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Abstract
Marine sponges are known for their complex and stable microbiomes. How-
ever, the lack of a gnotobiotic sponge-model and experimental methods to
manipulate both the host and the microbial symbionts currently limit our
mechanistic understanding of sponge-microbial symbioses. We have used
the North Atlantic sponge species Halichondria panicea to evaluate the use
of antibiotics to generate gnotobiotic sponges. We further asked whether
the microbiome can be reestablished via recolonization with the natural
microbiome. Experiments were performed in marine gnotobiotic facilities
equipped with a custom-made, sterile, flow-through aquarium system. Bac-
terial abundance dynamics were monitored qualitatively and quantitatively
by 16 S rRNA gene amplicon sequencing and qPCR, respectively. Antibi-
otics induced dysbiosis by favouring an increase of opportunistic, antibiotic-
resistant bacteria, resulting in more complex, but less specific bacteria-
bacteria interactions than in untreated sponges. The abundance of the dom-
inant symbiont, Candidatus Halichondribacter symbioticus, remained over-
all unchanged, reflecting its obligately symbiotic nature. Recolonization with
the natural microbiome could not reverse antibiotic-induced dysbiosis. How-
ever, single bacterial taxa that were transferred, successfully recolonized
the sponge and affected bacteria-bacteria interactions. By experimentally
manipulating microbiome composition, we could show the stability of a
sponge-symbiont clade despite microbiome dysbiosis. This study contrib-
utes to understanding both host-bacteria and bacteria-bacteria interactions
in the sponge holobiont.

INTRODUCTION

Microbiome homeostasis and stable species interac-
tions are a key requirement for animal health (Manor
et al., 2020; Peixoto et al., 2021). From an ecological
perspective, holobionts (host organisms and their asso-
ciated microbes) are considered ecosystems and eco-
logical concepts on species interactions and dynamics
apply (Costello et al., 2012; Fierer et al., 2012). Accord-
ingly, animal microbiomes are in a dynamic equilibrium
and resistant to a disturbance within a certain range.
Beyond that threshold, disturbances, for example,

warming in the marine environment (Fan et al., 2013)
or antibiotics in the human gut (Strati et al., 2021), can
result in dysbiosis, which is defined as a divergence
from a healthy microbiome. In a dysbiotic state, species
interactions are altered, and the function of the healthy
symbiosis is lost, which often translates to disease
(Cho & Blaser, 2012). In some cases, the microbiome
is resilient and the state of dysbiosis is reversible, while
in other cases dysbiosis becomes a new stable state of
the microbiome (Sarker et al., 2017). Importantly, spe-
cies interactions within the holobiont can help to pre-
vent dysbiosis, for example as probiotic bacterial
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strains (Robles-Vera et al., 2020), or even reverse dys-
biosis as shown during microbiome transplantation
(Le Bastard et al., 2018).

Model systems offer experimental routes to simplify
processes and approaching questions that are too
complex in the environmental context of the organism.
In the host-microbe context, a key tool is hosts with a
controlled microbiome, either completely germ-free,
with a reduced, defined microbiome (gnotobiotic) or
lacking a certain symbiont (aposymbiotic). Mice gnoto-
biotic models have been first established in the 1950s
(Pleasants, 1959) and are since applied in medicine,
for example, to understand the role of the microbiome
in gastric disease (Rooks et al., 2014), or the side
effects of antibiotics (Lange et al., 2016; Ng
et al., 2013). Experimental models also allow to test the
effectiveness of microbiome-based treatments, such as
faecal transplants to treat gastric diseases (Ianiro
et al., 2020) and to restore dysbiosis after antibiotic
treatment (Le Bastard et al., 2018). Traditional symbio-
ses model systems (Douglas, 2019), such as mice,
Caenorhabditis elegans, Hydra, or Drosophila melano-
gaster, offer established protocols, ease of manipula-
tion and cost-efficiency, while lacking ecological
relevance compared to their wild-type organismic coun-
terparts. Emerging models across the tree of life can
increase our understanding across animal evolution or
in an environmental context (Bosch et al., 2019). Life
and much later multicellularity evolved in the ocean,
and aquatic ecosystems harbour diverse symbioses
across all animal phyla. The Vibrio-squid system is one
of the most advanced marine symbioses models that is
prominent for its few interacting players and the possi-
bility of investigating symbiotic colonization in naturally
symbiont-free juveniles (Nyholm & McFall-Ngai, 2021;
Visick et al., 2021). Beyond that, few prominent aquatic
symbioses model systems have been established,
including the Cnidarians Hydra vulgaris (Augustin
et al., 2012), Nematostella vectensis (Mortzfeld
et al., 2016), as well as Aiptasia sp. for the Symbodina-
ceae-Cnidarian interaction (Bucher et al., 2016; Costa
et al., 2021).

The phylum Porifera (sponges) dates back to the
Precambrian (Li et al., 1998) and sponge models allow
insights into symbioses at the base of animal evolution
(Pita et al., 2016). They are filter-feeders and ecologi-
cally relevant organisms, for example due to their role
in bentho-pelagic coupling and habitat formation
(Bell, 2008). Shallow water sponges harbour one of the
most complex microbiomes in the marine environment,
with 41 different bacterial phyla detected in sponges
translating to >3800 operational taxonomic units
(OTUs) per sponge species (Thomas et al., 2016).
Microbiome density depends on the host species and
can be of either low or high microbial abundance (LMA
and HMA, respectively) (Gloeckner et al., 2014;
Moitinho-Silva et al., 2017). Sponge microbiome

composition is first and foremost determined by sponge
host species (Easson & Thacker, 2014; Steinert
et al., 2017; Thomas et al., 2016) and is thought to be
comparatively resistant to environmental conditions
(Bell et al., 2018; Campana et al., 2021). However,
cases of dysbiosis in sponges have been reported dur-
ing disease (Blanquer et al., 2016; Luter et al., 2017)
and also in the context of climate change (Fan
et al., 2013; Posadas et al., 2021).

