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INTRODUCTION

Marine sponges harbor abundant and diverse
microbial communities (Taylor et al. 2007, Webster &
Taylor 2012); those of the most ancient symbiotic
associations between microorganisms and meta-
zoans are estimated to have been in existence for 600
million yr (Wilkinson 1984). Microbial communities
may contribute up to 70% of the sponges’ biomass
(Wörheide 1998) and impact host metabolism, health,
and evolution (see Taylor et al. 2007, Webster & Taylor
2012 for a review). Recent comprehensive phyloge-

netic analyses on 7546 sponge-derived 16S and 18S
rRNA sequences confirmed the existence of sponge-
specific microbes, and in total 27% of the sequences
in that study fell into monophyletic, sponge-specific
sequence clusters (Simister et al. 2012). However,
next-generation sequencing analysis revealed that
putatively sponge-specific bacteria also occur in
other marine environments and are probably capable
of surviving outside the host, although generally at
extremely low abundances (Webster et al. 2010, Tay-
lor et al. 2013). Microbial communities in sponges are
regarded as highly specific to the host species and
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ABSTRACT: The coralline sponge Astrosclera willeyana, considered to be a living representative of
the reef-building stromatoporoids of the Mesozoic and Paleozoic, is the most common coralline
sponge found throughout Indo-Pacific coral reefs. Here, we used molecular methods to examine the
microbiota of A. willeyana over nearly its whole geographic range, from the Red Sea to the central
Pacific. Denaturing gradient gel electrophoresis analyses of 42 Astro sclera specimens revealed a
high microbial diversity and a complex composition in all of the investigated samples. Clearly dis-
tinct banding patterns indicated closer associations of the microbiota according to their geographic
origin. Moreover, we provide the first insights into the hitherto undetermined diversity and composi-
tion of microbial communities associated with coralline sponges from the Red Sea. Random sequen-
cing of a 16S rRNA clone library constructed from a single specimen of A. willeyana from the north-
ern Red Sea exposed a very complex microbial consortium, with the most abundant being
Chloroflexi, followed by Gammaproteobacteria and Deltaproteobacteria. Further members of the
community belonged to Actinobacteria, Alphaproteobacteria, Acidobacteria, Deferribacteria, Ni-
trospirae, Gemmatimonadetes, Spirochaetes as well as 1 uncertain bacterial group. A comparison
with a 16S rRNA clone library obtained previously from A. willeyana from the Great Barrier Reef re-
vealed both similarities and substantial differences in the composition of the microbiota. This study
provides novel information on microbiota in coralline sponges, a diversity that has not been suffi-
ciently investigated. Furthermore, it implies that the differences in symbiotic community composi-
tion may be an additional indicator of previously postulated cryptic host species.
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generally stable across time and space (Taylor et al.
2007). In a recent pyrosequencing analysis of 32 mar-
ine sponge species from 8 locations worldwide, Schmitt
et al. (2012) hypothesized that different sponges
share a very small ‘core community,’ and that they
host mainly species-specific communities. These
results suggest that broader investigations of micro-
bial diversity in different sponge species may con-
tribute to a clarification of sponge-specific micro-
biota, which may play a key role in the evolution of
this putatively ancient symbiosis and in sponge
response to climate change and environmental stress
(Webster et al. 2011, 2013, Webster & Taylor 2012).

Astrosclera willeyana belongs to a group of coralline
sponges which build a solid secondary calcareous
skeleton (Reitner 1992, Chombard et al. 1997) in
addition to a primary, often spicular, one. Coralline
sponges (also called sclerosponges) contributed to
the construction of reefs, where they dominated in
the late Paleozoic and Mesozoic (Vacelet 1985).
Regarded as a ‘living fossil,’ A. willeyana occurs in
cryptic and light-reduced environments (e.g. reef
caves; Reitner et al. 1996), from the northern Red Sea
to Tahiti (Wörheide 1998), and is the most common
coralline sponge throughout the Indo-Pacific coral
reefs (Reitner et al. 1996). Vacelet (1981) was the first
to observe that different regional populations of A.
willeyana vary in spicule morphology, which is used
as a criterion for taxonomic identification of the
sponges. Based on a detailed morphological study of
A. willeyana spicules distinguishing several regional
populations (Wörheide 1998), and based on molecu-
lar investigations of nuclear internal transcribed
spacer (ITS) rDNA, Wörheide et al. (2002a) proposed
the presence of at least 3 distinct cryptic species.
However, this hypothesis was not consistent with the
results of a subsequent mitochondrial marker ana -
lysis — probably due to very low mtDNA substitution
rates in this taxon (Wörheide 2006).

Wörheide (1998) was the first to report large micro-
bial communities in the living tissue of A. willeyana
from the Indo-Pacific and noted that bacteria may
make up more than 70% of the total biomass of some
parts of the sponge’s body, although other parts of
the sponge’s tissues lack bacteria almost entirely
(Wörheide 1998). Recently, we were the first to use
molecular methods to explore the microbial diversity
of coralline sponges (Karlińska-Batres & Wörheide
2013a), and we also provided the first insight into the
composition of the symbiotic community of A. wil-
leyana from the Great Barrier Reef (GBR), Australia
(Karlińska-Batres & Wörheide 2013b). Denaturing
gradient gel electrophoresis (DGGE) revealed a clear

split in the microbiota of A. willeyana specimens
from the southern and northern parts of the GBR,
thus further corroboration was provided for the exis-
tence of A. willeyana cryptic species (Karlińska-
Batres & Wörheide 2013b). An investigation of the
symbiotic communities of A. willeyana from other
geographical locations will not only offer insight into
the under-investigated microbial diversity in coralline
sponges, but might also provide additional data to
test the presence of cryptic species in Astrosclera.

