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ABSTRACT

Sampling of different body regions can reveal highly specialized bacterial associations within the holobiont and facilitate
identification of core microbial symbionts that would otherwise be overlooked by bulk sampling methods. Here, we
characterized compartment-specific associations present within the model cnidarian Nematostella vectensis by dividing its
morphology into three distinct microhabitats. This sampling design allowed us to uncover a capitulum-specific dominance
of spirochetes within N. vectensis. Bacteria from the family Spirochaetaceae made up 66% of the community in the
capitulum, while only representing 1.2% and 0.1% of the communities in the mesenteries and physa, respectively. A
phylogenetic analysis of the predominant spirochete sequence recovered from N. vectensis showed a close relation to
spirochetes previously recovered from wild N. vectensis. These sequences clustered closer to the recently described genus
Oceanispirochaeta, rather than Spirochaeta perfilievii, supporting them as members of this clade. This suggests a prevalent and
yet uncharacterized association between N. vectensis and spirochetes from the order Spirochaetales.
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INTRODUCTION

The discovery of microhabitat-specific microbial communities
has become important for our understanding of microbial inter-
actions and diversity (Ainsworth, Thurber and Gates 2010;

Bourne, Morrow and Webster 2016). For example, in the giant
clam, Tridacna maxima, different tissues harbor distinct micro-
bial communities, with the gills harboring a high prevalence of
Endozoicomonas bacteria (Rossbach 2019). Evaluation of the dis-
crete tissues of T. maxima helped uncover Endozoicomonas’s role
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Figure 1. Compartmentalization of the microbiome in N. vectensis. The microbiome of N. vectensis was divided into three tissue compartments for this study: the

capitulum, mesenteries and physa. The capitulum had a bacterial community dominated by Spirochaetes. The mesenteries and physa had a bacterial community
dominated by Gammaproteobacteria and Alphaproteobacteria, with very little presence of Spirochaetes.

in nitrogen cycling within the holobiont (Rossbach 2019). The
microhabitats within animal tissues are proposed to strongly
influence the composition of the microbial community (Vaish-
nava et al. 2008; Hooper, Littman and Macpherson 2012). Conse-
quently, the specific composition of each microhabitat can pro-
vide clues as to the community’s functional contribution to host
physiology (Ainsworth, Thurber and Gates 2010).

In the phylum Cnidaria (sea anemones, corals, etc.), many
species are known to associate with different microbial part-
ners, including bacteria, and these relationships are known to
be important for the cnidarian host health (Rädecker et al. 2015;
Bourne, Morrow and Webster 2016; Robbins et al. 2019). For
instance, in the red coral Corallium rubrum, spirochetes are
known to dominate the bacterial community and have a poten-
tial role in the nitrogen cycle of the holobiont (van de Water
et al. 2016). Previous studies have found that sampling meth-
ods can bias microbiome composition by only sampling certain
regions of the organism, such as the mucus, skeleton or tissue
(Sweet, Croquer and Bythell 2011). On the other hand, agglom-
erated samples of all these microhabitats can mask potentially
important associations. An advantage of microhabitat sampling
of an organism’s body is that it can facilitate the identifica-
tion of core microbial symbionts in different body microhabitats,
which likely represent highly specialized symbiotic associations
(Apprill, Weber and Santoro 2016; Bourne, Morrow and Webster
2016). However, in the model sea anemone, Nematostella vecten-
sis, the presence of body region-specific microhabitats of bacte-
rial communities has not previously been identified.

Nematostella vectensis is an estuarine sea anemone found in
salt marshes along both the Atlantic and Pacific coastlines of
North America (Hand and Uhlinger 1994). It has rapidly gained
popularity as a model organism because it is easy to rear in
the lab, simple to manipulate and has a wide range of available
genomic resources (Putnam et al. 2007; Reitzel, Ryan and Tar-
rant 2012). Nematostella vectensis is diploblastic and possesses a
mouth surrounded by 12–16 tentacles (Renfer et al. 2010). It has
a clearly defined pharynx and mesenteries that run along the
oral–aboral axis and a physa at the aboral end used for digging
(Layden et al. 2010). The sequencing of the N. vectensis 16S ribo-
somal RNA (rRNA) microbiome has increased our understanding