An experimental sponge model system would facili-
tate our understanding of host-microbe and microbe-
microbe interactions, as well as microbiome stability
and colonization dynamics (Pita et al., 2016). One such
example is the sponge Petrosia ficiformis where coloni-
zation of aposymbiotic hosts with a highly specific
photoymbiont, Candidatus Synechococcus feldmannii,
was documented and the effects on the sponge’s
microbiome were monitored (Britstein et al., 2020;
Cerrano et al., 2022). Another promising candidate with
a wide distribution along the North Atlantic coast and a
closely related sister species in the Pacific is the shal-
low water sponge Halichondria panicea (Erpenbeck
et al., 2004). H. panicea is an LMA sponge (Gloeckner
et al., 2014) with a unique monodominance of a single
bacterial species (25%–80% relative abundance in
16 S rRNA gene amplicon data), recently described as
Candidatus Halichondribacter symbioticus (Knobloch
et al., 2019a). The genome of this Alphaproteobacter-
ium displays key features of a sponge-symbiont, for
example, its role in ammonia assimilation, vitamin B12
synthesis and antimicrobial peptide production
(Knobloch et al., 2019c). The sponge host has been
studied in its natural environment (e.g., Barthel, 1986,
1988; Lüskow, et al., 2019a; Lüskow, et al., 2019b)
including the reproductive cycle (Witte et al., 1994). It is
amenable to aquarium maintenance and experimenta-
tion with adults that spawn in captivity (Amano, 1986;
Riisgård et al., 2016), single-osculum explants (Kumala
et al., 2021) and primmorphs, that is, cell aggregates
from dissociated cells (Lavrov & Kosevich, 2016). A
preliminary host genome assembly is available
(Strehlow et al., 2022) and de novo transcriptomes
have been published in the context of responses to
microbial elicitors (Schmittmann et al., 2021) and expo-
sure to crude oil (Vad et al., 2020).

We evaluated the use of antibiotics to generate gno-
tobiotic or aposymbiotic (i.e., Ca. H. symbioticus-lack-
ing) sponges in newly built, germ-free facilities for
marine organisms at the Kiel Marine Organism Culture
Centre (KIMOCC). We aimed to understand both com-
positional and abundance-related changes in the
sponge microbiome after disturbance by antibiotics.
Therefore, we used qPCR as a quantitative method to
track bacterial abundance (cDNA and gDNA) with
symbiont-specific as well as general bacterial primers,
and 16 S rRNA gene amplicon sequencing to follow
taxonomic composition over time. We further asked
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whether the microbiome can be reestablished via reco-
lonization with the natural sponge microbiome.

EXPERIMENTAL PROCEDURES

Experimental overview

Three experiments were performed: first, the ‘antibiotic
exposure experiment’ was run to test an antibiotic
cocktail for its efficacy to reduce the H. panicea micro-
biome. Second, the ‘recolonization by incubation
experiment’ was performed to study bacterial commu-
nity dynamics after antibiotic treatment and recoloniza-
tion where the natural sponge microbiome was
administered to the incubation water (see supplemen-
tary material for methods and results). Third, in the
‘recolonization by injection experiment’ recolonization
was performed where the natural microbiome was
injected directly to the sponge tissue with a syringe. In
the main manuscript, we focus on the recolonization by
injection experiment due to higher sampling resolution
and replication. More details on the materials and
methods are deposited on the online platform proto-
cols.io (Schmittmann & Hentschel, 2021;
Schmittmann & Pita, 2021).

Sponge collection

H. panicea individuals were collected by snorkelling
from Kiel, Germany (54.424705 N, 10.175133 E) in late
October 2018 (antibiotic exposure experiment), and in
June 2020 (recolonization by injection experiment).
Sponges were individually transported in 500 ml bottles
and brought to Baltic flow-through tanks at the institute
within 2 h after collection for a 1-week acclimation
period prior to experiments.

Experimental conditions

The set-up consisted of 500 ml glass flow-through bea-
kers, that were individually connected to aquarium
pumps (GHL Doser2) for water exchange (twice the
volume per day, 10 ml every �15 min) with sterile fil-
tered (0.22 μm) artificial seawater. Artificial seawater
(TropicMarine) was sterile filtered with a 0.22 μm mem-
brane (Sartorius SM 162 75, 142 mm) into autoclaved
20 L carboys (Nalgene) and regularly plated on MB
agar to test sterility. Autoclaved Nannochloropsis salina
algae were added at a concentration of �105 cells/ml
as a food source (Algova, solution from freeze dried
powder). For the antibiotic treatment, an antibiotic cock-
tail was added to the source water from T0 to T4 of the
experiment: rifampicin (50 mg/L in DMSO), Nalidixic

acid (50 mg/mL in 0.3 M NaOH), ampicillin (50 mg/mL
in water), neomycin (50 mg/mL in water), polymyxin B
(2 mg/mL in water). We have chosen the antibiotics
based on previous studies with the aquatic inverte-
brates Hydra, Nematostella and Aurelia aurita (Domin
et al., 2018; Franzenburg et al., 2012; Weiland-Bräuer
et al., 2015), as well an covering a spectrum of different
mechanisms of actions and bacterial targets. From day
T4 on, the antibiotic treatment was stopped, and the
residual antibiotics were washed out within 1 day (the
estimated concentration was monitored by pigmenta-
tion of rifampicin). Fresh artificial seawater was pre-
pared every day during the antibiotic treatment and
every alternating day afterwards. Experiments were
performed with stable temperatures and salinities
according to the environmental conditions at the time of
the respective experiment (Table S1). In order to con-
trol the efficacy of the antibiotic treatment, colony form-
ing units were counted from the seawater. Water from
four replicates per treatment was sampled several
times throughout the recolonization experiments via a
sterile serological 10 ml pipet permanently inserted in
the culture units. Dilutions were prepared 1:1000 in
sterile 1.5% NaCl, and 100 μl plated onto MarineBroth
(Difco2216) agar plates in triplicates. After incubation at
28�C for 7 days, colony forming units were counted.

Gnotobiotic experimental facilities

Experiments were performed in marine gnotobiotic
chambers that are inspired by gnotobiotic mouse facili-
ties. A detailed description of the setup and materials
used is provided on the online platform protocols.io
(Schmittmann & Hentschel, 2021). Briefly, they consist
of a restricted transitioning area, a preparation climate
chamber, and an experimental climate chamber perma-
nently equipped with an air filtration system (CP Type
500 NATURE SYSTEM, Expansion Electronic SRL,
Italy) that successfully removes microbes from the air.
Further, surfaces were sterilized daily (Curacid Medical
wipes, PICO-Medical, Germany), and all materials were
either sterile packed, autoclaved or sterilized with etha-
nol. An experimental aquarium set-up was custom
made that enables a sterile flow-through of water and
automatic water exchange. To our best knowledge this
is the first designated marine gnotobiotic facilities with a
sterile flow-through culture system designed for marine
sponges. Sponges require high rates of water
exchange and animals cannot be kept in for example,
petri dishes as was done for Ciona intestinalis (Leigh
et al., 2016). In previous efforts, antibiotics have been
mainly applied to sponge explants (De Caralt
et al., 2003), sponge larvae (Gloeckner et al., 2013) or
primmorphs (Richardson et al., 2012; Schippers, 2013;
Sipkema et al., 2003). The advantage of our proposed
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system is the possibility to experiment with adult
sponges, which may be a more realistic simulation of
sponge performance in their native habitat than tissue
or cell culture efforts.

