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Abstract



Marine sponges (phylurRorifera) are the oldest extant metazoan animals on earth
today and they host large populations of symbiwticrobes: Bacterig Archaeaand
unicellular Eukaryota Those microbes play various ecological functiafsch are
essential to the health of the host. Their fundimtlude carbon, nitrogen and sulfur
cycling as well as defence of the host throughpiteeluction of bioactive secondary
metabolites which protect against infection anddptien. The diversity of sponge-
associated microbes is remarkable with thousan@Tafs reported from individual
sponge species. Amongst those populations are spgpegific microbes which may

be specific to sponges or specific to sponge specie

Sponges are a source of a vast array of chemid#élesnwith many bioactive

properties of interest to industry and pharmacaldile marine natural product
discovery concerns many animal phyRarifera account for the largest proportion
of novel compounds. Evidence suggests that marthesfe compounds of interest

are the products of symbiotic microbes.

Descriptions of sponge-associated microbial comtygwstructures has been greatly
advanced by the development of next-generationesexg technologies while the
discovery and exploitation of sponge derived bialysts and bioactive compounds
has increased due to developments in sequence-basdd function-based

metagenomics.

Here we use pyrosequencing to describe the bdctemamunities associated with
two shallow, temperate water sponges nanfefspailia ramosaand Stelligera
stuposa from Irish coastal waters and to describe the dyadt and archaeal
communities from three individuals of a single sp®rspecieslijflatella pelliculd
from two different depths in cold, deep watersha Atlantic Ocean in Irish waters,
including at a depth of 2900 m, a depth far gredten that of any previous
sequence-based sponge-microbe investigation. Watifided diverse microbial
communities in all sponges and the presence ofggspecific taxa recruiting to
previously described sponge-specific clusters alsod & novel sponge-specific
clusters. We also identified archaeal communitiégciv dominated sponge-microbe
communities. We demonstrate that sponge-assocmiabial communities differ

from ambient seawater communities indicating hektaion processes.



We used sequence-based metagenomic techniquertfyidgenes of potential
industrial and pharmacological interest in the metomes of various sponge
species and function-based metagenomic screeniaig attempt to identify lipolytic
and antibacterial activities from metagenomic ckfrem the metagenome of the

marine spongé&telletta normani

In addition we have cultured many diverse bactesdcies from sponge tissues,
many of which display antimicrobial activities agsti clinically relevant bacterial
and yeast test strains. Other isolates represes species in the genhdaribacter
and require emendments to the description of teatig,.



Chapter 1

Literature Review



1.1 Marine sponges

Marine sponges (phylurRorifera) are the oldest extant metazoan animals (Figure
1.1) with the oldest fossils dating back to ~630liaon years (Maloofet al, 2010).
Sponges are globally distributed (Figure 1.2) anel important members of all
benthic communities. Sponges have been reportebetanore abundant (area
coverage/biomass/volume) than other benthic organ®leesterst al, 1991) with
increased relative abundances with increasing deptth also sponge species
diversity often outnumbering all other benthic spsccombined (Meesterst al,
1991, Diaz & Rutzler, 2001). Sponges play vitakesln marine nutrient cycling as
important sources of dissolved inorganic nitrog@iN(), mediated by nitrifying
endosymbiotic microbes resulting in high concerdret (40 puM) of nitrate near the
ocean floor (Diaz & Ward, 1997). Sponges are afspartant sinks and sources of
particulate organic carbon (POC), dissolved orgam@don (DOC) and dissolved
organic nitrogen (DON) (Diaz & Ward, 1997).

Figure 1.1 Phylogeny of metazoa, adapted from Degeiaal., 2005.

The World Porifera Database (van Soestl, 2012) currently lists > 8,370 valid
sponge species, which are distributed amongst @@rg in four distinct classes;
Calcareg Hexactinellida Demospongiae and the recently recognised
Homoscleromorphd&Gazaveet al, 2010).Demospongiaés by far the largest class,
comprising ~83% of valid species (van Sostsal, 2012b). Almost all sponges are
found in seawater, however, one suborder émospongiae(Spongillingd

comprising ~250 species are freshwater spongesJwaskt al, 2012b).



Figure 1.2 Global distribution of marine sponges (van Se¢stl., 2012b).

1.1.1 Sponge anatomy and physiology
1.1.1.1 Sponge skeletons

Porifera exhibit a wide range of morphologies, from endngstthrough branching
to barrel types. Sponge skeletal systems are ceatpiof spicules which may be
calcareous, composed of calcium carbonate (GgG&iiceous, composed of silicon

dioxide (SiQ) or spongin — a collagenous protein (Figure 1.3).

(ay ol

Figure 1.3 Sponge skeletal components (a) calcareous spidiiesiliceous
spicules, (c) spongin
(http://www.okc.cc.ok.us/biologylabs/documents/Renaf Cnidaria/Porifera.hijm




The clasCalcareahave calcareous spiculé$exactinellidahave siliceous spicules,
Demospongiaand Homoscleromorphacan be spiculate, with a combination of

siliceous spicules and spongin, or aspiculate wbattain spongin skeletons.
1.1.1.2 Sponge cell types

The sponge body is composed of very few differéstiacell types. The sponge
epidermis (pinacoderm) is composed of pinacocylls agerspersed with porocyte
cells, which form a porous aquiferous system thhowg the sponge body.
Choanocyte cells line choanosome ‘chambers’, wtiezse flagellated cells, through
a whipping action, create a water current whiclwdrom outside the sponge body,
through ostia — pores in the pinacoderm, throughsiionge aquiferous system and
is expelled through the osculum (Figure 1.4). Cloogtes also produce
spermatocytes for sexual reproduction. The spoogg s composed of a mesohyl —
collagenous material through which archaeociytesel. These totipotent cells play a
role in phagocytosis of food and can also diffeegat into oocytes for sexual
reproduction or gemmules for asexual reproductiBmacocyte cells are also
capable of digesting food particles while sclerecyiells produce and excrete

spicules.

Figure 1.4: Anatomy of a marine spongpt{p://universe-review.ca/R10-33-

anatomy.htm#sponges




1.1.1.3 Sponge physiology

Sponges can reproduce either sexually or asexu#diyual reproduction is achieved
through the differentiation of archaeocyte cell®tzytes which are released into the
water column. When the eggs enter the aquiferonalsaf a sponge of the same
species they are transported to the choanosomeewthey are engulfed by
choanocytes, fertilization occurs, the eggs devealog the larva is released to the
water column where the motile organism searches feuitable settlement site. In
asexual reproduction gemmules, aggregates of avchiees and spicules are
detached by the water current and settle in a darstate until a suitable attachment
site and favourable growth conditions are foundrnRant gemmules are known to

be able to survive stresses such as extreme ctddloof oxygen (Bergquist, 1998).

Sponges do not have distinct systems or organh; tivet aquiferous system serving
the role which is analogous to the circulatoryediive and excretory systems found
in higher metazoans. Most adult sponges are sdgwlefeeding animals that filter
bacteria, micro-eukaryotes and particulate mattanfambient seawater which they
pump through the canal systems in their bodies.gémyis delivered to cells by
diffusion, food is engulfed and digested by phagosig in the mesohyl and
metabolic waste is removed in the constant waterent throughout the body.
Sponges can pump remarkable volumes of seawatarghtheir bodies with reports
of 24,000 L kg day* in some sponge species (Tay&dral, 2007). Some sponges
(~120 species) do not possess the aquiferous sgams and thus are not filter
feeders. Instead they are carnivorous, capturieg pn ‘hooks’ on the outer surface
of the body where specialised cells migrate tocygured prey and phagocytize and
digest the food prey. Carnivorous sponges haveate dnly been found in the deep
sea (van Soest al, 2012).

Sponges do not possess adaptive immunity thoughatanimmunity featuring an
interferon-like 2’-5’ adenylate-synthetase systean,variable immunoglobin-like
system and LPS activated kinase cascades areeskngr(Mdiller & Mduller, 2003)
and compounds with anti-microbial and anti-inflantomg properties have been
extracted from sponge tissues. The primary prodotesponge-derived secondary

metabolites is however still quite unclear thougthwnany of these sponge derived



compounds strongly resembling compounds that amdumed by microbes
(Hentschekt al, 2012).

1.2 Sponge associated microorganisms

Marine spongesRorifera) are host to microbes from all domains of liEeykarya
(Bakeret al, 2008; Cerranet al, 2004),Archaea(Margotet al, 2002; Websteet
al., 2004) andBacteria(Taylor et al, 2007). Viruses and bacteriophages have also
been detected in sponge tissues (Lohr et al., 2d@&;ingtonet al, 2012). These
close and consistent associations are thought ttased on various symbiotic
relationships including commensalist and mutugtilkinson, 1983) as well as
parasitic (Bavestrell@t al, 2007). Microbes are also a significant food seufor
marine sponges (Reiswig, 1975) which, as sessiiemas, must derive their
nutrition by active filter-feeding from ambient sester. This water filtering activity
results in a remarkable enrichment of microbespange tissues where 200"
bacteria per gram wet weight have been recordeedtal, 2009). This is orders of
magnitude more than in the surrounding watef (@D"). Much research interest has
focused on the bacterial associates of marine gsosce the early work of Clive
Wilkinson (Wilkinson, 1978) and Jean Vacelet (Vatet Donadey, 1977) in the
1970s showed that bacteria comprise a significeoggation of sponge tissues.

1.2.1 Sponge associated bacteria
1.2.1.1 Culture dependent analyses

Bacterial associates of sponges have been invesiigdhrough both culture-
dependent and culture-independent methods. Culalation from sponges is, like
all other source environments, hampered by ‘thetgptate anomaly’ where less
than 1% of taxa observed through other methodsge haoved amenable to

laboratory culture through traditional or innovatimeans (Hentschet al, 2012).

Researchers have used a wide range of culture temmgli(media/ incubation
temperatures) in attempts to access as wide ayafibacterial diversity as possible
(Kanagasabhapattst al, 1996; Kennedt al, 2008; Flemeet al, 2011; Gopiet
al., 2012; Hentschekt al, 2001; Leeet al, 2009; Margasseret al, 2012,



Muscholl-Silberhornet al, 2008). Others have targeted the isolation ofiqdar
taxa of interest (Abdelmohsexn al,, 2010; Hoffmanret al, 2010; Jianget al, 2007;
O’Halloranet al, 2011; Phelaet al, 2012; Radwaset al, 2010; Santost al., 2010;
Schneemanet al, 2010; Suret al, 2010; Zhanget al, 2006; Zhanget al, 2008;
Zhu et al, 2008; Websteet al., 2001; Xiet al, 2012). In addition a number of
innovative culture isolation methods have been egyed including- in the spirit of
Winogradsky, manipulation of bacterial communitieirough antibiotic
administration prior to isolation (Richardsenal, 2012), or imaginative approaches
of liquid culturing and floating-filter culturing ethodologies have been used
(Sipkemaet al, 2011)

Despite these efforts the same bacterial phylaatedéy appear following culture
isolations, with members of only seven bacteriallat{Proteobacteria Firmicutes
Actinobacteria  Planctomycetes Verrucomicrobia  Cyanobacteria and
Bacteroidetels (Taylor et al, 2007) to date being isolated in culture from repo
tissues; despite the observation that >30 phylaaodidate phyla can be found in
close association with sponges through moleculahods (Hentschett al, 2012).
Notwithstanding this, diverse novel bacterial taxa regularly isolated from sponge

species worldwide (Table 1.1).
1.2.1.2 Culture independent analyses
1.2.1.2.1 Microscopy

The presence of bacteria in the mesohyl of spongesfirst confirmed by Lévi and
Porte in the early 1960s (Wilkinson, 1978) using eédectron microscope (EM).
Subsequently, EM studies reported various cell dyjpecludingCyanobacteriain
sponge tissues (Vacelet, 1971) and later still eldmecterial cell populations in
sponge mesohyl tissues (Vacelet and Donadey, 19€@r@ estimated to comprise
30% of the sponge biomass. Magniab al used scanning electron microscopy
(SEM) to report, in 1999, the presence of unicalutyanobacteria and non-
photosynthetic filamentous cyanobacteria in thesutks of Theonella swinhoei
(Magninoet al, 1999)



Genus/species
Desulfoluna spongiiphila
Kangiella spongicola
Fulvitalea axinellae
Spongiibacter marinus
Spongiispira norvegica
Rubritalea squalenifaciens
Planococcus plakortidis
Streptomyces tateyamensis
Winogradskyella poriferorum
Fabibacter halotolerans
Roseivirga spongicola
Stenothermobacter spongiae
Gillisia myxillae
Shewanella irciniae

Thalassococcus halodurans

Marinobacter xestospongiae

Leptobacterium flavescens

Salegentibacter agarivorans

Endozoicomonas numazuensis
Tsukamurella spongiae
Pseudovibrio axinellae

Mycobacterium poriferae

Saccharopolyspora cebuensis

Streptomyces axinellae

Pseudomonas pachastrellae
Lysobacter spongiicola
Rubritalea marina
Marinoscillum pacificum

Vibrio caribbeanicus

Shewanella spongiae
Spongiibacterium flavum
Rubritalea spongiae
Aquimarina spongiae

Formosa spongicola

Phylum
Proteobacteria)(
Proteobacteria)(
Bacteroidetes
Proteobacterig (
Proteobacterig (
Verrucomicrobia
Firmicutes

Actinobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes

Bacteroidetes
Bacteroidetes
Proteobacterig) (

Proteobacterip (

Proteobacteria ()
Bacteroidetes

Bacteroidetes

Proteobacteria ()

Actinobacteria
Proteobacterig (
Actinobacteria

Actinobacteria

Actinobacteria

Proteobacterna (
Proteobacterig (
Verrucomicrobia

Bacteroidetes
Proteobacteria ()

Proteobacterif (

Bacteroidetes

Verrucomicrobia
Bacteroidetes

Bacteroidetes

Host
Aplysina aerophoba
Chondrilla nucula
Axinella verraao
Haliclonasp.
Isops phlegraei
Halicdoa okadai
Plaktoris simple
Haliclonasp.
Lissodwyr isodictyalis
Tedania ignis
Tedania ignis
Lissodendsndictyalis
Myxilla incrustans
Ircinia dendroides
Halichondria

panicea

Xestospongia testudinaria

Clathriyea

Arteraisin

Haliclona
?
Axinella dissimilis

Halichondria bowerbanki

Halialep

Axinella polgies

Pachastrella sp.,
Pachastrellasp.
Axinella polypes
?

Scleritoderma cyanea

?
Halichondrshoro
?
Halichondria oshoro

Hymeniaciden flavia

Reference
Ahn et al, 2009
Ahnetal, 2010
Haberet al, 2012
Graebeet al, 2008
Kaesleret al, 2008
Kasaiet al, 2007
Kauret al, 2012
Khanet al, 2010
Lauet al, 2005
Lauet al, 2006
Lauet al, 2006
Lauet al, 2006b
Leeet al, 2006
Leeet al, 2006b

Lee et al., 2007

Leeet al, 2012

Mitra et al, 2009
Nedashkovskayat al.,
2006

Nishijimaet al, 2011

Olsonet al, 2007
O’Halloranet al, 2012
Padgitt & Moshier, 1987
Pimentel-Elardeet al,
2008

Pimentel-Elardeet al.,
2009

Romanenket al, 2005
Romanenket al, 2008
Scheuermeyest al, 2006
Secet al, 2009

Hoffmannet al,, 2012

Yanget al, 2006
Yoon & Oh, 2012
Yoonet al, 2007
Yoonet al, 2010
Yoon and Oh., 2010

Table 1.1 Novel bacteria isolated from marine sponges

The development of fluorescenae situ hybridisation (FISH) allowed subsequent
investigators to identify particular bacterial taad their spatial distribution within
sponge tissues by designing probes to target platicl6S rRNA genes. This
allowed for the identification o€yanobacterigRidley et al, 2005; Pfannkucheet



al.,, 2010) Actinobacteria - and -Proteobacteria Bacteroidetes and
Planctomycete$Websteret al, 2001) in sponges and also demonstrated thecakrti

transmission of eubacteria and archaea in spongaeSharget al, 2007).
1.2.1.2.2 16S rRNA clone libraries

The development of the polymerase chain reactiddR)Palong with molecular
cloning techniques allowed, for the first time; yetetailed descriptions of the
species’ composition of unculturable sponge-assetidacterial communities as
well as explorations of other aspects of spongeaahial ecology to be undertaken.
The bacterial community structures in many sporgese to date been elucidated
(Websteret al, 2004; Erwiret al, 2011; Casslesgt al, 2008; Kennedgt al 2008b;
Zhu et al, 2008; Hardoimet al, 2009; Sipkemaet al, 2009; Wanget al, 2009;
Radwanet al, 2010; Bricket al, 2012). In addition both inter- and intra- speng
species microbial community comparisons have bemfopned (Hentschett al,
2002; Leeet al, 2009; Montalveet al, 2011). The structures of communities within
taxa of particular interest, have been examinellidicg: Actinobacteria(Sunet al,
2010) Chloroflexi (Schmittet al, 2011) andCyanobacteria(Webb & Maas, 2002;
Usher et al, 2004; Ridleyet al, 2005; Steindleret al, 2005). Differences in
community profiles between inner and outer spomggés have also been explored
(Thiel et al, 2007; Sipkema & Blanch, 2010; Gergeal, 2011). Cloning of 16S
rRNA genes has led to the discovery of a novel cktd bacterial phylum,
Poribacteria(Fiesleret al, 2004), which is common to many sponge speciaf €t

al., 2009) but almost exclusively known from sponges.

These investigations have spanned a large rangpasfge species from all of the
worlds’ oceans (Table 1.2). The sequencing of I®SA clone libraries led to the
identification of 16 bacterial phyla or candidatehyla (Acidobacteria
Actinobacteria Bacteroidetes Chloroflexi Cyanobacteria Deinococcus-Thermus
Firmicutes Gemmatimonadetgs Lentisphaerag Nitrospira, Planctomycetes
Poribacteria, Proteobacteria[ -, -, - and -], Spirochaetes TM6 and
Verrucomicrobid which have been found in close association withnges (Taylor
et al, 2007). Subsequently, sequencing of sponge-deiM&GE bands (Hardoiret
al., 2009) added the phykquificag DeferribacteresDictyoglomiand the candidate
phylum TM7 to the list of taxa found in associatieith sponges.



Sponge species
Agelas oroides
Amphimedon sp.

