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Three methods were examined to cultivate bacteria associated with the marine sponge Haliclona (gellius) sp.:
agar plate cultures, liquid cultures, and floating filter cultures. A variety of oligotrophic media were employed,
including media with aqueous and organic sponge extracts, bacterial signal molecules, and siderophores. More
than 3,900 isolates were analyzed, and 205 operational taxonomic units (OTUs) were identified. Media
containing low concentrations of mucin or a mixture of peptone and starch were most successful for the
isolation of diversity, while the commonly used marine broth did not result in a high diversity among isolates.
The addition of antibiotics generally led to a reduced diversity on plates but yielded different bacteria than
other media. In addition, diversity patterns of isolates from agar plates, liquid cultures, and floating filters
were significantly different. Almost 89% of all isolates were Alphaproteobacteria; however, members of phyla that
are less commonly encountered in cultivation studies, such as Planctomycetes, Verrucomicrobia, and Deltapro-
teobacteria, were isolated as well. The sponge-associated bacteria were categorized into three different groups.
The first group represented OTUs that were also obtained in a clone library from previously analyzed sponge
tissue (group 1). Furthermore, we distinguished OTUs that were obtained from sponge tissue (in a previous
study) but not from sponge isolates (group 2), and there were also OTUs that were not obtained from sponge
tissue but were obtained from sponge isolates (group 3). The 17 OTUs categorized into group 1 represented 10
to 14% of all bacterial OTUs that were present in a large clone library previously generated from Haliclona
(gellius) sp. sponge tissue, which is higher than previously reported cultivability scores for sponge-associated
bacteria. Six of these 17 OTUs were not obtained from agar plates, which underlines that the use of multiple
cultivation methods is worthwhile to increase the diversity of the cultivable microorganisms from sponges.

Bacteria have been called the unseen majority on Earth,
with an estimated number of 4 X 10*° to 6 X 10°° cells (47). In
addition, they might as well be termed the uncultivable major-
ity, because no matter whether they are derived from soil, the
aquatic environment, or human gut, only a minority can be
readily cultured (8, 10, 11). The bacteria associated with ma-
rine sponges are no exception. Despite the efforts of a number
of research groups, cultivability values from only 0.1 to 11%
have been reported (16, 36, 40, 45). Cultivation of sponge-
associated microbes has received considerably more attention,
since a number of publications have shown that bacteria were
the actual producers of some bioactive metabolites that had
been previously ascribed to their hosts (1, 2, 15, 29). In addi-
tion, cultivation of microbes will remain an important tool in
the genomics era, to make complete genomes available for
sequencing and analysis.

The general approach for cultivation is to provide nutrients
and an environment similar to the natural environment to grow
the target species. The microenvironment to which bacteria are
exposed may be significantly different from their apparent nat-
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ural environment. This is especially significant for strains that
reside inside the mesohyl of marine sponges, where the mi-
croenvironment has little similarity to the macroenvironment
(seawater) that is generally used in most cultivation experi-
ments. For example, inside the sponge mesohyl, anoxic condi-
tions frequently occur when the sponge temporarily ceases to
pump water (21, 22). In addition, iron may be available at
higher concentrations in the mesohyl than in the surrounding
seawater due to the presence of siderophores (18). Moreover,
many sponges have been found to host cyanobacteria that are
producers of numerous bioactive compounds (reviewed in ref-
erence 12) and require light for growth. Another factor that
might be of importance for the cultivation of obligate symbi-
onts are sponge-specific lectins, which are one of the core
elements of the mesohyl (33). Furthermore, patience may
prove to be of utmost importance to cultivate these bacteria
that have adapted to oligotrophic conditions (6). The doubling
time of many microorganisms in nature is on the order of 100
days (47), which is much longer than most reported cultivation
experiments.

In the present work, we studied the cultivability of Haliclona
(gellius) sp.-associated bacteria by examining a matrix of dif-
ferent low-nutrient media and environmental conditions in
order to mimic aspects of microenvironments that are found in
sponges. In addition to aerobic and anaerobic cultures on
low-nutrient agar plates, we used low-nutrient liquid cultures,
following the dilution-to-extinction principle (3), to isolate spe-
cies that are not able to grow on the agar-air interface. Fur-
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thermore, we applied floating polycarbonate filters, mimicking
the inner structures of the filter-feeding sponge, to culture
bacteria on top of low-nutrient media. To assess cultivation
success, we compared the isolates with previously obtained 16S
rRNA gene sequences from a clone library from Haliclona

(gellius) sp. (42).

MATERIALS AND METHODS

Sample collection. Specimens of Haliclona (gellius) sp. (identified by R. W. M.
van Soest and W. L. Lee) were collected near the Monterey, CA, harbor (coor-
dinates, 36.60N, 121.89W) at a depth of approximately 12 m on 24 May 2006
(Hg5) and 23 January 2007 (Hg6). The sponges were rinsed three times with
sterile artificial seawater (natural sea salt mix; Oceanic Systems, Dallas, TX)
before grinding the tissue with a sterilized mortar and pestle. Two tissue volumes
of sterile artificial seawater (ASW) were added to obtain a homogeneous cell
suspension. For specimen Hg5, the cell suspension was divided in aliquots of 1.2
ml and mixed with 0.6 ml 50% sterile glycerol in ASW. The samples were frozen
to —20°C before they were stored at —80°C. The cell suspension of Hg6 was
immediately used for a cultivation experiment.

Chemicals. Natural seawater was collected approximately 50 km offshore from
San Francisco and kept at the UC Berkeley animal care facility. After collection
at the animal care facility, it was immediately autoclaved and stored at 4°C until
further use.

A previously frozen Haliclona (gellius) sp. specimen was used to prepare the
aqueous, organic, and spicule extracts. The specimen was ground with a sterilized
mortar and pestle, and 2 ml of the ground tissue was extracted overnight with 40
ml of double-distilled water (ddH,O) or 40 ml methanol for the aqueous or the
organic extract, respectively. Subsequently, the extracts were filter sterilized
using a 0.22-wm filter and stored at —20°C. The spicule extract was prepared by
dissolving the cake that remained on the filter of the aqueous extract in 50 ml of
5 mM EDTA in ddH,O. After incubation for 24 h, the suspension was centri-
fuged at 138 X g for 10 min. The pellet was rinsed twice with ddH,O before it was
stored in 20 ml of ddH,O at —20°C.