of the microbial community diversity that is crucial for under-
standing nutrient cycling, defense against diseases, thermoreg-
ulation and the ability to rapidly adapt to environmental stres-
sors (Rosenberg et al. 2007; Mortzfeld et al. 2016). Previous studies
using 16S rRNA gene sequencing, gene expression analysis and
whole-genome sequencing to compare wild and lab-reared N.
vectensis found that they are primarily associated with the bac-
teria phyla: Bacteroides, Chloroflexi, Cyanobacteria, Firmicutes,
Proteobacteria and Spirochaetes (Har et al. 2015). Other studies
on the N. vectensis microbiome have found that it is diverse in
anemones cultured in constant darkness and that it is heavily
influenced by developmental stage (Mortzfeld et al. 2016; Domin
et al. 2018; Leach, Carrier and Reitzel 2019). Although the micro-
biome was more diverse in dark conditions, it is still represented
by a ‘core’ microbiome of the same phyla noted above (Leach,
Carrier and Reitzel 2019). The current information on N. vecten-
sis suggests that the microbiome is a highly dynamic and com-
plex community that responds to environmental cues. However,
these patterns were observed in the whole organism, which may
obscure important niche-specific bacteria compartments within
N. vectensis.

In this study, we will distinguish the bacterial microbiomes of
the three N. vectensis body compartments: the capitulum (phar-
ynx + tentacles), mesenteries and physa by using 16S rRNA
gene amplicon sequencing (Fig. 1). Previous studies have used
this similar division of N. vectensis body regions (Zenkert et al.
2011; Stefanik, Friedman and Finnerty 2013). Note that these
three microhabitats are only body-regionally descriptive, mean-
ing each sample type includes all tissue layers of that region
(i.e. endodermis and epidermis). We hypothesized that differ-
ent body regions or ‘microhabitats’ of N. vectensis possess distin-
guishable microbiomes, potentially revealing specialized part-
nerships previously overlooked by whole-organism sampling.
We found that the capitulum possesses significantly different
bacterial community abundances compared with the mesen-
teries and physa and that spirochetes are the dominant bacte-
rial phylum present in the capitulum. Spirochetes were previ-
ously identified in N. vectensis; however, their specific microhab-
itat was unknown. This study will better clarify our understand-
ing of the bacterial community diversity in N. vectensis and shed
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light on the importance of microhabitat sampling in microbiome
studies.

METHODS

Nematostella vectensis culture and care

The individuals used for this study are lab-cultured animals
that have been housed at the Rosenstiel School of Marine and
Atmospheric Science (RSMAS) Cnidarian Immunity Lab since
2016. Lab-cultured animals were used in this study in order to
minimize potential collection site-specific environmental vari-
ables, such as water pH, tidal cycles and anthropogenic activ-
ity/pollution on the microbiome. All animals were kept in the
dark at room temperature (∼23.8◦C) within covered glass dishes
filled with 11 parts per thousand 2-μm filtered seawater (FSW).
Two months prior to the beginning of this study, N. vectensis
adults were placed into a single glass dish and fed mussels three
days a week, and Artemia five days a week for two months in
order to increase their size (Stefanik, Friedman and Finnerty
2013). Water changes were conducted an hour after each mus-
sel feeding. One week before beginning the trisection (see the
next section), the largest individuals were transferred individu-
ally into a 12-well plate with sterilized FSW and starved for seven
days to minimize microbial carryover from food. Previous stud-
ies found that a two-day starving period was sufficient to elim-
inate digested food and potential food contamination; however,
for extra caution, we increased our starvation time to seven days
(Har et al. 2015; Leach, Carrier and Reitzel 2019). We selected the
largest individuals to maximize the precision of our trisection
cuts and the amount of tissue we could get from each individ-
ual in this way. The sex of the anemones was not determined;
in other cnidarians, sex was determined to have a minor effect
on the microbiome composition and therefore was not included
in this study (Wessels et al. 2017).

