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The scyphozoan Aurelia aurita is recognized as a key player in marine ecosystems and a driver of ecosystem change. It is thus
intensely studied to address ecological questions, although its associations with microorganisms remain so far undescribed. In
the present study, the microbiota associated with A. aurita was visualized with fluorescence in situ hybridization (FISH) analy-
sis, and community structure was analyzed with respect to different life stages, compartments, and populations of A. aurita by
16S rRNA gene amplicon sequencing. We demonstrate that the composition of the A. aurita microbiota is generally highly dis-
tinct from the composition of communities present in ambient water. Comparison of microbial communities from different
developmental stages reveals evidence for life stage-specific community patterns. Significant restructuring of the microbiota
during strobilation from benthic polyp to planktonic life stages is present, arguing for a restructuring during the course of meta-
morphosis. Furthermore, the microbiota present in different compartments of the adult medusa (exumbrella mucus and gastric
cavity) display significant differences, indicating body part-specific colonization. A novel Mycoplasma strain was identified in
both compartment-specific microbiota and is most likely present inside the epithelium as indicated by FISH analysis of polyps,
indicating potential endosymbiosis. Finally, comparison of polyps of different populations kept under the same controlled labo-
ratory conditions in the same ambient water showed population-specific community patterns, most likely due the genetic back-
ground of the host. In conclusion, the presented data indicate that the associated microbiota of A. aurita may play important
functional roles, e.g., during the life cycle.

Multicellular eukaryotes in marine systems provide diverse
surfaces for attachment of and colonization by microbes,

e.g., mucosa-covered epithelia. Bacteria, often present in high
numbers in the surrounding marine environment, tend to colo-
nize these surfaces or even invade the surface epithelium. Multi-
cellular organisms nowadays are largely recognized as “metaor-
ganisms” comprising the macroscopic host and its synergistic
interdependence with bacteria, archaea, and fungi specifically as-
sociated with the host (1, 2). Depending on the variety of different
niches provided by the host, which can change according to de-
velopmental stage, diet, or other environmental factors, diverse
and specific microbial communities can establish themselves with
hosts (3). Previous investigations demonstrated that marine in-
vertebrates harbor bacteria as stable associates recruited from the
ocean’s pool of potential colonizers (4–6). A well-studied example
is the symbiosis between the squid Euprymna scolopes and Vibrio
fischeri, which is crucial for certain developmental steps of the
squid (7, 8). Additionally, endosymbionts living inside host cells
or in the intracellular space of the host’s tissue are well docu-
mented for marine invertebrates, e.g., in hydrothermal vent sys-
tems, including the giant tubeworm Riftia pachyptila and
associated chemolithoautotrophic bacteria capable of oxidizing
hydrogen sulfide (9). Furthermore, members of the class Molli-
cutes are known to be (endo)symbionts of various invertebrates
(10–12).

Scyphozoa (jellyfish) represent a class of Cnidaria, which is at
the base of the metazoan tree. They play an important role in the
marine ecosystem by substantially affecting the structure of the
planktonic food web (13–15). They release large amounts of nu-
trients and dissolved organic matter (16, 17) resulting from their
metabolic activities, presumably directly stimulating bacterial
growth and potentially influencing bacterial community compo-

sition (18–20). The cosmopolitan moon jelly Aurelia aurita, likely
representing a collection of species as recently shown by molecular
markers (21), is one of the most widely distributed scyphozoans
and is found in almost all warm and temperate waters of coastal
zones worldwide (22–24). Due to its ability to tolerate a wide range
of environmental conditions (14, 25), especially temperature and
salinity, and its highly diverse food spectrum, it successfully colo-
nizes different environments (26) and often causes jellyfish
blooms around the world. Such blooms not only impact food web
structures by predation but also play an important role in the
dynamics of nutrients and oxygen in planktonic food webs (14).
The diphasic life cycle of A. aurita alternates between free-living
pelagic sexual (medusa) and sessile benthic asexual (polyp)
phases. After release from sexual reproduction, larvae settle on
suitable seafloor substrata, followed by metamorphosis into the
sessile benthic stage, the polyp. Transition from the benthic phase

Received 15 May 2015 Accepted 19 June 2015

Accepted manuscript posted online 26 June 2015

Citation Weiland-Bräuer N, Neulinger SC, Pinnow N, Künzel S, Baines JF, Schmitz
RA. 2015. Composition of bacterial communities associated with Aurelia aurita
changes with compartment, life stage, and population. Appl Environ Microbiol
81:6038 – 6052. doi:10.1128/AEM.01601-15.

Editor: P. D. Schloss

Address correspondence to Ruth A. Schmitz, rschmitz@ifam.uni-kiel.de.

N.W.-B. and S.C.N. contributed equally to this work.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.01601-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.01601-15

6038 aem.asm.org September 2015 Volume 81 Number 17Applied and Environmental Microbiology

http://dx.doi.org/10.1128/AEM.01601-15
http://dx.doi.org/10.1128/AEM.01601-15
http://dx.doi.org/10.1128/AEM.01601-15
http://dx.doi.org/10.1128/AEM.01601-15
http://aem.asm.org


to the pelagic phase occurs when the juvenile pelagic stage, the
ephyra, is formed and released by the polyp through the process of
strobilation (see Fig. S1 in the supplemental material). The me-
dusa has a very simple morphology, with two tissue layers: the
epidermis, covering the outer body surface, and the gastrodermis,
forming the boundary of the gastric cavity. The mesoglea between
these tissue layers, consisting mainly of collagen, provides stability
for the animal. The prominent oral arms of the medusa harbor
brood sacs, where the developing planula larvae are sheltered until
release. The polyp exhibits an even simpler anatomy, lacking tis-
sues for sexual reproduction. Based on strobilation frequency and
the temperatures required to induce strobilation, different popu-
lations of A. aurita can be distinguished, e.g., the arctic boreal
lineage (Baltic and North Seas) and the temperate Mediterranean
lineage (e.g., Eastern Atlantic-Roscoff). In addition, Schroth et al.
showed that limited gene flow among populations around the
world causes cryptic speciation and proposed at least seven differ-
ent species of the genus Aurelia based on mitochondrial and nu-
clear DNA analyses (16S and internal transcribed spacer 1 [ITS-
1]/5.8S rRNA gene) (27). In summary, different A. aurita
subpopulations can be correlated with their geographic origin; for
example, the BOR lineage includes Baltic Sea and North Sea spec-
imens, whereas the UBI lineage, among others, includes Eastern
Atlantic-Roscoff specimens. To date, most studies have addressed
ecological questions (22, 27, 28) as well as the physiology (29–31)
and development (32–34) of A. aurita; however, no studies on
associated microbes are available. Consequently, due to its simple
anatomy, evolutionary age, alteration of different life stages, wide
distribution, and important role in the marine ecosystem, A. au-
rita is an attractive model organism to study the metaorganism
concept (2).