A fluorescein diacetate (FDA) stock solution was prepared by dissolving 5 g
FDA (Sigma) in 100 ml acetone, and it was stored at —20°C. A working solution
was prepared for each experiment by diluting 10 pl stock solution in 1 ml
acetone. Subsequently, the FDA working solution was mixed at a 1:1 ratio with
a 3% NaCl solution.

Cultivation conditions. Haliclona (gellius) sp. isolates were obtained from (i)
agar plates, (ii) liquid media, and (iii) floating filters.

(i) Agar plate cultures. Nineteen different agar media were used for the
cultivation of sponge-associated bacteria, and they were assigned numbers as
follows: medium 1, basic agar (1 liter natural seawater [NSW]); 2, marine agar
2216 (Difco); 3, actinomycete isolation agar (1 liter NSW, 1 g peptone from
casein, 0.1 g asparagine, 4 g sodium propionate, 0.5 g K,HPO,, 0.1 g MgSO,, 1
mg FeSO, + 7TH,0, 1 ml glycerol); 4, raffinose-histidine agar (1 liter NSW, 2 g
raffinose, 0.2 g histidine) (modified from reference 46); 5, 60:40 agar (600 ml
NSW, 400 ml ddH,0); 6, glycerol-arginine agar (1 liter NSW, 2 ml glycerol, 0.3 g
arginine) (35); 7, chitosan agar (1 liter NSW, 2 g chitosan); 8, peptone-starch
agar (1 liter NSW, 2 g starch, 0.2 g peptone from casein) (modified from
reference 32); 9, fluid thioglycolate agar (1 liter NSW, 1 g peptone from casein,
0.3 g yeast extract, 0.3 g p-glucose, 0.05 g L-cystine, 0.5 g sodium thioglycolate);
10, mucin agar (1 liter NSW, 1 g mucin) (36); 11, Delicious agar (1 liter NSW,
0.3 g peptone from casein, 0.1 g yeast extract, 0.01 g p-glucose); 12, Mueller-
Hinton agar (1 liter NSW, 1 g yeast extract, 0.5 g starch, 2 g peptone from
casein); 13, Delicious antibiotic agar (1 liter NSW, 0.3 g peptone from casein,
0.1 g yeast extract, 0.01 g p-glucose, 0.5 g penicillin, 1 g streptomycin); 14,
synechococcus agar (1 liter NSW, 0.21 g NaNO3, 0.0053 g NH,Cl, 0.25 g Na,SO;,
0.0124 g Na,CO; - 2H,0, 0.5 g cycloheximide); 15, charcoal agar (1 liter NSW,
1 g yeast extract, 2 g activated charcoal, 0.4 g L-cysteine - H,O) (modified from
reference 7); 16, aqueous sponge extract agar (per liter, 880 or 960 ml NSW,
0.01 g p-glucose, 120 or 40 ml aqueous sponge extract); 17, organic sponge
extract agar (per liter, 880 or 960 ml NSW, 0.01 g p-glucose, 120 or 40 ml organic
sponge extract); 18, sponge spicule agar (per liter, 960 or 992 ml NSW, 0.01 g
D-glucose, 40 or 8 ml sponge spicule extract); 19, crenarchaeote agar (1 liter
NSW, 0.124 g Na,COs; - 2H,0, 0.053 g NH,Cl, 1 ml tungsten-selenite solution)
(48; modified from reference 27). In addition to the basic version (a), several
variations of the latter medium were used: the addition of 0.2 g streptomycin (b),
0.1 g penicillin and 0.2 g streptomycin (c), 0.5 g penicillin and 1 g streptomycin
(d), 0.2 g streptomycin and 40 ml aqueous sponge extract (e), 0.2 g streptomycin
and 40 ml organic sponge extract (f), and 0.2 g streptomycin and 8 ml spicule
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TABLE 1. Setup of the large-number liquid cultures
Culture label, based on indicated no. of
cells/well and additive(s)”
No. of AHSL +
cells/well cAMP +
No AmsL camp AHSL o gpp Carbon Shep
additive cAMP source
carbon
source
2 A C E G I K M
4 B D F H J L N

“ AHSL, acyl homoserine lactones; dfaB, desferrioxamine B.

extract (g). All media contained 15 g Noble agar to produce solid medium, and
all media except basic agar and marine agar 2216 were supplemented with 1 ml
trace metal solution (36), 1 ml phosphate solution (36), and 1 ml vitamin solution
(BME vitamins [diluted 10-fold]; Sigma). Filter-sterilized carbonate, tungsten-
selenite, L-cysteine, vitamin, and antibiotic solutions were added after autoclav-
ing the media to prevent evaporation, precipitation, or inactivation. The pH of all
media was 7.5, except for synechococcus agar (pH 8.0) and crenarchaeote agar
(pH 7.0). Media 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 13, 16, 17, and 18 were also used
for anaerobic cultivation experiments. For those experiments the media were
additionally supplemented with 0.42 g/liter NaNO;, 0.96 g/liter sodium propi-
onate, and 0.001 g resazurin. For the actinomycete isolation agar (medium 3) and
the fluid thioglycolate agar (medium 9), only the resazurin was added. For media
1 to 11, 10!, 102 103, 10% 10°, and 10° dilutions of the cryopreserved cell
suspension of Hg5 (see above) were distributed on the agar surface with a few
sterilized glass beads. In addition, one plate was included as a negative control.
For media 12 to 19, only 10%, 10%, and 10° dilutions and the negative control were
used for the inoculation, as the experiment with media 1 to 11 had shown that
these dilutions were most successful. Plates were incubated in the dark at 13°C,
except medium 12 (in the dark at room temperature [RT]) and medium 14 (in
the light at RT). Growth was monitored by weekly counts of the colonies on the
plates for a period of 3 months.

