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Marine sponges in the genus Ircinia are known to be good sources of secondary metabolites with biological
activities. A major obstacle in the development of sponge-derived metabolites is the difficulty in ensuring an
economic, sustainable supply of the metabolites. A promising strategy is the ex situ culture of sponges in closed
or semiclosed aquaculture systems. In this study, the marine sponge Ircinia strobilina (order Dictyoceratida:
family Irciniidae) was collected from the wild and maintained for a year in a recirculating aquaculture system.
Microbiological and molecular community analyses were performed on freshly collected sponges and sponges
maintained in aquaculture for 3 months and 9 months. Chemical analyses were performed on wild collected
sponges and individuals maintained in aquaculture for 3 months and 1 year. Denaturing gradient gel elec-
trophoresis was used to assess the complexity of and to monitor changes in the microbial communities
associated with 1. strobilina. Culture-based and molecular techniques showed an increase in the Bacteroidetes
and Alpha- and Gammaproteobacteria components of the bacterial community in aquaculture. Populations
affiliated with Beta- and Deltaproteobacteria, Clostridia, and Planctomycetes emerged in sponges maintained in

aquaculture. The diversity of bacterial communities increased upon transfer into aquaculture.

Sponges harbor diverse microorganisms, and various symbi-
otic relationships between sponges and microorganisms may
contribute to the sponge’s health and nutrition. Sponge-asso-
ciated microbes can constitute up to 60% of the sponge bio-
mass (24, 66, 67, 72). Important roles of the symbionts include
photosynthetic carbon fixation (73), nitrification (6, 9), nitro-
gen fixation (59, 74, 75), and anaerobic metabolism (27). An-
other important role of sponge-associated bacteria is the pro-
duction of potential secondary metabolites, such as antibiotics,
antifungal compounds, and compounds that prevent predation
or fouling (45). Sponges are sessile filter feeders with numer-
ous tiny pores on the body surface and channels within the
body that allow water to enter and circulate, with microorgan-
isms and organic matter being removed through filtration (35,
68). Sponges contain assemblages of symbiotic bacteria that
are distinct from the bacteria that are being filtered out of the
surrounding water during the sponges’ feeding process (62).

Marine sponges are a rich source of pharmacologically ac-
tive compounds that can potentially be used as medicines to
cure human diseases, and the isolation of bioactive compounds
from sponges has been reviewed extensively (17, 25, 30, 35, 49,
55, 58). Bacteria isolated from sponges have also been sources
of novel bioactive compounds. In some cases, symbiotic bac-
teria may be the producers of promising compounds first found
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in the extracts of sponges. Circumstantial evidence for the
microbial origin of a sponge-derived compound may be sup-
plied by the structure of the compound (31). The onnamides
and theopederins are polyketides that structurally resemble
pederin, the defensive polyketide in Paederus fuscipes beetles.
Strong evidence was provided for a bacterial producer of the
onnamides and theopederins found in the sponge Theonella
swinhoei (49). Genes closely resembling those encoding ped-
erin were found in the complex metagenome of 7. swinhoei and
had characteristic prokaryotic signatures (49).

Several bioactive compounds from sponges have passed the
preclinical stage (44). The low yields of these compounds,
known as the supply problem, are a major obstacle limiting
successful transition of marine-derived compounds through
clinical studies and into commercial production (42, 46). Har-
vesting sponges from the environment generally will not pro-
vide a reliable, large-scale supply and could lead to the extinc-
tion of the particular sponge species. Several techniques may
produce large quantities of sponge biomass needed for the
extraction of bioactive metabolites that are not viable candi-
dates for total synthesis. Such techniques include sponge farm-
ing (10, 11) and the culture of primmorphs. Primmorphs are
aggregates of sponge cells that still contain bacteria (reviewed
by Miiller et al. [41]). The NOMATEC (Novel Marine Tech-
nologies) project showed that Ircinia variabilis is suitable for
mariculture (69). Furthermore, De Rosa et al. (7) reported the
development of cell cultures from Ircinia muscarum. There
were major differences in the composition of secondary me-
tabolites between the wild sponge and its cell cultures, with a
lower concentration of lipids and a loss of sterols and volatile
compounds in cell cultures (8). When the bioactive compounds
are produced by a sponge-associated bacterium, options in-
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clude isolation and cultivation of this producer bacterium as
well as using molecular approaches, including transfer of sym-
biont biosynthetic genes into cultivable bacteria (20, 48). An-
other possibility is to grow the entire sponge and its microbial
community in self-contained aquaculture systems for the eco-
nomic, sustainable supply of important metabolites. The ad-
vantage of the latter strategy compared with growth of sponges
in the wild or in open-water mariculture is better control of
environmental conditions, such as temperature, light, food
supply, and possibly precursors of important bioactive metab-
olites. In addition, aquaculture of sponges provides less per-
turbation of the bacterium-host association over growth of
bacterial “producer” strains in pure culture, which could be
very important for maintaining production of compounds of
interest.