The establishment of next-generation sequencing techniques
has revolutionized the study of microorganisms in natural envi-
ronments (35) and profoundly altered our awareness of microbial
ecosystems (36, 37). Thus, the present study aimed to analyze the
microbiota associated with different life stages, compartments,
and populations of A. aurita by using 16S rRNA gene-based am-
plicon sequencing to gain insight into transiently and specifically
associated bacteria of A. aurita and, ultimately, into interactions
between the host and its microbiota. Moreover, in the long term,
detailed knowledge of the microbial consortia of scyphozoa such
as A. aurita may provide critical insights for understanding a mi-
crobe-dependent life history and its evolutionary consequences.

MATERIALS AND METHODS
Medusa sampling. Individual A. aurita (Linnaeus) medusae (mean um-
brella diameter, 26 cm) were sampled from one location in the Kiel Bight,
Baltic Sea (54°19.4=N, 10°08.5=E) in June 2013 by using a dip net. The
animals were transported immediately to the laboratory, washed thor-
oughly with sterile filtered artificial seawater (ASW) to remove nonasso-
ciated microbes, and processed for further analysis. Processing of animals
started with sampling of mucus from ex- and subumbrellas by scraping
and sampling the slime. Furthermore, samples of the gastric cavity were
taken with a pipette by penetrating the mouth. Water from the same site
was collected by bucket sampling, from which reference water samples
were taken. Water samples were filtered through 0.22-�m polyethersul-
fone membrane filters (Millipore Corporation, Bedford, MA), and DNA
was extracted from the respective filters as described below.

Aurelia aurita husbandry. Polyp populations originating from the
Southern English Channel (Roscoff, France) and the North Sea (Helgo-
land, Germany) were provided by Thomas Bosch (CAU Kiel) and were

kept in the laboratory under artificial conditions for 10 years. Baltic Sea
specimens were raised from planula larvae originating from medusae
caught in the Kiel Bight in September 2009 and transferred to the labora-
tory for rearing under artificial conditions. The polyps were kept in 2-liter
vessels at 20°C in aerated artificial seawater (Reef Crystals; Aquarium
Systems, Sarrebourg, France) with a salinity of 30 practical salinity units
(PSU). Twice a week, animals were fed freshly hatched Artemia salina, and
the water was changed completely. Feeding of animals was ceased at least
4 days prior to the analysis of microbial consortia to exclude contamina-
tion by food. Strobilation of Roscoff polyps for the production of ephyrae
was induced in the laboratory after reducing the temperature to 8°C for at
least 1 month. A subset of obtained ephyrae continued to develop into
juvenile medusae.

Generation of sterile A. aurita polyps and ephyrae. In order to ob-
tain sterile/germfree polyps, polyps were treated with an antibiotic mix-
ture present in the water (Provasoli’s antibiotic [AB] mixture with final
concentrations of 360,000 U/liter penicillin G, 1.5 mg/liter chloramphen-
icol, 1.8 mg/liter neomycin, and 9,000 U/liter polymyxin B [all compo-
nents from Carl Roth, Karlsruhe, Germany]), kept under the above-men-
tioned conditions in sterilized (by filtration through 0.22-�m filters)
artificial seawater, and fed antibiotic-treated A. salina. Antibiotic-treated
ephyrae originated from AB-treated polyps. The absence of bacteria was
confirmed by plating of homogenized polyps/ephyrae onto R2A agar
plates (Roth, Karlsruhe, Germany). After incubation at 19°C for 5 days,
the CFU were determined. An absence of CFU indicated successful anti-
biotic treatment. For culture-independent analysis, total DNA was ex-
tracted, and the 16S rRNA genes were amplified as described below. The
respective impacts of AB treatment are depicted in Fig. 3 and 4D.

Phylogenetic classification of A. aurita polyps. DNA was extracted
from 10 single polyps from each respective Roscoff, Baltic Sea, and North
Sea population kept in the laboratory under the same artificial conditions
by using the Wizard genomic purification kit (Promega, Madison, WI,
USA). Polyps were homogenized in 480 �l 50 mM EDTA with a pestle and
incubated at 37°C for 30 min after the addition of proteinase K (Life
Technologies, Darmstadt, Germany). The remaining preparation steps
were performed according to the manufacturer’s protocol. DNA tem-
plates (10 ng) were subjected to PCR with a 25-�l total volume by using a
GoTaq DNA polymerase kit (Promega, Madison, WI, USA). Cycling con-
ditions were 30 cycles of 30 s at 95°C, 30 s at 50°C, and 60 s at 72°C.
Aurelia-specific mitochondrial 16S rRNA primers (L5=-CTCTTGTAAGG
TGAAGCC and H5=-CATAATTCAACATCGAGG) and specific primers
encompassing the ITS-1/5.8S rRNA region of nuclear 18S rRNA (F5=-TA
ACAAGGTTTCCGTAGG and R5=-CTC AGA CAG ACA TGC TCC)
were used as described previously by Schroth et al. (27). PCRs were used to
determine the DNA sequences, performed by the sequencing facility at the
Institute of Clinical Molecular Biology (IKMB), University of Kiel, Kiel,
Germany. Tree reconstruction was performed with both mitochondrial
16S rRNA and nuclear 18S rRNA sequences by using Phylogeny.fr (http:
//www.phylogeny.fr/) (38, 39) with ClustalW for multiple alignment,
Gblocks for alignment curation, and the maximum likelihood/PhyML
method for construction of the phylogenetic tree. Previously reported
sequence data from Aurelia populations deposited in GenBank (accession
numbers AF461398 and AF461399 for 16S rRNA and AF461405 and
AF461406 for ITS-1/5.8S rRNA) were used for classification of polyps into
known subpopulations.