(ii) Liquid medium cultures. Three liquid media experiments were performed.
In the first experiment, an exploratory liquid cultivation was done in two sets of
78 plastic tubes with a cultivation volume of 10 ml NSW. Five approximate
inoculum densities were used: 2 (18 tubes), 4 (18 tubes), 10 (18 tubes), 20 (10
tubes), and 200 cells/tube (10 tubes). The cell concentration in each inoculum
was determined by a microscopic cell count of a 4’,6-diamidino-2-phenylindole-
stained sample. In addition, four tubes were included as a negative control. In
half of the tubes, only NSW was used, while for the other half the NSW was
supplemented with 1 mg/liter peptone from casein, 1 ml trace metal solution
(36), 1 ml phosphate solution (36), and 1 ml vitamin solution (BME vitamins
[diluted 10-fold]; Sigma). For the first set of 78 tubes, a cryopreserved sponge
homogenate was used (Hg5), while for the second set a fresh homogenate from
a different specimen (Hg6) was used. The tubes were incubated in a shaker at
13°C for 4 months.

In the second experiment, a “large-number experiment” was performed to test
the effect of certain potentially growth-stimulating compounds. Fourteen deep
96-well plates (assigned letters A to N) were inoculated with approximately 2 or
4 cells per well containing 1 ml of NSW (Table 1). The acyl homoserine lactones
that were tested were a mixture of n-butyryl-pL-homoserine lactone, n-hexanoyl-
pL-homoserine lactone, n-heptanoyl-pL-homoserine lactone, and n-octanoyl- pL-
homoserine lactone (Sigma) and were applied at 1, 10, 100, and 1,000 nM each.
Cyclic AMP (cAMP; Sigma) was tested at 10 pM, desferrioxamine B at was
tested at 1, 10, 100, and 1,000 nM, and a mixture of yeast extract, peptone from
casein, glucose, and sodium citrate was tested with each component at 1 mg/liter.
The plates were incubated on a shaker at 13°C for 3 months.

For the third set of experiments, 14 96-well plates were incubated via flow
cytometric cell sorting. A sample of the inoculum was applied to the flow
cytometer, and each well in the 96-well plates was inoculated with one “event,”
i.e., a bacterium, a sponge cell, or a piece of cell debris. Eleven plates contained
100 pl medium supplemented with the four different homoserine lactones at
1,000 nM each, cAMP at 10 uM, desferrioxamine B at 1,000 nM, and a mixture
of yeast extract, peptone from casein, glucose, and sodium citrate at 1 mg/liter
each. Three 96-well plates contained 100 pl medium supplemented with a “high”
carbon load: a mixture of yeast extract, peptone from casein, glucose, and sodium
citrate at 100 mg/liter each. The plates were incubated on a shaker at 13°C for 3
months.
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(iii) Floating filter cultures. Fourteen different media were applied for the
floating filter cultivation experiment: medium 1, basic medium (1 liter NSW); 2,
aqueous sponge extract medium (0.8 liter NSW, 0.2 liter aqueous sponge ex-
tract); 3, organic sponge extract medium (0.9 liter NSW, 0.1 liter organic sponge
extract); 4, mucin medium (1 liter NSW, 100 mg mucin); 5, raffinose medium (1
liter NSW, 100 mg raffinose); 6, Delicious medium (1 liter NSW, 33 mg yeast
extract, 33 mg peptone, 33 mg glucose); 7, Delicious antibiotic medium (1 liter
NSW, 33 mg yeast extract, 33 mg peptone, 33 mg glucose, 10 mg penicillin, 20 mg
streptomycin). Media 8 to 14 were identical to media 1 to 7, respectively, but
were supplemented with a mixture of acyl homoserine lactones (100 nM each
[details are provided above for the liquid medium cultures]), cAMP (10 uM),
desferrioxamine B (100 nM), and amphotericin B (2.5 mg/liter). All media were
supplemented with 1 ml trace metal solution (36) 1 ml phosphate solution (36),
and 1 ml vitamin solution (BME vitamins [10-fold diluted]; Sigma). Filter-
sterilized vitamin, acyl homoserine lactone, cAMP, desferrioxamine B, and an-
tibiotic solutions were added after autoclaving the media to prevent evaporation,
precipitation, or inactivation. The pH of all media was 7.5. Black polycarbonate
filters (GE Osmonics, Minnetonka, MN) with a diameter of 47 mm and a pore
size of 0.1 wm were autoclaved and mounted on a sterile glass filter holder. Each
filter was first rinsed with 40 ml ddH,O before 5 ml diluted cell suspension was
filtered. A total of 98 filters were prepared: three different inoculum concentra-
tions in duplicate for all 14 media and for each medium a blank filter was
included as a negative control. The three inoculum concentrations were chosen
so that they were comparable to the 10, 10%, and 10° dilutions that were used for
the agar plate cultivation experiment (the same number of cells per unit of
surface area). The filters were placed on top of 13 ml medium in a petri dish by
using sterile tweezers. High petri dishes were used (height, ~1.5 cm) to establish
a large headspace to facilitate handling of the petri dishes and to have more
oxygen available to the cells. The petri dishes were sealed and incubated in the
dark at 13°C for 39 to 80 days.

Viability analysis. All liquid cultivations were checked for growth by staining
the samples with FDA prior to performing PCR. The cell suspensions from tubes
and deep-well plates were concentrated in 105 pl 3% NaCl. A volume of 100 pl
was used for the viability analysis, and 5 ul FDA working solution in NaCl was
added to these samples. A 5-ul aliquot was taken from all wells from the third
liquid culture experiment, where the cultivation volume was only 100 pl. The 5
rl FDA working stock was added immediately to the remaining 95 wl of these
samples. All samples to which the FDA working stock was added were incubated
for 24 h (a long incubation time was used because of the extremely low cell
concentrations [17]) in the dark before absorption was measured at 490 nm. A
3% NaCl solution and 1 X 10° E. coli cells/ml were used as negative and positive
controls, respectively. Samples with an absorption of >0.02 were selected for
direct PCR.

