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Abstract

Cold-water coral reefs are known to locally enhance the diversity of deep-sea fauna as well as of microbes. Sponges are
among the most diverse faunal groups in these ecosystems, and many of them host large abundances of microbes in their
tissues. In this study, twelve sponge species from three cold-water coral reefs off Norway were investigated for the
relationship between sponge phylogenetic classification (species and family level), as well as sponge type (high versus low
microbial abundance), and the diversity of sponge-associated bacterial communities, taking also geographic location and
water depth into account. Community analysis by Automated Ribosomal Intergenic Spacer Analysis (ARISA) showed that as
many as 345 (79%) of the 437 different bacterial operational taxonomic units (OTUs) detected in the dataset were shared
between sponges and sediments, while only 70 (16%) appeared purely sponge-associated. Furthermore, changes in
bacterial community structure were significantly related to sponge species (63% of explained community variation), sponge
family (52%) or sponge type (30%), whereas mesoscale geographic distances and water depth showed comparatively small
effects (<5% each). In addition, a highly significant, positive relationship between bacterial community dissimilarity and
sponge phylogenetic distance was observed within the ancient family of the Geodiidae. Overall, the high diversity of
sponges in cold-water coral reefs, combined with the observed sponge-related variation in bacterial community structure,
support the idea that sponges represent heterogeneous, yet structured microbial habitats that contribute significantly to
enhancing bacterial diversity in deep-sea ecosystems.

Citation: Schottner S, Hoffmann F, Cardenas P, Rapp HT, Boetius A, et al. (2013) Relationships between Host Phylogeny, Host Type and Bacterial Community
Diversity in Cold-Water Coral Reef Sponges. PLoS ONE 8(2): e55505. doi:10.1371/journal.pone.0055505

Editor: Jack Anthony Gilbert, Argonne National Laboratory, United States of America
Received September 27, 2012; Accepted December 24, 2012; Published February 5, 2013

Copyright: © 2013 Schéttner et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was funded by the EU FP6 project HERMES (GOCE-CT-2005-511234-1), the EU FP7 project HERMIONE (contract no. 226354) and SPONGES
(project 017800). FH was funded by the Deutsche Forschungsgemeinschaft (DFG project HO 3293/1-1). HTR was funded by the Norwegian Research Council
through contract number 28630. This study was also supported by the Max Planck Society. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: aramette@mpi-bremen.de

o Current address: Department of Systematic Biology, Evolutionary Biology Centre, Uppsala University, Uppsala, Sweden

Introduction product removal. Furthermore, sponges are able to utilize
) o ., dissolved organic matter (DOM) mediated by their microbes
Cold-water coral reefs are considered as “biodiversity hotspots [18-19], and have therefore been identified as “DOM-sinks” on

due to their potential to locally enhance faunal biodiversity on
continental margins and in the deep ocean [1-4]. For this reason,
the microbial diversity associated with cold-water reef ecosystems
has attracted increasing scientific interest lately [5-10]. Marine
sponges usually host rich, specifically associated microbial
communities that are largely distinct from those of the surrounding
seawater [11-13]. Representing the most diverse faunal group on
cold-water coral reefs [14], these benthic animals are therefore

tropical coral reefs [20-21]. As cold-water corals release consid-
erable amounts of both particulate and dissolved organic matter
[22], diverse sponge-microbe associations may also play an
important role for the rapid nutrient recirculation in cold-water
coral reef systems.

A relation between certain morphological and metabolic
features in sponges and the abundance of their associated microbes

has been postulated, leading to the distinction of two ecological

h_ypot}-lesi.zed to play an in?portant role for promoting microbial sponge types [11], [23-24]: High-microbial abundance (HMA)
diversity in deep-water reef ecosystems.

Recent studies on sponge functional microbiology showed that
sponge microbes are able to perform a large suite of aerobic and
anaerobic, autotrophic and heterotrophic processes of the nitrogen
and sulphur cycle [15-17]; the potential main benefits for the
sponge thereby being efficient nutrient recirculation and waste

sponges, on the one hand, have compact, spherical growth forms,
dense tissue with few canals, low pumping rates and a high density
of diverse microbial cells. Low-microbial abundance (LMA)
sponges, on the other hand, exhibit different growth forms, a
loose tissue structure with many canals, high pumping rates and a
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lower density of microbial cells. Their nutrition is obtained
basically by filter feeding, and their tissue contains mainly transient
microbial communities.

As indicated by molecular investigations, HMA and LMA
sponges differ not only with respect to the density but also the
diversity of their microbial communities [23,25]. Furthermore,
several microbial sponge-specific sequence clusters (SSSC) have
been identified, which are repeatedly found in different sponge
species from different oceans [12,26-27] . Thus, most sponge
species, with only few known exceptions, host conspicuously stable,
species-specific microbial associates [28—34]. These are assumed to
interact with their host in many different ways and are commonly
referred to as sponge symbionts [35].