Fluorescence in situ hybridization and microscopic analysis. Polyps
(Roscoff population, 6 to 8 replicates) were washed three times with filter-
sterilized artificial seawater and relaxed by incubation with 2% urethane
(Sigma-Aldrich, Schnelldorf, Germany) for 5 min. Polyps were incubated
in Carnoy fixative (60% [vol/vol] ethanol, 30% [vol/vol] chloroform,
10% [vol/vol] glacial acetic acid) for 2 h at 4°C. Fixed samples were dehy-
drated three times with 100% ethanol for 5 min each. Semithin sections
(0.5 �m) were prepared after several dehydration steps (5 min each, with
50%, 75%, and 100% ethanol), embedding in LR White (Sigma-Aldrich),
and polymerization of the samples in LR White at high temperature.
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Whole polyps and semithin sections were further incubated with 10
�g/ml proteinase K (Fermentas, St. Leon-Rot, Germany) and 10 mg/ml
lysozyme (Roth, Karlsruhe, Germany) in PBT (phosphate-buffered saline
[PBS], 1% Tween 80 [pH 7.4]) for 1 h at 37°C. This was followed by two
washing steps with Milli-Q water and further dehydration. Hybridization
was performed in hybridization buffer (900 mM NaCl, 20 mM Tris-HCl
[pH 7.4], various concentrations of formamide [see Table S2 in the sup-
plemental material], 0.01% SDS) with the respective probes (working
solution of 5 ng/�l; Firmicutes probes LGC0354a, -b, and -c were mixed in
equimolar proportions) at the specified temperature for 3 h (see Table S2
in the supplemental material). Finally, samples were incubated in washing
buffer (80 mM NaCl with 35% formamide or 225 mM NaCl with 20%
formamide in hybridization buffer, 20 mM Tris-HCl [pH 7.4], 20 mM
EDTA, and 0.01% SDS) for 15 min at a temperature 2°C below the spec-
ified temperature and washed with Milli-Q water. Probes with the corre-
sponding formamide concentrations in the buffers and incubation tem-
peratures are listed in Table S2 in the supplemental material. For
counterstaining, samples were incubated with SYTO9 (Invitrogen, Darm-
stadt, Germany) or 4=,-6-diamidino-2-phenylindole (DAPI) (Roth,
Karlsruhe, Germany) at room temperature for 20 min and washed with
Milli-Q water. Light microscopy and fluorescence microscopy were per-
formed with an Axio Scope microscope and Axio Vision software (Zeiss,
Jena, Germany). The entire three-dimensional structure of the polyp and
its associated microbiota was recorded by scanning along the depth by
using a TCS SP confocal laser scanning microscope (Leica, Wetzlar, Ger-
many) and recording the stacks of cross sections simultaneously at the
corresponding excitation wavelengths. For each field of view, an appro-
priate number of optical slices were acquired with a Z-step of 1 �m.
Digital image acquisition, postprocessing, analysis of the confocal laser
scanning microscopy (CLSM) optical thin sections, three-dimensional
reconstructions, and calculation of bacterial coverage were performed
with the corresponding Leica software (provided for the TCS SP confocal
laser scanning microscope). For detection of each bacterial phylum, three
independent fluorescence in situ hybridization (FISH) experiments were
performed, and 10 confocal stacks were compared for each independent
experiment. Six polyps for each treatment were used for calculation of
bacterial coverage of polyps.

Nucleic acid isolation and 16S rRNA gene amplicon sequencing.
Bacterial genomic DNA of the A. aurita microbiota was isolated with the
AquaPure genomic DNA kit (Bio-Rad, Munich, Germany) from 10 mg
mucus; 5 mg of the gastric cavity sample; pools of 10 polyps, 20 ephyrae, 1
strobila, and 1 juvenile medusa per sample type (all samples representing
approximately the same wet weight); and 1 liter of reference water filtered
through a 0.22-�m-pore-size membrane filters. DNA isolation was per-
formed with 6 replicates for each sample type. PCR amplification of the

V1-V2 hypervariable region of the 16S rRNA gene was performed with
primers listed in Table S3 in the supplemental material. Amplicons were
size checked and purified by using the MinElute gel extraction kit (Qiagen,
Hilden, Germany). Purified amplicons were quantified by using the
Quant-iT PicoGreen kit (Invitrogen, Darmstadt, Germany), and equal
amounts thereof were pooled for subsequent pyrosequencing. Pyrose-
quencing was carried out according to the manufacturer’s instructions,
using the GS FLX Titanium series kit (sequencing kit XLR70, Pico Titer
plate kit 70x75, SV emulsion PCR [emPCR] kit/Lib-A, and Maintenance
Wash kit; Roche, Mannheim, Germany). The libraries were sequenced by
using the 454 GS-FLX Titanium sequencer (Roche) at the Max Planck
Institute for Evolutionary Biology (Plön, Germany).

Study design. In order to reduce practical and computational work-
loads, an incomplete block design was conceived, corresponding to four
experimental setups, which in part made use of the same samples. These
setups comprised examination of differences in epibacterial community
compositions according to the following factors (Table 1): (i) four life
stages (polyp, strobila, ephyra, and juvenile medusa) with individuals
from the Roscoff population, (ii) compartment types of medusae from the
Baltic Sea with microbial samples from the mucus and gastric cavity, (iii)
individuals from different populations (Roscoff, Baltic Sea, and North
Sea), and (iv) AB-treated versus untreated control polyps from the
Roscoff population. Each factor level encompassed six replicates, four to
six of which yielded read libraries sufficient for analysis.

Sequence processing. Sequence processing was conducted with
mothur v1.33.3 (40), as recently described (41). The mothur greengenes
reference taxonomy (http://www.mothur.org/w/images/9/9d/Gg_13_5_
99.taxonomy.tgz) built from the May 2013 release of the greengenes da-
tabase (42) was used for sequence and operational taxonomic unit (OTU)
classification. This database was complemented by selected sequences of
Labrenzia spp. (National Center for Biotechnology Information [NCBI]
GenBank accession numbers AJ582083, AY628423, and AJ878875). Ref-
erence sequences were trimmed to the V1-V2 primer region to improve
the accuracy of the classification (43). A random subset of 3,034 sequences
per sample (corresponding to the smallest number of reads across sam-
ples) was generated to eliminate bias due to unequal sampling effort. A
total of 1,865 OTUs were identified at the 97% similarity level.

Sequence abundance plots. Downstream statistical analysis was per-
formed in R v3.1.1 (44) with custom scripts (available upon request).
Initial characterization of bacterial community composition was per-
formed by summarizing OTU abundances at the genus level, normalized
by the total number of reads per sample. Normalized genus abundances
were visualized as stacked bar plots.