Ancorina alata
Aplysina aerophoba
Aplysina archeri

Aplysina fistularis
Aplysina fulva
Aplysina insularis

Aplysina lacunose
Axinella polypoides

Callyspongiasp

Callyspongia vaginalis
Candidaspongia
flabellata
Carteriospongia
foliascens

Chondrilla
australiensis
Chondrilla nucula
Chondrillasp
Chondrillasp.

Chondrosia reniformis
Cinachyra sp.
Clathria pennata
Craniella
austrialiensis

Crella cyathophora
Cribochalena
vasculum
Cymbastela
concentrica
Cymbastela marshae

Discodermia dissoluta
Dysidea avara
Dysidea granulosa
Gelliodes carnosa

Geodiasp

Reference
Gergeet al, 2011
Radwaret al, 2010

Kamkeet al, 2010; Schmitet al, 2012

Fiesleret al, 2004; Hentschaedt al, 2002; Hentschedt al, 2003;

Steindleret al, 2005; Usheet al, 2004
Steindleret al, 2005

Fiesleret al, 2004; Lafiet al, 2009
Hardoimet al, 2009
Fiesleret al, 2004

Fiesleret al, 2004
Gergeet al, 2011

Tayloret al, 2004

Gileset al, 2012
Steindleret al, 2005

Steindleret al, 2005

Steindleret al, 2005; Usheet al, 2004
Steindleret al, 2005; Thiekt al, 2007b
Usheret al, 2004

Steindleret al, 2005

Gergeet al, 2011

Khanet al, 2011

Leeet al, 2009

Li et al, 2006

Gileset al, 2012
Steindleret al, 2005

Tayloret al, 2004; Tayloet al, 2005
Usheret al, 2004

Briicket al, 2012

Gergeet al, 2011

Gopiet al, 2012

Li et al, 2011

Gergeet al, 2011

Reference
Leeet al, 2009
Sipkemaet al, 2009

Sponge species
Halichondria panicea
Haliclona (? gellius)

Haliclona foraminosa
Haliclona rufescens

Leeet al, 2009
Leeet al, 2009

Haliclonasp. Steindleret al, 2005; Usheet al,
2004

Homaxinella Websteret al, 2004

balfourensis

Sunet al, 2010

Radwaret al, 2010

Erwin et al, 2011; Erwiret al,
2012

Steindleret al, 2005

Erwin et a., 2011; Erwiet al,
2012

Erwinet al, 2011; Erwiret al,
2012; Steindleet al, 2005
Websteret al, 2004

Ridleyet al, 2005

Hymeniacidon perleve
Hyrtios erectus
Ircinia fasciculata

Ircinia felix
Ircinia oros

Ircinia variabilis

Kirkpatrickia variolosa
Lamellodysidea chlorea

Lamellodysidea herbacea Ridley et sl., 2005

Latrunculia apicalis Websteret al, 2004
Lendenfeldia chondrodes Ridleyet al, 2005
Mycale acerata Websteret al, 2004
Mycale adhaerens Leeet al, 2009

Mycale armata
Mycale hentscheli
Mycale loveni
Myxilla intruscans

Usheret al, 2004
Webb & Maas, 2002
Leeet al, 2009
Leeet al, 2009

Gileset al, 2012
Gergeet al, 2011

Niphates digitalis
Oscarella lobularis
Petrosia ficiformis Gergeet al, 2011; Steindleet al,
2005; Usheet al, 2004
Steindleret al, 2005; Kharet al,
2011

Hanet al, 2012

Petrosiasp
Phakella fusca
Phyllospongia papyracea Ridleyet al, 2005
Polymastiasp. Kamkeet al, 2010
Polymastiasp Schmittet al, 2012

Pseudoaxinella tubulosa Steindleret al, 2005

Sponge species
Raspailia topsenti
Rhabdastrella
globostellata
Rhopaloides odorabile
Smenospongia aurea
Sphaerotylus
antarcticus
Spheciospongia
floridae
Stelleta kallitetilla
Stelleta maori
Stelleta pudica

Stylinos sp.
Stylissa carteri

Suberites zeteki

Svenzea zeai
Terpios hoshinota

Tethya calaforniana
Tethyasp

Tethya stolonifera
Theonella conica
Theonella swinhoei
Theonella swinhoei
Tsitsikamma favus
Ulosa sp.

Verongula gigantean

Vetulinasp.
Xestospongia hispida

Xestospongia muta
Xestospongia proxima
Xestospongia

testudinaria

Pseudoceratina
fistularis

Reference
Schmittet al, 2012
Lafi et al, 2009

Websteret al, 2001; Hentschedt al, 2003
Fiesleret al, 2004

Websteret al, 2004

Steindleret al, 2005

Steindleret al, 2005

Schmittet al, 2012

Steindleret al, 2005

Tayloret al, 2004
Gileset al, 2012

Zhuet al, 2008

Steindleret al, 2005
Tanget al, 2011

Sipkema & Blanch, 2010

Gerceet al, 2011

Schmittet al, 2012

Steindleret al, 2005

Hentschekt al, 2002; Hentschadt al, 2003;
Steindleret al, 2005

Lafi et al, 2009

Walmsleyet al, 2012

Khanet al, 2011

Fiesleret al, 2004

Casslert al, 2006
Leeet al, 2009

Montalvoet al, 2011; Steindleet al, 2005
Steindleret al, 2005

Montalvoet al, 2011

Lafi et al, 2009

Table 1.2 Sponge species from which bacterial 16S rRNA gaowee libraries have been reported.




1.2.1.2.3 Pyrosequencing

Next generation sequencing has had a profoundtedfemicrobial ecology studies.
The technology allows for the generation of hundrefl thousands of sequencing
reads from metagenomic DNA samples. Barcoding wipses allows for the pooling
and parallel processing of samples and so very stoland comprehensive
descriptions of bacterial community structures fraliverse sources have been
generated. The large datasets generated by pyersggg analyses have allowed
for the identification of members of the ‘rare-lpbere’ (Sogiret al, 2006). Also,
more accurate descriptions of community structares rank-abundance profiles of

bacterial communities from a huge diversity of bemiave been described.

Various aspects of human associated microbial camtres have been reported
including: the gut (elderly — [Kranevekt al, 2012; O'Tooleet al, 2012], infant —
[Fouhyet al, 2012]), skin (Blaseet al, 2012), mouth (Alcaraet al, 2012), disease
associated (pulmonary disease — [Cabrera-Rubig 2042], cirrhosis — [Bajagt al,
2012], intestinal disease — [Ukhanosaal, 2012], cystic fibrosis — [Delhaet al,
2012] and the healthy (Lingt al, 2012).

Soil-associated bacterial communities from forektarfmann et al, 2012),
agricultural (Shanget al., 2012) and contaminated soils (&eal, 2012) have been
described. Aquatic bacterial consortia from lak€ampbell & Kirchmanet al,
2012; Linet al, 2012), seawater (Ra&y al, 2012 and hydrothermal vents (Syh&tn
al., 2012) have also been reported. The bacteri@nhumities associated with a
wide range of terrestrial animals including (chicKkei et al, 2012], cow [Machado
et al, 2012], dog [Garcia-Mazcorret al, 2012], horse [Shephert al, 2012],
mosquito [Boissiéret al, 2012], honey bee [Sabretal, 2012], beetle [Mattilaet
al., 2012], fleas and ticks [Hawleret al, 2012]) and marine animals (fish [van
Kesselet al, 2012], squid [Collingt al, 2012], corals [Leet al, 2012b; Morrowet

al., 2012] and a marine polychaete [Neatal, 2012]) have also been described.

The same is true for marine sponges. A recentwewiepublicly available sponge-
associated 16S rRNA sequences (Simistal, 2012) analysed a dataset of ~7,500
sequences. However, pyrosequencing analyses haweraged >700,000 sponge-
derived bacterial 16S rRNA gene sequences whicle wet included in that study.

These datasets have investigated various aspeapooige-bacterial associations,



including bacterial community structures (Webs&teal, 2010; Jacksoat al, 2012;
Trindade-Silvaet al, 2012), seasonal variations in community compmsi{\White

et al, 2012), bacterial-archaeal relative abundance=e @t al, 2011), vertical
symbiont transmission (Webstet al, 2010) and core, variable and species-specific
bacterial communities from a range of sponge spg@ehmittet al, 2012). These
pyrosequencing studies have thus far investigabespbnge species (Table 1.3) and
have led to the identification 35 bacterial phytacandidate phyla which have been
found in close association with sponges. Taxa ifiedtin sponges for the first time
by pyrosequencing includdBRC1, Chlamydiae Fibrobacteres Fusobacteria
Tenericutesand WS3 (Websteret al, 2010), Chlorobi, ChrysiogenetesOD1, -
Proteobacteriaand ThermodesulfobacterifLeeet al, 2011), OP10, OS-K (Schmitt
et al, 2012) andThermotogagElusimicrobiaand SynergistetegTrindade-Silvaet
al., 2012). Many of these extra taxa are amongstatest members of the sponge-
associated communities. Highly diverse communitlescribed at genus, family,
order and class levels have been described witB0630TUs (95% sequence
identity) reported from the marine sponBéopaloides odorabiléWebsteret al,
2010).

Sponge species Reference Sponge species Reference
lanthella basta \ZI\éeltésteret al, Aplysina aerophoba Schmittet al, 2012
Ircinia ramosa \2/\(/)e1t(>)steret al, Aplysina cavernicola Schmittet al.,2012
Rhopaloides Websteret al, Ircinia variabilis Schmittet al, 2012
odorabile 2010
Hyrtios erectus Leeetal, 2011  Petrosia ficiformis Schmittet al, 2012
Stylissa carteri Leeetal, 2011  Pseudocorticium Schmittet al, 2012
jarrei
Xestospongia Leeetal, 2011  Axinella corrugata ~ Whiteet al, 2012
testudinaria
Raspailia ramosa Jacksoret al, Arenosclera Trindade-Silveet al,
2012 brasiliensis 2012
Stelligera stuposa  Jacksoret al,
2012

Table 1.3 Sponge species from which pyrosequencing of batte6S rRNA genes
has been reported.



The utility of pyrosequencing has allowed for thearich of two ambitious projects,
The Earth Microbiome Project (Gilbeet al 2010) and the Human Microbiome
Project (Huttenhoweet al, 2012) where consortia from around the world are
attempting to document the bacterial diversity @f the entire planet and (b) the

human.

1.2.2 Sponge associated archaea

Archaea were first reported in association with imesponges in 1996 (Prestenh
al., 1996) whenCenarchaeum symbiosumias found in the tissues @xinella
mexicana It was subsequently found th@t symbiosunwas consistently found in
sponges of the familyAxinellidae (Margot et al, 2002). Many reports of sponge
associated archaea followed (Websteal, 2001; Leeet al, 2003; Websteet al,
2004; Papeet al, 2006; Holmes & Blanch, 2007; Meyer & Kuewer al, 2008;
Lopez-Legentilet al, 2010; Turquest al, 2010; Liuet al, 2011; Radaet al, 2012)
and included studies which demonstrated the vértremsmission of archaea in
sponge larvae suggesting a close co-evolutiondagioaship (Sharget al, 2007,
Stegeret al, 2008).

Lee and colleagues used pyrosequencing to detertheneelative abundances of
bacteria and archaea in sponges from the Red SmaefLal, 2011). Relative
abundances of archaea ranged from 4-28% in diffesponges and comprised

almost exclusivelfrenarchaeota

1.2.3 Sponge associated Eukaryota
1.2.3.1 Sponge associated fungi

In recent years the relative paucity of informatregarding sponge-associated fungi
has partly been addressed. A number of researatpgitoave begun to focus on the
diversity and pharmacological potential of spongseaiated fungi (Weat al., 2009;
Abdel-Lateffet al, 2009; Zhanget al, 2009; Pazt al, 2010; Wieseet al, 2011;
Chuet al, 2011; Dinget al, 2011; Zhowet al, 2011). Fungi from 32 orders, from
three phyla Ascomycota[22 orders], Basidiomycota[8 orders], Zygomycota[2



orders]), representing >120 genera have to date foemd in or on sponges (Holler
et al, 2000; Yuet al, 2012). At least 18 orders of fungi have beeratsd in culture
(Yu et al, 2012). Many of the fungi reported are closekatedl to terrestrial species
though members of marine-fungal clades (@aal, 2008) have been reported. In
particular Penicillium sp. andAspergillussp. have been found to be common in
marine sponges. While these reports have come #&otiverse range of sponge
species from around the world, vertical transmisb fungal symbionts has been
reported in three sponge species. Maldonado aneagoles used Transmission
Electron Microscopy (TEM) to observe the close asgmn of a filamentous fungus
with sponge oocytes (Maldona@o al, 2005) while Rozas and co-workers cultured
6 fungal species from in vitro cultures of spongenmorphs and single cells (Rozas
et al, 2011). These reports suggest that fungi maaeh lhe true sponge symbionts

and thus might have an important role in host iggy.

1.2.3.2 Sponge associated diatoms

Diatoms have long been known to be associated wi#iine sponges (Cox &
Larkum, 1983), but their precise role in spongsugs is as yet unclear. Parasitism
has been suggested (Bavastredioal, 2000; Cerrancet al, 2004) as diatoms
invading and damaging sponge pinacocytes has beserwed. Mutualism is also
possible. As organisms which are important in psgthesis in marine ecosystems,
diatoms found growing within sponge tissues, mayigle photosynthates for the
host or may help to strengthen the spiculate skel€fottiet al, 2005) in return for

a growth niche. Other evidence points to diatomsadsod source for sponges
(Gainoet al, 1994, Cerranet al, 2004).

1.2.3.3 Sponge associated dinoflagellates

Dinoflagellates of the genuSymbiodiniunform close symbiotic relationships with
many marine animals but are most commonly knowrconals where nutrient
exchange between the partners has been demonsfvitesz et al, 2010). Four
distinct clades oSymbiodiniumspp. have been reported in close association with
sponges (Hillet al, 2011). These symbioses are almost exclusivebyvknfrom the

Clionaidae family of sponges, notable exceptions being thelsgses with a



Haliclona sp. sponge (Garsoet al, 1998) and amnthosigmellasp. (Hill et al,
1996).Cliona spp. display variable morphologies and the enitrggihenotype is a
boring, bioeroding sponge which grows on and litisals (Xavieret al, 2011). It
was thought that symbioti8ymbiodiniumsp. may have been acquired from the
coral, however Schonberg and colleagues identifigehetically unrelated
dinoflagellates in sponges and in the sponge-invam®wal species (Schénberg &

Loh, 2005), suggesting a distinct sponge-dinoflagelsymbiotic partnership.
1.2.3.4 Other sponge associated eukaryota

Other eukaryotes have been reported to be prasethtse association with sponges.
Polychaetes (annelid worms) and shrimp were regoitem Caribbean sponges
(Duffy, 1992).Ophiuroidea(brittle stars),Cnidaria (sessileAnthozog, Turbellaria
(flatworms),Nemertinia(ribbon worms) Sipuncula(sipunculid worms)Polychaeta
Molluscg Crustacea Pycnogondia(sea spiders)Echinodermata(sea cucumbers),
Ascidiacea(sea squirts) anBlisces(fish) have all been observed in association with
a Brazilian spongeZygomycale parishiiover a 5 year study period (Duarte &
Nalesso, 1996)Ophiuroideawere also found to be consistently associated with
sponges but the authors suggest that this rel&ijpris species-specific between
Callyspongia vaginalisndOphiothrix lineata(Henkel and Pawlik, 2004). Although
many of these phyla are known parasites, theirggaoles within their sponge hosts
are as yet not known. A mutualist relationship letw a spongeHalichondria
paniceg and a scallopGhlamys variq has however been reported where the sponge
obtains increased suspended nutrients while thdopcgains protection from
predation (Forrester, 1979).

1.2.4 Sponge-specific microorganisms

In 2002, Hentschel and colleagues performed a eneddysis of all publically
available 6 = 190) sponge-derived 16S rRNA gene sequencestgtteiet al,
2002). The analysis included 5 sponge species flifflerent geographical regions as
follows: Mediterranean Sea (France, Israel and @&xpaRed Sea, North Pacific

(Japan and USA), Australian waters (Davies Reef) from the Philippine Sea



(Palau). Phylogenetic analyses of these sequergealed monophyletic clusters of
sponge-derived sequences more closely relatecctoather than to sequences of the
same taxa derived from non-sponge sources. ThisHedtschel to frame the
hypothesis of sponge-specific microbes and to dpsruon the evolutionary
establishment of those clusters. That study estadadi that 14 monophyletic
sequence clusters from 7 bacterial phyla, represem0% of all sponge-derived
sequences, were ‘sponge-specific.” Hentschel wantoodefine sponge-specific to
apply to groups of at least 3 sequences whichiareqovered from different sponge
species and/or from individuals of the same spetiesy different geographic
locations, (ii) more closely related to each ottieamn to sequences from non-sponge

sources and (iii) cluster together independentlgheftree-building algorithm used.

By 2006, ~1,700 sponge derived 16S rRNA sequenees publically available and
Taylor and colleagues endeavoured to determine h&hethe sponge-specific
microbe hypothesis could still be supported (Tagloal, 2007). They reported that
32% of all sponge-derived sequences from at l€as@tterial phyla and also from a
major archaeal lineag&(enarchaeotarecruited to sponge-specific clusters. These
sponge-specific clusters included 10080= 21) of all sequences, then available,
from the putatively sponge-specific candidate phyluPoribacteria High
proportions of sponge derived sequences flohtoroflexi (62%), Cyanobacteria
(79%), Nitrospira (57%), andSpirochaete$67%) were classified as sponge-specific.
Notable proportions of sequences fréatinobacteria(38%), Gemmatimonadetes
(25%) and -/ - Proteobacteria(34%) were assigned to sponge-specific clusters.
Conversely, only 5% oAcidobacteriasequences, 9% dfirmicutessequences and
0% of Bacteroidetes sequences were determined to be sponge-specific.
Approximately one quarter of sponge-derived archaé® rRNA sequences were
defined as sponge-specific.

Although many sponge-specific clusters withstoodIdis’ rigorous analysis, an
approximate nine-fold increase in the number ohggederived sequences analysed,
combined with a concomitant increase in the numhmraion-sponge derived
sequences from which to draw comparison, led tagproximate halving (32%) of

the proportion of sponge-derived sequences beagsetl as sponge-specific.



