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Abstract 
 

Sponges, phylum Porifera, are amongst the most ancient metazoans.  As prodigious filter feeders, 
they influence both benthic and pelagic ecosystems and their association with a diverse range of 
microorganisms raises many questions in the ecology, evolution and biotechnology realms.  Despite 
this recent attention, much remains unknown about the microbial communities associated within 
marine sponges.  The research described within this thesis utilised DNA (16S rRNA-gene) and/or 
RNA (16S rRNA) next-generation sequencing technologies to address the specificity, stability and 
community-level ecology of sponge-microbe associations.    
 
 
Numerous 16S rRNA-based studies have identified microbial phylotypes found exclusively in sponge 
hosts and not in the seawater or surrounding environment, i.e. so-called sponge-specific clusters (SCs) 
or sponge- and coral-specific clusters (SCCs). With more than 7500 sponge-derived rRNA sequences 
(from clone, isolate and denaturing gradient gel electrophoresis data) available, the aim was to 
determine whether the current notion of sponge-specific sequence clusters remains valid. 
Comprehensive phylogenetic analyses were performed on the 7546 sponge-derived 16S and 18S 
rRNA sequences.  Overall, 27% of all sequences fell into monophyletic, sponge-specific sequence 
clusters.  These results strongly support the existence of sponge-specific microbes, with the ARB 
database generated during this work providing a valuable resource for further studies of rare and 
abundant sponge symbionts. 
 
A systematic evaluation of sponge tissue preservation (RNAlater, liquid nitrogen, lyophilized, frozen) 
and nucleic acid extraction (CTAB-based DNA extraction, RNA isolation via TRIzol and two co-
extraction methods) protocols, for the recovery of DNA and/or RNA, was assessed using the New 
Zealand sponge Ancorina alata.  Although all protocols resulted in sufficiently high DNA and/or 
RNA quantity and quality for downstream applications, there were significant differences in yield of 
nucleic acids extracted.  Denaturing gradient gel electrophoresis (DGGE) analysis of community 16S 
rRNA gene- and 16S rRNA-derived fragments revealed no major changes attributable to either 
preservation or extraction method. All protocols performed favourably and therefore the choice of 
protocol can be made based on practical considerations, including ease of use, time availability and 
cost.  Based on these assessments, RNAlater and a Qiagen co-extraction kit were used for all 
subsequent experiments of this thesis. 
 
   
Understanding variability in microbial communities is a fundamental goal when examining any 
microbe-host association.  RNA (16S rRNA)–based amplicon pyrosequencing was used to investigate 
the temporal stability of sponge-associated bacterial communities. Temporal variation between a host 
and its symbiotic community can also be tracked by isotopic composition (δ15N and δ13C values) of 
the host tissue.  Two New Zealand sponge species (A. alata and Tethya stolonifera) were sampled 
over a two year period.  A total of 4468 operational taxonomic units (OTU), at the 97% level, were 
identified from both sponge species and seawater samples, affiliated with 26 bacterial phyla in total: 
24 from seawater, 20 from T. stolonifera and 15 from A. alata samples.  Bacterial symbionts of both 
sponge species were remarkably stable throughout the monitoring period, driven by a small number of 
OTUs that were persistent and dominated communities over time.  Variability of sponge-associated 
bacterial communities was driven by OTUs that were low in abundance or transient over sampling 
time points.  The similarity of δ15N and variability of δ13C values between sponge species suggested 
that only some carbon and nitrogen pathways are shared between the two sponge species.   
 
 
Considering the specificity and complexity of sponge microbial symbioses, coupled with the immense 
volumes of seawater to which sponges are exposed, it was hypothesised that the microbial 
communities within sponges will be sensitive to environmental perturbations.  Using DNA (16S 



iii 
 

rRNA-gene) and RNA (16S rRNA)–based amplicon pyrosequencing the effects of sub-lethal thermal 
stress on the bacterial biosphere of the Great Barrier Reef sponge Rhopaloeides odorabile were 
assessed.  Sub-lethal thermal stress (up to 31°C) had no effect on the present and/or active portions of 
the bacterial community, but a shift in the bacterial assemblage was observed in necrotic sponges.  
More than two-thirds of DNA and RNA sequences could be assigned to SCs/SCCs in healthy sponges 
whereas only 12% of reads from necrotic sponges could be assigned to SCs/SCCs.  A rapid decline in 
host health at temperature above 31°C suggests that R. odorabile may be highly vulnerable to the 
effects of global climate change.   
 
