the R function vegan::adonis (Oksanen et al., 2018) to identify
associations between symbiotic state or latitude and Bray-Curtis
dissimilarities. Constrained Analysis of Principal Coordinates
(CAP) was performed using the R function vegan::capscale to
test for linear relationships between explanatory variables and
beta diversity metrics. In CAP, a distance matrix is ordinated
using Principal Coordinates Analysis (PCoA), and the resulting
coordinates are tested for linear associations with variables of
interest (e.g., latitude or symbiotic state) using redundancy
analysis, an extension of multiple linear regression (Oksanen
et al., 2018). The results of redundancy analysis can then be used
to constrain the PCoA ordination, resulting in an ordination
with axes constrained to only explain variance explained by the
variable of interest.

To test for correlations between beta diversity and latitude, we
conducted Mantel tests using the R function vegan::mantel. We
conducted the test for Bray-Curtis, Jaccard, Weighted UniFrac,
and Unweighted UniFrac metrics.

Taxonomic Differences Between
Symbiotic States
To identify taxa associated with symbiotic states, we conducted
indicator taxon analyses on OTU tables rarefied to minimum
depth and agglomerated at the phylum, class, and order ranks
using the indicspecies::multipatt function in R (De Cáceres and
Legendre, 2009). We used the IndVal.g metric, which considers
differential abundance as well as presence/absence information
to detect associations between taxa and combinations of sample
groups (Dufrêne and Legendre, 1997; De Cáceres et al., 2010).
Prior to this analysis, we filtered OTUs with mean relative
abundances below 10−3 and present in fewer than two samples
to reduce noise from OTUs near the detection limit and increase
the power of the analysis. Taxa associated with symbiotic state
with an FDR q-value < 0.2 were recorded along with the indicator
value, p-value, and FDR q-value (Supplementary Data Sheet S3).
We plotted the log10 relative abundances as well as prevalences of
the orders identified as indicators of symbiotic state (Figure 4).

RESULTS

Pre-processing
The processed OTU table contained 2,456,818 observations of
18,709 OTUs and had a median sample depth of 11,399. We
split this table into two sub-tables for analyses concerning
latitude and symbiotic state. The table for analyses concerning
latitude contained 114 samples with a median sample depth
of 13,240. The table for analyses concerning symbiotic state
contained 15 samples with a median sample depth of 6,986.
Metadata, including site, latitude, symbiotic state, sequencing
depth, and alpha diversity metrics for each sample, can be
found in Supplementary Data Sheet S1. We removed 12 OTUs,
visualized in Supplementary Figure S1. These OTUs were
all taxonomically assigned to genera previously identified as
common kit contaminants: Sphingomonas, Janthinobacterium,
Burkholderia, Variovorax, Herbaspirillum, Methylobacterium,
Aeromicrobium, Pseudomonas, Phyllobacterium, and Bacillus

(Salter et al., 2014). Two OTUs we removed were unassigned at
the genus level, but belonged to families Comamonadaceae and
Enterobacteriaceae.

The Core Microbiome of
A. elegantissima in the Brown Symbiotic
State Consists Mostly of Orders Typically
Associated With Coastal Seawater
To identify microbiota that stably associate with A. elegantissima
across the sampled geographic range, we identified core orders
at 50, 75, and 95% prevalence thresholds. Our analysis revealed
orders with at least 50% prevalence, orders with at least
75% prevalence, and orders with at least 95% prevalence
(Supplementary Data Sheet S2). Burkholderia was the only
order with 100% prevalence, and was dominated by an
OTU in genus Ralstonia that has previously been identified
as an endosymbiont of Symbiodinium in corals (Ainsworth
et al., 2015). Flavobacteriales, Rhodobacterales, Rhizobiales, and
Alteromonadales, orders commonly associated with coastal
seawater, had the highest median relative abundances of the core
orders with relative abundances of 14, 9, 4, and 4% respectively.
All of the fifteen orders with prevalence > 95% (Table 1)
were previously found to associate with symbiotic cnidarians
and/or seawater (Glasl et al., 2016; McDevitt-Irwin et al., 2017;
Pootakham et al., 2017).

Microbial Communities Associated With
Green Anemones Have Higher Richness,
but Not Evenness
We analyzed alpha diversity using Chao1, Faith’s PD, and
Shannon Index metrics (Figures 2A–C). Chao1, an estimator of
the total number of OTUs, had significantly higher median values
in communities associated with green anemones compared to the

TABLE 1 | Orders core to the microbiome A. elegantissima at over 95%
prevalence.