Simister and colleagues revisited the issue in 2&ltisteret al, 2011). By this
time the number of publicly available (non-pyroseaging) sponge-derived 16S
rRNA sequences had risen to ~7,500. In their amalijreey found that 27% of
sponge-derived sequences were assigned to spoegéepclusters from 14
bacterial phyla and one major archaeal linedage(marchaeofa In keeping with
Taylors’ findings, large proportions of sponge ded Chloroflexi (61%),
Cyanobacteria53%), Nitrospirae (39%) andSpirochaete$92%) were classified as
sponge-specific. The low abundance detectioPaibacteriain seawater resulted
in 79% of the 170 sponge-deriv@dribacteriabeing described as sponge-specific.
Simister et al. also reported high proportions of sponge-deriveazdobacteria
(57%), - Proteobacteria(55%), Deinococcus-Thermugs3%), TM6 (43%) and
TM7 (67%) sequences in sponge-specific clustergerdmediate proportions of
Actinobacteria (21%), Gemmatimonadeteq36%), - (20%) and - (33%)
Proteobacteria appear sponge-specific. Low proportions Kfmicutes (3%),
Bacteroidetes(6%) andPlanctomyceteg7%) recruit to sponge-specific clusters.
From the domairArchaea 41% of sponge-derived 16S rRNA gene sequencks fel

into four distinct clusters of sponge-specific taxa

While the study by Simister and colleagues analyseathtaset of ~7,500 sponge-
derived sequences, they like the previous Taylodystonly considered relatively
long sequencing reads. The emergence of pyroseggehowever has contributed
~700,000 sponge-derived 16S rRNA sequences toqdatabases. These reads vary
in length from 50-60 bp (Webstet al, 2010) up to an average 430 bp (Jackston
al., 2012). Despite not being considered in the raetyses Webster, Jackson and
Lee (Leeet al, 2011) assigned pyrosequencing data sequence teguteviously
described and new sponge-specific clusters. Webhatkco-workers assigned 13.3%
(n = 52,270) of their sequences to sponge-specifistets, Lee and colleagues
analysed >110,000 sponge-derived sequences andeepioat 36-65% of sequences
from sponge individuals could be assigned to prgslip described sponge-specific
clusters. Jackson and colleagues analysed ~26,000esces from two sponge
species and reported that 2.8% of reads from ooaggpand 26% from the other

sponge appeared to be sponge-specific.



1.3 Symbiotic functions of sponge-associated micreb
1.3.1 Methods to elucidate sponge symbiont functisn

The detection of microbial biomarker gene sequefroes sponge metagenomes has
led to speculation about the possible symbioticfimmal roles of those taxa. Known
physiological functions of microbes may be usegedict possible functions but
empirical conclusions cannot be drawn from phyl@jenbiomarker data analyses.
In addition, these predictions can only be made nficrobes which have been
cultured and from which physiological characteiimas have been elucidated. Other
methods used to determine sponge symbiont functiomdude genome
reconstruction (Litet al, 2011b) single-cell genomics (Hallamt al, 2006; Siegkt
al., 2011), metatranscriptomics (Kamkeal, 2012;Radaxet al, 2012b), shotgun
cloning and sequencing of sponge metagenomic DNAorflas et al, 2010),
shotgun pyrosequencing (Trindade-Siled al, 2012) and the targeted PCR
amplification of functional genes from sponge metagmes (Schirmest al, 2005;
Kim & Fuerst, 2006; Fieslest al, 2007; Bayeket al, 2008; Kennedt al, 2008b;
Mohamedet al, 2008; Mohameét al, 2010;Hanet al, 2012;Yang & Li, 2012).

A recent example of a successful shotgun sequeni@sgd approach has been the
genome reconstruction of an unidentifiegrroteobacterium from shotgun sequence
data from the spong@éymbastela concentricd.iu et al, 2011b). The application of
single-cell genomics has been used to make predgtabout sponge symbiont
functions (Kamkeet al, 2012) from uncultured microbes. The genome of
Cenarchaeum symbiosuderived from the marine spond&inella mexicanawas
sequenced following cell enrichment and differdntentrifugation (Hallamet al,
2006). Siegl and colleagues used fluorescence aaetvcell sorting (FACS) to
obtain single cells of Poribacteria from the spoAgéysina aerophobdor genome
sequencing (Siegdt al, 2011).

Kamke and colleagues compared the presence ofRIE& genes with the presence
of 16S rRNA in two sponge speciedngorina alata and Polymastia sp.) to
determine which taxa were active in the holobioitarike et al, 2010).
Pyrosequencing of cDNA has recently been used bgaRand co-workers to
elucidate the diversity and abundance of activedpdcribed genes from the sponge

Geodia barrettiRadaxet al, 2012b); while shotgun approaches (cloning — Ta®m



et al, 2010; pyrosequencing — Trindade-Siétaal, 2012) have identified functional
genes in the sponge€ymbastela concentricaand Arenosclera brasiliensjs

respectively.

Researchers have also targeted functional genegganicular interest for PCR
amplification and sequencing, with genes involved ammonia-oxidation,
nitrification and putative host defence in partaulbeing targeted. Ammonia-
oxidation @moA genes have been noted in the metagenomaplg$ina aerophoba
(Bayeret al, 2008),Ircinia strobilina, Mycale laxissimgMohamedet al, 2010) and
Phakiella fusca(Han et al, 2012). Nitrification genesn{rS) have been amplified
from the spongeéstrosclera willeyangYang & Li, 2012). Genes involved in the
production of bioactive secondary metabolites whinhy contribute to sponge
defence have also been targeted. Polyketide syni{{f4€S) genes have been noted
from the sponged’seudoceratina clavatgKim & Fuerst, 2006),Discodermia
dissoluta(Schirmeret al, 2005),Theonella swinhogAplysina aerophobéFiesleret
al., 2007) andHaliclona simulangKennedyet al., 2008b).

1.3.2 Discrimination between food microbes and synnitic microbes

A long standing question in the sponge microbiolegga has been how sponges
discriminate between food and symbionts when batuin the sponge mesohyl.
Genomic, metagenomic and metatranscriptomic amalyseve identified factors
which may play crucial roles in the symbiosis obisge and microbe. These include
factors associated with cell recognition, adhesiod signalling. Gene transcripts for
cell recognition factors [Polycystic Kidney Domdike (PKD)] have been identified
in the Geodia barrettimetatranscriptome (Rada&x al, 2012b) while Ig-like domain
protein encoding gene sequences were found in #momge of ‘candidatus’
Poribacteria (Sieglet al, 2010). Adhesion related genes (ankyrin repedtatrico
peptide repeat, fibronectin type Il and laminind@main proteins) were also noted
in the genomes of sponge-derivdRbribacteria (Siegl et al, 2010) and -
proteobacteria (Litet al, 2011b) and adhesion related gene transcriptsyiian
repeat domain proteins, tetratrico repeat domaoteprs, Ton B-dependent receptors
and collagen binding surface proteins) were obsefn@n the metatranscriptome of
Cymbastela concentricAaThomaset al, 2010) andGeodia barretti(Radaxet al,
2012Db). Cell signalling related protein transcriptere also noted by Radax and



colleagues. However signalling related gene semsemere reported to be under-
represented in the genome of the sponge deriygteobacterium when compared

to the genome of a related non-symbiotigroteobacterium (Liet al, 2011b).
1.3.3 Nutrient cycling in sponges

It is thought that sponge endosymbiotic microbeay ptrucial roles in carbon,
nitrogen and sulfur cycling (Taylat al, 2007).

1.3.3.1 Carbon cycling in sponges

Carbon cycling in sponges occurs through autotopfechemotrophic and
phototrophic) or heterotrophic activities. = Theeggnce of large populations of
photosynthetic microbes (cyanobacteria and zooxdlat) in sponges has been
shown to contribute to host nutrition through tmeduction of photosynthates, with
the transfer of carbon from symbiont to host beaiggerved (Wilkinson, 1979;
Freeman & Thacker, 2011). lllumination has beenshto play an important role in
sponge distribution and growth rates. Sponges mmpsilarge cyanobacterial
populations Pericharax heteroraphjslaspis stellifereandNeofibularia iratg have
been observed to grow only at depths of less thamihere sunlight can penetrate,
enabling photosynthesis (Wilkinson, 1978). Diffdrahgrowth rates were observed
in clionaid sponges, which host photosynth&jianbiodiniumspp., while naturally
illuminated or kept in darkness, indicating the tcdoution of photosynthesis to

sponge growth (Rosell & Uriz, 1992).

Chemotrophy related genes have been reported fiergegnomes of sponge derived
Poribacteria (Siegl et al, 2010) and from the sponge derived archaeon
Cenarchaeum symbiosuidallamet al, 2006). Siegl and colleagues reported genes
of the Wood-Ljungdahl carbon assimilation pathwayoribacteriawhile Hallam
and co-workers reported genes from the 3-hydroxyiprate pathway inC.
symbiosumEvidence for the presence of genes or enzymésediVood-Ljungdahl
pathway were also reported from tiheetagenomes oCymbastela concentrica
(Thomaset al, 2010) andArenosclera brasiliensi¢Trindade-Silvaet al, 2012) as
well as from the metatranscriptome Gfeodia barretti (Radax et al, 2012b).
Trindade-Silva and colleagues haiso reported genes from the reductive citric acid
cycle in theA. brasiliensisnetagenome.



Heterotrophic carbon cycling occurs through thteffifeeding activities of sponges
and phylogenetic biomarker genes from methanotophicrobes have also been
detected in sponges and it is thought that they omayribute to carbon cycling
(Websteret al, 2010; Leeet al, 2011; Jacksoat al, 2012).

1.3.3.2 Nitrogen cycling in sponges

As with terrestrial systems, nitrogen is a majoniting factor for all of life in marine
ecosystems. The cycling of nitrogen from nitrogess dN) through inorganic
(nitrate [NQ], nitrite [NO,], ammonium [NH') and organic forms (e.g. proteins,
amino acids and nucleotides) is highly complexha bcean (Gruber, 2008). The
importance of marine sponges to benthic ecosyssemgests that nitrogen cycling

in sponges plays a major role in the nitrogen bud§tose habitats.
1.3.3.2.1 Nitrogen fixation

Biological nitrogen fixation is the principal soerof fixed nitrogen in the marine
environment and is mediated in large part by pmopdtic microorganisms such as
cyanobacteria (Gruber, 2008). Nitrogen fixatieia nitrogenase activity, was first
reported in sponges in the 1970s (Wilkinson & F&79). Nitrogen fixing

Vibrionaceaehave been reported in association witdlichondria sp. by Shieh and

colleagues (Shieh & Lin., 1994) while stable is@@malysis by Wilkinson and co-
workers showed the incorporation dfN into amino acids in the sponge

Callyspongia muricingWilkinson et al, 1999).

It has been demonstrated that I6W:**N ratio in sponges is inversely correlated
with bacterial diversity in sponges (Weist al, 2007). Low levels of*°N is
indicative of biological nitrogen fixation and Weisnd colleagues measured low
5N ratios in spongesir€inia felix and Aplysina cauliformiy with highly diverse
associated bacterial communities, as determineahibyoscopy (TEM) and DGGE
while higher ratios of°N were present in a sponghlighates erectawith low
microbial abundance and diversity.

In 2008, Mohamed and colleagues used PCR to igeniiH genes related to-
(Methylocystissp.), - (Desulfovibriosp.) and - (Azotobactersp.) proteobacterial
and cyanobacterial Tblypothrix sp., Leptolyngbyasp.) genes and to archaeal

(Methanosarcinasp.) genes in the spongksinia strobilina and Mycale laxissima



(Mohamedet al, 2008). ThenifH gene encodes nitrogenase reductase, a key enzyme
in nitrogen fixation. That study also showed fag flrst time the active expression of
nifH in sponges through reverse transcriptase PCR @R}P The latest evidence

for nitrogen fixation in sponges comes from Liu arwdworkers who described the
partial genome reconstruction of a nitrogen fiximacterium Mesorhizobiunsp.)

from shotgun Sanger sequencing data in the spGyg#hastela concentricéLiu et

al., 2012).

Thus, mounting evidence suggests that nitrogen fixatign sponge symbiotic
microbes occurs in sponge tissues and thus may @lagajor role in marine

ecosystem nitrogen budgets.
1.3.3.2.2 Nitrification

The second step in the nitrogen cycle is the aeroxidation of ammonium (NH)

to nitrate (NQ). This biological process is performed by ammobosdising
bacteria (AOB) and ammonia oxidising archaea (AQRYrkholdet al, 2000). The
two step process is mediated by the oxidation ofmamum to hydroxylamine
(NH,OH) by ammonia monooxygenase followed by the oxdabf hydroxylamine
to nitrate by hydroxylamine oxidoreductase in baateFor archaeal nitrifiers
hydroxylamine oxidoreductase homologs have notbgsn described and so an
alternative process in archaea has been suggehtecr(et al, 2010). Genome
sequence data of a nitrifying archaeoNitfosopumilus maritimys suggests
hydroxylamine oxidation may occur via multicoppeidases (Walkeet al, 2010).
Nitrate is subsequently oxidised to nitrite. Thengewhich encodes ammonia
monooxygenasea(oA is used as a biomarker for both function and mhaxaic
surveys. Global diversity of nitrifying microorgams is thought to be limited to two
monophyletic clades of bacteria (one clade-&froteobacteriaand one clade of-
Proteobacteria and toCrenarchaeotgPurkholdet al, 2000).

In sponges, ammonia is a toxic metabolic waste ymbdnd the role of nitrifying
symbionts may be crucial to sponge health. Evidesfcaitrification in sponges
comes from a number of different sources includidgect measurements of
nitrite/nitrate excretion (Corredet al, 1988; Diaz & Ward, 1997; Jiménez & Ribes,
2007; Bayetret al, 2008; Hoffmanret al, 2009; Schlappet al, 2010; Ribest al,
2012), PCR mediated bacterial (Meyer & Kuever, 20B8yer et al, 2008) and



archaealamoA gene amplification (Stegest al, 2008; Meyer & Kuever, 2008;
Bayeret al, 2008; Stegeet al, 2008; Hoffmanret al, 2009) in spongesgsmoA
gene transcription ilXestospongia mutaia RT-PCR (Lépez-Legentdt al, 2010),
metatranscriptomic detection of 16S rRNA transeriftom known nitrifying taxa
and mRNA transcripts omoA and nitrite oxidoreductase genes @ barretti
(Radaxet al, 2012b) and from genome analysis from the spaleged archaeon
C. symbiosunfHallamet al, 2006).

Corredor and colleagues provided the first evidesfaatrification in sponges when
reporting the large release of nitrate fr@@hondrilla nucula the first time nitrate
excretion from any animal has been recorded (Corred al, 1988). Similar
experiments later showed nitrate excretion ®y nucula Pseudoaxinella zeai
Oligoceras violacea(Diaz & Ward, 1997),Axinella polypoides Ircinia oros
(Jiménez & Ribes, 2007)plysina aerophob&liménez & Ribes, 2007; Bayer al,
2008),Geodia barretti(Hoffmannet al, 2009),Chondrosia reniformigJiménez &
Ribes, 2007; Schlappst al, 2010; Ribest al, 2012),Dysidea avaraJiménez &
Ribes, 2007; Schlappgt al, 2012) andAgelas oroidegJiménez & Ribes, 2007;
Ribeset al, 2012). Interestingly, Ribes and colleagues regono nitrate excretion
from Dysidea avaraand suggested seasonal differences for this abati@n to the
findings of Schlappy and colleagues. Ribes and odkers also reported that
different taxa were responsible for nitrificatianA. oroidesandC. reniformis It is
clear from these studies that nitrification is anportant symbiotic function in

marine sponges.
1.3.3.2.3 Denitrification

The nitrogen cycle is completed by the reductionitfte to dinitrogen gas via nitric
oxide (NO) and nitrous oxide ¢N) or via NO and hydrazine ¢N,). Alternatively
NO, can be reduced to ammonium. Genes encoding enzyvhash mediate
denitrification (e.g. nitrite reductase, nitrousidex reductase) are found in diverse
microbial phyla (Zumft, 1997).

Denitrification and anaerobic ammonia oxidationaf@mox) have been reported in
Geodia barretti (Hoffmann et al, 2009) as well as 16S sequences related to
denitrifiers and the amplification @firS (nitrite reductase). Schlappy and colleagues

also reported denitrification i€hondrosia reniformisand Dysidea avarabut could



not detect anammox activity in either of these gesn(Schlappwt al, 2010). Siegl
and colleagues reported the presence of nitritactede and nitric oxide reductase
genes in the genome of the sponge derived ‘candidBbribacteria (Siegl et al,
2010). Liu and co-workers combined metagenomic metaproteomic methods to
report 16S sequences related to the denitrifyiigratireductor sp., a nitrate
reductase gene cluster and expressed nitrate esguptoteins (NarG and NarY) in

Cymbastela concentric@.iu et al, 2012).

Complete cycling of nitrogen in sponges has beenamstrated as well as elements
involved in nitrogen assimilation (Hentschet al, 2012) and genes related to
aspects of the nitrogen cycle have also been mpdrom sponge larvae (Stegsr
al., 2008), which is strongly indicative of both treygmbiotic relationships and vital

ecological functioning.
1.3.3.3 Sulfur cycling in sponges

Sulfur comprises ~1% of the dry weight of livingganisms as a constituent of
amino acids (cysteine and methionine), co-enzyregs €o-enzyme A [CoA]), in
metalloproteins and in ligands (e.g. cytochromedase c) (Sieverét al, 2007).
However, animals are dependent on microbial transitions of sulfur (sulfur
oxidation/ sulfur and sulfate reduction). Diversacterial taxa mediate these
transformations in assimilatory and dissimilatorpgesses which are vital to both
life and biogeochemical cycling.

Anaerobic green sulfur bacteriaChlorobium sp. (Eimhjellen, 1967), and purple
sulfur bacteria -Chromatiumsp., Ectothiorhodospirasp. (Imhoff & Truper, 1976)

and Thiocystissp. (Eimhjellen, 1967) when isolated in culturenir sponges in the
1960s and 1970s gave the first indication thatusutfycling may be occurring in
sponges and also that microaerobic and anaerolioemvironments existed within

sponge tissues.

Subsequently, Hoffmann and colleagues monitoregexyradients in the tissues of
Geodia barretti measured sulfate reduction in that sponge, detraited biomass

transfer from bacteria to sponge cells and usedH RtBmap the spatial distribution
of sulfate reducing taxa in the sponge (Hoffmatnal, 2005). These elegant

experiments confirmed sulfur cycling symbioses leetv microbes and sponges.



Similarly, the spatial distribution dbesulfovibrionaceaén the sponge€hondrosia

reniformishas been reported (Maet al., 2000).