Based on assessed thermal thresholds, R. odorabile was exposed to ambient (27°C) and sub-lethal 
(31°C) seawater temperatures, combined with a range of elevated nutrient levels (including 10 µmol/L 
total nitrogen).  The symbiotic microbial community, analyzed by 16S rRNA gene amplicon 
pyrosequencing, was highly conserved for the duration of the experiment at both phylum and 97% 
OTU level.  Additionally, elevated nutrients and temperatures did not alter the archaeal associations in 
R. odorabile, with sequencing of 16S rRNA gene libraries revealing similar Thaumarchaeota 
diversity and DGGE revealing consistent amoA gene patterns, across all experimental treatments. A 
conserved eukaryote community was also identified across all nutrient and temperature treatments by 
DGGE.   These highly stable microbial associations indicate that R. odorabile symbionts are capable 
of withstanding short-term exposure to elevated nutrient concentrations and sub-lethal temperatures.                                                                                                     
 
 
This thesis contributes to the field of sponge microbiology by advancing our understanding of the 
specificity, stability and community level ecology of sponge-microbe associations.  The studies 
described here are among the first to utilise next-generation sequencing technologies to address 
ecologically significant questions about marine sponges and the microbes which inhabit them.  
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1. General introduction 
 

Sponges, phylum Porifera, are amongst the most ancient metazoans, with a fossil record dating back 

over 580 million years to the Precambrian (Nichols and Worheide, 2005; Wang et al., 2010).  An 

estimated 15,000 species exist worldwide, occurring throughout temperate, tropical, polar and 

freshwater habitats (Bell, 2008).  Sponges contribute significantly to benthic communities, both in 

terms of biomass and influence on overall ecosystem function.  They are sessile, filter-feeding 

organisms which despite their simple body plan are highly efficient at filtering food from the 

surrounding water.   Sponges have been the focus of much recent research interest due to (i) the 

discovery that many sponges contain dense and diverse microbial communities, which contribute to 

many aspects of host biology, (ii) they are a rich source of bioactive metabolites that are of 

pharmaceutical and biotechnological interest (Taylor et al., 2007).  Despite this recent attention, much 

remains unknown about the microbial communities associated with marine sponges. 

 

1.1 Sponge morphology and function 

 

The phylum Porifera is a paraphyletic grouping consisting of three major classes, which are 

characterised by the composition of their spicules.  The Hexactinellida (glass sponges) contain 

siliceous spicules in a hexactine structure, while the Calcarea (calcareous sponges) contain calcareous 

spicules.  The Demospongiae (demosponges), encompassing approximately 85% of today’s 

recognized species, generally have a mineral skeleton composed of siliceous spicules.  However, 

some species in this class contain no skeleton at all (Hooper and Van Soest, 2002).  Sponges possess 

the simplest body plan of all multicellular animals, lacking true organs and tissues.  The cells of the 

sponge are highly ordered, consisting of several distinct cell layers (Wang et al., 2012) (Figure 1.1) 

that together are highly specialised for a filter-feeding lifestyle: 
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• Pinacoderm:  The outer surface, formed by epithelial cells called pinacocytes.  In this outer 

layer are pores (ostia), through which surrounding water is drawn.  

• Choanoderm:  An inner cell layer formed by flagellated cells (choanocytes) that beat to drive 

water through the aquiferous system.  The aquiferous system is formed by a series of 

channels, leading to a main channel, the atrium.  Water leaves the sponge body via a final 

opening, the osculum.  Microorganisms and food particles are filtered out of the circulating 

water by the choanocytes. 

• Mesohyl: An extracellular matrix between the pinacoderm and choanoderm that serves as a 

scaffold, constituting much of the sponge body.  Food particles are transferred from 

choanocytes to mobile archaeocytes (or amoebocytes) for phagocytosis.  Archaeocytes are 

totipotent, able to differentiate into other cell types with different functions.  Examples 

include collencytes, which produce collagen fibres, sclerocytes that are spicule-forming and 

spongocytes that produce spongin.   

 

In most (but not all) sponges, a rigid skeleton is formed from calcium carbonate and silicon dioxide 

spicules.  Collagen and spongin fibres provide further support and elasticity (Hooper and Van Soest, 

2002).  Once water has been filtered though the choanocyte chambers, it is expelled from the body 

through the osculum, essentially sterile (Reiswig, 1971, 1974).  Most sponges can pump a volume of 

water equal to their own body volume every 5 seconds (Ruppert, 2004); in a large sponge, this can 

equal several thousand litres per day (Vogel, 1977).  In addition to the different types of sponge cells, 

high densities of microorganisms can be found within the mesohyl of some sponges (Section 1.2). 
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Figure 1.1:  Sponge anatomy: cross section of a leuconoid type morphology.  Figure courtesy of Webster, 
2007. 
 