Alpha diversity analysis. Effective OTU richness (Shannon number
equivalent [1D]) (45, 46) was calculated from the sample-by-OTU table

TABLE 1 Study design

Study type Sample Population Keeping condition(s) Origin

Life stage Polyp Roscoff 10 yr in the laboratory, artificial seawater, temp of 20°C Laboratory stock
Strobila Roscoff Artificial seawater, temp of 10°C Polyp
Ephyra Roscoff Artificial seawater, temp of 10°C Strobila
Juvenile medusa Roscoff Artificial seawater, temp of 20°C Ephyra

Compartment Medusa mucus Baltic Sea Freshly hatched Baltic Sea
Medusa gastric cavity Baltic Sea Freshly hatched Baltic Sea

Population Polyp Roscoff 10 yr in the laboratory, artificial seawater, temp of 20°C Laboratory stock
Polyp Baltic Sea 10 yr in the laboratory, artificial seawater, temp of 20°C Laboratory stock
Polyp North Sea 10 yr in the laboratory, artificial seawater, temp of 20°C Laboratory stock

AB treatment Polyp Roscoff 10 yr in the laboratory, artificial seawater, temp of 20°C Laboratory stock
Ephyra Roscoff Artificial seawater, temp of 10°C Polyp
AB-treated polyp Roscoff 10 yr in the laboratory, artificial seawater, temp of 20°C Laboratory stock
AB-treated ephyra Roscoff Artificial seawater, temp of 10°C AB-treated polyp
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with the R package vegan (47). Effects of A. aurita life stages, provenance,
compartments, and AB treatment in connection with sample type on 1D
were assessed. For this purpose, 1D was fitted to these experimental factors
in generalized linear models by using the glm function of the R stats
package. In the case of the factor “compartment,” samples of A. aurita
were paired (i.e., for each mucus sample, there was a corresponding gas-
tric cavity sample from the same medusa), while reference water samples
were unpaired. In order to analyze both sample types in the same statisti-
cal model, all samples had to be treated as unpaired. The stochastic part of
all models was described either by a gamma or an inverse Gaussian distri-
bution. Models were compared by means of the Akaike information cri-
terion (AIC) and validated according to recommendations described pre-
viously (48). As a measure of model performance, the ratio between
explained and residual deviances (so-called pseudo-R2) was calculated
and adjusted by sample size and the number of explanatory variables
using Ezekiel’s formula (49). Since the different experimental setups were
used for some of the same samples, model significances were corrected for
multiple testing with the Bonferroni-Holm method (“q values”) (50).
Upon significance of the overall model corresponding to a certain exper-
iment, pairwise factor-level combinations of the respective descriptor(s)
were tested for significance where applicable. Pairwise tests were corrected
for multiple testing by the Benjamini-Hochberg procedure (false discov-
ery rate [FDR]) (51).

Beta diversity analysis. The extent of change in OTU composition
explained by the above-mentioned experimental factors was explored by
redundancy analysis (RDA) with Hellinger-transformed OTU abun-
dances (41, 52, 53). In general, the RDA model was formulated as “OTU
abundances � F,” with factor F being either “life stage,” “provenance,” or
“compartment.” The factors “antibiotic” and “type” were tested for inter-
action as “OTU abundances � antibiotic � type.”

Models were evaluated with the vegan function rda, followed by ano-
va.cca, using 10,000 random permutations. Homoscedasticity was
checked by using the vegan betadisper function, followed by anova.betadis-
per to assess significance. Upon determination of the significance of the
overall model, pairwise factor-level combinations were tested for signifi-
cance. Corrections for multiple testing across and within models were
conducted as described above for alpha diversity analysis. OTUs signifi-
cantly correlated with any axis in a significant RDA model were deter-
mined by using the envfit function with 105 permutations, followed by
Benjamini-Hochberg correction. In order to reduce the number of tests in
this procedure, OTUs were prefiltered according to their vector lengths
calculated from the corresponding RDA scores (scaling, 1) by profile like-
lihood selection (54). OTUs that were significant at an FDR of 10% were
further subjected to indicator analysis with the multipatt function of the R
package indicspecies v1.7.1 (55) with 105 permutations. Indicator OTUs,
in analogy to indicator species in the sense described in reference 55, are
OTUs that prevail in a certain sample type while being found only infre-
quently and irregularly in other sample types compared to the former.
Thus, an indicator OTU can be considered “characteristic” for its sample
type.

Phylogenetic tree construction for Mycoplasma associated with A.
aurita. DNA sequences were taxonomically classified via a BLAST search
using the 16S rRNA database of the NCBI. Tree reconstruction was per-
formed with full-length 16S rRNA sequences by using Phylogeny.fr (http:
//www.phylogeny.fr/) (38, 39) with the maximum likelihood method.

Nucleotide sequence accession numbers. Sequences were submitted
to the NCBI GenBank database under accession number KP299289. Se-
quence data were submitted to the NCBI Sequence Read Archive under
accession number SRP049658.

RESULTS
Detection of bacteria accumulated in the mucus of A. aurita
polyps by fluorescence in situ hybridization. To detect and lo-
calize potential associated microbial colonizers, the protocol
for fluorescence in situ hybridization (FISH) analysis was suc-

cessfully modified and established for A. aurita polyps (see Ma-
terials and Methods). This is, to our knowledge, the first successful
attempt, as extensive autofluorescence of tissues previously lim-
ited the application of standard fluorescence in situ hybridization
techniques to detect and identify the associated bacterial commu-
nities on jellyfish surfaces. The protocol used here overcomes
these limitations by combining FISH analysis and spectral imag-
ing, enabling discrimination between autofluorescence and FISH
probe-fluorochrome emissions (56). Sterile control polyps were
generated from the Roscoff population by using a broad-spectrum
antibiotic (AB) mixture (see Materials and Methods). Analysis of
untreated and AB-treated whole polyps using the bacterial do-
main-specific probe EUB338 confirmed our hypothesis that the
complete epithelial surface of untreated A. aurita polyps is covered
by bacteria, which attach to and accumulate in the mucus (Fig. 1).
Calculation of the surface coverage of bacteria using Leica soft-
ware (see Materials and Methods) resulted in significantly differ-
ent amounts of colonizing bacteria on polyps with and those with-
out antibiotic treatment. The surface of untreated polyps was up
to 45% covered, whereas the surface of AB-treated polyps was
covered up to only 4%. Epifluorescence micrographs of semithin
sections, as shown in Fig. 2, further demonstrate that bacteria
(monitored with probe EUB338-Cy3) are located mainly on the
outer surface of the coating mucus. Initial sequence data for
cloned 16S rRNA genes of microbes associated with A. aurita pol-
yps from previous Sanger sequencing data demonstrate the pres-
ence of highly abundant Gammaproteobacteria and a potentially
novel Mycoplasma sp. (phylum Firmicutes) (GenBank accession
number KP299289) (data not shown). Consequently, FISH anal-
ysis of semithin sections was performed by using the GAM42a
probe specific for Gammaproteobacteria (57), confirming that the
majority of all detected bacteria in the mucus represent Gamma-
proteobacteria. Moreover, by using a mixture of Firmicutes-spe-
cific probes (mixture of probes LGC354a, -b, and -c [51]) (see
Materials and Methods), bacteria were detected inside and be-
tween cells of the host tissue, which were still detectable after AB
treatment (Fig. 2, bottom). Based on these findings, we hypothe-
size that A. aurita establishes endosymbiosis with a bacterium,
which is most likely the putatively novel Mycoplasma strain iden-
tified by the above-described sequencing approach. However, fur-
ther experiments using probes specific for the novel Mycoplasma
sp. strain are required to confirm this hypothesis.