Hence, we aimed to explore the differences in the
microbial communities of A. willeyana over a wide
geographic range, from the Red Sea to the central
Pacific, and to test whether distinct microbiota corre-
late with the distribution of putative Astrosclera
cryptic species. Therefore, we created a clone library
from a microbial community of A. willeyana from the
popular ‘Canyon’ dive site in the Gulf of Aqaba
(Dahab, Red Sea) to compare it with a previously
assessed clone library obtained from A. willeyana
from Yonge Reef, GBR. Furthermore, we performed
DGGE analysis to investigate any resemblance
between the microbial communities covering nearly
the total area of occurrence of A. willeyana, i.e. more
than 20 000 km.

MATERIALS AND METHODS

Sample collection

Samples of Astrosclera willeyana were collected
during SCUBA dives at depths between 4 and 23 m
at several sites located in the western and southern
Pacific Ocean, Coral Sea, and Red Sea (Table 1).
Forty-two sponges were excised with chisel and ham-
mer and transferred directly to plastic bags while
underwater. Sponge samples were preserved either
in silica gel (Erpenbeck et al. 2004), DMSO buffer
(adapted from Seutin et al. 1991), or 95% ethanol. We
describe the processing of sponge samples and DNA
extractions in detail elsewhere (Karlińska-Batres &
Wörheide 2013a).

Construction of 16S rRNA gene clone libraries and
phylogenetic analyses

The clone library from A. willeyana sample no.
GW950 from Yonge Reef, GBR, is described in detail
elsewhere (Karlińska-Batres & Wörheide 2013b). A
second clone library was constructed from a sample
of A. willeyana from the Red Sea (sample no. GW1046)
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using the same procedure, including PCR amplifica-
tion and sequencing of individual clones, but without
the restriction digestion step (Karlińska-Batres &
Wörheide 2013b). Most 16S rRNA sequences obtained
had a length of around 1500 bp.

Sequences obtained from both samples, together
with the most similar sequences determined by
BLAST, were imported into the ARB program (Lud-
wig et al. 2004) and subsequently aligned using the
ARB Integrated Aligner. The resulting alignment was
checked and corrected manually for alignment errors.
The neighbor-joining method (Jukes-Cantor correc-
tion) was used to calculate the initial phylogenetic
tree using ARB. Subsequently, the alignment was
exported from the ARB database, and maximum like-
lihood trees were constructed using RAxML v.7.2.5
(Stamatakis 2006), using 1000 bootstrap replicates
and the GTR+GAMMA model of sequence evolution.
The resulting trees were visualized with the use of
the FigTree v.1.3.1 program.

Sponge-specific and sponge-coral clusters

Monophyletic sponge-specific and sponge-coral
clusters (SSC/SCCs) were defined based on criteria
established by Hentschel et al. (2002). The BLAST
search results were checked for similar sequences
obtained from different sponges, corals, and non-
sponge sources, which were subsequently incorpo-
rated into the ARB database and used to calculate
phylogenies using neighbor-joining (ARB) and maxi-
mum likelihood methods (RAxML).

Estimation of microbial diversity and statistical
analysis of clone libraries 

The distance matrix generated by ARB was used
to assign sequences obtained from A. willeyana
from Yonge Reef and the Red Sea to operational
taxonomic units (OTUs) using Mothur (Schloss et
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Sample no.              Location                               Site                    Depth (m)             Year              Latitude                Longitude

RS1                          Red Sea                         Canyon #1                    15                   1992          28° 30’ 20’’ Na          34° 31’ 25’’ Ea

RS2                          Red Sea                         Canyon #2                    15                   1992          28° 30’ 20’’ Na          34° 31’ 25’’ Ea

RS3                          Red Sea                         Canyon #3                    15                   1992          28° 30’ 20’’ Na          34° 31’ 25’’ Ea

RS4                          Red Sea                         Canyon #4                    15                   1992          28° 30’ 20’’ Na          34° 31’ 25’’ Ea

GW1046                  Red Sea                         Canyon #5                    15                   2006          28° 30’ 20’’ Na          34° 31’ 25’’ Ea

GW972              GBR, Coral Sea               South Island #1                 6                    2010           14° 42’ 10’’ S            145° 27’ 3’’ E
GW977              GBR, Coral Sea               South Island #2                 6                    2010           14° 42’ 10’’ S            145° 27’ 3’’ E
G316283                 Coral Sea                       Osprey Reef                   14                   2006           13° 53’ 30’’ S            146° 33’ 6’’ E
UF6                  French Polynesia                  Tuamotus                     10                   2005           14° 58’ 60’’ S           147° 37’ 0’’ W
UF8                  French Polynesia                    Moorea                    12−16                2005             15° 00’ Sb               140° 00’ Wb

G316176                    Guam                           Haputo #1                  5−18                 2001             13° 28’ Nb               144° 47’ Eb

G316179                    Guam                           Haputo #2                  5−18                 2001             13° 28’ Nb               144° 47’ Eb