Vertical symbiont transmission, one of the microbial acquisition
mechanisms by which a temporally and spatially stable association
1s achieved, has been shown for numerous sponge species
belonging to all four classes of Porifera [36-40]. Comparative
phylogenetic studies of certain host sponges and their symbionts
even suggest sponge-microbe co-speciation [41-43]. However,
horizontal transmission, i.e. the selective and non-selective uptake
of microorganisms from the environment, can also occur,
including a potential microbial transfer between sponges of the
same or different species [40]. A combination of both vertical and
horizontal transmission has therefore been proposed to explain the
microbial diversity found in sponges today, with increased
attention to the environmental component [12-13,34,44]. As
sponges are filter feeders, the additional and constant unspecific
uptake of environmental microorganisms can generally obscure
the presence and degree of specific sponge-microbe associations.

In cold-water coral reefs, most of the previous studies on
sponge-microbe associations either considered only a restricted
number of sponge species, or only a certain fraction of the
associated microbial community. In the present study, we
determined how the diversity of abundant bacterial taxa changed
among and between twelve different sponge species, covering a
broad phylogenetic spectrum: seven sponge families from three
classes of sponges. The high-resolution molecular fingerprinting
approach ARISA (Automated Ribosomal Intergenic Spacer
Analysis [45]) was chosen due to its better ability to reveal fine
community changes, as it targets a genomic region of greater
variability than the 16S rRINA gene sequence. By studying samples
from three cold-water coral reef ecosystems on the Norwegian
continental margin, the following research questions and hypoth-
eses were addressed: (1) Can we identify differences in the number
and distribution of bacterial operational taxonomic units (OT'Us)
depending on sponge phylogeny (family and species) as well as
sponge type (HMA versus LMA)? (2) How much do the potential
host-microbe associations depend on other environmental factors
such as geographic location and water depth?

Results

Specimens from 12 sponge species, present at three cold-water
coral reef sites off Northern Norway and at a fjord site on the
Norwegian West coast (Figure 1), and encompassing a broad range
of sponge families and species (Figure 2), were included in this
study: The HMA sponges Geodia barretti, Geodia macandrewii, Geodia
phlegraer, Geodia atlantica, Pachymatisma normani, Plakortis sp., and
Cranella zetlandica, as well as the LMA sponges Poecillastra compressa,
Phakellia robusta, Phakellia ventilabrum, Mycale (Mycale) lingua, and
Sympagella sp. The different sponge species were grouped into the
LMA or HMA sponge type based on microscopic investigation of
tissue sections stained with DAPI as described previously [15].
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Figure 1. Study sites. Sponges and sediments were sampled at three
cold-water coral reef sites off Northern Norway at a water depth of 290-
430 m. Additional samples were collected in the Korsfjord on the West
coast of Norway at a similar depth range.
doi:10.1371/journal.pone.0055505.g001

The whole ARISA dataset yielded a pool of 437 different
OTUs, with numbers obtained per sample ranging between 42—
210 OTUs. Average OTU numbers (Figure 3) differed signifi-
cantly between sponges and sediments (range: 42-152 and 159-
210, respectively; Kruskal Wallis test, P<<0.05), and between some
sponge species within and between the HMA and LMA type
(range: 42-142 and 86-152 OTUs, respectively; P<<0.05).
Altogether, HMA sponges (total: 283 OTUs) hosted lower
numbers of bacterial OTUs than LMA sponges (total: 377 OTUs)
and sediments (total: 367 OTUs; Figure 4). Of all 437 OTUs
present in this dataset, 70 OTUs (16%) were strictly associated
with sponges and 22 OTUs (5%) were strictly associated with
sediments, while a total of 345 OTUs (78.9%) accounted for the
shared OTU fraction in sponges and sediments (Figure 4).

Only very few of the strictly sponge-specific OTUs were sponge
species-specific: The LMA species P. compressa, P. ventilabrum, and
M. lingua, harbored 2, 5, and 11 specific OTUs respectively, while
the HMA species C. zetlantica and Plakortis sp. harbored 2 and 22
specific OTUs, respectively. Noticeably, all OTUs found in
sediments were also identified at least once in a sponge species.
The proportion of shared OTUs between sponges and sediments
(on average: 29%) significantly varied among sponge families
(ANOVA, df=6, F=16.473, P<<0.001), as well as sponge species
(ANOVA, df=11, F=13.980, P<0.001), but not between HMA
versus LMA sponges (ANOVA, df =1, F=0.001, P=0.977) or reef
locations (ANOVA, df =3, F'=1.8408, P=0.149) or water depths
(ANOVA, df=1, F=1.1009, P =0.298; Figure 5).