Genomic analyses of sponge derived microbes hadted in the identification of
biotin and thiamine synthesis genes in the genom€emarchaeum symbiosum
(Hallam et al,2006), sulfatase genes in the genome of ‘canastd&oribacteria
(Siegl et al, 2010) and glutathione transport genes in theogenof a sponge
associated -proteobacterium (Liuet al, 2011b). These analyses further
demonstrated the potential for sulfur cycling asdimilation in sponge tissues. In
metagenomic analyses Thometsal reported the metagenome of Bgmbastela
concentricato be enriched for glutathione S transferase gevieen compared to
planktonic seawater communities but a comparatidetrepresentation of sulfate
permeases in the sponge was also observed (Thetras 2010). Trindade-Silva
and colleagues noted abundant dimethyl sulfoxidel$D) reductase genes in the
metagenome oArenosclera brasiliensigTrindade-Silvaet al, 2012). While in a
metatranscriptomic study Radax and co-workers natddghly transcribed iron-

sulfur binding domain protein iGeodia barrettiRadaxet al, 2012b).

Diverse sulfur metabolizing taxa have been repontedssociation with sponges
where comprehensive community structure analyse&e hH@een determined by
pyrosequencing (Table 1.4). Notable amongst thesglies is the relative
abundances of these taxa in individual sponge spgchloroflexi comprise up to
6.5% of thelrcinia ramosabacterial community and up to 11% of tRbopaloides
odorabile community (Websteet al, 2010). The same phylum comprises up to
~35% of the microbial communities oHyrtios erectus and Xestospongia
testudinaria(Leeet al, 2011).Ectothiorhodospiraceaaccount for up to 7% of the
R. odorabilecommunity (Websteet al, 2010), ~5% of the cohort frofRaspailia
ramosaand ~34% of theStelligera stuposéacterial associates (Jacksen al,
2012). Such abundances indicate the importancalfirsnetabolising symbionts to
their sponge hosts. Also of note is the abundaméctien of Chloroflexi and
Ectothiorhodospiraceam the larvae oR. odorabile(Websteret al, 2010), which is

indicative of vertical transmission of these synmbso



Reference  Sponge speciesPhototrophic sulfur oxidisers Chemolithotrophic Sulphur reducers
sulfur oxidisers
Websteret al.,  lanthella basta Rhodobacter,
2010 Ectothiorhodospiraceae, Chloroflexi
Ircinia ramosa Rhodobacter,
Ectothiorhodospiraceae, Chloroflexi
Rhopaloides Rhodobacter, Rhodomicrobium, Paracoccus, Thiomicrospira Desulfuromonas,
odorabile Chromatiaceae, Desulfobacterium
Ectothiorhodospiraceae, Chloroflexi
Leeetal, 2011 Hyrtios erectus Chlorobi, Chloroflexi, Thermoproteales
Ectothiorhodospiraceae
Stylissa carteri Chlorobi, Chloroflexi Arcobacter h@rmoproteales,
Thermoplasmatales
Xestospongia Chlorobi, Chloroflexi Thermoproteales
testudinaria
Jacksoret al, Raspailia ramosa  Chromatiacaea, Chloroflexi, Paracoccus, Arcobacter, Desulfuromonas
2012 Ectothiorhodospiraceae Sulfurimonas, Sulfurovum
Stelligera stuposa  Ectothiorhodospiraceae
Schmittet al, Aplysina Chloroflexi , Ectothiorhodospiraceae
2012 aerophoba
Aplysina Chloroflexi, Ectothiorhodospiraceae
cavernicola

Ircinia variabilis Chloroflexi, Ectothiorhodospieae
Petrosia ficiformis  Chloroflexi, Ectothiorhodospaeae
Pseudocorticium  Chloroflexi

jarrei
White et al, Axinella corrugata Ectothiorhodospiraceae
2012
Trindade-Silva Arenosclera Chlorobi, Chloroflexi, Rhodocyclales  Aquificae
et al, 2012 brasiliensis

Sulphate reducers

Desulfovibrio

Desulfobacter

Desulfovibrio, Desulfonema,
Desulfosarcina

Desulfovibrio, Desulfobacter

Table 1.4 Sulfur metabolizing taxa reported from marinergges by pyrosequencing of 16S rRNA genes.




Other sulfur cycling taxa have been reported at &wndances but a recent
study demonstrated that a sulfate reducing spe@essent at just 0.006%
relative abundance in a peat soil, was respon$iblea considerable amount of
sulfate reduction in that soil and therefore, tHoggch taxa can be uncommon
the physiological contribution to the community étioning cannot however be
underestimated (Pestetrral, 2010).

1.3.4 Other putative symbiosis factors

Genomic, metagenomic and metatranscriptomic studese identified other
factors with possible roles in the symbiotic parsips between sponges and
microbes. Transposable insertion elements have hbéentified in the
metagenome o€ymbastela concentriclfhomaset al, 2010) and transposase
gene transcripts were reported from the metatrgiiesane of Geodia barretti
(Radaxet al, 2012). These elements are thought to play roiemicrobial
genomic rearrangements and streamlining to help ad@aptation to a symbiotic
lifestyle (Thomaset al, 2010). Factors with possible roles in the maiatee of

a symbiotic relationship including tetracycline ist@nce genes and multidrug
resistance protein genes were found in the genoima sponge associated
unidentified -proteobacterium (Liuet al, 2011b) while clustered regularly
interspaced short palindromic repeat (CRISP) gegeences with possible roles
in resistance to viral infection were found in thietagenomeC. concentrica
(Thomaset al, 2010). Genes and gene transcripts involvedarbtbsynthesis of
essential vitamins (Bor B;,) have been noted in the genome<eharchaeum
symbiosun(Hallam et al, 2006), ‘candidatusPoribacteria (Siegl et al, 2010)
and a sponge associatedproteobacterium (Liuet al, 2011b), in the
metagenome of C. concentrica (Thomas et al, 2010) and in the
metatranscriptome of5. barretti (Radax et al, 2012b). This suggests that
symbiotic microbes may be an important source ef¢hessential vitamins for

their hosts.

Sponges and sponge associated microbes have atso red to be a
remarkably rich sources of various classes of cbaimiwith a wide range of
bioactive properties and are thought to potentiplayy important roles in sponge
host defence from infection and predation (Tagoal, 2007).



1.4 Pharmacological potential of marine sponges

Extensive research into marine sponges and mapimege associated microbes
has primarily been driven due to the pharmacoldgmatential of diverse
chemical entities with wide ranging biological a&dies being discovered from
marine environments (Blurgt al, 2010). Physico-chemical properties of the
marine environment (pH, pressure, temperature, @8ity) mean that bioactive
substances produced in that environment may havéciently different
properties to terrestrially produced products tkenthem of interest for novel
drug discovery (Thakuet al, 2005). The search for novel drugs has involved
many phyla of marine invertebrates but the phyRmonifera has proved the most
promising (Figure 1.5) (Ledt al, 2012). As sessile filter feeders, sponges, with
no adaptive immunity, rely on a barrage of chemeaities to defend against
infection, parasitism and disease and also to gaioompetitive advantage
(Thakuret al, 2005).

Figure 1.5 Marine natural product discovery from marine phfybm 1990-
2009. (Other phyla includ&nnelidg Arthropoda Brachiopoda Hemichordata
PlatyhelmintheandBryozog. Adapted from Leaét al,, 2012.

The diverse range of chemical classes with bioagtiroperties obtained from

sponges and sponge derived microbes include alsofigni et al, 2004),



alkaloids (Table 1.5), amino acid derivatives (€lat al, 2001; Aielloet al,
2010; de Madeirogt al, 2012), aromatic compounds (Deti al, 2010), fatty
acids (Tachibanat al, 1981;Aratakeet al, 2009;Keffer et al, 2009), lactones
(Namikoshiet al,, 2004;Sirirak et al, 2012;Zhanget al, 2012), peptides (Table
1.6), polyacetylenes (Ankisetty & Slattei3012; Leeet al, 2012c), polyketides
(Table 1.7), quinones and quinolones (Bultel-Poecal, 1999;Lucaset al,
2003; Daviset al, 2012;Kumaret al, 2012), sphingolipids (Andet al., 2010;
Yoo et al, 2012), sterols (Ruddt al, 2004; Yuet al, 2006;Guo et al, 2012),
terpenes and terpenoids (Table 1.8). These bidiaesivhave been identified
from bacterial or fungal isolates from sponges mmf aqueous or organic
extracts from the sponge tissues. In many casebitlaetive compounds have
been identified, purified and characterised.

Reference Sponge Compound Target of activity
species
Anget al, 2000 Haliclona sp. Manzamine A Plasmodium berghei
Changet al, Monanchorasp. Crambescidin 826 HIV
2003
Endoet al, Agelassp. Nagelamides A-H Gram positive bacteria
2004
Hassaret al, Leucetta Naamine G Cladosporium herbarum
2004 chagosensis
Zhanget al, Halichondria Circumdatin | UV-A protectant
2008 panicea
Yasudeet al, Agelassp. Nagelamide O Gram positive bacteria
2009
Carrollet al, lanthella Bastadin 25 -opoid receptor
2010 flabelliformis
Regaladeet al, Pandaros Pandaroside G Trypanosoma brucei
2010 acanthifolium rhodesiense
Yanget al, Hyattellasp. Psammaplysin G Plasmodium falciparum
2010
Dyshlovoyet Aaptos aaptos Aaptamine NT2 (embryonal carcinoma)
al., 2012 cells
Liu et al, 2012b Aaptos Suberitines B & D P388 (lymphoblastic) cells
suberitoides
Yamazakiet al, Haliclonasp. Papuamine & MCF-7 (breast), LNCap
2012 Haliclonadiamine (prostate), Caco-2 (colon) and
HCT-15 (colon) cells
Yanget al, Agelas Ageloxime B MRSA
2012 mauritiana

Table 1.5 Examples of sponge derived alkaloids with bioacproperties.

Compounds and activities against important huméatiions and diseases have
been reported. Important bioactive compounds whare been reported include
anti-bacterial compounds (including anti-MRSA andi-tuberculosis) (Table



1.9), anti-fungal compounds (Table 1.5), anti-pdiazompounds (including
anti-malarial) (Tables 1.5-1.8), anti-viral compdsn (including anti-HIV)
(Tables 1.5, 1.6 & 1.8), anti-coagulant compour@arifoll et al, 2002; Carroll
et al, 2004), anti-helminth compounds (Capet al, 2004), anti-biofouling
compounds (Deviet al, 1998; Seraet al, 2002; Hellioet al, 2006), anti-
inflammatory compounds (Tables 1.7 & 1.8), neurouaiatbry compounds
(Caponet al, 2004b; Carrolet al, 2010; Zhanget al.2012), a UV-A protectant
compound (Zhangt al, 2008) and a large array of cytotoxic compound$ w

potential uses as anti-cancer drugs (Tables 1)6-1.8

Reference Sponge species Compound Target of actyit
Rashidet al, Haliclona nigra Haligramides A & B  cytotoxic
2000

Seraet al, Haliclona sp. Haliclonamides C, D Mytilus edulis

2002 &E galloprovincialis

Pabelet al, Aplysina lipopeptides S. aureus, E.caoli,

2003 aerophoba Vibrio sp., C.
albicans

Okuet al, Neamphius huxleyi Neamphamide A HIV

2004

Plazaet al,  Siliquariaspongia Mirabamides A-D HIV
2007 mirabilis
Plazaet al, Siliquariaspongia Celebesides A-C & HIV
2009 mirabilis Theopapuamides B-

D
Williams et  Eurypon laughlini Rolloamides A & B cytotoxic
al., 2009

Pimentel- Tedaniasp. Valinomycin Leishmania major

Elardoet al,

2010

Zhanget al, Phakellia fusca Phakellistatins 15-18P388

2010 (lymphoblastic)
cells

Chuet al, Holoxeasp. L-Trp-L-Phe cytotoxic

2011

Kimuraet Discodermia calyx Calyxamides A& B P388

al., 2012 (lymphoblastic)
cells

Rabeloet al, Cinachyrella apion Lectin Hela cells

2012

Sorreset al, Pipestela Pipestelides A-C cytotoxic

2012 candelabra

Table 1.6 Examples of sponge derived peptides with bioagbroperties.



Reference
Pielet al, 2004
Johnsoret al,
2007
Plazaet al, 2008

Ankisettyet al.,
2010
Fattorusseet al.,
2010

Fenget al, 2010

Jiménez-Riberet

al., 2010
Schneemanat
al., 2010

Sponge species
Theonella swinhoei
Cacospongia
mycofijiensis
Siliquariaspongia
mirabilis
Plaktoris
halichondrioides
Plakortiscfr. simplex

Plaktoris sp.

Plaktoris
halichondrioides
Halichondria
panicea

Compound
Theopederin

Fijianolide

Mirabilin

? aromatic

compounds
Manadoperoxides
A-D

Plaktoride Q
Plaktoride J

Mayamycin

Target of actyit
Anti-tumour
Anti-tumour

Anti-tumour
Anti-inflammatory

Plasmodium
falciparum
Trypanosoma brucei
brucei

Plasmodium
falciparum
Anti-cancer, anti-
bacterial

Table 1.7 Examples of sponge derived polyketides with bikagoroperties.

Reference

Lucaset al, 2003

Posadast al., 2003

Wonganuchitmetat

al., 2004
Zhanget al., 2009
Chaoet al, 2010

Hirashimaet al, 2010

Sponge species

Dysideasp.
Fasciospongia
cavernosa
Brachiastersp.

Stellettasp.
Negombata
corticata
Rhabdastrella
globostellata

Orhanet al,, 2010 Ircinia sp.

Parket al, 2010 Phorbas
gukulensis

Changet al,, 2012 Hippospongiasp.

Chanthathamrongsiet Stylissa

al., 2012 cf. massa

Diyabalanaget al, Carteriospongia

2012 flabellifera

Li et al, 2012 Xestospongia

Guptaet al, 2012 Clathria Clathric acid Gram positive
compressa bacteria

Salamet al,, 2012 ? Manoalide Hepatitis C

Wanget al., 2012 Phorbassp. Phorbasone A Anti-inflammatory

testudinaria

Compound

Bolinaquinone

Cacospongionolide B

12-deacetoxyscalarin 19-M. tuberculosis

acetate
sesquiterpenoids

Negombatoperoxides

Isomalabaricane

Dorisenone D
Gukulenins A & B

Hippospongide A
8-
isocyano-15-

formamidoamphilect-11
Flabelliferans A& B

Aspergiterpenoid A

Target of
activity
Anti-inflammatory
Anti-inflammatory

Anti-inflammator
cytotoxic

cytotoxic

Trypanosomap.
cytotoxic

cytotoxic
Plasmodium
falciparum

cytotoxic

Bacteria

Table 1.8 Examples of terpene/terpenoids compounds fronin@aponges
with bioactive properties



Reference

Monkset al, 2002
Pabelet al, 2003
Wonganuchitmetat al,
2004

Endoet al, 2004
Namikoshiet al, 2004

Thakur & al., 2005
Bakeret al, 2008

Kennedyet al, 2008

Keffer et al, 2009
Schneemanst al, 2010

Jiménez-Romeret al,
2010

Abdelmohseret al, 2010
Deviet al, 2010

El-Amraouiet al, 2010

O'Halloranet al, 2011
Flemeret al, 2011
Kumaret al, 2012
Ankisetty & Slattery, 2012
Gopiet al, 2012

Guptaet al, 2012
Marinhoet al, 2012

Yanget al, 2012

Sponge species
Haliclona aff tubifera

Aplysina aerophoba
Melophlus sarassinorum

Brachiastersp

Luffariella sp.
Suberites domuncula
Haliclona simulans

Haliclona simulans

Siliquariaspongiasp.
Halichondria panicea

Plakortis halichondrioides

?
Halichondriasp.

Cliona viridis

Haplosclerida spp.

Cliona celata

Ircinia dendroides

Haliclona mediterranea
Haliclona viscosa

Axinella dissimilis, Polymastia

boletiformis, Haliclona simulans

Suberites carnosus
Hippospongiasp.
Xestospongiap.
Dysidea granulosa
Clathria compressa
Petromica citrina

Agelas mauritiana

Source of
activity
Organic extract

Bacillusp.
Melophlins (tetramic
acids)

Heteronemin
(sesterterpene)
Nagelamides
(alkaloids)
Manoalides

-Proteobacteria
Penicilliumsp.
Pezizomycotinap.
Hypocrealespp.
Phaeosphaeriaceasp.

Pseudoalteromonas
sp.,Halomonassp.,
Psychrobactesp.,
Motualevic acid
Myamycin (polyketide)
Microbacteriumsp.
Rhodococcusp.
Streptomycesp.
Micromonosporasp.
Plaktoride J (lactone)

Dietziasp.
Bacillus licheniformis

Ethanol extracts

Pseudovibriospp.

Arthrobactsp.,
Pseudovibriospp.,
Spongiobactespp.
Epi-ilimaquinone
Methanol extracts

Acinetobacter
calcoaceticus

Organic extract
Aqueous extract

Ageloxime B (alkaloid)

Target of activity

E. coli, S. aureus, S.
epidermis

E. coli, S. aureus

S. aureus, B. subtilis

M. tuberculosis
Gram positive bacteria

S. aureus
S. aureus, S. epidermis
B. subtilis; S. aureus

B. cereus, B. subtilis, E.
coli, MRSA

MRSA

MRSA
S. aureus; E. faecalis
S. aureus
S. aureus
S. aureus; E. faecalis
M. tuberculosis

S. aureus

P. aeruginosa, S. aure
V. choleraeMRSA
E. coli; B. subtilis; P.
flourescens; S. aureus

MRSA

E. coli; B. subtilis; S.
aureus

MRSA
P. aeruginosa, M.
intracellulare
A. hydrophila, V.
alginolyticus, V.
parahaemolyticus
Gram positive bacteria
S. aureus, S.
epidermidis, E. faecalis

MRSA

Table 1.9 Examples of anti-bacterial activities from marsgnge aqueous or
organic extracts, bacterial or fungal isolates figponges or from compounds
purified from sponges, bacterial or fungal extracts

S,



1.5 Exploiting the pharmacological potential of maine sponges

Although many novel bioactive compounds have beerd continue to be,
isolated from sponges and their symbiotic microltesse compounds are
produced naturally in minute quantities and thityibf these compounds to the
pharmaceutical industry is therefore somewhat éthifGulder & Moore, 2009).
When halichondrins were isolated from the marinengigHalichondria okadai
(Hirata & Uemura, 1986), they were identified asyeotent anti-tumour
compounds with enormous clinical potential. Howewewas estimated that one
tonne of sponge biomass would need to be harvdstaxbtain 300 mg of a
mixture of the halichondrin analogues (Prokstfal, 2003). With 1-5 kg of the
drug potentially required annually for treating can patients, natural harvest

was obviously unrealistic.