GW769.7                    Palau                       Siaes Tunnel #1              5−18                 2002              7° 30’ Nb                134° 30’ Eb

GW769.6                    Palau                       Siaes Tunnel #2              5−18                 2002              7° 30’ Nb                134° 30’ Eb

GW769.5                    Palau                       Siaes Tunnel #3              5−18                 2002              7° 30’ Nb                134° 30’ Eb

GW769.4                    Palau                       Siaes Tunnel #4              5−18                 2002              7° 30’ Nb                134° 30’ Eb

GW769.1                    Palau                       Siaes Tunnel #5              5−18                 2002              7° 30’ Nb                134° 30’ Eb

G313888                  Vanuatu                         Vanu Lava                 18−23                1999           13° 56’ 48’’ S           167° 26’ 28’’ E
G313906                  Vanuatu                         Mota Lava                    15                   1999            13° 39’ 3’’ S            167° 39’ 14’’ E
G313935                  Vanuatu                                                             5−18                 1999             16° 00’ Sb               167° 00’ Eb

JH47                        Vanuatu                    Espiritu Santo #1             5−18                                      16° 00’ Sb               167° 00’ Eb

JH23                        Vanuatu                    Espiritu Santo #2             5−18                                      16° 00’ Sb               167° 00’ Eb

JH3                          Vanuatu                    Espiritu Santo #3             5−18                                      16° 00’ Sb               167° 00’ Eb

102 (GW5440)             Fiji                          Waya Island #1                15                   1999             18° 00’ Sb               175° 00’ Eb

101 (GW5439)             Fiji                          Waya Island #2                15                   1999             18° 00’ Sb               175° 00’ Eb

98 (GW5436)               Fiji                        Astrolabe Reef #1               8                    1998             18° 00’ Sb               175° 00’ Eb

97 (GW5435)               Fiji                        Astrolabe Reef #2               6                    1998             18° 00’ Sb               175° 00’ Eb

96 (GW5434)               Fiji                        Astrolabe Reef #3               6                    1998             18° 00’ Sb               175° 00’ Eb

95 (GW5433)               Fiji                        Astrolabe Reef #4              15                   1998             18° 00’ Sb               175° 00’ Eb

94 (GW5432)               Fiji                        Astrolabe Reef #5              15                   1998             18° 00’ Sb               175° 00’ Eb

aExact coordinates for the Red Sea, Canyon site, were not available, so the given coordinates are based on Google Earth
(http:// earth.google.de)

bExact coordinates for the marked sampling sites were not available, so the given coordinates are based on USBGN (1988) 

Table 1. Sample data of investigated Astrosclera willeyana specimens, with collection site details. Details of 12 previously 
described samples from the Great Barrier Reef (GBR), Australia, (Karlińska-Batres & Wörheide 2013b) are not shown 
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al. 2009) and with a cut-off value of 0.03 (Schloss &
Handelsman 2005). The clones from the GBR sam-
ple that were analyzed only by restriction digestion
were also as signed to a corresponding OTU based
on their re striction pattern. To determine the abun-
dance and richness of the bacterial communities as -
sociated with each sponge, the Shannon and Simp-
son diversity indices (Spellerberg & Fedor 2003)
were calculated to describe species diversity. The
Chao1 and abundance-based coverage estimator
(ACE) richness index (Colwell & Coddington 1994)
were used to estimate total species richness. The
LIBSHUFF method was applied to determine the
significance of differences between the clone
libraries (Schloss et al. 2004). Mothur was used to
perform the calculations and to generate a Venn
diagram to compare the richness shared between
the microbial communities of both sponges. The
rarefaction curves calculated with Mothur were
plotted using the R software package (www.r-
 project.org).

Nucleotide sequence accession numbers

Clone sequences obtained from A. willeyana from
Yonge Reef were previously deposited in an EMBL
database under accession numbers HE985081 to
HE985159. The sequences obtained during this study
from the Red Sea specimen were deposited in the
EMBL database under accession numbers HG423455
to HG423535.

DGGE

We previously described DGGE
analyses of bacterial communities in
12 samples of A. willeyana from the
GBR (Karlińska-Batres & Wörheide
2013b). For the current project, bacter-
ial 16S rRNA genes from 30 additional
DNA extracts were analyzed using
similar methods. Samples from the
Red Sea were run on the same gel (Gel
1) as the previously described 12 sam-
ples from the GBR (Karlińska-Batres &
Wörheide 2013b). Gel 2 included sam-
ples from the Coral Sea (also GBR),
French Polynesia, Guam, Fiji, Palau,
and Vanuatu. The band-matching
Dice coefficient with optimization at
0.75% and a tolerance level of 0.75%

was used for the similarity calculations between the
DGGE banding patterns. Cluster analyses were
 performed using the unweighted pair group method
with arithmetic averages (UPGMA) to obtain simil -
arity dendrograms.