Antibiotic exposure experiment

For the antibiotic exposure experiment, four sponge
individuals were each cut into three clones with a sterile
scalpel (each about 2 � 2 � 2 cm). One clone per indi-
vidual was immediately preserved in RNAlater (incu-
bated overnight at 4�C and stored at �80�C) and
serves as the start sample T0 (n = 4). The other two
clones per individual were placed in separate glass
beakers and either treated with an antibiotic cocktail
from T0 to T4 or served as a control. After a recovery
phase of 7 days, tissues were preserved in RNAlater
(T11, n = 4).

Recolonization experiment

Sixteen sponge individuals were each cut to three
clones with a sterile scalpel (each about 4 � 4 � 4 cm).
One clone per individual was immediately preserved in
RNAlater and serves as the start sample T0 (n = 16).
The other two clones per individual were each placed
in separate glass beakers and all were treated with the
antibiotic cocktail described above (note that in this
experiment all sponges and clones were treated with
antibiotics). DNA extraction and qPCR were performed
on the sampling day allowing a real-time tracking of all
bacteria and Ca. H. symbioticus abundances. There-
fore, after the antibiotic treatment, daily biopsy samples
were taken from six random tanks by cutting a small tis-
sue piece (�5 � 5 � 5 mm) with sterile scissors while
the individual remained within the experiment. On day
T12 and T13, half of the sponges were recolonized
three times within 36 h. For each recolonization, 2 ml
freshly prepared H. panicea symbiont inoculum were
injected with sterile syringes (0.6 mm diameter, 80 mm
length). The control group received a sham injection
with sterile-filtered seawater to simulate the injection
without transferring bacteria. The bacterial inoculum
was prepared by differential centrifugation from several
fresh and untreated sponges kept for 19 days in a Bal-
tic flow-through system with a modified protocol after
Wehrl et al. (2007) (for further details see supplemen-
tary materials). The volume of the sponge tissue used
to prepare the inoculum was equivalent to the volume
of the sponges to be recolonized (estimated by size).
For DNA extraction, the inoculum was pelleted and
flash frozen in liquid nitrogen. After recolonization,
biopsy samples of sponges were taken daily (n = 3),
and a larger sampling size (n = 8) was taken 2 days
and 6 days after recolonization.

DNA/RNA extraction

DNA was extracted from �25 mg sponge tissue or half
of the water filters with the DNeasy PowerSoil Kit
(Qiagen, Netherlands). The pelleted inoculum was
extracted with the Blood + Tissue Kit (Qiagen,
Netherlands) following the manufacturers protocol with
proteinase K incubation for 30 min. The DNA was
eluted in 50 μl elution buffer. Total RNA from 70–80 mg
sponge tissue was extracted with the RNeasy Mini Kit
(Qiagen, Netherlands) and RNA eluted in 60 μl. Degra-
dation of RNA was inhibited (1 U/μl SUPERase-IN,
Thermo Fisher Scientific, USA) and genomic DNA was
removed after extraction (DNA-free DNA removal Kit,
Thermo Fisher Scientific, USA). DNA and RNA were
quantified in Qubit (DNA and RNA BS and HS Kits,
Thermo Fisher Scientific, USA) and checked with
NanoDrop (Thermo Fisher Scientific, USA, some RNA
samples additionally with Experion, Bio-Rad, USA).

Quantitative real-time PCR (qPCR)

Overall bacterial abundance as well as Ca.
H. symbioticus abundance was estimated by qPCR
based on the 16 S rRNA gene (Table S2). General bac-
terial primers were previously applied in sponges to
estimate total bacterial abundance (Bayer et al., 2014)
while Ca. H. symbioticus specific primers were
designed for this study (Schmittmann & Pita, 2021).
Analysis was run on both gDNA and cDNA (RNA tran-
scribed with iScript cDNA synthesis kit, Bio-Rad). For
quantification of gene copy numbers, dilutions of puri-
fied PCR products in tRNA solution (10 ng/μl Sigma
Aldrich, Germany) were used as standards. The con-
centration of the highest standard of each dilution
series was measured with Qubit (DNA and RNA HS
Kits, Thermo Fisher Scientific, USA) and copy numbers
calculated based on concentration and fragment length.
Quantitative PCRs were performed in a CFX96 real-
time detection system (Bio-Rad, Germany) with the
Maxima SYBR Green 2x Master Mix (Thermo Fisher
Scientific, USA) (Table S3). Standards were run in
duplicates and samples in triplicates. Efficiencies and
copy numbers were calculated with the Bio-Rad CFX
Manager Software (version 3.1) and data analysis was
performed in R (version 3.5.1, packages stats, car and
rcompanion). Generalized linear models or linear mixed
effect models were applied according to the tested data
set (Tables S9–S11).

Amplicon sequencing

The V3-V4 variable regions of the 16 S rRNA gene
were amplified in a one-step PCR using the primer pair
341F-806R (dual-barcoding approach [Kozich

ANTIBIOTIC-INDUCED SPONGE MICROBIOME DISTURBANCE 6395
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et al., 2013]; primer sequences: 5’-CCTACGGGAGG-
CAGCAG-30 & 5’-GGACTACHVGGGTWTCTAAT-30).
After verification of the presence of PCR-products by
gel electrophoresis, normalization (SequalPrep Normal-
ization Plate Kit; ThermoFisher Scientific, Waltham,
USA) and equimolar pooling was performed. Sequenc-
ing was conducted on the MiSeq platform (MiSeqFGx;
Illumina, San Diego, USA) with v3 chemistry. The set-
tings for demultiplexing were 0 mismatches in the bar-
code sequences.

Amplicon bioinformatic and statistical
analyses

Bioinformatic analyses followed a published protocol
(Busch et al., 2022). For computation of microbial core-
diversity metrics, sequences were processed within the
QIIME2 environment (version 2018.11, Bolyen
et al., 2019). Amplicon Sequence Variants (ASVs) were
generated from forward reads (truncated to 270 nt) with
the DADA2 algorithm (Callahan et al., 2016). Phyloge-
netic trees were calculated based on resulting ASVs
with the FastTree2 plugin with the default parameters
(maximum relative frequency of gap characters = 1,
minimum relative frequency of non-gap charac-
ters = 0.4). Representative ASVs were classified using
the Silva 132 99% OTUs 16 S rRNA gene database
(Quast et al., 2013) with the help of a primer-specific
trained Naive Bayes taxonomic classifier. Mitochondrial
and chloroplast reads were removed. The data were
rarefied to a sampling depth of 3300 reads per sample
(Figure S2, S3 and S8). Alpha and beta diversity indi-
ces (e.g., Faith’s Phylogenetic Diversity and weighted
UniFrac distances, respectively) were calculated within
QIIME2. To evaluate sample separation in ordination
space, non-metric multidimensional scaling (NMDS)
was performed on weighted UniFrac distances. Alpha
diversity was analysed in R (version 3.5.1, packages
stats, car and rcompanion) with generalized linear or
linear mixed models depending on the dataset
(Table S12–S14). Beta diversity (weighted unifrac dis-
tances) were tested for dissimilarity by PERMANOVA
with 999 permutations and for homogeneity by PERM-
DISP within QIIME2 (version 2018.11) (Table S4–S8).
The dataset was analysed as a whole (T0–T19), as well
as a subset only including control and recolonized
sponge samples after recolonization (T14–T19).

