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Abstract Marine sponges harbor dense microbial

communities of exceptionally high diversity. Despite

the complexity of sponge microbiota, microbial

communities in different sponges seem to be remark-

ably similar. In this study, we used a subset of a

previously established 454 amplicon pyrosequencing

dataset (Schmitt and Taylor, unpublished data). Five

Mediterranean sponges were chosen including the

model sponge Aplysina aerophoba to determine the

extent of uniformity by defining (i) the core microbial

community, consisting of bacteria found in all

sponges, (ii) the variable microbial community,

consisting of bacteria found in 2–4 sponges, and

(iii) the species-specific community, consisting of

bacteria found in only one sponge. Using the

enormous sequencing depth of pyrosequencing the

diversity in each of the five sponges was extended to

up to 15 different bacterial phyla per sponge with

Proteobacteria and Chloroflexi being most diverse in

each of the five sponges. Similarity comparison of

bacteria on phylum and phylotype level revealed

most similar communities in A. aerophoba and

A. cavernicola and the most dissimilar community

in Pseudocorticium jarrei. A surprising minimal core

bacterial community was found when distribution of

97% operational taxonomic units (OTUs) was ana-

lyzed. Core, variable, and species-specific communi-

ties were comprised of 2, 26, and 72% of all OTUs,

respectively. This indicates that each sponge contains

a large set of unique bacteria and shares only few

bacteria with other sponges. However, host species-

specific bacteria are probably still closely related to

each other explaining the observed similarity among

bacterial communities in sponges.
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Bacterial symbiont � Core microbiota � Microbial
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Introduction

The recent advent of next-generation sequencing

technologies (Metzger, 2010) has led to exciting

advances in the study of microorganisms in natural
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environments. Among the most significant has been

the identification of a microbial ‘‘rare biosphere’’

(Sogin et al., 2006), which comprises a phylogenet-

ically diverse set of organisms that are present only at

very low abundances. An initial, 454 pyrosequenc-

ing-based survey of deep sea samples indicated that

the resident bacterial communities were up to two

orders of magnitude more complex than previously

reported for any other environment (Sogin et al.,

2006). While acknowledging the limitations of this

technique, e.g., sequencing artifacts that led to

inflation of diversity (Quince et al., 2009; Huse

et al., 2010; Kunin et al., 2010) subsequent studies on

plants and humans (Turnbaugh et al., 2009; Redford

et al., 2010), soil (Roesch et al., 2007; Chou et al.,

2010), and other marine habitats (Galand et al., 2009;

Gilbert et al., 2009; Andersson et al., 2010) supported

these initial conclusions.

Few habitats are better suited to exploration using

next-generation sequencing approaches than the

highly diverse microbial communities of marine

sponges. Indeed, 454 pyrosequencing of 16S rRNA

gene amplicons has already yielded much new

information about microbes in Great Barrier Reef

(Webster et al., 2010) and Red Sea (Lee et al., 2010)

sponges. In the former study, more than 250,000 16S

rRNA gene sequences were obtained from the Great

Barrier Reef sponges Ianthella basta, Ircinia ramosa,

and Rhopaloeides odorabile (Webster et al., 2010). A

broad taxonomic range of bacteria were detected,

including common sponge associates such as Acido-

bacteria, Actinobacteria, Chloroflexi, Proteobacteria,

and Poribacteria as well as a number of taxa recorded

from sponges for the first time (e.g., Deferribacteres,

Tenericutes, candidate phylum WS3). Invariably, the

‘‘new’’ taxa were at low abundance, demonstrating

the utility of pyrosequencing for uncovering the rare

microbial biosphere of marine sponges. It is clear that

this new technology offers much to the study of

marine sponge microbiology.

In a previous, large-scale 454 amplicon pyrose-

quencing study (Schmitt and Taylor, unpublished

data) we analyzed the diversity and community

structure of the total sponge microbiota (obtained

from 32 sponge species) as well as the global

biogeography of sponge symbionts. Here we used a

subset of the previous dataset to investigate in detail

the diversity of bacteria associated with each of five

Mediterranean sponges (Aplysina aerophoba,

Aplysina cavernicola, Ircinia variabilis, Petrosia

ficiformis, and Pseudocorticium jarrei). These

sequencing data are also used to delineate the bacterial

community into core, variable, and (host) species-

specific subsets.