RESULTS

Clone library construction, OTU assignment, 
and phylogenetic analyses

In total, 380 clones were selected from the 16S
rRNA clone library as amplified from Astrosclera
 willeyana from the Yonge Reef (GW950). From that
number, 298 clones were sequenced and 9 se -
quences were discarded as chimeras. Through clus-
tering of the remaining 289 clone sequences together
with a single archaeal 16S rRNA sequence in
Mothur, 79 OTUs were retrieved using a 97% simi-
larity criterion. A further 82 clones were assigned to a
particular OTU based on their restriction patterns.
From the 16S rRNA clone library amplified from A.
willeyana from the Red Sea (GW1046), 427 clones
were selected and sequenced, and from those, 1
chimerical sequence was discarded. The remaining
426 clones were clustered into 81 OTUs using
Mothur (97% similarity criterion). The singletons
constituted 32% of the clone library of A. willeyana
from the GBR and about 37% of that from the Red
Sea. The distribution of 16S rRNA gene clones
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Phylogenetic                        Great Barrier Reef              Red Sea
group                              % of     No. of     No. of       % of No. of No. of

                                          total     clones     OTUs        total clones OTUs

Chloroflexi                        41.9       156          25           40.8 174 27
Gammaproteobacteria     13.7        51           12           22.3 95 17
Actinobacteria                   11          41            6             6.6 28 5
Acidobacteria                    7.8         29            9             4.9 21 5
Deferribacteres                 6.7         25            2             4.2 18 3
Deltaproteobacteria          5.9         22            8            10.8 46 9
Alphaproteobacteria         5.1         19            8             6.3 27 9
Nitrospirae                         4.3         16            1             2.1 9 2
Gemmatimonadetes          1.9          7             3             1.2 5 2
Spirochaetes                      0.8          3             2             0.5 2 1
Poribacteria                       0.3          1             1              – 0 0
Cyanobacteria                   0.3          1             1              – 0 0
Uncertain affiliation           –            0             0             0.2 1 1
Archaea                             0.3          1             1              – 0 0
                                                        372          79              426 81

Table 2. Distribution of the 16S rRNA clones and operational taxonomic units
(OTUs) defined at distance 0.03 among particular phylogenetic groups in the 

clone libraries obtained from the Astrosclera willeyana samples
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among the OTUs is summarized in Fig. S1 in the Sup-
plement at www. int-res. com/ articles/ suppl/ a074 p143
_ supp .pdf. Both specimens of A. willeyana revealed
16S rRNA gene sequences classified as Chloroflexi,
Gammaproteobacteria, Actinobacteria, Acidobacte-
ria, Deferribacteres, Deltaproteobacteria, Alphapro-
teobacteria, Nitrospirae, and Spirochaetes (Table 2).
Additionally, the GBR specimen exposed sequences
belonging to Poribacteria, Cyanobacteria, and Cre-
narchaeota; the specimen from the Red Sea also
revealed a single sequence of uncertain affiliation,
which differed from bacteria from any described
phylum. No PCR products were obtained for A. wil-
leyana from the Red Sea (sample no. GW1046) using
specific 16S rRNA archaeal primers. The phyloge-
netic trees present the OTUs from both A. willeyana
with the nearest similar sequences assigned to
Chloro flexi (Fig. 1) and Proteobacteria (Fig. 2A,B),
and to all other phyla (Fig. 3).

Closest relatives

Based on the BLAST results, A. willeyana from the
GBR had a slightly higher fraction of OTUs that were
closely related to other previously described sponge-
or coral-derived microbial sequences, i.e. 94% (74
out of 79 defined OTUs) in comparison with the Red
Sea specimen of 88% (71 out of 81 defined OTUs).
Both sponges revealed similar fractions of OTUs with
closest relatives obtained from corals (GBR 11%, Red
Sea 10%). A. willeyana from the GBR had a distinctly
lower ratio (6%) of OTUs, with closest relatives
derived from the environment (Red Sea specimen
12%). Only A. willeyana from the Red Sea revealed 2
OTUs with a closest se quence derived from a validly
described organism (94% similarity with an isolate of
the sponge Pseudo vibrio denitrificans and 99% simi-
larity with an isolate of the copepod Pseudoalte ro -
monas piscicida), as well as 1 OTU with a closely
related (99%) 16S rRNA sequence of Pseudomonas
sp. isolated from costal sediment water. The results of
the BLAST search are summarized in Tables S1 & S2
in the Supplement.

Shared OTUs

Cloned A. willeyana samples shared 31 OTUs, which
represented 61% of the GBR clones (n = 227) and 55%
of the Red Sea clones (n = 236). The largest number
of shared OTUs belonged to the phylum Proteobacte-
ria (12 OTUs) and Chloroflexi (10 OTUs). One shared

OTU, classified as Actinobacteria, revealed 29 clones
from the GBR specimen and 17 clones from the Red
Sea specimen. Another shared OTU, classified as
Chloroflexi, re vealed 27 clones from the Red Sea
specimen and only 5 clones from the GBR specimen.
Only 1 shared OTU with a high number of clones,
classified as Deferribacteres, re vealed similar num-
bers of clones (n = 15) by both specimens. In the phy-
logenetic trees (Figs. 1−3), the shared OTUs are indi-
cated as clone names in brackets.

SSC/SCC

From both coralline sponges, 67% of the OTUs
closely related to other sponge- or coral-derived se -
quences fell into 49 SSC/SCCs (GBR: 53 OTUs, Red
Sea: 54 OTUs). The Astrosclera specimens shared 33
SSC/SCCs and, additionally, 10 OTUs of the GBR
specimen were assigned to 10 individual SSC/SCCs,
and 10 OTUs of the Red Sea specimen were assigned
to 5 individual SSC/SCCs.