Aquaculture in tanks might be preferable to open-water
mariculture because it is generally more reliable and may also
be less expensive, partly because it is possible to shift from
seasonal growth to continuous growth during the year (10-12,
46, 60). To examine the potential of ex situ culture of sponges
in closed aquaculture systems, it is crucial to determine
whether the microbial communities change upon transfer into
aquaculture. The aim of our study was to address the following
two questions. (i) Does transferring the sponge into aquacul-
ture affect the stability of sponge-microbe associations? (ii)
Are changes in the microbial communities correlated with
changes in the chemistry of the sponge? Ircinia strobilina
(Lamarck, 1816) was chosen for this study as a representative
of the genus Ircinia (order Dictyoceratida: family Irciniidae).
This genus includes several species that are very rich sources of
secondary metabolites with a variety of biological activities and
structural classes (18). I strobilina contains variabilin, a fura-
nosesterterpene that has been identified as a fish feeding de-
terrent (16). A diverse group of metabolites has been found
from other sponges in the genus [rcinia and includes other
sesterterpenes (1, 3, 29, 38, 52, 65, 76). The compounds ircinal
A and B, precursors of antimalarial manzamine alkaloids, were
isolated from the Okinawan marine sponge Ircinia sp. (32).
Ircinamine, an alkaloid with moderate activity against the mu-
rine leukemia cell line P388, was purified from a marine Ircinia
sp. (33). Tedanolide C, a cytotoxic macrolide, was isolated
from the Papua New Guinea sponge Ircinia sp. (5). Other
compounds of potential biomedical importance from the genus
Ircinia include two murine and human cancer cell growth in-
hibitors, irciniastatin A and B (47), and a ceramide (77).

MATERIALS AND METHODS

Sponge and water sample collection. The marine sponge I strobilina was
collected by scuba diving at Conch Reef, Key Largo, FL, in June 2004 at a depth
of ca. 18 m (latitude, 24°57.11'N; longitude, 80°27.57"W). The water salinity was
36 ppt, and the temperature was 26.7°C. Voucher samples were preserved in 70%
ethanol immediately after collection for taxonomic identification. Sponge sam-
ples were frozen at —20°C for later molecular and chemical characterization.
Three water samples were collected from the vicinity of the sponge in sterile
20-liter containers and filtered through 0.22-pm-pore-size Sterivex filters (Mil-
lipore, Billerica, MA). The Sterivex filters were frozen immediately and stored at
—20°C for isolation of nucleic acids. Three individuals of I strobilina were
collected for the aquaculture study and kept in containers filled with seawater
that was replaced every 2 to 6 h during road transportation from Florida to
Baltimore. Histology sections were examined using light microscopy of thin
sections for taxonomic identification. In the wild under moderate current con-
ditions, the sponge generally forms a squat rubbery mass with distinctive webs
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extending between large blunt conules set well apart on the sponge surface. The
oscules are typically grouped together on the apex of the sponge. In reef areas
with high current activity, sponges are taller and more cylindrical, with oscules
raised on an apical ridge. The sponge is dark brownish black under full illumi-
nation; shaded portions are cream. The consistency is tough and spongy, and it
is very difficult to tear or cut; upon being cut, the sponge emits a fetid odor. The
primary fibers are large and form coarse trellises with only rare connecting fibers.

Sponge aquaculture. In an attempt to maintain healthy sponges in captivity, a
recirculating aquaculture system was designed to house the collected I. strobilina
sponges as described by Mohamed et al. (39). Sponges were fed the microalga
Nanochloropsis sp., with the addition of 40 ml of culture (4 X 10° cells ml~")
every 2 to 3 days. Three I. strobilina sponges were maintained in the aquaculture
system. Sponges were inspected visually during this period to monitor their
health. Viability assays (2, 40) were used to check that the sponges were alive
immediately before sacrificing them for microbiological studies. Manually dis-
persed sponge tissues reaggregated spontaneously, indicating the viability of
sponge cells. Two sponges were sacrificed after 3 months. A third sponge was
subsampled for microbiology at 9 months and retained in aquaculture for an
additional 3 months prior to sacrifice at 1 year for chemical analysis.