Trisection

Six adult N. vectensis were anesthetized using 7% MgCl2 solu-
tion, washed with sterilized FSW and then aseptically trisected.
MgCl2 solution has been shown to disrupt the mucus of the ecto-
dermal layer in cnidarians, so the mucus microbiome was likely
affected by this treatment. The trisection resulted in the isola-
tion of three tissue compartments from each anemone: (i) capit-
ulum (pharynx and tentacles), (ii) mesenteries and (iii) physa
(Fig. 1). These body regions were chosen because they were easily
distinguishable and represented different functional regions of
the organism. The scalpel and tweezers were flame and ethanol
sterilized between tissue dissections. Care was made to cut
as cleanly as possible to limit any cross-contamination of tis-
sue compartments. The cut for the capitulum and mesentery
boundary was established as just below the visible pharynx.
Some physa tissue was found in the mesentery compartment as
the mesenteries were not directly removed from the body cavity.
However, the physa compartment did not contain any mesen-
tery material. Each sample was then stored in a 2-mL centrifuge
tube with RNAlater (Sigma Aldrich, St Louis, MO) and placed in a
−80◦C freezer. In total, there were 18 samples (n = 6 capitulum,
n = 6 mesenteries and n = 6 physa) that were further processed.

16S rRNA PCR and sequence library preparation

Total DNA was extracted from all samples using the Qia-
gen DNeasy Powersoil Kit (Qiagen, Hilden, Germany). The

concentration and quality of the DNA were assessed using
a NanoDrop spectrophotometer (Thermo Fisher Scien-
tific Inc., Waltham, MA). The DNA was then stored in a
−80◦C freezer until library preparation. High-throughput 16S
rRNA amplicon sequencing methods were adapted from
the protocol developed by the Earth Microbiome Project
(Thompson et al. 2017). In short, the V4 region of the 16S
rRNA gene [515F (5′-GTGCCAGCMGCCGCGGTAA-3′)–806R (5′-
GGACTACHVHHHTWTCTAAT-3′) primers] was amplified using
polymerase chain reaction (PCR) on 18 tissue samples (Apprill
et al. 2015). A negative non-template control was also amplified
to account for extraction and PCR contamination. A total of
50 μL of PCR reaction mixtures was prepared according to the
following recipe: 23 μL PCR-grade water, 20 μL PCR master mix
(2×), 1 μL 806R primer (10 μM), 1 μL barcoded 515F primer (10
μM) and 5 μL template DNA. The PCR was performed with
the following program: 1 × 3 min at 94◦C, 35 × (45 s at 94◦C,
60 s at 50◦C, 90 s at 72◦C) and 1 × 10 min at 72◦C. The PCR
products were run on a 1.5% agarose gel to check for correct
amplification size. Following the gel electrophoresis, PCR prod-
ucts were cleaned using AMPure XP Beads (Beckman Coulter
Inc., Brea, CA). DNA concentrations were quantified using the
Qubit dsDNA high sensitivity (HS) kit (Thermo Fisher Scientific
Inc., Waltham, MA) and samples were diluted to 4 nM using
PCR-grade water. Five microliters of each sample was then
pooled into a single 1.5-mL tube. The pooled PCR products were
then sequenced on an Illumina MiSeq PE300 sequencer at the
Center for Genome Technology at the University of Miami’s
Miller School of Medicine. Raw Illumina paired-end reads have
been deposited in the NCBI Sequence Read Archive database
under BioProject PRJNA610635.