Microbial diversity and community structure

An analysis of the clone library showed that the
microbial community of A. willeyana from the GBR
was slightly more diverse due to the presence of
Poribacteria, Cyanobacteria, and Archaea; however,
members of an unclassified clade were found only in
A. willeyana from the Red Sea (Table 2). Further-
more, both communities varied notably in the abun-
dance of Gammaproteobacteria (14% for the GBR
and 22% for the Red Sea) and Deltaproteobacteria
(6% for the GBR and 11% for the Red Sea) as well as
slightly in the abundance of Actinobacteria and Aci-
dobacteria (11% and 8% for the GBR and 7% and
5% for the Red Sea, respectively). In both communi-
ties, the most abundant taxa were Chloroflexi (43%
for the GBR and 41% for the Red Sea; Table 2). LIB-
SHUFF statistical analysis of the libraries (Schloss et
al. 2004) confirmed a highly significant difference
between the microbial communities of the 2 A. wil-
leyana samples (p < 0.0001). A Venn diagram of the
OTU distributions at a distance of 0.03 revealed that
of the 129 defined and different OTUs, 24% were
shared between the communities of A. willeyana
from the GBR and Red Sea.

A slightly higher Shannon-Wiener index for A. wil-
leyana from the GBR confirmed a greater complexity
of its microbiota. However, the Simpson index, which
gives a strong weighting to the dominants, showed
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subsurface clone HDB_SISU635 HM187436

clone C452/GW1046

seawater clone 52−3−22 JN018843

clone A382/GW950 , clone C19/GW1046 , X. muta, X. testudinaria, T. ignis,
 A. aerophoba, I. strobilina, A. fulva, H. hogarthi, Pachastrella sp.

Aplysina fulva clone AF−53 GU982072

clone A129/GW950 , clone C401/GW1046 , R. odorabile,  
T. ignis, X. testudinaria, S. maori, G. barretti, I. strobilina

clone A366/GW950

deep−sea clone Ulr1528 AM997444

Rhopaloeides odorabile clone R6 AF333545

seawater clone HF0200_06I16 GU474876

(clone A180/GW950 , clone C37/GW1046 ), clone C58/GW1046 ,  
A. dilatata, X. testudinaria, G. barretti, R. odorabile,Plakortis sp.

seawater clone 41−12−88 JN018824

seawater clone SAR269 AY534090
Chondrilla nucula clone CN72 AM259923

Agelas dilatata  clone AD007 EF076127

(clone A95/GW950 , clone C480/GW1046 ), clone A246/GW950 , 
clone C154/GW1046 , clone C254/GW1046 , E. caribaeorum, Plakortis sp., 
 X. testudinaria  (2), M. faveolata, A. alata  (2), S. zeai, A. dilatata, A. aerophoba 

deep−sea clone Ulrdd_22 AM997488

soil clone AMME10 AM934825

Aplysina fulva  clone AF−37 GU982057

Medea brine lake clone 2M1S−B97 JF809789

deep−sea clone Ulr1530 AM997436

aquatic moss pillars clone MPB1 −182 AB630564

Geodia barretti clone GBc183 JQ612188

deep−sea clone F9P262000_S_M20 HQ674551

clone A371/GW950

(clone A48/GW950 , clone C411/GW1046 ), clone A225/GW950 , clone A196/GW950 , A. alata (2),
 G. barretti, X. testudinaria (2), A. chartacea (2), Plakortis sp., H. hogarthi, T. ignis, S. zeai, A. fulva

Geodia barretti clone GBc239 JQ612326

(clone A299/GW950 , clone C369/GW1046 ), X. testudinaria, S. zeai, I. strobilina

Haliclona hogarthi clone HH−A6 GU981857

Ancorina alata clone AncK5 FJ900344

clone A50/GW950 , clone C340/GW1046 , clone C475/GW1046 , X. muta, X. testudinaria  (2),  
I. oros, I. fasciculata, Ircinia  spp., A. aerophoba, M. faveolata, Plakortis sp., G. barretti, A. alata

sediment clone 251−30 FN553470

Agelas dilatata  clone AD050 EF076186

(clone A80/GW950 , clone C140/GW1046 ), clone C18/GW1046 , 
X. testudinaria, X. exiuga, A. dilatata, G. barretti, S. maori, 
T. swinhoei, H. sinapium, R. odorabile, M. faveolata, L. variabilis

sediment clone 953Sed32u AB606808

seawater clone 41−12−61 JN018807

clone A270/GW950
clone C469/GW1046

subsurface clone HDB_SIOZ412 HM186750

deep−sea clone CB1341b.05 GQ337174

hydrothermal sediment clone V19F33b FJ905635

clone A61/GW950 , clone C224/GW1046 , X. testudinaria, A. alata
deep−sea clone CB0563b.90 GQ337119

clone A152/GW950 , Aplysina aerophoba, Xestospongia testudinaria

soil clone UHAS5.50b JN037994

soil clone bac587 JF727736

sediment clone Ulr1500 AM997465

Svenzea zeai  clone A124 FJ529310

seawater clone 65−11−34 JN018921

(clone A187/GW950 , clone C348/GW1046 ), clone A176/GW950 , I. strobilina, H. hogarthi, A. fulva,  
T. ignis, S. zeai, X. muta, X. testudinaria, M. faveolata, R. odorabile, A. alata, C. candelabrum

