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SUMMARY

Coral reefs are highly diverse and complex ecosysteBeyond harboring a unique
plethora of different coral species as well as maand meiofauna, especially reef-
associated microbial communities of coral reefsehaacently come into focus. As only
little is known about the diversity and ecologipaltential of reef-associated microbes,
this thesis aimed at investigating some of the &mnental patterns of bacterial diversity
in both cold-water and warm-water coral reef ectwsys. For this purpose, mainly the
high-throughput fingerprinting technique ARISA (Amated Ribosomal Intergenic
Spacer Analysis) and a suite of multivariate diatttools were used to assess bacterial
diversity patterns in context with different enviroental gradients.

The first study (Schéttneat al.2009; 11.2) focused on principle patterns of baeler
diversity associated with and surrounding the meamstructional cold-water coral
Lophelia pertusa. The coral- and environment-specific structuring bécterial
communities was studied under both natural (reef) eontrolled (aquaria) conditions,
with an emphasis on four distinct microbial halsitatoral branch (i.e. skeleton surface),
coral mucus, ambient seawater and proximal sedin@drall, the observed community
variations reflected a specific partitioning of tex@l assemblages between the different
microbial habitats, potentially controlled by theyailing environment.

Within the second study (11.3), intra- and inteef variations in bacterial diversity
of four cold-water coral reef ecosystems were itigated in a multi-scale survey
spanning five levels of spatial and ecological regjanization. The main focus was
thereby on microbial habitats of the two constiumal cold-water coraldophelia
pertusaandMadrepora oculataLike in the first study, bacterial signatures wbtcoral-
generated (branch, mucus) and two ambient (seaveatgiment) habitats were analyzed.
The results confirmed the differences in communbyriation as related to coral-
associatedversus ambient microbial habitats. Further, it was regdathat bacterial
community variation (i) was locally consistent witbral species and reef-internal zoning,
and (ii) changed markedly from local to regionale¢ exhibiting biogeographic patterns
that resembled those of water- and sediment-dvgetiacteria.

Complementing the first two studies on cold-wateral reef ecosystems, the third
study (11.4) focused on permeable carbonate anch&l reef sands of a warm-water coral

reef ecosystem in the Red Sea. The two sand types eompared for their potential to
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promote differences in bacterial diversity and béss) thereby taking into account the
influence of season and space. Confirming previoysotheses, the results indicated
pronounced sand type-related as well as spatiogehmmprints, and emphasized the
deterministic role of sediment mineralogy for treasonal and vertical structuring of
bacterial communities. Carbonate and silicate seefds were characterized as distinct
microbial habitats for specific, comparably diversed highly dynamic bacterial
assemblages.

In conclusion, this thesis provides the first gael of the specificity and spatial
scaling of bacterial associations with cold-waterats, and reveals that cold-water coral
reef ecosystems are potential hotspots of micrdbaaiversity in the deep sea due to the
high community turnover on small spatial scalese Thethods established in these
studies also allowed the deciphering of environmledtivers of bacterial diversity in
warm-water coral reef — and offer opportunities fiorther progress with investigating
microbial community shifts in response to environtaé changes and anthropogenic
pressures to coral reef ecosystems.

Implemented within the framework of the graduategpam International Max
Planck Research School in Marine Microbiology (M&Mat the Max Planck Institute
for Marine Microbiology (MPI-MM), Bremen, and thacbbs University Bremen (JUB),
Bremen, this work was enabled by and carried otlhéMicrobial Habitat Group at the
Max Planck Institute for Marine Microbiology, Bremeand the Coral Reef Ecology
Work Group (CORE) at the Ludwig Maximilians Univigys(LMU), Munich.
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INTRODUCTION

Coral reef ecosystems have been recognized aseuartl complex ecosystems hosting
an exceptionally high diversity of different orgams (HbEGHGULDBERG & BRUNO

2010). They are considered as “rainforests of theans” and comprise the largest
structures of biological origin on earth due to tie# accumulation of calcium carbonate
produced by corals and other calcifying organisi{se¢ras et al. 1999). In the

following, both warm-water coral (WWC) and cold-watoral (CWC) reef ecosystems
will be described and compared in more detail, veithemphasis on their distribution,
ecosystem structure and function, as well as #ignificance as biodiversity hotspots —

and microbial habitats.

[.1 Distribution and Structure of Coral Reef Ecoystems

Rivaling old forests in longevity of their ecologlccommunities, well-developed coral
reefs reflect thousands of years of historyyR@eoN & AscH 2001). By forming
enormous structures that are predominantly compoftgeir skeletal frameworks, corals
create a highly complex array of habitats of vagysizes and endurance for a plethora of
mobile and sessile organisms. Their intricate bupd of calcium carbonate deposits
provide three-dimensional living space and diresttlesment substrate, but also alter
current flow regimes and sedimentation rates, thehanging the abiotic environment
in time and space @RerTset al. 2009 and references therein). As structural “estesy
engineers” (ONeset al. 1994) with the capacity to directly and indireathgate, maintain
and/or modify habitats, corals often enhance Idoadrsity and richness €&xe 2010 and

references therein).

Global Distribution of Coral Reefs. The geographical distribution of WWC reefs is
restricted to the circum-equatorial belt betweea ffropic of Capricorn (30°S) and
Tropic of Cancer (30°N), as well as to an averagatew temperature 0f18°C
(SCHUHMACHER 1976, WLD 2003).Overall WWC reefs cover a total area of ca. 6X10
km? (SMITH 1978, WLD 2003), including about 15% of the continental steas and
about 30% of the world’s coastlineM®H 1978, WLD 2003).By occupying 0.2% of the
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world’s ocean, WWC reefs provide habitation andeldireg ground for over 25% of all
known marine species @BANT et al. 1998). Due to their photosynthetic endosymbionts,
the zooxanthella, WWC are restricted to water depitthin the euphotic zone (<100 m
in tropical oceans) and to environments with a lusbidity. Furthermore, they are
limited to salinities of 32—-34 PSU £#oN 1986).

CWC reefs have no photosynthetic symbionts, andhamece not restricted to
surface waters of warm, tropical seas, but alsiveghin the deeper, nutrient-rich high
latitude waters where ocean currents prevent sedatien. They can grow in deep
waters (163000 m), and populate a diverse range of mariner@mments (RBERTS et
al. 2009 and references therein). What was consideryede enigmatic findings by
fishermen just a few decades ago, has now beealeglvas a giant deep-sea ecosystem,
hosting a high density and biodiversity of marinfe.| Recent advances in deep-sea
technology and exploration revealed the true extamd abundance of CWC reefs.
Occurring throughout the world's oceans, CWC reafs usually associated with
topographic highs at continental margin features glopes, ridges, canyons, and fjords)
as well as with seamounts and mid-ocean ridgesi{[ALD et al. 2004, RBERTS €t al
2009). The cosmopolitan scleractinian coralsphelia pertusa(L.) and Madrepora
oculata (L.) occur along much of the NW European contiaémbhargin and in some
Scandinavian fjords. Both these CWC species hae raicently been discovered in the
Mediterranean Sea. Despite their intense studynduhie past few years, it is still not
known, how widely distributed CWC are. CWC recrwetmh and proliferation in specific
ecological niches devoid of sunlight are determibgda subtle interplay of factors,
whereof the availability of elevated hard-bottonbstuata, adequate food sources, and
suitable temperatures, combined with high prodigtiof surface waters and vigorous
hydrodynamical regimes constitute some of the ronstial prerequisites (MRTENSENet
al. 2001, DuiNeVELD et al. 2004, ReiwALD et al. 2004, KriAkOULAKIS et al. 2005, WHITE
et al 2005, obset al. 2007, Duvies et al. 2008) CWC reefs develop over long periods
of time, usually hundreds to thousands of yeargh\Whie deep sea being a low energy
environment, CWC grow only very slowly, which is ykhe presence of a CWC reef
usually indicates a stable, low-disturbance setfifige majority of CWC reefs have been
found in the NE Atlantic Ocean, and are usually ohated byL. pertusa The largest
CWC reef complex in the world is the Rgst Reef @&5<3 km) off the Norwegian coast.
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WWC Ecosystems. According to SHUMACHER (1976), WWC reefs appear in different
types, including fringing reefs, barrier reefs, lateefs and platform reefs. The most
common type, which was also investigated withirs thiesis, is the fringing reef, “a reef
belt orientated parallel and close to the coastliseally with a width of less than 100 m”
(WiLp 2003). WWC reefs support a very high biodiversityith approximately 350
species of scleractinian corals forming the bas#t structure and hosting 4000 species of
molluscs, 1500 species of fish and 240 speciessfcated seabirds ALLI & PARSONS
1997). Potentially, hundreds of thousands of sgeloie in WWC reefs, many of which
are not yet scientifically describedgi®rer 1972). With more than 180 reported WWC
genera, coral diversity itself is highest in thePAcific (VEron 1993, WiLD 2003).

As summarized by Wb (2003), the gross primary production in WWC reef
ecosystems is estimated to 38000 g C rif y* (Lewis 1977), exceeding primary
production rates in the adjacent open sea By drders of magnitude @ky 1987,
HATCHER et al. 1987). Even WWC alone can produce 14.600 g € dnh (HATCHER
1988), which is highly astonishing, because WWG@Gsreee usually found in oligotrophic
regions where nutrient concentrations are very (G®HANNES et al. 1983, D’'EIA &
WieBe 1990, RsHEeD et al. 2002, WiLp 2003). This apparent imbalance between
nutritive input and output in WWC metabolism, knoas “Darwin’s paradox”, is not yet
fully elucidated. The prodigious biological prodiwdy and limestone-secreting capacity
of reef-building WWC may however be mainly basedtloa rapid recycling anchutual
exchange of algal photosynthates and cnidarian boktas (BsRNES & LoucH 1989,
LEVINTON 1995, laLLl & PARSONS1997, B\RNES & HUGHES 1999, WLD et al.2004).

CWC Ecosystems. Unlike their warm-water counterparts that usuakyerate extensive,
continuous reefs and banks with clear energy-rélatming (e.g. Great Barrier Reef),
CWC communities exhibit various forms of appearacoenprising isolated colonies and
patchy accumulations as well as large reefs ortgiarbonate mounds REIWALD et al.
2002, Taviani et al. 2005, DorscHEL et al. 2007, Rossiet al. 2008, LavALEYE et al.
2009). These reef types can differ substantialljhwespect to their on-site spatial
configuration (WLson 1979, RewWALD et al 1997, RGERS 1999, MORTENSEN et al
2001, RewaLD 2002). Not uncommonly, individual clusters of ddrameworks (rather
than a single coalescent one) form entire reef ¢exes which, depending on local

seabed geology as well as community history, ekldlstinctive geomorphologic and
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taphonomic zoning, with marked transitions in sestinfacies, faunal composition and
proliferation stage (REiwALD & WiLsoN 1998, MorTENSENet al 2001, REIWALD et al.
2002, BJHL-MORTENSENet al 2010).

CWC ecosystems are increasingly recognized as ladytadts and biodiversity
hotspots in the deep sea. Fully developed CWC finaries reveal an exceptional degree
of species richness and turnover of associated {nagecro- and meiofauna, including
high proportions of suspension and filter feedeysvall as commercial fish €dSEN &
FREDERIKSEN 1992, ROGERS 1999, HiseB@ et al. 2002, HENRY & ROBERTS 2007). It is
speculated that increased food supply due to etevaind currents {Hiem et al. 2006,
KIrRIAKOULAKIS et al. 2007) plays a pivotal role in sustaining CWC ectem diversity.
Although many of the CWC-reef associated animatsnat endemic to these ecosystems,
their diverse and dense accumulation clearly disishes the reef environment from
many off-reef habitats @ciorni et al. 2010, BiHL-MORTENSENet al. 2010, HENRY et
al. 2010, PRBERTSs et al. 2009 and references therein). In general, CWC eee$ystems
support fewer obligate associates than their waatewcounterparts, but exhibit high

species packing, thereby enhancing regional dityefisevin et al. 2010).
In conclusion, WWC and CWC reef ecosystems diftdrssantially with respect to their
biogeography and oceanographic setting, as welheais reef-building coral species and

associated communities (Table I.1; modified afegWwALD et al. 2004, Beuck 2008):

Table 1.1 Differences between WWC and CWC reef ecosystems.

Attribute WwWC CwC
Distribution Sub-/Tropical seas, 30°B0°S Globally, 71°N56°S
Temperature 2029°C 4°13°
Depth G-100 m 163000 m
Symbiotic algae Yes No
Coral nutrition PS, zooplankton, suspended OM Zaoiton, suspended OM
Growth rate 1150 mm y* 1-25 mm y*
Number of reef- ~800 614
building species
Lfgﬁ;feef Great Barrier Reef (30,000 Kin Currently known: Rgst Reef (100 Rm
Global coverage > 2xPom? Unknown, probably >WWC
More than 30% destroyed by bleaching , .
Reefs at risk tourism and pollution, 30% at risk of Unknown, damage by fisheries and

loss within 30 y littering observed in most areas

Abbrev: PS=photosynthesis, OM=organic matter
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[.2 Factors Generating Biodiversity in Coral ReefEcosystems

Biodiversity Hotspots and Underlying Factors. Biodiversity is often measured in terms
of alpha and beta-diversity, with alpha-diversignsisting of the number of species in a
given sample (i.e. species richness), and betagiiyerepresenting the variation in
community composition between samples (i.e. spetiesover; NAGURRAN 2004).
Biodiversity hotspots can be defined as areas oégional species richness, which may
also support numerous endemic species and exH@bibdstrable vulnerability to habitat
loss (BeLLwoob & MEYER 1998, Rip 1998). Despite the numerous evolutionary,
ecological and conservation studies about biodityeh®tspots, our understanding of the
factors shaping them is in its infancy, especiailjthe marine realm (@NoLLy et al.
2003).

As to animal and plant life in marine systems, ¢neatest diversity is seen on
WWC reefs, one of the world’s greatest biodiversiotspot, which lies within a single
biogeographical region encompassing approximatedythirds of the equatorial tropics
(BeLLwoob & MEYER 1998). Within this region, coral reef biodiversitycreases, both
latitudinally and longitudinally, as one moves todsa hotspot in the Indo-Australian
Archipelago (ELLwoop & MEYER 1998). The strong longitudinal gradients preclude
many of the tropical-temperate hypotheses to bekiew. Over the past 30 years, in order
to explain the existence of such a marine biodityet®tspot, discussions have revolved
around four main alternate, but not mutually exeleismodels (reviewed inELwooD &
MEYER 1998, RAKA et al. 2008): The center-of-origin model has its rootDisrwinian
pre-continental drift ideas, with species arisimga specific location or center, and
dispersing out from it. In the center-of-overlap dab high biodiversity results from
population division (vicariance) and subsequentgeaexpansion, and this model has
found many supporting examples associated with|doi@iversity hotspots. In the
center-of-accumulation model, species arise outdite biodiversity hotspot, and
thereafter accumulate in the region by immigratiorm nearby islands. This may be
realized at the level of individual organisms otiencommunities, which are transported
by rafting, accretion or suturing of land masselovang tectonic events. Numerous
factors have been proposed that may account far dhility to accumulate species,
including the geological history of the area, i&ographic position, and the availability of

large area of shallow-water habitats. Finally, thepecies diversity
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hypothesis states that high species diversity fitsely promote diversification, due
probably to species interactions. For instanceciafien rates in fossil plankton groups
over 2-20 my correlate with species diversity rdigms of sampling intensity and area,
and species interactions in diverse assemblags®ofatopods may cause shifts in their
body size and changes in their life history anccgti®n/extinction patterns (RkA et al.
2008). It is yet unknown, if microbial alpha- ortéealiversity is enriched in association
with coral reefs and would follow any of the hypesles described above.

Several CWC species, just like many WWC, createctiral habitat that alters
local hydrography (BVIES et al. 2009), which thus creates and modifies the abiotic
environment in ways that favor colonization of sebf species-rich fish and invertebrate
communities, with the richness of some taxa rivalinat found on shallow WWC reefs
(HENRY et al. 2008, GiEErRARDYN et al. 2009). Cyclical. pertusareef growth produces a
dynamic mosaic of habitats that results in theie@rtzonation of four major macro-
habitats and therefore zones of significant inl@ege species turnover ranging from the
reef summit to its flank (ENRY et al. 2008): (1) living coral framework, (2) sediment-
clogged, mostly dead coral framework, (3) coralbteband (4) underlying sediments
(RoBerTset al.2006). Beta-diversity oh. pertusareefs is also influenced by gradients in
live coral cover and depth. It may therefore varghwcommunities becoming more
dissimilar as one moves from reef summit to flarkcrmo-habitats, and as one compares
communities from increasingly different or distamvironments (ENRY et al. 2010 and
references therein). Hence, it could be assumddhbasame factors making WWC and
CWC diversity hotspots for animals, also increaserabial community diversity. An
alternate hypothesis could be that coral reefs Aastbset of water column and sediment

microbial communities and are less diverse as twnounding environments.

Effects of Environmental Gradients and Spatial Location. Because reef species tend to
occupy particular environmental niches, the spatialcture of communities may largely
be controlled by environmentally deterministic msses. On shallow WWC reefs,
environmental gradients thus explain significantoants of beta-diversity in animals
(CLeArRY & DE VooaD 2007, HENRY et al. 2010). Heterogeneous reef communities can
also reflect the effects of spatial autocorrelationwhich processes governed by species
traits (e.g. growth, predation, differential moitigl and/or random but spatially auto-

correlated neutral processes (e.g. spatially lanitkspersal) produce heterogeneous
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communities that vary across purely spatial gradi€BorcArD et al. 1992, HUBBELL
2001, HNRY et al. 2010). Currently, there is only minor support fgrasally auto-
correlated coral reef communitiesgfiky et al. 2010), but it is not known whether this
conclusion indeed reflects spatial autocorrelation the effects of unmeasured
environmental variables that are often themselgialy dependent (BkING et al.
2006, @EeARY & DE VooaeD 2007), which impedes any pure spatially explifie&s on
beta-diversity. Therefore, more studies are needsgpecially across a broader range of
species, communities and regions that simultangdest the significance and relative
importance of these processes in order to refimeuoderstanding of beta-diversity on
coral reefs worldwide.

Recently, the increasing environmental pressureaval reef ecosystems induced
by tourism, pollution and ocean warming and acdifion has raised interest in factors
influencing coral reef biodiversity. Over the pakcades, coral reef ecosystems have
been degrading at an alarming rateu¢Hes et al. 2003, B\«er et al. 2008). This
degradation is to a large part a consequence @l chisease (KRveLL et al. 1999,
HARVELL et al.2004). To gain a better understanding of how Vaman coral-associated
microbial assemblages may lead to the onset oasiesenumerous studies have compared
bacterial communities between healthy and diseaseals. These studies have shown
that both the composition and function of microliassociated with healthy and diseased

corals are different (MucHka et al 2010 and references therein).

.3 Coral-Microbe Associations and Interactions

Microorganisms represent important community memieat drive biogeochemical and
ecological processes and thereby significantlygrice ecosystem diversity, function and
resilience (e.g., B.ser et al. 2006, SHIMEL et al.2007). A central question in microbial
ecology is whether microorganisms fill defined mshwithin complex communities, or
whether communities are comprised of functionabgdundant, neutrally-selected taxa
leading to random assemblagesH{RvAN et al. 2006, MoucHKA et al. 2010). In marine
plankton, microbial assemblages are heterogenedlistsibuted between geochemical
and productivity-defined habitats @dseneper et al. 2001). Often, spatially distinct

communities in the same habitat type are more aimd each other than to those in
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adjacent habitats @vsonet al. 2006). A growing number of investigations sugdkat
coral reef environments, already renowned for tinerdity and intricacy of their
organismic associations, are no exception in tbgard (e.g. KOwLTON & ROHWER
2003, ANSWORTH & HoeGHGULDBERG 2009). WWC have been found to harbor a wide
variety of microbes, including heterotrophic eulaeg, bacteria, archaea and viruses
(RosenBercGet al. 2007 and references thereinpMtHkA et al. 2010). These microbes
can be found in different microbial habitats andyrba associated in different ways with
the coral host.

Corals are known to form associations with botremdl and internal microbiota.
The coral animal, its intracellular algal symbigraad the diverse microorganisms found
in association with coral tissues and exudates hasen termed the *“holobiont”
(RoHwER et al. 2002, ResHEF et al. 2006). In WWC, the algal symbiont is an obligate
partner supplying up to 95% of the host's metaboBquirements for carbon and
contributing to formation of the skeleton (8cATINE 1973), however, the roles of coral-
associated bacteria have not been well elucidated.

Coral-Bacteria Associations. Several studies have evidenced the existence exfifgp
associations between bacteria and their coral hespecially for WWC (BHWER et al.
2002, BOURNE & MunN 2005, BNN et al. 2006, Yakimov et al, 2006, WEBSTER &
BourNE 2007). The coral holobiont is a complex systemaiomg diverse, abundant and
active microbial representatives of all three domeaif life (RoHweRr et al. 2002, WEGLEY
et al 2004, WLpb et al. 2004, BourNE & MUNN 2005). Several microbial habitats and
respective niches, such as those directly genelstéde coral (skeleton, tissue, mucus),
but also ambient seawater and reef sediments, Bogrk to be available for reef-
associated microorganismsd&NBerGet al. 2007 and references therein). The selection
of specific bacterial associates could be induced rutritional coral-microbe
relationships, as coral exudates are known tocatspecific, yet diverse populations of
organo-heterotrophic bacteriai{B+E & SmiTH 2004, ALERS et al 2008, NEULINGER et
al. 2008), or by specific chemical mediation throulgl toral host (KLmMAN et al. 2006,
RircHiE 2006). Yet, the drivers of microbial diversity afithction within WWC reef
ecosystems still lack a good understanding.

Recent studies on microbial communities in CWC gd®ve also provided first

indications of coral-bacteria associations (e.guiDNNGER et al. 2008, FhnssoN et al.
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2009,KeLLoGG et al. 2009). For example, while Aximov et al. (2006) showed that
living specimens of the stony CWC. pertusain the Mediterranean harbor specific
bacterial communities that are different from tho$elead coral material or sediments,
another study evidenced spatial stability of CWE@nolbe associations with an Antarctic
soft coral across an environmental impact gradi@NeBsTER & BourNe 2007).
Characteristic bacterial assemblages were alsodfannan Alaskan octocoral, but
exhibited minimal influence of transient water-aolu microbes (EnN et al. 2006).

Specificity of Associations. Apparently promoted by the availability of divensécrobial
habitats and niches on, within and surrounding ouei reef dwellers, microbial
colonization in WWC reefs is suspected to contebsignificantly to their structural and
functional complexity (ANswoRTH et al. 2010, R senBerGet al. 2007 and references
therein). First studies of bacterial associationsh WWWC found similar bacterial
ribotypes associated with the same coral specistina from those in surrounding
seawater and sedimentR(#&-Lorezet al. 2002, ROHWER et al. 2002, BB URNE & M UNN
2005, ANTOs & BYTHELL 2006). This is supported by the observation tbatesbacterial
ribotypes form host-species-specific associatioitls eorals (RPHWER et al. 2001, RiAs-
LopPez et al. 2002, ROHWER et al. 2002, BDBURNE & MUNN 2005, kAR et al. 2006,
LAMPERT et al. 2008). It is hypothesized that this specificityinglicative of important
interactions, structured in ways that maximizetalth of the holobiont (BHwWER et al.
2002, ResHEFet al. 2006, MoucHKA et al. 2010).

While the existence of such coral-bacterial spatyfin WWC is widely accepted,
the spatial and temporal stability of these inteoms is debated. In seawater, for
example, bacterial assemblages can be heterogemgitirs the same habitat at spatial
scales ranging from micrometers to kilometerszaph & LonGg 2001, HwsoN &
FuHrMAN 2006, HwsoN et al. 2006) In coral, some studies have shown that speci
specific bacteria are geographically consistertH{iRR et al. 2001, RHWER et al 2002,
MoucHKA et al. 2010). Variations over geographic scales and hatst species may also
reflect differential species responses (host andia@robiota) to site-specific factors
(LirtmaN et al. 2009). Taken together, the results from early isti@f coral-bacteria
associations highlight the multi-faceted and dyranature of microbial habitats in coral

reefs.

10
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Microbial Habitats in Coral Reefs. In general, delineating a (microbial) habitat ig no
necessarily straightforward and the definition assbme degree operational. Here, the
definition given by MRTINY et al. (2006), who defined habitat type as “environment
defined by the suite of its abiotic and biotic cweristics”, is usedvhich can easily be
applied to the micro-scale, with different surfacasd matrices offering different
microbial habitats, each with their own specifit gkniches. With respect to corals and
their direct surrounding, those habitats includecsdpally coral skeleton (surface,
interior), coral mucus (surface layer, mucus strielgased to water column), and coral
tissues (coenosarc, polyp). In contrast, ambiesvater and proximal sediment comprise
coral-ambient habitats. Environmental factors vargnificantly over these complex
structures and influence both host and microbiatmainities. Therefore, just as the reef
provides multiple macro-habitats and niches for nmarcganisms, each coral colony
contains several micro-habitats for an array ofrab@l communities. (AisworTHet al.
2010). Each of thee microbial habitats on the i®effluenced by physical and biological
environmental conditions that vary in time and gpéansworTHet al. 2010). Usually,

the following (coral-associated and other) micrbhebitats are differentiated:

Coral Mucus. Mucus from both WWC and CWC is a complex mixturecafbohydrates,
peptides, and lipids @wN & BYTHELL 2005), the composition of which varies between
coral species (Meiklet al. 1998), with depth and/or irradianceR@sLAND1987), and
with ageing and contamination upon release into water column (DckLow &
MiTcHELL 1979, Daumas et al. 1982, WD et al. 2004). Directly upon secretion, it forms
a viscous layer on the coral surface. After relesde the water column, it partly
dissolves, whereat the remaining strings and fkoap sediment grains, marine snow
particles, and microorganismsADBMANN et al.2009). By sinking and transportation into
the reef sediment, mucus ultimately contributeanoefficient recycling of energy and
nutrients in the reef system (MW et al. 2004). Due to its composition, coral mucus has
shown to be an attractive food source for planktamicrobial communities in both
WWC (ALLERS et al. 2008, WiLp et al. 2004, Wip et al. 2005) and CWC reef
ecosystems (Wb et al. 2008). It fulfills various functions such as prctien against
contamination with pollutants or pathogens, UVRpbiysical damage, desiccation, or
sedimentation (BowN & BYTHELL 2005). As coral surface mucus layer directly oa th

coral, it provides a vital interface between theatoepithelium and the seawater
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environment. Previous studies revealed that thal corface mucus layer harbors specific
microbial communities (K.LocG 2004, RrcHIE & SmiTH 2004, RrcHIE 2006) which
may be regulated through the coral host, and usiralblves the production of antibiotic

substances (e.g.YREN et al.2010).