Post-sequencing processing and statistical analysis

Post-sequencing processing was conducted using the Quanti-
tative Insights in Microbial Ecology 2 (QIIME2) v2019.1 pipeline
(Bolyen et al. 2019). Demultiplexed paired-end reads were then
merged using DADA2 v1.10.0 and to yield amplicon sequence
variants (ASVs) (Callahan et al. 2016). Within the DADA2 pipeline,
the forward sequences were truncated at 200 bp and reverse
sequences were truncated at 180 bp, and then sequences found
to be chimeric were removed using the ‘consensus’ method
option within the program. Taxonomy was then assigned to
our sequences using the SILVA 132 99% classifier (https://da
ta.qiime2.org/2019.10/common/silva-132-99-nb-classifier.qza)
(Quast et al. 2013). Mitochondria and chloroplast sequences
were then filtered from the feature table in order to remove
any eukaryotic-derived 16S rRNA gene sequences. The QIMME2
output was then transferred to R and further analysis and
processing were done using the phyloseq R package v1.28.0
(McMurdie and Holmes 2013). Microbial contaminants were
then removed using decontam v1.4.0 (Davis et al. 2018). All
sequences that were more prevalent in the negative control
than in the samples were removed. We then used DESeq2
v1.24.0 to normalize our dataset using a variance stabilizing
transformation (VST) (Love, Huber and Anders 2014). To account
for abundance and evenness of microbial taxa within the VST
dataset, the Shannon–Weiner diversity index and Simpson’s
diversity index were calculated for each compartment region
using phyloseq. The Shannon–Weiner diversity index is the
most commonly reported alpha-diversity metric in microbiome
studies (followed by general species richness) and is thought to
be the most robust and informative (Haegeman et al. 2013; Reese
and Dunn 2018). Both the Shannon–Weiner diversity index and
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Figure 2. Heat map of the % read abundance for top bacterial families found in N. vectensis separated by tissue compartment. Bacteria of the family Pseudomonadaceae
were found to be the most prevalent in the mesentery and physa tissues of N. vectensis (38.1% and 36.5% abundance, respectively). In contrast, Pseudomonadaceae

only had a 7.4% abundance in capitulum tissue. Likewise, Spirochaetaceae were found to make up 66% of the community within the capitulum tissue of N. vectensis,
while only being 1.2% and 0.1% abundant in the mesentery and physa tissues, respectively. Overall, the capitulum tissue appears to have a very distinct community
from the mesenteries and physa.

Figure 3. Beta-diversity measures between tissue regions of N. vectensis. (A) Bray–Curtis principal coordinate analysis of N. vectensis bacterial communities after a
variance-stabilizing transformation. Capitulum samples clustered tightly, while physa and mesentery communities clustered closely together. (B) Aitchison principal
component analysis (Euclidean distance of centered log-ratio transformed sample counts) of N. vectensis bacterial communities. Again, most capitulum samples

clustered closely together; however, they were also clustered with mesenteries and physa samples.

the Simpson’s diversity index have been recommended over
general species richness when comparing microbiome diversity
(Haegeman et al. 2013). We opted to include all three alpha-
diversity metrics to enable better comparison to past and future
studies. DESeq2 v1.24.0 and the QIIME2 add-on, analysis of
composition of microbiomes (ANCOM), were used for microbial
differential abundance analysis against tissue compartments

and differences were considered significant if they had a P-value
< 0.05. Random forest classifier modeling was performed using
randomForest in order to determine the main bacterial taxa
driving tissue compartment composition (Liaw and Wiener
2002). To visualize the most abundant bacterial families accord-
ing to tissue compartment, heat maps were generated using
the Ampvis2 v2.5.7 (Andersen et al. 2018).
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Figure 4. Best-fit maximum likelihood tree based on 16S rRNA sequences depicting the phylogenetic relationship of the spirochetes recovered from the capitulum of N.

vectensis. This tree was constructed using RAxML v7.3.0 with 1000 sub-samplings. Bootstrap values (>50%) are shown. Nodes with 100% bootstrap support are indicated

by open circles. GenBank accession numbers are listed before the name of each sequence. The host/habitat of uncultured species is in parentheses. Spirochetes from
this study are in bold. Shading corresponds to major clades within the phylum Spirochaetae. Gemmata obscuriglobus was used as an outgroup to root the tree. The
predominant spirochete ASV from this study (Spirochete 1) forms a strongly supported (100% bootstrap) monophyletic clade with spirochete sequences recovered

from wild N. vectensis. Spirochete 2 clusters within the genus Turneriella.

For beta-diversity measurements, both Bray–Curtis and
Aitchison (Euclidean distances of centered log-ratio transformed
counts) distance matrices were assessed as both are commonly
used in microbial community studies. Here, we included both
analyses to allow for comparisons to previous studies (Mortzfeld
et al. 2016; Domin et al. 2018). Following recommended meth-
ods, the VST-transformed data were used to calculate the Bray–
Curtis distances, while the Aitchison distances were calculated
on the centered log-ratio transformation of the raw count data
using the R package Microbiome v1.6.0 (Lahti and Shetty 2018).
The program Vegan v2.5.6 was used to calculate Bray–Curtis and
Euclidean distances. Within Vegan v2.5.6, the Adonis function
was used to perform Permutational multivariate analysis of vari-
ance (PERMANOVA) analyses in order to statistically assess dis-
similarity in microbial community composition between tissue
compartments (Oksanen et al. 2011). All associated codes can be
found on GitHub (https://github.com/Abonacolta/Nvec Microha
bitats).

