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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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