Materials and methods

Amplicon 454 pyrosequencing data were previously

generated using a set of 32 sponge species (GenBank

accession number SRP003545; Schmitt and Taylor,

unpublished data). Briefly, high-quality DNA was

extracted from three individuals of each species and a

ca. 145 bp fragment of the 16S rRNA gene, including

the hypervariable V3 region, was amplified using the

modified primer pair 338f and 533r (338fdeg: ACW

CCT ACG GGW GGC WGC AG, 533rdeg: TKA

CCG CRG CTG CTG GCA C). Equal amounts of

PCR products were pooled from all three individuals

and amplicon libraries were sequenced with a 454

Life Sciences FLX pyrosequencer (University of

Otago, Dunedin, New Zealand).

For this study, tag sequence data from the five

Mediterranean sponges Aplysina aerophoba, Aplysina

cavernicola, Ircinia variabilis, Petrosia ficiformis,

and Pseudocorticium jarrei (collection: A. aerophoba:

Croatia, 45�050N, 13�380E, all other sponges: France,

43�120N, 5�210E, all at a depth of 15 m) were

extracted from the whole dataset and analyzed in

greater detail. To avoid overestimating the true

diversity due to erroneous tag reads as a result of

sequencing errors and formation of homopolymers

and chimeras (Reeder & Knight, 2009), the approach

of Kunin et al. (2010) was followed: the tag sequences

were end-trimmed based on quality scores at a

stringency of 0.2% per base error probability using

LUCY (Chou & Holmes, 2001). Unique sequences

were identified with Mothur 1.9.0 (Schloss et al.,

2009), aligned against a SILVA alignment (available

at http://www.mothur.org/wiki/Alignment_database)

using a kmer search and a Needleman algorithm, and

then grouped into 97% OTUs based on uncorrected

pairwise distance matrices with the furthest neighbor

algorithm. A representative sequence (defined as

implemented in Mothur) of each OTU was used for

the taxonomic assignment using customized perl

scripts similar to the approach used by Sogin et al.

(2006) and Webster et al. (2010). For each tag

342 Hydrobiologia (2012) 687:341–351

123

http://www.mothur.org/wiki/Alignment_database


sequence, a BLAST search (Altschul et al., 1990) was

performed against a manually modified SILVA ver-

sion 98 database. Pairwise global alignments were

performed between each of the 10 best hits against the

tag sequence using a Smith–Waterman algorithm. The

most similar sequence to the tag sequence (or multiple

sequences if within a range of 0.1% sequence diver-

gence) was then used for assignment according to the

RDP taxonomy implemented in the SILVA database.

For assignment at phylum, class, order, family, and

genus level, sequence similarity thresholds of 75, 80,

85, 90, and 95% were applied. In cases where the

taxonomy of the most similar sequences was incon-

sistent, a majority rule was applied, and the tag

sequence was only assigned if at least 60% of all

reference sequences shared the same taxonomic

annotation at the respective taxonomic level. All

previously published, sponge-derived sequences in

the SILVA reference database were labeled as such

and it was noted when a tag sequence was assigned to

a sponge-derived sequence. Based on the taxonomic

assignment as well as on the presence/absence of each

OTU in the sponges, Bray-Curtis similarities were

calculated using the program PRIMER-6 (PRIMER-

E, UK) and visualized as heatmaps using JColorGrid

(Joachimiak et al., 2006). Bray-Curtis similarities

were also used for unweighted pair-group average

cluster analysis with PRIMER-6.

Results

Phylogenetic affiliation of OTUs

Overall, 831, 908, 709, 595, and 255 high-quality tag

sequences and 133, 119, 111, 142, and 44 different

OTUs were obtained from the sponges A. aerophoba,

A. cavernicola, I. variabilis, P. ficiformis, and

P. jarrei, respectively (Fig. 1). These OTUs were

affiliated with 15 described bacterial phyla, 5 candidate

phyla, and an unclassified bacterial lineage that was

previously termed SAUL (sponge-associated unidenti-

fied lineage, Schmitt and Taylor, unpublished data)

(Fig. 1, Table S1). A. aerophoba showed the highest

phylum level diversity with 15 different bacterial phyla

whereas P. jarrei revealed the lowest diversity with 8

bacterial phyla. The remaining three sponges all

contained OTUs affiliated with 13 or 14 bacterial

phyla. Acidobacteria, Actinobacteria, Chloroflexi,

Nitrospira, Proteobacteria, and Spirochaetes as well

as the candidate phylum Poribacteria were present in all

five investigated sponges. In contrast, Chlamydiae,

Lentisphaerae, and Planctomycetes, as well as the

candidate phyla TM6 and TM7, were only found in one

of the five sponge species. Most diverse in this dataset

were the Chloroflexi and Proteobacteria with up to 53

and 45 different OTUs per host species, respectively.