Coral Tissues. Tissues of WWC and CWC generally comprise polygié® and the
coenosarc covering (parts of) the coral skeletanWIMC, microbial associates, other
than endosymbiotic dinoflagellates, are rarely ole=@in situ (AINSWORTH & HOEGH
GuLDBERG 2009). But several studies indicate diverse comti@sninhabiting healthy or
diseased tissues of different WWC speciesdi&y et al. 2002, RANTOS et al. 2003,
Lesseret al. 2007, SNAGAWA et al. 2010).In healthy CWC tissues, flask-like bacteria
have shown to be associated with nematocyst bedtatithe polyp tentacle surface, while
filamentous cells were observed homogenously déggkerin the polyp body tissue
(NEULINGER et al. 2009). In a diseased soft CWC species, an increadeacterial
concentration appears to coincide with tissue resr@HaLL-SPENCER et al. 2007). The
discrete analysis of tissues appears difficult agua is directly secreted by specific
mucus-producing cells at the tissue surface, atehdbrms a viscous film on the coral

(tissue) surface.

Coral Skeleton. From WWC skeletons, several endolithic microbiells are known,
which comprise photosysthetic algae, cynobactéuiggi, and bacteria (NswoRrTH et al.
2010). Especially phototrophic microendoliths seentonstitute important members of
the WWC holobiont (KE et al. 2005, F\E et al. 2006). However, nothing is known yet
on the occurrence of bacteria in CWC. Interestinghjcroendolithic phototrophs were
recorded on CWC in Chile RsTERRA& HAUSSERMANN 2008). Furthermore, epibiotic
communities can form biofiims on CWC skeleton scefgBzuck et al. 2007). Often,
early post-mortem biofilm formation on skeletonnfi@wvork results in clearly visible

gradients on the coral colony.

Reef Sponges. Sponges host extraordinarily dense and diverseobyied communities,
which comprise up to 40% of sponge volume and dmute to many aspects of sponge
biology, including carbon and nitrogen nutritiondacthemical defense @nTscHEL et al

2006). In many demosponges, bacterial populatiorsitles in the mesohyl matrix may
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reach 18-10° bacteria per gram of sponge wet weight, exceediegqwater
concentrations by 2-4 orders of magnitude. Thosenggs have been termed
“bacteriosponges” or “high-microbial-abundance sygsi (VACELET & DONADEY 1977,
HenTscHEL et al. 2003), in contrast to other co-existing species #ne essentially devoid
of microorganisms (“low-microbial-abundance sporiges some sponges, bacteria are
found within host bacteriocytes fZeLeT & DONADEY 1977) and even within host nuclei
(FrRIEDRICH et al. 1999). Bacterial associates of sponges are phy&igally complex, yet
highly sponge-specific, and represent at least eb®gnized phyla and one candidate
phylum (Poribacterig. Based on 16S rRNA gene surveys, the most compiyta
recovered include thAcidobacteria Actinobacteria and Chloroflexi (HENTSCHEL et al.
2006). But also archaeal lineages have been itehifPArE et al. 2006). It appears that
sponge-associated microbial communities are staitken individuals and through time,
and specific subsets of the overall community ocmmsistently within the same sponge
species from different locations @ASTER & HiLL 2001, HenTscHEL et al. 2002,
WEBSTER et al. 2004). Although most hitherto sponge studies atated WWC reef
ecosystems, first insights into sponge communitig8WC reef ecosystems revealed also
highly diverse and active microbial communitiesofiHmMANN et al. 2006, &NseN et al.
2008).

Reef Algae. There are not many studies of algae-associatebit communities in reef
ecosystems, but from the research that has begedcaut in other environments, a few
basic trends emerge. Like corals and sponges, digae conserved and potentially
species-specific bacterial communities that argndisfrom the surrounding water glvis

et al. 1985, loNGFORD 2007). Seasonal shifts, both in bacterial numlaais in species
richness, have been documentedy@ock 1974, Mazure & FIELD 1980, $BURTH &
TooTLe 1981, BoLINCHES et al. 1988), and different bacterial communities havenbe
found to be associated with different parts of étgae, like e.g. the thallugersusthe
frond (Lavycock 1974, Mazure & FIELD 1980, WRRE & PRIEUR 1990). Most studies have
been cultivation-based, and enumeration via platents and microscopy revealed®20
1% bacteria § wet weight of algal biomass #lwis et al. 1985, &Nsen et al. 1996).
Common genera from cultivation studies incluBavobacteriumspp. (reviewed in
BoLINCHES et al. 1988), Bacillus Vibrio, Pseudomons andMoraxella (LeEwis et al.

1985). The application of fluorescently labeled l@® showedacteroidetes Alpha,
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Beta; andGammaproteobacterjgctinomycesPlanctomycesand 30% that could not be
identified (HemPEL et al. 2008).

Reef Water Column. Microbial communities are ubiquitous and active poments of the
microbial loop in coral reef waters (e.gewsoN & FUHRMANN 2007, WLD et al. 2008).

In WWC reef ecosystems, high bacterial growth rgMsriarty et al. 1985) and low
inorganic nutrient concentrationsaft DuyL et al. 2006) imply nutrient limitation of
bacterioplankton communities. Cell densities anttient concentrations are, however,
not uniformly distributed throughout the water colu Due to their high biotic
complexity, reef cavities and crevices which octtuoughout the coral reef framework,
are an evident source of nutrients and sink ofdsagilankton (8HerFrFeRrset al 2005,
vAN DuyL et al. 2006). Although bacterial growth is enhanced if irevices, bacterial
densities decrease from the overlying water thrahghbottom water into those crevices
(range: 9-2x10 mI?Y), showing a transfer of bacterial biomass into thef which
depends mainly on water movement and bottom régalT et al. 1998). During its
passage over the coral reef, the water body thtminsba reef signature that is often
characterized by depleted phytoplankton and bagiEmkton concentrations and
enhanced dissolved nutrient concentrationgul 1993, YaHEL et al. 1998,vaN DuyL

et al.2002). Similar trends may exist in the water calush CWC reef ecosystems, as the
composition of suspended particulate matter chasiggsficantly during its passage over
a proliferating reef environment, indicating prefetial removal of nutrients by
bacterioplankton communities AlaLeye et al. 2009). In general, CWC reef
environments are characterized by nutrient- andacarich waters, wherefore the diverse
microbial assemblagesefseN et al. 2008, NeULINGER et al. 2008) are expected to be
present in high numbers. First studies on actiwitlicate that microbial plankton in the
water column above CWC reefs react with increasggien consumption to the addition
of CWC mucus (Wb et al.2008, WLD et al. 2009).

Reef Sediments. Due to their enormous structural and physico-cleamcomplexity
(MeYer-ReyL 1994 and references therein), sediments probdfay the most important
array of interfaces for microbial colonization abidfilm formation. They contain high
amounts (18-10° cells g*; RuscH et al.2009) of very diverse and active microbial cells,

most of which are directly attached to grain andigla surfaces (MADOWS & ANDERSON
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1966). The resulting immobilization of cells withthe sediment matrix leads to high
micro-scale heterogeneity in microbial distributiand activity (MeYER-REIL 1994). In
WWC reef ecosystems, permeable sediments with lingir volume-specific surface area
and associated microbial communitiesagdmoto & Loprez 1985, FANSEN et al. 1987,
WiLD et al. 2006) act as biocatalytic filter systems that emleapelagic-benthic coupling
via advectional porewater flow, and thereby engfieient energy and nutrient recycling
in an oligotrophic environment (M et al. 2005). Reef sediment-associated phyla
commonly identified by 16S rRNA gene-based techesgcomprise theGamma, Delta-

, Alpha)Proteobacteria Bacteroidetes Cyanobacteria Acidobacteria Actinobacteria
Chloroflexi and Planctomycetesas well asEury- and Crenarchaea(SzRENSEN et al.
2007, UHicke & McGuire 2007). As metabolic pathways and the structurehef t
catalyzing microbial communities are constrainedthwir redox environment, vertical
variations are observed that reflect reef porewettemistry (HwsoN & FuHRMAN 2006,
SoRENSEN et al. 2007, RiscH et al. 2009). Furthermore, communities may vary with
location across gradients within and between difiereefs (lHwson & FuHRMAN 2006,
UTHICKE & McGuIRe 2007), and with season BcH et al. 2009). Albeit not as
extensively studied as WWC reef sands, also CWE gediments appear to contain
diverse and active microbial assemblages, maintjuting members of theDglta,
Gamma, Alpha)Proteobacteria Bacteroidetes, Chloroflexj Planctomycetes and
Actinobacteria (YakiMov et al. 2006, &NsSeN et al. 2008, NeuLINGER et al. 2008).
According to findings by WHRMANN et al. (2009), sediment-associated anaerobic carbon
mineralization is comparatively reduced due to depting of sediment communities
from processes occurring in the overlying reef fearmark. Sedimentary microbial activity
may, however, also be responsible for inhibitinglalriven dissolution of buried coral

skeletons through buffering of the porewater caat@isystem (\WHRMANN et al.2009).

1.4 Coral Reefs under Global Change Pressures

Coral reefs are continuously deteriorating as alte$ human influences (btHes et al
2003). Anthropogenic pressures include overfisrang destructive fishing, especially
dynamite and cyanide fishing. Pollution and sedi@agéon from land-based sources and

costal development, tourism and anchoring of rémeal and commercial ships are
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further threats. Since 1980, coral bleaching the. whitening of corals due to stress-
induced expulsion or death of their photosynthsyimbionts) increases globally. In the
ocean, anthropogenically driven increases in atim&sp concentrations of carbon
dioxide contribute to both ocean warming and awmdifon (HarRveLL et al. 2007).
Warming and acidification alone, and synergisticatlave the potential to not only alter
coral physiology directly (HecHGuULDBERG et al. 2007, KEYPAS & Y ATES 2009), but
also indirectly through impacts on coral-associatedroorganisms, thereby potentially
disrupting the normal function of the coral holaftioThis loss of function, in turn, may
impact coral reef ecosystems as a whole{bhka et al. 2010). The concentration of
carbon dioxide in the Earth’s atmosphere exceedsa@dy 380 ppm, which is more than
80 ppm above the maximum values of the past 740y886€s (BTiT et al. 1999). Under
conditions expected for the 21st century, globaimwag and ocean acidification will
compromise carbonate accretion, with negative apreseces for coral growth. Climate
change also exacerbates local stresses from deghmater quality and overexploitation
of key species, driving reefs increasingly towdre tipping point for functional collapse.
(HucHEs et al. 2003, BRuNO & SELIG 2007, HbEGHGULDBERG & BRrRuNO 2010). Also
CWC are endangered by deep water fishing, littesimgj constructions.

As coral reef ecosystems are vulnerable to bo#cte.g. mining, waste dumping,
bottom trawling, oil and gas exploration) and iegdir (ocean acidification, temperature
rise; e.g. GINOTTE et al. 2006) impacts, reef-associated organisms, inctutiacteria,
came into focus. This provided the basis for itiitig. several studies, including the ones
presented in this thesis, to further explore miabtiversity and function associated with
both WWC and CWC ecosystems. There is indeed ew@&ethat coral-bacterial
assemblages have the potential to be sensitiveeteftects of climate change (McHkA
et al 2010). The potential exists for very small magitions in temperature or pH
associated with climatic change to increase theabgity of coral-bacterial populations
and in turn affect the health, life history, andckeaps composition of coral reefs. It is
possible that increasing temperatures and decigeasinof the sea surface will alter the
biogeochemical role that coral microbiota potehtighlay (MoucHkA et al. 2010).
Increases in seawater temperature can directly ettal-associated bacterial structure
and function, potentially leading to diseaseiuRBER et al. (2009) demonstrated that
elevated temperatures shifted the microbioméafites compress#éo a more disease-

associated state.
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Bacteria that colonize coral-associated microbiabitats must be able to withstand
diurnal fluctuations in pH associated with algabfsynthesis. Despite being exposed to
a large range of pH, there is some evidence tltaéasing acidity leads to variability in
coral-associated microbiota. Similar to increasiemperatures, HURBER et al. (2009)
found that decreasing the pH of seawater to 7. #Heshithe microbiome oP. compressa
to a more disease-associated state. The mechadrenrgy this shift are unknown, but
like other environmental processes that drive chang the structure of coral-associated
bacterial assemblages, a complex interaction betwdgect and indirect effects on the
coral holobiont is hypothesized (cHka et al. 2010). Furthermore, other than
decreasing accretion rates, it is unknown how oeeafification will alter the physiology
and susceptibility to disease of the host. It isoapossible that synergisms between
increasing temperatures and decreasing pH couldecaariation in coral-bacteria
assemblages. Therefore, the synergisms betweenwimesnvironmental factors may

enable niche expansion of potentially pathogenatdsaa (MoucHkA et al. 2010).

[.5 Objectives and Thesis Outline

Coral reef ecosystems, often called “rainforestthefsea”, represent intriguingly diverse,
productive and dynamic environments in both shalkovd deep realms of the ocean.
During the past decade, a growing body of resehashstarted to reveal the importance
of these complex environments as structured lapesctor the “unseen majority” in the
oceans, microbial communities. The emerging picledeto the recognition of microbial
assemblages as highly diverse, abundant and aoevebers of the coral holobiont and
its whole reef ecosystem. Due to substantial |makes regarding the localization and
accessibility of CWC reef ecosystems, however,aeisyge investigations focused almost
exclusively on the microbial ecology of WWC reefst the outset of this thesis,
microbiology research in CWC reef ecosystems was ttill in its infancy, lacking
fundamental insights into microbial diversity, disttion, abundance and function.
Furthermore, it was unknown if similar principlektbe distribution of microorganisms
associated with WWC and CWC reef ecosystems easstthese differ substantially

concerning environmental settings and processes.
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The general aim of this thesis was therefore tcaade hitherto existing knowledge of
microbial diversity in WWC and, particularly, CW@af ecosystems by exploring the
dynamics of bacterial community variation and patrdrivers across a combination of
different ecological (organizational, temporal, t&a scales, with explicit focus on the

importance of microbial habitat differentiation.

The studies presented in this thesis thereby dnné&d to the following overarching

guestions:

Question 1: Are coral-associated microbial communities distifiiom those in the

surrounding reef water and sediment?
Question 2: Are coral reef habitats hotspots of microbial biatsity?

Question 3: Which factors are responsible for structuring roigoial diversity in coral

reef ecosystems?

CWC. With respect to CWC reef ecosystems, efforts vmeainly targeted at “mapping”

bacterial communities within and between differesgf environments and at gaining an
understanding of spatial scales relevant for siggmit community change. The respective
work consisted of two studies, whereof the firdt2l represented a pilot survey that

provided the basic investigational framework appliethe second one (l1.3).

II.2 The aim of the study presented in section 1.2 teasbtain a basic characterization
of bacterial diversity associated with construcilob8 WC under both in situ and ex
situ conditions. This included, in particular, tbdentification of principle, coral- and
environment-specific patterns in bacterial commusttucture as related to distinct
microbial habitats associated with and surroundinGWC, such as coral branch,
coral mucus, ambient seawater and proximal sedinkemthermore, it involved the
assessment of potential shifts between communs@espled under natural (reef)
versus controlled (aquarium) conditions. It was dtigpsized that bacterial
communities would exhibit a significant partitiogiraccording to (i) microbial
habitat type, and (ii) change in overall living daion.
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1.3 The aim of the study presented in section 11.3 wadetermine the most important
spatial and reef-organizational scales respon$ubleariations in bacterial diversity
in CWC reef ecosystems. This was realized throdgh dnalysis of bacterial
community differentiation from local (intra-reefp tregional (inter-reef) scale by
applying a hierarchical sampling approach spanrfing levels of spatial and
ecological reef organization. Following prior resulspecial emphasis was thereby
given to the discrimination of distinct microbiakltitats associated with and
surrounding CWC, so as to allow for a consistenssfcomparison of coral- and
environment-specific patterns. It was hypothesideat the bacterial community
structure would vary significantly from local togienal scale when accounting for
(i) microbial habitat type, (ii) coral species andlor, (iii) geomorphologic reef

zoning, (iv) in-/out-reef location, and (v) reefesand type.

WWC. With respect to WWC reef ecosystems, efforts weagnly targeted at assessing
the importance of permeable reef sands as specifimbial habitats that drive bacterial
community variation. The respective work comprisedhulti-phase study (11.4), which

also presented the opportunity for a first compagaanalysis of the overlap between

CWC- and WWC-associated bacterial communities ifpie&ry insights).

II.4 The aim of the study presented in section 1.4 wagvestigate permeable WWC
reef sands of differing mineralogy for their poiahtto promote variations in
bacterial diversity and biomass, also over time apdce. This was achieved by
comparing locally co-occurring carbonate and siéceeef sands for deviances in
bacterial diversity, community structure, and celbmber and, further, by
interrelating sand type-specific community pattertts seasonal and spatial
variability. 1t was hypothesized that bacterial couonities would differ
significantly depending on (i) mineralogy per sat blso according to its synergy

with changes in (ii) season, (iii) sediment depifgl (iv) in-/out-reef location.

The research objectives outlined above were mainiplemented by DNA-based
molecular analyses targeting sequence and lengéndgeneities of the 16S rRNA gene
and corresponding internal transcribed spacer (IfeSpectively. This included the high-

throughput fingerprinting technique ARISA (Automat&ibosomal Intergenic Spacer
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Analysis; FSHER & TRIPLETT 1999), the construction of 16S(-ITS) rRNA genenelo
libraries, the direct coupling of both these meth@kown et al.2005), as well as a suite
of multivariate statistical tools commonly applied community ecology studies
(RAmMETTE 2007). Sampling was performed in four CWC reef gstesns on the

Norwegian continental margin and in a WWC fringnegf in the Northern Red Sea.
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Abstract

The discovery of large ecosystems of cold-wateralsofCWC), stretching along
continental margins in depths of hundreds to thodsaof meters, has raised many
guestions regarding their ecology, biodiversity amtkvance as deep-sea hard-ground
habitat. This study represents the first invesiogatthat explicitly targets bacterial
diversity from distinct microbial habitats assoetwith the cosmopolitan reef-building
coral Lophelia pertusaand also compares natural (fjord) and controll@aguarium)
conditions. Coral skeleton surface, coral mucusbiant seawater and reef sediments
clearly showed habitat-specific differences in camity structure and operational
taxonomic unit (OTU) number. Especially in the matuenvironment, bacterial
communities associated with coral-generated habitagre significantly more diverse
than those present in the surrounding, non-cotait&ia, or those in artificial coral living
conditions (fjordversusaquarium). These findings strongly indicate chimastic coral—
microbe associations and, furthermore, suggesthieatariety of coral-generated habitats
within reef systems promotes microbial diversityhe deep ocean.

Introduction

Cold-water coral (CWC) reefs have become incredgirggognized for their potential to
locally enhance faunal biodiversity in the deepasc@ReIwWALD et al. 2004, RBERTS et
al. 2006). Microbial diversity and function withindbe ecosystems, have so far been only
poorly understood. As evidenced by earlier invedioms on warm-water coral (WWC)
reefs, the coral holobiont (host animal plus aicasated microorganisms) is a complex
system containing diverse, abundant and active amial representatives of all three
domains of life (RHWER et al 2002, WEGLEY et al 2004, WLD et al 2004, BOURNE &
MunN 2005). Several microbial habitats and respectivbas, such as those directly
generated by the coral (skeleton, tissue and mubus)also ambient seawater and reef
sediments, are known to be available for WWC resbaiated microorganisms (see
RoseNnBeRrcGet al. 2007, and references therein).

Recent studies on microbial communities in CWC gdedve also provided initial
indications of coral- microbe associations. Whileki¥iov et al (2006) showed that
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living specimens of the stony CWC. pertusain the Mediterranean harbor, specific
bacterial communities that are different from tho$elead coral material or sediments,
another investigation even showed the spatial lgtalmf CWC—microbe associations
with an Antarctic soft coral across an environmentapact gradient (WBSTER &
BourNE 2007). Characteristic bacterial assemblages wke faund in an Alaskan
octocoral, but exhibited minimal influence of treem water-column microbes €RN et

al. 2006).

This work contributes the first high-resolution mallar fingerprinting analyses of
bacterial communities associated with the cosmtgolieef-building CWCL. pertusa
(L., 1758). Using the Automated Ribosomal IntergeBpacer Analysis (ARISA, which
targets the 16S—-23S rRNA-gene spacer length polyinem) and multivariate statistics,
this study examines the relationships between batmmmunity structure and distinct
microbial habitats in a CWC, such as skeleton serfand mucus, associated with living
coral specimens from both natural (fjord) and coliéd (aquarium) environments. We
tested the null hypothesis that the microbial diitgrof CWC-generated habitats reflects
that of the ambient seawater or of proximal reefiments, and therefore contains no

‘coral-specific’ bacterial signatures.

Materials and Methods

A total of 12 coral fragments (5-12 cm in lengtlerided from three living colonies
(white phenotype) from the Langenuen fjord (neargBa, Norway) were collected in
December 2006 at 59°56'5”N, 05°28’5”E, 167 m watkepth, by the remotely operated
vehicle Aglantha(Institute for Marine Research, Bergen, Norwaya®ater (2x2 ) was
sampled nearby at 250 m depth with 5 [-Niskin lesttmounted on a conductivity-
temperature depth rosette sampler and reef assdcatface sediments (0-5 cm depth)
were collected at 175 m depth using a Van—Veen ¢B&81352’9”N, 05°31'5"E) in
October 2006.

The aquarium samples used for comparative analkysegprised 12 living coral
fragments (5-12 cm in length) and seawater (2xWvitjch were obtained from a flow-
through aquarium with fjord bottom-water retrieviedm about 100 m water depth off
Bergen (University of Bergen, Norway; located ab8dtkm from the Langenuen fjord)

in October 2006. The aquarium corals originatednfrthree coral colonies (white

39



REsuULTS

phenotype) collected earlier in the Langenuen fj@a°52’9”N, 05°31'5”E) at 120 m
depth in July 2006, and further maintained underddmns adjusted to their natural
environment (WD et al 2008).

For sub-sampling, all selected coral fragments weaetained inn-situ water for
not more than 30 min before thorough rinsing witerike, 0.2-mm-filtered seawater.
Freshly produced mucus (up to 0.3 ml per fragmesaty collected directly from polyps
using sterile syringes after induction of mucusretion through air exposure. Skeleton
surfaces (partially covered by coenenchymeydk et al 2007) were then sampled using
sterile scalpel blades by scraping two distinatnf-patches per coral fragment. Scraping
was carried out both on the corallite directly sunding a living polyp and on the
skeletal part most distant to all polyps presemding a mixture of surface plaques and
calcareous particles. Skeleton surface scrapindssadiments (1 g per DNA extraction)
were directly used for DNA extraction, whereas nwend seawater samples were first
concentrated onto sterile 0.2 mm polycarbonater§li{Millipore, Eschborn, Germany).
Immediate processing of samples was carried oail ateps to minimize biases that may
be introduced during retrieval and maintenanceoodls during sampling.

Total community DNA was extracted and purified widhra Clean Soil DNA kits
(MoBio, Carlsbad, CA, USA). Bacteria-specific ARISAn triplicate PCR) using
normalized DNA quantities of 22 ng per reaction ff samples, subsequent data
formatting and binning were carried out as desdriblsewhere (GRDINALE et al 2004,
HewsoN & FuHRMAN 2006). Non-metric multidimensional scaling (NMDShdathe
following statistical tests (Bonferroni-correctedgre implemented in R (version 2.5.0).
Between-group variation was tested by pairwise yaiglof similarities (ANOSIM).
Within-group variation (scatter in the NMDS ordimat plot) was compared by
dispersion analysis, that is, by evaluating whetherdifference between sample location
and the group centroid was significant, using paewVilcoxon—-Mann-Whitney tests
after ensuring that an overall Kruskal-Wallis tesis significant aP<0.05. Operational
taxonomic unit (OTU) numbers were compared by pagwVilcoxon— Mann—Whitney
tests. Redundancy analyses (RDA) and variationitjpawhg were carried out as
described elsewhere ARETTE 2007). ARISA and statistical analyses were caroet
twice independently. As consistent conclusions wap&ined twice, only one set of

results is presented here.
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Results and Discussion

Molecular fingerprinting of bacterial communitigsin samples of coral skeleton surface,
coral mucus, ambient seawater and reef sedimeftrtsvierd freshly from the field site
(hereafter named “fjord samples”) clearly showegh#icant differences in community
structure and sample dispersion (Figure 1), as waegllin OTU number (Figure 2).
Contrary to our null hypothesis, CWC-associatedrofi@l habitats (that is, skeleton
surface and mucus, sampled from three coral cdofiem one location) clearly
exhibited specific bacterial signatures when comgavith the surrounding habitats (that
is, seawater and sediments; Figure 1; pairwise AINOEsts, allP<0.001). Bacterial
communities from skeleton surface and mucus wern eéound to be significantly
distinct from each other, regardless of the corgi (fjord or aquarium; alP<0.001). It

is interesting that all communities associated wahal-generated microbial habitats (that
is, skeleton surface and mucus) showed signifigamgher sample dispersion than did
communities found in the surrounding environmeritgt(is, seawater and sediments;

dispersion analysis, a&f<0.001).

MUCUS

MUCUS (fiord)

(aquarium)
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‘e
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Figure 1. NMDS ordination plot (Bray—Curtis distance matrof) ARISA profiles

for coral-derived samples. ARISA was carried outsamples from coral skeleton
surface, coral mucus, seawater, and sediments fiatoral (fiord) and controlled
(aquarium) conditions. The proximity between sampte the plot corresponds to
high-community similarity, and the quality of thedmation is indicated by a low-

stress value.
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The possibility of CWC-associated habitats offeriddferent niches for bacterial
communities could be explained by several factetgh as the availability of stable
living conditions, distinct physico-chemical quglibf the mucus or skeleton-derived
surfaces, or the direct supply of nutritional sesrsuch as CWC-derived organic matter.
Furthermore, no community overlap between the gmehabitats under different living
conditions (fjord versus aquarium) was observed (Figure 1). Whether thdicates
abiotic or biotic environmental effects on bactec@mmunities (that is, through the coral
host) is not yet known, but similar findings haveeb obtained in a study comparing
WWC mucus-associated bacteria from reef and aguaenvironments (KOPERMAN et

al. 2007).

The OTU numbers differed substantially betweenvidm@ous habitats (Figure 2). In
the aquarium, bacterial communities from skeletamfage and mucus yielded
significantly higher OTU numbers (medians of 10@ a8, respectively) and greater
sample variation than communities from ambient séaw (median of 9; pairwise
Wilcoxon—Mann—-Whitney tests, af<0.001). The fjord skeleton surface and mucus, in
contrast, showed fewer OTUs (medians of 7 and dgpactively) and were associated
with low variation, whereas samples retrieved frigond seawater and sediments showed
much higher OTU numbers (medians of 142 and 15pedively) and higher variability
(Figure 2).