Phylum Class Order Median
relative

abundance

Bacteroidetes Flavobacteriia Flavobacteriales 0.1409

Proteobacteria Alphaproteobacteria Rhodobacterales 0.0862

Proteobacteria Alphaproteobacteria Rhizobiales 0.0435

Proteobacteria Gammaproteobacteria Alteromonadales 0.0432

Proteobacteria Gammaproteobacteria Thiotrichales 0.027

Bacteroidetes [Saprospirae] [Saprospirales] 0.0251

Proteobacteria Betaproteobacteria Burkholderiales 0.0195

Proteobacteria Gammaproteobacteria Vibrionales 0.0154

Proteobacteria Alphaproteobacteria Sphingomonadales 0.0173

Actinobacteria Acidimicrobiia Acidimicrobiales 0.0166

Verrucomicrobia Verrucomicrobiae Verrucomicrobiales 0.017

Proteobacteria Gammaproteobacteria Pseudomonadales 0.0084

Actinobacteria Actinobacteria Actinomycetales 0.008

Proteobacteria Betaproteobacteria Rhodocyclales 0.0029

Proteobacteria Gammaproteobacteria Xanthomonadales 0.0022
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FIGURE 2 | Microbial communities associated with the green symbiotic state have significantly higher median (A) Chao1 (Mann–Whitney U, p = 0.003) and
(B) Faith’s PD values (Mann–Whitney U, p = 0.039). There is some evidence that communities associated with symbiotic anemones have higher median
(C) Shannon index values than those of aposymbiotic anemones (Mann–Whitney U, p = 0.055). (D) Rarefaction curves of aggregated samples (n = 5 for each
symbiotic state) provide estimates of the total number of OTUs observed in communities associated with each symbiotic state.

pool of brown and aposymbiotic anemones (Mann–Whitney U,
p = 0.003). This result is concordant with patterns seen in Faith’s
PD metric (Mann–Whitney U, p = 0.039), which demonstrates
that this increase in richness is not simply due to the presence
of a few hyper-diverse species or genera. Median Shannon Index
values did not differ significantly among the symbiont types
(Kruskal–Wallis, p = 0.147), but tended to have higher values
in symbiotic anemones compared to aposymbiotic anemones
(Mann–Whitney U, p = 0.055).

A rarefaction analysis of the samples aggregated by symbiotic
state provides further evidence that communities associated
with green anemones have higher richness than brown and
aposymbiotic anemones (Figure 2D). At a rarefaction depth
of 10,000, the agglomerated green-associated communities
contained 1,164 observed OTUs, brown-associated communities
contained 840 OTUs, and aposymbiotic-associated communities
had 633 OTUs.

Symbiotic State Is Associated With
Microbial Community Structure
We used four beta diversity metrics and CAP ordination on
rarefied OTU tables to investigate the differences in community

structure attributed to symbiotic state (Figures 3A–D). These
metrics, which differ in their weighting of abundance and
phylogenetic information, were all significantly linked to
symbiotic state. Clustering of Bray-Curtis values, which are
abundance-weighted, suggest that abundant species differ among
the symbiotic states (PERMANOVA, p = 0.025, R2 = 0.196).
Clustering of Weighted UniFrac, which also takes into account
phylogenetic information, further confirms this observation,
while also suggesting that differences in closely related OTUs
do not account for the observed differences (PERMANOVA,
p = 0.025, R2 = 0.262).

We observed differences in Jaccard distances (calculated
from presence/absence data), which suggests that OTU
incidences, not just abundances, differ among the symbiotic
states (PERMANOVA, p = 0.019, R2 = 0.172). Differences
in Unweighted UniFrac values (PERMANOVA, p = 0.001,
0.241), a phylogenetically informed metric also calculated from
presence/absence data, further supports this observation and
suggests that these differences in frequencies are not driven by
closely related OTUs.

In summary, similar observations between abundance-
weighted and presence/absence metrics suggest that the
differences among these communities cannot be explained
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FIGURE 3 | CAP ordination plots of (A) Bray-Curtis, (B) Weighted UniFrac, (C) Jaccard, and (D) Unweighted UniFrac beta diversity metrics reveal structure in
microbial communities associated with A. elegantissima in different symbiotic states. Clustering by symbiotic state was robust to the metric used.

entirely by high- or low-abundance OTUs. Furthermore,
the similarities in results from phylogenetically informed
and phylogenetically uninformed metrics suggest that these
observations are not skewed by the presence of hyper-diverse
species or genera, which tend to inflate incidence-based metrics.