Acidobacteria, Actinobacteria, and Poribacteria were

represented by an average of 11, 6, and 9.4 OTUs. All

other phyla were less diverse with 7 or less different

OTUs.

Bacterial community similarity among the five

sponges

At phylum level, analysis of Bray-Curtis similarity

values showed a high similarity ([75%) for bacterial

communities present in A. aerophoba, A. cavernicola,

P. ficiformis, and I. variabilis with the two Aplysina

sponges having most similar bacterial communities

(Fig. 2A). The bacterial community in P. jarrei was

more dissimilar to the other sponges with a Bray-

Curtis value of 60%. At phylotype level, the same

similarity pattern was obtained with both Aplysina

sponges having most similar bacterial communities

and P. jarrei having the most dissimilar bacterial

community, though with overall lower similarity

values (Fig. 2B).

Distribution of OTUs within the five sponges

The bacterial communities of the 5 sponges were

divided into the following three categories: (i) core

community, represented by OTUs that are present in all

5 sponge species; (ii) variable community, represented

by OTUs that are present in 2–4 sponge species; (iii)

species-specific community, represented by OTUs that

are present in a single sponge species (Fig. 3). The core

community consisted of 2% of all OTUs and contained

representatives of five different bacterial phyla. The

variable community comprised 26% of all OTUs and

included 11 different bacterial phyla and the SAUL

lineage. The species-specific community was biggest

with 72% of all OTUs and represented 18 bacterial

phyla and the SAUL lineage. Core, variable, and

species-specific OTUs were further divided into ‘‘Plus-

OTUs’’ and ‘‘Minus-OTUs’’ depending on whether the

respective tag sequences were assigned to a previously
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sponge-derived 16S rRNA gene sequence (Plus-OTU)

or to a non-sponge-derived 16S rRNA gene sequence

(Minus-OTU) during the taxonomic assignment. 89%

of core OTUs were Plus-OTUs. The variable commu-

nity comprised 75% Plus-OTUs whereas the species-

specific community contained 69% Plus-OTUs.

Discussion

Taxonomic richness of sponge microbiota

Aplysina aerophoba is a model sponge for the

investigation of sponge-microbe associations. Studies

on the morphological diversity of bacteria associated

with A. aerophoba reach back to 1970s (Vacelet,

1975) and were later complemented by cultivation

approaches (Hentschel et al., 2001; Pimentel-Elardo

et al., 2003) and molecular studies on microbial

diversity (Hentschel et al., 2002; Fieseler et al.,

2004). Subsequently, different aspects of the associ-

ation of A. aerophoba with diverse microbes were

analyzed in greater detail such as the stability of the

association (Friedrich et al., 2001), physiology of

microbial symbionts (Bayer et al., 2008; Schlappy

et al., 2010), disturbance of the association during

sponge disease (Webster et al., 2008), and secondary

metabolites (Ahn et al., 2003; Siegl & Hentschel,

2010).

In this study, a 454 amplicon pyrosequencing

dataset obtained from A. aerophoba was re-analyzed

together with tag sequence data from four other

Mediterranean sponges (Fig. 1). From the 15 bacte-

rial phyla found in A. aerophoba, 10 were discovered

previously from this sponge (Hentschel et al., 2002;

Fieseler et al., 2004), four were not known from this

species until now while members of the Firmicutes

were only detected in A. aerophoba by cultivation
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Fig. 1 Bacterial phyla

found in the five sponges.

Poribacteria, OP10, OS-K,

TM6, and TM7 are

candidate phyla. SAUL

(sponge-associated

unclassified lineage) is a

bacterial lineage that could

not be assigned to any

known bacterial phylum.