Phylogenetic composition of A. aurita-associated microbi-
ota determined by amplicon sequencing reveals sample type-
specific colonization. The microbiota associated with different life
stages, compartments, and populations of A. aurita were analyzed
by sequencing of the V1-V2 region of the 16S rRNA gene. DNA
isolation, PCR amplification, and sequencing were successful with
all but a few samples; thus, all sample types had sufficient replica-
tion of 4 to mostly 6 samples. Fig. 3 depicts abundances of OTUs
(97% sequence similarity) between individual samples with re-
gard to life stages (panel A), compartments (panel B), populations
(panel C), and induced sterile conditions (panel D). While the
variability of genus abundances between samples within the same
sample type was generally high, some types could be clearly dis-
tinguished from others solely by dominant taxa: Alteromonas in
the majority of artificial seawater samples, an unclassified Pe-
lagibacteraceae bacterium in Baltic Sea water, Mycoplasma in gas-
tric cavity and mucus samples of medusae, one unclassified bac-
terium in polyps from the Baltic Sea population, and Phaeobacter
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in polyps from the Roscoff population (see Table S1 and Fig. S3 in
the supplemental material). A more detailed differentiation be-
tween sample types was achieved by examining the distributions
of OTUs. Tables 2 and 3 summarize the results of the statistical

models of alpha diversity (distribution of effective OTU richness
associated with a certain sample type) and beta diversity (distri-
bution of individual OTUs across samples), respectively. All mod-
els were significant and explained between 19 and 67% of the

FIG 1 Bacterial colonization of untreated and antibiotic-treated A. aurita polyps. Confocal laser scanning microscope images show FISH probe hybridization
(EUB338 probe) on untreated (A) and antibiotic-treated (B) A. aurita polyps (Roscoff). (I) Light microscope images. (II to V) Fluorescently labeled bacteria are
shown in red, and the fluorescence due to SYTO9 in the epithelial tissue is shown in green. (II) Whole polyp; (III) head region with tentacles; (IV) tentacles; (V)
zoom view of tentacle; (VI) tentacle tip.
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variance in the data. Table 4 lists the results for the corresponding
pairwise factor-level combinations. The main results of these
analyses are presented below.

Life stages: significant restructuring of the microbiota dur-
ing transition from benthic polyp to planktonic life stages. First,

microbial community patterns of different A. aurita life stages
(polyp, strobila, ephyra, and juvenile medusa) of the Roscoff pop-
ulation were analyzed. Polyps were kept in artificial seawater as
described in Materials and Methods. Strobilation of polyps for the
production of ephyrae was induced by lowering the temperature,

FIG 2 Bacterial communities associated with A. aurita polyps identified by FISH analysis. Shown are epifluorescence micrographs of bacteria on semithin sections (0.5
�m) of untreated (left) and antibiotic-treated (right) A. aurita polyps (Roscoff). Images are overlays of DAPI signals of polyp cell nuclei (blue) and hybridization signals
of the probes NONEUB338 (Cy3) (yellow), EUB338 (Cy3) (yellow), GAM42a (ATTO550) (orange), and LGC345a/b/c (ATTO647N) (red). Bars, 10 �m.
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FIG 3 Composition of microbiota associated with individual A. aurita samples. Microbial communities were analyzed by sequencing of the V1-V2 region of 16S
bacterial rRNA genes from different life stages (A), compartments (B), populations of A. aurita living under the same environmental conditions (C), and induced
sterile conditions (D). Taxonomic assemblages were inferred from nonchimeric operational taxonomic units using mothur at a 97% pairwise similarity cutoff;
distribution patterns were calculated by using R. OTU abundances were summarized at the genus level and normalized by the total number of reads per sample.
Bar plots are grouped according to sample type, each including 4 to 6 replicates. Taxa with a mean relative abundance of �1% across all samples are subsumed
under “other.” ASW, artificial seawater; BSW, Baltic Sea water.
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and a subset of the resulting ephyrae continued to develop into
juvenile medusae (see Materials and Methods). Considering the
main representatives of associated bacteria, as shown on the genus
level in Fig. 3A, the dominating colonizers on polyps were Lacinu-
trix, Phaeobacter, and Crenothrix; those on strobilating polyps
were Crenothrix, Vibrio, and Rhodococcus; those on released ephy-
rae were Crenothrix, Pseudoalteromonas, Loktanella, and Salini-
bacterium; and those on juvenile medusae were Lacinutrix, La-
brenzia, Loktanella, and Vibrio, whereas ambient water (artificial
seawater) harbored mainly Alteromonas and Marivita. The effec-
tive numbers of OTUs (OTU richness [1D]) were approximately
the same in all examined life stages, as depicted in Fig. 4A (left),
with the only notable difference in 1D being that between juvenile
medusae and ambient water, which, however, is not significant
after correcting for multiple testing (Table 4). In contrast, beta
diversity shows a marked difference in community composition
between benthic polyps and planktonic life stages (Table 4 and
Fig. 4A, right), despite A. aurita jellyfish at all life stages being kept
under the same controlled laboratory conditions with the same
pool of potential bacterial colonizers in ambient water. Pairwise
comparisons show that the group effect (expressed as explained
variance [R2

adj] in Table 4) between the polyp group and the other
planktonic life stages (strobila, ephyra, and juvenile medusa) is
comparable to that between these life stages and ambient water.
Differences among the three planktonic life stages, while also sig-
nificant, are less pronounced (Table 4 and Fig. 4A). In conclusion,
the different life stages are characterized by a specific microbiota
distinct from that of ambient water. Moreover, the stages of the
strobilation event—strobila, ephyra, and juvenile medusa— har-
bor a similar microbiota, which significantly differs from the
microbiota of the polyp. In addition, untreated and AB-treated
polyps and ephyrae were analyzed, illustrating that the polyp-as-
sociated microbiota is strongly affected by AB treatment, in agree-
ment with data from the FISH analysis (Fig. 1, panels II to VI).
Figure 4D illustrates a significant trend of higher effective OTU

richness in untreated samples (polyps and ephyrae) than in AB-
treated samples.