Mapping N. vectensis ASVs to a phylogenetic tree of
spirochetes

To understand the phylogenetic placement of the N. vecten-
sis spirochetes, we mined NCBI using BLASTn, collected spiro-
chete ASVs from previously published environmental metabar-
coding studies and identified representatives of all major spiro-
chete lineages. We then produced a reference tree using a total
of 56 sequences composed of representative spirochetes and
those environmental sequences identified as possessing 97%
similarity to the two N. vectensis spirochete ASVs recovered in
this study (Table S1, Supporting Information). A planctomycete
sequence was used as an outgroup, as it is from a relatively
closely related taxon of aquatic bacteria. These sequences were
aligned using automatic settings of the program MAFFT v7.450
with the L-INS-i strategy (Katoh and Standley 2013). The align-
ment was trimmed to remove columns with gaps in >70% of
the sequences or with a similarity score below 0.001 using Tri-
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mAl v1.2 (Capella-Gutiérrez, Silla-Martı́nez and Gabaldón 2009).
Using this trimmed alignment, a maximum-likelihood tree was
then constructed using RAxML v7.3.0 with the GTRCAT substi-
tution model and 1000 sub-samplings to generate a best-fit tree
(Stamatakis 2014). The final tree was visualized in FigTree v1.4.4
(Drummond et al. 2012).

RESULTS AND DISCUSSION

The body regions of N. vectensis exhibited distinct
bacterial associations

An average of 117 606 ± 8293 reads per sample was generated
and a total of 620 ASVs were determined. Five of the 620 ASVs
were removed due to suspected contamination. We found that
the microbial composition of the capitulum is distinct from the
mesenteries and physa (Fig. 1). Overall, the microbiomes were
consistent between samples of the same microhabitat; however,
one individual harbored a different compartmental microbiome
from the others in this study (Figures S1–S3, Supporting Infor-
mation). Individual 1 had all three microhabitats dominated
by Proteobacteria, with only the physa compartment showing
resemblance to the other individuals (Figures S1 and S3, Sup-
porting Information). While individual 1 may just be an out-
lier, it highlights the need for additional sampling to uncover
the true variability between conspecific tissue compartments.
The family Spirochaetaceae, predominantly one ASV, made up
∼66% of the bacterial community within the capitulum but only
∼1.2% and ∼0.1% of the community in the mesenteries and
physa, respectively (Fig. 2). This finding is similar to the micro-
biome of the crown-of-thorns sea star, Acanthaster planci, which
found a high relative abundance (43–64%) of spirochetes only
within the body wall compartment (Høj et al. 2018). Prior to
this, Alphaproteobacteria was thought to be the most abundant
bacterial phylum across sea stars (Lawrence et al. 2010). Addi-
tionally, previous studies on the microbiome of developing N.
vectensis found that as development progresses Betaproteobac-
teria, Actinobacteria and Bacteroidetes abundances decrease,
while Spirochaetes abundances increase in the adult organ-
ism (Mortzfeld et al. 2016). The development and growth of the
capitulum during this time span may explain the high rela-
tive abundance of spirochetes that we saw in the capitulum.
Spirochetes may play an active role in the capitulum develop-
ment of N. vectensis and their ability to establish dominance
over the Proteobacteria present throughout the rest of N. vecten-
sis implies a competitive advantage on the part of the spiro-
chete. Environmental bacteria can induce development in a
number of marine eukaryotes from green algae and choanoflag-
ellates to cnidarians, poriferans and echinoderms (Woznica and
King 2018). In cnidarians, some Gammaproteobacteria and Acti-
nobacteria have been observed to induce larval metamorpho-
sis in anthozoans and scyphozoans (Neumann 1979; Tebben
et al. 2011). The potential molecular cues from the spirochetes
of N. vectensis should be investigated further. Spirochetes can
preferentially thrive over other microbes in a host microhabi-
tat because of their unique motility suitable for host invasion
and their ability to attach to eukaryotic cells with specialized
cellular structures (Canale Parola 1977; Wolgemuth 2015). Of
note is that spirochetes are not found in high abundance in
Artemia or mussel, the two food sources for the N. vectensis
used in this study (Quiroz et al. 2015; Weingarten, Atkinson and
Jackson 2019).