The number of different

OTUs per phylum is

illustrated
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approaches (Hentschel et al., 2001; Pabel et al.,

2003). The SAUL lineage was found in several other

sponges before (Taylor et al., 2007; Kamke et al.,

2010) but was not detected in A. aerophoba so far.

The phylogenetic affiliation of the SAUL lineage is

still unclear although previous phylogenetic analysis

placed it into the Planctomycetes–Verrucomicrobia–

Chlamydiae (PVC) superphylum (Wagner & Horn,

2006). Among the four newly found phyla are

Deinococcus-Thermus and the candidate phylum

TM7 which were also previously found in other

sponges albeit always at low diversity (Schirmer

et al., 2005; Thiel et al., 2007; Schmitt et al., 2008;

Webster et al., 2010). In addition, two new candidate

phyla, OS-K and OP10, were detected. These data

show the great potential of amplicon pyrosequencing

to discover less abundant members of bacterial

communities that may be missed with conventional

molecular methods, and therefore to extend our

knowledge of bacterial diversity.

Similar to the results for A. aerophoba, some

hitherto undetected phyla were also found within the

other four Mediterranean sponges (Fig. 1). The

microbial diversity within A. cavernicola was also

studied before by molecular methods although not as

extensively as in A. aerophoba (Friedrich et al.,

1999; Thoms et al., 2003; Lafi et al., 2009). In this

study, 13 different bacterial phyla were detected in A.

cavernicola including two candidate phyla (Poribac-

teria, OP10), as well as the unclassified SAUL

lineage. Particularly interesting was the finding of a

Chlamydiae-affiliated OTU as this phylum has only

been reported once from sponges investigated by

conventional molecular methods (Zhu et al., 2008)

but was found in a recent 454 amplicon pyrose-

quencing study in two more sponges (Webster et al.,

2010). This might indicate that members of the

Chlamydiae could actually be widespread among

sponges but likely belong to the rare biosphere in

many sponges and were therefore overlooked in most

previous studies. Only few 16S rRNA gene sequence

data are available for I. variabilis, either from

cultivated bacteria (De Rosa et al., 2003) or from

cyanobacteria-specific studies (Usher et al., 2004).

Here, members of 14 different bacterial phyla were

found including two candidate phyla (Poribacteria,

OS-K) as well as Planctomycetes and Lentisphaerae.

Although the latter two phyla have been found before

in sponges (Taylor et al., 2007; Webster et al., 2010)

they do not seem to be very diverse in these hosts.

The respective 16S rRNA gene sequences recovered

in this study do not match with other sponge-derived

but with environmental 16S rRNA gene sequences

and might therefore represent contaminants from

seawater. The association of P. ficiformis with
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Fig. 2 Phylum level (A) and phylotype level (B) similarity of

bacterial communities among the five sponges. Heat map

illustrating Bray-Curtis similarity values and cluster analysis of

assigned OTUs on phylum level (A) as well as presence/

absence of each OTU in sponges (B) are shown. Sponges are

abbreviated in the order as shown on the left side
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microbes has long been studied (Vacelet & Donadey,

1977; Wilkinson & Vacelet, 1979), however, many

of the 16S rRNA gene sequences from this sponge

available in public databases such as GenBank

(http://www.ncbi.nlm.nih.gov) were derived from

cultivation-based studies (Chelossi et al., 2007; Mu-

scholl-Silberhorn et al., 2008). In this study, P. fici-

formis contained members of 13 different bacterial

phyla including two candidate phyla (Poribacteria,

OP10) and the SAUL lineage. Two OTUs found in

P. ficiformis were affiliated with the phylum

Verrucomicrobia, a phylum that is only irregularly

found in sponges. Interestingly, these two OTUs

were identified as Plus-OTUs meaning their most

similar sequences in the database were also retrieved

from sponges. This also might indicate a closer

relationship than previously thought. Finally, the

microbiology of P. jarrei, a representative of the

group Homoscleromorpha, is completely unknown so

far. Here, we found eight different bacterial phyla

including the candidate phyla Poribacteria and TM6,

as well as the SAUL lineage.
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Species-specific 
community (72%)

Variable 
community (26%)

Core 
community (2%)