To help overcome the supply problem the biosynthetiigin of bioactive
chemical entities is an important considerationctBaa have long been used for
industrial production of food products (Raspor &r@wovic, 2008; Prevost al,
1985), biopolymers (Rehm, 2010) and antibiotics nf€hiro et al, 2003).
Systems and tools for manipulation of bacteriaifolustrial purposes are long
established. Where marine natural products areactiebial origin, industrial and
biotechnological manipulations offer hope for naturompound production in
sufficient quantities for clinical trials. In sonsases, evidence such as molecular
architectures, suggest that bioactive compounds fsponges may in fact be
secondary metabolite products of symbiotic bactdiaters et al, 2010;
Hentschekt al, 2012).

The extensive search for pharmaceutical produeota fnarine sponges has led to
some success stories. The nucleosides Ara-A (Aeyland Ara-C (Cytarabine)
from the spong€ryptotethya cryptaare commercially available as antiviral and
anti-tumour drugs, respectively (Sashidhetral, 2009). The chemical synthesis
of Halichondrin B (Eribulin) has been achieved avak recently approved for
breast cancer treatment (Jain & Cigler, 2012; Rsaal., 2012). At the time of
writing, the synthetic tripeptide Hemiasterlin firdentified in the marine sponge

Cymbastelasp. had entered phase | clinical trials for cansatment (Waterst



al., 2010) while a derivative of the hydroxamic agidammaplin (Panobinostat

[LBH-589]), from the spongPsammaplysinap. is in phase Il clinical trials

(http://clinicaltrials.gov/search/intervention=1bi8%.

1.6 Metagenomic strategies for the discovery and pduction of novel

industrial and pharmacological products

The term ‘metagenome’ was first coined by Handetsn@nd colleagues
(Handelsmaret al, 1998) when they used it to describe the collecenomes
of soil microbes. Metagenomic analyses involve desg the sequence based
or function based characteristics of a metagendiMigere gene sequences of
particular interest are known, primers for PCR mbes for hybridisation can be
designed to investigate a metagenome for the preseri desired genes
(Kennedyet al, 2010). Where investigations are focusing on gemed gene
products where sequences are not known a functroatdgenomics approach is
possible (Bradt al, 2007). This involves the extraction of total DNvAm the
metagenome of choice, fractionating the DNA to ptevDNA fragments large
enough to include complete gene clusters and opeaon cloning the large
fragments via bacterial artificial chromosomes (BACor fosmids into a

heterologous host such Bscoli (Figure 1.6).

Generation of large libraries of these clones aldier the high-throughput
functional screening of the libraries for desiraddtions, by culturing the clones
on media incorporating appropriate substrates tealephenotypic functions
(Handelsman, 2004).

Large insert BAC and fosmid clone libraries haveléte been constructed from
a variety of different environmental niches inchugti marine plankton (Suzukt
al., 2001), seawater (Cottrell et al., 1999; B&jal, 2000; DeLonget al, 2006;
Woebkenet al, 2007; Martinezt al, 2010), from sediment (Nesles al, 2005;
Lee et al, 2006¢c; Hardeman & Sjoling, 2007; Huaeg al, 2009), from a
hydrothermal chimney biofilm (Brazelton & Baros€08), from soil (Hennet
al., 2000; Rondowet al, 2000; Brady et al., 2001; Waegal., 2000; Entchevat
al., 2001; MacNeikt al, 2001; Gillespieet al, 2002; Courtoi®t al, 2003) and



also from the metagenome of marine sponges (Schiemal, 2005; Kim &
Fuerst, 2006; Cheet al, 2006; Fiesleet al, 2007; Okamurat al, 2010; Abeet
al., 2012; Pimentel-Elardet al, 2012; Selviret al, 2012).

Figure 1.6 Sequence based and function based metagenoneoséiyet al.,
2010).

Clone libraries from soil metagenomes have led hte tliscovery of novel
antibiotic compounds and antimicrobial activitié¢e(ineet al, 2000; Wang et
al., 2000: Brady et al., 2001; Mac Neil et al., 20@illespie et al., 2002:

Courtois et al., 2003), while marine sponge derilede insert metagenomic



clone libraries have led to the identification a@ivel polyketide synthase (PKS)
genes from the spongeBiscodermia dissoluta(Schirmer et al, 2005),
Pseudoceratina clavatgKim & Fuerst, 2006)Theonella swinhoeandAplysina
aerophoba(Fiesler et al, 2007); together with novel non-ribosomal peptide
synthase (NRPS) genes from the spongakclona okadai(Abe et al, 2012)
andA. aerophobgPimentel-Elardeet al, 2012). Antimicrobial activity has also
been noted from a clone from the metagenon@eadiodes gracilis(Chenet al,
2006). With respect to novel biocatalysts, a n@aterase has been discovered
from the metagenome dfyrtios erectus(Okamuraet al, 2010) and a novel
lipase was isolated and biochemically characterfseah a Haliclona simulans

clone library (Selviret al., 2012).
1.6.1 Problems associated with large insert metagemic clone libraries

Several problems hamper the discovery of novel gamel gene products from
metagenomic clone libraries. These include the cshaf heterologous host,
detection of activities and appropriate screensthar detection of activities,

which can all prove to be problematic.

E.coliis the heterologous host of choice in most caSkkgsat al., 2012), with
Uchiyama and colleagues having reported that ~40%oreign genes are
expressed ifE. coli. However the expression of foreign genes camijeded
by host codon usage preferences, problems with geomoter recognition,
transcription initiation factors, improper protefolding and the inability to
export gene products from the host cell (Ekketsal, 2012). In addition
expression of foreign gene products can sometime®xic to the heterologous
host (Uchiyama & Miyazaki, 2009). The abundancegefes of interest in the
source environment and the cloned insert size inary size also has an effect
on the probability of cloning particular genes (Yeima & Miyazaki, 2009).
Ekkers and colleagues have described the ‘greaescanomaly’, where gene
and product discovery from clone libraries is dEaptingly low compared to
what might be expected (Ekkesal, 2012).

Efforts to increase the rate of gene and produstodery can possibly be
improved by the use of multiple heterologous hogiression systems. Shuttle

vectors that can be transformed frdn coli to hosts such aStreptomyce®r



Pseudomonasnay increase the chances of heterologous expre¢Bikerset
al., 2012). Enhanced detection methods such as thasian of reporter genes
(e.g. green fluorescent protein (GFP)lactamase or tetracycline resistance on
vectors may allow for detection of activities whishbelow detection thresholds
from phenotypic assays alone (Uchiyama & Miyaz&ki09). Uchiyama and
colleagues also suggest that improvements in siathmlogy can lead to the
design and synthesis of novel genes based on gemqeersces in curated
databases which may then be cloned into expresystems. Finally, the design
of novel functional screens to detect activitiesimterest will be required if
functional based metagenomic approaches are totéead increased discovery
of genes and gene products of industrial or phaeotésal interest (Steelet al,
2009).

1.7 Summary

Marine sponges host a remarkable diversity of sgtitbmicroorganisms. These
symbionts appear to play vital physiological roleghe host, including cycling
of vital nutrients — carbon, nitrogen and sulfurdanay also play an important
role in host defence through the production of tilwve secondary metabolites of
varied chemical classes, which in themselves msplaly wide ranging activities
of biotechnological interest. The vast genetic msitg associated with individual
sponges can be exploited through culture dependedtculture independent
techniques. Exploitation of sponge associated rhiatogenes has led to the
development of commercially available pharmacelpcaducts while others are
in clinical trials. Increased efforts to sampleacdicterize, analyse and screen
sponge derived microbial products offers hope far tevelopment of many

more such products for the marketplace.
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Chapter 2

Diverse and distinct sponge-specific
bacterial communities in sponges
from a single geographical location in
Irish waters and antimicrobial

activities of sponge isolates

Part of this chapter has been published in [JacksoB8A, Kennedy J,
Morrissey JP, O’Gara F, and Dobson ADW. (2012). Pyasequencing reveals
diverse and distinct sponge-specific microbial comanities in sponges from
a single geographical location in Irish watersMicrobial Ecology64(1): 105-

116.]



2.1 Abstract

Marine sponges are host to numerically vast andlogleyetically diverse
symbiotic bacterial populations, with 35 major @hyr candidate phyla to date
having been found in close association with sp@ppeies worldwide. Analyses
of these microbial communities have revealed mapgnge-specific novel
genera and species. These endosymbiotic microbesbalieved to play
significant roles in sponge physiology includinge throduction of an array of
bioactive secondary metabolites. Here, we repotheruse of culture-based and
culture-independent (pyrosequencing) techniqueselicidate the bacterial
community profiles associated with the marine sgarigaspailia ramosaand
Stelligera stuposaampled from a single geographical location inhingaters
and with ambient seawater. We also report antirbiaetactivities from bacterial
isolates from these sponges. To date little is kmadout the microbial ecology
of sponges of these genera. Culture isolation rassderestimated sponge-
associated bacterial diversity. Four bacterial @hylActinobacteria,
Bacteroidetes, Firmicutes, Proteobactgriavere represented amongst ~200
isolates, compared with ten phyla found using psgogncing. Twenty bacterial
isolates displayed antimicrobial activity againacteria or yeasts Long average
pyrosequencing read lengths of ~430b (V1-V3 regainl6S rRNA gene)
allowed for robust resolution of sequences to gdevsl. 2,109 bacterial OTUs,
at 95% sequence similarity, from 10 bacterial phylere recovered fronk.
ramosa 349 OTUs were identified i8. stuposaepresenting 8 phyla, while 533
OTUs from 6 phyla were found in surrounding seawdacterial communities
differed significantly between sponge species dmdseawater. Analysis of the
data for sponge-specific taxa revealed that 2.8%ladsified reads from the
spongeR. ramosacan be defined as sponge-specific while 26%5 oftuposa
sequences represent sponge-specific bacteria. Nspahge-specific clusters
were identified. The majority of previously repeadt sponge-specific clusters
(e.g.Poribacterig were absent from these sponge species. Thisatekpobust
analysis provides further evidence that the mi@abloommunities associated
with marine sponge species are highly diverse amergent from one another
and appear to be host selected through as yet wmkpocesses.



2.2 Introduction

Marine sponges (phyluniorifera) host significant microbial populations which
may be symbiotic (Wilkinson, 1983), pathogenic (Bstvelloet al, 2000), a
food source (Reiswig, 1975) or transient. In sompenges, up to 30% of total
biomass can comprise endosymbiotic microorganismalkinson, 1978).
Symbiotic microbes may play important physiologicalles in sponges.
Associated cyanobacteria may supply photosynthaed fixed nitrogen
(Wilkinson, 1978b) sulphur oxidising bacteria mamove sponge metabolic
waste products (Webstet al, 2001)while proteobacteria and actinobacteria
may produce bioactive secondary metabolites whigpplement the host
immune defences (Hentschet al, 2001). This complex microbiota makes
marine sponges of particular interest to microb@dlogy studies and also offers
a potentially invaluable source of novel genes agehe products for

biotechnological applications.

Sponge-microbe associations have to date beenedtugsing both culture-
dependent and culture-independent techniques. Agommmon with other
environments the vast majority of bacteria presergponge tissues have not as
yet been cultivated. Early culture-independent @gichl investigations used
transmission electron microscopy to observe diveedetypes in sponge tissues
(Vacelet & Donadey, 1977; Wilkinson, 1978). Subsagly, fluorescencen situ
hybridisation studies have been used to identityenous bacterial phyla closely
associated with sponges (Shatpal, 2007). Other culture-independent studies
employed PCR amplification of bacterial 16S rRNAge directly from sponge
metagenomic DNA followed by denaturing gradientelectrophoresis (Ushet

al., 2004; Leeet al, 2007)or restriction fragment length polymorphism anadyse
(Lee et al, 2009; Zhanget al, 2006). Cloning and sequencing of 16S rRNA
genes has also been used in many microbial diyamsiestigations from a wide
range of sponge species (Cassteal, 2008; Kennedyt al, 2008b; Lafiet al,
2009; Montalvoet al, 2005; Ridleyet al, 2005; Sipkemat al, 2009; Webb &
Maas, 2002; Websteret al, 2001; Websteret al, 2004). Recently
pyrosequencing of PCR amplicon libraries from metegnic sources has

allowed for deeper insights into environmental wixdal community structures,



negating the requirement for a cloning step andignoeg numbers of sequencing
reads orders of magnitude greater than was prdyipassible. This is also true
for sponge metagenomic samples, with recent studestifying remarkable
levels of bacterial diversity associated with spmdrom Australian Waters
(Websteret al, 2010) from the Red Sea (Leeal, 2011, Schmitet al, 2011),
from the Indian and Pacific Oceans, the Caribbeas slediterranean Seas
(Schmittet al, 2011), Brazilian waters (Trindade-Sileaal, 2012) and from the
Atlantic Ocean off the coast of Florida, USA (Whéeal, 2012). Members of
35 bacterial phyla or candidate phyla have beeorteg from sponges in these
analyses, with up to ~3000 bacterial OTUs at 95@ueerce similarity, reported
in association with a single sponges individual Bateret al,, 2010).

Culture-dependent studies of marine sponge-assdcnicroorganisms have
attempted to access maximum cultivable diversitgugh use of different
isolation media (Kennedst al, 2008; Sipkemat al, 2011) or have targeted
particular groups for isolation. Members of the lphdctinobacteria,
Bacteroidetes, Cyanobacteria, Firmicutes, Planctoetgs, Proteobacteriand
Verrucomicrobiahave been isolated in growth culture from sponpeies
(Tayloret al, 2007). Several researchers have targeted ttaicsoof member
species of taxa such AstinomyceteandStreptomyceteis attempts to access
the metabolic capabilities of these groups. Thistegy has led to the isolation of
several novel actinobacterial species (Abdelmoleseh, 2010; Olseret al,
2007; Padgitt & Moshier, 1987). Similar studies éalso led to the isolation of
novel bacterial genera and species from other pjth novel -Proteobacteria
(Leeet al, 2007), - ProteobacterigdHentschekt al, 2001; Leeet al, 2006b;
Romanenkeet al, 2005; Romanenket al, 2008),BacteroidetegLauet al,

2005; Lauet al., 2006; Lawet al, 2006b; Leest al, 2006) and/errucomicrobia
(Scheuermayest al, 2006; Yanget al, 2010) being cultured from sponge
tissues. There is growing evidence that monoplyteicterial lineages have co-
evolved with their sponge hosts to form sponge-4§ipedtades which are more
similar to each other than to similar taxa from +sponge sources (Lex¢ al.,
2011; Tayloret al, 2007; Websteet al, 2010).

The aims of this study are: (1) to compare theds&dtcommunities of two

temperate water spongé&aspailia ramosdMontagu, 1818) an8telligera



stuposaEllis and Solander, 178&yom a single geographical location. This will
be accomplished by deep sequencing of 16S rRNAsy€REto compare these
to similar studies on sponges from tropical waté¥py culture isolation to
determine if the abundant phylotypes from each gp@pecies are cultivable;

and (4) to identify antimicrobial activities fromamne sponge isolates.

R. ramosandS. stuposare particularly abundant species from depths 24 6-
m, amongst a notably diverse sponge communitypungh Hyne (Bell &
Barnes, 2000). The success of these species ghly lwompetitive habitat of
almost 60 sponge species makes them an interessegrch focus.

2.3 Materials and Methods

2.3.1 Sponge Sampling

Sponge sampling was performed at the beginningitew(November) 2008 at
Lough Hyne Marine Nature Reser¢d 51°30, W 9°18) by SCUBA diving at a
depth of 15-20 m. Lough Hyne has an unusual tmle $ystem and is noted for
harbouring a highly diverse population of spongasli(& Barnes, 2000). The
marine spongef}aspailia ramosgdClassDemospongiaeOrderPoecilosclerida
Family Raspailidag and Stelligera stuposa(Class Demospongiae Order
Hadromerida Family Hemiasterellidag were collected within a few meters of
each other by excision of a piece (1-5 g) of spotigsuein situ at similar
depths. Sponge species were identified by BernatoriP(Ulster Museum) and
Christine Morrow (Queens University Belfast). Setawvavas collected from the
sponge sampling site simultaneously. Sponge sampée rinsed in sterile
artificial seawater (ASW) to remove exogenous niaterASW is derived from
a commercial synthetic ion and mineral formulat{gmstant Ocean — Aquatic
Eco-Systems, Inc., Apopka, FL, USA) and is commombed in aquaria. A
sample was removed for immediate microbial culgirand the remainder was
placed in sterile plastic Ziploc bags and storeddpnice for transport and then
frozen at -80°C. Seawater was stored on dry icaréorsport and then stored at
4°C.



2.3.2 Culture Isolation
2.3.2.1 General Isolation

Sponge tissue was weighed, rinsed with steriléi@di seawater and macerated
with a sterile razor blade. The macerated tissag placed in a tube with sterile
glass beads and vortexed. Sterile artificial seemwatis added and the samples
were again vortexed for 2 min. Dilution series’ eaverformed to 10 with
sterileASW and 100 pl of each dilution was spread platetb @ach of three
growth media:

starch-yeast-peptone seawater agar (SYP-SW)1% (w/v) starch, 0.4% w/v)
yeast extract, 0.2%w\V) peptone, 3.33%w(/V) artificial sea salts - Instant Ocean
(Aquatic Eco-Systems Inc., Apopka, FL, USA), 1.5%/\f agar modified
marine agar (MMA) : 0.005% /v) yeast extract, 0.05%v(Vv) tryptone, 0.01%
(w/v) - glycerol phosphate disodium salt, pentahydrateH{SaOsP-5H0),
3.33% (v/v) artificial sea salt (Instant Ocean), 1.58\) agar,andchitin agar:
4% (v/v) colloidal chitin, 1.5%/v) agar.