For the fjord samples, the lower OTU numbers (FegRy), but higher dispersion
within coral-generated habitats (Figure 1), as careg with ambient habitats, seem to be
rather counter-intuitive. It may be concluded tbatal-generated habitats under natural
conditions are associated with rather OTU-poor,dpgcific, bacterial communities. The
selection of such bacterial associates could beced by nutritional coral-microbe
relationships, as coral exudates are known tocatspecific, yet diverse populations of
organo-heterotrophs (RHIE & SMiTH 2004, ALERS et al 2008), or by specific chemical
mediation by the coral host EéKvan et al 2006, RrcHie 2006). Our findings are
consistent with results from other studies thatntbuspecific associations between
bacteria and their coral hostsdiRver et al. 2002, BB urRNE & MUNN 2005, BNN et al
2006, Yakimov et al 2006, WeBsTER & BourNE 2007). This indicates that a clear
distinction in the bacterial community structureynexist between the different microbial

habitats associated with scleractinian CWCs, sath pertusa
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Figure 2. Bacterial OTU number as obtained by ARISA for ¢@ssociated and
environmental samples from both natural (fjord) andntrolled (aquarium)
conditions. The color coding for the different haks corresponds to that used in
Figure 1. The middle line in each box depicts thedian of the respective data set.
The box width represents 50% of the data, whildbvahiskers and outliers indicate
the distribution of remaining data points, thusresgenting the overall variation.
Different letters above each box denote a sigmificaean difference in OTU number
between respective habitats (Wilcoxon—Mann—-Whitiesy,P<0.05).

The comparison between living conditions (fijovdrsus aquarium) and habitat type
(coral-generatedersusambient) as diversity-generating factors showed &ach factor
contributed 9% to the total ARISA variation (vaitet partitioning; bothP<0.001), but
showed only 1% of co-variation (that is, the effeaf the two factors were not
confounded with each other). A large amount of camity variation remained
unexplained, suggesting that other factors mayikedylto be at play. As the variation
because of living condition was of the same amgditas that caused by habitat type,
keeping coral hosts even under the best-controiedditions may seriously bias
microbial diversity analyses. This has importaragdical implications for future work
with coral-associated microbial communities. In dasion, our data strongly suggest
that the variety of coral-generated microbial hatisitassociated with CWCs promotes

microbial diversity in the deep ocean.
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Abstract

Despite rising scientific recognition of cold-watepral ecosystems as biodiversity
hotspots in the deep sea, insights into their @atsut bacterial communities are still
limited. Assessing the magnitude of changes indseattcommunities is however critical

for a better understanding of factors that contebio the stability and functioning of

these highly complex environments. Here we appdiduderarchical sampling approach
spanning five levels of spatial and ecological reejanization to describe bacterial
community differentiation in four Norwegian cold-tga coral reef ecosystems by
accounting for microhabitats present on coralsalcspecies and color, geomorphologic
reef zoning, reef location, and reef type. Bactec@mmunities from coral-generated
(branch, mucus) and ambient microbial habitats éwatediment) were clearly distinct as
indicated by Automated Ribosomal Intergenic Spadealysis (ARISA), and this

partitioning was maintained over all spatial andlegical scales investigated. Coral-
associated habitats were moreover characterizedhidgdyly site-specific patterns and
community turnover. Furthermore, bacterial diverpiatterns, albeit consistent with coral
species and small-scale environmental complexibhgnged markedly from local to

regional scale, resulting in biogeographic pattetimgt parallel those of water and
sediment bacteria. Supporting prior insights, @suits demonstrate that the diversity of
bacterial communities associated with cold-watemralsomay be structured by several
factors acting at multiple spatial and organizatloscales in cold-water coral reef

ecosystems.

Introduction

Cold-water coral (CWC) reef ecosystems are incnghgi portrayed as biodiversity
hotspots in continental margin, seamount and mehoaidge settings around the world
(Robertset al. 2009). As such, they appear as speciose, abuaddniidespread as their
warm-water counterpartseNSEN & FREDERIKSEN 1992, FREIWALD et al 2004, HNRY &
RoBerTs 2007, HbvianD 2008) and represent important species pootsgRTs et al
2006, ByiHL-MORTENSENet al. 2010, HENRY et al 2010) and speciation centersNiNER

et al 2008) in the deep sea. Their potential to foatbrgh degree of local diversity and
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biomass is assumed to be mainly rooted in the st&syengineering capacityofEs et

al. 1994, Brke 2010) of scleractinian constructional corals, sashthe cosmopolitan
key specied.ophelia pertusa(L. 1758, Caryophyllidae) andViadrepora oculata(L.
1758, Oculinidae) (BcErs1999, REwALD 2002a, REwWALD et al 2004, RBERTSEL al.
2006). By forming enormous, dendritic skeletal feamorks, these corals provide three-
dimensionally complex living space of varying sizgructure and endurance for a
plethora of mobile and sessile organismeN&oRrni et al 2010, ByHL-MORTENSENet al.
2010, HENRY et al 2010). They also alter current flow regimes aedimentation rates,
thereby modifying the abiotic environment in timedaspace (BeerTset al 2009 and
references therein).

Structural habitat complexity is further promoted tne pronounced ecosystem
discontiguity. Unlike warm-water coral (WWC) reefcosystems that constitute
contiguous reef environments with clear energyteelaonation (ReiwaLb 2002a), cold-
water coral ecosystems namely comprise severalsfaimappearance such as isolated
colonies, small patch accumulations, large reefsiant carbonate mounds, and can differ
substantially with respect to their on-site spat@ahfiguration (WLsoN 1979, REIWALD
et al 1997, RGERS 1999, MorTENSEN et al 2001, ReiwALD 2002a, ReEwALD et al
2002b). Not uncommonly, individual clusters of ddrameworks (rather than a single
coalescent one) form entire reef complexes whiepedding on local seabed geology as
well as community history, exhibit distinctive georphologic and taphonomic zoning,
with marked transitions in sediment facies, fauc@mposition and proliferation stage
(MorTENEN et al 1995, REwALD & WiLsoN 1998, RelwALD et al. 2002b, MORTENSEN
et al 2001,BuHL-MoORTENSENet al. 2010).

Despite mounting evidence obrals and reefs as structured landscapes of divers
and complex microbial communities NEwLTON & RoHWER 2003, ROSENBERG et al
2007a, AnswoRTH et al. 2009), insights into the microbial diversity in @Aécosystems
are limited. Pioneering studies in this field mgifdbcused on microbes associated with
colonial CWC scleractinians @imov et al 2006, QRorkURTH 2007, NEULINGER et al
2008, Fhnsson et al 2009, KeLLoca et al 2009, NEULINGER et al 2009, $HOTTNER et
al. 2009), but also with solitary scleractinian®g{ETERRA & HAUSSERMANN 2008) and
octocorals (ENN et al. 2006, Bruck et al 2007, HLL-SPeENcERet al 2007, WEBSTER &
BourNE 2007). Respective findings based on community efipgnting (Automated
Ribosomal Intergenic Spacer Analysis, ARISA; TerahiRestriction Fragment Length
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Polymorphism, T-RFLP; Denaturing Gradient Gel Eigghoresis, DGGE) or 16S rRNA
gene sequencing show that bacterial communitiemncohg living corals differ markedly
from those present on dead corals or in the ambéewironment likeseawater or
sediment(PenN et al. 2006, Yakimov et al. 2006, GRorkURTH 2007, NEULINGER et al.
2008, HhnssoN et al 2009, SHOTTNER et al. 2009). Even distinct coral-generated
microbial habitats, such as skeleton surface, muand tissue, further exhibit distinct
bacterial signatures §&rKURTH2007, FANssoNnet al. 2009, SHOTTNEREet al. 2009).

Concerning the spatial patterning of bacterial camitres associated with CWC
habitats, diversity appeared consistent acrossnairommental impact gradient within
and between different reef sites for some octosofdEBSTER & BourNE 2007). OnL.
pertusa several bacterial sequences were found in comnwon ffeographically separate
regions, such as theulf of Mexico and the Trondheimsfjord in NorwayWHULINGER et
al. 2008, KeLLoGG et al 2009). Strict host specificity could not be evided though, as
coral-associated communities show significant venes between sampling locations
within the same geographic area or reef complexo@@uURTH 2007, NEULINGER et al
2008, Hhnsson et al 2009, KeLLoce et al 2009), between colonies of the same coral
species (HAnsson et al 2009), between single polyps within the same Icocdony
(Hansson et al. 2009), and between differently colored types witthhe same coral
species (MULINGER et al. 2008). In fact, evidence is mounting that coraltbea
associations differ considerably with both hoswasged microhabitats and prevailing
environmental conditions. Due to the inconsistehibice of spatial scales and
methodologies in past surveys, the relative impmeaof distinct factors that structure
bacterial communities across various ecologicalescanay not be inferred withobias
(CHASE 2003, WHEATLEY & JOHNSON 2009).

The aim of the present study was thereforedemtify habitat-specific patterns of
bacterial diversity in CWC reef ecosystems usinquati-scale, hierarchical sampling
approach spanning five levels of spatial and ecotdgeef organization. Sources of
community variation were assessed with respecbdal |(intra-reef) to regional (inter-
reef) scale, and by further considering (i) micedbdiabitats on and around corals, (ii)
coral species and color, (iii) geomorphologic reefing, (iv) in-/out-reef location and (v)
reef type/site. Bacterial community DNA derived rfratwo constructional corals. (
pertusa M. oculatg as well as seawater and sediment as referendatsabere sampled

within four cold-water coral reef ecosystems on wrwegian continental margin, and
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subjected to the high-throughput fingerprinting higique ARISA and a suite of
multivariate statistical tools. According to our gogheses, the bacterial community
structure was expected to vary significantly amaogal microbial habitats as well as
between coral hosts, but also to show clear imprirfitreef complexity and geographic

separation.

Material and Methods

Study Sites. The Rast Reef (Figure 1A), discovered in 2002 egarded as the largest
proliferating CWC reef ecosystem in the worldi6RsNeset al. 2004, NoRDGULEN et al.
2006,). Situated on the northern mid-Norwegian ioemtal slope at a water depth of
300—400m, it forms a 35-50 km long and 3 km widk @Fe@ssAet al 2005) covering
steep ridges in the headwall zone of the Treenatgydenarine landslide @uTH 1978,
LABERG & V ORREN 2000, LlaBeRG et al 2002a). The hydrodynamic regime around these
ridges is controlled by the Norwegian Current, wstinong northeast-orientezlirrents
flowing approximately parallel to the reefdB.AIN et al 1996, LaBerG et al 2002b).
Owing to the specific ridge morphology, current dgmcs and resulting strong variation
in hemipelagic sediment depositionAferG et al 2002b), the whole reef features a
distinct geomorphologic habitat zoning. Ridge @estd upper slope parts, consisting of
hard glacial clay, are covered by a dense framé&wbliving coral colonies which form
giant apron-like terraces facing up-slopeogBA et al 2005, WEHRMANN et al. 2009).
Main spatial contributors comprise the construalascleractinian species L. pertusa and
M. oculatawhich occur in several color types, mostly whitel aed (Figure 1B).

The lower slopes, characterized by coral rubbletbgdacies (VEHRMANN et al
2009), are highly sponge-dominated, and coral @eoge is reduced to isolated living
colonies originating from an occasional frameworkpture at the ridge top and
subsequent debris transport down-slope. The depnsssetween ridges comprise a fine-
grained, clay to silt-bearing matrix with embeddiecd coral fractions (A4RMANN et al
2009), and are populated by various sponge comrasgniwith only few living colonies
in between. In general, the highest degree of qud@lferation and density (reef center)
is found up-slope, in immediate vicinity of the Heall (high-relief area; &ssA et al
2005, NorDGULEN et al. 2006, dco teampersonal commejtwhile the down-slope reef

periphery (low-relief area) exhibits only randomlgccurring isolated colonies.
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Figure 1. Study sites and coral species targeted in thidystd) Offshore and inshore cold-water coral
ecosystems along the Norwegian continental ma(ghnLiving colonies ofL. pertusaandM. oculata
in their natural environment at Rgst Reef, northerd-Norwegian continental marginC) Fragments

of freshly sampled whitke. pertusa(left), redL. pertusa(middle), and redV. oculata(right).

The Treenadjupet Reef (Figure 1A) covers a circidartbayment on the edge of
Treenadjupet (HvLAND & MORTENSEN1999), an elongated transverse cross-shelf trough
incising the mid-Norwegian shelf (@Ensen et al 2005). At 300—330 m water depth, it
covers deltaic sandy fan deposits forming distongar-shaped structures gMLAND et al.
2005), and is exposed to the cyclonic circulatisadpminating in the Lofoten basin
(PouLaiN et al. 1996). In absence of a distinct habitat zoningsthad the cigar-shaped
elevations are covered by a fine-grained matrisiltfto clay and biogenic debris, with
coral rubble and dead framework atopgMdmanN et al 2009). Living coral colonies of
white L. pertusaare only found on some of the eastern tips ofethstsuctures, while
sponges mark the dominant fraction of the oveesf community.

The Tisler Reef (Figure 1A), first discovered armtaimented in 2002, represents
one of the largest and shallowest coastal reefsvknworldwide (LUNDALY 2004,
Jonsson2006). Situated on a sill in the Hvaler/Kosterfjoegion, northeast of the Tisler
islands in the Norwegian Skagerrak, it encompaasearea of about 1200200 m at a
water depth of 70—-160 m (NDALV 2004, dNssoN2006). Due to the Kosterfjord deep-
water connection to the open Skagerrak, the reexmsed to strong currents being

forced through a long, deep gully in northwest-Beast direction (AvALEYE et al.
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2009). The live coral cover is dominated by mamgéacolonies ot.. pertusa(JONSSON
2004), but also sponges constitute an integral plathe reef structure (IRser et al.
2009). In the distal reef areas, large dead cdrattsires indicate severe trawl damage
and suggest the original size of the living Tisteef as about twice its present size
(LunDALv 2004, lavaLeYE et al. 2009).

The Langenuen Fjord in West-Norway near BergenuieiglA), is a north-south
water passage connecting the Hardangerfjord welKibrsfijord. One of the several patch
reefs covering the rocky, steep slopes of the eamtHfjord section is located near
Landrgyodden at a water depth of approximately 80—4h. Atop ofrock- and rubble-
bearing facies, living colonies &f pertus andM. oculataoccur among different types

of sponges and other invertebrates.

Hierarchical Sampling Design. In order to study ecosystem-specific patterns cfdraal
community variation from local to regional scalapgling was performed hierarchically,
spanning a total of 5 different levels of spatiadl @cological reef organization (Figure 2).
The first study level (factor: HABITAT, scale: pnm comprised four potentially
distinct types of bacterial habitat associated vaitid surrounding a scleractinian coral
colony in its reef environment: Coral skeleton aoe (“branch”), coral exudates
(“mucus”), ambient seawater (“water”) and proximsadiment (“sediment”). The second
level (factors: COLOR, SPECIES, scale: 1 cm-2 nafueed a specific scleractinian
species I(. pertusa M. oculatg and coral color type (white, red). Geomorphologgef
zoning, as prevailing at Rgst Redétermined the third level (factor: ZONE, scalent
10 m). Respective zones included the terrace-cduidge top (“crest”), the rubble- and
sponge-dominated ridge slope (“slope”), and thg-bkaring, sparsely populated inter-
ridge depression (“valley”) in the reef center.th¢ fourth level (factor: IN-OUT, scale: 1
m-100 m), the up-slope reef center (“in-reef”) veasnpared with the down-slope reef
periphery (“out-reef”), in distances of 1 m, 10 ndal00 m away from the apparent reef
margin. The fifth level (factor: REEF, scale: 10006Q0 km) eventually contrasted the
Rgst Reef environment (“Rast”) with the nearby Tagjupet Reef (“Treenadjupet”) as
well as with the two inshore ecosystems, TislerfR€Bsler’) and Langenuen Fjord
(“Langenuen”).

Focusing on local, mainly reef-internal variationsyels 1-4 (Figure 2) were
implemented in the Rgst Reef area as main study R#éspective sampling of corals (
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pertusa M. oculatg, seawater and sediment was performed within ttoges of two
mannend submersible dives describing a down-slogient across the reef (Table 1; see
also Supplemental Informatiortigure S1), with the first dive traversing two dfet
uppermost ridges near the headwall (reef centereef, and the second dive extending
former heading further down-slope beyond the appaesef margin (reef periphery; out-
reef), in a distance of approximately 2.5 km. A¢ thither study sites (level 5; Figure 2),
sampling involved the collection of. pertusa seawater and sediment at random
locations within respective main reef area (TableSElection of sampling locations was

based on prior video reconnaissance.

............. crest reef-in

.................................. 3 wl

Ve o ..

=2 M

"Q-. - rL slope
E T, N reef-out ,
1L — E M

SPECIES, COLOR valley reef-out ,,
ZONE
reef-out 4,

IN-OUT

Figure 2. Multiscale hierarchical sampling design to investegintra- and inter-reef specific patterns of
bacterial habitat differentiation and interconneatfrom local to regional scale. Nested framesdaii
the different study levels, with spatial scalingrieasing from insidd€ft) to outside iight). Boxes within
frames symbolize each lower level as integral parespective higher level. At Rgst Reef as mailyt
site, sampling was implemented on all levels (cardus line); at all other sites, it was performeatyon
the lowest and highest level, respectively (dotieel). Study levels with respective scale and parts:
HABITAT (um—cm): coral branch (“b”), coral mucusn{®) , ambient seawater (“w”), proximal sediment
(“s™); SPECIES (cm—m): whité. pertusa(*wL"), red L. pertusa(“rL"), red M. oculata(“rM"); ZONE (1
m-10 m): ridge top with coral terraces (“crest’)ige slope with single coral colonies on rubble
(“slope™), ridge depression with single colonies day (“valley”); IN-OUT (1 m—100 m): reef center
(“reef-in"), reef periphery in distances of 1, M0 m away from the apparent reef margin (“reefjput
REEF (km): Ragst Reef (“Ragst”), Treenadjupet Reefrgmadjupet”), Tisler Reef (“Tisler”), Langenuen

Fjord (“Langenuen”).
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In-situ Sample Coallection. Living CWC were sampled by manned submersible {Ras
Traenadjupet) or video-assisted remotely operatéichee(Tisler, Langenuen; Table 1).
After visual assessment of each target colamysituy a healthy looking fraction was
picked from the colony’s living outer rind usingetimanipulator arm, and placed into a
separate compartment of the sampling reservoireddy back onboard, each specimen
was inspected for epigrowth, impurities or degeti@na before selecting a fragment (5—
15 cm in length) for sub-sampling of coral-ass@mammicrobial habitats. Fragments
needed for skeleton surface and mucus sampling mametained in flow-through tanks
with in-situ water at a temperature of 10-11°C 80 min until subsequent processing.
Seawater was sampled with 2-I Niskin bottles atdcho the submersible (Rgst,
Treenadjupet), or mounted on a conductivity-tempeeatiepth rosette sampler
(Langenuen) or a video-assisted steel cable (}islermediately after retrieval, water
samples were kept at 4°C, filtered in 500 ml aliguo@nto sterile polycarbonate
membranes (0.22 um, Millipore, Billerica, MA), arglored at -20°C until further
treatment. Surface sediments (approximately O-Sediment depth) were collected by
custom sampling scoops operated via the submeiaigleehicle manipulator arm (Rgst,
Treenadjupet, Tisler) or by Van-Veen grab (LangehuBight upon retrieval, sediment
samples were transferred into sterile 50-ml viatgl atored at -20°C until further
processing/treatment. At Rgst Reef, sediment sagplias not possible on ridge tops,

owing to the high density of the prevailing conarhework cover.

Coral Sub-Sampling Procedures. After gentle rinsing with sterile-filtered (Whatman
Maidstone, UK) local seawater, skeleton surfacedivwhg CWC were sampled by
scraping an area of up to 5 Trper fragment with sterile scalpel blades, yieldimg
mixture of surface plaques, coenosarc tissue, ahchreous particles. Scraping was
carried out on the primary, and partly secondargnbhes of each fragment, avoiding
fragile outer branches as well as polyp calidds.material accumulated per fragment
was directly transferred into the provided DNA extion tube (see below) by
submerging the plaque-bearing scalpel blade irctimtained solution. Freshly produced
coral mucus was sampled by gently rinsing livingatdragments with sterile-filtered
seawater and inducing mucus exudation through 2ir5am exposure. After discarding
exudates released during the first minute, subseqoeduction of up to 0.5 ml per

fragment was collected directly from polyp surfabgsusing sterile syringes. Resulting
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mucus-seawater mixture was concentrated onto estealycarbonate filters (Whatman),
and frozen at -20°C until DNA extractioAt all steps, immediate and careful processing
of samples wasf paramount importance to minimize biases intreduduring retrieval,

maintenance and sub-sampling of coral specimens.

DNA Extraction. Total community DNA was extracted and purified wiile Ultra Clean
Soil DNA Kit (MoBio, Carlsbad, CA, USA) followinghe manufacturer’s instructions for
maximum vield. Branch (scrapings from up to 5 @keleton surface) and sediment (3x1
g) samples were directly transferred into extractitbes, mucus (up to 0.5 ml) and water
(2—-4x500 ml) on respective filter membranes. Felation of DNA was performed with
50-100 pl 1x TE buffer (Promega, Madison, WI). Gantcation of yielded DNA was
determined by NanoDrop spectrophotometry (NanoDvéiimington, DE).

ARISA Fingerprinting. Universal bacterial ARISA (BHER & TRIPLETT 1999) as well as
subsequent data transformation and binning wenmgedaout as described byARETTE
(2009), with modifications. Universal primer ITSF 5
GTCGTAACAAGGTAGCCGTA-3’; 5'-6-Fam-labeled, ABpINALE et al. 2004) and
bacterial primer ITSReub (5-GCCAAGGCATCCACC-3'ARDINALE et al. 2004) were
used for amplification of the rRNA intergenic spacegion ITS1 by polymerase chain
reaction (PCR), with each 50 pl reaction (in toptes per sample) containing 22 ng of
template DNA. After a PCR product control via 1.%8%garose gel electrophoresis, all
products were purified with Sephadex G-50 Superfigf&gma-Aldrich, Buchs,
Switzerland) and quantified with a NanoDrop spegata@ometer. For generating ARISA
profiles, 100 ng/ul of cleaned PCR product were looed with a 15 pl-separation
cocktail containing ROX 1000 internal size standgiapMarker; BioVentures,
Murfreesboro, TN) in deionized formamide. After daration at 95°C for 2 min and
subsequent storage on ice, ARISA fragments wereridigiated according to size by
capillary electrophoresis using an ABI Prism 313@Genetic Analyzer (Applied
Biosystems, Carlsbad, CA). Resulting ARISA raw pesf were analyzed with
GeneMapper software v3.7 (Applied Biosystems). idtal peak area was normalized to
1, and only fragments with a relative fluorescemtensity (RFI) above 50 unitz@.09%

of total amplified DNA) and between 100-1000 bpginwere chosen for further
analyses. To account for size calling imprecisiod aompensate for slight peak shift

57



REsuULTS

between single runs, GeneMapper-derived ARISA peads then subjected to a binning
procedure with a fixed window size of 2 bp usingtom scripts in R v2.9 (The R Project
for Statistical Computing) as described byaMRTTE (2009). The binning frame yielding
the highest pairwise similarities among samples se&lscted for a merging procedure
where all RFI signals based on PCR replication voerabined into a single consensus
signal per sample, given the presence of a binneak plhenceforth: operational
taxonomic unit, OTU) in at least two triplicatedelresulting sample-by-OTU consensus
table, reflecting OTU presence-absence as weklasve abundance, was then subjected

to numerical analyses.

Multivariate Statistics. All numerical analyses and graphical representatiovere
implemented in PAST v2.0 (Palaeontological Stats3tias well as in R v.2.9 using
standard and community ecology packages ‘veganAS®’, ‘BiodiversityR’, ‘stats’,
‘labdsv’, ‘mgcv’ and custom scripts. Total numberss ARISA-derived OTU were
compared in a box-and-whisker diagram and assdssetkan difference by applying an
overall Kruskal-Wallis test (KW) as well as pair@isVilcoxon-Mann-Whitney tests
(WMW). Shifts in OTU presence-absence were analymedustom R functions for OTU
partitioning and turnover. Multivariate patterns bacterial community structure were
analyzed based on Bray-Curtis distances among ithégiV (Hellinger-transformed)
abundance profiles. At first, visual inspectionvafiation was performed by Non-metric
MultiDimensional Scaling (NMDS), cluster analysiand heat-mapping. Significant
differences between resultimgposteriorisample groupings were tested with Analysis of
Similarity (ANOSIM), and corrected for multiple cgarisons according to the
Bonferroni criterion (e.g. Rvette 2007). Within-group diversification of bacterial
communities was investigated by multivariate dispar analysis (ADERSON et al.
2006), including Analysis of Variance (ANOVA) anaipvise tests of Tukey's Honest
Significant Differences (TukeyHSD) of mean dista;ide group centroids (i.e. mean
group dispersions). Furthermore, bacterial commyuniairiation was assessed by
Permutational Multivariate Analysis of Variance @HMANOVA; Anderson 2001,
McARDLE & ANDERSON 2001), with three separate analyses performed: éaeining
local, intra-reef variation (factors: HABITAT, SPHES, COLOR, ZONE; Figure 2) at
the reef centeof Rgst, one examining extended local differenaetsvben the up-slope
reef center (in-reef) and the down-slope reef enip (out-reef; factor: IN-OUT; Figure
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2), and one examining regional, inter-reef variaiffactors: HABITAT, REEF; Figure 2)
between the four different reef sites/types (R&stenadjupet, Tisler, and Langenuen).
All tests were performed using type | sums of sgsaand 999 permutations under the
reduced model. In the specific case of intra-resfiation, testing followed a nested
layout, whereat each factor (e.g. SPECIES) wasattukically nested within the next
higher factor (e.g. ZONE). With the higher fact@iry fixed, randomizations among all
nested factor levels occurred onljthin each higher factor level, but natrossall
higher factor levels.

Results

Variations in Bacterial OTU Number. OTU numbers (that is, the total sum of binned
ARISA peaks) per sample ranged between 9-223 Obdh & total pool of 440 different
OTU in the whole data setlhe comparison of all samples revealed that vanatin
OTU number related highly significantly to habitgpe (KW, P<0.001), despite marginal

deviations between the different reef sites (KR¥0.05) (Fig. 3). The most pronounced
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Figure 3 Number of ARISA-derived OTU in distinct microbiabbitats at each reef site. Top,
middle, and bottom lines of boxes represent thé 2&mple minimum), 50th (median), and 75th
(sample maximum) percentiles; end of the whiskepsasent the 5th and 95th percentiles; box size
and line spacings indicate the degree of disperaimh skewness in the data; outliers above and
below the whiskers denote extreme values.
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habitat separation thereby occurred between camdigted surfaces and the ambient
environment, with branch (34 + 15 OTU) and mucu £522 OTU) featuring 30—-80%
lower mean OTU numbers than water (135 = 16 OTUW)) sediment (192 + 19 OTU). At
Rgst, mean OTU numbers also showed distinctive ggsmabetween the in- and out-reef
environment (KW,P=0.0398; Figure 3), which were mainly based on leasaociated
habitats, especially mucus, causing a slight ov€@al increase from the up-slope reef
center (Rgst-in; 86 = 11 OTU) to tliown-slope reef peripherfRgst-out; 116 + 62
OTU). When studying local trends at Rgst-in andtias separately, however, neither
in-reef geomorphologic zoning (KWW=0.098) nor out-reef gradual distances (of 1, 10, o
100 m) away from the apparent reef margin (KW¥0.956) resulted in any significant
OTU variation. No marked differences (mean totdl8®+ 13 and 35 + 17 OTU fdr.
pertusaand M. oculatg respectively) between both coral species werectied (KW,
P=0.640).Likewise, OTU presence-absence was not relatedat@tion in coral color
(KW, P=0.538), as white (34 £ 14 OTU) and red (38 = 14UDpTcorals harbored
relatively similar OTU numbers.