Colony PCR. Colonies from agar plates and floating filters were picked using
sterilized tooth picks and dissolved in 10 pl ddH,O. For microcolonies (which
were picked from the floating filters), sterilized metal pins were used and they
were dissolved in 5 pl ddH,O. Subsequently, all samples (including the 5-pl
aliquots from the liquid culture samples) were stored at —20°C for at least one
night. Aliquots (1.5 pl) of these samples was used to amplify the 16S rRNA
gene(s) in a 25-pl PCR mixture with 0.4 pM universal bacterial primers 8F
(AGA GTT TGA TCC TGG CTC AG [13]) and 1492R (GGT TAC CTT GTT
ACG ACT T [28]), 0.4 mM each deoxynucleoside triphosphate, 1.25 U Ampli-
Taq Gold (Applied Biosystems), 1X PCR buffer, and 0.125 pl dimethyl sulfoxide.
For the microcolonies from the floating filters, 5 pul of DNA template was used
for the 25-ul PCR mixtures. The PCR program was as follows: initial denatur-
ation for 12 min at 94°C; 30 cycles of denaturation for 1 min at 94°C, annealing
for 1 min at 55°C, and elongation for 1 min at 72°C; a final extension step for 10
min at 72°C. The PCR products were visualized on a 0.8% agarose gel. Products
from successful PCRs were purified (MultiScreen PCR,6; Millipore, Billerica,
MA) and sequenced with the 8F primer.

Sequence analysis. Sequence chromatograms were manually inspected and
assembled using the Vector NTI software (Invitrogen, Carlsbad, CA). Sequences
with similarities of >97% were considered 1 OTU. The species boundary has
recently been revised to 98.7 to 99% identity for sequences to be considered to
belong to the same OTU (43). However, this is only true for sequences with no
ambiguous nucleotides, which is not the case for our PCR products, which were
directly sequenced. All sequences were checked for possible chimeric origins by
using Bellerophon (version 3) from the greengenes website (23). Sequences were
deposited at the NCBI GenBank. Nearest neighbors were determined by com-
parison to the NCBI GenBank database using BLAST searches (6 March 2009).

Phylogenetic analysis. 16S rRNA gene sequences of the OTUs of Haliclona
(gellius) sp. isolates, nearest neighbors of Haliclona (gellius) sp. isolates, and
Haliclona (gellius) sp. clones from a previous study (42) were imported in the
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ARB software package (31). DNA sequences were aligned using the FastAlign
function of the alignment editor implemented in the ARB program and refined
manually. Ambiguous regions of the alignment were systematically removed
using the program Gblocks v.0.91b (4). The default program parameters were
used, except we allowed a minimum block length of 5 and gaps in 50% of
positions. Phylogenetic trees were created by Bayesian analysis, using MrBayes
v3.0b4 (24) at the freely available Bioportal server (www.bioportal.uio.no). All
parameters were treated as unknown variables with uniform prior probability
densities at the beginning of each run, and their values were estimated from the
data during the analysis (39). All Bayesian analyses were initiated with random
starting trees and were run for 1 X 107 generations. The nucleotide identities of
Haliclona (gellius) sp. isolate and Haliclona (gellius) sp. clone sequences that
grouped together in the tree were established by using the BLAST2 tool from
NCBI. Identities of 97% and higher between Haliclona (gellius) sp. isolates and
Haliclona (gellius) sp. clones were regarded as successfully isolated sponge-
associated bacteria.

MDS. Different treatments (cultivation methods and media) were compared
for the distribution of isolates among OTUs observed in this study by using the
PRIMER 6 software (5). The data were pretreated by using the square root of
the abundance of the isolates per OTU. Bray-Curtis similarity was used to
calculate resemblance between treatments, and nonmetric multidimensional
scaling (MDS) was used to plot the analysis.

Nucleotide sequence accession numbers. Sequences were deposited with
NCBI GenBank under accession numbers EU346387 to EU346643, EU642556,
and EU642557.

RESULTS AND DISCUSSION

Cultivation methods and media. A total of 3,903 growing
cultures were identified. These cultures included 2,278 colo-
nies picked from agar plates, 528 liquid cultures (from 2,836
seeded cultures), and 1,097 colonies picked from floating fil-
ters. A total of 205 different OTUs were obtained from all 16S
rRNA gene PCR products. Sixty-eight OTUs represented
more than one colony, while 137 OTUs represented a single
colony.

No significant differences based on 16S rRNA gene se-
quence were found between the anaerobic and aerobic agar
plate cultures (data not shown), and therefore colonies ob-
tained with the same medium under aerobic and anaerobic
conditions were combined. The number of PCR products ob-
tained for each medium (Table 2) reflects the number of col-
onies that grew on the plates. In general, fewer PCR products
(<100) were obtained from the extremely nutrient-poor me-
dia, such as basic agar, 60:40 agar, synechococcus agar, and
crenarchaeote agar. For the relatively recalcitrant carbon
source chitosan, the number of PCR products was also low. An
equally poor result with the latter carbon source was obtained
with the cultivation of associated bacteria from 10 Mediterra-
nean sponge species (34). The organic sponge extract agar also
turned out to be relatively unsuccessful with respect to the
number of PCR products obtained. Because no methanol con-
trol was included, it is unclear whether this was because of the
low availability of nutrients or because of the presence of toxic
compounds in the organic extract. No colonies were formed on
Delicious antibiotic agar or charcoal agar, most likely because
of the presence of high penicillin and streptomycin concentra-
tions and charcoal concentrations, respectively. Despite the
high nutrient concentrations and the absence of antibiotics in
marine agar and Mueller-Hinton agar, a low number of PCR
products was obtained. For marine agar, the colony number
remained low because some fast-growing colonies quickly cov-
ered the surface of the agar plates, leaving little space for
slower growers. From the oligotrophic media, such as actino-
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TABLE 2. Summary of the number of PCR products obtained and diversity (number of OTUs) for all media and cultivation methods

Agar plates Liquid media Floating filters
Medium® No. of PCR No. of Medium¢ No. of PCR No. of Medium® No. of PCR No. of
products OTUs products OTUs products OTUs