Gammaproteobacteria had an ∼76.3% and ∼72.9% relative
abundance in the mesenteries and physa of N. vectensis, respec-
tively, compared with an ∼17.8% relative abundance found

in the capitulum (Fig. 1; Figure S2, Supporting Information).
Gammaproteobacteria have previously been hypothesized to
be important for microbial community structuring in juvenile
N. vectensis (Domin et al. 2018). In addition to the Gammapro-
teobacteria, the physa of N. vectensis was dominated by the
classes Alphaproteobacteria and Bacteroidetes with relative
abundances of ∼11.9% and ∼7.2%, respectively (Figure S2, Sup-
porting Information). This is similar to previous microbiome
studies on lab-reared N. vectensis (Har et al. 2015; Mortzfeld et al.
2016; Leach, Carrier and Reitzel 2019). These studies found that
Proteobacteria, including the classes Gammaproteobacteria and
Alphaproteobacteria, were the most abundant bacterial phyla,
while other taxa including Firmicutes, Planctomycetes, Teneri-
cutes, Verrucomicrobia and Spirochaetes had lower abundances
(Har et al. 2015; Mortzfeld et al. 2016; Leach, Carrier and Reitzel
2019). The predominant Gammaproteobacteria in the mesenter-
ies consisted of members of the orders Oceanospirillales and
Pseudomonadales. Oceanospirillales had a relative abundance
of ∼38.1% in this microhabitat, while Pseudomonadales had an
∼14.5% relative abundance (Figure S3, Supporting Information).
Pseudomonadaceae had the highest relative abundance in both
the mesenteries and physa with ∼36.5% and ∼38.1%, respec-
tively (Fig. 2; Figure S3, Supporting Information). This result
supports previous findings that found Proteobacteria and Pseu-
domonas occur predominantly in aggregates along the walls of
the mesenteries (Har 2009).

Differential microbial community structure between
body regions

The taxonomic make-up of the N. vectensis microbiome var-
ied according to body region. Comparing the drivers of bac-
terial community differential abundance across tissue com-
partments using a random forest classifier showed that the
phyla Lentisphaerae, Proteobacteria and Spirochaetes were the
strongest predictors of tissue compartments. According to dif-
ferential abundance analysis, Spirochaetes and Fusobacteria
were significantly more abundant in the capitulum compared
with the other compartments (DESeq2; P-adj = 0.0000 and
0.0003, respectively). Lentisphaerae, Proteobacteria and Chlo-
roflexi were more abundant in the mesenteries compared with
the capitulum (DESeq2; P-adj = 0.0000, 0.0058 and 0.0009, respec-
tively). Differential abundance analysis using ANCOM found
that Spirochaetes and Bacteroidetes were the most differentially
abundant phyla among tissue compartments (ANCOM; W = 16
and 14, respectively). Comparing the findings from both pro-
grams, Spirochaetes were the only taxon to be considered sig-
nificantly differentially abundant or a predictor of body region in
N. vectensis (Figure S4, Supporting Information). The body com-
partments of N. vectensis sampled in this study exhibited dis-
crete microbial community structures. Alpha-diversity metrics
showed a significant difference in the biodiversity and species
richness present in different tissue compartments. Species rich-
ness between the capitulum and the mesenteries and physa
was significantly different (ANOVA; P = 0.023 and 0.033, respec-
tively; Figure S5, Supporting Information). The Simpson’s index
between the capitulum and the mesenteries and physa was also
significantly different (ANOVA; P = 0.039 and 0.022, respec-
tively; Figure S5, Supporting Information). However, the Shan-
non’s diversity index did not show a significant difference in
alpha diversity among body regions (ANOVA; P = 0.11 and
0.069, respectively; Figure S5, Supporting Information). Overall,
all three alpha-diversity metrics showed a similar trend. Con-
sistently, the capitulum of N. vectensis showed lower species
richness compared with the mesenteries and physa. A similar

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/368/3/fnab002/6070651 by N
O

AA C
entral Library user on 26 February 2021



Bonacolta et al. 7

pattern was identified in the Simpson’s index, with the capitu-
lum showing a lower species diversity, but with a higher varia-
tion between individuals. We hypothesize that the lower species
richness in the capitulum was likely driven by the dominance of
the one single Spirochete ASV. In the future tests, using specific
primers targeting this Spirochete ASV would be valuable to con-
firm this hypothesis.