Culture plates were incubated at 18°C in an attetopisolate mesophilic
phylotypes and thus ensure that the widest rangdiwarsity was obtained.
Colonies were picked from the master growth plaaed isolated as axenic
cultures by successive re-streaking on fresh medid pure cultures were
obtained. Colonies were chosen to represent thesswidange of diversity
possible as adjudged by colony characteristics sgcholour, morphology and

growth rate.
2.3.2.2 Targeted isolation

A second isolation strategy was employed to tgpgssible antibiotic producing

bacteria. Sponge tissueR.(ramosa were macerated and serial diluted as
described above and 100 pl of each dilution wasagpon each of seven growth
different media. Additionally, aliquots of the sardiluted sponge homogenates
were heat treated by incubating for 55°C for 6 @nd then spread on each of

seven growth media as before. The media used were:



(1) starch-yeast-peptone seawater agar plus nalidixiccad: 1% (w/v) starch,
0.4% (/v) yeast extract, 0.2%mV) peptone, 3.33%w(/v) artificial sea salts,
0.001% W/v) nalidixic acid;

(2) dsarch-yeast-peptone seawater agar plus rifampicin 1% (w/v) starch,
0.4% (w/v) yeast extract, 0.2%wVv) peptone, 3.33%w(/V) artificial sea salts,
0.0005% w/v) rifampicin;

(3) actinomycete isolation agar 0.2% (v/v) sodium caseinate, 0.4%w/{)
sodium propionate [Na@EsCOO)], 0.01% W/v) magnesium sulfate (MgSD
0.01% (/v) asparagine, 0.05%v(Vv) dipotassium phosphate {HPQ,), 0.0001%
(w/v) ferrous sulfate (FeSQ) 1.5% w/v) agar, 0.5%\/V) glycerol;

(4) actinomycete isolation agar plus seawate0.2% (v/v) sodium caseinate,
0.4% (/v) sodium propionate [NagEisC00)], 0.01% \W/v) magnesium sulfate
(MgSQy), 0.01% w/v) asparagine, 0.05% w(Vv) dipotassium phosphate
(KoHPOy), 0.0001% wW/v) ferrous sulfate (FeSQ 1.5% (v/v) agar, 0.5% (V)
glycerol, 3.33%\/v) artificial sea salts;

(5) starch casein nitrate agar 1% (w/v) starch, 0.2%w/v) dibasic potassium
phosphate, 0.2%w(v) potassium nitrate (KN§), 0.2% (v/v) sodium chloride
(NaCl), 0.03% wW/v) casein, 0.05%w/v) magnesium sulfate (MgS{) 0.001%
(w/v) ferrous sulfate (FeSQ 1.5% (/v) agar;

(6) starch casein nitrate agar plus seawaterl% (w/v) starch, 0.2% W/V)
dibasic potassium phosphate-,fHO,), 0.2% /v) potassium nitrate (KN§),
0.2% (w/v) sodium chloride (NaCl), 0.03%v(Vv) casein, 0.05%w/v) magnesium
sulfate (MgSQ), 0.001% /v) ferrous sulfate (FeS) 1.5% (/v) agar, 3.33%

(w/v) artificial sea salts;

(7) raffinose histidine agar 1% (w/v) raffinose, 0.1%w/Vv) L-histidine, 0.05%
(w/v) magnesium sulfate (MgSI) 0.001% /v) ferrous sulfate (FeSQ 2%

(w/v) agar, 0.0001% w/v) nalidixic acid, 0.0001% w/v) cycloheximide,
0.00025% \/v) nystatin. Culture plates were incubated at 183Cféur weeks.
Colonies were picked from master growth plates andcultured until pure

cultures were obtained.



2.3.3 Phylogenetic Analysis of Cultured Isolates

Cultured isolates were analysed by PCR amplificatitd 16S rRNA genes,

sequencing of amplified genes and BLAST analyseasbtdined sequences.

DNA templates for PCR Template DNA was obtained by addition of 250f
glycerol stock culture to 100 TE buffer followed by incubation at 98°C for 10
min. The lysed cells were pelleted by centrifugatet 1,400 g. The resultant

supernatant served as template DNA for PCR.

16S rRNA PCREach 30 pl PCR reaction comprised 1X reactiondyufi.2 mM
dNTPs, 0.5 M forward primer 27f (5-GAGTTTGATCCTGGCTCAG-3'),.6
UM reverse primer 1492r (5-GGTTACCTTGTTACGACTT-3)l U Taq
polymerase (5 U/ul), 1.0 ul template DNA, s€H

PCR Cycle ConditionsCycle conditions comprised initial denaturatiorD&tC
for 5 min followed by 35 cycles of denaturation #°C for 30 s, primer
annealing at 50°C for 30 s and extension at 72t@ fanin. A final extension at
72°C for 10 min followed (Lane, 1991). PCR amplisowere analysed by
electrophoresis on 1% agarose gels.

Sequencing 16S rRNA PCR amplicons were sequenced by capillary
electrophoresis, single extension sequencing (Mgerolnc., Korea), using
3730xI DNA Analyser.

Sequence Data AnalysiSequences were edited manually using FinchTV 1.4.0

(Geospiza, Inc.; Seattle, WA, USALttp://www.geospiza.cojn Sequences were

dereplicated using FastGrouplhtip://biome.sdsu.edu/fastgrodip(Yu et al,

2006). Sequence alignment and tree constructior \werformed using Mega

version 4 [ittp://www.megasoftware.ngt(Tamuraet al, 2007). Alignment was

performed with ClustalW and tree construction wasieighbour joining method
(Saitou & Nei, 1987) and included bootstrap testslgenstein, 1985). The
evolutionary distances were computed using the mamxi composite likelihood
method (Tamuraet al, 2004) and are in the units of the number of base
substitutions per site. All positions containingpgaand missing data were

eliminated from the datasets (complete deletiorioopt Reference sequences



were downloaded from the Ribosomal Database Pr@jelgase 10, update 13)

(http://rdp.cme.msu.edu/

2.3.4 Antimicrobial assays

Deferred antagonism assays were performed witbaaterial isolates from the
marine sponge®. ramosaand S. stuposaA panel of test strains was used:
Escherichia coliNCIMB 12210, Bacillus subtilis IE32 and Staphylococcus
aureus NCIMB 9518, Candida albicansSc5314,Candida glabrataCBS138,
Saccharomyces cerevisi®Y4741 andKluyveromyces marxianuSBS86556.
Sponge isolates were spotted to SYP-SW agar pdaieesncubated for 24-48 hr.
Bacteria test strains were grown overnight in 5Lonlia Bertani (LB) broth, the
overnight culture was added to 50 ml LB broth ancubated shaking until it
reached an Ofdonm 0.8. The culture was diluted 1/1000 with soft Liaa [2%
(w/v) LB powder (Sigma), 0.5%n(Vv) agar]. The test cultures were poured over
the sponge isolates and incubated at 18°C for 2hr360r yeast test cultures,
overnight cultures were grown in yeast-peptone{dset agar (YPD) [1%w(/V)
yeast extract, 2%n(Vv) peptone, 2%w/v) D-glucose, 1.5%w/Vv) agar]. Overlays
were poured with soft YPD — 0.7%vAv) agar. A zone of inhibition of the test
strain around a sponge isolate colony was detedninoebe an antimicrobial

producing strain.
2.3.5 Metagenomic DNA Extraction from Sponges

Sponge tissue was weighed and ground to a fine @owdder liquid Nin a
sterile mortar with a sterile pestle. The groundrgge tissue was suspended in
lysis buffer (100 mM Tris, 100 mM EDTA, 1.5 M NaGl/v), 1% CTAB Ww/v),
2% SDS w/v)) — adapted from Brady, 2007. Metagenomic DNA wiasn
extracted as described by Kenneelyal, 2008b. DNA was analysed by gel
electrophoresis and quantified using a spectropheter (NanoDrop ND-1000).
The DNA solutions were stored at -20°C.

2.3.6 Metagenomic DNA Extraction from Seawater

Seawater was filtered through a sterile 0.45 prerfimembrane (Whatman,
Austin, TX, USA) under vacuum. DNA was then exteacusing WaterMaster
DNA Purification Kit (Epicentre Biotechnologies, Mison, WI, USA) according



to the manufacturer's instructions. The DNA was Igsed by gel

electrophoresis. The DNA solutions were store®@tc.
2.3.7 PCR Amplicon Library Preparation for Pyrosequencing

PCR amplicon libraries of the V1-V3 region of théSLrRNA genes from
metagenomic DNA preparations from (R) ramosa (2) S. stuposaand (3)
seawater were prepared. The PCR primers used,néi3553r were adapted for
pyrosequencing by addition of adapter sequencesraiiplex identifier (MID)
sequences (see Table 2.1) which allowed for thengiand parallel sequencing

of the samples.

PCR for pyrosequencingEach 50 | reaction comprised 1X buffer, 0.1 mM
dNTPs, forward primer 63f* [5-GCCTAACACATGCAAGTC:B (0.5 uM),
reverse primer 518r* [5’-ATTACCGCGGCTGCTGG-3'] (0/sM), 2 U Taq
polymerase, 2.0 pl template DNA, 30.0 pl s@H Template DNA was
metagenomic DNA extracted from (B. ramosa (2) S. stuposaand (3)

seawater. (Asterisk denotes primer adapted forgggreencing as per Table 2.1).

) Template specific
Primer Adapter MID
sequence
GCCTAACACATGCAAGTC
forward ~CGTATCGCCTCCCTCGCGCCATCAG  ACGAGTGCGT
Raspailia (631)
ramosa ATTACCGCGGCTGCTGG
reverse ~ CTATGCGCCTTGCCAGCCCGCTCAG ACGAGTGCGT(518 )
r
GCCTAACACATGCAAGTC
. fooward ~CGTATCGCCTCCCTCGCGCCATCAG  ACGCTCGACA
Stelligera
stuposa ATTACCGCGGCTGCTGG
reverse ~ CTATGCGCCTTGCCAGCCCGCTCAG A(:GCTCGA(:A(518 )
r
GCCTAACACATGCAAGTC
fooward ~CGTATCGCCTCCCTCGCGCCATCAG  AGACGCACTC 631
seawater
ATTACCGCGGCTGCTGG
reverse ~ CTATGCGCCTTGCCAGCCCGCTCAG AGA(:GCACTC(518 )
r

Table 2.1: Primer sequences for the amplification of theW&Lregions of the
bacterial 16S rRNA genes modified with adapter anudtiplex identifier (MID)
barcodes.



PCR Cycle ConditionsCycle conditions comprised initial denaturatiorDdtC

for 5 min followed by 30 cycles of denaturation 32°C for 60 s, primer
annealing at 55°C for 60 s and extension at 72¥@®@os. A final extension at
72°C for 10 min followed (El-Fantrousst al, 1999). Three individual PCR
reactions were performed for each sample. The P@Rlieon libraries were
purified using Qiagen (Qiagen Ltd., UK) PCR pudtfion kit as per the
manufacturer’s instructions. The DNA concentratadneach resultant solution
was quantified on NanoDrop. To minimise the effeatdPCR bias on results
equimolar amounts of each of the 3 individual acwiilibraries were pooled for
each of the samples. Amplicon libraries were sege@non the GS FLX

Titanium platform (454 Life Sciences) at the Unsigr of Liverpool, UK.

2.3.8 Pyrosequencing Data Analysis

Sequencing reads were quality-filtered in the Rilmoal Database Project

(Release 10) pyrosequencing pipelihggd://pyro.cme.msu.edu/Reads with

ambiguous basds$ were removed, primer sequences were trimmed, segue
reads shorter than 100 bases and reads with avguatiy score <20 were
discarded. Replicate sequences were removed usrigdreplicate tool.
Sequences were clustered by complete-linkage clogteSequences were
aligned using the secondary structure Infernal wdigalgorithm (Nawrocki &
Eddy, 2007). Sequences were assigned to taxa naiug Bayesian rRNA
classifier using a confidence threshold of 50% (@/etnal, 2007). Shannon and
Chaol indices and rarefaction curves were obtaisety the RDP tools. Sponge
specific cluster analysis was performed by aligréaguences to the complete
datasets used by Taylet al, 2007, followed by phylogenetic tree building wsin

neighbour joining, maximum likelihood and minimunoéution algorithms.

Accession NumberBhe 16S rRNA gene sequences for the isolates were
deposited in GenBank under the accession numb8g)8b4-JF820814. The
pyrosequencing reads were deposited to the NCBIS®® Read Archive under
the accession number SRA035391.



2.4 Results

2.4.1 Culture isolation

In the general isolation strategy, partial 16S rRé§uences were obtained for
123 bacterial isolates frofRaspailia ramosand for 82 isolates fror8telligera
stuposa Phylogenetic analyses identified members of 4lglctinobacteria
BacteroidetesFirmicutesandProteobacterial - and - classes)] associated with
each sponge species. The community profiles showesities at the genus level
within the Firmicutes and Proteobacteriabut are dissimilar within the phyla
ActinobacteriaandBacteroidetegFigure 2.1). Both cohorts are dominated by
Proteobacteria(71% of R. ramosaisolates and 54% 0%. stuposasolates —
Figure 2.2). The dominant phylotypes of this cldssn both sponges, are close
relatives ofPseudoalteromonasp.,Vibrio sp. andHalomonassp. Seven genera
of -Proteobacteriawere isolated fromR. ramosawhile six genera of -
Proteobacteriawere isolated frons. stuposaThree generaPseudoalteromonas
Shewanella Halomona$ were isolated from both sponges. Four genera
(Colwellia, Vibrio, Aliivibrio, Microbulbifer) were unique tdR. ramosawhile 3
genera Glaciecolg AlteromonasAcinetobacter were unique t@&. stuposalhe
—Proteobacteriacultured from S. stuposaare most closely related to the
common marine genefRRoseobactespp., andRuegeriaspp. while the&k. ramosa
derived —Proteobacteriaare almost exclusivellseudovibriospp. Amongst the
Firmicutes isolates Staphylococcuspp. andBacillus spp. were isolated from
both sponges. Microbacteriumsp. isolate was obtained frog stuposaFive
genera oBacteroidetesvere isolated from each sponge species thoughady
genus Cellulophaga was common to both sponges. Three actinobactgiara
were isolated fronR. ramosaand five actinobacterial genera were obtained from
S. stuposawith only two generaMlicrococcus Arthrobacte) common to both
sponges. For the targeted isolation strategy, g@dat6S rRNA sequences were
obtained for 33 isolates (Figure 2.3). ~85% of ¢hésolates were from the
phylum Firmicutes (14 x Bacillus spp., 12 xStaphylococcusspp. and 2
Paenibacillus spp.). Other isolates were related Tetrathiobactersp. (-

Proteobacteria andPantoeasp. (-Proteobacterid.
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Figure 2.1: Neighbour-joining phylogenetic trees [(a) Actinobacteria
Bacteroidetesand Firmicutes (b) Proteobacteriq of bacterial isolates from the
marine spongeR. ramosaandS. stuposa -denotesS. stuposasolate -denotesR.
ramosaisolate. Numbers in parentheses represent nurbeggplicate isolates. Only

isolates from the general isolation strategy actuted.

Figure 2.2: Percentage of bacterial isolates from the marioageskR. ramosaand
S. stuposdy phylum. Only isolates from the general isolatstrategy are included.

2.4.2 Antimicrobial assay

Antimicrobial activities against one or more tesaims were noted from 20 sponge
isolates (Table 2.2). While ~3% of isolates frone theneral isolation strategy
displayed antimicrobial activity, ~42% of isolafesm the targeted isolation strategy
showed antimicrobial activities. Three isolat&agillus sp., Tetrathiobactersp.,
Staphylococcusp.) showed strong inhibitory activity agai@andida glabrataOne
unidentified isolate (WHO018scsh40) inhibited allage test strains tested (Figure
2.4).
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Figure 2.3 Neighbour joining phylogenetic tree of bacteriablates from the

targeted isolation strategy. Sponge isolates anetifted by the prefix ~-WHO018'.



Figure 2.4: Examples of antimicrobial activities of sponge &dek. (a) WH009151s
V E. coli, (b) WH009126m VS. aureus (c) WH009063c VE. coli, (d)
WHO018sccsh40 \C. glabratg (e) WH018scsh40 K. marxianug(f) WH018scsh40

V S. cerevisiae



Isolate E.coli S.aureus C.glabrata C.albicans K.marxianus S.cerevisiag
WHO009063c  Pseudovibrio sp. X

WHO009094c  Pseudovibrio sp. X

WHO009103¢c  Pseudovibrio sp. X

WH009126m ss'eudoalteromonas X

WHO009151s  Shewanella sp. X

WH009171s ss'eudoalteromonas

WHO018ah01  Bacillus sp. XXX
WHO018ah02 Bacillus sp. X
WHO018ah03  Bacillus sp. X
WHO018ash04 Bacillus sp. X
WHO018snh08 Bacillus sp. X

WHO018a18 Tetrathiobacter sp. X
WH018a20 Bacillus sp. XX
WHO018ah21  Bacillus sp. X

WHO018snh26 Tetrathiobacter sp. XXX
WHO018scs33  Pantoea sp. X
WHO018scsh40 ? X XX XX
WHO018ah58 ? XXX
WHO018sh71  Staphylococcus sp. XXX
WHO018sh73  Pantoea sp. XX

Table 2.2: Antimicrobial activities of sponge isolates agaibatterial and yeast test
strains as determined by the deferred antagonisayaksolates ibold text indicate
isolates from the targeted isolation strategy. derotes moderate inhibition of the
test strain, XX — denotes intermediate inhibitidrihe test strain, XXX — denotes
strong inhibition of the test strain.

2.4.3 Pyrosequencing

A combined total of ~70,000 raw bacterial 16S rRtd§ sequences comprising over
20 million bases were obtained from pyrosequendciiter quality filtering 14,146
sequence reads froR. ramosawith an average length 420 bp, 12,099 sequences of
average length 437 bp froB stuposand 12,126 sequences of average length 369
bp from seawater were analysed. The number of OlfJgach sample was
determined and Shannon and Chaol diversity indie®® calculated (Table 2.3).



Rarefaction curves at 5% sequence dissimilarityafothree samples showed some
levelling off indicating that the libraries werepresentative and that the estimations
of microbial diversity were likely to be accuratéigure 2.5a). Rank abundance
curves indicated that the majority of the sequem&tsnged to rare species although
differences in the slope indicated that the miablbommunity associated wit8.

stuposahad lower evenness th& ramosgFigure 2.5b).

No. of No. of No. of Chaol Sha:jnnon
No.of reads Average OTU’s OTU’'s  richness Index
after  sequence  (97% (95% (95% (95%

reads  quality length  sequence sequence sequence sequence
filtering identity) identity) identity) identity)

R.ramosa 24,433 14,146 420 3,013 2,109 3,466 5.49
S. stuposa 26,918 12,099 437 570 349 581 2.94

Seawater 18,271 12,126 369 1,380 533 730 4.17

Table 2.3: Analysis of 16S rRNA (V1-V3) pyrosequencing reaadsrf the marine
spongeR. ramosaS. stuposand from seawater. Chaol species richness and

Shannon diversity indices were calculated at 958biesece identity.