1, basic 92 18 Tubes 37 20 1, basic 0 0
2, marine 54 15 dw A 0 0 2, Aq sp ex 8 5
3, Actino 165 28 dw B 2 1 3, Or sp ex 8 6
4, Rafhis 118 19 dw C 0 0 4, mucin 99 29
5, 60:40 41 13 dw D 0 0 5, Raf 6 3
6, Glyarg 135 26 dw E 0 0 6, Delici 38 17
7, chitosan 68 22 dw F 0 0 7, Delici + ps 0 0
8, Pepsta 151 30 dw G 0 0 8, basic+ 14 6
9, Fluthi 131 20 dw H 5 4 9, Aq sp ex+ 5 4
10, mucin 109 29 dw I 0 0 10, Or sp ex+ 4 2
11, Delici 114 26 dw J 1 1 11, mucin+ 47 23
12, Mulhin 62 17 dw K 0 0 12, Raf+ 26 9
13, Delici + ps 0 0 dw L 5 5 13, Delici+ 52 18
14, Synech 47 13 dw M 0 0 14, Delici + ps+ 20 10
15, charcoal 0 0 dw N 3 3

16, Aq sp ex 120 18 nw 1-11 0 0

17, Or sp ex 22 13 nw 12-14 86 5

18, Sp sp ex 164 32

19, Crenarch 24 8

“ See Materials and Methods for explanations of the different media used (names for some media have been abbreviated here; the full names (and additional
components) of the media, by number, can be found in the text). Media used for liquid cultures were not assigned numbers.

mycete agar, raffinose-histidine agar, glycerol-arginine agar,
peptone-starch agar, fluid thioglycolate agar, mucin agar, De-
licious agar, aqueous sponge extract agar, and sponge spicule
agar, higher numbers of PCR products and OTUs were ob-
tained. In total, 151 OTUs were obtained from agar plate
cultures.

Only 139 clean PCR products were obtained from the liquid
cultures because, first of all, growth occurred in only approxi-
mately 20% of the inoculated cultures, and second, in many
cultures in which growth occurred, different 16S rRNA gene
templates were present, which resulted in multiple signals
when they were sequenced. The lower number of clean PCR
products resulted in a considerably lower species diversity ob-
tained from liquid cultures (36 OTUs) compared to the agar
plates, which corresponds to the observations of Schoenborn
and colleagues (41), who compared the success of agar and
liquid cultures for the isolation of soil bacteria. However, 11
OTUs were exclusively obtained from liquid cultures and not
from agar plates or floating filters (see Fig. S1 in the supple-
mental material).

Two types of colonies appeared on the floating filters: (i)
macrocolonies (Fig. 1), which were comparable to the colonies
that were picked from the agar plates, and (ii) whitish to
transparent microcolonies that were barely visible with the
naked eye. The microcolonies were much more abundant than
the macrocolonies and represented 80% of all floating filter
colonies that were picked. Colony formation occurred on float-
ing filters on almost all media. However, on Delicious antibi-
otic medium no colonies formed, similar to the result on De-
licious antibiotic agar in the plate experiment. No PCR
products were obtained from colonies that appeared on basic
medium. Mucin medium and Delicious medium were most
successful for obtaining colonies and OTUs from Haliclona
(gellius) sp. tissue compared to the other media used for the
floating filter cultures. The addition of the mixture of acyl

homoserine lactones, cAMP, desferrioxamine B, and ampho-
tericin B to the media had no observable effects, except that
their additions led to colony formation on Delicious antibiotic
medium. In total, 60 OTUs were obtained from floating filters.
As for the cultivation on agar plates and in liquid media, 23
floating filter-specific OTUs were obtained (see Fig. S1 in the
supplemental material).

When profiles of isolates obtained with different media and
cultivation techniques were compared (Fig. 2), we found that
the addition of antibiotics to agar plates (medium 19 and
derivatives) yielded a different profile of OTUs than with the
other agar media, but the cultivation technique used had the
strongest effect on the OTU profiles obtained. The OTU pro-
files obtained from agar plates showed little resemblance with
the OTU profiles obtained from liquid media. Also, OTU
profiles obtained from floating filter media containing aqueous
(media 2 and 9) or organic (media 3 and 10) sponge extract or
raffinose (5) were different from other treatments. Previous
studies using the dilution-to-extinction method have led to the

FIG. 1. Example of a floating filter taken from a petri dish. The
white macrocolonies and one red macrocolony are visible on top of the
filter surface.
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FIG. 2. MDS plot of similarity between OTUs obtained with dif-
ferent treatments. Red triangles correspond to agar plate cultures,
black triangles to liquid cultures, and blue squares to floating filter
cultures. The numbers and letters depicted above the triangles and
squares refer to the media numbers (see Materials and Methods).
Media 19b, -c, and -d were pooled, as they yielded the same isolates. t1
refers to the liquid cultivation experiment using a cryopreserved ex-
tract of HgS, while t2 refers to the liquid cultivation experiment using
a freshly prepared extract from Hg6. Only treatments that resulted in
more than 1 OTU are depicted. The distance between data points in
the figure is a measure for the relative similarity between the OTU
profiles obtained for the different treatments, i.e., data points that are
closer to each other indicate a higher similarity.