To assess the effect of recolonization on micro-
biome community composition, significantly different
abundance of ASVs between recolonized and control
sponges was assessed for the end of the experiment at
T19 (LEfSe in Galaxy version 1.0) (Segata et al., 2011).
With an UpSetR analysis ‘persister’ ASVs (present
throughout the whole experiment), and potential ‘reco-
lonizer’ ASVs (present in inoculum and recolonized
sponges only) were identified (UpSetR version 1.4.0)

(Conway et al., 2017). The ASV sequences were com-
pared to the GenBank standard database with BLASTN
under default parameters and results sorted by e-value
(accessed in August 2021). If there were several clos-
est hits with the same e-value, the results were
screened for host-association and the closest host-
associated hit was reported.

Bacterial co-occurrence networks

Bacterial co-occurrence networks were calculated
based on relative abundances with the SparCC meth-
odology (Friedman & Alm, 2012) in SCNIC (version
2020.10) (Shaffer et al., 2022) within QIIME2 (version
2020.8). Significant interactions were defined as
�0.5 > R > 0.5. Networks were calculated from data
subsets to represent different states of the H. panicea
microbiome: i) untreated from the wildtype start sam-
ples T0, and ii) recolonized from the recolonized
sponges T14-T19, compared to control from the non-
recolonized control sponges. Details on network results
can be found in the supplements (Table S16-S21).

Data visualization

Plots were generated in R (version 3.5.1 and 4.0.2,
packages ggplot2, plotrix, svglite), but the fluid barplots
were prepared in RawGraphs (version 2.0 beta) (Mauri
et al., 2017) and the co-occurrence networks were visu-
alized and annotated in Cytoscape (version 3.8.2)
(Shannon et al., 2003). If necessary, figure layouts
were finalized in Inkscape (version 0.92).

RESULTS

In this study we aimed to remove the bacterial micro-
biome of H. panicea, targeting specifically the domi-
nant symbiont Ca. Halichondribacter symbioticus.
The Ca. H. symbioticus amplicon sequence identified
in this study (amplicon sequence variant, ASV
350235dc06427fbe808d1bb3452afc91) is identical to
most published sequences from previous studies (0–
1 bp difference from 270 bp), (Althoff et al., 1998;
Knobloch et al., 2019a; Naim et al., 2014). We
designed specific 16 S rRNA gene primers for Ca.
H. symbioticus to assess absolute abundance via
qPCR and used general bacterial 16 S rRNA gene
primers to quantify total bacterial abundance. The rel-
ative proportion of Ca. H. symbioticus 16 S rRNA
gene in the total bacterial 16 S rRNA gene pool esti-
mated by both qPCR and 16 S rRNA gene amplicon
sequencing was highly correlated (Figure S1,
R2 = 0.87–0.93). Further, qPCR results from both
genomic DNA (gDNA) and complementary DNA

6396 SCHMITTMANN ET AL.
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(cDNA; synthesized from RNA) revealed similar
trends throughout the experiments (Figure 1B,C,
Figure S7), suggesting that the dominant symbiont
Ca. H. symbioticus and other bacterial microbiome
members were active.

Antibiotic exposure experiment

Microbiome changes in H. panicea were assessed
7 days after antibiotic treatment (Figure 1A). The abso-
lute abundance of the dominant symbiont Ca.

F I GURE 1 (A–E) Antibiotic exposure experiment: Absolute and relative bacterial abundance after antibiotic treatment. (A) Timeline of
antibiotic exposure experiment. Sponges were either treated with antibiotics for 4 days or left untreated as a control. Samples were taken prior to
the experiment at T0, and after a recovery phase at T11. n = 4. (B, C) absolute bacterial abundance estimated by RT-qPCR. 16 S rRNA gene
copy numbers per μg genomic DNA (B) and per μg cDNA (C) at the start (T0) and after the recovery phase (T11). Left: Gene copy numbers for
Ca. Halichondribacter-specific 16 S rRNA gene, right: Gene copy numbers for total bacterial 16 S rRNA gene. Values with different letters are
significantly different (p < 0.05), and black lines represent median. (D) Relative microbial community composition on phylum level (top 15 phyla)
across timepoints and treatments. Proteobacteria are resolved in the Alphaproteobacterium Ca. Halichondribacter symbioticus and other
Proteobacteria. (E) Non-metric multidimensional scaling plot on weighted UniFrac distances. Colour indicates the treatment and timepoint.
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F I GURE 2 Legend on next page.
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H. symbioticus increased in the control treatment,
respective to T0, while it decreased by 2–3 orders of
magnitude after antibiotic treatment, as assessed by
qPCR on gDNA level (ANOVA, F-value [2, 31] = 74.81,
p-value <0.0001) (Figure 1B). The absolute abundance
of total bacteria increased significantly, by 1–2 orders
of magnitude, in control and antibiotic treated sponges
(ANOVA, F-value [2, 33] = 10.17, p-value <0.001).
Results from cDNA followed similar patterns (ANOVA,
F-value [2, 32] = 22.98, p-value <0.0001; F-value
[2, 33] = 4.06, p-value <0.05, respectively) (Figure 1C).
With respect to the relative abundance (amplicon
sequencing), Ca. H. symbioticus ASV numbers
decreased from 36.2% � 7.1% to 1.6% � 0.7% (avera-
ge � standard error) after antibiotic exposure while rel-
ative numbers remained at an average of 24.1% �
6.9% in controls (n = 4, Figure 1D). Other Proteobac-
teria (including Alteromonadales and Vibrionales)
increased in relative abundance over time (from
26.5% � 2.3% to 82.5% � 1.1%), regardless the treat-
ment. The composition and beta diversity of the micro-
bial communities shifted in the control sponges
(PERMANOVA, pseudo-F = 2.7, adjusted p-value
<0.03), and even more so, in the antibiotic treated
sponges (pseudo-F = 14.13, adjusted p-value <0.03)
while control and antibiotic treated sponges were signif-
icantly different at T11 (pseudo-F = 5.28, adjusted p-
value <0.03) (Figure 1E, Table S4). The alpha-diversity
in terms of evenness (Pilou) and richness (Shannon
Diversity) did not change throughout the experiment,
whereas phylogenetic diversity (Faith’s) decreased sig-
nificantly in both control and antibiotic treatment
(ANOVA, F-value [2, 9] = 12.89, p-value <0.01)
(Figure S2).