When variations in bacterial community structure were
visualized in a 2-dimensional space using NMDS (Figure 6),
communities of HMA and LMA sponges formed clearly distinct
groups (ANOSIM R =0.996, P<0.0001), which also differed
greatly from sediment communities (ANOSIM R>0.96 for each
comparison, P<<0.0001). In addition, within the HMA and LMA
groups, bacterial community structures were different between
sponge families (ANOSIM R values from 0.557 to 1, all P<<0.05
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Figure 2. Sponge phylogenetic relationships. The tree topology represents a synthesis of phylogenetic reconstructions from [66,74-75],
showing the twelve sponge species from eight different sponge families targeted in this study. Bold: high microbial abundance (HMA) sponges; non-
bold: low microbial abundance (LMA) sponges. The concept of LMA and HMA sponges does not follow a phylogenetic trend.
doi:10.1371/journal.pone.0055505.9002
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Figure 3. Bacterial OTU numbers. ARISA-derived OTU numbers for all sponge species and ambient sediments are indicated with the number of
analyzed samples (i.e. individual sponge specimens) in parentheses. The middle line in each box depicts the median of the respective data set. The
box width represents 50% of the data, while both whiskers and outliers indicate the distribution of remaining data points, thus representing the
overall variation. Different lower-case letters above boxes denote significant difference in OTU number based on pairwise Kruskal-Wallis rank sum
testing at the false detection rate-based adjusted P<<0.05 [76]. Species with less 5 specimens were not statistically compared.
doi:10.1371/journal.pone.0055505.9g003
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Figure 4. Shared OTUs between HMA sponges, LMA sponges,
and sediments. The Venn diagram displays the number of OTUs
unique to or shared between the three major sample groupings, with
total OTU numbers for each grouping indicated in parentheses.
doi:10.1371/journal.pone.0055505.g004

after Bonferroni correction), with the exception of Tetillidae and
Pachastrellidae (ANOSIM R =1, P=0.10). Furthermore, the five
species of the Geodiidae family, although showing rather similar
microbial communities when compared to other sponge families
(main NMDS plot; Figure 6), also harbored distinct bacterial

Sponge-Microbe Co-Evolution

communities when compared among each other (insert of Figure 6;
ANOSIM R =0.62-1, all P<0.05 after Bonferroni correction,
except for G. barretti versus P. normani with P=0.0996). Note that,
although the communities from G. barretti and G. atlantica showed
some overlap on the NMDS plot, their bacterial communities were
in fact significantly distinct (ANOSIM R =0.96, P=0.0001).

In order to determine whether the extent of community
heterogeneity between samples observed in the NMDS plot was
also statistically supported, the degree of community dispersion
(i.e. the wvariability in community diversification or in beta
diversity) among sponge types, families, and species were
compared by testing whether the average spread within a given
NMDS sample grouping was significantly different from that of
other sample groupings (Figure 7). As indicated by permutation
test for homogeneity of multivariate dispersions (df =2, F=19.819,
P=0.001; based on 1000 permutations), significant community
diversifications were found between HMA and LMA sponges
(Tukey’s test, P<<0.001), as well as between LMA sponges and
sediments (P<<0.001), with the LMA sponges showing the overall
highest degree of community diversification (Figure 7A). At the
level of sponge family (df=6, F=5.4838, P=0.001), subsequent
differences in bacterial community dispersion between families
were only partly significant (P<<0.05), mostly due to the
comparatively high degree of bacterial community diversification
within the Dictyonellidae and Mycalidae, and the contrastingly

% of different types

80-100%

40-60%
20-40%
0-20%

60-80%

S Nimn

B

LMA

MA”P, onii
MA_Phakeliia_\ vwﬂ‘o&mm‘Tmnl Jzﬁn
LMA”Phakeliia_ventilabrum Trana 326m
MA_Phakellia_ventilabrum_Rost_T55m
MA_Phakellia_ventilabrum_Rost_355m
LMA”Phakeliia_ventilabrum Rost_355m

Sediments

barrett/ |
eada_barrett/ Korsfjord
ga:ny.'ﬂ'nlsmt norman_Rest_292m
HMA Pachymatisma_normani_Rost_292m
H&Geodla_otlantica Rost 328m
HMA_Geodia_atlantica_Rast.