isolation of the ubiquitous, but previously uncultivable, repre-
sentatives of the SAR11 clade (38). The floating filter tech-
nique has been scarcely applied but has resulted in the isola-
tion of the moderately thermophilic bacterium Thiobacillus
ferrooxidans, while use of conventional solid media was unsuc-
cessful for growing this species (9). Moreover, this technique
was used to isolate a novel Verrucomicrobium sp. with no cul-
tured near relatives (37). A similar trend could be seen for the
Haliclona (gellius) sp. isolates; while only 28% of the agar plate
isolates had nearest neighbors (BLAST search) that were de-
rived from clones, this number rose to 36% and 52%, respec-
tively, for liquid culture isolates and floating filter isolates.
Identification of cultivated bacteria. Alphaproteobacteria
represented the large majority of the isolates, at almost 89% of
all sequences obtained (Fig. 3). This is in sharp contrast to the
distribution of 16S rRNA gene sequences previously obtained
from an environmental sample of Haliclona (gellius) sp. tissue,
where Gammaproteobacteria-derived sequences dominated the
library, at 55% of the PCR products, while Alphaproteobacteria
represented only 7% (42). This is not an unusual discrepancy,
as Alphaproteobacteria dominate isolates from many marine
sponges (34, 45), while 16S rRNA gene libraries from environ-
mental tissue samples show a different distribution (44, 46).
The Gammaproteobacteria and Bacteroidetes represented 5 and
4% of the cultured isolates from Haliclona (gellius) sp., respec-
tively, and the Actinobacteria, Firmicutes, Planctomycetes, Stra-
menopiles, Verrucomicrobia, and Betaproteobacteria and Delta-
proteobacteria together represented approximately 2% (Fig. 3).
The difference in cultivability between Alphaproteobacteria and
Betaproteobacteria and Gammaproteobacteria is also reflected
in the origin of the 16S rRNA gene sequence of the nearest
neighbors: 67 and 55% of the Betaproteobacteria and Gamma-
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FIG. 3. Collapsed Bayesian phylogram of isolates from Haliclona
(gellius) sp. and nearest neighbors (BLAST search, 6 March 2009). The
numbers in parentheses indicate the number of isolates for each phy-
lum/class.

proteobacteria nearest neighbors, respectively, were derived
from clones (and not isolates), while for the Alphaproteobac-
teria, nearest-neighbor clones only accounted for 28% of the
OTUs.

The nearest neighbors of the isolates can mostly be divided
in three groups: (i) seawater isolates or clones, (ii) marine
sediment isolates or clones, and (iii) marine invertebrate-de-
rived isolates or clones. Nine Haliclona (gellius) sp. isolates
from the latter group are present in marine invertebrate-spe-
cific clades (Fig. 4; the complete phylogenetic tree can be
found in Fig. S1 of the supplemental material). All nearest
beta- and gammaproteobacterial sponge neighbors were de-
rived from clone sequences, indicating that we have cultivated
previously uncultivated sponge-specific microbes. In contrast
to the beta- and gammaproteobacterial sponge neighbors, only
33% of the alphaproteobacterial sponge neighbors were ob-
tained from clone sequences.

In order to assess the cultivability of Haliclona (gellius)
sp.-associated bacteria, 16S rRNA gene sequences of the isolates
were compared to a previously prepared 16S rRNA gene li-
brary from an environmental sample from the same sponge
specimen (42). Three categories of Haliclona (gellius) sp.-as-
sociated bacteria are defined to discuss the (un)cultivability:

(i) OTUs that were obtained from sponge tissue and from
sponge isolates. Seventeen OTUs that were previously found
in the clone library from the sponge were also obtained by
cultivation (Table 3). Eight of them belong to the Alphapro-
teobacteria, six to the Gammaproteobacteria, two to the Bacte-
roidetes, and one to the Firmicutes. Six of these 17 OTUs were
not obtained from agar plates, which indicates that the use of
multiple cultivation methods is valuable for increasing the di-
versity of cultivable microorganisms from sponges. Three
OTUs (OTUHgl5, OTUHg19, and OTUHg23), which were
detected in clone libraries of several Haliclona (gellius) sp.
specimens, were also recovered from the cultivation experi-
ment (Fig. 5). In total, 5 of the 36 OTUs that were present in
the clone library of the tissue sample of Haliclona (gellius) sp.
specimen 5 (Hg5, the specimen that was also used for the
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TABLE 3. OTUs that were discovered both in a 16S rRNA gene clone library of H. (gellius) sp. (based on Sipkema et al. [42])
and among isolates of the same sponge species”

Sponge clones

Sponge isolates

Clone name ] Isolate name ] Method(s) % identity Phylum or class

(specimen no.) Accession no. (specimen no.) Accession no.
HglbB9 (1) EU236314 OTUS (5) EU346492 A 98 Firmicutes
OTUHg23 (1, 6) EU236296 OTUS2 (5) EU346452 L 97 Gammaproteobacteria
HglalF7 (1) EU236305 OTU29 (5) EU346514 A 100 Gammaproteobacteria
HglbGl1 (1) EU236321 pepsta-153 (5) EU346584 A 98 Gammaproteobacteria
Hg62F5 (6) EU597222 OTU27 (5/6) EU346512 A/L/F 98 Gammaproteobacteria
Hg92B9 (9) HM152541 11C211 (5) EU346426 F 97 Gammaproteobacteria
Hg92B12 (9) EUS17112 sixfor-114 (5) EU346593 A 98 Gammaproteobacteria
OTUHgI5 (5, 9) EU236288 OTU28 (5) EU346389 A/F 99 Alphaproteobacteria
OTUHg19 (5, 9) EU236292 OTU12 (5/6) EU346392 A/L/F 98 Alphaproteobacteria
Hg5alF11 (5) EU236329 actino + 104 (5) EU346535 A 97 Alphaproteobacteria
Hg5a2B9 (5) EU236334 OTUS5 (5) EU346395 A/F 99 Alphaproteobacteria
Hg5a2D1 (5) EU236337 4C220 m (5) EU346443 F 100 Alphaproteobacteria
Hg92A11 (9) EU236387 OTUG62 (5) EU346404 L/F 98 Alphaproteobacteria
Hg92D7 (9) EU236404 pepsta-215 (5) EU346586 A 98 Alphaproteobacteria
Hg9Col1 (9) EU236284 actino + 6brlfl (5) EU366910 A 98 Alphaproteobacteria
Hg91GS5 (9) EU236375 4C107 (5) EU346446 F 99 Bacteroidetes
Hg92H7 (9) EU236427 OTU64 (5) EU346409 F 99 Bacteroidetes

“ The specimen number is included in parentheses after the clone or isolate name. Four specimens (1, 5, 6, and 9) were used to make the clone library, and two of
these specimens (5 and 6) were used for the cultivation experiment (specimen 6 was used only for a small part of the liquid cultures). Sponge clones shown in boldface
were obtained from multiple Haliclona (gellius) sp. specimens. The identity between the clone and matching isolate (based on BLAST?2 analysis) is included. The letters
A, F, and L in the method column refer to agar plates, floating filter cultures, and liquid cultures, respectively.

cultivation experiment) were also obtained from cultures, thus
representing 14% of the bacterial diversity.