Recolonization experiment

We performed two follow-up experiments to test
whether Ca. H. symbioticus numbers could be

recovered after antibiotic treatment by recolonization
with the natural sponge microbiome. The two experi-
ments differed in the mode of recolonization. In the first
experiment, the symbiont inoculum was added to the
water (incubation) while in the second, the symbiont
inoculum was injected into the sponge tissue (injec-
tion). We will focus on the injection experiment here
(Figure 2A), since the mode of recolonization did not
affect the main outcome of the experiments (see sup-
plementary materials for details on the recolonization
by incubation experiment), and the temporal resolution
and replication is much higher for the recolonization by
injection experiment.

When looking at the dynamics of absolute bacterial
numbers over time (qPCR), the absolute abundance of
Ca. H. symbioticus was lower and more variable across
individuals than at T0 (Figure 2B). The abundance of
Ca. H. symbioticus significantly decreased temporarily
after antibiotic treatment (Scheirer-Ray-Hare test, H-
value [14, 40] = 38.34, p-value <0.001), while the drop
by 1–2 orders of magnitude was less than the decrease
by 2–3 orders of magnitude observed in the antibiotic
exposure experiment (Figure 1B). Post-hoc testing
revealed that the significant decrease compared to T0
happened between days T10 to T14. From T14
onwards, Ca. H. symbioticus absolute numbers recov-
ered to T0 levels, regardless of whether the sponges
were recolonized or not (Figure 2B). In contrast, the
total bacterial abundance increased during the experi-
ment by three orders of magnitude (Scheirer-Ray-Hare
test, H-value [14, 40] =138.77, p-value <0.000001). In
particular, bacterial 16 S rRNA gene copy numbers
steeply rose in the time frame from T07 to T15, after
which a new, stable carrying capacity was reached,
independently of whether the sponges were recolo-
nized or not (Figure 2B).

When looking at relative microbial community com-
positions over time (amplicon sequencing), no differ-
ences between recolonized sponges and control
sponges were observed (Figure 2C). Both profiles

F I GURE 2 (A–E) recolonization experiment: Absolute and relative bacterial abundance before and after recolonization by injecting the
natural microbiome of H. panicea to antibiotic treated sponges. (A) Timeline of recolonization by injection experiment. All sponges were treated
with antibiotics for 4 days and recovered in sterile filtered artificial seawater for 7 days. Then, sponges were either injected three times with a
bacterial inoculum, or sterile-filtered seawateras a sham control on day T12 and T13. Samples were taken prior to the experiment at T0 (n = 16),
after a recovery phase (before injection) at T12 (n = 32), from the bacterial inoculum, and 2 and 6 days after the last recolonization (n = 8). In
between major samplings, daily biopsy samples were taken (n = 3–6). (B) Absolute bacterial abundance estimated by RT-qPCR. 16 S rRNA
gene copy numbers per μg genomic DNA throughout the experiment. Results for Ca. Halichondribacter-specific 16 S rRNA genes (right) and
total bacterial 16 S rRNA genes (left). Different treatment groups are indicated by colour. Black lines represent median per day. Significant
differences between the start (T0) and the respective days are indicated by asterisks above the days (ANOVA or Schreier-ray-hare test).
Recolonization had no effect on copy numbers, while the sponge individual did affect Halichondribacter-specific copy numbers (p = 0.00017).
(C) Relative bacterial community composition shown on phylum level (top 15 phyla) across time and separated by treatment. Proteobacteria are
resolved in the Alphaproteobacterium Ca. Halichondribacter symbioticus and other Proteobacteria. (D) Beta diversity of microbial communities
(non-metric multidimensional scaling plot on weighted UniFrac distances). Treatments are represented by colour, with increasing colour intensity
representing progressing time. For results of pairwise PERMANOVA on beta diversity see table S7. (E) Bacterial co-occurrence network for
untreated wildtype (T0) sponges. Co-occurrences between ASVs (�0.5 > R > 0.5, p-value <0.05) are displayed by edges (interaction)
connecting nodes (ASVs). The colour of the edges depicts the direction of the correlation (negative or positive), and thickness the interaction
strength. The size of the nodes is proportional to the relative abundance of ASVs and the colour represents taxonomic affiliation (as in C). ASVs
that have the family Amylibacter as the closest known relative are labelled ‘A’.
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changed in similar manner throughout the experiment.
The relative abundance of Ca. H. symbioticus
decreased from 54% � 1.8% at T0 (n = 16) to 1.4% �
0.4% and 1.2% � 0.2% in the control and recolonized
treatment (n = 9), respectively, in the end of the experi-
ment. Certain microbial phyla (mainly Proteobacteria,
followed by the phyla Firmicutes, Desulfobacteria,
Campilobacteria and Fusobacteria) increased while
other bacterial phyla that almost disappeared (among
them Actinobacteria, Verrucomicrobiota and Cyanobac-
teria). Overall, the microbial community was dominated
by several phyla at the end of both treatments rather
than the monodominance of Proteobacteria at T0,
which was reflected in higher evenness (ANOVA, F-
value [14, 141] = 21.75, p-value <0.000001)
(Figure S3). Both Shannon diversity (richness) and
phylogenetic diversity (phylogenetic richness) were
more variable after antibiotic treatment than at T0
(Figure S3). Shannon diversity increased until the end
of the experiment (Scheirer-Ray-Hare, H-value
[12, 136] = 26.26, p-value <0.01), while phylogenetic
diversity decreased over time (Scheirer-Ray-Hare, H-
value [12, 136] = 43.31, p-value <0.0001). The micro-
bial community compositions (beta diversity) shifted
(PERMANOVA, F-value = 26.06, p-value <0.001) from
the start to the recovery phase to the treatment, where
control and recolonized samples overlapped
(Figure 2D). Noteworthy, the inocula were most similar
to the starting sponge microbiomes, reflecting a high
proportion of Ca. H. symbioticus in these samples. Bac-
terial co-occurrence networks indicate that Ca.
H. symbioticus is largely independent from the remain-
ing microbiome (3 from total 151 interactions) in
untreated sponges (Figure 2E). About 15% of all nodes
in the bacterial co-occurrence network were annotated
as Amylibacter, the closest known relative of Ca.
H. symbioticus. Some of Amylibacter ASVs were
among the most connected, while others had only one
or few interactions.