Both Bray–Curtis dissimilarity and Aitchison distance were
used to assess the differences in the microbial communities
between tissue compartments (Fig. 3). A multivariate homo-
geneity of group dispersion analysis confirmed that an ANOVA
test could appropriately be performed on both datasets (Kol-
eff, Gaston and Lennon 2003). Bacterial communities between
tissue compartments showed significant dissimilarity (PER-
MANOVA; permutations = 9999, P = 0.0315) according to the
Bray–Curtis dissimilarity index. However, the same PERMANOVA
test on the Aitchison distances found insignificant dissimi-
larity between tissue compartments (PERMANOVA; permuta-
tions = 9999, P = 0.3294). Aitchison distances account for the
compositional nature of sequencing datasets and have recently
been considered the new standard in the field (Quinn et al. 2018).
Bray–Curtis distances have traditionally been used in micro-
biome studies, so we opted to include this analysis as well for
comparison with previous work. More sampling is likely nec-
essary to determine whether there is significant dissimilarity
between the N. vectensis microhabitats sampled here. Of note
is that even though no significant dissimilarity was found in
the overall microbial composition of the microhabitats sampled,
microhabitat-specific abundance patterns were still uncovered
using this sampling strategy.

Phylogenetic analysis of N. vectensis spirochetes

The majority of spirochetes found in the capitulum were from
a single ASV (Spirochete 1) within the order Spirochaetales. In
order to better understand the phylogenetic placement of the
spirochetes within N. vectensis, we conducted a phylogenetic
analysis of this ASV along with the other spirochete ASV (Spiro-
chete 2) recovered in this study (Fig. 4). Ninety three percent
bootstrap support placed Spirochete 1 as closely related to four
spirochete ASVs previously recovered from wild N. vectensis sup-
porting the hypothesis that this spirochete is a consistent asso-
ciate of the anemone (Har et al. 2015; Fig. 4). The N. vectensis
spirochete ASVs also showed a strong relation to a spirochete
recovered from the cold-water coral, Lophelia pertusa. Together,
these sequences formed a 90% bootstrap-supported mono-
phyletic clade with the two representative species of the recently
described genus Oceanispirocheata. The genus Oceanispirochaeta
consists solely of two representatives, O. litoralis and O. sedimini-
cola, which are Gram-negative, moderately halophilic and obli-
gately anaerobic (Subhash and Lee 2017).

One hundred percent bootstrap support was found for a
node with Spirochete 2, several closely clustering wastewater
ASVs and Turneriella parva, which is a Gram-negative, obligately
aerobic spirochete with morphological similarities to Leptospira
(Stackebrandt et al. 2013). This indicates that Spirochete 2 is
unique from Spirochete 1 in species and potential function.
Spirochetes associated with a diverse group of corals, including
C. rubrum, Orbicella faveolata and L. pertusa, did form a 100% boot-
strap monophyletic clade within the genus Leptospira, despite
the broad geographical ranges of these coral species (O. faveo-
lata is a Caribbean species, C. rubrum is a Mediterranean species
and L. pertusa is a deep-sea species) indicating a potentially con-
served association of these bacteria with cnidarians.

CONCLUSION

In this study, we characterized the microbiome of three distinct
microhabitats within N. vectensis. A capitulum-specific domi-
nance of spirochetes was uncovered highlighting the possible
importance of these bacteria for N. vectensis physiology. Previ-
ous bulk-sampling techniques could not untangle these body
compartment-specific bacterial associations, which should be
taken into consideration in future cnidarian studies. Specifi-
cally, the role of spirochetes within the capitulum of N. vecten-
sis should be further considered in subsequent studies. Overall,
our findings provide support for spirochete as a consistent bac-
terium associated within N. vectensis and suggest that the func-
tional role of this bacterium in the capitulum may be important
for the anemone.
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