Twelve OTUs were cultivated from the extract of Hg5 and
were not obtained in a clone library from the same individual
sample but were found in clone libraries from other individual
samples (Fig. 4). This implies that these OTUs were actually
present in the extract of Hg5 but not included in the clone
library, despite the considerable size of the clone library of
each individual (approximately 200 clones/individual). The ex-
pected presence of “extra OTUs” was confirmed by rarefaction
analysis of these clone libraries (42). If the percentage of cul-
tivated OTUs (17 OTUs) that were also present in the total
clone library of the sponge (Hgl + Hg5 + Hg6 + Hg9 = 170
OTUs) is assessed, a cultivation score of 10% is obtained,
which is a good result compared to values that have been
previously reported for sponges. The large range of cultivabil-
ity numbers in the literature (0.1 to 11%) is partly explained by
the use of different definitions of the “cultivable fraction.”
Friedrich et al. (16) and Webster and Hill (45) used epifluo-
rescence microscopy to estimate the bacterial cell concentra-
tion in sponge tissue of Aplysina aerophoba and Rhopaloeides
odorabile, respectively, and defined the cultivability as the
number of CFU divided by the total number of bacteria in the
sponge. Both groups obtained a very similar cultivability: 0.15
and 0.1 to 0.23%, respectively, with similar cultivation setups.
Santavy et al. (40) employed the same definition as the above-

mentioned authors but estimated the bacterial cell concentra-
tion in the sponge by conversion of bacteria counted on trans-
mission electron microscopy images to a three-dimensional
model and obtained a cultivability of 3 to 11%. Olson and
McCarthy (36) defined cultivability as the number of different
bacterial species that could be cultured divided by the total
bacterial diversity, based on denaturing gradient gel electro-
phoresis (DGGE), and obtained a value of 5%. We have used
the same definition as Olson and McCarthy and express culti-
vability as the percentage of the OTUs present in sponge tissue
that were also obtained by cultivation.

A number of the above-mentioned isolates from Haliclona
(gellius) sp. have only a low identity to previously isolated
bacteria (Table 4). For example, isolates OTUS52, 4C107,
Actino + 104, and 11C211 have only 90%, 94%, 95%, and 95%
identity, respectively, to the nearest isolate, which is on or
below the genus boundary (30).

(ii) OTUs that were obtained from sponge tissue but not
from sponge isolates. Despite the fact that the recoverability of
10 to 14% of the bacterial species associated with an environmen-
tal sample of Haliclona (gellius) sp. is a relatively good score, it
must be noted that the clone library OTUs that were regarded as
the most stable associates of the sponge microflora (Planctomy-
cete. OTUHg2, Betaproteobacteriac OTUHgl and OTUHg24,
Gammaproteobacteriacm OTUHg26 [Fig. 4], and Crenarchaea
OTUHgAr2 [42]) were not among the cultivated OTUs. This

FIG. 4. Bayesian phylogram of 16S rRNA gene sequences of a selection of the isolates from Haliclona (gellius) sp. and nearest neighbors (the
complete phylogenetic analysis with all OTUs is presented in Fig. S1 of the supplemental material). Haliclona (gellius) sp. isolates are shown in
blue and boldface, and Haliclona (gellius) sp. clones are in red and bold. Yellow boxes contain Haliclona (gellius) sp. isolates and clones that are
=97% identical. Gray boxes represent marine invertebrate-specific clusters. The numbers above or below the branches correspond to posterior
probability (PP) values of the Bayesian analysis. Nodes with PP values of <50 are not indicated. Thermocrinis sp. and Sulfurihydrogenibium azorense

were used as outgroups.
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FIG. 5. Venn diagram of the OTUs in the clone library of the
sponge that were also obtained by cultivation. Four sponge individual
samples (each represented by one oval) were made to prepare the
clone library (Hgl, Hg5, Hg6, and Hg9; see Sipkema et al. [42]). Each
number (black or red) refers to an OTU that was found in the clone
library of more than one sponge individual. The positions of the num-
bers in the Venn diagram show in which individuals each of the clone
library OTUs were detected. OTU numbers in red were found in the
clone library and were also obtained by cultivation. OTU numbers in
black were found in the clone library but were not obtained by culti-
vation. The number of singles in black represents the number of OTUs
that were present in the clone library of only one of the individuals.
The number of singles in red represents the number of these singles
that were also obtained by cultivation. The extract of Hg5 was used to
inoculate the cultures (Hg6 was used only for one small liquid culture
experiment).

confirms the current state of the art, that numerically abundant
environmental bacteria are rarely isolated in cultivation exper-
iments (26). We obtained one Planctomycete isolate from a
liquid culture, but it is only distantly related to clone library
OTUHg2 (BLAST?2 identity, 84%). Sponge-specific OTUHg24
and OTUHg26 from the clone library have no cultured near
relatives among the Haliclona (gellius) isolates or any other
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isolates (Fig. 4A) and may require highly specific yet unknown
conditions for cultivation. To date, there has been only one
report about the cultivation of a marine group 1 crenarchaeote
(27). A variety of media (agar plate cultivation medium 19 and
its derivatives) were based on the work of Konneke et al. (27).
For all cultures that did not yield a bacterial 16S rRNA gene
PCR product, PCR was repeated with archaeal 16S primers
(methods not described), but crenarchaeal PCR products were
never obtained. A study of the genomes of the most abundant,
but uncultivable, microbial sponge symbionts, similar to the
study by Hallam and colleagues (19, 20), who studied the
genome of Cenarchaeum symbiosum, may hold the key to their
cultivability and provide more information about the role of
these microorganisms in the sponge-microbe consortium.
High-throughput cultivation methods that have been applied
for the isolation of previously uncultured microorganisms (6,
25, 49) are less likely to overcome the uncultivability of the
most prominent sponge symbionts, as a low abundance of the
cells in the inoculum is not the problem.