Sponge processing for isolation of culturable bacteria. Sponge samples were
rinsed with sterile artificial seawater immediately after collection from the field
and after being harvested from the aquaculture system to remove any transient
bacteria. Sponge tissue (1 cm®) was ground in artificial seawater, and 10-fold
serial dilutions were plated in triplicate onto Difco marine agar 2216 (BD
Biosciences, Franklin Lakes, NJ). Plates were incubated at 30°C for 1 week, at
which time the plate counts were determined. To determine the total bacterial
counts, a defined volume of the tissue homogenate was fixed with 37% (wt/vol)
paraformaldehyde to a final concentration of 2 to 4% (wt/vol) and stored at 4°C
until use. DAPI (4',6’-diamidino-2-phenylindole) was added to the fixed samples
to a final concentration of 20 pg ml™", as described previously (51). Ten milli-
liters of DAPI-stained homogenates was filtered under slow vacuum onto a
25-mm-diameter, 0.1-pm polycarbonate membrane (GE Osmonics, Minneapolis,
MN) that was supported with a 45-pum GF-F-type membrane (Whatman Inter-
national Ltd., Maidstone, England). The filters were air dried and mounted with
immersion oil onto a microscope slide. Bacterial numbers were determined using
an epifluorescence microscope (Axioplan microscope; Zeiss, Germany). Three,
two, and one independent sample was processed from wild, 3-month, and
9-month sponges, respectively. For each sample, an average bacterial number
was determined by counting 10 fields.

Identification of isolates by 16S rRNA gene sequence analysis. All cultured
bacteria from initial isolation plates were subcultured to obtain isolates for each
distinctive morphology. A representative of each colony type was selected from
each sample for sequencing. Single pure colonies of each isolate were transferred
to 20 ml of marine broth and incubated overnight at 30°C in a shaking incubator.
DNAs were extracted from isolates by use of an Ultra-Clean microbial kit
(MoBio Laboratories, Carlsbad, CA). Isolates were cryopreserved at —80°C in
marine broth 2216 supplemented with 30% glycerol for long-term storage. 16S
rRNA gene fragments were PCR amplified using universal primers 27F and
1492R (34).

DNA extraction from sponges and water samples. To extract DNA from
sponges, sponge tissue (1 cm?) was lyophilized and ground by use of a sterile
mortar and pestle. Total genomic DNA was extracted mechanically using the
method described by Pitcher et al. (50), modified for sponge tissues according to
the method of Enticknap et al. (15). To recover nucleic acids from seawater and
aquarium water samples, the protocol described by Somerville et al. (61) was
used. Briefly, bacteria were concentrated by filtration of water through Sterivex
filters, stored frozen in SET buffer (20% sucrose, 50 mM EDTA, 50 mM Tris-
HCI, pH 7.6), and processed later in the laboratory for DNA extraction within
the intact filters (61). The extracted supernatant was precipitated with 2 volumes
of 100% ethanol on ice, followed by centrifugation at 10,000 X g for 30 min. The
pellets were washed with 70% ethanol, air dried, and suspended in 100 pl of
Tris-EDTA buffer.

DGGE. 16S rRNA denaturing gradient gel electrophoresis (DGGE) was used
to analyze total bacterial communities present in sponges. A 195-bp region
corresponding to positions 341 to 534 in the 16S rRNA gene of Escherichia coli
was amplified from the genomic DNAs extracted from sponges and water sam-
ples, using the P2 and P3 primers (43). DGGE was performed using a Bio-Rad
DCode system (Bio-Rad, Hercules, CA) and a 6% (wt/vol) polyacrylamide gel
with a denaturing gradient of 40 to 70% in 1X Tris-acetate-EDTA buffer.
Electrophoresis was performed for 17 h at 60 V and 60°C, and gels were stained
in a staining bath of SYBR green in 1X Tris-acetate-EDTA. DGGE gels were
run twice to confirm the reproducibility of the overall pattern.
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PCR amplification of genomic DNA, cloning, and sequencing. 16S rRNA gene
fragments from the total genomic DNA were PCR amplified using the same
general protocol described for the culturable isolates. PCR was terminated after
15, 20, 25, and 30 cycles, with 30 cycles used for the negative control sample.
Amplification products were visualized by agarose gel electrophoresis. Visible
bands of approximately 1,500 bp, corresponding in size to the expected 16S
rRNA gene products, were excised from the reaction products with the smallest
number of cycles that gave visible bands and then gel purified. The corresponding
position of the negative control was also excised. PCR products were ligated into
PCR-XL-TOPO vector and transformed into OneShot TOP 10 chemically com-
petent E. coli cells, using a TOPO XL PCR cloning kit (Invitrogen Life Tech-
nologies, Carlsbad, CA). Plasmid DNA was isolated from individual clones and
purified using a SprintPrep 384 HC kit (Agencourt Bioscience, Beverly, MA).
Sequencing was done using an ABI Prism 3130xl genetic analyzer (Applied
Biosystems, Foster City, CA) and the universal M13 forward primer.