Taxonomic classifications of sequences resulted®88 of R. ramosaderived
sequences being classified, ~96.75% Sof stuposalerived reads classified and
99.8% of seawater-derived reads classified [Suppieary Table S2.1 (see
Appendix)]. Distinct differences between all thidetasets were evident. Very high
levels of diversity were noted from thke ramosasequences with 3,013 unique reads
at 97% sequence similarity and 2,109 unique rea@5% sequence similarity. Ten
bacterial phyla Acidobacteria Actinobacteria Bacteroidetes Chloroflexi
CyanobacteriaDeferribacteresFirmicutes Nitrospira, Proteobacteria -, -, -, -
and - classes) and TM7] were observed Rn ramosaderived reads. From the
spongeS. stuposamuch lower diversity was evident with 570 uniquad® seen at
97% sequence identity and 349 unigue sequencesb%t gquence similarity.
Sequences representing eight bacterial phyatifobacteria Acidobacteria
BacteroidetesCyanobacteriaFirmicutes Nitrospira, Proteobacteria( -, -, - and

- classes) and TM7] were recovered frBmrstuposa
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No. of sequences

Figure 2.5 (a) Rarefaction curves and (b) rank abundanceesuior marine sponge

and seawater derived pyrosequencing reads.

The bacterial diversity observed in seawater wagitothan for either of the two
sponges when phylum level analysis was examineanidées of six bacterial phyla
[Actinobacteria Bacteroidetes, Cyanobacteria,Firmicutes Nitrospira and
Proteobacteria( -, -, and - classes)] were represented. However, more OTUs at
97% sequence identity (1,380) and at 95% sequeterdity (533) were noted in
seawater when compared $o stuposd570 and 349 respectively). These diversity
levels are reflected in the Shannon diversity iadlicalculated for each sample
(Table 2.2). Chaol species richness estimatesgredic6 OTUs at 95% sequence
identity for R. ramosasuggesting that 40% of the diversity present wassampled.



Similarly, ~40% of OTUs fromS. stuposawere not sampled relative to Chaol
estimates of 581 OTUs at 95% similarity. Chaol nestes for seawater (730)
suggest that greater than 75% of OTUs (95% idgnptgsent in seawater were
sampled here. Rarefaction curves for each samplgur@= 2.5a) reflect these
estimates and also show the differences in everofedse microbial communities.
The microbial community associated wkh ramosas the most diverse with many
species present at relatively low abundance;Sostuposaghe community is less
diverse with a greater proportion of the communiawpsisting of dominant clusters.

1 —
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0g B Ubielassified baeteria
Uliclassified proteobacteria
B - Profeabacteria
&= Proteobacteria
0k B d-Proteobacteria
8 f- Profeobacteria
a-Proteobacteria
BTM7
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0 Deferribacteres
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B Choroflexi
02 B Bacteroidefes
Acidobacteria
B Actinebacteria
u | I
Rramosa S.stuposa Seenvater

Figure 2.6: Relative abundance of 16S tag sequences by phybmrharine

sponges and seawater.



At the phylum leveProteobacteriadominated in both sponges (Figure 2.6), making
up 78% and 71% of classified reads frétnramosaandS. stuposarespectively.
The next most abundant phylum for both spongesthablitrospira. This phylum
accounts for 9.16% dR®. ramosaderived sequences and ~24% okttiposaderived
reads [including all ofS. stuposaluster 1 (Sscl — Figure 2.8)] while <0.01% of
seawater-derived sequences belong to the phyNitnospira. Bacteroidetes
accounted for a significant proportion (5%)Rdframosasequencebut only 0.2% of
S. stuposasequences and 0.9% of sequences from seawzyanobacteriaand
Actinobacteriawere also more abundant R. ramosa(2.4% and 0.7%) tha®.
stuposa(0.3% and 0.03%). More rarely found phyla wefemicutes (in both
sponges) Chloroflexi and -Proteobacteria(unique toR. ramos® Acidobacteria
and TM7 (both sponges) amkferribacteres(only in R. ramos Low-abundance
-Proteobacteriawere found in both sponges but were absent fraamvater. The
only -proteobacterial ordeMyxococcalesfound inS. stuposavas also found iR.
ramosa -Proteobacteriavere also found at low abundance in both spongesdiu
in seawater. Amongst the-Proteobacterialow numbers ofVibrionales and
Xanthomonadalewere observed in both spong&sinthomonadalewere present at
low abundance in seawater also Wilirionalescompletely dominated the seawater
with more than half of all seawater-derived tagusegtes recruiting to this order.
AlteromonadalesEnterobacterialesand Pseudomonadalesere also found at low
abundance irS. stuposaut were more common iR. ramosa Low abundance
ThiotrichalesandLegionellaleswere identified to be associated with ramosaput

these orders were absent fr@nstuposa
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Figure 2.7. Maximum Likelihood phylogenetic tree of bactefiam the phylum
Cyanobacteriancluding a cluster (4 sequences) derived fronntlagine sponge
Raspailia ramosgRrc388 —Raspailia ramosa&luster 388) forming a monophyletic

novel sponge specific cluster.

2.5 Discussion

2.5.1 Isolated Bacteria

The phylogeny of the cultured isolates showed bregwilarities to previously
reported studies with the four bacterial phylaasedl here being regularly cultured
from sponges (Tayloet al, 2007). All of the proteobacterial genera isalate
culture were represented in the pyrosequencingeafeom the sponge from which
they were cultivated this was not the case for Alitinobacteriaor Firmicutes
isolates, many of which were members of genera tete not detected by
pyrosequencing. While it is well known that muchtle sponge microbiota is
currently inaccessible by culture-dependent metliSgskemeet al., 2011), it would
also appear that bacteria accessible by cultuppgoaches are likewise not detected
by culture-independent approaches. Similar findingsre noted by Sun and
colleagues (Surt al, 2010) and by Zhang and co-workers (Zhatgl, 2006).
Both groups targeted Actinomycetes for isolatimnfrmarine sponges. Sun and co-
workers also constructed a 16S rDNA clone libradyilev Zhang and colleagues
performed RFLP analysis. Both groups identifiedtungld isolates which were
absent from their culture-independent analyses.tké¢nehis is due to extreme low

abundance or methodological bias is currently umkno

Members of the generBseudoalteromonaand Pseudovibriowere isolated from
both sponge species and were also detected bygurescing from both sponges.
Previously, sponge-derivedPseudovibrio spp isolates have displayed strong
antimicrobial activities (Kennedgt al, 2008; O’Halloraret al, 2011) while other
-proteobacterialsolates,Ruegeriaspp. andRoseobactespp. have been implicated
in signalling processes in sponges through the ymtomh of quorum-sensing
molecules (Mohamedet al, 2008). Sponge-associatefictinobacteria are of

particular interest due to the propensity of tdri@smembers of this phylum to



produce bioactive secondary metaboliteghrobacterspp. were isolated in culture
from both sponges here. Members of this genus ang @ommon in soil and can
metabolise toxic heavy metals and pesticides (Meglet al, 2003). Similarly,

Micrococcusspp. were isolated from both sponges and this getso includes

species which harbour pesticide-degrading geneugtsedSimset al,, 1986).

The targeted isolation strategy was used in amatt¢éo obtain antibiotic producers
such asStreptomycessp. Although, no actinobacteria were in fact isdathe
relative number of isolates displaying antimicrébactivity was an order of
magnitude greater than that observed from the gémlation method used here.
Bacillus sp. and Staphylococcussp. were isolated by both strategies but
Paenibacillussp., Tetrathiobactersp. andPantoeasp. were only seen from the
targeted approach. It is clear that different aeltisolation strategies result in
different phylotypes being obtained and to ascertae full cultivable bacterial
diversity of a sponge associated bacterial commuaitwide range of disparate

isolation conditions are required.
2.5.2 Antimicrobial activities

Antibacterial activities were observed from eiglpmosge isolates, seven isolates
inhibited E. coliand one isolate inhibited. aureugTable 2.2). The sponge isolates
exhibiting these activities are most closely ralatéo Pseudovibrio sp.,
Pseudoalteromonasp., Shewanellasp. andBacillus sp. Pseudovibriosp. isolates
from other sponge species have been noted to displabitory activity against
important clinical pathogens such as MRSA (O’Halloet al, 2011). Sponge
derivedPseudoalteromonasp., andacillus sp., have also previously been reported
to display antimicrobial activities (Flemet al, 2011).Shewanellsspp. are known

to produce antibiotic compounds also (Shnit-Orlandl, 2007).

Yeast test strains were inhibited by 14 of the ggoisolates. Half of those isolates
were closely related tBacillus sp., with phylogenetic analysis suggesting thaséh

isolates may represent at least two different ggewiithin the genus (Figure 2.2).
Other isolates exhibiting antimicrobial activitiesvere close relatives of
Staphylococcusp., Tetrathiobactersp., Pantoeasp. as well as two unidentified
isolates. The mechanism of the antimicrobial at&si being displayed by these

isolates is as yet unknown. Furthermore, it islesacwhether the antimicrobial



compounds are produced vivo in the sponge host or what ecological roles they
may play, if any. It has however been suggestetl ghaduction of antimicrobial
compounds by sponge symbiotic bacteria plays tiolehemical defence of the host
against infection and predation (Tay#dral., 2007).

2.5.3 Pyrosequencing

Phylum level analysis in this study reveals muahkdodiversity than has been noted
in some previous sponge pyrosequencing studies ét.ed, 2011; Websteet al,
2010). Those studies identified 26 and 23 bactegglla associated with sponges
from Red Sea and Australian waters respectivéfpwever, analysis of OTUs at
95% sequence similarity reveals levels of speciesrsity approaching what was
noted by Webster despite the disparity in numbésponge-derived sequence reads
analysed (~51,000 obtained here versus ~250,000diyster and colleagues). While
Lee and co-workers identified ~850 bacterial OTO5% sequence similarity) in
association with a single sponge species and Wedisté noted ~3,000 OTU’s in a
single species, ~ 2,100 bacterial OTU’s were fobeck in the most diverse sponge
(R. ramosaxommunity. This is in contrast ®. stuposavhere 349 bacterial OTU’s
were noted. Chaol estimates for Reramosacommunity (3,466 OTUSs) at 95%
sequence identity, though much higher than anyipueweport for marine sponges,
reflects the data of Leet al where a similar proportion (~60%) of the communit
was represented relative to Chaol estimates. QGgmnge pyrosequencing studies
have reported 14 (Trindade-Sihed al, 2012), 18 (Whiteet al, 2012) and 8-15
(Schmittet al, 2011) bacterial phyla associated with differgmbnge species. These
findings echo Schmitt and colleagues findings thaadterial communities associated
with sponges are largely species-specific. Thealymes revealed that >72% of
OTUs were species—specific in five sponges whiary taxamined while 26% of
OTUs were common two-to-four of those sponges antgl 2% of OUTs were found
in all 5 sponge species. In this study ~13% ofwfeesl genera were found in both

sponge species.



2.5.4 Community analysis

Genus level and cluster analyses of classified esetps reveal that different
phylotypes dominate each of the communities. Thigekt cluster from theR.
ramosa derived sequences aligned to the ubiquitcdB8R11 clade of -
Proteobacteria The genu$elagibacteraccounts for 10% of all classified sequences
from that sponge, the most common identified gentlibis compares to 0.5% of
reads fromS. stuposaand 0.97% of seawater-derived reads identifieSAR11
Nitrospiraeaccount for a large proportion agfequences from both sponges (9.1% of
R. ramosasequences, ~24% 8f stuposa&equences) but are scarce in seawater (one
sequence readNitrospira is the most common identified genus fr@n stuposa
Nitrospiraceaehave been commonly detected in other sponge sydwevever the
levels found here are significantly higher thaneotlpyrosequencing studies that
showed levels of 0.01% to 3% among several spopgeies (Leeet al, 2011,
Websteret al, 2010).

A large number o8. stuposdag sequences were classified as purple sulfuebac
from the familyEctothiorhodospiraceaé34% of reads) with a further 4.4% of reads
being classified as members of the same or@dwrgmatialey. This family of
bacteria also appear to constitute a significaopg@rtion of the microbiota oR.
ramosawith 4.3% of classified reads recruiting to teetothiorhodospiraceaand a
further 0.7% to othetChromatialesfamilies. Within other sponge species the
presence of significant numbers of purple sulfuctbaa have been found in
Haliclona simulangrom the west coast of Ireland, where 44% of clomesuited to
the Ectothiorhodospiraceaékennedyet al, 2011b). Webster and co-workers have
also reported high levels d@ctothiorhodospiraceaeanging from ~0.4% to >5%
among different sponge species (Webstedil, 2010). The high levels of this group
of bacteria within both sponges and their absenos fthe surrounding seawater
implies a significant role in sponge biology. Thetothiorhodospiraceaeare
typically sulfur-oxidising anaerobic phototroph&#haugh the role of these bacteria
in sponge biology is as yet unclear. The oiRbodobacteralefrom the - class of
Proteobacteria accounted for 9%PRf.ramosaderived sequences, 10% of seawater
sequences but just 0.5% of sequences fRnstuposaA large cluster fromS.
stuposaaligns to the orde©ceanospirillalesof -Proteobacteria While 5% ofS.

stuposasequences recruit to this order, only 0.1%Roframosareads and 0.9% of



seawater reads recruit tOceanospirillales Within Oceanospirillalesthe most
abundant genus presentSnstuposas theEndozoicomonawhich constitutes 5% of
the classified reads. A small proportion (<0.1%)Roframosatag sequences recruit
to this genus while one tag sequence from seawgpeesents this genus, suggesting
that this may be a sponge species-specific symbMembers of this genus are
mostly associated with marine animals (spongesalsomarine slugs) while the
nearest related genera are mostly found in salifgpersaline aquatic environments
or in sea sediment (Kurahashi & Yokota, 2007; Yatgal, 2010). The order
Flavobacterialesrom the phylumBacteroidetess abundant irR. ramosa4.9% of
reads) but only accounts for 0.26%Sfstuposaequences and 0.72% of reads from
seawater. Many genera from tlkg¢avobacteriaceaefamily are present with no
dominant clusters.Flavobacteriaceaehave been identified as an important
environmental reservoir for-lactamase genes (Naesal, 2003).Alteromonadales
from -Proteobacteriaalso constitute a significant proportion of tRe ramosa
community (3% of sequences) and account for 19%eqtiences from seawater but
only 0.12% ofS. stuposasequences recruit to that order. TReramosaderived
sequences include seven reads andShetuposaderived sequences include one
sequence recruited to the candidate division TNPfior to pyrosequencing
technology, few TM7 sequences were reported fromnaasponges. Three TM7
sequences were reported fro@hondrilla nucula (Taylor et al, 2007) through
cloning experiments. Lately, through pyrosequencingw abundance TM7
sequences were found in various sponge speciessté/eleported TM7 sequences
derived fromlanthella bastaand also from sponge larva@hopaloeides odorabile
(Websteret al, 2010). Lee and colleagues report TM7 sequenssscated with
four Hyrtios erectus individuals, with Stylissa carteri and also with two
Xestospongia testudinariendividuals (Leeet al, 2011). Regular identification of
sponge-associated TM7 sequences due to deepemsegusuggests that members
of this division may be widespread in sponges at Yew abundance. Many-
Proteobacterialsequencedrom all three samples remained unclassified atetow
taxonomic levels. These include 32% of Bll ramosasequences, 17% of aB.
stuposasequnces and 1% of sequences from seawater. ahatee tag sequences
are completely dominated by the common marine oradfer -Proteobacteria,
Vibrionales More than 55% of sequences from seawater redouithe order

Vibrionales this compares to 0.4% d?. ramosatag sequences and 0.03% Sif



stuposasequences. More than 98% of the seawater sequbelmey) to the phylum
Proteobacteria the other dominant groups being ®odobacteraceaand ~13%
Pseudoalteromonas In comparable studies, Leet al found >90% of
pyrosequencing reads from seawater aligning to ethreacterial phyla
(Proteobacteria CyanobacterieandBacteroidetes(Leeet al, 2011) while Webster
and co-workers reported that 90-95% of pyrosequeneads belong to the same
three phyla (Webstest al, 2010). The filter pore size used for DNA extractin
this study may have allowed more diminutive callpass through, thereby affecting
the seawater community profile. However, the thpkgla which dominate in water
from the Red Sea (Lest al, 2011) and Australian waters (Websteal, 2010) also
account for >99% of tag sequences from Lough Hyne.

2.5.5 Sponge-Specific Phylotypes

One of the most striking features of sponge miabbcology is the identification of
sponge-specific phylotypes as defined by HentsdikEntschelet al, 2002).
Numerous sequence clusters identified in this stoaly be classified as sponge-
specific. From the spongR. ramosal7 sequence clusters, representing 2.8% of
quality-filtered reads, constitute 2 novel spongeesfic clusters. One cluster of four
sequences represents a novel sponge-specific rciastee phylumCyanobacteria
(Figure 2.7) while 16R. ramosaderived clusters representing 391 sequences
represent a novel sponge-specific cluster in thelass of Proteobacteria (Figure
2.9). FromS. stuposal8 sequence clusters representing 26% of segsiémre that
sponge align to ‘sponge cluster 23’ in the phylNtrospira (Figure 2.8) using the
cluster numbering system used by Webster (Welestal, 2010). Notable sponge-
specific  clusters from numerous phyla Chioroflexj Bacteroidetes
Gemmatimonadetes  Verrucomicrobia Planctomycetes  Lentisphaerag
Poribacteria Spirochaetes, -Proteobacteria identified in other sponge species
were absent from the sponges examined here. Iti@ud?oribacteriaspecific PCR
primers failed to amplify a product from metagenonNAs of the sponges

examined here (data not shown).
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2.5.6 Linking Taxonomy to Function

The composition of the microbial communities, presgithin each sponge is likely
to reflect the metabolic roles of these bacterise Tommunity associated with.
stuposaappears to be much less diverse than that assdciath R. ramosa with
approximately 62% of the total microbial commurbiging made up of three distinct
bacterial groups, the ord@&hromatialeg33%), the genublitrospira (24%), and the
genusEndozoicomona%). Within the more complex microbiotaRf ramosahe
most abundant of these three groups also make sigraficant portion of the
microbial population with ~9%Nitrospira and 5%Chromatialespresent, implying
an important, if not fundamental, role in the bgoof these sponge species.
Taxonomic biomarker genes cannot be used to igesyrinbiotic roles for bacterial
communities but some inferences can be made basdahawn physiological and
metabolic capabilities of particular phylotypes.a@gbacterial photosynthesis may
be an important source of carbon for many spongagldr et al, 2007) and were
present in both of these sponges. Bacterial grawasved in all steps of nitrogen
metabolism, M fixation (Rhizobia sp.), ammonia oxidationNitrospira sp.,
Nitrosomonassp.), nitrite and nitrate reductiorFlévobacteriumsp.) were also
associated with both sponge species. Finally sulpmetabolising bacterial groups
were also evident associated with sponges. SuKiglising
(Ectothiorhodospiraceaeand Sulfurovum sp.) and sulfide-oxidising bacteria
(Arcobactersp.) were present iR. ramosaas were sulfate-reducing phylotypes
Desulfovibrio sp. andDesulfuromonassp., while inS. stuposasulfur metabolism
may chiefly involve the dominarictothiorhodospiraceaeThe abundance of both
of these sponge species in the same ecologicat i@l & Barnes, 2000) suggests
that, although in some cases different bacteriaugs appear to perform similar
symbiotic roles for each individual host, the difiece in complexity between the

microbial communities does not alter the succeshasfe sponges in that habitat.