HMA

e
:

hiograo m
HMA-Gooda-Phiosraci-Host 230m
HMA-Geadlaphictraei-Fost_2a0m

Figure 5. Shared OTUs between all samples. The heatmap depicts the percentage of OTUs shared between any two samples in the study.
Community data were also clustered to better reveal the structure in the dataset. Sample names indicate sponge genus, species, reef location, and

water depth, as well as specimen identification number.
doi:10.1371/journal.pone.0055505.g005
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Figure 6. Overall bacterial community variation. The two-dimensional NMDS ordination (based on a Bray-Curtis dissimilarity matrix) of the
multidimensional data in reduced space yielded a stress value of 0.11. Each symbol corresponds to one sediment sample or sponge specimen of a
given species, with the respective PCR-triplicates already merged into a consensus profile per sample. Insert: Bacterial community variation for

specimens from five species of the Geodiidae family.
doi:10.1371/journal.pone.0055505.9006

low degree of diversification within the Vulcanellidae (Figure 7B).
At the level of sponge species (considering those with >5
specimens; df=11, F=3.9249, P=0.001), bacterial community
dispersion differed significantly only between the most diversified
species, M. lingua, and the group of least diversified species, G.
atlantica, G. barretti, G. phlegraei, and P. ventilabrum (Tukey’s test,
P<0.05; Figure 7C).

When the diversity of bacterial communities in specimens of the
Geodiidae family was examined in more detail (Figure 8), a

pronounced increase was evidenced at sponge phylogenetic
distances, especially up to 0.1 (corresponding to inter-specific
variation within the Geodiidae), with a highly significant, positive
relationship between bacterial community dissimilarity and sponge
phylogenetic distance (Mantel test, R=0.71 and 0.76, both
P<0.001, using OTU relative abundance and presence-absence,
respectively).

To systematically examine the relative effects on changes in
bacterial community structure of the factors sponge type (HMA
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Figure 7. Bacterial community diversification. Variation in beta diversity, measured as the average degree of dispersion (i.e. the average
dissimilarity from individual samples to their group centroid) among (A) sponge types and ambient sediments, (B) sponge families, (C) sponge
species with more than 5 specimens per species, (D) sponge species with less than 5 specimens. Different lower-case letters above each box denote
significant mean difference in dispersion based on pairwise Wilcoxon-Mann-Whitney testing at P<<0.05. Species with less 5 specimens were not
statistically compared.

doi:10.1371/journal.pone.0055505.g007
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Figure 8. Bacterial community dissimilarity versus sponge COIl genetic distance within and beyond the Geodiidae family. A highly
significant, positive relationship within the Geodiidae (COI genetic distance <0.1) was evidenced (Mantel test), indicating that the more
phylogenetically related two Geodiidae species are, the more similar the structure of their bacterial communities, but no such relationship was found
at higher sponge taxonomic levels (COI genetic distance >0.1). Both a linear regression line (y =0.249+2.679 x; dotted line) and a locally weighted
polynomial regression curve (LOESS; continuous line) are indicated to better reveal the type of relationship between the data.

doi:10.1371/journal.pone.0055505.g008

versus LMA), sponge family and sponge species, as well as the co-
factors reef location and water depth, a variation partitioning
analysis was performed (Table 1). Sponge type, family and species
were all highly significantly associated with changes in bacterial
community structure, with sponge species causing most of the
variation (63%), followed by sponge family (52%) and sponge type
(30%), while the effects of sampling depth and geographic location
were controlled for. Interestingly, when this analysis was carried
out with only the 245 OTUs shared between HMA and LMA
sponges, the respective contribution of each factor did not
qualitatively change (Table 1), implying that community variations
were mainly based on differences in relative OTU abundance
rather than OTU presence/absence. The co-factors water depth
(ranging from 200—400 m) and reef location (covering distances of
420 nautical miles within one climatic and geographic region)
generally explained less than 5% of the variation in bacterial
communities at all levels tested (Table 1).

Discussion

In this study we showed that both HMA and LMA sponges
from cold-water coral reefs host diverse bacterial communities in
terms of OTU number (used here as proxy for bacterial richness,
or alpha diversity), as well as of community structure and
diversification (i.e. beta diversity). Community patterns clearly
reflected sponge phylogeny/taxonomy and sponge type. High-
resolution sequencing applications have become standard tools in
microbial ecological studies over the course of the past few years,
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with the advantage that deep insights into community composition
can be obtained. ARISA targets another part of the genome, i.e.
the more polymorphic intergenic spacer (IT'S1) between the 16S
and 23S rRNA genes, and thus offers more resolution than the
more conserved ribosomal genes [45]. Therefore our findings
cannot be directly compared to 16S-based studies, as finer changes
in community structure may not be captured with the latter. Even
though molecular fingerprinting techniques do not provide
detailed information on the identity and actual number of species
in environmental samples, those approaches have been shown to
be useful to describe trends and patterns of prokaryotic
communities and to respond to a variety of ecological questions
at different spatial and temporal scales, across various ecosystems

(e.g. [46-48]).

Cold-water coral reef sponges as specific microbial
habitats

Altogether 16% of all bacterial OTUs in the dataset appeared
sponge-associated (Figure 4), i.e. present only in sponges and not in
sediments, with LMA sponges harboring over 3-times more
sponge-associated OTUs than HMA sponges. It is tempting to
suggest that these OTUs may be sponge-specific, and may even
consist of the sponge species-specific microbiome (i.e. “sponge
associates” and ‘“‘sponge specialists”, respectively; sensu Taylor
[29]), such as revealed by several previous studies [12—
13,26,29,34,49]. This finding must, however, be viewed in the
light of the fact that only sediments (but not seawater) were
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Table 1. Respective effects of sponge type, sponge
taxonomy, geographic location and water depth on the
structure of sponge-associated bacterial communities.