Phylogenetic analysis. 16S rRNA gene sequences derived from isolates and
the three clone libraries were edited using PreGap4 and Gap4 in the Staden
Package and analyzed initially using the BLASTN tool at the National Center for
Biotechnology Information website to aid in the selection of the closest reference
sequences. Chimeric sequences were identified using the CHECK_CHIMERA
program of the Ribosomal Database Project (37). All of the sequences were
imported into the ARB software package (36), which was used to align homol-
ogous regions of 16S rRNA gene sequences, using the PT server, with a data set
containing the nearest relative matches. This database was supplemented with
relevant environmental sequences that were submitted recently to GenBank.
Multiple alignments were checked manually and improved by the ARB editor
tool. Phylogenetic trees including novel sequences and reference taxa were
constructed using the neighbor-joining algorithm (Jukes-Cantor correction) im-
plemented in ARB (53). The robustness of the inferred tree topologies was
evaluated after 1,000 bootstrap replicates of the neighbor-joining data. Phylip,
version 3.6, was used to generate bootstrap values (19). Short sequences (<500
bp) were analyzed with the BLASTN algorithm for initial identification. The
identification of partial sequences was confirmed by adding them to the inferred
tree without changing the tree topology by using the ARB parsimony interactive
method.

Estimation of microbial diversity and statistical analysis of clone libraries. To
compare libraries statistically, S-LIBSHUFF was used (57). S-LIBSHUFF com-
pares more than two libraries at once with the same distance matrix to determine
whether two libraries were drawn from the same population. DOTUR (distance-
based OTU and richness) was used to assign sequences to operational taxonomic
units (OTUs) (56). It was also used to calculate collector’s curves for observed
unique OTUs, Chaol and abundance-base coverage estimator (ACE) richness
estimators, and Shannon’s and Simpson’s indices. Rarefaction analysis was done
to determine the number of observed OTUs as a function of the distance
between sequences and the number of sequences sampled.

Profiles of small molecules. Overall profiles of small molecules, including
primary and secondary metabolites extracted from sponge samples, were deter-
mined in order to detect any gross shifts in the chemistry of sponges upon
transfer into aquaculture. Three I strobilina individuals were used as control
samples, whereas test samples comprised two 1. strobilina individuals maintained
for 3 months and one individual maintained for 1 year in the aquaculture system.
Two grams of frozen sponge tissue was lyophilized and extracted with ethanol.
The dried ethanol extract (100 mg) was dissolved in methanol and passed
through a Cjg column. Liquid chromatography-mass spectrometry (LC-MS)
analysis was performed on a Bruker micro-time-of-flight spectrometer with elec-
trospray ionization. Sample solutions were prepared in methanol and subjected
to LC-MS analysis using a reverse-phase C;g column (5 pm by 4.6 mm by 150
mm; Phenomenex, Torrance, CA) eluting at 0.4 ml/minute with a 15-min linear
gradient from 20% to 100% phase B. Phase A was water and phase B was
acetonitrile. Electrospray ionization-MS of the samples (eluates) was carried out
in positive mode on a mass spectrometer equipped with an electrospray ion
source and a micro-time-of-flight data system.

Nucleotide sequence accession numbers. 16S rRNA gene sequences from
isolates were submitted to GenBank under accession numbers EF629549 to
EF629580. 16S rRNA gene sequences from clone libraries were submitted to
GenBank under accession numbers EF629581 to EF629828.