OTU distribution among the four different microbladbitats was characterized by
only 1 and 2 OTU specific to branch and mucus,eetyely (Figure 4A) from a total of
390 OTU associated with. pertusaat Rgst, while 7 unique OTU (from 38&&al) were
identified on the respective same habitatsvbroculata.lt may therefore be concluded
that coral-derived habitats are not associated witheexély high bacterial specificity,
especially when the surrounding water was charnaetgiby 25-30 unique OTU and the
sediment contained most of the habitat-specific Gifd single reef site (up to 156 OTU
at Rgst; Figure 4A). Beyond Rgst boundaries, tpasterns were confirmed for all study
sites, with only minor variations (data not showrt, when all samples were combined
(Figure 4B), the number of shared OTU increasedghviemarkably reduced the number
of unique OTU in water and sediment samples, whigenumber of branch- and mucus-
specific OTU remained virtually unchanged.

OTU overlap between different microbial habitatsl aref sites followed mainly
habitat-specific trends and distinguished partidulaoral-derived surfaces from the
surrounding environment (Figure 5). In generalfedédnces in OTU overlap clearly
reflected variations in OTU number, with OTU-poa@bitats (branch, mucus) sharing a
much higher percentage of their OTU pool with OTithmabitats (water, sediment) than
reciprocally. In this effect, branch and mucus etaat least half of their OTU with

60



ResuLTS

branch water branch water branch water

mucus mucus mucus

Figure 4. Partitioning of bacterial OTU between the distinotal-associated and ambient microbial
habitats targeted in this study. Numbers indicaeeamount of OTU unique to each habitat (corner
area), or common to any two (overlapping area) lbhabitats (center area)A) Bacterial OTU
associated with samples &f pertusa (left)and M. oculata (right) at Rgst, B) Bacterial OTU

associated with all samples combir
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Figure 5. Heatmap representation of pairwise bacterial OTerlap between the distinct microbial
habitats at each reef site. Samples are groupeatding to habitat type and reef. Cell position
corresponds to the asymmetrical pairing of singlm@e groups, with rows specifying a group of
reference and columns denoting respective grogomwiparison. Cell color indicates the respective
OTU fraction (%) in the reference group being stamh OTU in the comparison group.
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sediment (50% and 73%, respectively), and a cortipaha lower fraction with water
(25% and 36%, respectively). Conversely, only 9-1@f@ 17-18% of water and
sediment OTU were also found among branch- and saassociated OTU, respectively.
The number of OTU shared between the two coralezs®al habitats amounted to a third
of all OTUs (33-34%), and exhibited more variatimn ambient habitats with water
sharing higher fraction of its OTU pool with thedseent (74%) than vice versa (34%).
Overall, OTU sharing between different reefs appeéaremarkably more variable on
coral-derived surfaces compared to the ambientemwient (Figure 5).

When studied within each microbial habitat sepdyatbe mean number of OTU
shared between any two reefs was the lowest ilmiheus (37%), but also varying the
most (11-94%). In contrast, reef-specific changethe sediment were on average the
highest (76%), but shared fractions among sedireantples were more homogeneous
(63-90%). In branch and water, the different reextbibited a similarly high OTU
overlap of 37-90% (mean: 63%) and 38—89% (mean:) 5i€pectively. No conspicuous
separation between off- and inshore reefs was wetebut patterns showed that several
OTU occurring at Rgst and Tisler were not foundraénadjupet and Langenuen (Figure
5), while most of the mucus OTU from Traenadjupetamad those from other sites.

Variations in Bacterial Community Structure. As detected by NMDS (Figure 6) and
confirmed by PERMANOVA (Table 2A), bacterial comniigs markedly differ
according to habitat type. At Rgst (PERMANOVA=R.587,P<0.001), and for all study
sites combined (0.467,P<0.001), samples exhibited a highly significantiliaffion
with either one of the four different habitatsespective of any other trends (see also
Supplemental Information: Table S1). With PERMANO¥RAvalues ranging from 0.75—
0.80 for the different reefs (Table 2A), this sgp@n of branch-, mucus-, water- and
sediment-specific communities was similarly pronmethat all study sites. In the NMDS
ordination (Figure 6) and in the original Bray-Gsirtlissimilarity matrix (Figure S2), a
clear separation was obtained between coral-asedciasurfaces and ambient
environment, which also proved consistent whenyaival samples from the different
locations separately (data not shown).

Despite commonalities in habitat differentiatiomwever, the four reef sites
differed markedly in their community structure (T@al2A), especially with regard to
mucus (PERMANOVA R=0.754,P=0.001), water (R=0.835,P=0.001) and sediment
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Figure 6. NMDS ordination generated from all ARISA-deriveduablance profiles, describing
variations in bacterial community structure asteglao microbial habitat type and reef site/type.
For each sample, consensus signals of PCR tripioaere used. Closer sample points indicate
more similar community structuré posteriori groupings specify microbial habitat and reef
type/site. The low-stress value of 0.16 indicathe goodness-of-fit of the 2-dimensional

representation compared to the oriainal [-Curtis dissimilarity matrix

(R°=0.504,P=0.001), as also illustrated in the NMDS ordinatigtigure 6) where the
inter-reef segregation of communities was alsongfifo marked. Although additional
community separation consisting of a split betweéishore and inshore reef systems,
and of specific reef type signatures in the watedt aediment could be detected, the
overall community patterning was mostly dominatgd dirong habitat effects. When
analyzed for each habitat separately though, vwsitewed mainly the regional separation
between offshore and inshore sites, while sedira@at mucus also revealed a further
separation between the neighboring Rgst and TragmetdfFigure S3). Significant intra-
reef variations were already detected at Rgst legtvilee up-slope reef center (Rgst-in)
and the down-slope reef periphery (Rgst-out) (T&i¢. Similar to above described
regional patterns, this local effect was mainlydeviced in mucus (PERMANOVA
R?=0.319, P=0.001), water (R=0.300, P=0.01), marginally in sediment {R0.165,
P=0.003), and apparently not in branci£R095,P=0.073; Fig. S3).
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Interestingly, while the differences in the wideg$® area (i.e. between in- and out-reef
environment/reef center and reef periphery) inéidatome degree of local separation, the
pronounced geomorphologic (including vertical) zanat the reef center itself (R@st-in;
Table 2C; Figure 4) revealed a weak trend amondebat communities (R=0.102,
P=0.049; Figure S3). Also, a purely horizontal sggt®n over distances of 1, 10, and
100 m in the reef periphery (Rgst-out) had no $icgmt effect (data not shown).
Neverthelessl. pertusaand M. oculata harbored bacterial assemblages with different
structure (R=0.416,P<0.001; Table 2C), but overlapping to certain ek{€igure S3). In
contrast, effects of bacterial variation related doral color were, albeit overall
significant, neither substantiated in branch<®078,P=0.621) nor in mucus @R0.096,
P=0.434). With only minor deviances, all describedults were supported by those of
ANOSIM (Table S1) and cluster analysis (data nowst).

Discussion

Here we document the first multi-scale survey otteaal diversity in CWC reef
ecosystems across five levels of spatial and emabgeef organization. By assessing
thedegree of bacterial community differentiatioonfrlocal (intra-reef) to regional (inter-
reef) scale and by considering (i) microbial habiyge, (ii) coral species and coral color
type, (iii) geomorphologic reef zoning, (iv) in-Gwout-reef location, and (v) reef type, we
aimed to identify the most important scales fornges in bacterial diversity associated
with CWC reefs.

Microbial Habitats. Bacterial communities associated with the consivonet CWCL.
pertusaandM. oculataas well as their abiotic surrounding differed dabgally
according to the type of habitats colonized, withrat branch, coral mucus, ambient
seawater and proximal sediment each consisting sgegific community structure that
varied both in OTU composition and relative aburcdai his habitat specificity appeared
similarly pronounced for all samples at all studgs and therefore clearly extend our
earlier findings (8HOTTNEREt al 2009) beyond the local environment of a particuggf
location or maintenance aquarium. This is in agexgnwith other studies that also
partially evidenced such phenomenon for samplesn fiine North-East Atlantic
(GRORKURTH 2007, MNeULINGER et al. 2008, Hiwsson et al. 2009), the Central
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Table 2A. PERMANOVA* of regional (inter-reef) bacterial vation as related to microbial habitat type

and reef site.

Study site Source of variation R F P
HABITAT 0.467 17.222 0.001 ***
Rast 0.777 20.947 0.001 ***
Traenadjupet 0.794 10.273 0.001 ***
Rast-in Tisler 0.801 24.135 0.001 ***
Treenadjupet Langenuen 0.748 9.888 0.001 ***
Tisler REEF 0.124 2.795 0.001 **
Langenuen branch 0.393 2.262 0.032 *
mucus 0.754 11.210 0.001 ***
water 0.835 13.476 0.001 ***
sediment 0.504 7.452 0.001 ***

Table 2B. PERMANOVA* of local (intra-reef) bacterial variatm as related to in-/out-reef location, i.e.

reef boundary.

Study site Source of variation R F P
IN-OUT 0.048 3.100 0.006 **
Rast-in branch 0.095 1.684 0.073
Rgst-out mucus 0.319 7.478 0.001 ***
water 0.300 3.433 0.01 *
sediment 0.165 2.967 0.003 **

Table 2C. PERMANOVAY* of local (intra-reef) bacterial variath as related to coral species, coral color,

geomorphologic reef zoning, and microbial habigatet(nested tests).

Study site Source of variation R F P
ZONE 0.102 1.882 0.049
branch 0.143 0.752 0.752
mucus 0.146 0.767 0.803
water 0.399 1.326 0.260
Rast-in sediment 0.209 1.589 0.134
Tisler branch 0.236 3.086 0.001 ***
Langnuen mucus 0.163 1.942 0.043 *
COLOR (:: ZONE) 0.024 0.398 0.868
branch 0.011 0.878 0.607
mucus 0.082 0.631 0.794
HABITAT (:: SPECIES) 0.587 23.411 0.001 **=*

* The significance of each model was assessed Byr&dom permutations. Presented are the amount of
explained variation (§, F-ratio, and P-value (*** #<0.001). Shading indicates significance maintained

after Bonferroni correctiorP<0.002)
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Mediterranean (Xkimov et al 2006), the Gulf of Alaska @RN et al. 2006), as well as
WWC reef ecosystems gAs-LopPez et al. 2002, BOURNE & MUNN 2005, KOREN &
RoseNBERG 2006). The most pronounced differences in badtenanmunity structure
generally consist of a separation of coral-gendraseirfaces from the ambient
environment, which was also accompanied by a stf@hg-number reduction in coral-
derived samples. Those differences were also réate (RORKURTH2007, NEULINGER

et al. 2008, HnssoN et al. 2009, SHOTTNER et al. 2009), regardless of the molecular
techniques being used.

Apparently, this marked contrast between OTU-pawalassociated and OTU-rich
ambient habitats also strongly determined the divéegree of bacterial distribution and
overlap: Coral branch and mucus exhibited notably tinique bacterial signatures, as
most of their respective OTU pool was shared wigttewand sediment. In turn, many of
the signatures found in both ambient habitats wetecontained in the coral-generated
habitats, because water and, especially, sedimargred a much larger OTU pool.
Irrespective of study site and local facies, thdirment generally featured the highest
number of specific OTU and thereby highest potérdigersity; a trend that is also
known from other ARISA-based studies on WWC reéfswWsoN & FUHRMAN 2006,
ScHOTTNER et al. unpublished data) and other marine ecosystems @&dar2009), and
that may only be rivaled by sponge-contained badtesignatures (HFFmANN et al
unpublished data).

Albeit strongly reduced in overall bacterial OTUnmoer and specificity, coral
surfaces were characterized by a strikingly higlerisample variability in community
diversity, clearly exceeding the variability of OTri¢h water and sediment communities.
Correspondingly, bacterial community changes acnespective branch or mucus
samples were relatively high and variable, sugggstiarked intra-habitat heterogeneity.
This may result from a combination of stochastiergs during community assembly,
such as the random attachment of environmentalebacon coral surfaces (RHIE
2006), and of deterministic processes such as dleet®on of few opportunistic types
through environmental filtering or antagonistic ergctions (RriEN et al. 2010).
Antagonistic interactions, usually involving inHilbn through antibiotics as means of
pathogen defense and resource competitiooH(K997, HhRDER et al. 2003, RrcHIE
2006), may represent an important structuring fafceommunities and would result in

local community patterns. Furthermore, identifieighhvariability in coral-associated
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assemblages may reflect local, inter-colony diffiees in host status, such as genetic
identity (e.g. [E GorrVITRY et al. 2004), physiological condition (e.gAH -SPENCERet

al. 2007), or developmental stater@BvN & BYTHELL 2005 and references therein). In
their study orM. oculataassociated microbes, ANssoN et al. (2009) also reported
significant inter-colony variation, which was evéumrther enhanced by intra-colony
differences between single polyps. Within-colonyiaton has also been documented for
branching WWC (RHwEeR et al. 2002).In addition to these passive controls, bacterial
colonization may also be actively regulated by ¢beal host (e.g., BHWER & KELLEY
2004) in adaptation to changing environmental cioné (ResHer et al. 2006,

RoseNBERcet al. 2007b, 41 BER-ROSENBERG& ROSENBERG2008).

Coral Species and Color. L. pertusaandM. oculatawere characterized by significantly
different bacterial communities, largely due toiatons in relative OTU abundance.
This corroborates preliminary evidence presentedibysson et al. (2009) who found
DGGE signals from both species to group separateNMDS and cluster analyses (yet,
with >50% similarity). Like in our study, those ats originated from the same sampling
location, where they occurred right next to eadientHence, a mere spatial separation
between bacterial assemblages may therefore ntiethis pattern. Also, first (indirect)
comparisons of 16S rRNA gene sequences from diffesteidies (HULINGER et al 2008,
Hansson et al. 2009, KeLLocc et al. 2009) suggested divergence betwken
pertusaandM. oculataassociated signatures. InterestinglytVet al. (2010) recently
reported significant differences in carbohydratenposition betweeh. pertusaandM.
oculatamucus from the Rgst area. Furthermore, both cpeties appear to differ with
respect to tissue-contained acid concentrationan@di et al. 1999), suggesting the
involvement of host-related traits in structuringcterial assemblages between both
CWC. Species-specific variations in mucus compasiand production are also known
from WWC (MEeIkLE et al. 1988, GRossLAND 1987), and even held responsible for a close
attuning of bacterial communities to host metalmol{iBuckLow & MITCHELL 1979).

Concerning bacterial community changes relateld. fgertusacolor, no significant
difference was evidenced: At first glance, thisnsee contradictory with earlier findings
by NeuLINGER et al. (2008) who studied bacterial associates of whitel aedL.

pertusaby 16S rRNA-based fingerprinting (T-RFLP) and setpee analysis, and
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highlighted considerable phenotype-specific assiotis. These authors observed,
however, that the fingerprinting method lacked ha&son to resolve community
differences among color types when compared t@hliygogenetic approach. In principle,
ARISA offers more resolution than T-RFLP to detettanges in marine bacterial
communities for OTU accounting for less than 5% tloé total amplified product
(DanovARroO et al. 2006), as well as intra-genomic heterogeneitigbiwiclosely related
gene clusters (®wN & FuHrRMAN 2005). Observed general discrepancies between
fingerprinting (ARISA, T-RFLP) and sequencing reésuhay therefore be attributed to
the fundamental difference between both analysgagehes (diversity screening for
fingerprinting  techniques versus diversity sampling for sequencing-based
approachessensuBENT & FOrRNEY 2008) rather than to a mere lack of resolutionarp
from methodological concerns, the present studysi{Ryelded no phenotype-related
differences while the prior one (Trondheimsfjorddl,dvhich may also indicate that the
segregation of bacterial communities according t¢woalc color is, to some degree,

environmentally controlled.

Local to Regional Variability. Bacterial community variations recorded in thef @nter

of Ragst (Rgst-in) yielded unexpectedly homogenqmatterns, despite the pronounced
geomorphologic reef zoning prevailing in this reettion. Related vertical gradients in
topography and facies typically reflect local dynesnin e.g. current regime, sediment
deposition and diagenesis, as well as organic matfeality, transport and
remineralization within only few tens of meterkgfwvaLb 2002a, REIWALD et al.2002b,
WEHRMANN et al. 2009). Geomorphologic reef zoning was thereforsumed to
contribute significantly to the structuring of baal assemblages, particularly so in
water and sediment, but likely also in coral-dediVebitats (branch, mucus). Instead, the
finding of overall stable signatures may lead te #ssumption that local, small-scale
differences in the abiotic environment at Rgstie aot intense enough to generate
significant community shifts in any of the microbibitat types investigated.

The observed local consistency of bacterial sigeatwas not maintained beyond
the reef center (Rgst-in), because mucus, water smaliment exhibited significant
changes in community patterns towards the reefpbpery (Rgst-out; Figure S1). Only
out-reef branch communities were still similar toreef ones, and thereby marked an

intriguing partition in the bacterial diversity both coral-generated habitats. The finding
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of a more spatially consistent community in bramersusmucus may be attributed to the
circumstance that branch surface scrapings incladees of coenosarc tissue. As noted
in a previous study based on fluorescence in-sifridization (FISH) ofl..
pertusatissue-associated bacteria E(NINGER et al. 2009), not only the peripheral
ectoderm of polyp tentacles, but also the coenosavering parts of the coral skeleton
harbor (extracellular) bacterial cells like thosef dhe newly described
“CandidatusMycoplasma corallicola”. Adapted to the ratherb#aconditions provided
by the coral tissue, such tissue-associated bacteay be slightly less susceptible to
exogenous change than mucus-inhabiting assembialges clearly appear to mirror
local, meso-scale environmental shifts. Within Rgath meso-scale changes in a/biotic
conditions (and thereby bacterial community patemmay occur as a function of the
marked habitat transition from the reef center (R@sto the reef periphery (Rgst-out).
The latter represents a quasi discrete interfamaofone”;sensuCosTeLLO 2009) between
the overall structurally complex reef ecosystem gnr@more uniform, sediment-covered
level bottom down-sloping into the abyssal plairu{BMoORTENSEN et al. 2010 and
references therein). As such, the reef periphery ati@ady be partly disconnected from
biotic and abiotic (e.g. AvALEYE et al. 2009, Wip et al 2008, Wip et al. 2009)
processes taking place in the reef center, despniigle occurrences of isolated coral
colonies. Also some of the local variations obsérireother studies may have resulted
from ecosystem-internal habitat heterogeneity betwdifferent mounds (kssonet al.
2009), knoll sites (KLLOGG et al. 2009), or fjord features @ULINGER et al. 2008). The
underlying meso-scale environmental changes thatteba experience between
respective areas may thereby not necessarily folloear distance relationships (as
addressed by BULINGER et al 2008), but rather be subject to a whole interpiblpcally
different, ecosystem-specific factors.

The importance of environmental imprinting becoregen more evident through
the finding of significant bacterial community vations between the four investigated
reef types/sites. Remarkably, observed patternsonbt reflected local, site-specific
imprinting (— characteristic assemblages in allrfoeefs, even the two closely located
ones, Rgst and Traenadjupet), but also regionalimre-specific imprinting (— marked
separation between both offsheersuseach of the inshore reefs; Figure S3). Certainly
common to all those sites are geological and hggdjioal features that are pivotal for

local cold-water coral recruitment and proliferati(for details refer to 8erTs et al.
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2009). Rgst, Treenadjupet, Tisler and Langenuererdifiowever, substantially with
respect to their geographical setting and on-st#iguration, which, depending on the
interplay of local and regional environmental reggnmay result in clearly site-specific
differences. These appear to be reflected in watsd; in particular, sediment-inhabiting
bacterial communities which showed a very pronodrezemmunity separation according
to local as well as regional characteristics. Ateth coral-generated habitats exhibited
site-specific bacterial variation; branch appaserndss than mucus, which basically
extends aforementioned branch-mucus partition fleeal (meso-) scale to the regional
(large-) scale. The marked site-specificity of maicommunities may be attributed to a
stronger direct coupling of those bacteria to exoge changeer se(see above) or an
indirect coupling via the coral host. Mucuslofpertusanamely revealed compositional
differences between samples from Rgst and Tislaco(Wt al. 2010), which may be
governed by environmental controls, such as shawstudies on WWC, where the
guantity (NaumanN et al. 2010) and composition @»LLET et al. 1997) of mucus
changed when corals were exposed to different enwiental parameters. Host-mediated
reef-specificity in branch and mucus communitiesynmaso describe geographic
fluctuations in coral reproduction strategy and ejenvariability (L GorFrVITRY et al.
2004), as well as in local coral food supply analiy (KiriakouLAKIs et al. 2007,
Dobbset al. 2009).

Overall, variations in bacterial community struetweemed to increase with spatial
scale, however, not entirely independently of tespective type of microbial habitat
colonized (mucus, water, and sediment reflectech@bs more intensely than branch).
Interestingly, habitat differentiation thereby oty determined the degree of community
differentiation but also that of community intero@ettion, with important contrasts
between coral-derived surfaces and the ambienowuding. Due to the comparatively
higher OTU numbers contained in water and (pauity) sediment, for example, those
habitats held a much higher potential for meso- lange-scale OTU sharing than the
overall OTU-poor branch and mucus. Conversely, éhesral-associated habitats had
always a high fraction of their OTU pool repladestween and even within different reef
sites, thereby giving each coral sample a hightividual character despite considerable
OTU reduction. Altogether, the observed bactemehmunity changes from local (small-
and meso-) to regional (large-) scale suggest &edabiogeographic imprinting on

bacterial communities (l(6HESMARTINY et al. 2006 and references thereimMRTTE &
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TieEpJE 2007 and references therein) in cold-water cocalsgstems, which manifests
either directly, related to environmental charast@s, or indirectly, depending on coral-
mediated effects.

Coral Host Specificity. In host-microbe research, the finding of low nunsbef specific
bacterial types, combined with significant commumiariations related to host taxonomy
is often interpreted as a sign for host specifjaityplying the selection of few beneficial
associates as part of commensalistic, if not evatuatfistic, relationships. Associations
between host and microbes may, however, only bmer“specific’ provided that
respective community patterns are maintained awe and space. In the case of CWC,
whether and to which degree bacteria form hostiBpeassociations (as opposed to
random epibiosis) is still unresolved, due to thlatively few available studies that have
examined bacterial community variation over sevepaitial and ecological scales.

In this study, microbial habitat-specific bactenpaltterns remained conserved over
all sites, including differences between low anghhnumbers of (unique) bacterial types
in coral-derivedversus ambient habitats, respectively. Also, the coratécsgs-related
divergence between communities associated Witlpertusaand M. oculata appeared
consistent, at least within a highly heterogenaee$ environment such as Rgst. For the
following reasons, however, strict bacterial hqedficity can be ruled out: Most of the
coral-associated bacterial signatures were alsodfau the ambient environment (water,
sediment), which suggests that their specificitydoral-derived surfaces (branch, mucus)
is mainly based on the relative abundance (and to&an occurrence) of community
members rather than on the presence of unique dres.overall resemblance with
environment-contained signatures may also be ontbeofeasons why coral-associated
bacterial communities furthermore changed considgifaom local (small- and meso-) to
regional (large-) scale, thereby exhibiting a bmg@phic pattern that is almost
comparable to that of bacterial communities preserthe ambient surrounding. What
specifically characterizes coral-associated comtiasji though, are the patterns they

generate on coral surfaces, and implied local tditya

Overall, our findings revealed a fundamental sefparaf bacterial communities between

distinct coral-generated and ambient microbial taébj which appeared pivotal for
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determining the differentiation or connectednesbauiterial communities over all spatial
and organizational scales investigated. Especthllycommunity variability associated
with coral-derived surfaces led to highly site-spedliversity patterns and community
changes. Furthermore, bacterial community patteaiseit locally consistent with
different coral species and reef-internal environtak complexity, changed markedly
from local (small- and meso-) to regional (largsgale, resulting in biogeographic
patterns that resembled those of water- and sedidveslling bacteria. Combined with
prior insights, this suggests that bacterial comitiresin cold-water coral ecosystems are
highly diverse and heterogeneously distributed, aray be determined by both local
community history (based on random and selectivmngconity assembly) as well as
respective local and regional environment. Explprbacterial diversity in CWC reef
ecosystems is but one of the first steps in undedstg coral-microbe relationships in
such complex deep-sea environments. Further stateesiow needed to broaden and
substantiate our understanding on how changes atefi@d community diversity and
structure affect the dynamics and functioning of Cvéef ecosystems.
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Figure S2 Bray-Curtis distance matrix depicting dissimilgritelationships between all ARISA-derived
abundance profiles. Samples are grouped accordingit¢robial habitat type, coral species, coral colo
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83



REsuLTS

Table S1A.Global and pairwise ANOSIM of ARISA-derived bactdrcommunity variation as related to
microbial habitat type (factor: HABITAT) at all s (samples: white. pertusa. R values are presented in

the upper matrix, Bonferroni-correctBevalues in the lower matrix.

Study site  Source of Pairwise R Global
variation Pairwise P
branch mucus water sediment
branch - 0.4695 0.9978 0.9996
all mucus 0 - 0.7511 0.8855 R=0.874
sites HABITAT water 0 0 - 0.9212 P<0.0001
sediment 0 0 0 -
branch — 1 1 1
. mucus 0.0444 - 1 1 R=0.9998
Rost-in - HABITAT
water 0.0456 0.0504 - 1 P<0.0001
sediment 0.006 0.0042 0.0132 -
branch — 1 1 1
mucus 0.5742 - 1 1 R=0.9998
Rost-out HABITAT
water 0.072 0.0702 - 1  P<0.0001
sediment 0.027 0.0342 0 -
branch - 1 1 1
. mucus 1 - 1 1 R=1
Treenadjupet HABITAT
jup water 1 1 _ 1 P<0.0001
sediment 0.2094 0.2154 0.2154 -
branch — n.a. n.a. n.a.
. mucus n.a. - 1 1 R=1
Tisler HABITAT
water n.a. 0.0249 - 1 P<0.0001
sediment n.a. 0.0084 0.0102 -
branch — 1 1 1
mucus 0.6066 - 0.9167 1 R=0.996
Langenuen HABITAT
g water 0.5964 0.6174 - 1 P<0.0001

sediment 0.0732 0.0708 0.2196 —

n.a. = not applicable
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Table S1B.Global and pairwise ANOSIM of ARISA-derived bactrcommunity variation as related to
reef type/site (factor: REEF) at all sites (samplekite L. pertusa. R values are presented in the upper
matrix, Bonferroni-correcteB-values in the lower matrix.