Effects® df® Explained variance®
All OTUs  Shared OTUs

Type+Depth+Location 5 0.403 *** 0.237 ***
Type|(Location, Depth) 1 0.303 *** 0.160 ***
Depth|(Location, Type) 1 0.028 *** 0.038 ***
Location|(Type, Depth) 3 0.029 *** 0.048 ***
Family+Depth-+Location 10 0.618 *** 0.335 ***
Family|(Location, Depth) 6 0.517 *** 0.259 ***
Depth|(Location, Family) 1 0.012 ** 0.006 ns (P=0.107)
Location|(Family, Depth) 3 0.022 ** 0.014 ns (P=0.0517)
Species+Depth+Location 15 0.733 *** 0.507 ***
Species|(Location, Depth) 11 0.633 *** 0.431 ***
Depth|(Location, Species) 1 0.008 *** 0.001 ns (P=0.326)
Location|(Species, Depth) 3 0.019 *** 0.024 **

Simple and partial RDA models were used to quantify the relative effects of
sponge type (HMA versus LMA), sponge family, and sponge species, in
combination with the co-factors reef location and water depth, on changes in
bacterial community structure. The “|" sign indicates that the effects of the
factors in parenthesis were accounted for by partial regression analysis.
Degrees of freedom.

“Coefficient of determination (R?) of each multivariate model, adjusted for the
number of explanatory terms in the respective model. Significances of the F
ratios, as determined by 1000 Monte Carlo permutation tests, are indicated as
***¥ P<0.001; **, P<<0.01; ns, P=0.05.

doi:10.1371/journal.pone.0055505.t001

included in our study, based on the consideration that sediments
function as natural filters of seawater communities in porous
sediments [50], and may thus locally accumulate microbes over a
longer time span, as compared to what small volumes of seawater
may contain at a particular moment (e.g. at sampling time).
Furthermore, when we performed our sampling, studies on marine
sponge microbes had concordantly suggested sponge-specific
microbial communities to be absent from the surrounding
seawater (e.g. [11,12] and references therein). This supposition
was refuted only recently, when deep-sequencing efforts revealed
the presence of supposedly sponge-specific sequences in the rare
seawater biosphere [13,27], and thereby confirmed hitherto
concerns that methodological limitations may have led to
inconclusive statements on the acquisition and host-specificity of
sponge-associated microbes (see [12] for a thorough discussion on
this).

The majority of OTUs (79%) in this study were present in
sponges and sediments (Figure 4; i.e. ‘generalists’, sensu [20]), with
an average of 30% of each sponge’s OTU pool shared with
sediment-derived OTUs (Figure 5). Although differences in
phylogenetic resolution between techniques render direct com-
parisons difficult, this is in line with a fluorescence in-situ
hybridization (FISH)-based study on Geodia spp. where a
significant overlap between sponge- and sediment-associated
microbes was reported [51]. It also reflects findings from deep-
sequencing studies that reported the presence of sponge-specific
phylotypes in the environment [13,27]. This shared fraction of the
sponge microbiome is assumed to originate from the uptake of
seawater-suspended sediment particles by a sponge during
filtering, from direct assimilation by amoeboid cells at the sponge
surface, or from trapping of sediment particles in surface wounds,
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which are subsequently overgrown by new tissue ([16] and
references therein). In the same way, sponges likely also internalize
other seawater-associated bacteria, which then constitute a
temporary or permanent part of their microbial community
[13], thereby further complicating the identification of a truly
sponge-specific community [12].

Do cold-water coral reef sponges promote local

microbial diversity?

Opverall, significantly higher bacterial OTU numbers were
revealed for sediments compared to sponges (Figure 3), irrespective
of sponge species or type. This confirmed the importance of
marine sediments as reservoirs of microbial diversity [52-53]. The
absence of major differences in OTU numbers between HMA and
LMA sponges, however, appeared inconsistent with previous
assumptions of a higher community complexity in HMA
compared to LMA sponges (e.g. [25,44]). While this could simply
be attributed to methodological differences between molecular
techniques, it may also indicate that bacterial diversity in LMA
sponges from cold-water coral reefs is higher than previously
expected, as most of the existing reports are based on sponges from
tropical/temperate environments. Furthermore, only 3 sponges (P.
robusta, Plakortis sp., C. zetlandica) exhibited lower bacterial OTU
numbers than all other species. It must be noted that standard
ARISA fingerprinting does not provide a quantitative estimate of
the real abundance of bacterial OTUs in nature (see discussions in
[54-55]), which makes it difficult to extrapolate OT'U numbers to
absolute bacterial richness, or to population sizes. Nonetheless, the
monitoring of relative differences in bacterial OTU number within
a given dataset definitely allows meaningful inferences about
potential richness dynamics.