Compartment-specific colonization of medusae. Amplified
bacterial 16S rRNA gene sequences were retrieved from six adult
medusae freshly hatched from the Kiel Bight in the Baltic Sea and
studied with respect to potential differences in microbial compo-
sition between the gastric cavity and exumbrellar mucus. As de-
picted in Fig. 3B, the microbial composition of ambient water
(Baltic Sea) is distinct from the microbiota detected in the gastric
cavity and mucus. The main representative species in ambient
water is an unclassified Pelagibacteraceae species. The microbial
consortia associated with the medusa compartments are both
dominated by one unclassified Mycoplasma sequence. This is in
agreement with the above-mentioned detection of a Mycoplasma
sp. by Sanger sequencing and FISH analysis, most likely indicating
the presence of a possible Mycoplasma endosymbiont (Fig. 2). A
small number of sequences in the gastric cavity were identified as
the alphaproteobacterium Labrenzia, and a small number of se-
quences in the mucus were identified as the alphaproteobacterium
Roseovarius. Alpha diversity analysis showed significant differ-
ences in 1D values, both between the two compartments and be-
tween both compartments and Baltic Sea water, with mucus re-
vealing a substantially larger variability in OTU richness than the
other two samples (Table 4 and Fig. 4B, left). Beta diversity anal-
ysis revealed conspicuous compositional differences among the
three groups at the OTU level, with the largest difference being
between Baltic Sea water and the gastric cavity, followed by that
between Baltic Sea water and mucus (Table 4 and Fig. 4B, right).
In contrast, bacterial communities of the gastric cavity and mucus
differed considerably less from each other. Mucus-associated mi-
crobes were more variable in composition than were those from
the gastric cavity and Baltic Sea water. In summary, adult medusae
from the Kiel Bight harbor specific bacterial consortia that are
distinct from those in seawater communities, especially in their
gastric cavity.

Population-specific community patterns most likely due the
genetic background of the host. Next, microbial community pat-
terns of A. aurita polyps from the Roscoff, Baltic Sea, and North
Sea populations were analyzed. In order to use comparable culti-
vation conditions, polyps were kept under identical artificial con-
ditions (temperature, salinity, and bacterial colonizer pool in
ASW) in the laboratory for �10 years. Figure 3C illustrates that
the major microbes are Lacinutrix, Phaeobacter, and Crenothrix
for the Roscoff population; unclassified Bacteria, unclassified Cox-
iellaceae, and unclassified Sphingomonadaceae for the Baltic Sea
population; and Lacinutrix, unclassified Sphingomonadaceae, and
Crenothrix for the North Sea population. The Baltic Sea A. aurita
polyps exhibited a markedly lower alpha diversity (�3 effective

TABLE 3 Overview of statistical models in beta diversity analysisa

Factor df R2
adj Pmhv value P value q value

Life stage 4 0.39 0.96 0.000 0.000
Compartment 2 0.23 0.00 0.000
Provenance (population) 3 0.46 0.18 0.000 0.000
Antibiotic � type 5 0.58 0.98 0.000 0.000
a Hellinger-transformed OTU abundances were fitted to the respective experimental
factor(s) by RDA. df, degree of freedom; R2

adj, measure of model performance
(variance explained by the RDA model, adjusted to sample size and degree of freedom);
Pmhv, type I error probability of the test for multivariate homogeneity of variance
(homoscedasticity); P value, type I error probability of the respective model; q value,
Bonferroni-Holm-corrected P value. Significant results are in boldface type.

TABLE 2 Overview of statistical models in alpha diversity analysisa

Factor Model df Pseudo-R2
adj P value q value

Life stage GLM, gamma; link, log 4 0.19 0.010 0.010
Compartment GLM, inverse Gaussian; link, ��2 2 0.50 0.000
Provenance (population) GLM, gamma; link, log 3 0.60 0.000 0.000
Antibiotic GLM, gamma; link, log 1 0.27 0.000 0.001
a 1D was fitted to the respective experimental factor(s) given in by a generalized linear model (GLM). Model indicates the generalized linear model based on the stated distribution
(gamma/inverse Gaussian) of the response variable with the stated link function between the stochastic (response variable) and systematic model parts. df, degree of freedom;
pseudo-R2

adj, measure of model performance (ratio between explained and residual deviances in the generalized linear model), adjusted by using Ezekiel’s formula (49) (see
Materials and Methods); P value, type I error probability of the respective model; q value, Bonferroni-Holm-corrected P value. Significant results are in boldface type.
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OTUs) than that of their North Sea and Roscoff counterparts
(�20 and �11 effective OTUs, respectively), while the latter two
populations did not differ measurably in this respect (Table 4 and
Fig. 4C, left). This constellation was mirrored in beta diversity,
with the strongest group effects being observed with samples
from the Baltic Sea population (R2

adj Baltic-North Sea � 61%;
R2

adj Baltic-Roscoff � 61%) (Table 4 and Fig. 4C, right). With the
exception of North Sea polyps, the alpha diversity was not signif-
icantly higher in polyps than in ASW, whereas the difference in
OTU composition between polyps and ASW was significant in all
cases (Table 4). While OTU composition also differed signifi-
cantly between polyps from the North Sea and Roscoff popula-
tions, the respective group effect was much lower (R2

adj � 8%)
(Table 4). The discrepancy between the Baltic Sea population and
other polyp populations could be traced back to two indicator
OTUs specific to the former: OTU 3 (unclassified Bacteria), show-
ing 96% similarity to an uncultured marine bacterial clone,
“B1G5” (GenBank accession number GU317735), from the meso-
pelagic Northeast Pacific Ocean (58), and OTU 19 (unclassified
Coxiellaceae). The latter belongs to the order Legionellales, which
is commonly known for its many pathogenic species. Given that
the three populations were kept under identical conditions in the
same artificial seawater for several years, the observed discrepan-
cies are remarkable. The findings indicate that specific microbiota
are most likely due to the genetic background (subpopulation) of
the host population, irrespective of the ambient water (and the
respective microbial colonizer pool).

In order to characterize the genetic relationship between host
populations, we sequenced mitochondrial and nuclear markers
(16S and ITS-1/5.8S rRNA) and classified the samples as described
previously by Schroth et al. (27). This analysis revealed that the 10
replicate Roscoff polyps belong to the UBI lineage. Baltic Sea and
North Sea polyps, on the other hand, were classified as belonging
to the BOR lineage (Fig. 5). The latter clustered into two different
clades (populations) within the BOR lineage. Based on these data,
we conclude that the three different polyp laboratory stocks rep-
resent three different subpopulations of A. aurita, all harboring a
distinct microbiota according to their genetic background and
independent of the ambient water.

DISCUSSION

Our results clearly demonstrate that A. aurita is colonized by spe-
cific bacterial communities that significantly differ in diversity and
composition from those of ambient water. Below, we discuss the
main conclusions, association of microbiota, restructuring of mi-
crobiota during the course of transformation from polyp to
planktonic life stages, and host population-specific colonization.