Habitat Source of Pairwise R

type variation Pairwise P Global
Rost-in  Rast-out Traenadj. Tisler Langen.
Rgst-in — 0.03384 -0.04568 0.1488 0.1572
Ragst-out 1 — -0.00825 0.08051 0.1603_
habitz't's REEF  Treenad. 1 1 — 0.09753  0.0759 R;Sg_’gggg
Tisler 0.125 0.578 0.571 — 0.1763
Langen. 0.109 0.127 0.958 0.033 —
Rgst-in — 0.08718 0.2364 na. 0.4769
Rgst-out 1 - 0.8333 na. 0.7037
. R=0.3173
branch REEF  Treenadj. 0.8514 0.618 - na. -0.3333 p_g362
Tisler n.a. n.a. n.a. — n.a.
Langen. 0.4296 0.612 1 n.a. —
Rgst-in - 0.8667 1 1 1
Rast-out 0.156 - 1 1 1 R=0.0277
mucus REEF  Treenad,. 0.459 1 - 1 1 p<0.0001
Tisler 0.075 0.186 0.437 - 1
Langen. 0.177 0.989 1 0.187 —
Rgst-in - 0.4167 1 1 1
Rgst-out 0.298 - 0.2292 1 1 R=0.8103
water REEF  Treenad,. 0.693 1 - 1 P<0.0001
Tisler 0.284 0.04 0.687 - 1
Langen. 0.709 0.356 1 0.659 —
Rgst-in - 0.3216 0.1143 1 0.9651
Rgst-out 0.01 - 0.6747 1 09971
. ) R=0.7633
sediment REEF  Treenad,. 1 0.002 - 1 09611 p 50001
Tisler 0.003 0.002 0.027 — 0.9167
Langen. 0.003 0.001 0.018 0.019 —

n.a. = not applicable
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Table S1C.Global and pairwise ANOSIM of ARISA-derived bactdrcommunity variation as related to
in/out-reef location (factor: IN-OUT) at Rgst (sde® all coral species and color phenotypes). Resbre

presented in the upper matrix, Bonferroni-corre@eglues in the lower matrix.

Source of Pairwise R

Habitat type variation Pairwise P Global
Rast-in Rast-out

all Rost-in - 0.1029 R=0.1092
habitats IN-QUT Rast-ot 0.0063 _ P=0.0052
Rast-in - 0.1612 R=0.1612

branch IN-OUT
Rgst-out 0.0934 - P=0.862
Rast-in - 0.6519 R=0.6519

mucus IN-OUT
Rgst-out 0.0003 - P<0.0001
Rast-in — 0.4167 R=0.4167

water IN-OUT
Rgst-out 0.0324 - P=0.0311
sediment IN-OUT Rgst-in — 0. 3216 R:£).3216
Rgst-out 0.0003 — P=0.001

n.a. = not applicable

Table S1D.Global and pairwise ANOSIM of ARISA-derived bactrcommunity variation as related to
geomorphologic reef zoning (factor: ZONE) at Rastsamples: all coral species and color phenotypes)

values are presented in the upper matrix, BonfexwomrectedP-values in the lower matrix.

Habitat Source of Pairwise R

type variation Pairwise P Global

valley slope crest

N valley - -0.07947 0.05467 o ooo

habitats ZONE slope 1 - 0.1325 P=0.2818
crest 0.5022 0.1446 —

valley - 009259 005625 . ) aia

branch ZONE slope 0.7884 - 0.0359 P=0.3394
crest 1 1 -

valley - -0.01852 0.0375 o .03695

mucus ZONE slope 1 - -0.02564 P=0.5798
crest 1 1 -

valley - 0.25 n.a. R=0.25

water ZONE slope 0.6717 - P=0.6687
crest n.a. n.a n.a

valley - -0.04615 n.a R=-0.04615

sediment ZONE slope 0.5516 - n.a P=0.5486
crest n.a n.a n.a

n.a. = not applicable
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Table S1E.Global and pairwise ANOSIM of ARISA-derived bactsrcommunity variation as related to
coral species (factor: SPECIES) at Rgst (samplesoeal species and color phenotypes). R values ar

presented in the upper matrix, Bonferroni-corre@eglues in the lower matrix.

Source of Pairwise R

Habitat type variation Pairwise P Global
L. pertusa M. oculata

nabias  SPECES PO e o eooes

L. pert - 0.5366 R=0.5366

branch SPECIES M. EELI:?: 0.0046 - P=0.0046

L. pert - 0.698 R=0.698,

meus SPECIES M. EELI:?: 0.0045 — P=0.0047

n.a. = not applicable

Table S1F.Global and pairwise ANOSIM of ARISA-derived bactrcommunity variation as related to
coral color phenotype (factor: COLOR) at Rgst (sksipall coral species and color phenotypes). Resl

are presented in the upper matrix, Bonferroni-atie@P-values in the lower matrix.

et
white red

il coom e o ooes mou

hit - -0.1263 R=-0.1263

branch COLOR W rlez 0 5801 > b0 8842

hit - -0.047 R=-0.047

mucus COLOR W rlez 0.6031 _ P=0.6063

n.a. = not applicable
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Abstract

Permeable sediments and associated microbial coitiesuplay a fundamental role in
nutrient recycling within coral reef ecosystemsndee in ensuring high levels of primary
production in these oligotrophic environments. Aepous study on organic matter
degradation within carbonate and silicate coral sa@ds in the Red Sea suggested that
the observed sand-specific differences in microadvity could be caused by variations
in microbial community structure. Here, we testieid hypothesis by comparing bacterial
diversity and biomass in both sand types and bhéurexploring the structuring effects
of time (season) and space (sediment depth, imémifif- Changes in bacterial community
structure as determined by Automated Ribosomakdetac Spacer Analysis (ARISA)
were primarily driven by mineralogy at specific seas, sediment depths, and locations.
By coupling ARISA with 16S rRNA gene sequencing wbserved that community
shifts could already be detected at the bactelaakdevel, with Alpha, Gamma, Delta-)
Proteobacteriaand Actinobacteria being prominent members of the highly diverse
communities. Overall, these findings suggest tleatdrial communities are structurally
different between reef sediments biogenic and genic of different mineralogy.
Especially in synergy with environmental variatiomer time and space, mineralogical
differences play a central role in maintaining higkiels of community heterogeneity.
The co-occurrence of carbonate and silicate santhsnwa single reef ecosystem thus
significantly increases the availability of micrabiniches and, potentially, of various

microbial functions.

Introduction

Warm-water coral reefs are highly productive ectsys characterized by complex
trophic interactions and a/biotic environmental digats. Reef-associated organisms
occupy different habitats and niches that are epoddly structured in time and space
(AINSWORTH et al., 2009, BLLwoobD et al. 2004, ONNELL 1978). Insights into the
diversity and functions of microbial communitiesvBaeen gained from reef-associated
microbial habitats such as tissues and exudatsparfges and corals (e.geNtSCHEL et

al. 2006, WEGLEY et al. 2007, RprIEN et al. 2010), interstitial and ambient reef water
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(e.g. GsT et al., 1998, Hwsonet al., 2007) and proximal reef sediments (e.gwdonN

& FuHRMAN 2006, UHICKE & McGuire 2007, RiscH et al. 2009). Due to their versatile
metabolic capacities, reef microbes are involvednimerous pelagic and benthic
processes (@oNE et al. 1992, 3kka et al. 2002, WERNER et al. 2008). Especially
heterotrophic bacteria are important for the remalwation of organic matter and
recycling of nutrients directly within the reef s (ALonai et al. 2007, Wild et al.
2004). This is particularly critical, as coral reefmaintain high levels of primary
production and biomass in extremely oligotrophiaveater (RoSSLAND & BARNES 1983,
D’EuA & WieBe 1990, TRiBBLE et al. 1994).

Sandy reef sediments and frameworks are highly eabte structures, where
current- wave-, and tide-induced pressure gradigrisiote advective transport between
sediment porewater and overlying water columogHEL et al. 2003, WHEATCRAFT &
Bupbemeler 1981). By retaining dissolved and suspended mdtigr is hydraulically
flushed into the (upper layers of the) sedimentrixand subsequently metabolized by
grain-associated bacteria, these sands functidmoaatalytic filter systems which ensure
efficient pelagic-benthic coupling AETER & SANSONE 2000, RiscH et al. 2003, WLD et
al. 2004).

Biogenic carbonate sands, which are mainly composé@gmentary remains from
calcifying organisms, usually represent the dontinaediment type in coral reef
environments. Depending on local atmospheric araloge events, terrigenic silicate
sands may also occur, especially in fringing rebég receive terrestrial deposits from
nearby river mouths @s & HoTTINGER 1984). Carbonate and silicate particles
substantially differ in physico-chemical propertissch as surface structure, dissolution
kinetics, light and heat attenuation, or bufferoapacity (8HROEDER & PURSER 1986).
Also, grain size and concomitant sediment sortiag clearly differ between both sand
types. Overall, carbonate sands are characterigetigher permeability, porosity, and
specific surface area than silicate sands, becalisiee relatively large grain size and
highly porous grain structure (including fissureayities and channels) of carbonates
(AL-RousaN et al.2006, RsHeeD et al.2003a, WLD et al. 2006).

In many fringing reefs in the northern Gulf of AgallRed Sea, highly permeable
carbonate and silicate sands co-occur within theesaeef system. Although being
exposed to identical environmental conditions, bkitids of sediments exhibit strong

divergence in their spatio-temporal nutrient dynasnias well as in their organic matter
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filtration and degradation capacitiesAdREeD et al. 2003b, WD et al. 2005). In this
context, a previous pilot study (@ et al,2005) revealed that the addition of energy-rich
natural particulate organic matter (POM) stimulatsgdlimentary oxygen consumption
(SOC) significantly higher in carbonate as compared silicate sands. It was
hypothesized that those differences could origifieden variations in cell number and
community structure of sand-associated heterotoopincrobial assemblages between the
two sediment types.

Therefore, we specifically determined bacterialedsity and total abundance in co-
occurring carbonate and silicate reef sands, s &sst the hypothesis that contrasting
mineralogy would have marked effects on sedimewmtdoml communities. Given the
strong spatio-temporal variations in nutrient amganic matter concentration prevailing
in such reef sands, we also assessed seasonagpatial sffects as covariables. Finally,
we taxonomically identified the main bacterial taxa@onizing both sands, and described
respective changes in their temporal and spatiatecd by coupling ARISA profiles with
16S rRNA gene sequence information.

Materials and Methods

Study Site and Sample Collection. The study was conducted in a shallow fringing raef
the north-eastern Gulf of Agaba, Red Sea, locatigirwa marine reserve close to the
Marine Science Station (29°27’N, 34°58’E; see aéop et al. 205). During three field
expeditions (December 2006, August 2007, Februad@82 with average water
temperatures of 23°C, 27°C, and 21°C, respectivglgfmeable reef sediments were
sampled by SCUBA at two neighboring reef sites, nbethe first site (2.5 m water
depth) was covered by biogenic carbonate sandshendecond (1.8 m water depth) by
terrigenic silicate sands. Both sites were located m proximity to the reef crest, but
with a distance of about 150 m to each other. Aheste, samples were collected in three
different spots (approx. 50 cm apart) within a ltgi@tch area of 2 fnusing two scaled
clipboards and sterile metal spoons. Each of theetlspots was sampled in sediment
depths of 0-2 cm (“surface layer”), 2—6 cm (“midtiger”), and 6—-12 cm (“deep layer”),
as corresponding to the locally prevailing oxicb@aic and anoxic sediment horizon.
Triplicates obtained for one depth horizon wereediy transferred into a 15-ml tube,

thereby producing a pooled sample for each layetwBen seasons, the exact sampling
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spots varied only by a few centimeters in ordeavoid horizontal heterogeneity in the
data. In February 2008, additional carbonate ahcht surface sands (0—2 cm) were
collected outside the reef (“out-reef’) at watepthes of 4.1 m and 3.5 m, respectively,
and in a distance of 10 m (silicate sand) andrs¢veindred meters (carbonate sand) to
both initial sampling sites (“in-reef”). Within 1 Rfter collection, all samples were
transported to the laboratory, homogenized withegle spatula, and transferred into 2
ml tubes. Aliquots for DNA-based analyses were imiaely frozen at -20°C until
further use. Aliquots for both microbial cell enwaitgon and sediment characterization
were fixed with 4% paraformaldehyde (PFA), incudate a shaker at 4°C overnight,
and washed twice with a sterile seawater-ethanaotiea (1:1) prior to storage at -20°C.

Sediment Characterization. Carbonate content was measured by complexometric
titration according to MLLER (1967) and adapted byaBHEED et al. (2003b). Grain size
and sorting coefficient were determined by fraciicsieving based on Wentworth scaling
(WENTWORTH 1922).

Microbial Cell Enumeration. Enumeration of sand-associated microbial cells was
performed with triplicate carbonate and silicatefaee (0—2 cm) samples from February
2008. Following an optimized protocol for sandy iseehts introduced by Wb et al.
(2006), microbial cells were first extracted fromrARpreserved samples by applying
ultrasound in combination with acetic acid, andsaguently subjected to the acridine
orange direct count (AODC) method. Microbial caltsfilter wedges were counted in 25
randomly chosen fields. For the carbonate samplbtained average and standard
deviation of all counts were multiplied with therxtion factor 1.87 (\Wb et al. 2006)

in order to account for the embedding of cellshia tarbonate matrix.

DNA Extraction. From 0.5-1 g sediment sample, 3-5 replicates af gggnomic DNA
were extracted with the UltraClean Soil DNA Isddati Kit (MoBio, Carlsbad, CA)
following the manufacturer’s instructions for maxim yield. Final elution of DNA was
performed with 50-100 pul 1x TE buffer (Promega, Mad, WI). Concentration of
yielded DNA was determined using NanoDrop spectotgmetry (NanoDrop,
Wilmington, DE).
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ARISA Fingerprinting. Universal bacterial ARISA (BHER & TRIPLETT 1999) as well as
subsequent data transformation and binningm@TE 2009) were carried out as
described previously with slight modifications (s&gpplemental Information). Resulting
response table (“initial ARISA” data), containinglative abundance information for all
binned operational taxonomic units (OF;ubscript “A” denotes ARISA), was used for
multivariate analyses and, further, for couplingsaoigle OTU)A with 16S rRNA gene

sequence information.

16S-ITS rRNA Gene Clone Library Construction. For the construction of four 16S-ITS
rRNA gene clone libraries, those carbonate andatdi surface samples with the highest
OTUa numbers were selected from the December 2006 amgisk 2007 sample sets.
PCR amplification of the 16S-ITS rRNA gene regiomswperformed with bacterial
primers 27f (5"-AGA GTT TGA TCM TGG CTC AG-3’; AN 1991) and ITSReub (5'-
GCC AAG GCA TCC ACC-3; GrpINALE et al. 2004), yielding fragments of potential
lengths between 1500-3000 bp (see Supplementaimatmon).

Taxonomic Classification and Diversity Indices. For a total of 283 16S rRNA gene
sequences (each approx. 1050 bp), taxonomic &ffiia were determined using the RDP
Classifier and SegMatch functions (Ribosomal DaabRroject I, Release 10p(E et

al. 2009). Further, all sequences were imported timtoARB software package bhwiG
2004) and aligned by applying the Silva INcremeatagner tool (SINA; RRuesskeet al
2007), including manual alignment correction. Basadan OTY (subscript “S” denotes
sequencing) definition of98% sequence similarity for the whole data segfaation
curves, richness estimators and diversity indiceseveomputed using DOTUR¢SLoss

& HaNDELSMAN 2005), after generating genetic distance matrioe&RB using the
Jukes-Cantor correction. To determine whether diffees in library composition were
significant, the statistical topILIBSHUFF was applied to genetic distance matriggt)
significances assessed by Monte Carlo permutatiand corrected for multiple
comparisons (&Losset al. 2004). The statistical tool SONSq8.0ss & HANDELSMAN
2006) was used on 16S rRNA gene sequences to atctile shared Chaol (shared
richness), ¢hss (COmmunity overlap), and Thegta(community structure similarity)
estimators. and aligned by applying the Silva INweatal Aligner tool (SINA; RUESSE

et al 2007), including manual alignment correction. @h®n an OTY (subscript “S”
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denotes sequencing) definition 898% sequence similarity for the whole data set,
rarefaction curves, richness estimators and diyersidices were computed using
DOTUR (SHLoss & HANDELSMAN 2005), after generating genetic distance matrices
ARB using the Jukes-Cantor correction. To determieether differences in library
composition were significant, the statistical tddlIBSHUFF was applied to genetic
distance matrices, with significances assessed dydICarlo permutations and corrected
for multiple comparisons ($iLoss et al. 2004). The statistical tool SONSd&.o0ss &
HaNDELSMAN 2006) was used on 16S rRNA gene sequences tolatgicthe shared
Chaol (shared richnesshask (community overlap), and Theta(community structure

similarity) estimators.

Coupling of ARISA to 16S-ITS rRNA Gene Clone Libraries. Taxonomic information
was linked to OTWY as described by#»wn et al. (2005). For each sequenced clone, the
length between (and including) the ITSF and ITSRpuimer sites was calculated, and
designated as the derived O léngth. Respective taxonomic information was irddr
from the corresponding 16S rRNA gene portion, usi@o bootstrap confidence support
at the bacterial class level (RDP Classifier). Adixonomically identified OTW
(superscript * denotes taxonomic linking) were sguently processed as a new table
(“linked ARISA” data) for overall and individual pgarns of variation.

Statistical Analyses. All statistical tests and graphical representaiamre performed in
R v.2.9 (The R Project for Statistical Computing)ng packages 'stats’, 'vegan', 'MASS',
'labdsv', and 'mgcv', as well as in PAST v.1.47|g&antological Statistics) and
CANOCO for Windows v4.5TERBRAAK & SMILAUER 2002). The initial ARISA data
reflecting relative OTlW abundance were used to calculate Bray-Curtis psgndistances
between samples. The resulting matrix was visuatiylored for mineralogical, seasonal
and spatial patterns in community structure by yppgl non-metric multidimensional
scaling (NMDS) and cluster analysis. To test faggn#icant differences between the
resulting a posteriori sample groupings, Analysis of Similarity (ANOSIMyas
performed, and corrected for multiple comparisorsoeding to the Bonferroni criterion
(e.g. RwEeTTE 2007). Within-group diversification of bacterialramunities was assessed
by multivariate dispersion analysis of Hellingearisformed data, followed by Analysis

of Variance (ANOVA) on the distances to group ceitls and Tukey's Honest
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Significant Differences (TukeyHSD) test for paireisomparisons of group mean
dispersions. The relative importance of the factsasd type, season and depth in
explaining bacterial community variation alone ordombination was investigated by
variation partitioning (EGENDRE & LEGENDRE 1998) based on canonical redundancy
analysis (RDA) of Hellinger-transformed dataa(iRTTe & TiepJE 2007). Single and
combined fractions of variation were tested fongigance by ANOVA, with respective
global and reduced models being evaluated by 998t&iGarlo permutations at P<0.05
each. Furthermore, the initial ARISA data reflegti@TU, presence-absence were used
to compare mean OTdLhumbers by an overall Kruskal-Wallis test (KW) aubsequent
pairwise Wilcoxon-Mann-Whitney tests (WMW).

Prior to analyzing OTW*-specific variation in community structure, thatial and
linked ARISA data were tested for concordance ictdr@dal community variation by
applying the Mantel test HcGENDRE& L EGENDRE 1998) based on the corresponding Bray-
Curtis distance matrices. Response behaviors dD8U,* to the structuring effects of
sand type, season and depth were studied by RDdsifag on inter-species correlations
at the bacterial class levet8§0% similarity), while response of individual OTtand
respective bacterial classes were monitored bylesiregression analyses as well as the

Dufrene-Legendre indicator species analysiSHENE & L EGENDRE1997).

Results and Discussion

Differences in Sediment Characteristics. The sedimentological properties of carbonate
and silicate surface (0—2 cm) samples from Febrg@68 differed greatly between both
sand types. While the biogenic carbonate sedimashian expectedly high CaGContent

of 86.7%, the terrigenic silicate sediment consisté only 19.3% CaCg¢) with the
remainder representing quartzous components (seeRasHeeD et al. 2003b). Due to a
grain size median of 553 um and a sorting coefiicef 0.84, the carbonate sediment
classified within the coarse sands (500-1000 pragiwyorTH 1922) and exhibited only
moderate sorting, indicating a relatively high llesEheterogeneity due to the presence of
many different grain fractions. The silicate sediten the contrary, appeared to be of
smaller grain size (326 um) and represented typreadium sand (250-500 um median
range). Its very low sorting coefficient of 0.00i6known to be characteristic for very

well sorted, homogeneous sediments containingivelgtfew different grain fractions.
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Consequences of those mineralogical differencebdoterial communities concern mode
and degree of colonization, niche differentiatiaa,well as variations in cell abundance,
distribution and overall community structure. Thetdrogeneous grain shape, highly
porous surface structure, and thereby larger spextifface area of carbonate particles, as
opposed to the comparatively round shape and smaatface of silicate grains, are
assumed to clearly promote microbial colonizatiorthe carbonate sediment matrix, due
to the increased supply of interfaces, micro-gnatdieas well as shelter from mechanical
damage or predation (®keLs et al. 1981, MeYER-REIL 1994, RiscH et al. 2006, WLD et

al. 2006).

Changes in Bacterial Cell Number. No significant difference in cell numbers (3.1 £0
x 10° and 1.5 + 0.5 x Tocm® for carbonate and silicate sands, respectivelyd@it's t-
test,P>0.05) were observed between the sand types, ase #stimates agreed with cell
numbers in carbonate sediments of the Great BaReef (H\seN et al 1987) and two
Hawai'ian reefs (8rRenseNet al. 2007, RiscH et al. 2009). In contrast to carbonate and
silicate sands previously collected in same areas{Rep et al. 2003b), however,
microbial counts in our study turned out to be cdeibly higher. This may be partly
attributed to methodological differences, as weduaerefined version of the AODC
method (WLD et al. 2006), which considers the fact that cells mag ks trapped within
highly porous sediment grains.

The coarse-grained fraction of permeable sandseaexpected to hold the major
share of benthic bacteria i¢eLs et al. 1981, RiscHet al. 2003), reaching levels of 10
10" cells cn®, with up to one order of magnitude higher cell tens in carbonate
compared to silicate sands of the same grain ¥zep(et al. 2005, RiscHet al. 2006). In
our study, similar levels of microbial biomass wet#ained for both sand types, despite
marked differences in grain complexity, which magult from the specific surface area
of single carbonate particles being eventually ddalanced by their relatively high
grain size. The total surface area effectively lawdé for bacterial colonization in the
whole carbonate sediment matrix would thus be reduo a level similar to that offered
by the smaller-grained silicate sediment. Accorblingthe significantly different
sedimentary oxygen rates previously measured inocate and silicate reef sands of the
same grain size (Wb et al. 2005) may not have resulted from strong differsnoetotal

microbial biomass.
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Figure 1. Number of ARISA-derived OTlJper(A) sand type(B) season(C) sediment depth and)
reef affiliation. Top, middle, and bottom lines bbxes represent the ®%sample minimum), 50
(median), and 75 (sample maximum) percentiles; error bars represeng and 98' percentiles; box

size and line spacing indicate the degree of disperand skewness in the data; outliers above and

below the error bars denote extreme values. Diftdedters above each box denstgnificant mean

difference in OTW number based on pairwise Wilcoxon-Mann-Whitney testing.

Overall Bacterial Community Patterns. OTU, numbers (i.e. the total sum of binned
ARISA peaks) per sample ranged from 163 to 22606438 OTU, for the whole data
set, and were similar to numbers reported by oARISA-based studies in reef sands
(HEwson et al. 2006), different coastal marine sedimentaN®&vArRO & Puscepbu 2007,
HewsoNn et al. 2007, BER et al. 2009), or respective target reef water column
(ScHoTTNEREt al. unpublished data). When averaged over all sampiings, depths, and
in-/out-reef sites, carbonate and silicate sedisienhtained a similar mean total of 191
and 188 OTUY, respectively (KWP=0.56; Figure 1A). A seasonal trend could, however,
be clearly evidenced (KWB<0.001; Figure 1B), with lowest and highest QiThumbers

in December 2006 (169 OTWY and February 2008 (204 OFEY) respectively. When
considering sand types individually, the tempofé¢ct appeared to be mainly observed
for carbonate sands (KWR<0.01), but not in silicate sands (KW=0.09). In their
ARISA-based study on intertidal sand communitiesh& North Atlantic, Ber et al.
(2009) also found lowest OTdJevels in fall (November), however, highest in soen
(August) instead of winter (February). This may éelained by general, ecosystem-
specific differences in seasonal dynamics betwetually permanently submerged
tropical reefs and strongly tide-affected temperssad flats, which essentially include
temporal shifts in peaks of allochthonous nutrieahcentrations and ensuing primary
production. In addition, OTlK numbers exhibited sediment depth-related diffezenc
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(KW, P<0.001; Figure 1C), with a slight decrease fromghrdy sediment surface (191
OTU,) to the middle layer (176 OTd) and a subsequent increase to the deeper layer
(205 OTUW,). Yet again, the two sand types revealed subslatifference, as this vertical
effect proved significant only for the silicate (KW<0.001), but not for the carbonate
communities (KW,P=0.07). Vertical variations in ARISA-derived Oklhumber were
also identified in Australian reef sedimentse(¥$on & FuHRMAN 2006), with a clear
subsurface maximum and subsequent OTU decreasedre®5 cm sediment depth. No
marked horizontal differences in O Wumber were yet detected in out-reef vs. in-reef
surface sands (KWR=0.91; Figure 1D).
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Figure 2. OTU, turnover between carbonate and silicate in-reefpdes over(A) season (at all
depths), andB) depth (in all seasons). Position along the vdrtiges denotes the percentage of
OTU, shared between both sand types, with symbols/cefmesifying sampling time/depth, and
lines indicating respective paired comparison. €alal symbol coding are consistent with those

of Figure 3.
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Shifts in OTW, presence-absence between sand types revealethtisatOTU, were
present in all samples, with generally high numloéi®TU, shared between the different
sand types, seasons, and sediment depths, asswedtaeen in- and out-reef site. A total
of 381 OTU\ were detected in both sand types together, irotisjge of season or
sediment depth. With 25 and 31 O Weing unique to the carbonate and silicate
samples, respectively, the two sands thereby exlita general OTA overlap of 92—
94%. While only 8 and 5 OTMturned out specific to December 2006 and Augu720
respectively, 44 OTW were associated with February 2008, amountingntco\zerall
seasonal OTh overlap of 81-98%. When studying OA dresence per depth, 25 O U
were found only in the surface layer, 6 OJ W the middle layer, and 11 ORUN the
deep layer, corresponding to an overall verticalUp Bverlap of 85-97%. Finally, at the
sediment surface (total pool of 399 O4)Uin- and out-reef sediment samples contained
57 and 31 unique OTAJ respectively, resulting in an ORklWoverlap with location of
about 82-89%.