RESULTS

Sponge aquaculture. The marine sponge I. strobilina was
maintained in the recirculating aquaculture system for 1 year.
The growth of the sponges was observed visually in aquacul-
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FIG. 1. Dendrogram constructed from DGGE profiling of PCR-
amplified 16S rRNA genes of bacterial communities associated with 1.
strobilina sponges collected from the wild (lanes IS1 to -3), from sea-
water (lanes SW1 to -3), and from water samples from the aquaculture
system (lanes AW1 to -3). Jukes and Cantor’s model was used for
distance calculation, and the unweighted-pair group method using
average linkages was used for dendrogram construction.

ture. Growth rates of the sponges were not quantified, but
significant growth was not visually apparent. The health of
sponges was assessed visually and judged to be good because
no necrosis was observed and all three Ircinia individuals re-
mained unfouled for the entire course of the study. In addition,
when sponges were removed for analysis, the area beneath and
immediately adjacent to each sponge was unfouled, whereas
the rest of the sediment in tanks was covered by a thin algal
film. All sponges in aquaculture also retained the black col-
oration typical of these sponges in the wild.

Bacterial enumeration. Total (DAPI-stained) and culturable
(plate) bacterial counts were determined for samples from wild
1 strobilina sponges and sponges maintained in a closed aqua-
culture system for 3 months and 9 months. For the three wild
sponges, the total count was 2.8 X 10° = 0.4 X 10° cells ml~!
(mean * standard error) and the plate count was 1.1 X 10° =
0.4 X 10° CFU ml ™. In the case of the two 3-month individ-
uals, the total count was 5.8 X 10° = 0.8 X 10° cells ml ! and
the plate count was 9.7 X 10° = 3.3 X 10° CFU ml~". In the
case of the 9-month sponge, the total count was 7.3 X 10° cells
ml ! and the plate count was 8.0 X 10° CFU ml~'. Based on
these counts, the percentages of culturable bacteria in the
sponge samples ranged from 0.01% to 0.17%, indicating the
importance of assessing these communities by using molecular
techniques.

DGGE. Bacterial communities varied substantially between
wild sponges and surrounding seawater and water in the aqua-
culture system (Fig. 1). This indicates that the sponges harbor
different assemblages of bacteria from those found in the sur-
rounding seawater. The diversity of the microbial community,
inferred by the complexity of the banding patterns, increased
upon maintenance of 1. strobilina in aquaculture for 3 months
(see Fig. S1 in the supplemental material). A replicate 3-month
sample gave a similar banding pattern to that of the 3-month
sample shown in Fig. S1, lane 2, in the supplemental material
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FIG. 2. Rooted neighbor-joining phylogenetic trees of partial 16S rRNA genes of isolates and clones in the Bacteroidetes, Chloroflexi, and
Clostridia (A); Acidobacteria, Actinobacteria, Cyanobacteria, and Planctomycetes (B); Alphaproteobacteria (C); and Beta- and Gammaproteobacteria
(D). Isolates and clones were recovered from 1. strobilina sponges collected from the wild (prefixed NO4IS for isolates and WO04IS for clones and
shown in green) and maintained for 3 months (prefixed N3mlIS for isolates and 3m04AIS for clones and shown in blue) and 9 months (prefixed
NOmIS for isolates and 9mOSAIS for clones and shown in red) in the aquaculture system. Bootstrap confidence values of >50% are shown at the
nodes. The polygons represent clones that are =98% similar. The composition of each of these groups is shown in Table S1 in the supplemental
material. The numbers listed in bold before the group names indicate the numbers of clones. Thermotoga maritima was used as an outgroup. The
scale bar indicates 0.10 substitution per nucleotide position. Reference sequences are shown in bold, with GenBank accession numbers listed after

each sequence name.

(data not shown). The amount of community diversity then
decreased in the sample from the sponge maintained for 9
months in aquaculture, reverting to a similar pattern (judged
on the basis of the four dominant bands for the 9-month
sample, marked by black arrows in Fig. S1, lane 3, in the

supplemental material) to that of the wild sponge, although
this should be interpreted with caution because the weak band-
ing pattern of the 9-month sponge sample might be due to
poor PCR amplification and only a single sponge was pro-
cessed after 9 months in aquaculture, so it was not possible to
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obtain a replicate for this time point. The shifts that occurred
in sponge-associated bacterial communities, as indicated by
DGGE analysis, are consistent with the findings from statistical
analysis of clone library data (below).

Phylogenetic analysis of bacterial isolates. Traditional cul-
turing techniques were used to isolate heterotrophic bacteria
from sponges. Ten strains from wild sponges and sponges
maintained for 3 months in aquaculture were characterized by
16S rRNA sequence analysis, and 12 strains were characterized
from sponges maintained for 9 months. Alpha- and gamma-
proteobacterial strains dominated the culturable bacterial as-
semblages of both wild sponges and those maintained in
aquaculture (Fig. 2C and D). Bacteria belonging to the Bacte-
roidetes appeared only in the culturable bacterial communities
of sponges maintained in aquaculture (Fig. 2A).