In contrast to the weak variability in sponge-associated bacterial
OTU numbers, significant variations in community structure were
detected between HMA and LMA sponges, and between different
sponge species and families (Table 1, Figure 6, Figure 7),
suggesting that bacterial community differences in the investigated
cold-water sponges manifest mainly at the beta (rather than the
alpha) diversity level. This has also been observed for scleractinian
cold-water corals from the same reef sites [56], which, compared
to these sponges, exhibit a much lower number of bacterial OTUs
in their mucus exudates and branch surface biofilms (including
coenosarc tissue and calcareous skeleton particles). Interestingly,
according to the dispersion results obtained here (Figure 7),
bacterial beta diversity in cold-water sponges may be at least as
high (HMA sponges) as in the surrounding sediments, if not higher
(LMA sponges), which is also the case with cold-water corals
(Schéttner, unpublished).

The diversity of sponges on cold-water coral reefs is usually
high, with more than 80 species identified on the three reefs
covered in this study (Cardenas, unpublished). Although some of
these sponge species may select for partly similar environmental
microbes, most of them are assumed to represent distinct microbial
habitats. This hypothesis is supported by the recent pyrosequenc-
ing study by Schmitt et al. [34], which showed that the core
bacterial community, i.e. bacterial OTUs present in the majority
of the 32 investigated marine sponge species, is very small (~1% of
total OTUs), while the species-specific community, i.e. bacterial
OTUs present in only a single species, is very large (70% of total
OTUs). Due to their co-existence within reefs, cold-water sponges
may thus, in addition to sediments, increase the availability of
different microbial niches and thereby enhance microbial diversity
in cold-water coral reef ecosystems.
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Bacterial community structure and sponge phylogeny

Several lines of evidence in this study (Table 1, Figure 5,
Figure 6, Figure 7) indicate that host taxonomic classification at
the species and family levels are significantly reflected in the
structuring of the associated bacterial communities from cold-
water coral reefs, with environmental factors such as geographic
location or water depth playing only minor roles. In contrast to
previous results [34,40], the importance of sponge phylogeny was
clearly reflected for specimens belonging to the Geodiidae family
(Figure 8). Up to the Geodiidae family level (COI genetic distance
<0.1), a highly significant, positive linear relationship between
bacterial community dissimilarity and sponge phylogenetic
distance was identified (Figure 8), implying that more closely
related Geodiidae species harbor more similar bacterial commu-
nities. At higher taxonomic levels (i.e. order or class; COI genetic
distance >0.1), however, no such relationship could be evidenced.
The absence of trend beyond the family level was further
supported by the finding of (i) similar microbial communities
being associated with very distantly related sponges, such as the
two LMA species Sympagella sp. (class: Hexactinellida) and P.
ventilabrum (class: Demospongiae; Figure 6) and (i) very different
microbial communities being associated with more closely related
sponges, such as the LMA species P. compressa (order: Astrophor-
ida) and the HMA species of the Geodiidae (order: Astrophorida;
Figure 6). This suggests that, beyond the sponge family level,
physiological properties depending on e.g. sponge type (HMA
versus. LMA) may be more important for structuring sponge
microbial communities than sponge phylogeny. It should be noted
though, that sponge phylogeny at higher taxonomic levels is far
from being clearly resolved and still subject to ongoing discussions
among sponge taxonomists [57].

The positive relationship between sponge phylogeny and
bacterial community dissimilarity within the Geodiidae (Figure 8)
could be indicative of sponge-bacterial co-evolution within this
ancient sponge family for which the fossil record presumably dates
back to the Early Cambrian [58-59]. Vertical transmission of
microbes from adult sponges to larvae has already been evidenced
for several sponge species [37-40], including members of the
Astrophorida genus [60-61]. However, the pronounced similarity
of bacterial communities within the Geodiidae may just as well
reflect a horizontal transmission of microbes, based on the
circumstance that all Geodiidae, due to physiological similarities,
offer similar microbial niches and thereby may acquire similar
microbes from the environment, with the rare seawater (or
sediment) biosphere acting as a ‘“seed bank™ [13,35]. Both
microbial transmission scenarios seem conceivable here and may
even be at play in mixed mode [44,62], as recently suggested for
different other sponge species [13,34,40]. Nevertheless, we would
like to point out that, if the Geodiidae-associated bacteria in this
study were only (or mainly) acquired from the environment, the
observed relationship would, very likely, not be so marked, with
closely related sponges harboring more similar microbial commu-
nities than more distantly related sponges (see also comment in
[34]). It remains to be seen whether this particular relationship,
here based on Geodia spp. specimens from cold-water coral reef
ecosystems off Norway, also holds true for other sponge families
and respective sponge samples from shallow-water and/or tropical
sites.