The overall high OTW overlap identified for each study factor decreapadly
considerably when factors were combined: At defisedsons and sediment depths,
carbonate-silicate OTAJ overlap then varied between 57-90% (Figure 2A-\Bhen
studied specifically over season (at all sedimeptlas), it was lowest in December 2006
(especially in the silicate sand) and highest ig#gt 2007 (Figure 2A). When examined
specifically over sediment depth (in all seasotis3, carbonate deep layer showed the
highest fractions of vertically shared Of\(4#4-90%), whereas the silicate sand revealed
no clear spatial trend (Figure 2B). For defineddsgypes and sediment depths, seasonal
OTU, overlap (data not shown) generally varied betwé2r95%, with the carbonate
surface (52%) and silicate middle layer (42%) eiimg the overall lowest fractions of
seasonally shared ORUand the deep layers of both sand types (95%) tlezath
highest. For defined sand types and seasons, ale@tU, overlap (data not shown)
varied between 55-95%, with the overall lowest QBdaring for the carbonate samples
from December 2006 (56%) and for the silicate sasfitom August 2007 (60%) and
December 2006 (65%).

When bacterial community patterns in carbonate flithte sands were altogether
visualized by NMDS (Figure 3), sand type had thgdat structuring effect (Fig. 3A),
and was followed by the effects of sampling timegisient depth horizon and in-/out-reef

sampling location (Figure 3B—C). Thoaeposteriorigroupings were also supported by
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significant ANOSIM results, which attributed theghest community separation to sand
type (ANOSIM R=0.56,P<0.001), despite the similarly high degree of comityu

diversification in both sands (Tukey HSIP=0.29). Also seasonal and vertical
separations of communities were significant (ANOS®0.44 and R=0.27, respectively;
both P<0.001), but greatly depended on the sand typehiVihe carbonate sand, for
example, samples were mainly separated by sead$@%M R=0.80,P<0.001), with a

noticeable segregation of winter (February 2008)nffall (December 2006) and summer

(August 2007) communities (Figure 3B). Sedimenttdeplated patterns did not appear

Silicate = In-reef
B 0-2cm = Qut-reef
B Dec 2006
A Aug 2007
Carbonate ¢ Feb2008
B 0-2cm Samples selected
O for 16S-ITS rRNA
sequencing

Figure 3. NMDS ordination (Bray-Curtis distance) of ARISArded bacterial community profiles, with
at least three sediment replicates per sanfplposteriorigroupings are specified according(#) sand
type, (B) season, an@C) depth. Samples chosen for 16S-ITS rRNA gene climmaries are encircled.
Objects plotting closer to each other share a msgrélar community structure relative to other, more
distant objects. The stress value indicates theligess-of-fit of the 2-dimensional representatiompared

to the oriainal matri»
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very pronounced (ANOSIM R=0.1P<0.05), but were consistent with a gradual change
in community structure from the sediment surfacemdo the deep layer (Figure 3C).
Variation in the silicate sand, by contrast, laygelllowed a vertical pattern (ANOSIM
R=0.59, P<0.001; Figure 3C), while a seasonal effect, allsgnificant (ANOSIM
R=0.49,P<0.001), was not clearly observed in the NMDS aation (Figure 3B). Cluster
analysis results largely confirmed all major comihugroupings revealed by NMDS
(data not shown).

This strong partitioning between sand types magibarly attributed to the fact that
biogenous carbonates and terrigenous silicatedamiladly differ in their mineralogical
and morphological properties §SROEDER & PURSER 1986, RSHEED et al. 2003b). By
imposing specific abiotic and biotic conditions it each sediment matrix, sand type
may thereby represent a factor promoting nichetioneand diversification of associated
bacterial communities. Among the many parametensralting bacterial distribution and
diversity in sediments, grain texture and microegqaphy have already proven as
fundamentally important (Khpows & ANDERSON 1966, WEISE & RHEINHEIMER 1978,
NickeLs et al. 1981, MevErR-REIL 1994). While the comparatively round-shaped didisa
exhibit a rather regular, smooth surface, carb@atmtain many micro-discontinuities,
such as crevices, pores and depressionsp(\&t al. 2006), which give each grain a
highly porous and heterogeneous character. Fos ceBiding within the carbonate
sediment matrix, depression areas offer sheltem froechanical abrasion as well as
predation (RANKEL 1977, XFLAUN & MAYER 1983), and promote the formation of
extracellular polysaccharides that serve as mulppse binding agents in cell
attachment and biofilm formation BLe & REeaApe 1983, MeYEr-ReiL 1994 and
references therein).

As factors sand type, season, and sediment dapiticantly explained changes in
community variation, canonical RDA variation paditing was used to disentangle the
respective effects of each factor while taking dtleer ones into account. Each factor
specifically contributed with 14% (sand type), 8%&d4son) and 8% (sediment depth) of
the total community variation, with only 1% of canation between season and sediment
depth (Table 1). While sand type obviously represgithe dominant factor in the study,
the relative effects of season and sediment dejffiéretl considerably when carbonate
and silicate samples were examined separately € TBblin carbonate sand alone, season

(14%) exerted an almost 3-fold higher influencetba bacterial community structure
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Table 1.Canonical partitioning of the bacterial variationia the relative effects of sand type, season, and

sediment depth, individually or in combination.

Multivariate model D R%aj F-ratio

Carbonate + Silicate

Type + Season + Depth 3 0.30 08.812 ***
Type | (Season, Depth) 1 0.14 11.342 ***
Season | (Type, Depth) 1 0.08 02.729 ***
Depth | (Type, Season) 1 0.08 06.979 ***
Type * Season 3 0.25 07.187 ***
Season * Depth 3 0.17 04.929 ***
Depth * Type 3 0.24 06.775 ***
Carbonate

Season + Depth 2 0.21 04.590 ***
Season | Depth 1 0.14 05.705 ***
Depth | Season 1 0.05 02.658 ***
Season * Depth 3 0.24 03.888 ***
Silicate

Season + Depth 2 0.31 07.227 ***
Season | Depth 1 0.12 05.780 ***
Depth | Season 1 0.19 08.339 ***
Season * Depth 3 0.33 05.677 ***

The significance of contribution of each model tRISA variation was determined by 999 permutations
under RDA reduced models. For each global or gamiadel, the number of degrees of freedom),(D
amount of explained variation ﬂ%i), and F-ratio (*** = P<0.001) are presented. Clees plus ( + ) and
star ( *) denote the addition and interactionpessively, of two factors, while the vertical bar)(indicates

respective partial regression model, wherein tfeces of the factors in paratheses were partialed

than sediment depth (5%). Conversely, changes cfesizng only the silicate sand
communities were more due to sediment depth (199 tto season (12%). Those
observations were also supported by an analysfacbér interactions (Table 1), which
indicated that significant structuring effects waileo due to the combinations of sand
type with season and sediment depth, respectivaly.instance, the sum of the pure
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effects of sand type and season in the model ateduior 22% of the explained
variation, while the additional inclusion of tharossed effect increased the explained
community changes to 25% (Table 1). A similar ielatwas found for the combined
effect of sand type and sediment depth, wherexpiimed variation increased from 22%
to 24%. Hence, season and sediment depth not colyded additional structuring for an
already mineralogy-controlled community variatitmit their respective effect depended
partly directly on the prevailing sand type.

The different seasons clearly featured temporaistirctt bacterial assemblages,
whereat the winter (February 2008) samples markesl dtrongest segregation in
community structure and overall lowest diversifioat It is assumed that this relates to
the overall enhanced primary productivity duringhier (November-March; gvANON-
SpANIER et al, 1979), which is triggered by the wind-driven ovil of Red-Sea offshore
water into the Gulf of Agaba during October, anchammitant upwelling of deep,
nutrient-rich water to the surface and into thef (@a-NAJjar 2000, MANASRAH et al.
2004, MhNASRAH et al 2006). This period ends in May, when the introsod offshore
water decreases and nutrient concentrations inréeé drop and stabilize again.
According to the organic carbon and nutrient ineeiles measured byARHEED et al.
(2003b) in the coastal water, those transitionsiclviare clearly marked by changes in
e.g. wind speed/direction, temperature, or salirggnerate two main seasonal patterns: a
winter period (with increased substrate concemnali that includes October to April, and
a summer period (with decreased substrate contiensa that lasts from July until
September. Due to effective pelagic-benthic cogplimhereby advective fluid exchange
transmits seasonal changes from the water colutorthe porewater, carbon and nutrient
inventories of the surface sediment layer clearigganthe changes in the water column
(RasHEED et al. 2003b). This not only supports the existence ofiitional link between
seasonal dynamics and sediment-associated comasyritit also validates our finding
of a stronger seasonal imprint on bacterial assageis! inhabiting the highly advection-
driven carbonate sands as compared to the mo§ilgidin-limited silicate sands.

Vertical differences in community structure, albeibequally pronounced in
carbonate and silicate sands, are likely relategradients in redox potential, as well as
organic matter and nutrient concentration. Stitfon of the sediment column generally
features steep transitions between the well-oxygehaubstrate-rich surface layer and

the underlying sub-oxic and anoxic deeper layetsichvis why both sands exhibited

104



REsuULTS

community variations from 0 cm down to 12 cm. Hoeewhile enhanced advectional
flushing of the carbonate matrix results in rapidlyanging porewater geochemistry
(RuscH et al. 2009) with intensified and deeper-reaching suppiyoxygen, organic
matter and nutrients @RHeeD et al. 2003b), the comparatively reduced transport in the
silicate sand likely causes a much tighter and nddferentiated graduation of substrates.
In addition to these physico-chemical constraintsacrofaunal activity such as
bioturbation (RobLe 1988), grazing (MRIARTY et al. 1985, EBSTEIN 1997) or nutrient
regeneration (thicke 2001) can also play a substantial role in structubacterial
communities associated with the sediment surfags.la

Overall, not only sand type-specific changes se but also seasonal and vertical
shifts in bacterial diversity clearly reflected thendamental difference in mineralogy
and, ultimately, filtration efficiency of carbonated silicate reef sands. Apart from the
general temporal and spatial imprints detected linsamples, however, carbonate
communities shifted mainly with season while stécacommunities rather shifted
vertically with sediment depth.

16S-ITS rRNA Gene Clone Library Analysis. The four libraries yielded a total of 283
non-chimeric sequences (average length: 1070 Bpghweonsisted of 168 OT44>98%
similarity), with the highest and lowest O§tichness found in library Ca06 (66 O3U
and library Ca07 (38 OTY), respectively (Table 2). Total richness estimgtésaol)
showed that both fall libraries (Ca06 and SiO6)tamed the highest degree of richness at
a confidence level of 0.05 (Table 2), with the cardite sample being even more diverse
than the silicate sample. Rarefaction curves (sg®l®mental Information: Figure. S1)
displayed a steeper slope, hence, higher diveiwitibrary Ca06, compared to the very
similar curve progressions of libraries Ca07, Sl Si07. Rarefaction analysis also
showed that no saturation was achieved for ani@fdur libraries, suggesting that more
sequences would be needed in order to obtain a rebable estimate of diversity. The
high reciprocal Simpson index of 125 for libraryOBandicated a diversity profile with
relatively even distribution of the different O§lbut also represented a marked contrast
to the low index of <50 for library Si06, which w@ly denotes a typical dominance
profile (SracH et al. 2003). The Shannon-Weaver index suggested lilCag6 and Si06

as the most and least diverse libraries, respégtigthough values did not greatly differ
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(Table 2). Noticeably, diversity patterns inferredm clone library analysis were very
concordant with those inferred from ARISA (see Sapental Information: Table S2).
Libraries Ca06, Ca07, Si06, and Si07 contained 4,16, and 9 different phyla,
respectively. Bacterial communities were dominated the phylum Proteobacteria
(41%), which accounted for 58%, 39%, 29%, and 36%h® respective libraries (Fig. 4).
The majority of those OTY (67 sequences) in all samples belonged to thes clas
Gammaproteobacteria (23.8%), followed by Deltaproteobacteria (9.2%) and
Alphaproteobacterig7.4%). In addition to th@&roteobacteria Actinobacteriaappeared
to be the most common phylum in all 16S rRNA geibeaties, with a total of 48
sequences (17%). Further phyla comprisedAtielobacteria, Chloroflexi, Spirochaetes
and FirmicutegFigure 4).

Overall, many of the detected phyla were also ntepoby other studies on coral
reef sediments, coral and sponge tissue, or petmehblf sediments (see Supplemental
Information). According to RDP SeqMatch analysebnost all of the identified
sequences were closely related to uncultured bakteareages from marine habitats,
including coral reefs and heavily impacted coas@alironments (see Supplemental

Information: Table S3).

Table 2. Richness and diversity indices for the 16S-ITS rRiyéne clone libraries constructed from

carbonate and silicate surface samples from Dece®l and August 2007.

Sand Sampling Total Unique Chaol Simpson - Shannon-

type date Clones OTUg* OTUg richness (ei//elzjr;ness \(/|\_/|.)diversity
Carbonate Dec 2006 85 66 54 (214455 17) 125 ?319 4.3)
Carbonate Aug 2007 72 48 34 (1713? 202 O3 ?375 3.9)
Silicate ~ Dec 2006 53 38 32 (2; j s05) 44 ?342 3.7)
Silicate  Aug 2007 73 51 39 (1:; 2a7) % ?3',&_35, 4.0)

* 98% similarity level

106



REsuULTS

100 1 Alphaproteobacteria
90 4 [ Gammaproteobacteria
< Deltaproteobacteria
'5‘ 80 ~ B8 Epsilonproteobacteria
2 70 - [ Unclassified Proteobacteria
% B Actinobacteria
& 60 Acidobacteria
:0: 50 B Bacteroidetes
2 [ Chloroflexi
'§ 40 i Deferribacteres
- 30 G ] Splrochaetes' .
g WS3 genera incertae sedis
% 20{ AN [/ Bl W=z [J Cyanobacteria
'3 Firmicutes
10 4 B Planctomycetes
0. M Unclassified Bacteria

Dec 2006 Aug 2007 Dec 2006 ‘ Aug 2007

Carbonate Silicate

Figure 4. Frequencies of bacterial lineages detected in 8®ITS rRNA gene clone libraries

constructed from carbonate and silicate surfacepkEmirom December 2006 and August 2007.

Taxon-Specific Patterns I nferred from Linking ARI SA to Taxonomy. A total of 76 (out
of 438) OTW could be matched with 16S rRNA gene sequences laid respective
taxonomic assignments at the bacterial class 1€x@0% similarity), resulting in an
overall assignment success of 17.4% (see Supplaiafdarmation: Table S3). Of the 76
identified OTU, 68 OTW* were affiliated with a discrete taxon each, wizer® OTU*
corresponded to two distinct bacterial classes 2n@TU,* corresponded to three
phylogenetically unrelated clones.

The diversity patterns obtained with the subséd®U,* were very consistent with
those inferred from the whole ARISA dataset (Manésit R=0.8449P<0.001). It was
therefore not surprising to observe that the maittepns of variation of OTAS, when
analyzed by canonical RDA, were significantly rethtto sand type along the first
ordination axis (representing 47.6% of the variaraoed by season and sediment depth
along the second axis (25.6% of the variance; sgpl8mental Information: Figure S4,
Table S5A). While the carbonate sand was positivelyelated with two of the three
seasons (i.e. August 2007 and February 2008) agdtiuely correlated with sediment
depth, silicate sands exhibited the exact oppomalationships, which once more

illustrated the aforementioned sand type-specificiations in seasonal and vertical
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community response (see Supplemental Informatiocablel S5B). Furthermore, the
relatively strong divergence among the differerstisemal factor levels re-emphasized the
peculiarity of the winter (February 2008) samplesomparison to those collected during
fall (December 2006) and summer (August 2007).

Individual RDA ordination plots depicting OT-factor relationships for each of
the most prominent different bacterial classes (fég5) indicated various distribution
patterns for members of tli@&ammaproteobacterjdeltaproteobacteriaActinobacteria
and Sphingobacteriawhich may reflect class-specific versatility iitime differentiation.

In contrast, Alphaproteobacteriaand Spirochaeteswere mostly associated with the
surface and middle layer of both sand types in d&lyr 2008. Rhodobacterales
(accounting for most of thelphaproteobacteriaelated OTW*) usually alternate
between chemoorganotrophic and phototrophic growttich could explain this surface-
specific occurrenceSpirochaetesare known as mainly anaerobic organisms, but TU
included in the analysis may as well comprise adeoant types. Furthermore, all
Anaerolineaespecifically grouped with the upper layer(s) of tarbonate samples only.
How these strictly anaerobic organisms are abl¢htive at the usually oxygen-rich
sediment surface is unknown, but they may benebinfthe presence of anoxic
depressions on the carbonate grains as well ag ote@bolic strategies known from
anaerobic lineage#cidobacteriawere mostly found in the middle and deep layer of
December 2006 and August 2007, wherefore samplechberes of this group (all
Acidobacterialeare assumed to favor sub- or anoxic conditions.

As several ribosomal operons may exist within adyéd cell (KLAPPENBACH et al.
2000) and may greatly vary in lengthR@vN & FuHRMAN 2005), obtaining multiple
OTUA* within a given bacterial lineage cannot be direequated with a high level of
diversity (BRown et al. 2005). It must be noted that, in our study, pagef OTU* for a
given lineage were found to be very different fr@ach other (Figure 5), therefore
suggesting that most of them may not originate ftbensame organisms, but may rather
reflect the high diversity also identified from o library analyses (Table 2; see
Supplemental Information). Such high diversity ebbke explained by the existence of
various ecological responses within a given line&gesnvironmental conditions (as
reconstructed by RDA,; Figure 5). Yet, the relatlups between the presence of multiple
rRNA operons from single organisms in responsesource availability was found to be

insignificant in oligotrophic marine seawaterr@BvN & FUHRMAN 2005 and references

108



REsuULTS

Factor distribution

Dec 2006 A
Nominal factors

® Sand type
A Season

A Aug 2007

silicate Continuous factor
= Depth

—  OTUR*

A Feb 2008

789

703,

751

Anaerolineae Sphingobacteria Spirochaetes

435

335,
443

639 687

563

Figure 5. Relationships between sand type, season, and sgddapth, as well as changes in bacterial
community structure, with focus on specific Ofshifts at the bacterial class level80% sequence
similarity). All biplots represent the same RDA ation of linked ARISA data (Bray-Curtis distance)
under direct constraint of explanatory factors, rebg factor levels of sand type and season werasset
nominal variables, and those of depth as continu@uibles. Vectors represent variation patterns of
OTU,* that were linked to 16S-ITS rRNA gene sequencks @iven bacterial class, with numbers
denoting the respective ORU(i.e. ARISA fragment) length in base pairs. Anglestween vectors
indicate the correlation between individual OsFWistribution patterns, with collinear, oppositend

orthogonal vectors indicating positive, negativd amdependent OTA¥covariation patterns, respectively.

therein). Permeable reef sands, with their highutingf different substrates and fast-
changing biogeochemical conditions, may actualgtdothe concomitant development of
several ecological strategies. Such possible dfi@ton into “ecotypes” with
ecologically relevant physiological differencesofRp et al. 2003) is assumed to support
the relative fitness and overall resilience ofredige in response to key environmental
variables (Krano 2004).
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In addition to RDA, regression analyses of indiad@TU,* variation against each
factor and respective factor levels were used &mtifly putative indicator OTW) (see
Supplemental Information, Table S6A-C). The setectof the 10 strongest ORE
factor relationships (highest and most significRA confirmed thatActinobacteriaand
Gammaproteobacteriavere mostly associated with overall type-, segsand depth-

related variations (see Supplemental Information).

In conclusion, our results suggest that permealidgebic carbonate and terrigenic
silicate reef sands represent distinct and dynamidcobial habitats that harbor specific,
comparably diverse bacterial communities over tiamel space. By offering locally

contrasting environmental conditions, both sandsreiny contribute to an enhanced
ecological structuring of bacterial diversity andtgntial functions within a single reef

ecosystem. Many of the organisms identified in stigly were also found in other reef or
sediment habitats. For the future, it would themefbe relevant to determine whether
molecular techniques offering higher taxonomic hatson levels could further advance

our understanding of the ecological patterns ofassociated microbial communities.
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Supplemental Information

16S-1TS rRNA Gene Clone Library Construction. Reactions containing 22—40 ng DNA
extract in a final volume of 20 pl were set up abbofvs: 0.4 uM of primers 27f and
ITSReub (Biomers, Ulm, Germany), 250 uM of each BN{Roche, Mannheim,
Germany), 0.3 mg rifl bovine serum albumin (Sigma-Aldrich, Munich, Genyg 1 x
TagMaster PCR Enhancer (Eppendorf, Hamburg, Germdny) Masteiraq buffer with
1.5 mM Mg (Eppendorf), and 0.05 U TilTaq Polymerase (Eppendorf). Between an
initial denaturation step at 94°C for 2 min and fimal elongation at 72°C for 7 min,
annealing was performed under two different condgiin order to particularly facilitate
amplification of longer DNA fragments (>1500 bp} gycles at 94°C for 30 s, 55°C for
1 min, 72°C for 3 min, then 18 cycles at 94°C for<3 55°C for 30 s, 72°C for 3 min.
Each sample was amplified in four replicates thateaxcombined directly afterwards in
order to maximize diversity coverage. PCR prodwatse purified using the QIlAquick
PCR Purification Kit (Qiagen, Valencia, CA), ligdtento the pGEM-T Easy vector
(Promega, Madison, WI) and transformed into Onet 3i@P10 Chemically Competent
E. coli cells (Invitrogen, Carlsbad, CA) according to sfied instructions.
Representative clones, as determined after padgiencing with the vector primer pair
M13F/M13R, were selected for plasmid preparatioth whe Montage Plasmid Miniprep
Kits (Millipore, Billerica, MA) and subjected tdaq cycle sequencing with an ABI Prism
3130x Genetic Analyzer (Applied Biosystems, Fo§tiey, CA). Assembly of almost full-
length sequences (approximately 1050 bp in avelaggth) was carried out by using
Sequencher v4.6 (Gene Codes, Ann Arbor, Ml). Sengefor chimeric signals by using
Bellerophon (HBER et al 2004), Mallard (AHeLForD et al 2006), and RDP Chimera
Check, which is part of the SimRank 2.7 packagelae through the Ribosomal
Database Project Il @k et al 2009), resulted in the exclusion of 14 sequericas

further analyses.

16SITS rRNA Gene Clone Library Composition. Bacterial communities were
dominated by the phylurRroteobacteria(41%), which accounted for 58%, 39%, 29%,
and 36% of the respective libraries. The majorityhmse OTW (67 sequences) in all
samples belonged to the cl&ammaproteobacterié23.8%), mainly including members

of the orderChromatiales but alsoLegionellales Oceanospirillales Alteromonadales
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Pseudomonadale$ hiotrichales andVibrionales A total of 26 sequences were affiliated
with the Deltaproteobacterig9.2%), with nearest known representatives graypiithin
the ordersDesulfobacteralesDesulfovibrionales DesulfuromonadalesMyxococcales
and SynthrophobacteralesVith a fraction of 7.4% of all cloneg\phaproteobacteria
were mostly represented by members of tlighodobacterales but also
Sphingomonadales Rhizobiales and Rhodospirillales Betaproteobacteria and
Epsilonproteobacteriavere represented only by a single sequence in eadtonate
sample.

In addition to theProteobacteria Actinobacteriaappeared to be the most common
phylum in all 16S rRNA gene libraries. A total 8 dequences (17%) grouped within the
orders Actinomycetales as well as Acidimicrobiales Coriobacteriales and
Rubrobacterales The phylumAcidobacteria (6.7%) was present with 19 sequences,
which all grouped within the ordekcidobacteriales comprising 3.9% of the total 16S
rRNA gene sequences, the phyluhloroflexi was represented by sequences mostly
belonging to the newly designated claséaaerolineaeandCaldilineae Members of the
Bacteroidetes(3.4%; formerly: Cytophaga-Flavobacteria-Bacteroidetssiper-phylum),
which were almost exclusively recovered from ligr&i07, were represented by the
orders Sphingobacteriales Bacteroidales and Flavobacteriales Spirochaetes and
Firmicutes accounted for 2.1% and 1.4%, respectively, ofsaljuences found in all
libraries. Two sequences, each from Ca06 and Ga6pgectively, grouped with members
of the candidate division WS@eneraincertae sedisOther lineages, represented by 60
sequences witlk80% similarity at the bacterial phylum level, compd the novel
phylum Gemmatimonadetes as well as Lentisphaerag Deferribacteriales
PlanctomycetalesandCyanobacteria

According to RDP SegMatch analyses, almost alhefitentified sequences were
closely related to uncultured bacterial lineagesifimarine habitats, including coral reefs
and heavily impacted coastal environments (see |8mgntal Information: Table S3).
Numerous OTY identified in our study were affiliated with thdnya Proteobacteria,
Actinobacteria Acidobacteria Bacteroidetes Chloroflexi and Spirochaetes Although
care must be taken when cross-referencing clonarids based on different primers sets
and different numbers of clones, observed predomemaof Proteobacteriarelated
sequences was well in concordance with previoudietuon bacterial communities in

permeable sands of two Hawai'ian reefgfSvsenet al. 2007, RiscH et al. 2009), the
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Great Barrier Reef (GBR; ticke & McGuIrRe 2007), as well as cold-water coral reefs
(JENsSEN et al. 2008, Yakimov et al. 2006). However, such pattern has also been reporte
from environments as contrasting as deltaic mudsootheastern Papua New Guinea and
French Guiana (@borov et al 2000, MhpRID et al 2001), polar regions @RENSCHLAG
et al 1999, BwmaN & McCuaic 2003), or the deep seal (&t al. 1999, SHAUER et al
2009).

The Gammaproteobacterjaa group with many copiotropic members ¢GKNER et
al. 1999) showed highest relative frequencies in @lir flibraries, with the majority of
sequences grouping with ti@&hromatiales Cultured members of this order are mainly
known as phototrophic sulfur oxidizers, while a févve recently been proposed as
chemolithoautotrophs (&okIN et al. 2001). The Legionellales Oceanospirillales
Alteromonadales and Pseudomonadalesepresent aerobic or facultatively anaerobic
chemoorganoheterotrophs which are notoriously wérsen their ability to adapt to a
variety of environmental conditions. Many of theemtified sequences showed highest
similarities to those sampled from contaminateditagd In agreement with our results,
Deltaproteobacteriawere isolated from the surface layers of the GRRH(CKE &
McGuIre 2007) and the Hawai'ian Checker ReefugRH et al. 2009). In the nearby
Moku O’ Loe Reef, however, they were only detectedsuboxic and anoxic depths
(SorReNsSEN et al. 2007). As Deltaproteobacteriainclude mostly anaerobic sulfate-
reducing and syntrophic organisms (e.@esulfobacterales Desulfovibrionales
Syntrophobacteral@sthey usually occupy suboxic and anoxic nichesadiments, such
as the sulfate-rich zone several centimeters d&#palso oxygen-depleted micro-patches
in surface sediments that are temporarily less atgobhby disturbances (hence, oxygen
entry) or totally oxygen-depleted due to organictteradegradation, represent suitable
habitats. The relatively high, depth-independentfatetreduction rates measured
previously in permeable reef sedimentseRAER et al. 2006) support this assumption.
Identified sequences grouped mainly with sedimé&ots habitats as diverse as seagrass
meadows, salt marshes, intertidal flats, and caefs. Alphaproteobacterichave been
described as dominant members of the bacterial aomti@s in 16S rRNA gene libraries
from permeable shelf sediments (M et al. 2008, HUNTER et al 2006), marine
bacterioplankton communities 8k et al 2001, SoicA & HernpbL 2007) and in
tropical as well as temperate reef sedimeniss¢{RR et al. 2009, $rRensenet al 2007,

UTHICKE & McGuUIRe 2007). Although such predominance was not evidirivere,
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Alphaproteobacteriaffiliated sequences were present in all fourailes. The majority
of sequences grouped within tRhodobacteraleswhose related genera are known to
alternate between chemoorganotrophic and photatrogirowth (MHOFF 2001,
GuYoNEAuD et al. 2002). Sequences related to this class, were iagstavith bacteria
recovered from coral tissue OREN & ROSENBERG2006, K Aus et al. 2007, SKAR et al
2008) and, again, sandy carbonate sediment in aHawreef (ReENSENet al. 2007).