Phylogenetic analysis of 16S rRNA gene clone libraries. To
determine the stability of the microbial community upon
transfer of I. strobilina into aquaculture, 16S rRNA gene
clone libraries were generated from community DNAs ob-
tained from a representative wild sponge and sponges main-
tained for 3 months and 9 months in aquaculture. After
elimination of a small number of chimeric clones from each
library, 100, 74, and 74 clones were analyzed from the wild,
3-month, and 9-month libraries, respectively. The 16S rRNA
gene clones from the wild sponge corresponded to 35 unique
OTUs, which fell into the following five bacterial lineages:
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, and
Cyanobacteria (Fig. 2). The 16S rRNA gene clones from the
3-month sponge corresponded to 48 unique OTUs that en-
compassed the following eight bacterial lineages: Bacte-
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FIG. 2—Continued.

Alphaproteobacteria

roidetes, Clostridia, Cyanobacteria, Planctomycetes, Proteo-
bacteria (Alpha-, Gamma-, and Deltaproteobacteria), and
unassigned bacteria (Fig. 2). The 16S rRNA gene clones
from the 9-month sponge corresponded to 47 unique OTUSs,
which fell into the following 10 bacterial lineages: Actino-

bacteria, Bacteroidetes, Chloroflexi, Clostridia, Planctomycetes,
Proteobacteria (Alpha-, Beta-, Gamma-, and Deltaproteobacteria),
and unassigned bacteria (Fig. 2). The relative distribution of
the major phylogenetic groups from each clone library is shown
in Fig. 3.
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Rarefaction analysis. Rarefaction analysis was performed to
determine whether the total diversity in the bacterial commu-
nities was well represented by the number of clones sequenced
in each library. The rarefaction curves were obtained with

80

DOTUR, using 10,000 random iterations. For clones from wild
I. strobilina, the rarefaction curves at the phylum (distance =
0.20) and species (distance = 0.03) levels reached saturation,
indicating sufficient sampling of this clone library (see Fig. S2
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FIG. 3. Distribution of bacterial 16S rRNA gene clones from 1. strobilina sponges collected from the wild (W04IS) and maintained for 3 months
(3mAIS) and 9 months (9mAIS) in the aquaculture system within the major phylogenetic groups detected in the three libraries. We determined

percentages for each group from sequence data.



4140 MOHAMED ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Richness and diversity estimates for bacterial 16S rRNA gene clone libraries from 1. strobilina samples collected from the wild and
maintained in aquaculture

Sponge (I. strobilina) source (n)* Distance” Richness® ACE“ esggaaot(l) - Slilsgélx?‘n 1 ?;rggjpn
Wild (100) 0.2 7 8 7 1.2 23
0.03 14 15 14 22 8.3
3 Mo of aquaculture (74) 0.2 12 17 17 1.8 4
0.03 41 200 107 33 17.8
9 Mo of aquaculture (74) 0.2 14 21 19 1.8 3.8
0.03 37 130 67 3.1 12.8

“n, number of 16S rRNA gene sequences analyzed.

b Eighty percent identity was estimated as the phylum-level distance (D = 0.20), and 97% identity was estimated as the species-level distance (D = 0.03).

¢ Richness is based on observed unique OTUs.

4 Nonparametric statistical predictions of the total richness of different OTUs were based on the distribution of abundant (>10) and rare (<=10) OTUs.
¢ Nonparametric statistical predictions of the total richness of OTUs were based on the distribution of singletons and doubletons.

/A higher number represents more diversity.

in the supplemental material). The rarefaction curves for the
3-month and 9-month sponges reached saturation at the phy-
lum level, where richness reached an asymptotic maximum, but
not at the species level, indicating that further sampling of the
clone library would have revealed additional diversity. The wild
sponge had less bacterial richness than sponges maintained in
aquaculture did, especially at the species level. Maintaining /.
strobilina in aquaculture clearly increased the bacterial rich-
ness, as demonstrated by steeper rarefaction curves than those
for wild sponges.