deep−sea clone OTU232_Common_Clone02 AB694515

geothermal water clone Tat −08−009_38_50 GU437404

(clone A8/GW950 , clone C198/GW1046 ), clone A29/GW950 , clone A56/GW950 ,
clone C120/GW1046 , clone C190/GW1046 , clone C206/GW1046 , clone C260/GW1046 ,
clone C414/GW1046 , clone C474/GW1046 , S. zeai, Pachastrella  sp., G. barretti, X. muta,  
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Fig. 1. Maximum-likelihood phylogeny of Astrosclera willeyana-derived 16S rRNA sequences affiliated with the phylum
 Chloroflexi, with the next most similar sequences obtained from other sponges or corals and from the environment. Reference
sequences are listed with their GenBank numbers. Bold text signifies clones obtained during this study from A. willeyana sam-
ples (blue from the Great Barrier Reef, Australia [GBR]; red from the Red Sea); clone names in brackets indicate shared opera-
tional taxonomic units (OTUs). Shaded boxes represent sponge-specific clusters: grey - clusters shared, blue with the clones
from the GBR, red with the clones from the Red Sea; numbers in parentheses next to sponge names indicate the number of se-
quences per sponge. Bootstrap analysis was based on 1000 replicates; support values 70−85% are indicated by asterisks. 

Scale bar signifies 10% sequence divergence
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Fig. 2. (continued on next page) Maximum-likelihood phylogeny of Astrosclera willeyana-derived 16S rRNA sequences affili-
ated with the phylum Proteobacteria, with the next most similar sequences obtained from other sponges or corals and from the
environment. The tree is displayed as 2 subtrees (a,b); arrows go to the remaining tree parts. Reference sequences are listed 

with their GenBank numbers. Other details as in Fig. 1
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no differences between the 2 investigated communi-
ties. According to the Chao1 index and the ACE
(Table 3), we sequenced 80% of the predicted num-
ber of microbial species in the community associated
with A. willeyana from the GBR; for A. willeyana
from the Red Sea, the values given by the estimators
differed (65% according to the Chao1 index and
72% for ACE) and indicated a less effective sam-
pling. In contrast, the rarefaction curves for the Red
Sea sample calculated for the 0.03, 0.05, and 0.1 cut-
off criteria indicated a more successful sampling than
was denoted by the Chao1 and ACE estimators
(Table 3), as they almost reached saturation (Fig. 4).
Despite these differences, the sampled diversity pro-
vides a comprehensive picture of the core microbial
communities of both coralline sponges (Schmitt et al.
2011).

DGGE

We found very complex DGGE banding profiles in
all samples with numerous bands: the samples from
Fiji and the Red Sea showed the lowest average
number of bands (26 bands from the Red Sea and
Waya Island, Fiji, and 27 bands from the Astrolabe
Reef, Fiji); the Haputo, Guam, samples showed the

highest average number of bands (34). On Gel 1, we
detected 73 different band types, with only 2 pre-
dominant bands, which were present in all of the
Astrosclera samples, and another 4 bands, which
were missing from 4 individual samples. On Gel 2,
we found 84 different band types, and here also
only 2 bands were present in all 25 samples, and a
further 2 in 24 samples (the banding profiles of both
gels are available in Fig. S2 in the Supplement).
Due to the difficulty of making an accurate compar-
ison between the gels, we performed the cluster
analysis separately. However, on both gels, the
 samples were clustered together according to their
geographical origin (Fig. 5). Analysis of Gel 1 de -
monstrated a clear division between North GBR (N-
GBR), South GBR (S-GBR), and GBR inshore sam-
ples with separation of the Red Sea. Analysis of Gel
2 demonstrated a definite division between the
microbial communities associated with A. willeyana
from Palau, the Coral Sea, and the South Pacific
(French Polynesia), whereas within the Western
Pacific, the microbial communities of A. willeyana
sampled to the north of the largest Fijian island (Viti
Levu), viz. Guam, Vanuatu, and Waya Island, clus-
tered together and formed a sister group to the
specimens from the Astrolabe Reef (to the south of
Viti Levu; Fig 5).
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I. fasciculata, D.  erythraeanus, I. strobilina, T. ignis, H. hogarthi, Plakortis  sp.

clone A402/GW950
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Fig. 3. Maximum-likelihood phylogeny of Astrosclera willeyana-derived 16S rRNA sequences affiliated with several phyla,
with the next most similar sequences obtained from other sponges or corals and from the environment. Reference sequences 
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DISCUSSION

To our knowledge, this is the first study to address
the diversity and composition of the microbial com-
munity associated with coralline sponges from the
Red Sea, and it is the first investigation of the micro-
biota of Astrosclera willeyana over its wide Indo-
Pacific range, from the Red Sea to the central Pacific.
The 16S rRNA gene-based characterization of the
microbial diversity of A. willeyana from the Red Sea
revealed a highly complex and rich symbiotic com-
munity, including representatives of 8 bacterial phyla
and 1 uncertain bacterial group. A comparison with a
previously assessed 16S clone library of A. willeyana
from the GBR (Karlińska-Batres & Wörheide 2013b)
showed significant differences in community compo-
sition as well as some similarities between the micro-
biota. The DGGE analysis of bacterial 16S rRNA
genes obtained from A. willeyana specimens cover-
ing the vast area of their appearance confirmed a
high microbial diversity in all of the investigated
samples and revealed a closer association between
the microbial communities with respect to their geo-
graphical provenance.