Symbiotic States Are Associated With
Indicator Taxa
Indicator taxon analysis identified 23 taxa associated with
symbiotic state including eight phyla, ten classes, and five
orders (Supplementary Data Sheet S3). We plotted the relative
abundances and prevalence of the five orders identified as
indicators to visualize patterns in the distributions of these orders
(Figures 4A–E).

The order Legionellales was identified as an indicator of the
brown symbiotic state (FDR q-value = 0.076). This order was
detected in communities associated with all symbiotic states,
but had higher prevalence and relative abundances in the
brown symbiotic state. This order was dominated by an OTU
taxonomically assigned to the Nebulobacter yamunensis.

Orders Rhodocyclales, Spirochaetes, and FS117-23B-02 were
identified as indicators of the “Not green” symbiotic state
(i.e., associated with brown and aposymbiotic states) (FDR
q-values = 0.193, 0.076, and 0.076 respectively). Rhodocyclales
was present in every sample included in the analysis, but
had lower relative abundances in green-associated communities.
Spirochaetales had 100% prevalence in brown- and aposymbiotic-
associated communities, but was only present in one green-
associated community. The order FS117-23B-02, in the class

Frontiers in Marine Science | www.frontiersin.org 6 January 2019 | Volume 6 | Article 7

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00007 January 28, 2019 Time: 18:37 # 7

Morelan et al. Symbiotic Sea Anemone Microbiome Variation

FIGURE 4 | Log10 relative abundances (left) and prevalence (right) reveal abundance and presence/absence patterns of orders identified as indicators of symbiotic
state (FDR q-value < 0.2): (A) Rhodocyclales, (B) Thiohalorhabdales, (C) FS117-23B-02, (D) Legionellales, and (E) Spirochaetales.

Dehalococcoides, was present in 90% of aposymbiotic- or brown-
associated communities, but not detected in any of the green-
associated communities.

The order Thiohalorhabdales was identified as an indicator
of symbiosis (i.e., associated with brown- or green-associated
communities) (FDR q-value = 0.076). Thiohalorhabdales had
both lower prevalence and abundances in aposymbiotic-
associated communities than in symbiotic communities.

Alpha Diversity of
A. elegantissima-Associated
Communities Is Not Linked to Latitude
We did not detect an association between latitude and Shannon
index, Chao1, or Faith’s Phylogenetic Diversity values using a

Kruskal–Wallis test or Spearman correlation (Figures 5A–C).
A rarefaction analysis of the samples aggregated by site similarly
did not reveal any trends between latitude and number of
observed OTUs (Figure 5D). A median of 3148 OTUs were
observed per site.

Latitude Is Weakly Linked to Beta
Diversity
We used four beta diversity metrics for CAP ordinations and
Mantel tests (see Materials and Methods) to evaluate trends
in beta diversity over a latitudinal gradient. As with analyses
concerning symbiotic state, results were robust to metric choice,
so only Bray-Curtis results are reported in our CAP analyses
(Figure 6). This ordination was only constrained by site, so
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FIGURE 5 | We did not find an association between latitude and (A) Chao1, (B) Faith’s PD, or (C) Shannon Index values using a Spearman correlation or
Kruskal–Wallis test. (D) A rarefaction curve of samples aggregated by site (n = 14 or 15) provides estimates of the total number of OTUs observed at each site. At a
depth of 50,000 observations, a median of 3,204 OTUs were observed.

both CAP axes describe variation explained by site. Tidal
zone was found to have a small but significant association
with Bray-Curtis dissimilarities (PERMANOVA, p = 0.026,
R2 = 0.025). We analyzed latitude both as a quantitative and
categorical variable to evaluate linear relationships between
latitude and Bray-Curtis dissimilarities as well as potential non-
linear differences among sites. When treated as a quantitative
variable, latitude was found to be very weakly linked to Bray-
Curtis dissimilarities (PERMANOVA, p = 0.001, R2 = 0.022). As
a qualitative factor, latitude explained more variance in Bray-
Curtis dissimilarities, suggesting that the relationship between
site location and beta diversity is not linear (PERMANOVA,
p = 0.001, R2 = 0.126).