We also compared the differences between treat-
ments on a sponge individual basis (Figure S4). This
was possible because the same individual was split into
two clones that were subjected to either control or reco-
lonized treatment. Interestingly, even after 19 days of
experimentation, the abundance of Ca. H. symbioticus
was nearly identical between clones, and regardless of
treatment. Moreover, the sponge individuals followed
different trajectories over time: while symbiont popula-
tions remained stable in some individuals, they were
either increasing or decreasing in others. Notably, the
clones of the same individual followed the same trend,
which was independent of the treatment regime
(Figure S4).

In addition to cultivation-independent analyses
(amplicon sequencing, qPCR), we monitored the cultur-
able microbial fraction (Figure S5) which does not rep-
resent the complete microbial diversity since most

sponge-associated bacteria including Ca.
H. symbioticus are not culturable (Knobloch
et al., 2019b; Wichels et al., 2006). First, we checked
for bacterial growth in the culture seawater by counting
colony forming units (CFU’s). Colony growth was
absent during the antibiotic treatment, however bacte-
rial numbers increased in the recovery phase until they
reached a plateau of �105 CFUs/ml at T11. There was
no difference between control and recolonized treat-
ments. Secondly, we separately tested the five antibi-
otics of the cocktail for their inhibition of bacterial
growth. Sponge-associated bacteria isolated from
antibiotic-treated animals had developed more resis-
tances than those isolated from sponges not treated
with antibiotics. These antibiotic-resistant isolates were
mainly affiliated to Flavobacteria. All isolated strains
remained sensitive to rifampicin, one of the five compo-
nents of the treatment cocktail.

Identification of persisters and
recolonizers

We then inspected the overlap of ASVs that were
shared between experimental groups (Figure 3A,B).
We defined ‘persisters’ as those ASVs that were pre-
sent in all experimental groups (n = 13). Persister
ASVs were either present in all groups (n = 11) or in all
groups except inoculum (n = 2). Cumulatively, these
were also the most abundant ASVs (75% at T0 and
21% at T19), (Figure 3 C). Interestingly, the closest rel-
atives of the persister ASVs were found to be host-
associated, and majorly sponge-associated (Table 1).
As expected, Ca. Halichondribacter symbioticus
(P1) belonged to the persisters and was identified in all
analysed samples. Two additional persisters (P2: Bac-
teroidota, Cyclobacteriaceae; P3: Gammaproteobac-
teria, HOC36) were present in more than half of the
replicate sponges throughout the entire experiment. It
is noteworthy that persisters were detected in more
sponge individuals at the end compared to the begin-
ning of the experiment.

We defined the group of ‘recolonizers’ as those
ASVs that occurred both in the inoculum and the reco-
lonized sponges, while being absent in the control
sponges (n = 8) (Figure 3). The corresponding ASVs
were present in low abundances in the inoculum
(0.01%–0.44%) and in untreated sponges (0%–0.86%).
Four potential recolonizers were detected in more than
half of the replicate sponges (Table 1). Those were affil-
iated with marine, environmental taxa members, and
reached average relative abundances of 8.72% for
Bacteroidota, 0.36%–1.29% for Campilobacterota, and
0.18% for Desulfobacterota (Figure S6).

We investigated if and how recolonizers affected
bacteria-bacteria interactions by calculating bacterial
co-occurrence networks for control and recolonized
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sponge microbiomes separately. In the control treat-
ment, 126 ASVs were correlated, and 81% of the
bacteria-bacteria interactions were positive (Figure 4A).
The four potential recolonizers, R1–R4, affected
bacteria-bacteria interactions (Figure 4B). Recolonizers
R1 and R2 had several interactions (9 and 10, respec-
tively) with potential opportunistic ASVs that were not
part of the untreated co-occurrence network at T0. Fur-
ther, R1 and R2 had a positive correlation with each
other. They were negatively correlated to other ASVs,
including a highly abundant Pseudoalteromonas and a
Halodesulfovibrio, likely opportunistic bacteria that
were increasing after antibiotic treatment. The recolo-
nized network was more complex than the control net-
work with 16% more nodes and 28% more interactions,
specifically 50% more negative and 15% more positive
interactions.

DISCUSSION

In this study, we explored microbial community dynam-
ics in the microbiome of the sponge H. panicea after

disturbance by antibiotics and evaluated the potential
for reversing changes via recolonization. Antibiotics
exposure induced a strong dysbiosis that was charac-
terized by higher relative and absolute abundances of
opportunistic microbes and concomitantly, a reduced
dominance of Ca. Halichondribacter symbioticus. Inter-
estingly, the absolute abundances of Ca.
H. symbioticus decreased only temporarily after antibi-
otic treatment and recovered to initial levels regardless
of recolonization, implying a high stability and underlin-
ing the obligate nature of this sponge symbiont. Other
symbionts most closely related to sponge- and other
host-associated bacteria, also persisted in the micro-
biome in spite of the antibiotic treatment. Overall, dys-
biosis resulted in more complex, but less specific
bacteria-bacteria interactions than in untreated
sponges. Recolonization with the natural microbiome
had no effect on overall microbiome composition and
diversity, but single bacterial taxa were transferred and
successfully colonized the sponge. These recolonizers
negatively affected the abundance of opportunistic bac-
teria, but the effects were not strong enough to recover
the microbiome.

F I GURE 3 Recolonization experiment: Shared ASVs between experimental groups. UpSetR analysis depicts the intersection of ASVs
between experimental groups. ‘Persister’ ASVs that remain throughout the experiment are marked in yellow, and potential ‘recolonizers’
transmitted from inoculum to recolonized sponges are marked in blue. The set size (number of ASVs) is shown in horizontal bars, the
intersection size is shown in vertical bars above the respective intersection. The boxplot represents the ASV abundance as ln-transformed read
counts.
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Exposure to antibiotics promotes growth
of opportunistic bacteria

We were unable to create gnotobiotic or aposymbiotic
sponges, which is consistent with previous studies that
have applied antibiotics in sponges so far (De Caralt
et al., 2003; Friedrich et al., 2001; Gloeckner
et al., 2013; Richardson et al., 2012; Schippers, 2013;
Sipkema et al., 2003). In previous works, Schellenberg
et al. could achieve a reduction of microbial load in Hali-
clona cnidata by continuous exposure to ampicillin and
gentamycin over 4 weeks (Schellenberg et al., 2020).
Contrary to our expectations, antibiotics resulted in an
increase in total bacterial abundance in our study
(Figure 2). Prolonged antibiotic exposure can favour
the growth of antibiotic-resistant bacteria (Callens
et al., 2018) as was indeed observed in our study
(Figure S5) and would explain the increased carrying
capacity. We cannot rule out the possibility that the
sponge host was stressed by the antibiotic treatment,
making it vulnerable to opportunistic bacteria that could
consequently increase in numbers. Future efforts
should thus include a set-up where phenotypic mea-
sures of the sponge performance (i.e., pumping activity)
can be measured alongside.