2.6 Conclusion

Different pyrosequencing studies have targetedouariregions of the 16S rRNA
gene for amplification (Leet al, 2011; Websteet al, 2010) and no standard has
emerged yet. However, with increasing read-lengtbtsiinable, it has been shown
that sequences spanning a variable region andexrvasable region of the 16S gene
can provide the most robust taxonomic classificatibsequences (Kirat al, 2010;
Wanget al, 2007; Wommaclet al, 2008). For this reason, we targeted the V1-V3
region, and the average sponge-derived sequengghsembtained here (~430b)
resulted in the majority of quality-filtered seqeerreads spanning the full length of
the variable regions being targeted. However, & baen shown that intrinsic
pyrosequencing errors can result in diversity estag®m which are orders of
magnitude higher than the actual diversity levelsunin et al, 2010).
Pyrosequencing of 16S rRNA amplicon libraries gatest from the sponge
metagenome has provided a detailed insight intocttraposition of the sponge
associated cohorts. Clear differences in commuprtfiles, when compared to
seawater-derived data, show that the major prapodf sponge-associated bacteria
is not incidental or transient, as most OTUs id&tiin the sponge hosts were not
present in seawater. This was also shown in othesp dsequencing studies
comparing sponges to seawater (Leteal, 2011; Webstert al, 2010). Host
selection is remarkably divergent. Of the 10 baatgahyla identified inR. ramosa
two are absent fror8. stuposand four were not found in the surrounding seamwate
Also evident are the differences between the miatammmunities associated with
these sponges and other sponges that have beeedstogl deep sequencing
approaches. While similarities are present, astilated by the analysis of sponge-
specific clusters; what is perhaps more clear heedifferences in the microbial
populations between sponge species, with many spspecific groups being absent

from these species.

It is clear from the deep analysis of the micrabiofS. stuposandR. ramosathe

first temperate sponge species studied in this thay the cosmopolitan nature of
sponge-microbial associations are to varying degreeth sponge-specific and
species-specific. The symbiotic roles attributedaoteria within sponge tissues are

performed in some cases by similar phylotypes se@m to be almost universally



present within sponges and across habitats (&/gnobacteriaNitrospira) and in
other instances by dissimilar populations (e.g.fusulmetabolism). As deep
sequencing approaches are applied to additionalgepspecies from varied habitats,
and more sponge-specific clusters are identifiedrentdetailed patterns of sponge-
microbial interactions will emerge. The challenigat this data presents is in linking
our increasingly in-depth knowledge of sponge-nbab phylogeny to informed
approaches to study sponge-microbial physiologyramdal the biochemical roles of

the microbial consortia.
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Chapter 3

Archaea Dominate the Microbial
Communities in the Marine Sponge
Inflatella pellicula in the Deep Sea as

Revealed by Pyrosequencing



3.1 Abstract

Microbes associated with marine sponges play sagmt roles in host physiology.
Remarkable levels of microbial diversity have bebserved in sponges worldwide
through culture-dependent and culture-independéndies. Most studies have
focused on the structure of the bacterial commemitn sponges and have involved
sponges sampled from shallow waters. Here we uged@quencing to compare the
bacterial and archaeal communities associated thitee individuals of the marine
spongelnflatella pelliculafrom the deep-sea, one individual from a dept&3 m
and two individuals from 2900 m, a depth whichdaceeds any previous sequence-
based report of sponge-associated microbial comreani Sponge-microbial
communities were also compared to the microbial rnomities in seawater from
concomitant depths. Although the sponges from 2@0tbsted similar communities,
clear differences between the sponge-associateanaoity from 780 m and the
sponge communities from the greater depth were rappa The seawater
communities did not resemble the sponge communifieshaeawere remarkably
dominant in the sponge-associated communifiéaumarchaeotaomprised large
proportions of the sponge-associated cohorts acdra in increased abundance
with increased sampling depth. WhAechaeacomprised ~11.3-36.6% of seawater
communities their abundance in sponges ranged ffd8172.5%.Euryarchaeota
which were the dominant archaeal phyla in seawaége rare in sponges. Bacterial
communities associated with these sponge sampéetess diverse and less even
than in any other sponge species investigated t® lola pyrosequencing. Sponges
hosted 9-12 bacterial phyla, fewer than was foundgawater (13 and 15 phyla).
Deep-sea sponge microbial communities appear tierddreatly from sponge-

microbe communities from shallow waters.

3.2 Introduction

Marine spongesRorifera) are host to microbes from all domains of liEegkarya
(Bakeret al, 2008; Cerranet al, 2004),Archaea(Margotet al, 2002;Websteret

al., 2004) anBacteria(Tayloret al, 2007). These close and consistent associations
are thought to be based on various symbiotic mlahips; commensalist, mutualist

(Wilkinson, 1983) and parasitic (Bavestrek al, 2007). Microbes are also a



significant food source for marine sponges (Reiswi§75) which, as sessile
animals, must derive their nutrition by activedilfeeding from ambient seawater.
Much research interest has focused on the bactssdciates of marine sponges
since the early work of Clive Wilkinson (Wilkinsor,978) and Jean Vacelet
(Vacelet & Donadey, 1977) in the 1970s showed Haateria comprise significant
proportions of sponge tissues. Progressive advaimcéschnologies in molecular
biology have shown that enormous levels of badtetigersity inhabit sponge
tissues. Members of 35 major bacterial phyla ordeate phyla (Schmitt et al.,
2011) as well as archaea (Tayktral, 2007) and eukaryotic microbes (fungi and
diatoms) have been detected in sponge tissuesgthraulture isolation (Kennedst
al., 2008), microscopy; TEM (Vacelet & Donadey, 19and FISH (Sharet al,
2007) and molecular investigations; DGGE (Uséteal, 2004), RFLP (Zhangt al,
2006), PCR (Sipkemat al, 2009) and latterly pyrosequencing (Webséral,
2010; Leeet al, 2011; Schmitet al, 2011; Jacksoat al, 2012; Whiteet al,, 2012).
Numerous sponge families, genera and species fropicél, temperate and polar
waters have to date been investigated. These sthdie revealed inter- and intra-
species similarities and differences, with appaspainge-specific taxa (Hentscles!
al., 2002), which despite being derived from dispargpponge species and distant
biogeographic regions are more closely relatedaich eother than to similar taxa
from non-sponge habitats. Recently massively paErajrosequencing has enabled
very detailed descriptions of sponge-associatedaiial communities, generating
sequence datasets many orders of magnitude gtbaterwas previously possible.
This has enabled the discovery of low-abundance lmeesnof these microbial
communities and a more complete and accurate g@éscriof the structures and
stability of the highly complex resident symbiomnomunities. Few studies to date
have considered the relative abundanc@rmhaeain sponge-associated microbial
communities. However, Lee and colleagues (eeal, 2011) showed thakrchaea
comprise significant proportions (ranging from £@83of the microbial communities
inhabiting various individuals of three sponge $pedrom the Red Sea. Such
significant levels ofArchaea within sponge tissues suggest that they may play
important roles in host physiology, particularly they have been shown to be of
ecological importance in nitrogen cycling (Koennekal, 2005).



Here we use pyrosequencing to describe the arclahlbacterial communities
associated with the spongdlatella pellicula(Schmidt, 1875) from the deep ocean.
The marine spongk pellicula has to date only been found in cold and deep water
below 200 m and has been found in the North Attaatid North Pacific oceans.
Three individuals are compared, one sampled fromkepth of 780 m and two
individuals sampled from a single location at atdegf 2900 m. We also compare

the sponge-derived cohorts to those of seawateplsdrfrom both depths.

The objectives of the work presented in this chapte: (1) to elucidate the
microbial community structures associated withrttaine spongé pellicula, (2) to

compare the sponge-associated communities to tfaaabient seawater, and (3) to
determine if deep-sea sponge-associated microkiattgres resemble those of

shallow water sponges.

3.3 Materials and Methods

3.3.1 Sampling

Sponges and seawater were sampled using the kstanch vesseRV Celtic
Explorer and the remotely operated vehicle (ROWplland | from the Atlantic
Ocean in Irish waters as per Table 3.1. One indadidof the marine sponge
Inflatella pellicula (Class Demospongige Order Poecilosclerida Suborder
Myxillina; Family Coelospheridagwas sampled at a depth of 780 m while two
individuals of the same species were obtained feogingle location at a depth of
2900 m. Sponges were immediately rinsed with stextificial seawater, placed in
sterile Ziploc bags and then frozen at -80°C umtfldy for use. Artificial seawater
comprised 33.3¢g/L Instant Ocean, (Aquarium SystenBdacksburg, VA, USA), a
defined ion and mineral formulation commonly useddquaria. Seawater (30L) was
collected at the same depths as the sponge sang@ptgs and immediately filtered
through 0.2 pm membrane filters (Whatman — Augiix, USA) and the filters were

stored in sterile tubes at -80°C until ready fag.us



Sample Depth GPS Location Temperature
(m) (°C)
Seawater 780 N54° 00" 03" W12° 18’ 36" 9.9
Inflatella pellicula 780 N54° 00’ 03" W12° 18’ 36" 9.9
Seawater 2900 N54° 14’ 31" W12° 41’ 38" 2.76
Inflatella pellicula 2900 N54° 14’ 31" W12° 41’ 38" 2.76
Inflatella pellicula 2900 N54° 14’ 31" W12° 41’ 38" 2.76

Table 3.1 Sampling of sponges and seawater from the AdaDtean in Irish

waters.
3.3.2 Metagenomic DNA Extraction from Sponges

Sponge tissues were weighed and finely ground uligled N, with a sterile mortar
and pestleThe ground tissues were suspended in lysis buff@éd [nM Tris, 100
mM EDTA, 1.5 M NaCl w/v), 1% CTAB W/Vv), 2% SDS W/V)] - adapted from
Brady, 2007 Metagenomic DNA was then extracted as previousdgscribed
(Kennedy et al, 2008b) DNA solutions were analysed by gel electropharesi
guantified by spectrophotometry (NanoDrop ND-100&/#mington, DE, USA) and
then stored at -20°C.

3.3.3 Metagenomic DNA Extraction from seawater

DNA was extracted from filters using WaterMaster ®Rurification Kit (Epicentre
Biotechnologies, Madison, WI, USA) according to thanufacturer’'s instructions
and stored at -20°C.

3.3.4 PCR Amplicon Library Preparation for Pyrosequencing

PCR amplicon libraries of the V5-V6 region of 1G8\A genes were prepared from
I. pellicula and seawater metagenomic DNAs. Universal primei&890 (5'-
TAGATACCCSSGTAGTCC-3) and U1068r (5-CTGACGRCRGCT&C-3)
(Lee et al, 2011), targeting both bacteria and archaea, wamtapted for
pyrosequencing by the addition of sequencing adapa@d multiplex identifier
(MID) sequences as pdiable 3.2 Each 50 ul PCR reaction comprised 1X buffer,
0.2 mM dNTPs, 0.1 uM of each primer, 2U Taq polyase; ~10 ng template DNA
and sdHO. PCR cycle conditions comprised initial denatoratat 94°C for 5 min

followed by 26 cycles of denaturation at 94°C fOr 8 annealing at 53°C for 30 s



and extension at 72°C for 45 s. A final extensi@A(7 for 6 min was added. ¢e et
al., 201). To minimise PCR bias three individual reactiomsre performed per
template and equimolar amounts of PCR products feach of the three reactions
were pooled for pyrosequencing. PCR products wergigd using Qiagen PCR
Purification Kit (Qiagen Ltd., UK) as per the maaciturer’s instructions. Barcoded
samples were pooled and sequenced on GS FLX Titarplatform (454 Life
Sciences) at the University of Liverpool, Centre &enomic Research, Liverpool,
UK.

Sample Primer Adapter Multiplex Template specific primer
Identifier (MID)

SW780m Forward CGTATCGCCTCCCTCGCGCCATCAG ACGAGTGCG|I TAGATECSSGTAGTCC (U789f)

(seawater

780m) Reverse CTATGCGCCTTGCCAGCCCGCTCAG  ACGAGTGCGT CTGABTRGCCATGC (U1068r)

SW2900m | Forward CGTATCGCCTCCCTCGCGCCATCAG ACGCTCGACA  TAGATECSSGTAGTCC (U789F)

(seawater

2900m) Reverse CTATGCGCCTTGCCAGCCCGCTCAG  ACGCTCGACA CTGARGRGCCATGC (U1068r)

Ip780m Forward CGTATCGCCTCCCTCGCGCCATCAG TAGTATCAG(C TAGATACCSSGTAGTCC (U789f)

(I.pellicula

780m) Reverse CTATGCGCCTTGCCAGCCCGCTCAG  TAGTATCAGC CTGARGRGCCATGC (U1068r)

Ip2900mA | Forward CGTATCGCCTCCCTCGCGCCATCAG TCTCTATGCG TAGATECSSGTAGTCC (U789F)

(I.pellicula

2900m) Reverse | CTATGCGCCTTGCCAGCCCGCTCAG  TCTCTATGC

GJ

CTGARTRGCCATGC (U1068r)

Ip2900mB Forward CGTATCGCCTCCCTCGCGCCATCAG TGATACGTCT TAGATECSSGTAGTCC (U789f)

(l.pellicula

2900m) Reverse CTATGCGCCTTGCCAGCCCGCTCAG  TGATACGTCr CTGARGRGCCATGC (U1068r)

Table 3.2 Primer design for pyrosequencing of 16S rRNA (W& genes from
archaea and bacteria in sponges and seawater.

3.3.5 Pyrosequencing Data Analysis

Primer adapter and MID sequences were removed &ibmeads and reads were
filtered for quality using the Ribosomal Databagsejétt (RDP) -Release 10.29,
Pyrosequencing Pipelinent{p://rdp.cme.msu.edu/ Reads with ambiguous bases

‘N’, average quality score <20 or shorter than b@pOwere discarded from further




analysis. Individual sample libraries were alignesing the INFERNAL aligner
(Nawrocki & Eddy, 200y. OTUs were determined using the RDP clusterirg to
(complete linkage clustering). Taxonomic classtimas were determined using the
‘Classifier’ tool (naive Bayesian rRNA classifieWang et al, 2007) at 50%
confidence threshold by comparing to the datab&s23280464 rRNA sequences.
Rarefaction curves were generated from data olddirmen the ‘Rarefaction’ tool;
diversity indices (Shannon index & Chaol specigsnasor) were obtained using
the relevant tools at sequence similarities of 9%Rank-abundance curves were
derived from cluster analysis results. Unclassifisdquences were further
investigated using BLAST analyses (Altscheil al, 1990) at the NCBI website
(http://blast.ncbi.nim.nih.gov/Blast.dgi Representative sequences from sponge

derived sequence clusters of identical reads (0$tamice) were extracted, analysed
by BLAST and used to generate phylogenetic tre®@squence alignment and tree
construction were performed using MEGA version 5

(http://www.megasoftware.ngt(Tamuraet al, 2011). Alignment was performed

with ClustalW and tree construction was by Neighbdaining (Saitou & Nei, 1987)

method. Reference sequences were downloaded franRIDP database. All

sequence data is publicly available on MG-RAST (@s 4497997.3, 4497995.3,
4497996.3, 4497999.3, 4497998.3it://metagenomics.anl.ggv/

3.4 Results

3.4.1 Sequencing

Pyrosequencing of 16S rRNA genes from archaea aattia from three individual
sponges of the same speciés fdellicula) was performed. One individual was
sampled from a depth of 780 rh pellicula 780m) while the other sponges were
sampled from a single location at a depth of 290Q.mellicula 2900m sample A
and|. pellicula 2900m sample B). Sequencing was also performed feawater,
one sample for each sampling depth. The five coathisamples yielded ~46300
raw 16S rRNA sequence reads, of which ~43600, cemgr>12.2 million bp were
included in the final analysis after quality filieg (Table 3.3). Sponge-derived
datasets combined accounted for ~ 24800 reads.ageesequence lengths varied
from 280bp for samples from 780 m to 277bp for sa@sfrom 2900 m.



No .of reads No. of No. of Shannon
No. of No. of bacterial Chaol
Sample after quality OTUs OTUs Index
reads o phyla
filtering (97%) (95%)
Seawater 6350 5961 13 817 561 4.89 812
780m
Seawaler 13577 12849 15 1508 1026 4.79 1760
2900m
1. pellicula 10211 9537 9 327 203 2.16 361
780m
I. pellicula 6540 6088 11 368 289 1.96 592
2 900mA
I. pellicula 9688 9179 12 446 340 2.17 654
2 900mB

Table 3.3 Analysis of 16S rRNA gene (V5-V6) pyrosequenciagds from three
individuals of the marine spondiepellicula from two different sampling depths and
from seawater sampled at the same depths. Shandioes and Chaol estimates

were calculated at sequence similarities of 95%.

3.4.2 Sequence Classification

Greater than 99.99% of quality filtered sequen@a@sewere assigned to domains,
Archaeaor Bacteria However, ~9% of all sequences could not be assign phyla.
The majority (>75%) of sequences not assigned toailes derived from a single
sample [ pellicula 780m) and all sponge-derived unclassified readsresha
homology with host mitochondrial DNA sequences a&texdnined by BLAST

searches.
3.4.3 Relative Abundances of Archaea and Bacteria

Archaeal sequences were more abundant in spongasirthseawater (Figure 3.1)
and were more abundant in sponges sampled at 2aB@min the sponge sampled
at 780 m. While the relative abundances of archee@liencing reads in the samples
from 780 m (~36.6% in seawater, 43% linpellicula) were comparable, major
differences were seen in the relative abundancarafaeal reads in samples from
2900 m (11.3% in seawater, 72.6% and 60.3% in gE)ng



























































































































































































































































































































































































