The Red Sea, with its perennial high temperatures
and high salinity of seawater bodies, constitutes a
unique ecosystem on a global scale and a natural
habitat for corals and sponges (Ilan et al. 2004). More
than 2 decades of research on Red Sea sponges have
brought significant findings regarding natural prod-
ucts and bioactive compounds and their ecological
importance to coral reefs (Ilan et al. 2004). However,
from among the ca. 240 sponge species recorded
from the Red Sea (Radwan et al. 2010), the microbial
communities of only a few species have been investi-
gated to date (Hentschel et al. 2002, Oren et al. 2005,
Radwan et al. 2010, Lee et al. 2011). Our investiga-
tions on the microbial community of A. willeyana gave
the first ever insight into the microbiota of coralline
sponges from the Red Sea. This was also the first
study on Red Sea sponges with a very high number
of selected clones. Phyla commonly associated with
marine sponges dominated in the microbial commu-
nity of A. willeyana (Taylor et al. 2007, Webster &
Taylor 2012); however, these phyla were significantly
differentiated from the communities associated with
other Red Sea sponges that had previously been stud-
ied using a similar 16S rRNA cloning approach
(Hentschel et al. 2002, Oren et al. 2005, Radwan et al.
2010, Lee et al. 2011). The level of diversity could be
compared with the microbiota of Red Sea Hyrtios
erectus (42 selected clones), but this symbiotic com-
munity revealed members of Bacteroidetes, Firmi-
cutes, TM7, and Betaproteobacteria (Radwan et al.
2010), and lacked bacteria of an uncertain affiliation
that were found in the Red Sea A. willeyana. In the
same study, Radwan et al. (2010) also investigated
the microbial community from Amphimedon sp. (39
clones), but this microbiota re vealed strikingly lower
diversity and only slight overlap with A. willeyana.
The microbial diversity associated with A. willeyana
also significantly ex ceeded the diversity of the Red
Sea sponge Diacarnus erythraenus (37 clones) domi-
nated by Cyanobacteria (Berg man et al. 2011). How-
ever, if we also consider sequences obtained from
larvae (38 clones) and from isolates from adult
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Sample source              No. of clones      No. of OTUs     Chao estimate          ACE           Shannon index         Simpson index

Great Barrier Reef                372                       79                       100                    100                     3.88                          0.028
                                                                                                 (87−136)            (89−125)           (3.77−3.98)              (0.023−0.033)
Red Sea                                 426                       81                       124                    113                     3.84                          0.029
                                                                                                 (98−191)            (96−148)           (3.73−3.94)              (0.025−0.033)

Table 3. Diversity analysis of the 16S rRNA gene clone libraries constructed at distance 0.03 for the Astrosclera willeyana sam-
ples. Lower and upper 95% confidence intervals are shown in parentheses where available. OTU: operational taxonomic unit, 

ACE: abundance-based coverage estimator
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sponges (88) and larvae (40), the magnitude of diver-
sity increases considerably (Bergman et al. 2011),
which makes the results comparable to those of the
community obtained from A. willeyana. The first
pyrosequencing analysis of microbiota associated
with 3 Red Sea sponges — Hyrtios erectus, Stylissa
carteri, and Xestospongia testudinaria (Lee et al.
2011) — significantly expanded the magnitude of
microbial diversity in sponges from this biogeo-
graphic region; however, the differences in the level
of phylogenetic resolution between the techniques
that were used made a direct comparison of this
study with our analyses difficult. One of the striking
findings of the study by Lee et al. (2011) was a very
high abundance of Archaea — up to 300 archaeal
species estimated from a single sponge (up to 100
OTUs revealed). A. willeyana from the Red Sea

lacked Archaea entirely. Interestingly, the clone
library of A. willeyana from the GBR revealed only
a single archaeal OTU that was similar to a clone
library constructed from another coralline sponge,
Vaceletia crypta, which co-occurs and was sampled
from the same site (Yonge Reef, GBR) (Karlińska-
Batres & Wörheide 2013a). These findings raise the
question as to whether coralline sponges indeed form
very limited associations with Archaea.

The comparison of 16S rRNA clone libraries ob -
tained from A. willeyana from the Red Sea and from
the GBR (Karlińska-Batres & Wörheide 2013b) showed
substantial differences in the structure of the micro-
bial communities. The microbiota associated with the
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GBR specimen revealed a more complex structure.
The microbial communities differed in terms of abun-
dance of some major groups (Gamma proteobacteria,
Deltaproteobacteria, Actinobacteria, and Acido -
bacteria), which impact host metabolism and health
(Taylor et al. 2007, Webster & Taylor 2012). Also, the
presence of some minor members of the communities
(Poribacteria, Cyanobacteria, Ar chaea, and an un -
classified clade) distinguished the microbiota of the 2
Astrosclera specimens. We have previously discussed
the putative functions of the phylogenetic groups in
A. willeyana (Karlińska-Batres & Wörheide 2013b).
Notwithstanding, the comparison of the 16S rRNA
clone libraries also showed identical fractions of
clones from both communities in the SSC/ SCC, thus
confirming the uniqueness of symbiotic associations in
these sponges. According to Shade & Handelsman
(2012), an abundant microorganism that is shared
among all samples within a given habitat must play a
significant function in the community. Therefore,
recognizing core microbiota (microbes that are com-
mon to 2 or more samples) in complex microbial
habitats is the first step in understanding systems
ecology (Shade & Handelsman 2012, Webster et al.
2013). Most studies have compared the microbial
communities of sponges from the same geographical
region or sea (Erwin et al. 2012, Schmitt et al. 2012,
Webster et al. 2013). A study of 13 GBR sponge spe-
cies re vealed a high core microbiome within each
species but a low microbiome shared between the
species; a maximum of 5 sponge species shared
OTUs, and 91% of the OTUs were species-specific
(Webster et al. 2013). In another study of 3 sympatric
Mediterranean Ircinia sp., Erwin et al. (2012) identi-
fied host species-specific OTUs, OTUs shared be -
tween the 2 most phylogenetically related species,
and OTUs common to 2 species sharing the same
cryptic habitat. These results suggested that host-
specific factors have an impact on structuring micro-
bial symbiont communities (Erwin et al. 2012). Mon-
talvo & Hill (2011) compared, for the first time, the
microbial symbionts of 2 closely related sponges from
different oceans and revealed that the bacterial com-
munities associated with X. muta and X. testudinaria
were specific to each of the sponge species and to the
genus Xestospongia. Our results are comparable
with the study on Xestospongia spp. (Montalvo & Hill
2011), since the investigated A. willeyana samples
from the GBR and Red Sea shared 31 OTUs as
defined based on the 0.03 similarity criterion which
grouped over half of both clone libraries. However,
despite the fact that more clones were selected from
the Red Sea specimen, we detected less diversity