Nevertheless, our antibiotic tests showed that all
sponge-associated, culturable bacteria including those
isolated from antibiotic treated sponges remained sen-
sitive to rifampicin throughout the experiment. We thus
speculate that these bacteria are protected by the
sponge extracellular matrix that similar to mucus in the
human gut or biofilms (Samad et al., 2019; Yan &
Bassler, 2019) prevent antibiotics from reaching their
bacterial target. Additionally, antibiotics are known to
be less effective at high bacterial cell densities
(Udekwu et al., 2009), which might further decrease
their efficacy inside the sponge tissue. Completely
eradicating sponge-associated bacteria by antibiotics
continues to be a challenge and alternative methods
like that is, rearing of sterile sponge larvae, reducing
the microbiome via nutrient limitation or eradicating
selected sponge symbionts by phage therapy should
be explored. The advantages of sponge larvae over
adult sponges are their higher surface to volume ratio
and thus potential higher susceptibility to antibiotics, as
well as their smaller bacterial community that needs to
be eradicated. On the negative side, H. panicea is a
temperate sponge species with a short reproductive
season and consequently short window of opportunity
for experimentation (Witte et al., 1994). Reduction of
sponge-associated microbes under nutrient limitation
was demonstrated unintentionally while a recirculating
seawater aquarium system was tested to maintain
H. panicea (Knobloch et al., 2019a). After 6 months,
sponges had reduced their body mass but also their
symbiont density including the dominant symbiont Ca.
H. symbioticus. Manipulating food composition in theT
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F I GURE 4 (A, B) Recolonization experiment: Bacterial co-occurrence networks for (A) control (T14–T19) and (B) recolonized H. panicea
microbiomes (T14-T19). Co-occurrences between ASVs (�0.5 > R > 0.5, p-value <0.05) are displayed by edges (interactions) connecting nodes
(ASVs). The colour of the edges depicts the direction of the correlation (negative or positive), and the thickness the interaction strength. The size
of the nodes is proportional to the relative abundance of ASVs and the colour represents taxonomic affiliation. Nodes with a black outline are
also present in the respective other treatment network. R1–R4 and P1–P4 indicate recolonizer and persister ASVs as defined in Table 1.
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culture water could be a promising avenue to create
Ca. H. symbioticus-free or strongly reduced sponges
for experimentation without the use of antibiotics.

Ca. Halichondribacter symbioticus
remains stable in spite of dysbiosis

The increase of antibiotic resistant, opportunistic bacte-
ria correlated with a relative decrease of the dominant
symbiont Ca. H. symbioticus (Figure 2C). In terms of
absolute numbers however, Ca. H. symbioticus num-
bers remained surprisingly unaffected in most sponge
individuals, and overall returned to initial levels regard-
less of recolonization (Figure 2B). Together with twelve
other bacterial taxa, Ca. H. symbioticus comprises what
we define as a ‘persistent microbiome’ that persisted
throughout the experiment. Intriguingly, most persisters
were related to sponge-associated microbes, providing
strong evidence that these are true sponge symbionts
(Table 1). In untreated sponges at T0, most persisters
(P5-P13) appear to be part of the rare biosphere of the
sponge as they occur at low relative abundances
between 0.0045% and 0.02%. Since they were found in
an increasing number of sponge individuals over time,
it is conceivable that they grow inside of the sponge,
which would however need to be verified by qPCR in
future studies. Thus, their abundances are more
dynamic and flexible than that of Ca. H. symbioticus
which might reflect the different processes controlling
their abundance. When looking at bacterial activity
(i.e., qPCR on cDNA), we showed that at least the Ca.
H. symbioticus clade remained transcriptionally active
during dysbiosis. This finding is consistent with Schel-
lenberg et al. (2020) who have described that a resilient
portion of the sponge microbiome remains metaboli-
cally active after antibiotic treatment.

Surprisingly, the absolute abundance of Ca.
H. symbioticus did not decrease in all sponge individ-
uals. Inter-individual differences were detected by both
16 S rRNA gene amplicon sequencing and qPCR
(Figure S2). Genotyping sponges would elucidate
whether host-genetics correlate to symbiont abun-
dance, similarly as to what has been reported in
humans (Tavalire et al., 2021). The low number of
bacteria-bacteria interactions with the dominant symbi-
ont in untreated sponge microbiomes let us speculate
that Ca. H. symbioticus might be mainly host-depen-
dent. One possible explanation could be that the hosts
immune system controls symbiont abundance on an
individual level. Indeed, H. panicea individuals differ in
their expressed immune receptor repertoire, as well as
in their transcriptional response to a microbial elicitor
(Schmittmann et al., 2021). Whether such individual dif-
ferences could be involved in controlling symbiont
populations remains to be investigated. The symbiosis
between H. panicea and its dominant symbiont is

highly specific and may have evolved over evolution-
arily long periods of time.

In terms of taxon level diversity, the Ca. Halichondri-
bacter clade appears to be more diverse than previ-
ously appreciated (Knobloch et al., 2019a). Amplicon
sequencing revealed a high diversity of ASVs classified
as Amylibacter, which is the closest known clade
related to Ca. H. symbioticus. Surprisingly, 15% of the
interacting ASVs in untreated sponge microbiomes
were associated to the Amylibacter family (Figure 2E).
Some of those ASVs were highly similar to the Ca.
H. symbioticus ASV (up to 99.6%), while others were
less similar (>87%). An in-depth phylogenomic analysis
of this extended sponge symbiont taxon would be
required to understand the diversity and host-specificity
of this conspicuous clade. When looking at full length
16 S rRNA gene phylogenies, Ca. H. symbioticus is
only distantly related to the genus Amylibacter (92.5%,
unpublished data, Knobloch et al., 2019a), which leads
us to speculate that the sponge symbiont lineage has
diversified within its sponge host over evolutionary
times. Whether and to what extent the phylogenetic dif-
ferences translated into functional differences and
adaptations remains to be investigated.