Association of microbes with A. aurita tissues. FISH analysis
confirms that the whole epithelial surface of A. aurita polyps is
covered by bacteria (Fig. 1, panel II). As reported previously for
other animals, most interactions between the potential colonizers
and A. aurita appear to occur at the mucosal surface, forming a
barrier against ambient seawater (59–61). The majority of bacteria
identified on polyps by FISH analysis are Gammaproteobacteria,

TABLE 4 Results of pairwise tests in alpha and beta diversity analysesa

Factor Comparison

Alpha diversity Beta diversity

Pseudo-R2
adj P value FDR R2

adj P value FDR

Life stage Ephyra-juvenile medusa 0.16 0.089 0.177 0.17 0.002 0.003
Ephyra-polyp �0.06 0.514 0.570 0.34 0.003 0.004
Ephyra-strobila �0.06 0.570 0.570 0.20 0.002 0.003
Ephyra-ASW 0.20 0.074 0.177 0.37 0.002 0.003
Juvenile medusa-polyp 0.03 0.214 0.356 0.29 0.003 0.004
Juvenile medusa-strobila 0.14 0.085 0.177 0.12 0.024 0.024
Juvenile medusa-ASW 0.41 0.012 0.120 0.34 0.001 0.003
Polyp-strobila 0.02 0.305 0.418 0.35 0.002 0.003
Polyp-ASW 0.27 0.035 0.173 0.43 0.002 0.003
Strobila-ASW �0.03 0.334 0.418 0.41 0.000 0.001

Compartment Baltic Sea water-gastric cavity 0.69 0.001 0.003 0.88 0.000 0.000
Baltic Sea water-mucus 0.17 0.045 0.045 0.46 0.004 0.005
Gastric cavity-mucus 0.52 0.020 0.030 0.19 0.029 0.029

Provenance Baltic Sea-North Sea 0.79 0.000 0.000 0.61 0.000 0.000
Baltic Sea-Roscoff 0.61 0.001 0.002 0.61 0.002 0.003
Baltic Sea-ASW 0.11 0.182 0.182 0.60 0.002 0.003
North Sea-Roscoff 0.20 0.082 0.099 0.08 0.031 0.031
North Sea-ASW 0.66 0.001 0.002 0.44 0.000 0.000
Roscoff-ASW 0.27 0.035 0.052 0.43 0.002 0.003

Antibiotic � type Ephyra (AB)-ephyra (no AB) � � � 0.35 0.002 0.004
Polyp (AB)-polyp (no AB) � � � 0.46 0.000 0.000
ASW (AB)-ASW (no AB) � � � 0.24 0.018 0.018
Ephyra (AB)-polyp (no AB) � � � 0.45 0.000 0.000
Ephyra (AB)-ASW (no AB) � � � 0.42 0.004 0.006
Polyp (AB)-ASW (no AB) � � � 0.40 0.005 0.006

a Tests were conducted for the pairs of factor levels or factor-level combinations stated in the “Comparison” column, as shown in Tables 1 and 2 for alpha and beta diversity
analyses, respectively. FDR, Benjamini-Hochberg-corrected P value (false discovery rate). “�” denotes values that were not determined. Results significant at the 5% level (both P
values and FDRs) are in boldface type.
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FIG 4 Distribution of effective OTU richnesses of bacterial communities associated with A. aurita and RDA models of Hellinger-transformed OTU abundances.
(Left) Distribution of effective OTU richnesses of bacterial communities associated with A. aurita life stages (A), A. aurita medusa compartments (B), popula-
tions (C), and induced sterile conditions (D). Box plots mark the medians (bold lines), interquartile ranges (colored boxes), outliers �1.5 times the interquartile
range from the box (whiskers), and outliers beyond (circles). Square brackets denote pairwise comparisons with P values of between 5% and 1% (*), between 1%
and 0.1% (**), and between 0.1% and 0.01% (***). (Right) Graphical representation (distance plots) of the RDA model of Hellinger-transformed OTU
abundances. Each point represents the whole microbial community of an individual sample, as mentioned above for panels A to C. Groups of related sample
points are framed by polygons filled with the corresponding color to elucidate the distribution and variability of sample groups in the ordination space.
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which is one of the dominant bacterial classes associated with
different surfaces of multicellular eukaryotic organisms in the
ocean (62–65) and appears to outcompete other bacterial classes
due its effective attachment and colonization abilities. Moreover,
data from the FISH analysis reported here and previous 16S rRNA
gene analyses (GenBank accession number KP299289) (R. Krae-
mer and R. A. Schmitz, unpublished data) argue for the presence
of a potential endosymbiont in A. aurita tissues, possibly belong-
ing to the genus Mycoplasma (class Mollicutes). The identified My-
coplasma sequences obtained from both medusa compartments
show 84% similarity to an uncultured bacterial clone, “CFI73”
(GenBank accession number AB703186), derived from the diges-
tive tract of Octopus mimus (66), which is closely related to mem-
bers of the orders Entomoplasmatales and Spiroplasmatales (see
Fig. S2 in the supplemental material). The A. aurita-associated
Mycoplasma species may thus represent a hitherto-unrecognized
novel Mycoplasma species, most likely an endosymbiont. Surpris-
ingly, the Mycoplasma species was not detected in the 454 se-
quencing libraries from polyps, which suggests that this particular
animal batch may have lost the Mollicutes, e.g., due to undetected
changes in husbandry conditions, or that they were in very low
abundance in the 454 library. These explanations are further sup-
ported by very recent analyses using the Illumina MiSeq platform,
which clearly detected the presence of this Mycoplasma species at
all life stages of A. aurita (data not shown).

In general, the class Mollicutes represents a unique category of
bacteria that have in common a small cell size, the absence of a cell

wall, a reduced genome, and simplified metabolic pathways. Mol-
licutes are widespread commensals or pathogens of humans,
mammals, reptiles, fish, plants, and other arthropods (reviewed in
reference 67) and have also been reported to be associated with
different invertebrates, e.g., earthworms (12), isopods (11), oys-
ters (68, 69), crustaceans (10), bryozoans (70), ctenophores (63,
71), and also cnidarians (72–74). Parasitic, commensal, and mu-
tualistic endosymbioses are widely distributed among inverte-
brate taxa and have arguably played a major role in the evolution
of several invertebrate families, classes, and phyla (75). Sometimes
accounting for as much as 50% of the invertebrate volume or
biomass, endosymbionts can profoundly affect the ecology, phys-
iology, development, and behavior of invertebrate hosts (76). Our
modified FISH protocol now allows precise localization of A. au-
rita-associated bacteria and potential endosymbionts. Thus, in fu-
ture studies, the proposed endosymbiont Mycoplasma sp. will be
further analyzed with genus-specific 16S rRNA probes to identify
its cellular localization. Furthermore, genome analysis employing,
e.g., a single-cell sequencing approach will allow prediction of its
potential functions.

Microbial community patterns change according to develop-
mental stages. (i) Microbial colonization of A. aurita kept under
artificial conditions at different life stages. Current knowledge of
the early steps of bacterial colonization of Scyphozoa larvae, the
establishment of its microbiota, and stability at different life
stages, especially after strobilation, is limited. Thus, the finding
that community patterns of different developmental stages of A.