(predicted 65% of OTUs). Hence, Red Sea A. wil-
leyana might harbor more abundant and heteroge-
neous microbiota; therefore, although our results
indicate high species-specific associations in this
coralline sponge, a further investigation of samples is
necessary to confirm the host-specific nature of A.
willeyana microbial communities.

The DGGE analysis of 42 microbial communities of
A. willeyana sampled from the widespread area of
the species’ occurrence, from the Red Sea to French
Polynesia, confirmed both a high abundance and
complex composition in all microbial communities.
Moreover, the results exhibited a closer relationship
between microbial communities depending on geo-
graphical origin, which was similar to observations in
samples from the GBR (Karlińska-Batres & Wörheide
2013b). We (Karlińska-Batres & Wörheide 2013b)
previously suggested that the split between the
southern and northern GBR microbial communities
associated with A. willeyana might be an additional
indicator of the existence of cryptic species (Wörheide
1998, 2006, Wörheide et al. 2002a). In this study, not
only on a small scale (GBR) but also across the wide
range of A. willeyana in the Indo-Pacific, the micro-
bial communities derived from specimens obtained
from geographically closer populations clustered to -
gether (Fig. 5), partly confirming these assumptions.
The present data support the separation of a distinct
Red Sea population of A. willeyana, as has been
 primarily evidenced by analyses of ITS and COI
(Wörheide et al. 2002a, Wörheide 2006). However,
the separation of microbial communities from the
Coral Sea and Palau, together with the clustering of
microbial communities from Guam with microbiota
of A. willeyana from Vanuatu and Waya Island (Fiji),
as well as a clear split of the Astrolabe Reef popula-
tion from the rest of Fiji, suggests closer affiliation of
geographically more distant populations. This pat-
tern could be explained by ancient gene flow re -
gimes determined by historical events that were con-
trolled by different current systems during low sea
levels (Benzie 1999, Wörheide et al. 2002a), as was
evidenced for some other coral reef organisms, such
as the sponge Leucetta ‘chagosensis,’ starfishes Acan-
thaster plancii and Linckia levigata, and the giant
clam Tridacna  gigas (Benzie 1994, 1999, Wörheide et
al. 2002b).

Our study demonstrates the high diversity of micro-
organisms associated with A. willeyana from the
Indo-Pacific. We cloned single samples from the GBR
(Karlińska-Batres & Wörheide 2013b) and from the
Red Sea, but by selecting an exceptionally high num-
ber of clones we provided a comprehensive picture of
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the core microbial community of the investigated A.
willeyana, which was complemented through the
application of DGGE to analyze numerous samples.
Although we cannot rule out completely that differ-
ences in the composition of the microbiota between
the Red Sea and the Great Barrier Reef specimens
may be influenced by seasonal variation, it is
unlikely — due to the large amount of bacteria resid-
ing inside A. willeyana (up to 70% of the biomass of
the sponge, Wörheide 1998) — that a significant pro-
portion of rRNA gene sequences belong to plankton
bacteria captured by the cho ano cytes, skewing our
results. Moreover, most of the 16S rRNA sequences
were highly similar to sequences derived from micro-
organisms found in other sponges and confirmed as
symbiotic (Taylor et al. 2007, Webster & Taylor 2012).
Therefore, we con sider that the consistency of the
microbiota between the 5 Red Sea A. willeyana spec-
imens, as revealed by DGGE analysis, indicates that
its microbial community is likely to be representative
of other A. willeyana specimens from that location
and supports the more detailed subsequent sequen-
cing analysis of the single individual.

The absence (Red Sea) or low occurrence (GBR) of
Archaea and Poribacteria is surprising. Future stud-
ies with specific primers could provide more insight
into the diversity of these phylogenetic groups. How-
ever, another coralline sponge, Vaceletia crypta,
which co-occurs and was sampled from the same site
(Yonge Reef, GBR), showed similar results (Karlińska-
Batres & Wörheide 2013a). Furthermore, exploring
the differences between the microbial communities
of these 2 coralline sponges could offer more insight
into the microbial associations that are specific to
coralline sponges.
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