Dynamics and characteristics of dysbiosis

The application of antibiotics induced a strong distur-
bance of the sponge microbiome. The microbiome
composition reached a new configuration consisting of
increased bacterial abundance (Figure 2), reduced phy-
logenetic diversity, and higher evenness (Figure S4).
Overall, the response on the bacterial community level
to antibiotics was consistent between replicate sponges
and also between experiments in terms of diversity and
compositional changes. Similarly, in complex human
gut communities, antibiotic exposure leads to a restruc-
turing of the microbiome driven by antibiotic resistant,
opportunistic bacteria (Francino, 2016; Gaulke
et al., 2016) and can induce reversible but also long-
lasting dysbioses (Lange et al., 2016). Increases in
alpha- and beta diversity and compositional shifts
towards opportunistic microbes are similar to environ-
mental induced dysbiosis in other sponges (Lesser
et al., 2016; Luter et al., 2012) and reviewed in (Pita
et al., 2018).

Importantly, the combination of amplicon sequenc-
ing and qPCR in our study has been key to interpret the
microbial patterns of dysbiosis. Without qPCR data, we
would have concluded that Ca. H. symbioticus numbers
were decreasing after antibiotic treatment. However,
qPCR data clearly reveals that numbers of Ca.
H. symbioticus remain constant whereas the micro-
biome shifts by an increased number of opportunists.
Few studies reported bacterial change in absolute num-
bers during dysbiosis. As one example, increases in
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absolute bacterial abundances were linked to disease
in corals (Luna et al., 2010; Smith et al., 2015). Most
other studies have so far relied on amplicon sequenc-
ing as a marker of relative community changes,
although relative data alone can mask underlying com-
munity dynamics (Rao et al., 2021). Our study reiter-
ates the importance to interpret microbial community
shifts in the context of both, relative and absolute bac-
terial abundances.

Bacteria-bacteria interactions could be one impor-
tant indicator of sponge microbiome condition and
health. Indeed, changes in microbiome diversity and
composition during dysbiosis were reflected in shifts of
bacteria-bacteria co-occurrence networks. In untreated
sponges, few ASVs had several bacteria-bacteria inter-
actions (Figure 2), whereas the connectivity increased
after disturbance (Figure 4). Similar patterns were
observed in zebra fish microbiomes after exposure to
antibiotics (Gaulke et al., 2016). We could clearly iden-
tify the loss of bacterial players (e.g., highly connected
Spirochaeta) and the reduction of negative interactions
during the transition from a untreated to a disturbed
state. During dysbiosis, opportunistic Pseudoalteromo-
nas were among the most abundant and connected
ASVs and as such a potential drivers of microbiome
dysbiosis. Crucial microbial players of sponge micro-
biome homeostasis in comparison to the transition to
dysbiosis can be identified and might serve as indica-
tors to predict microbiome stability and health, also in
other host or environmental contexts
(Tables S16–S18).

Single bacterial taxa recolonize with
bacteria-bacteria interactions

Recolonization experiments of animal hosts are gener-
ally met with mixed success. In corals, the microbiome
of antibiotic-treated animals was recovered by simple
exposure to natural water (Bent et al., 2021). In another
study, microbiome recolonization (“coral microbiome
transplantation”, CMT) of two coral species yielded a
heat-resistant phenotype (Doering et al., 2021). How-
ever, one coral species was less susceptible to bacteria
integration than the other. In our study, recolonization
had no effect on the bacterial community composition
and diversity and could not reverse the antibiotic-
induced dysbiosis. One reason might be that the dys-
biotic state is too stable for new bacteria to alter the
community (Sommer et al., 2017). Another reason
could be that the H. panicea symbionts cannot be
transferred horizontally, for example, if they were verti-
cally transmitted through the reproductive stages. It
remains unclear why recolonization had no effect on
the bacterial community composition. Yet, the success-
ful transfer of single bacterial taxa opens a window of
opportunity for recovery from dysbiosis.

Four bacterial taxa were transferred with the inocu-
lum and consistently recolonized sponges (Figure 3,
Table 1). In both recolonization experiments, trans-
ferred ASVs seem to establish with a delay after recolo-
nization. Thus, potential changes on the community
level might only become visible after a longer time than
monitored in our experiments. The transferred taxa are
affiliated to general marine bacteria and the question
remains, whether they are opportunists that happen to
benefit from the conditions in the sponge, or whether
they would enable long-term restructuring of the healthy
microbiome. Bacteria-bacteria co-occurrence networks
on recolonized and control sponges indicate that trans-
ferred bacteria have strong, and partly negative correla-
tions to other ASVs including those that became highly
abundant after antibiotic treatment (Figure 4). Fre-
quently negative, competitive correlations are related to
network stability and thus homeostasis, through nega-
tive feedback loops (Coyte et al., 2015). Such negative
interactions can be mediated by properties such as
antimicrobial defence, host colonization and quorum
sensing, which are frequently found on sponge symbi-
ont genomes (Fan et al., 2012; Slaby et al., 2017). This
stabilizing effect may be reflected in the intra-specific
beta diversity that recovers to T0 levels after recoloni-
zation (Figure S4). This effect could provide for a mech-
anistic explanation for the general success of microbial
recolonization/transplantation experiments in many dif-
ferent contexts ranging from faecal transplantation to
coral probiotics.

Conclusions and outlook

This present study is among the first to experimentally
manipulate marine sponge microbiomes by controlled
experimentation in marine gnotobiotic chambers. We
report the following findings: (i) The dominant symbiont
in H. panicea, Ca. H. symbioticus, remained largely
unchanged in spite of dysbiosis caused by growth of
opportunistic bacteria following antibiotic treatment.
This finding could only be uncovered by combination of
quantitative (qPCR) with relative (amplicon sequenc-
ing) bacterial abundance analyses. (ii) Next to the dom-
inant symbiont, several other ASVs were permanently
associated with the sponge (‘persisters’) that are
known from other sponge- and host-contexts.
(iii) Recolonization of the sponge with its native micro-
biome did not reverse the microbiome from the dysbio-
tic state. Still, we discovered bacterial ASVs from the
inoculum (‘recolonizers’) that could be successfully
transferred. The purpose of choosing model species is
to understand concepts that apply to a broader range of
organisms that are less experimentally accessible.
While we expect the results to be representative for
other LMA sponges, future effort will need to explore
whether these findings also apply to HMA sponges,

6406 SCHMITTMANN ET AL.

 14622920, 2022, 12, D
ow

nloaded from
 https://sfam

journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16249 by H
G

F G
E

O
M

A
R

 H
elm

holtz C
entre of O

cean, W
iley O

nline L
ibrary on [19/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



that have much denser and more diverse microbiomes.
The present study contributes to ongoing efforts to
unearthing mechanisms of microbiome dynamics and
host-microbe as well as microbe-microbe interactions
in the sponge holobiont.
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