FIG 5 Phylogenetic classification of A. aurita polyp laboratory stocks. DNA was extracted from 10 single polyps of each respective Roscoff, Baltic Sea, and North
Sea population, kept under the same artificial conditions. Aurelia-specific mitochondrial 16S rRNA (left) and ITS-1/5.8S rRNA (right) fragments were amplified
by PCR and sequenced. Phylogenetic reconstruction was performed by using Phylogeny.fr (http://www.phylogeny.fr/) (38, 39) with the maximum likelihood
method. Previously reported sequences from Aurelia populations deposited in GenBank (accession numbers AF461398 and AF461399 for 16S rRNA and
AF461405 and AF461406 for ITS-1/5.8S rRNA) were used for classification of polyps into known subpopulations. Phenotypic differences between populations
are visualized in the middle.
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aurita differ raises the question of the functional role of associated
microbiota in general and concerning development. The fact that
A. aurita jellyfish at stages of strobilation harbor similar microbi-
ota but differ significantly in their community patterns compared
to those of polyps argues that the A. aurita-associated microbiota
undergoes significant restructuring during the transition from the
benthic and immortal to the planktonic mortal life phases of their
host. Moreover, polyps also show the highest number of indicator
OTUs compared to those at other life stages. This further supports
the idea that polyps harbor a specific bacterial community of high
diversity, potentially essential for their sessile lifestyle (e.g., pro-
viding vitamins, amino acids, or secondary metabolites) and pos-
sibly important for the initiation of later developmental stages
(e.g., strobilation initiation) but less important after the transition
to planktonic stages. Thus, restructuring of microbial communi-
ties during strobilation may represent a life cycle strategy of A.
aurita, where certain bacterial communities include members
with specific (metabolic) functions important for specific devel-
opmental stages of the host. On the other hand, it is also possible
that animal development shapes a new microbiota due to changes
in the surface architecture or the production of host compounds
(e.g., differential expression patterns of antimicrobial peptides
during different life stages). In the long term, detailed knowledge
on the composition of bacteria associated with different life stages
of A. aurita might provide insight into a microbiota-dependent
life history and its evolutionary consequences. Moreover, the role
of the associated microbiota might also be important to under-
stand and control reproductive mechanisms to restrict jellyfish
blooms. In this respect, it was recently demonstrated that a water-
soluble membrane-diffusible molecule (an indole derivative) is
significantly involved in the induction of A. aurita proliferation
(77). Since it is currently not clear whether the host exclusively
produces the effector molecule, it is attractive to speculate that
similar or antagonistic molecules might be synthesized by the as-
sociated microbiota. Identification of such potential strobilation
antagonists might facilitate the control of jellyfish blooms.

In regard to proposed functions of the microbiota during a life
cycle, it was previously reported that bacteria are important for the
larval settlement processes of most marine invertebrates (78),
such as sponges (79), cnidarians (80), ascidians (81), and bryozo-
ans (82). In agreement with these findings, no settlement of plan-
ulae of the scyphozoans A. aurita (80) and Cassiopea andromeda
(83) or the hydrozoan Hydractinia echinata (84) occurred in the
absence of microbes. However, the presence of bacteria induced
the settlement and metamorphosis of each of these animals (85).

(ii) Microbial colonization of compartments of medusae
caught in the Baltic Sea. Living medusae were caught in the Baltic
Sea to analyze the community patterns of two compartments, the
exumbrella mucus and gastric cavity. Significant differences
among the two studied compartments and Baltic Sea water were
identified. Furthermore, the composition of the mucus-associated
microbiota was more variable than those of the gastric cavity and
Baltic Sea water. Overall, adult medusae from the Kiel Bight ap-
parently harbor bacterial consortia that are distinct from seawater
communities, especially in their gastric cavity. Bacterial consortia
associated with the animal’s outer surface are most likely more
influenced by the surrounding microbial community of ambient
water and external disturbance. This is likely the reason for the
high similarity of the exumbrella mucus samples to the seawater

consortia and their high compositional variability compared to
that of gastric cavity-associated bacteria.

Provenance matters: population-specific community pat-
terns. In this study, polyps of the Roscoff, North Sea, and Baltic
Sea populations originating from geographically distinct regions
were kept under the same controlled artificial conditions in the
laboratory for �10 years (common garden experiment). Phyloge-
netic analyses revealed a specific microbiota for each population
distinct from and irrespective of that of the ambient water (Fig. 3C
and 4C), arguing for a significant influence of genetic background.
The molecular phylogeny of A. aurita has been studied exten-
sively, based on nuclear internal transcribed spacer 1 (ITS-1) and
mitochondrial cytochrome c subunit I (COI), which led to taxo-
nomic revisions. For example, Schroth et al. (27) suggested histor-
ical speciation events and reconstructed the taxonomic classifica-
tion of the genus Aurelia to at least seven different species. Dawson
and colleagues (21, 86) proposed a taxonomic system combining
macromorphology and ITS-1, in addition to partial COI gene se-
quences. Altogether, the global phylogeny of the genus Aurelia
reveals at least 16 phylogenetic branches, including seven popula-
tions of A. aurita, and most of them appear to be regionally re-
stricted.

The largest differences in microbial composition among the
polyp populations studied in this report were found between the
North Sea/Roscoff and Baltic Sea populations. Phylogenetic clas-
sification based on mitochondrial and nuclear DNA data revealed
three different subpopulations corresponding to the geographic
occurrence of natural A. aurita populations. North Sea and Baltic
Sea polyps were more similar and thus clustered. This cluster
(BOR lineage) deeply branched from the Roscoff polyps (UBI
lineage) (Fig. 5). Of note, the differential subpopulations do not
necessarily match the phenotypic grouping of the populations.
The two populations of the North Sea and Baltic Sea are geneti-
cally unified by one lineage (BOR), but the phenotypic differences
are significant (Fig. 5). Baltic Sea specimens have much larger
polyps. North Sea and Roscoff specimens are substantially smaller
than those from the Baltic Sea and phenotypically more similar,
although they differ genetically. Overall, our findings indicate that
a correlation between the composition of the microbiota, genetic
background, and phenotype of the host should be taken into ac-
count. In nature, both host genetics as well as environmental fac-
tors are likely important in controlling the acquisition and stabil-
ity of a healthy microbiota. Indeed, several animal-bacterium
studies show that the three components environment, host genet-
ics, and microbiome are important to maintain homeostasis in the
host (87–89).

In conclusion, it appears that A. aurita-associated microbial
communities are indeed unique and sample type specific (com-
partment, life stage, and population). Taking the metaorganism
concept into account, we hypothesize that these specific microbi-
ota serve numerous important functions, including contributing
to the development of different life stages.
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