Statistical analysis of bacterial diversity. Additional mea-
sures of diversity and richness were obtained with the statistical
richness estimators and diversity indices shown in Table 1.
These indices were calculated using DOTUR. The input files
were in the form of distance matrices generated by ARB. The
total number of OTUs in a bacterial population was calculated
using nonparametric estimators. Chaol richness estimates
were based on singletons and doubletons, as described by Chao
(4), while ACE was based on the distribution of abundant
(>10) and rare (=10) species. Shannon’s index and the recip-
rocal of Simpson’s index were used as diversity indices, where
higher numbers indicate greater diversity. Consistent with the
rarefaction curves, both statistical indices suggested that the
community diversity in sponges maintained in aquaculture was
greater than that in the wild sponge. LIBSHUFF was used to
quantitatively compare the three libraries. Evolutionary dis-
tances were calculated using the neighbor-joining algorithm in
ARB, and the three libraries were significantly different (P <
0.0001/0.0100).

LC-MS profiles of small molecules. LC-MS analysis was
performed to determine whether gross changes in overall met-
abolic profiles of I strobilina occurred upon transfer into
aquaculture. Minor changes in profiles of small molecules were
observed in the sponges maintained in aquaculture compared
to control wild samples, but overall patterns remained consis-
tent, indicating no major shift in the profiles of secondary
metabolites (see Fig. S3 in the supplemental material).

DISCUSSION

The aquaculture of sponges in closed or semiclosed systems
is a promising strategy to overcome the supply problem for
sponge-derived natural products. Although it might be possible

in some cases to make bioactive metabolites produced by
sponges by chemical synthesis and transgenic techniques, di-
rect extraction from the sponge biomass may be the best option
in other cases (43). A recirculating aquaculture system was
used to examine the possibility of maintaining . strobilina in ex
situ closed systems under controlled environmental conditions
with ecological parameters similar to those in the sponge’s
natural habitat. Using different biotechnological methods to
produce sponge biomass may affect the microbial assemblages
of the sponge host. In cases where microbes are the producers
of compounds of interest, changes in the microbial communi-
ties may affect the production of natural products. The bacteria
associated with sponges are also likely to be important for the
health of the sponges (26). For these reasons, it is important to
study the effects of these methods on the microbial communi-
ties associated with sponges. The present study is one of few
studies that have looked at the changes in microbial commu-
nities associated with sponges following aquaculture or sponge
transplantation. In this long-term study of the bacterial com-
munities associated with 1. strobilina in a self-contained, recir-
culating aquaculture system, an increase in diversity of the
bacterial communities after 3 months and a return to an inter-
mediate level of diversity after 9 months was found, suggestive
of acclimation to aquaculture conditions.

We previously showed that the bacterial community of the
marine sponge Mycale laxissima changed substantially upon
transfer into flowthrough and recirculating aquaculture sys-
tems (39). Hoffmann and coworkers (28) used fluorescence in
situ hybridization to study the stability and specificity of mi-
crobes associated with the cold-water marine sponge Geodia
barretti during cultivation for 8 months in an open recirculation
system where members of the Alpha- and Gammaproteobacteria
were maintained during the period of cultivation. Friedrich
and coworkers (21) found that a large fraction of the microbial
community of the Mediterranean sponge Aplysina aerophoba
remained stable upon starvation of sponges or after antibiotic
exposure for 11 days in recirculating seawater aquaria.

Phylogenetic and statistical analyses of small-subunit-rRNA
gene libraries were used to monitor structural shifts in the
bacterial communities associated with I strobilina following
cultivation in aquaculture. Bacterial communities associated
with L. strobilina were different from bacterioplankton commu-
nities found in the surrounding seawater. DGGE analysis of
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sponges maintained in aquaculture and the surrounding water
indicated substantial differences in these bacterial communi-
ties. This was confirmed by community analysis of these sam-
ples by 16S rRNA gene sequencing studies. The data for bac-
terial community analysis of the I strobilina samples are
presented here, and those for bacterial community analysis of
the surrounding water were reported by Mohamed et al. (39).
This suggests that the bacterial community associated with wild
L strobilina is sponge specific rather than simply comprising
transient bacteria from the water column. The fact that marine
sponges harbor different bacteria from those in the water col-
umn has been shown in previous reports (23, 39, 54, 62-64, 71).

The culturable bacteria isolated from wild sponges included
isolates found only in marine sponges, which indicates that
they might be sponge specific (14, 23, 70). A comparison was
made between a subset of bacteria isolated from 1. strobilina
and the surrounding seawater. Sixty percent of the top BLAST
hits of isolates from I. strobilina were for bacteria found only in
sponges. Bacteria isolated from the seawater had only 16% of
top BLAST hits matching sponge bacteria (data not shown).