Next to theProteobacteriaActinobacteriarepresented the most common phylum in
all 16S rRNA gene libraries. Interestingly, Actinobacteriarelated sequences could be
identified in sands of the Checker Reef or GBRHIOKE & M cGuire 2007, RiscHet al.
2009), and only few were detected in subsurfaceéhdepf the Hawai'ian Moku O’ Loe
Reef (®RENsEN et al. 2007). Members of théctinomycetalesare mostly aerobic
decomposers of complex organic materials (e.guloské and chitin) and produce a
variety of secondary metabolites frequently foumdniarine sediments (BL et al. 2005).

As Actinobacteriaare often associated with reef-inhabiting inveraéds such as sponges
(MonTALvO et al. 2004, WessTER et al 2009) and corals (B&ELY et al. 2007, LAMPERT

et al. 2008, NeULINGER et al,2008), their true source and role in permeablesediments
are still to be elucidated.

Similar to previous studies on permeable sandseefsr (®RENSEN et al, 2007,
UTHICKE & McGuUIRE 2007, &NseN et al. 2008) and continental shelfs dBmaN &
McCuaic 2003, HUNTER et al 2006, MLLs et al. 2008),Acidobacteriaalso represented a
relevant fraction of all bacterial phyla detectedthe Hawai’ian Checker Reef sediments,
these mostly oligotrophic organisms even compribedlargest fraction in the oxic and
suboxic zone (BscHet al 2009). The phylunChloroflexiwas represented by sequences
mostly belonging to the newly designated clagseserolineaeandCaldilineae(Y AMADA
et al. 2006). Such organisms were also detected in axisuboxic depths of the two
Hawai'ian reefs in Kane'ohe Bay, but not from GB&lisments. How these strictly
anaerobic organisms are able to thrive in the yppsrally oxygen-rich sediment layers
is unknown, but could be analog to strategies faiher anaerobic lineages. Sequences
attributed to theBacteroideteqformerly: Cytophaga-Flavobacteria-Bacteroidetegesu
phylum) were mainly recovered from the silicateds&Bi07), comprising members of the
SphingobacterialesFlavobacterialesand Bacteroidales As cultured bacteria of the
Bacteroidalesare obligate fermenters f&HMAN 2002), their growth in the surface layer

may be favored by anoxic patches due to decreabezt@on in well-sorted sediments,
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especially during summe&phingobacterialeandFlavobacterialeson the contrary, are
known as mostly aerobic chemoorganotrophs whichratkyy a variety of organic
compounds and (high molecular mass) biopolymersis€guently, they would have a
multitude of niches available in well-oxygenatedface sediments that experience
organic matter input from the reef via the wateluom. While Bacteroidetesassociated
sequences were only sparsely detected in the Chéuef off Hawal'i (RiscH et al.
2009), they were well established in all samplegitlue of the nearby Moku o Loe Reef
and surface sediments of the GBRgENsENet al. 2007, UHICKE & M cGuIRe 2007).
Recovery ofSpirochaetesaffiliated phylotypes was neither reported in afythe
three studies on tropical reef sands, nor in thasgeting permeable shelf sediments
(HunTER €t al. 2006, MLLs et al 2008) or deep- sea deposits €k al. 1999, SHAUER et
al. 2008). Their detection in coral reef sedimentsyéwxer, was supported by the study
from ENseNet al. (2008), who foundpirochaetesassociated with sediments of a cold-
water coral reef. Mosspirochaetesire free-living and anaerobic, but there are nooer
exceptions. In our study, all sequences groupirty tis phylum belonged to the order
SpirochaetalesOnly two of the sequences belonging to Firenicutesshowed sequence
similarity with previously published ones from pakd harbor and subsurface salt marsh

sediments.

Diversity Patterns Based on Sequence Data. According to [-LIBSHUFF, all four
libraries revealed significant separation in baatecommunity compositionR<0.001;
see Supplemental Information: Table S2A), indigatimat each library was dominated by
its own suite of characteristic OFLEstimation of shared Chaol richness among the fou
libraries using SONS (see Supplemental Informatiable S2B) showed that carbonate
and silicate sands shared more QTiAugust 2007 (40 OTY) than in December 2006
(30 OTUWs), indicating season-specific differences. Compamcer both seasons,
however, similar numbers of OEWvere shared within the carbonate and silicate &snp
44 OTWs and 46 OTW), respectively, implying a similar degree of rielss in both sands.
Overlap in bacterial community, as predicted by thes estimator (Supplemental
Information: Table S2B), was relatively low, rangimetween 7.5 and 11.3%. The
December 2006 libraries (Ca06, Si06) exhibited w@rlap of 8.3% between carbonate-
and silicate associated communities, which wasoinmaal contrast to the 9.8% overlap

found in the August 2007 libraries (Ca07, SiO7Yigating a relatively high sand type
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specificity in both seasons. With only 7.4% overlaptween communities from
December 2006 and August 2007, the carbonate igistdrowever, showed a higher level
of seasonal dependence and @Bgecificity than the silicate libraries (11.3% dap).
Estimation of differences in community structure fagans of the Theta index (see
Supplemental Information: Table S2B) revealed tyethiat the carbonate libraries (Ca06,
Ca07) from December 2006 and August 2007 sharedich fower similarity (11.0%)
than the silicate libraries (Si06, Si07) from bgt#asons (27.6%). This seemed to be yet
another indication that the seasonal effect ondosattcommunities was mainly reflected
within the carbonate sediment.

Concerning the dynamics of sand type-specific iatdicOTU* (see Supplemental
Information: Figure S6A), Carbonate sand was famstd foremost characterized by
Actino314 (order: Actinomycetales  Acido525 Acidobacterialel and
Alpha751/Delta751Khodobacterales/Desulfobacterglewhile typical signatures in the
silicate sand comprised Actino45Actinomyctealds Gamma961 Ghromatiale$, and
Gamma497Ll{egionellale}. The most important season-driven QiFldsee Supplemental
Information: Figure S6B) included Anaero654 Caldilineag, Sphingo687
(Sphingobacterialgs and Anaero649 Galdilineag in December 2006, Gamma839
(Legionellale$, Delta767 Desulfobacterales and Delta715Myxococcalesin August
2007, as well as Acido63R¢idobacterialey Delta715 Myxococcalesand Actino305
(Acidimicrobiale3 in February 2008. OTA¥ significantly attributed to the different
depth horizons (see Supplemental Information: KEgu86C) were Actino291
(Actinomycetales Gamma900Rhodobacteralgs and Spiro443§pirochaetalesin the
surface layer, Delta719Vyxococcales Acido530 Acidobacteriales and Gamma961
(Chromatiale¥3 in the middle layer, and Gamma671egionellaley, Acido679
(Acidobacterialel Actino291 Actinomycetalésin the deep layer.

Individual OTUy* variations were also studied by the Dufrene-Lelyenindicator
species analysis (data not shown) which, in contaashe single regression procedure,
identified all those OTWF that significantly P<0.05) contributed to factor level-specific
variations in bacterial community structure byldi#king respective other levels into
account. Results therefore differed slightly framge obtained by regression analysis on
both single OTY* and global RDA, but the general trends were Iprgenfirmed.
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Figure S1.Rarefaction curves for the 16S-ITS rRNA gene cléhearies constructed from
carbonate and silicate surface (0—2 cm) samples fbecember 2006 and August 2007, as
calculated with DOTUR using the furthest neighbssignment algorithm. Error bars represent

the upper and lower bound of the 95% confidencervad.
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Table S2A. Characterization of bacterial diversity and comnusiructure for the 16S-ITS rRNA gene
clone libraries constructed from carbonate andatii surface (0—2 cm) samples from December 2006 an
August 2007, based on the statistical feblBSHUFF

Ca06 Ca07 Si06 Sio7
Ca06 0 0.0145 0.4896 0.9003
Ca07 0.0184 0 0.2524 0.001
Sio6 0.7889 0.2678 0 0.2678
Sio7 0.6539 0.0009 0.3166 0

Table 2B. Characterization of bacterial diversity and comitwstructure for the 16S-ITS rRNA gene
clone libraries constructed from carbonate andagi#i surface (0—2 cm) samples from December 2086 an
August 2007, based on the statistical tool SONS.

Shared Chaol Cal6 Ca07 Si06 Sio7
Ca06 —

Cao7 44 —

Sio6 30 14 —

Sio7 54 40 46 —
Jelass Ca06 Ca07 Sio6 Sio7
Ca06 —

Cao7 7.4 —

Sio6 8.3 7.5 —

Sio7 11.2 9.8 11.3 —
Theta yc Ca06 Ca07 Sio6 Sio7
Ca06 —

Cao7 11.1 —

Sio6 17.2 18.5 -

Sio7 18.8 17.8 27.6 -
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Table S3.Compilation of all ARISA-derived OTpJthat were successfully linked to 16S rRNA genetemy, based on RDP Classifier and SeqMatch armaly&agle
matches for each OT{Uare indicated by clone number, calculated fragrfegth and library name, as well as respectivaebiat class ¥80% similarity), nearest neighbor,

“S_ab” score, accession number, and environmeatats.

ARISA Sequencing Phylogenetic assignment

# OTUa Clone Frag. Library Bacterial class % Nearest neigbor Score  Accession Environmental source

1 291 65 292  Ca07 Actinobacteria 98% uncultured bacterium SHFG434 0.931 FJ203051 coral with white band disease, Caribbean
291 80 292 Ca07 Actinobacteria 95% uncultured bacterium SHFG434 0.932  FJ203051 oral with white band disease, Caribbean
291 87 292 Cao7 Actinobacteria 91% uncultured bacterium SHFG434 0.938 FJ203051  coral with white band disease, Caribbean
291 11 292 Sio6 Actinobacteria 97% uncultured bacterium SHFG434 0.925 FJ203051 oral with white band disease, Caribbean
291 23 292  Sio7 Actinobacteria 95% uncultured bacterium SHFG434 0.875 FJ203051  coral with white band disease, Caribbean

2 305 2 306 Ca07 Actinobacteria 100% uncultured bacterium KZNMV-5-B68 0.841 FJA82 submarine mud-volcano sediment, Med

3 307 19 308  Si07 Actinobacteria 100% uncultured bacterium KZNMV-5-B68 0.862 FJ712481  submarine mud-volcano sediment, Med

4 313 16 313 Ca07 Gammaproteobacteria  100%  uncultured gamma proteobacterium ARTE12_229 840 GU230347 water column, S-Atlantic

5 315 66 315 Ca07 Actinobacteria 94% uncultured actinobacterium 3G1820-55 0.868 DQ431888 permeable marine sediment, N-GOM

6 317 41 317 Sio7 Actinobacteria 94% uncultured actinobacterium V1SC07b82 0.849 368874 volcano-assoc. hydrothermal vent, Tonga
317 67 317  Sio7 Actinobacteria 96% uncultured actinobacterium V1SC07b82 0.868 GU369874 volcano-assoc. hydrothermal vent, Tonga
317 14 318 Sio7 Actinobacteria 97% uncultured actinobacterium V1B07b85 0.906 A9 volcano-assoc. hydrothermal vent, Tonga

7 319 95 319 Ca07 Actinobacteria 91% uncultured actinobacterium 3G1820-55 0.884 DQ431888 permeable marine sediment, N-GOM
319 52 319  Sio7 Actinobacteria 91% uncultured actinobacterium V1B07b85 0.9 GU369909 volcano-assoc. hydrothermal vent, Tonga

8 327 33 327 Ca06 Cyanobacteria 96% uncultured bacterium CI5cm.G09 0.982 EF208693 sandy carbonate reef sediment, Hawai'i
327 26 327 Sio7 Actinobacteria 92% uncultured actinobacterium 3G1820-55 0.841 481388 permeable marine sediment, N-GOM

9 335 36 335  Sio7 Spirochaetes 98% Spirochaeta cellobiosiphilél) SIP1 0.585 EU448140 saline spring, Russia

10 363 24 364 Ca07 Gammaproteobacteria  100% Pseudomonas fulv@) AJ 2129 0.993 AB046996
363 74 364 Ca07 Gammaproteobacteria  100% Pseudomonas fulva58zhy 0.997 AM410620 deep-sea

11 375 41 375 Ca06 Gammaproteobacteria  100%  uncultured bacterium Cl5cm.D04 0.577 EF26868 sandy carbonate reef sediment, Hawali'i

12 385 68 386  Si07 Actinobacteria 100% uncultured actinobacterium b6 0.939 GQA472798 water column, N-Bering Sea

13 411 64 412 Ca07 Actinobacteria 96% uncultured bacterium Fe_B_116 0.816 GQ35693&ethane seep sediment, California
411 35 412  Si07 Actinobacteria 99% uncultured bacterium Fe_B_116 0.867 GQ356933 methane seep sediment, California

14 415 25 415 Ca07 Gammaproteobacteria  100%  uncultured Legionellales bacterium TDNP_USbc97 0.651  FJ516889 carbonate wetland, Spain
415 41 415  Ca07 Gammaproteobacteria  100% uncultured Legionellales bacterium TDNP_USbc97  0.651 FJ516889 carbonate wetland, Spain

15 425 33 426 Ca07 Acidobacteria_Gp10 100% uncultured bacterium D8S-76 0.862 EU652606 elloyw Sea marine sediment

16 435 5 436  Si07 Spirochaetes 90% uncultured bacterium 075B7 0.874 EU734981 pelagic Bacteria N-Bering Sea
435 82 436 Sio7 Spirochaetes 97%  uncultured bacterium 075B7 0.861 EU734981 agielBacteria N-Bering Sea

17 443 91 444  Ca07 Spirochaetes 100% uncultured organism MAT-CR-P2-HO7 0.613 EU246077 courtyard soil, Boston

18 449 12 450 Ca06 WSa@en. incertae sedis 100%  uncultured bacterium Out12bac85 0.898 GUS8R24 sediment under Beggiatoa mat, GOM

19 455 57 455  Si06 Actinobacteria 99% uncultured bacterium 47Sz4 0.798 GU270862 pristine coastal sediment, Black Sea
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uncultured bacterium D8S-76
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uncultured bacterium MidBa64
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0.711 FJ516765
2.66FJ542878
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0.883
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0.869
0.76 GQ246336
0.884M882561

0.828 FJ517068
0.962N42E387
0.707 DQ395043
0.697 DQ395043
0.721 AJ567581
0.983 DQ232889
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0.929
0.886 GQ246423
0.87 7ANA42
0.789 FN550053
0.637
0.858 GQ246423
0.83 Fe9
0.849 GU369874
0.833 2641746
0.696 DQ811840
0.919

pristine coastal sediment, Black Sea

GQ246337 rinmaediment, N-Yellow Sea

estuarine water column, Chesapeake Bay

EU925849vater column, N-Bering Sea

hydrocarbon seeps
marine sponges
water column, S-Atlantic
reef-assoc. hydrothermal vent, Japan
carbonate wetland, Spain
earthworm intestines
marine sediment, Yellow Sea

EU652606 arima sediment, Yellow Sea

marine sediment, Yellow Sea

EU652606 arima sediment, Yellow Sea

marine sediment, N-Yellow Sea
oil-contamin. coastal sediment, France
carbonate wetland water & sediment, Spain
impacted coastal lagoon, Tunisia
polluted harbor sediment
polluted harbor sedimen
deep-sea nodule province, Pacific
cultures
coral with white band disease, Caribbean
Nullarbor cave, Australia
methane seep sediment, California
eutrophic lake, California
marine sediment, N-Bering Sea

EF125465mangrove soil

marine sediment, N-Yellow Sea
intertidal mud flat sediment, N-Atlantic
methane seep sediment

DQO#581 ice-covered lake water, Antarctica

marine sediment, N-Yellow Sea
methane seep sediment, California
methane seep sediment, California
methane seep sediment, California
mangrove soil

EF999388estuarine sediment, China
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58
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705
706
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752
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832
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Ca06
Ca07
Ca07
Ca06
Sio7
Ca06
Ca06
Sio7
Ca06
Ca06
Ca07
Ca07
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Sio6
Ca06
Ca06
Sio7
Ca06
Ca06
Ca06
Ca06
Ca06
Ca06
Ca07
Ca07
Cal06
Sio6
Ca07
Ca07
Ca06
Ca07
Ca06
Ca06
Sio7
Ca07
Sio7

Gammaproteobacteria
Acidobacteria_Gp26
Gammaproteobacteria
Gammaproteobacteria
Sphingobacteria
Deltaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Acidobacteria_Gp26
Anaerolineae
Acidobacteria_Gp26
Deltaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Epsilonproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria

100%
100%
100%
100%

99%

97%
100%
100%
100%
100%
100%
100%
100%

99%

99%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

97%
100%
100%
100%
100%
100%
100%
100%

uncultured bacterium S1-27

uncultured bacterium MidBa64

Alkalilimnicola ehrlichiiMLHE-1

uncultured gamma proteobacterium SGST691
unculturedSaprospiracea®acterium TDNP_Whbc97
uncultured bacterium CK_2C5_16

uncultured gamma proteobacterium MSB-4D7
uncultured alpha proteobacterium Bac24_Flocs
uncultured bacterium Tokyo.16S.Bac.11
uncultured bacterium S1-58
unculturedAcidobacterium spHCM3MC90_12F FL
uncultured bacterium A13S-56

uncultured deep-sea bacterium Ucb15709
uncultured bacterium Mn3b-B8

uncultured gamma proteobacterium 42 EDB3
uncultured bacterium 40_st3_4-6¢cm

uncultured gamma proteobacterium pltb-vmat-20
uncultured bacterium CI175cm.2.07

uncultured alpha proteobact. Belgica2005/10-130-28
uncultured alpha proteobact. Belgica2005/1D-A8
uncultured alpha proteobact. Belgica2005/10-130-28
uncultured delta proteobacterium 4aFS
unculturedCampylobacteralebacterium DS057
uncultured bacterium livecontrolB19

uncultured delta proteobacterium 4aFS
uncultured bacterium Dstr_M20

uncultured delta proteobacterium SI129

uncultured delta proteobacterium 3B1820-38
uncultured deep-sea bacterium Ucb15723
uncultured alpha proteobacterium STX_15f
uncultured bacterium G8_10.3 1

uncultured bacterium CK_1C4_36

uncultured gamma proteobacterium Cobs2TisB5
uncultured gamma proteobact. Belgica2005/1B2R4
uncultured bacterium SHFH407

uncultured bacterium CK_1C4_36

0.869 FJ545457 marine sediment & water, N-Yellow Sea
0.905 EF999388estuarine sediment, China
0.599 CP000453

0.7%Q348115 marine oxygen minimum zone, Canada
0.829 FJ517112 carbonate wetland, Spain
0.947  EU48844'bacterial lucinid bivalve symbionts
0.93 DQ811842 mangrove soil
0.922  AB491826 microbial flocs, shrimp hatcherywala
0.976 AB530211 marine bays, Suez and Tokyo
0.983 FJ545485 rinmaediment & water, N-Yellow Sea
0.819 EU373917 deep-sea surface sediment, S-Atlantic
0.916 EU617894marine sediment, Yellow Sea
0.826 AM997868 deep-sea surface sediment, S-Atlantic
0.914 FJ264596 ethane seep sediment, California
0.913 AM882567 oil-contamin. coastal sediment, France
0.885 BURY marine sediment, upwelling system, Namibia
0.982 AB294936 reef-assoc. hydrothermal vent, Japan
0.917 EFRB8 sandy carbonate reef sediment, Hawai'i
0.89 DQ351770 metal contamin. marine sediment
0.895 DQ351770 metal contamin. marine sedimen
0.9 DQ351770 metal contamin. marine sediment
0.936M039962  marine sediment, Elba
0.858 DQ234141 river estuary, N-Taiwan
0.839 264753 methane seep sediment, California

0.932 AMO039962 marine sediment, Elba
0.915 GU11819Corals, Caribbean
0.895 AY771939 intertidal mud flat sediment, N-Atlantic
9 0. DQ431902 permeable marine sediment, N-GOM
0.685 AM997862 deep-sea surface sediment, S-Atlantic
B.92EF123331 coral with black band disease, Caribbean
0.932 FJ717220 bioturbated mesocosm
0.951  EU48806 lucinid bivalve symbionts
0.837 EU246800 coral, S-Pacific
0.933 DQ351795 metal-contamin. marine sedimen
0.904 FJ203377 coral with white band disease, Caribbean
0.947  EU48806 bacterial lucinid bivalve symbionts
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Figure S4.Relationship between factors sand type, seasondapith, and changes in bacterial

community structure, with focus on specific Of*Ushifts at the bacterial class levet80%

sequence similarity). The biplot represents a RPdiration of linked ARISA data (Bray-Curtis

distance) under direct constraint of explanatootdes, whereby factor levels of sand type and

season were set as nominal variables, and thosgemth as continuous variables. Vectors

represent all 76 OTM that were linked to al6S-ITS rRNA gene sequenciéh wumbers

indicating the respective OT® (i.e. ARISA fragment) length in base pairs. Faspective

phylogenetic assignments, see Table S3.
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Table S5A.RDA correlation matrix for single explanatory fact@nd the two main axes.

RDA axis 1 RDA axis 2
Carbonate 0.9154 -0.1994
Silicate -0.9154 0.1994
Dec 2006 -0.0373 0.4686
Aug 2007 0.2448 0.3210
Feb 2008 -0.1893 -0.7104
Depth 0.1640 0.5969

Table S5A.RDA correlation matrix foexplanatory factors.

Carbonate Silicate Dec 2006 Aug 2007 Feb 2008 Diept
Carbonate 1
Silicate -1 1
Dec 2006 -0.0261 0.0261 1
Aug 2007 0.01 -0.01 -0.3845 1
Feb 2008 0.0142 -0.0142 -0.5437 -0.5657 1
Depth 0.0146 -0.0146 0.1313 0.0967 -0.2052 1
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1.1 Synopsis

Coral reef ecosystems, often called “rainforestthefsea”, represent intriguingly diverse
and dynamic environments in both shallow and dexgam realms. They are structurally
highly complex, dynamic and species-rich environtagout still little is known about the
role they play for the “unseen majority” in the aos: microbial communities. This work
includes the first multi-scale study on cold-wateral bacterial diversity. In addition,
some of the fundamental patterns of bacterial dityein both warm-water (WWC) and
cold-water coral (CWC) reefs were investigated dffiesknt ecological scales, with
particular emphasis on the macro- and micro-soatierbgeneity of microbial habitats. By
applying mainly the high-throughput, high-resoluatifingerprinting technique ARISA
(Automated Ribosomal Intergenic Spacer Analysis) arsuite of multivariate statistical
tools, it was possible to screen many samples dodyspatterns without being
constrained by gaps originating in methodologia#fetences. In case of WWC sands,
fingerprinting was further combined with a standardlecular approach, including 16S
rRNA gene sequencing, to taxonomically identify teaial sand associates and to study
their dynamics in relation to ecological factors. the following, the main findings
emerging of this work are summarized and evalua@uillenges and limitations are

addressed, and perspectives for future researaji\ee.

Question 1: Are coral-associated microbial communities distifiiom those in the

surrounding reef water and sediment?

Within the first study (1.2, S8HOTTNER et al. 2009), principle patterns of bacterial
diversity associated with and surrounding the m@oenstructional CWCL. pertusa,
under both natural (reef) and controlled (aquacapditions were characterized. Of
particular interest was the coral- and environnsgeific structuring of bacterial
communities as related to distinct microbial habitsuch as coral branch, coral mucus,

ambient seawater and proximal sediment. Overal otiserved, non-random community
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variations suggested a specific partitioning oftbaal assemblages between different
microbial habitats on and surrounding scleractifiAWC and, furthermore, a potential
control of community dynamics through the prevaglienvironment. In particular, this
study revealed that coral-generated surfaces, sisclskeleton surface (branch) and
mucus, each are colonized by very specific badtessemblages. Bacteria hosted
directly by the coral differed significantly in conunity structure and OTU (operational
taxonomic unit) number from those inhabiting thereunding seawater or proximal
sediment, and also exhibited a much higher interpda variability and therefore a higher
overall diversity. In addition, the comparison @rfl and aquarium samples showed a
clear bacterial community shift related to coraiig conditions. These findings suggest a
marked habitat specificity of bacterial assemblagekich may also be subject to
environmental conditioning.

The second study (I.3) supported the hypothesiswrh specificity of bacterial
assemblages for each of the different microbialtatd) with most conspicuous contrasts
for coral-derived surfaces versus ambient envirartmehis habitat-specific partitioning
of communities at the intra-ecosystem level wasegmein all reefs and dominated over
any other spatial effect. In addition, bacteriancounity structure clearly reflected coral
host identity, but also respective reef affiliatipre. biogeography), which characterized
coral-bacteria associations as host-specsgnsu latoonly. Imprints of within-reef
geomorphologic zoning, on the contrary, were ndécted in coral-associated profiles,
although they were unambiguously marked in seaveatdrsediment communities. At the
inter- and cross-ecosystem level, sharing of bedteignatures manifested mainly in the
ambient environment seawater and sediment, whil@noanity turnover and reef-
specificity were rather promoted by coral-generatadaces.

When comparing WWC and CWC reef ecosystems, mialtdlaibitat differentiation
shows similar patterns in bacterial diversity widlgard to the distinction between mucus,
skeleton surface (branch), tissue, water, and s=dife.g. RHWER et al. 2001, BOourRNE
& MuNN 2005, RrcHie 2006). Also, many bacterial signatures (OTU) amilar in
CWC and WWC ecosystems, resulting in at least 79@6lap in sediments (BIOTTNER
et al unpublished data not included in this thesisyttar, the role of coral mucus as
microbial habitat and food source seems commornviteC@nd WWC (WD et al. 2005,
NAUMANN et al. 2009, WiLD et al 2009, WLD et al. 2010). It has already been shown for

animals how coral reef ecosystems represent amntanti from shallow waters to the
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deep sea, with WWC and deep-sea CWC as the twoenbers and mesophotic reefs
inbetween. The latter may play a critical role onoectivity of coral reef environments
(OLsoN & KELLOGG 2010), and may also be important for interconmoectof their
associated microbial communities.