Phylum: No. of OTUs 

Acidobacteria
Actinobacteria
Bacteroidetes
Chlamydiae
Chloroflexi
Cyanobacteria
Firmicutes
Gemmatimonadetes
Lentisphaerae
Nitrospira
OS-K
Planctomycetes
Poribacteria
Proteobacteria
SAUL
Spirochaetes
TM6
TM7
Verrucomicrobia

Phylum: No. of OTUs

Acidobacteria
Actinobacteria
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Firmicutes
Gemmatimonadetes
OP10
Poribacteria
Proteobacteria
SAUL
Spirochaetes

Phylum: No. of OTUs

Acidobacteria
Chloroflexi
Nitrospira
Poribacteria
Proteobacteria

27
10
6
1
78
14
2
9
2
5
2
2
36
84
4
4
2
2
3

8
8
39
1
1
1
2
1
3
39
1
4

1
4
1
1
2

Fig. 3 Number of OTUs

that comprise species-

specific, variable, and core

bacterial communities

defined as presence of

OTUs in 1 sponge, 2–4

sponges, and all 5 sponges,

respectively. Phylogenetic

composition and number of

different OTUs per phylum

is given for each of the three

communities. Species-

specific, variable and core

OTUs are further divided

into Plus- or Minus-OTUs

depending on whether a

previously sponge-derived

16S rRNA gene sequence

was used for taxonomic

assignment or a non-

sponge-derived sequence
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Similarity among Mediterranean sponge-

associated bacteria

The four sponges A. aerophoba, A. cavernicola,

I. variabilis, and P. ficiformis exhibit more than 75%

overlap between their microbial communities at

phylum level (Fig. 2A), with 8 phyla being present

in all four of these sponges (Fig. 1). With the

exception of Firmicutes, all of these phyla are known

to contain sponge-specific clusters and represent

the typical bacterial profile of bacteriosponges

(Hentschel et al., 2002; Taylor et al., 2007). Most

diverse in all sponges are the phyla Proteobacteria

and Chloroflexi, which is in agreement with previous

data obtained from 16S rRNA gene clone libraries

(Mohamed et al., 2008; Lee et al., 2009; Kamke et al.,

2010). The similarity pattern on phylum level where

both Aplysina sponges have most similar bacterial

communities followed by P. ficiformis and I. varia-

bilis was supported by the comparison of bacterial

communities on phylotype level (Fig. 2B). The

bacterial community in P. jarrei seems to differ

more on both phylum level, with only 60% similarity,

and phylotype level, with 20% similarity (Fig. 2).

This might indicate a different bacterial profile in

P. jarrei, but more likely reflects the much lower

number of analyzed OTUs due to fewer 454 reads. It

is therefore conceivable that the more abundant

bacteria were detected in P. jarrei whereas the rare

bacteria are underrepresented in the dataset which

then has an effect on the comparison analysis.

Community structure of complex sponge

microbiota

Core (presence in all sponges), variable (presence in

2–4 sponges), and species-specific (presence in only

one sponge) communities were defined by determin-

ing the presence of each OTU in every sponge species

(Fig. 3). The core community was rather small with

only 2% of all OTUs found in all sponges. In stark

contrast, the species-specific community comprised

almost three quarters of all OTUs. Core, variable, and

species-specific communities are phylogenetically

diverse and not dominated by a single phylum

(Fig. 3). Assuming that 97% sequence similarity is

an approximate threshold for bacterial species, then

these data suggest that sponges do not share a lot of

their bacterial species. Instead each sponge species

contains a large set of unique bacterial species. This

seemingly contrasts with current understanding of

microbiota in sponges that are believed to be highly

similar (Hentschel et al., 2002; Olson & McCarthy,

2005; Hill et al., 2006; Taylor et al., 2007; Lee et al.,

2009; Anderson et al., 2010). The hypothesis of a

uniform bacterial community in sponges is mainly

based on the finding of sponge-specific clusters, e.g.,

clusters of only sponge-derived 16S rRNA gene

sequences from different sponge species and/or loca-

tions (Hentschel et al., 2002). However, these clusters

are not limited by a sequence similarity threshold and,

in fact, within-cluster similarity can be as low as 77%

(Hentschel et al., 2002). Because of the short length of

our tag sequences (ca. 145 bp) we could not determine

sponge-specific clusters in our dataset. Instead, we

used a similar designation into Plus- and Minus-OTUs

depending on whether the respective 16S rRNA gene

sequence was assigned to a sponge-derived (Plus-

OTU) or a non-sponge-derived (Minus-OTU) 16S

rRNA gene sequence in the database. Interestingly,

we found a high percentage of Plus-OTUs ranging

from 69% in the species-specific community to 89%

in the core community. We therefore propose that

different sponges might contain different bacterial

species. But these species are still more closely related

to each other than to, e.g., seawater bacteria as

indicated by the high percentage of Plus-OTUs in our

dataset and generally by sponge-specific clusters.