Conclusion

This study is the first that considers twelve species of cold-water
coral reef sponges to investigate the relationship between sponge
phylogeny, sponge type (HMA wersus LMA), and bacterial
community diversity, while taking into account potential effects
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from geographic location and water depth. Our findings, based on
the high-resolution molecular fingerprinting approach ARISA,
revealed that a high proportion of the detected bacterial OTUs
were shared between different sponges and ambient sediments,
while only a lower proportion appeared sponge-associated.
Bacterial community structure clearly reflected both sponge
phylogeny and sponge type, whereas mesoscale geographic
distances and water depth played only a minor role in determining
sponge-associated bacterial diversity. Furthermore, a highly
significant relationship was observed between bacterial community
dissimilarity and sponge phylogenetic distance within the ancient
sponge family of the Geodiidae, which raised the question whether
partly vertical symbiont transmission could be at play, or only
horizontal acquisition from the environment. Future research that
combines high-resolution molecular techniques, such as deep-
sequencing, with cultural and biogeochemical approaches, will
certainly help identify the most likely scenario of the two, if not
even their concerted or cumulative effects, and further elucidate
the role of sponge-microbe associations in cold-water coral reef
ecosystems.

Methods

Sampling

Sponges were sampled in June 2007 during the RV Polarstern
expedition ARKXXII/1la with the manned submersible JAGO
(IfM Geomar) (Rest reef: 67°30,54'N; 9°25,00'E, 290-360 m;
Tranadjupet reef: 66°58.21'N; 11°7.56'E, 290-330 m; Sotbakken
reef: 70°45,43'N; 18°40,60'E, 260-300 m; Figure 1). Each
specimen was collected with the submersible’s manipulator arm
to avoid damage and contamination with the surrounding
sediments. Further sponges were sampled in October 2006, from
a hard bottom slope devoid of sediments in the Korsfjord close to
Bergen (60°09.20'N; 05°08.86'E, 200400 m), using a triangular
dredge from aboard the RV Hans Brattstrom. Depending on
sample availability, 3-7 specimens per sponge species were
collected. Right after retrieval, subsamples of inner sponge tissue
were taken with a sterile scalpel, fixed and washed once in 99%
ethanol, and frozen at —20°C until further processing. Surface
sediments were collected at each sponge sampling location on the
three reefs (Rost, Trenadjupet, Sotbakken) as well as at a control
site devoid of sponges in the Korsfjord, and immediately frozen at
—20°C until further processing.

DNA extraction and ARISA

Prior to DNA extraction, sponge tissue from each individual
specimen was ground with mortar and pestle, and left at room
temperature for several minutes to evaporate the ethanol. Total
community DNA was extracted from 1 g of either ground sponge
tissue or sediments, and purified using the Fast DNA Spin Kit for
Soil (BIO 101) according to the manufacturer’s instructions.
Universal bacterial ARISA using normalized DNA quantities of
50-100 ng per reaction for all samples was performed in triplicates
using the primers ITSF and the HEX-labeled I'TSReub [63].
ARISA PCR, fragment analysis and processing of ARISA profiles
were carried out as described elsewhere [50,55].

Sponge identification and sequencing

All sponge specimens (see Supporting Information, Text Sl1),
were identified by PC and HTR, from which permanent spicule
preparations are available upon request. The specimens of P.
compressa and P. normani collected during this study have been
previously described [64-65]. According to a revision of the
Astrophorida using molecular data, P. compressa is now part of the
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Vulcanellidae family [66]. Geodia and C. zetlandica specimens
collected during this study are currently used for revisions of Geodia
and Tetillidae, to be published in forthcoming papers. P.
ventilabrum, P. robusta and M. (M.) lingua were identified based on
the external morphology and spicule morphology. Since the
Axinellidae have been shown to be a polyphyletic family, P.
ventilabrum and P. robusta are for now considered part of the
Dictyonellidae [67]. Plakortis sp. and Sympagella sp. were identified
using the identification keys of the Systema Porifera [68]. The
identification of Plakortis sp. was further confirmed by A.
Ereskovsky (personal communication), albeit not down to the
species level, since this genus is in dire need of revision.

Sequences of the Folmer fragment of the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene of some specimens
were obtained in previous phylogenetic studies and released under
the following GenBank accession numbers: Geodia  spp.
(EU442194, EU442195, EU442198, EU442196), P. normani
(EF564322), P. compressa (EU442192) [64,66,69]. Further, using
the protocol described in Cardenas et al. [69], the COI Folmer
fragment of C. zetlandica (KC122679) was obtained, but could not
be retrieved for any of the other species (P. ventilabrum, P. robusta,
M. (M.) lingua, Sympagella sp., Plakortis sp.). Hence, only the
Tetractinellida sponges, 1.e. 7 out of 12 species targeted in this
study, were used for correlating sponge COI genetic distance with
changes in bacterial community structure: the 5 Geodiidae species
G. barretti, G. atlantica, G. macandrewii, G. phlegraer, P. normani, as well
as the Tetillidae species C. zetlandica and the Vulcanellidae species
P. compressa.