Total communities included representatives primarily clus-
tered within the Acidobacteria, Actinobacteria, Bacteroidetes,
Chloroflexi, and Cyanobacteria groups. Interestingly, a large
number of the clones were affiliated with uncultured Chloro-
flexi (59% of the total wild sponge library). Phylotypes related
to Actinobacteria were no longer detectable in sponges main-
tained for 3 months in aquaculture and then were detected
again in the 9-month sponge. Since Actinobacteria organisms
associated with marine sponges may be sources of bioactive
compounds, the resumption of actinobacterial diversity may
play a role in the production of specific bioactive compounds
that are derived from this group.

Both culture-based and molecular techniques showed an
increase in the Bacteroidetes community in aquaculture, with
the highest representation in the 3-month sponge. Populations
affiliated with Clostridia, Planctomycetes, and Proteobacteria
(Alpha-, Gamma-, and Deltaproteobacteria) emerged in aqua-
culture. This indicates that adaptation to aquaculture conditions
favored the abundance of these populations. These increas-
ingly large populations may have originally existed in lower
abundances in the wild sponge and/or have been acquired from
the surrounding water in the aquaculture system. The diversity
of the bacterial community associated with I strobilina in-
creased in aquaculture. This trend of increasing complexity of
the bacterial community upon transfer to aquaculture tanks
was observed with the marine sponge Mycale laxissima in our
previous study (36). Statistical analyses revealed a significant
shift in the bacterial communities in sponges maintained for
both 3 and 9 months in aquaculture compared to the commu-
nity in wild sponges. Based on the observed diversity indices,
more bacterial diversity was present in the 3-month sponge
samples than in wild sponges, possibly due to the stress of the
sponge when it was first transferred from its natural habitat
into aquaculture. It is not clear whether this is a result of stress,
the presence of different bacteria in the surrounding water, the
light regimen, or some other parameter that differs in the wild
and in aquaculture. On the basis of all five statistical tests used
to compare clone libraries at the species level, the level of
diversity of the bacterial community associated with the sponge
maintained for 9 months in aquaculture was intermediate be-
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tween those for wild and three-month sponges. This may indi-
cate an acclimation in this bacterial community after the
9-month period in aquaculture.

Metabolomics, defined as the study of the nonprotein-
aceous, endogenously synthesized small molecules present in
an organism, is an emerging strategy in drug discovery and
development (13, 22). The combination of chromatography
and mass spectrometry allows the separation of individual me-
tabolites and their identification based on mass. The change in
the metabolome of an organism can be used to understand
what has changed in the system. Applying this tool to our study
showed that the environmental stress following the transfer of
L strobilina into aquaculture produced no detectable effect on
the overall profile of small molecules associated with the
sponges. LC-MS chemical fingerprinting revealed no major
changes in the natural product profiles of I strobilina, although
the composition of the bacterial community changed substan-
tially following transfer into aquaculture. This suggests that
bacterial symbionts associated with I strobilina may not be
involved in the production of the major metabolites or that
these metabolites are produced by a stable bacterial fraction
that was maintained in aquaculture. Candidates are members
of the Actinobacteria, Bacteroidetes, and Chloroflexi. In this
case, the stability of the metabolites in aquaculture may imply
that these symbionts constitutively produce essential metabo-
lites. Another possible explanation for the stability of metab-
olites in aquaculture is that they could have been synthesized
by the sponge or its associated microbes while the sponge was
in the wild, stored, and remained undegraded when the sponge
was transferred into aquaculture.

In this study, the possibility of maintaining the marine
sponge 1. strobilina alive in a recirculating aquaculture system
is demonstrated. Further optimization of the aquaculture sys-
tem is required for it to be useful in terms of production of
sponge biomass for harvesting natural products. Our key find-
ing is that bacterial communities changed upon transfer of the
sponge to aquaculture but showed signs of returning to the
community present in wild sponges after 9 months of mainte-
nance in aquaculture. This highlights the importance of mon-
itoring the bacterial communities associated with marine
sponges when maintaining sponges in aquaculture systems by
showing that profound changes may occur in these bacterial
communities. Concomitant changes in the overall chemical
profile of the sponge were not detected. Additional detailed
studies of this type are needed to determine on a case-by-case
basis whether changes in sponge-associated microbial commu-
nities are linked with changes in overall chemical profiles or
specific compounds of interest.
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