Overall, these findings support the assumption @C surfaces represent very
specific microbial habitats that select for a dertariety of bacterial colonizers, thereby
increasing microbial diversity in the deep sea. dbwer, they suggest that bacterial niche
differentiation in CWC reef ecosystems is stronigifuenced by the type of microbial
habitat available for colonization, as well as bg taxonomic affiliation of the coral host,
but also indicated that large-scale environmentaidi¢ioning and/or distance effects,
rather than within-reef geomorphology and respecthedium-scale changes in (a)biotic

parameters, may play an important role.

Question 2: Are coral reef habitats hotspots of microbial biatsity?

This thesis includes one of the few pioneering rigfdo characterize the microbial
diversity of CWC reef ecosystems and provides tieestigational framework for
advanced work targeting bacterial diversity wittand beyond a whole CWC reef
ecosystem. Local (intra-reef) to regional (integfjevariations in bacterial diversity
associated with two constructional CWC pertusaandM. oculata,were investigated in
a multi-scale survey spanning five levels of spatral ecological reef organization (11.3).
The main goal was the identification of scales mogiortant for bacterial community
variation in CWC reef ecosystems, in consideratdérthe distinct microbial habitats
offered by thosecorals and their surrounding. This was achievedirestigating
variations in bacterial community structure of falifferent CWC reef ecosystems. A
fundamental separation of bacteria between disticatal-generated and ambient
microbial habitats was found, which appeared pivimadetermining the differentiation
and interconnection of bacterial communities ouérspatial and organizational scales
investigated. It was also revealed that bacter@hrounity variation, albeit locally
consistent with coral species and reef-internal irenmental complexity (i.e.
geomorphologic reef zoning), changed markedly ftooal to regional scaleComparative

investigations ol.. pertusaassociated bacterial signals at all four CWC stetly sites

136



DiscussION

clearly showed that bacterial communities associadey specifically with distinct
microbial habitats available in the reef systemtaCekeleton surface (branch) and mucus
as well as ambient seawater and reef sediment ieathiblear differences in bacterial
community structure and OTU number. On averagealamucus and skeleton surface
each contained about 25% unique OTUs relating thmgeficant differences in bacterial
diversity between coral-associateersusambient microbial habitats to a quarter of the
respective community structure. Although mean OTlhhbers, giving a first indication
for potential bacterial richness, were generall}cmlower in coral-derived surfaces than
in ambient habitats, community structure, agaimpdéd out as much more variable in
bacterial assemblages directly associated witlctinal compared to those present in the
coral environment. Hence, compared to water- andimsnt-associated bacterial
communities, bacteria in CWC reef ecosystems shaavedry high turnover on small
scales within the reef, resulting in a high beteedsity, likely structured by several
factors operating at multiple spatial and reef argational scales.

Overall, this suggests that coral reefs are hogspbmicrobial biodiversity, as they
provide various small-scale habitats for microlmalonization within each colony, each
of them influenced by specific abiotic and biotitveonmental conditions that vary in
space and timea(NswoRTH et al 2009). The presence of different microbial habita
within a given coral colony enhances microbial dsity and function in coral reef
ecosystems. This might be based on spatial separttiough habitat-specific separation
(e.g. certain microbes are specific for mucus, &bihers are found in tissue), or on the
contrary, by habitat-specific interaction (e.g. whecally co-occurring bacteria compete
for resources through antagonistic interactiomrasiously observed in WWC;¥YRIEN et
al. 2010). Discriminative colonization of microbiablbitats, especially between coral-

derived surfaces and ambient environment, incrdasatbut also regional diversity.

Question 3: What factors are responsible for structuring mimiad diversity in coral reef

ecosystems?

The ecosystem engineering capacity of construdticmmaals (with their complex
framework architecture) has been shown to enhamimah diversity at both local

andregional scales (as-GonzaLes et al. 2008, BiHL-MORTENSEN et al. 2010). As
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benthic biological structures, both WWC and CWCrespnt a source of habitat
complexity and heterogeneity, especially in lowsture surroundings. They offer
settlement substrate, shelter, and feeding opptigsrior various sessile and free-living
organisms of different sizes.

Within the multi-level reef study (11.3), analyses the relative importance of some
of the most prominent ecological organization legke. microbial habitat, coral species,
coral color type, reef zone, reef type and locat@s drivers of bacterial diversity, both
within a highly proliferating reef system and beéwneseveral different CWC reefs,
revealed the following: Variations in bacterial aomomity structure were mainly
determined by microbial habitat (mucus, skelet@awgater, sediment) and reef site/type
(offshoreversusinshore; distance), as well as by coral spediepértusa M. oculatg.
This clearly confirmed that bacterial communitiess@ciate specifically with coral-
derivedversusambient habitats, and was even further supporyetthd observation that
patterns of reef zoning could not be detected imleassociated assemblages. This
implies strong differences in community assembly vesl as local environmental
conditioning, both dependently and independentlynefdiation by the coral host. The
finding that bacterial signatures differed sigrafitly between the four investigated reef
sites (Rast, Treenadjupet, Langenuen, Tisler), hewendicated that specificity of coral-
associated communities may also be partly conttdble the environmental conditions
prevailing in each reef system.

An additional investigation ($10TTNER et al. unpublished data not included in this
thesis) was dedicated to directly contrasting badteliversity patterns in (eutrophic)
CWC versus(oligotrophic) WWC reef ecosystems. This work aiimen particular, at
identifying global patterns and relevant scalesafl-microbe associations in coral reef
ecosystems. Findings revealed overall highly sigaift differences in bacterial
community structure, reflecting the fundamentafedénce between both ecosystems and
thereby the importance of large-scale environmegtaiditioning. Bacterial habitat
specificity, however, turned out highly similar @WC and WWC reef ecosystems. In
both the CWC and WWC samples, bacterial assemblagesciated very specifically
with coral-derived surfaces (mucus, brancgrsus ambient environment (water,
sediment) and exhibited the same patterns in contyngtructure and OTU number.
Despite described ecosystem-specific differenceslyaes also clearly showed that

aconsiderable proportion of bacterial signaturesraleassociated: 25-70%, ambient:
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50-85%) was shared between cold- and warm-watés, neich highlights not only the
high adaptation potential of prokaryotes, but gdessible similarities regarding bacterial
niche formation in these distinct ecosystems. Wtiengly suggests the existence of
analogous patterns in bacterial colonization of Cfd WWC-derived surfaces, which
can be mainly attributed to the discriminative cdatation of the different microbial
habitats in each ecosystem.

Structuring of microbial communities within the feecosystem may also be
enhanced due to the substantial structural andigadiyshemical heterogeneity inherent in
reef sediments. This was shown in the third stub#)( where permeable carbonate and
silicate WWC reef sands were compared for theiepidl to promote differences in
bacterial diversity and biomass, including thoseerogeason and space. The results
revealed pronounced sand type-related as well agiosggemporal imprints, and
emphasized the deterministic role of sediment ralogy for the seasonal and vertical
structuring of bacterial communities. FurthermoréGamma, Delta-, Alpha)
Proteobacteriaand Actinobacteriawere identified as prominent members of the overal
highly diverse bacterial communities in both samnd# specific shifts already detectable
at the bacterial class level. These findings chiareed carbonate and silicate reef sands
as distinct microbial habitats for specific, congidy diverse and highly dynamic
bacterial assemblages. The local co-occurrence adh Isand types enhanced the
ecological structuring of bacterial communitieshinta single WWC reef ecosystem.

Overall, these results suggest that intra-reefatian of bacterial diversity in CWC
reef ecosystems is mainly driven by a combinatiériocal community history and
(a)biotic conditioning, while inter-reef and crossesystem divergence depends on rather
large-scale, regional environmental factors andepamation of communities over
distance. In this regard, multi-scale differenbatiand interconnection of bacterial
assemblages in distinct reef ecosystems seem tdafgely determined by the
discriminative colonization of coral-associatedseer ambient habitats, with the former
promoting primarily local and the latter mostly i@tal to global selection of bacterial

assemblages.
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1.2 Perspectives

The studies presented within this thesis portrayacterial communities as intriguingly
diverse, complex and dynamic inhabitants of CWC AANC reef ecosystems. Thereby,
this work provided a baseline for future comprehensnvestigations on microbial
ecology (diversity and function) in complex ecosyss like coral reefs. Only a holistic
approach can help understanding and mitigating lenad arising from increasing
environmental pressures, both human-induced andralatas both WWC and CWC
already show dramatic impacts. In the followingead for further studies on the

microbial ecology of coral reef ecosystems are sanraed.

Evidence for Symbiosis between Microbes and CWC — Polyp Tissue as Microbial
Habitat. As indicated by previous studies on CWC and WWGgrafiial communities
also colonize healthy coral tissue (e.giAs-LorPez et al. 2002, BoURNE & MunN 2005,
KLaus et al. 2005, NEULINGER et al 2009).In this thesis, signatures of the “fifth” coral-
associated microbial habitat (polyp tissue) coutd he studied in parallel to other
habitats, due to methodological constraints (PCRldication), which may be partly
caused by a low concentration of bacterial cellshigse tissues. Protocol optimization
was hindered by the overall low amount of sampléene. However, preliminary results
show that polyp tissue is characterized by spebd#icterial signatures that are distinct to
those associated with skeleton surface scrapingsusnor the ambient environment
(water, sediment). Although branch samples likddp aontain tissue (coenosarc), which
may explain observed similarities in community stwe and OTU number, the overall
polyp tissue signature is significantly differembrh the branch signature, suggesting
differences between bacteria growing outside otesie (incl. coenosarc) and within the
polyp tissue. This could be due to the circumstaheaé both represent different types of
interfaces, but also be related to host physiolégy. future analyses it is recommended
that polyp tissue is further investigated, as iyyroantribute to habitat heterogeneity and,

generally, to the within-colony structuring of comnities on corals.

Additional Microbial Habitats in Coral Reef Ecosystems. Previous tests on sampling at
different coral branch locations (sterarsuspolyp calice) revealed no significant effect

on OTU diversity and structure, building the bdeisthe chosen approach: Samples from
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different polyps on one coral colony were combinddwever, this is also why direct
inferences about the specific extent of within-oglovariation were not possible.
Nevertheless, within-colony variability may be innfamt according to the findings by
Hansson et al. (2009) on CWC. It seems very likely, that commurpgtterns in CWC
may greatly differ between polyps, as their tissasnot connected inside the skeleton
(Beuck 2008, RoBERTs et al 2009 and references therein). CWC polyps haweadir
shown to differ greatly in age and thereby in gtowhpacity and metabolic activity
(BrookE et al. 2009, MuIER et al. 2009).

Furthermore, samples of dead coral framework shbaldthcluded in future studies
as it constitutes an important, most often domirfeadtion of the overall reef structure.
For CWC-associated fauna, the diverse habitatsigedvby dead coral skeletons are the
ones facilitating faunal diversity (MRTENSEN & FossA 2006 and references therein).
Further, significant differences have also beenndouvhen comparing bacterial
communities of dead.. pertusafragments with living specimens RGrkKURTH 2007,
Yakimov et al 2006). However, sampling was not conducted althreg taphonomic
gradient within the whole framework of a colony.€efé are already indications that
microbes, together with boring organisms, represeatmain colonizers of dead coral
skeleton and are responsible for early post-moneatesses @eiwALD et al 1997,
Beuck 2008).

At another level of spatial analysis, a global stigation of coral reef-associated
microbial communities is still needed. In this tkesall CWC samples were obtained
from reefs in the NE Atlantic. In the future, exparg study sites to reefs from the other
side of the Atlantic Ocean, as well as other oce@novinces and regions, might yield
new insights into local to regional patterns, u@tglobal scale. In addition, investigation
of further coral species, including soft and laagats, as well as other microbial
components such as archaea, fungi, protists, andes seems importantREwALD et al.
1997, KeLLoGG 2004, PoseNBERGet al. 2007, WEGLEY et al. 2007, QsSoN & KELLOGG
2008, ANWORTH et al. 2009).

High-Resolution Studies of Microbial Diversity Associated with Coral Reefs. The
fingerprinting method ARISA provides a very faststeffective and high-throughput
solution for bacterial community screening of maamples. In comparison to other

fingerprinting techniques (e.g. Terminal Restrioti6ragment Length Polymorphism;
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DaNovARO et al 2006), ARISA offers more resolution to detect mdi@s in marine
bacterial communities, as well as intra-genomicetugeneities within closely related
gene clusters @wN & FUHRMAN 2005). Fingerprinting techniques may, howeveryonl
account for variations of the most abundant baaltergnatures, while many rare species
are overlooked. Although probably not responsiblethe main ecosystem functions at
the point of sampling, rare types also represergomant community members that
should not be missed out in a “microbial mappindfort. It would therefore be
recommendable to combine molecular fingerprintifigres with further methods, such as
massive parallel tag sequencing, metagenomics trandcriptomics, as well as single-
cell techniques like secondary ion mass spectrgmradtmano-scale (‘NanoSIMS’) and
high-resolution microscopy, in order to achieve @tirphase approach that allows for an
effective, holistic characterization of microbiaykplayers in coral reef ecosystems.

In coherence with a future multi-phase approacipitld also be desirable to relate
fingerprinting diversity data (e.g. OTU numbers)niccrobial cell numbers and biomass.
It is expected that coral surfaces harbor less th@nambient environment, thereby
(indirectly) reflecting obtained OTU number resuksr example, preliminary cell counts
of mucus-associated microbes revealed that manteli@onvere associated with this
seemingly attractive food source, even though these not as concentrated as expected
(less than in water). In addition, bacterial biom&suld be used for including reef-

associated microbial communities in ecosystem niogléALLISON & M ARTINY 2008).

Functional Potential of Ccoral-Associated Microbes. As bacterial communities are, to
some extent, directly driven by environmental festat would be very useful to link

community data directly to measured environmentaiameters (such as nutrient and
oxygen concentration, temperature, or pH). If nebtemporary environmental factors,
then historical factors such as dispersal limitatroay be responsible for variation of
communities over larger spatial scales. It is gdig explored howhe extent of microbial

habitat variability (and resulting coral microbedology) is ultimately manifested in the
physiology and performance of the coral reefingorTH et al 2009). In other

ecosystems, small-scale variability significantimpacts both the host organism’s
physiology and ecosystem function. For examplefilbie and microbial associations of
plant surfaces are strongly adapted to and infleénioy small-scale environmental

variability (RamEY et al 2004, HbDGE et al 2006). To assess the functional role of the
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association between microbes and corals, it wosldhiportant to study the impacts of
environmental variations on ecosystem function direect and indirect effects on the
microbial communities. Gaining insight into the étional potential of coral-associated
bacteria may reveal the prevailing trophic intetetiness in the reef ecosystem, both

among the microbes themselves and between micesizksorals.
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Abstract

Cold-water coral reefs are known to locally enhafazeal and possibly also microbial
biodiversity on continental margins and in the deepan. Sponges are the most diverse
faunal group on cold-water coral reefs and manyngpe host huge amounts of
associated microbes. Bacterial communities of ihge species from 3 cold-water coral
reefs off Norway, covering a broad range of spotag®nomy, were investigated using
the high-resolution molecular technique ARISA. Ewa of this study was to investigate
the contribution of sponges to microbial diversiy the reefs; to identify factors that
structure microbial diversity in sponges; to expldhe correlation between sponge
phylogenetic distance and microbial community dmslksirity and, finally, to conclude
whether these findings give arguments for sponggahbe co-evolution. ARISA analyses
showed that sponges on cold-water coral reefs $sties-specific yet highly diverse
bacterial communities which are different from thosf the surrounding sediments.
Family, species and ecological concept (high mi@lobbundance vs low microbial
abundance sponges) are the main factors structbantgrial communities in sponges,
while spatial/depth effects are less important.riggegohylogeny and bacterial community
are directly correlated within the sponge familyde but not on a higher taxonomic
level. It can be concluded that the different smosgecies on cold-water coral reefs
represent many specialized microbial habitats is #tosystem, and therefore increase
the microbial diversity on the reef system. Whifmisge phylogeny is the main factor
structuring bacterial communities on lower spongeohomic levels, ecological and
morphological features, namely growth form, tisgeatilation and amount of associated
microbes, become more important on higher taxondemls. Linear correlation between
bacterial community dissimilarity and sponge phglogtic distance within the family of
the Geodiidaestrongly indicates sponge-microbe co-evolutiorhimitthis ancient sponge
family. The weak spatial (i.e. depth) effect on teaal community structure further
supports the idea of sponge-microbe co-evolutidgres€ results indicate that sponges on
cold-water coral reefs shape niches for specificrofiial communities, which are stable
over geographic distances and even during evolatjotimes. By this, sponges may

interconnect microbial ecosystems of the deeprséiene and space.
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Abstract

Aerobic and anaerobic microbial key processes wegrantified and compared to
microbial numbers and morphological structure indierranean sponges. Direct counts
on histological sections stained with DAPI showedttsponges with high microbial
abundances (HMA sponges) have a denser morphologiozcture with a reduced
aquiferous system compared to low microbial abuodafhMA) sponges. IDysidea
avara the LMA sponge, rates of nitrification and deifitation were higher than in the
HMA spongeChondrosia reniformiswhile anaerobic ammonium oxidation and sulfate
reduction were below detection in both speciess Bhudy shows that LMA sponges may
host physiologically similar microbes with compdealor even higher metabolic rates
than HMA sponges, and that anaerobic processes asuatenitrification can be found
both in HMA and LMA sponges. A higher concentratioh microorganisms in the
mesohyl of HMA compared to LMA sponges may indicatstronger retention of and,

hence, a possible benefit from associated microbes.
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Abstract

The degradation state of sedimentary organic matéer investigated at two cold-water
coral reefs, Rgst Reef and Traenadjupet Reef, ohNtihhwegian margin and at two cold-
water coral mounds, Beta and Gamma Mound, from @ok Mound Province in the
Gulf of Cadiz. A set of indicators based on diffareomponents of the bulk organic
matter pool suggested highly degraded materialutiitout depth at the mound sites.
These indicators included the chlorin index basedclolorophyll degradation products
and the amino acid-based Degradation Index develbpéauwe & MIDDELBURG (1998,
Amino acids and hexosamines as indicators of ocganatter degradation state in North
Sea sedimentd.imnol Oceanogr43: 782—-798). Concentrations of total hydrolysable
amino acids (THAA) at the reef sites were twicehagh as at the mound sites but low
compared to other ocean margin sites. The relatbregribution of amino acids to total
organic carbon (%JC) in surface sediments ranged from 5-7% at theviigian reefs to
3-5% at the mound sites, and the amino acid cartiwibb to total nitrogen (%EN) was
17-25% at the reef and ~11% at the mound sedim@fesattributed the low percentages
of %T,L and %TJN to extensive pre-depositional degradation ofdhganic matter. In
conjunction, the coral-bearing sediments were ataraed by extremely low mole-%
contributions of aspartic acid (<4%) and glutamiada(<8%) and elevated fractions of
the non-protein degradation produdtsalanine andy-amino butyric acid. At the
Norwegian cold-water coral reefs, the relative cosifon of the remaining THAA pool
remained largely unchanged with sediment depthjewttie cold-water coral mounds
exhibited distinct compositional changes with deptHdicating selective amino acid
degradation and/or uptake. The contribution of ananid nitrogen from living bacteria
to the sedimentary THAA nitrogen yield for Beta Mlrevealed that <3.5% of the total

amino acid nitrogen pool can be explained by thed bacterial community.
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Abstract

Particulate (POM) and dissolved organic matter (DQ&leased by the cold water corals
Lophelia pertusa(L.) and Madrepora oculata(L.) was collected, analysed and
guantitatively compared to that released by warnemweeef-building corals. Particulate
nitrogen (PN) and particulate organic carbon (P@®ase rates df. pertusawere 0.14

+ 0.07 mg N m-2 h-1 and 1.43 £ 1.22 mg C m-2 hedpectively, which is in the lower
range of POM release rates measured for warm veates, while dissolved organic
carbon (DOC) release was 47 + 19 mg G m’. The resulting high DOC:POC ratio
indicates that most cold water coral-derived orgamatter immediately dissolved in the
water column. Cold water corals, similar to thearm water counterparts, produced large
amounts of nitrogen-rich coral mucus with C:N rataf 5 to 7 forLophelia and 7 to 9
for Madreporaderived mucus. A 7-fold increase in the oxygenstonption rates in cold
water coral mucus-amended seawater containing Hteral microbial assemblage
indicates that this organic matter provided araative food source for pelagic microbes.
In situ investigations at Rgst Reef, Norway, showed thatrobial activity in the
seawater closest to the reef was 10 times higlaer iththe overlying water column. This
suggests that cold water corals can stimulate foiaf@ctivity in the direct reef vicinity
by the release of easily degradable and nutrieht-organic matter, which may thereby
function as a vector for carbon and nutrient cyghma the microbial loop in cold water

coral reef systems.
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Abstract

Cold-water corals release organic matter, in paldicmucus, but its role in the ecological
functioning of reef ecosystems is still poorly ureleod. The present study investigates
the planktonic microbial degradation of mucus reéehbylLophelia pertusacolonies
from Tisler Reef, Skagerrak. Results are compaoetheé degradation of dissolved and
particulate organic substrates, including the daybdeoates glucose and starch, as well as
gum xanthan and the cyanobacteripirulina spp. as the model organism for
phytoplankton. Resulting microbial organic C degttazh rates for the dissolved fraction
of L. pertusaderived mucus showed nearly linear progressiorr tmee and revealed
similar degradation rates compared to glucose tardhs Degradation of the particulate
mucus fraction, in contrast, displayed exponerralgression and was much faster than
degradation of the dissolved fraction. In additiparticulate mucus degradation showed a
4-fold increase compared to that of the addiurulina spp. suspension. Mucus-
associated microbial communities apparently pl&gyarole in organic matter recycling,
as degradation rates more than doubled in untrezietpared to sterile coral-derived
mucus over 3 d of incubation. Quantification of €nsumption in the water column
above Tisler Reef showed significantly increaseldesin the direct vicinity of the reef.
C-stable isotope signatures of suspended partecwlaganic matter close to Tisler were
close to those ok. pertusaderived mucus, and high dissolved organic carioQ)
concentrations were detected above Tisler Reef.s&hindings demonstrate the
stimulating effect of cold-water coral reefs on rolmal activity in the adjacent water

column and may indicate some control over organaycing.
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Abstract

Die weitgehend unbekannten mikrobiellen Gemeindgehaim Meeresboden kénnen
durch den Vergleich von molekularen Fingerabdrudkeihrer Wechselwirkung mit der
Umwelt und dem globalen Wandel untersucht werden.

Molecular fingerprinting tools allow an assessmeinénvironmental controls of marine

microbial community structure, including those tethto global change.
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V.1 Expeditions and Fieldwork

Tisler cold-water coral reef, Skagerrak (2008)CROSYSTEMS research day cruise
(“RV Lophelia”) and fieldwork, May 18-28, Sven Lav€entre for Marine Sciences,

Tjarnd, Sweden

Agaba warm-water coral reef, Gulf of Aqaba, Red &#8) CORE fieldwork, Feb 7—

26, Marine Science Station, Agaba, Jordan

Ragst and Treenadjupet cold-water coral reefs, Naamegontinental margin (2007)
HERMES research cruise ARKXXIl/la (“RV PolarsternNay 29-June 22, Alfred

Wegener Institute for Polar and Marine ResearclterBerhaven, Germany

Langenuen cold-water coral reefs, West-Norway (20R6search cruise (“RV G.O.

Sars”), Dec 3—-12, University of Bergen, Bergen, Norway

Langenuen cold-water coral reefs, West-Norway (2@0#&search day cruise (“RV Hans

Brattstram”) and fieldwork, Oct 2—23, University Bérgen, Bergen, Norway

V.2 Poster and Oral Presentations

SCHOTTNER S, WILD C, HorFrMmANN F, BoeTius A, RaMETTE A (2010) Bacterial habitat

differentiation and interconnectivity — Fundamentaights from cold-water coral reef
ecosystems. Oral presentatialBth International Symposium on Microbial Ecology,
August 22-27, 2010, Seattle, USA

SCHOTTNER S, RrITZNER B, WiLb C, RamMeTTE A (2010) Drivers of bacterial diversity in
permeable carbonate and silicate reef sands. Ppsésentation.13" International
Symposium on Microbial Ecology, August 22—-27, 2&Battle, USA
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HorFFMANN F, SHOTTNER S (2010) Cold-water coral reefs — Hotspots for robal
diversity in the deep sea. Oral presentatidre Arctic Conference Days, May 31-June 4,
Tromsg, Norway

ScHOTTNER S, WiLD C (2010) Microbial activity and diversity in carbate and silicate
reef sands from the Northern Red Sea. Oral presemt8 OSAND Workshop, April 24—
May 8, Pianosa/Elba, Italy

SCHOTTNER S, WiLD C (2009) The interdisciplinary “Tjarnd mucus vamu— exploring
the ecological role of cold-water coral-derived anmig matter. Oral presentatioGORE
Mini-Symposium, May 4, Munich, Germany

PrITZNER B, SCHOTTNER S, RAMETTE A, BoETIUSA, WiLD C (2008) Carbonate and silicate
reef sands from the northern Red Sea provide diftemicro-habitats for specific
microbial communities. Poster presentati(lr:l‘.h International Coral Reef Symposium,
July =11, Fort Lauderdale, USA

SCHOTTNER S, WILD C, RaMETTE A, HOFFMANN F, BoETIus A (2008) Microbial diversity
and activity associated with cold-water coral estays. Oral presemtatioreGU

General Assembly, April 13-18, Vienna, Austria

SCHOTTNER S, WILb C, Ramette A, HorrmaNN F, BoeTius A (2008) Habitat
differentiation by the cold-water corbphelia pertusaScleractinia) governs bacterial

diversity. Poster presentatidbBGU General Assembly, April 13—-18, Vienna, Austria

SCHOTTNER S, RAWMETTE A, HOFFMANN F, WiLD C, BoeTtius A (2008) Microbial habitat
selection in cold-water coral reef ecosystems. d?gstesentation (awardedh)lIERMES

Annual Meeting, March 31-April 04, Carvoeiro, Payal

SCHOTTNER S, HoFFmaNN F, WiLD C, Boetius A, RameTrte A (2008) Habitat
differentitation by the cold-water corbabphelia pertusagjoverns bacterial diversity. Oral

presentationCORE Mini-Symposium, May 2, Munich, Germany
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SCHOTTNER S, RWWETTE A, HorrFMANN F, WiLb C, Boetius A (2007) Diversity and
Specificity of bacterial communities associatedhwite cold-water scleractinidrophelia
pertusa Poster presentatiod® ESF EuroDIVERSITY Conference, October 3-5, Paris,
France

SCHOTTNER S, WILD C, HoFFMANN F, BoeTius A, RAMETTE A (2007) Microbial diversity
and dynamics in cold-water coral reef habitats. | Queesentation. CORE Mini-

Symposium, May 2, Munich, Germany

V.3 Courses and Workshops

Summer Course on Microbial Oceanography: Genomes8idones (2008)Agouron

Institute & University of Hawai’i, June 2—July 1dpnolulu, Hawai'i, USA

European-American TRACES Workshop (20068 RMES Annual Meeting, March 29—
30, Carvoeiro, Portugal
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