Symbiont transmission model revisited

In a previous study we proposed a symbiont trans-

mission model including a combination of both

vertical and horizontal transmission to maintain

complex microbial consortia in sponges (Schmitt

et al., 2008). Here, we provide an update including

the current literature on the mechanism of formation

of this specific association (Fig. 4). There are now

several microscopic and molecular studies showing

that bacterial symbionts in sponges are vertically

transmitted through reproductive stages (Usher et al.,

2001; Ereskovsky et al., 2005; Oren et al., 2005;

Enticknap et al., 2006; DeCaralt et al., 2007;

Maldonado, 2007; Schmitt et al., 2007a, b; Sharp

et al., 2007; Steger et al., 2008; Lee et al., 2009;

Webster et al., 2010). The alternative mechanism of

horizontal or environmental transmission, e.g., uptake

of symbionts from seawater, is much more difficult to
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prove and so far there is only indirect evidence for it.

For P. ficiformis, a species that was also used in this

study, the gametes do not contain any bacterial cells

and it was therefore concluded that bacteria must be

acquired from the environment by juveniles of each

new generation (Maldonado & Riesgo, 2009). A

similar argument was used for cyanobacterial cells in

A. aerophoba and Chondrilla australiensis (Usher,

2008; Maldonado, 2009). Both species contain cya-

nobacteria in the mesohyl of adult sponges but these

bacteria could not be detected at all in oocytes of A.

aerophoba (Maldonado, 2009) and only in some

gametes of C. australiensis (Usher, 2008). Strictly

vertically transmitted bacterial symbionts co-speciate

with their hosts which results in congruent phylog-

enies (Zientz et al., 2004). Such a co-speciation signal

was not found in a comprehensive phylogenetic study

of vertically transmitted symbionts in sponges and it

was assumed that additional horizontal symbiont

transmission might obscure a co-speciation pattern

(Schmitt et al., 2008). Finally, a recent 454 amplicon

pyrosequencing study detected sponge-specific

microbes in seawater albeit at very low abundances

(Webster et al., 2010). The authors speculated that

sponge-specific microbes might in fact be present in

seawater as part of the rare seawater biosphere which

might serve as a seed bank for colonization of

sponges. In this case, sponges might harvest these

microbial lineages from seawater in addition to

vertical transmission of symbionts. Altogether, these

new results corroborate the theory that horizontal/

environmental transmission of sponge symbionts

occurs and that a combination of horizontal and

environmental transmission maintains complex

sponge microbes associations.

Conclusions

This study complements a previous large-scale study

on whole sponge microbiome diversity and global

sponge symbiont biogeography (Schmitt and Taylor,

unpublished data) on a small-scale level including

microbial diversity and community structure on a

sponge species level. For this study the tag dataset

from five Mediterranean sponges was chosen
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• Tissue damage by predators
• Tissue fragmentation through e.g. storms
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Symbiont uptake
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et al., 2008; Usher, 2008; Webster et al., 2010

Symbiont 
separation

Symbiont 
dispersal

Fig. 4 Update of the

previously proposed

microbial symbiont

transmission model in

sponge hosts hypothesizing

a combination of vertical

and horizontal transmission

to maintain complex

sponge-microbe

associations. Figure

amended, with permission,

from Schmitt et al. (2008)
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including the model sponge Aplysina aerophoba.

Deep sequencing of these sponges revealed a previ-

ously unknown diversity including several phyla so

far not known from these sponges. The sponge

microbiome consists of very few core bacteria found

in all five sponges and a majority of host species-

specific bacteria found in only one sponge. However,

these host species-specific bacteria are probably still

closely related to each other explaining the observed

similarity among bacterial communities in sponges.

These important new results allow us to better assess

and understand one of the most diverse and possibly

most ancient symbiotic systems.
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