Finally, we conducted Mantel tests to test for correlations
between geographic distances and beta diversity distances. We
found significant positive correlations for Bray-Curtis (r = 0.10,
p = 0.01), Jaccard (r = 0.10, p = 0.01), and Unweighted

UniFrac (r = 0.16, p = 0.001) distances. Weighted UniFrac
distances did not correlate with geographic distances (r = 0.03,
p = 0.23).

Taxonomic Composition Is Relatively
Stable Across Latitudes
We also examined the relationship between abundant phyla
(defined as > 1% abundance) and latitude (Figure 7).
Proteobacteria and Bacteroidetes were the dominant phyla,
making up 56 and 25% of anemone-associated microbiomes
respectively. We did not detect any relationship between
abundances of these phyla and latitude (Spearman, FDR
q-value > 0.2). Of the less abundant phyla, 3 correlated with
latitude: Tenericutes (Spearman ρ = 0.39, FDR q-value = 0.002),
Acidobacteria (Spearman ρ = 0.31, FDR q-value = 0.005), and
Firmicutes (Spearman ρ = 0.22, FDR q-value = 0.086).
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FIGURE 6 | A CAP ordination on Bray-Curtis dissimilarities between A. elegantissima communities across latitudes reveals some structure. Latitude explains a small
part of the variance across the range when treated as a quantitative variable (p = 0.002, R2 = 0.022). Site labels were placed at the centroids of samples from each
location.

Spearman correlation analyses were then used to test for
monotonically increasing or decreasing abundances of orders
present in at least 50% of samples across the sampled range. We
identified eleven orders with a significant monotonic relationship
with latitude (FDR q-value < 0.2) (Supplementary Data
Sheet S4). We plotted the relative abundances and prevalences
of the four orders with the highest relative abundances
because correlations from low abundance and sparse features
are more likely to be spurious (Aitchison, 1981) (Figure 8).
Mycoplasmatales (FDR q-value = 2.7 × 10−4, ρ = 0.39)
exhibited a positive trend in both prevalence and relative
abundance. Legionellales (FDR q-value = 9.6 × 10−4, ρ = 0.31)
displayed a unimodal distribution in both prevalence and relative
abundances, peaking at the 45th–47th parallels. Abundances of
Alteromonadales (FDR q-value = 4.9 × 10−8, ρ = −0.48) did
not display a clear visual trend despite having the strongest
relationship with latitude of the orders included in this analysis.
Order Bacillales (FDR q-value = 1.2 × 10−1, ρ = 0.22) had lower
prevalence in lower latitudes, but differences in abundances were
not visually apparent.

DISCUSSION

Indicator Taxon Analyses Reveal
Relationships Between Specific Taxa and
Symbiotic State
We identified taxa associated with different symbiotic states.
The order Legionellales, dominated by an OTU assigned to
the genus Nebulobacter, was found to be associated with the
brown symbiotic state. Bacteria in the genus Nebulobacter are
typically symbionts of ciliates (Boscaro et al., 2012). This OTU
also significantly correlated with latitude, appearing to exhibit
a unimodal distribution across latitudes, with abundances and
prevalence peaking between the 45th and 47th parallels.

Spirochaetales, Rhodocyclales, and an order in class
Dehalococcoides (FS117-23b-02) were negatively associated
with the green symbiotic state. Communities associated with the
green symbiotic state displayed higher richness and comparable
evenness to the other states, so on average, taxa are expected
have lower relative abundances due to the compositional nature
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FIGURE 7 | Taxonomic composition of communities associated with A. elegantissima is dominated by Proteobacteria and Bacteroidetes across latitudes.

of rarefied data (Jackson, 1997). With this caveat, the complete
absence of the order in Dehalococcoides in green-associated
communities is striking, given that this order is present in
abundances of almost 10% in some brown- and aposymbiotic-
associated communities. The absence of this order in green-
associated communities may well be symbiont-related, but
without an observation in a controlled setting, this possibility is
difficult to evaluate.

The order Thiohalorhabdales was found to be an indicator
of symbiosis (i.e., associated with the brown or green
symbiotic state). This order is made up of obligate sulfur-
oxidizing bacteria, and has been found in high abundances
on temperate corals (Sharp et al., 2017). Additionally, sulfur
cycling has been previously identified as a discriminator
between bacterial communities associated with symbiotic and
aposymbiotic sea anemones (Röthig et al., 2016; Hadaidi et al.,
2017).