Multivariate statistics

Total numbers of bacterial operational taxonomic units (OTUs,
i.e. binned ARISA peaks) per sponge species were compared for
mean difference by applying pairwise Kruskal-Wallis rank sum
tests (Figure 3). Numbers and/or percentages of shared OTUs
between a posterior: sample groupings or single samples were
represented by Venn (Figure 4) and heatmap diagrams (Figure 5;
including complete linkage cluster analysis), respectively, and
tested for significance by performing Monte Carlo permutation
tests with 1000 permutations. Community dissimilarity matrices
based on the Bray-Curtis index were visualized by Non-metric
MultiDimensional Scaling (NMDS; Figure 6), and a posteriori
sample groupings were tested for significant differences by Analysis
of Similarity (ANOSIM) tests (reviewed in e.g. [70]). Since the data
consisted of different numbers of sponge specimens per species and
reef location, larger groups were re-sampled with the size of the
smaller groups to assess the effects of varying data set sizes. In
addition, a posterior sample groupings were examined for
differences in beta diversity (commonly defined as the variability
in community composition between samples) by comparing their

References

1. Jensen A, Frederiksen R (1992) The fauna associated with the bank-forming
deepwater coral Lophelia pertusa (Scleractinaria) on the Faroe Shelf. Sarsia 77: 53—
69.

2. Freiwald A, Fossa JG, A, Koslow T, Roberts J (2004) Cold-water coral reefs.
Cambridge: UNEP-WCMC. 86 p.

3. Roberts JM, Wheeler AJ, Freiwald A (2006) Reefs of the deep: The biology and
geology of cold-water coral ecosystems. Science 312: 543-547.

4. Buhl-Mortensen L, Vanreusel A, Gooday AJ, Levin LA, Priede IG, et al. (2010)
Biological structures as a source of habitat heterogeneity and biodiversity on the
deep ocean margins. Mar Ecol 31: 21-50.

5. Yakimov MM, Cappello S, Crisafi E, Tursi A, Savini A, et al. (2006)
Phylogenetic survey of metabolically active microbial communities associated
with the deep-sea coral Lophelia pertusa from the Apulian plateau, Central
Mediterranean Sea. Deep Sea Res Part I Oceanogr Res Pap 53: 62-75.

PLOS ONE | www.plosone.org

Sponge-Microbe Co-Evolution

average degree of dispersion, i.c. the average dissimilarity from
individual samples to the group centroid (visible as spread within
NMDS sample groupings), and tested for significance by applying
a Monte Carlo permutation test of the data, followed by pairwise
Tukey tests (Figure 7).

Furthermore, variation partitioning based on simple and partial
redundancy analyses (RDA; Table 1) was performed in order to
assess the significance of the respective effects of sponge type and
sponge taxonomic classification, in combination with reef location
and water depth, on changes in bacterial community structure.
Significance tests were based on 1000 Monte Carlo permutations
of the simple or partial multivariate models. All response data were
Hellinger-transformed prior to analyses [70-71]. The relationship
between ARISA-derived bacterial community dissimilarity and
sponge COI genetic distance (Jukes-Cantor distance matrix
calculated in MEGA v.4.0 [72]) was visualized by locally weighted
polynomial regression (LOESS) curves (Figure 8), with the strength
and significance of the identified trend being evaluated by a
Mantel test (based on Pearson’s product-moment correlation) with
1000 Monte Carlo matrix permutations. All described analyses
were implemented with the statistical platform R v.2.14 using the
‘vegan’ package [73] and custom R scripts.

Supporting Information

Text S1 Sponge species (along with their field number)
used in this study. A. Geodia barrettr, PS70/40-4(1). B. Geodia
atlantica, PS70/27-1(12). C. Geodia phlegraer, PS70/27-1(6). D.
Geodia macandrewir, PS70/15(1). E. Pachymatisma normanz, PS70/13-
1(1). F. Cramella zetlandica, PS70/9-4(6). G. Poecillastra compressa,
PS70/19-7(1). H. Plakortis sp., PS70/13-1(4). 1. Mpycale (Mycale)
lingua, PS70/14-4(8). J. Sympagella sp., PS70/14-4(12). K. Phakellia
robusta, PS70/27-1(1), Phakellia ventilabrum, PS70/27-1(2) and
PS70/27-1(3). L. Phakellia robusta, PS70/27-1(1).

(DOC)
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