(iii) OTUs that were not obtained from sponge tissue but
were obtained from sponge isolates. From the 205 OTUs
that were obtained from isolates, only 17 matched with
OTUs that were also obtained in a clone library from a tissue
sample of the sponge. The question then arises: where did all
the other OTUs from the isolates come from? A first possibil-
ity would be that they are laboratory-derived contaminations.
However, controls that were included in all experiments were,
with a few exceptions, negative, and it is therefore unlikely that
most of the “extra” OTUs were derived from laboratory con-
tamination. A large group of Haliclona (gellius) sp. isolates had
nearest neighbors isolated or cloned from seawater, and al-
though the sponges were rinsed three times with sterile artifi-
cial seawater before the inoculum was prepared, this rinsing
does not remove bacteria that are present in the canal system

TABLE 4. OTUs from isolates of Haliclona (gellius) sp. that share =95% identity with the nearest isolate”

Sponge isolates

Nearest isolate

Phylum

Isolate name Accession no. Method(s) % identity Source Accession no.
DwO06F03 EU346460 L 86 Activated sludge AB491166 Deltaproteobacteria
OTUSS8 EU346497 A/F 95 Sponge DQ302104 Verrucomicrobia
Dw06G03 EU346461 L 94 Bacterioplankton FJ1624362 Planctomycetes
OTU2 EU346489 A 87 Sponge 7.88592.2 Betaproteobacteria
OTUS2 EU346452 L 90 Soda lake AY298904 Gammaproteobacteria
OTUS3 EU346468 L 95 Sponge AY371439 Gammaproteobacteria
OTU6S EU346557 A 90 Bacterioplankton AY386333 Gammaproteobacteria
Marine + 126 EU346562 A 92 Bacterioplankton AY386344 Gammaproteobacteria
Sixfor-124 EU346595 A 94 Bacterioplankton AY386337 Gammaproteobacteria
T252 EU346485 L 94 Bacterioplankton AY386337 Gammaproteobacteria
Dw12D08 EU346465 L 94 Bacterioplankton AY386344 Gammaproteobacteria
8C102 EU346422 F 91 Marinobacter taiwanensis EF368020 Gammaproteobacteria
11C211 EU346426 F 95 Bacterioplankton AY386337 Gammaproteobacteria
OTU63 EU346406 F 95 Intertidal flat EU156066 Alphaproteobacteria
OTU66 EU346601 A 90 Marine sediment FJ889554 Alphaproteobacteria
Actino + 104 EU346535 A 95 Bacterioplankton AF007256 Alphaproteobacteria
Pepsta + 217 EU346555 A 92 Rhodobacteraceae AJ810844 Alphaproteobacteria
Dw12A01 EU346463 L 91 Coral AY654810 Alphaproteobacteria
4A101 EU346417 F 91 Bacterioplankton AB330821 Alphaproteobacteria
OTU42 EU346527 A 94 Bacterioplankton AM745437 Bacteroidetes
4C107 EU346446 F 94 Coral AY654766 Bacteroidetes

“ Results are based on a BLAST search. The letters A, F, and L in the Method(s) column refer to agar plates, floating filter cultures, and liquid cultures, respectively.
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and choanocyte chambers at the moment that the sponge is
being processed. These bacterial species are likely to be pres-
ent at low concentrations, but if they are easily cultivable they
can skew the distribution of isolated bacteria. Other bacteria
that are present in extremely low numbers in the sponge tissue
may also be cultivated, although they may not be detected in a
16S rRNA gene clone library. This hypothesis is supported by
rarefaction analysis of the diversity present in the clone library
from the environmental sample. It was shown that 48 to 77%
of diversity was covered (42), and a number of the isolates may
correspond to these “hidden” OTUs in the clone library. Sim-
ilar discrepancies between clone libraries or DGGE patterns
on one hand and isolates on the other hand were found in
studies with Suberites zeteki and two Scleritoderma sp. sponges
(36, 50).

Isolates that were most prominent in the cultivation exper-
iment (>100 colonies and cultures) were all Alphaproteobac-
teria. The most frequently obtained sequence was culture
OTU4 (371 times), which is a member of the Rhodobacteraceae
family and has been frequently isolated from marine sediments
and seawater, coral mucus, squid nidamental glands, and
sponges. The isolation of this family from a variety of sources
suggests that it is an opportunistic cosmopolitan species. The
same can be said for OTU11 (found 200 times), OTU13 (122),
and OTU15 (149), which are related to OTU4. Despite the fact
that culture OTU6 (133) was not discovered in the clone li-
brary of Haliclona (gellius) sp., its nearest neighbors are iso-
lates from the marine sponges Haliclona simulans, Chondrosia
reniformis, and other sponge- and marine invertebrate-derived
Alphaproteobacteria. Only one of the sequences in the sponge-
specific clade was obtained from a clone, while all others were
derived from isolates. This suggests that the bacterium may be
present in many marine invertebrates at low numbers and is
therefore generally not detected in clone libraries.

In addition to the Haliclona (gellius) sp. isolates from cate-
gory 1 that share only low identity with previously cultivated
bacteria, more isolates with low identity were obtained (Table
4). For example, the isolates that represent the Betaproteobac-
teria OTU2 belong to a diverse marine invertebrate-specific
clade (Fig. 4A) and share only 87% identity with the nearest
isolate. Also, the isolated Deltaproteobacteria DW06F03 shares
only 86% identity with the nearest isolate.

Conclusions. Diversification of cultivation methods led to an
improved cultivability of targeted bacteria (previously detected
in a clone library of the sponge). A matrix of cultivation meth-
ods and mainly oligotrophic media resulted in the isolation of
10 to 14% of the bacterial diversity found in Haliclona (gellius)
sp. The use of alternative cultivation methods to agar plate
cultivation was particularly rewarding for the isolation of pre-
viously uncultivated species or uncultivated genera (Table 4),
which underlines the importance of marine sponges for the
discovery of new microorganisms. Despite the cultivation of a
variety of bacterial species and genera that had not been ame-
nable to cultivation before, the associated microorganisms that
are thought to be the most important partners for the sponge
were not obtained in culture. (Meta)genome sequencing of
these microorganisms could overcome the knowledge gap and
provide indications of the putative role of the microorganism
in the sponge-microbe network and present new leads for the
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rational design of highly specific cultivation media and condi-
tions.
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