The Microbiome of A. elegantissima Is
Stable Across a Latitudinal Gradient
of > 1000 km
The most abundant orders in the core microbiome of
A. elegantissima—Flavobacterales, Rhodobacterales, Rhizobiales
and Alteromonadales– are commonly found in coastal seawater
(López-Pérez et al., 2016; Bryson et al., 2017), so we hypothesize
that seawater surrounding the sea anemones influences the
composition of their microbiomes.

We did not find any strong relationships between latitude and
alpha diversity of communities associated with A. elegantissima.
While richness is linked to latitude at a global scale (Ladau et al.,
2013), no trend was found between richness and latitude in
microbial communities of intertidal sand in California (Boehm
et al., 2014). Our beta diversity analyses reveal an association
between beta diversity and latitude. However, we observe that
this association is very weak, suggesting that intra-site factors,
such as wave action, may play an important role in shaping
the microbial communities associated with these anemones.
We did not find a significant relationship between Weighted
UniFrac distances and geographic distances; this suggests a
microbiome whose most abundant members do not vary with
latitude. A significant correlation between Unweighted UniFrac
distances and geographic distances suggests a low-abundance
component of these microbiomes that does vary with latitude.
Among the orders with abundances that significantly correlate
with latitude, we did not observe clear monotonic trends, so
we suspect that differences between sites are better explained by
local ecological conditions. Indeed, habitat and substrate have
previously been found to correlate with bacterial community
structure in symbiotic corals (Roder et al., 2015). While we found
a weak relationship between latitude and community structure,
it may be fruitful to examine effects of habitat, land use and
wave conditions on anemone-associated communities in future
efforts; latitude, land use classification, wave conditions have
previously been found to influence intertidal sand communities
in California (Boehm et al., 2014). Finally, developmental stage
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FIGURE 8 | Log10 relative abundances (left) and prevalence (right) of the four most abundant core orders (prevalence > 50%) reveal trends in abundance and
presence/absence across eight degrees of latitude: (A) Mycoplasmatales, (B) Legionellales, (C) Alteromonadales, and (D) Bacillales.

has recently been found to be tightly coupled to microbial
community structure in a symbiotic sea anemone (Mortzfeld
et al., 2016), so this factor should be considered in future studies.

Elliptochloris-Associated Communities
Exhibit Higher Richness Values
We found a significant association between symbiotic state
and richness measures of anemone-associated microbial
communities. Communities associated with anemones in the
green symbiotic state had higher richness values than anemones
in the brown or aposymbiotic states. We hypothesize that this is
corresponding to a stressed state, because higher richness often
associates with stress in coral-associated communities; this is
thought to be due to a diminishing of microbiome regulation
when hosts are stressed (McDevitt-Irwin et al., 2017). This is
further supported when previous observations that anemones in

the green symbiotic state favor sexual reproduction over asexual
reproduction typical of the brown symbiotic state (Bingham
et al., 2014), are considered alongside the strong correlation
between stress and sexual reproduction in facultative sexual
organisms (Ram and Hadany, 2016). Finally, Anthopleura
elegantissima only stably associate with Elliptochloris in a narrow
range of temperatures and irradiances, suggesting that the
symbiosis with Elliptochloris is less favorable (Bates et al., 2010).

We found a robust association between symbiotic state
and beta diversity with anemones in the green, brown, and
aposymbiotic states having distinct community compositions.
We propose that symbiont presence and type has a minor
role in the selection of A. elegantissima- associated microbial
communities or that microbial communities have a role in
selection of algal symbionts. However, because we collected
the samples from natural populations, we must consider the
possibility that unexplored environmental factors are responsible
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for the differences in community composition that we observed.
Furthermore, due to a relatively few number of samples collected
in each symbiotic state (n = 5), these results must be interpreted
with caution.

CONCLUSION

We identified a core microbiome of A. elegantissima across
a >1000-km range. Beta diversity analyses reveal differences
in the structure of bacterial communities across this range,
but these differences may be better explained by between-site
factors other than latitude. We detected associations between
symbiotic state and the structure of microbial communities
associated with A. elegantissima. Despite the significance of
these associations, it is difficult to rule out confounding effects
of habitat differences among the anemones in these symbiotic
states. We suggest that a common garden experiment whereby
anemones in different symbiotic states acclimate to identical
conditions, then are bleached, would provide more certainty that
the observed differences can be attributed to symbiotic state,
and could be more readily compared to existing literature on
cnidarian bleaching.
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