Despite this simple organisation, sponges are true metazoans.  Vertebrate cell signalling and cell 

adhesion gene homologues have been identified in sponges (Nichols et al., 2006).  For example, 

homologous core genes of six of the seven major eumetazoan signalling pathways have been 

described from one of the earliest branching animals, the sponge Oscarella carmela (Nichols et al., 

2006).  Furthermore, homologues of the majority of eumetazoan cell adhesion gene families were also 

identified, among them extracellular matrix proteins, and cytoskeletal-linker proteins (Nichols et al., 

2006).  Although sponges have the genetic potential for a greater complexity, they have kept their 

simple morphology since the Precambrian. 

 

Beyond their basic body plan, sponges display great morphological variability.  They are known for 

their colourful appearance, due to the presence of sponge pigments and/or those from symbiotic 

cyanobacteria and microalgae.  A variety of shapes have also developed, from encrusting layers only 

millimetres in height to the giant barrel sponge, Xestospongia muta, more than a metre in diameter 

and height (McMurray et al., 2008).  Body plans range from simple (asconoid and syconoid) through 

to complex (leuconoid), produced by varying the degree of folding of the inner body wall and the 

complexity of the canal systems (Figure 1.2).   
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Figure 1.2:  Porifera body plan, (A) Asconoid, (B) Syconoid, (C) Leuconoid.  (Adapted from Ruppert et 
al., 2004). 
 

1.2 Sponge-associated microorganisms  

 

Using a variety of molecular, microscopy and cultivation-based techniques, microorganisms from all 

three domains of life (Bacteria, Archaea and Eukarya) have been recorded from sponges (Taylor et 

al., 2007).  The overall distribution of bacteria, within the sponge body, appears to follow a general 

pattern.  The outer layers, exposed to light, are often populated with photosynthetic microorganisms 

such as cyanobacteria and eukaryotic algae (Wilkinson, 1992).  The mesohyl contains the majority of 

microorganisms, both heterotrophic and autotrophic, which are generally located extracellularly 

(Hentschel et al., 2006).  In some cases, microorganisms are located intracellularly, even within the 

nuclei of certain sponge cells (Vacelet and Gallissian, 1978; Friedrich et al., 1999). 

 

Some species, particularly demosponges, harbour extraordinarily dense and diverse microbial 

communities.  These types of sponges have been termed ‘high-microbial-abundance’ (HMA) sponges 

(Figure 1.3 a) or ‘bacteriosponges’ and host between 108-1010 microbial cells per gram of sponge wet 

weight (Hentschel et al., 2006).  This can correspond to 35% of sponge volume (Vacelet and 
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Donadey, 1977).  In other species, where the mesohyl is largely free of microorganisms, the 

concentration of microbiota reflects that of the surrounding seawater (105 – 106  microbial cells per 

gram of sponge wet weight) (Hentschel et al., 2006).  These species are referred to as ‘low-microbial-

abundance (LMA) sponges’ (Figure 1.3 b).  In addition, HMA and LMA sponges differ in their 

microbial species richness.  Weisz et al., 2007 identified that LMA and HMA sponges from the 

Caribbean differ in their 16S rRNA Denaturing gradient gel electrophoresis (DGGE) banding patterns 

(Weisz et al., 2007).  HMA sponges contained more 16S rRNA DGGE bands and many of these were 

closely related to previously identified sponge-derived sequences.  In contrast the LMA sponge 

species had a DGGE profile similar to surrounding seawater bacteria.  Clone library analysis of two 

New Zealand sponges (Kamke et al., 2010), revealed that the HMA sponge Ancorina alata differed to 

the LMA sponge Polymastia sp., in that in the latter only three bacterial phyla were detected 

compared with eight in A. alata.  A phylogenetic analysis of Chloroflexi (a phylum highly abundant in 

many marine sponges, see section 1.2.1) in both LMA and HMA sponges from the same location, 

found that LMA species contain Chloroflexi that are more related to the surrounding seawater than 

HMA sponges which harbour a different and less variable community (Schmitt et al., 2012b).  HMA 

and LMA sponges can coexist in the same habitat but the reasons for these differences in microbial 

abundances are unknown.   

 

 

Figure 1.3:  TEM of mesohyl tissue of (A) Ancorina alata, an HMA sponge; (B) Polymastia sp.  An LMA 
sponge.  Arrows indicate microbial cells in Polymastia sp.    Images courtesy of S. Schmitt in Kamke et al., 
2010. 
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To date it remains unclear as to whether the majority of sponge-associated microbes are commensal 

(one species benefits, the other is not harmed), mutualistic (both species benefit) or parasitic (one 

species benefits and the other is harmed).  In this thesis, the term “symbiosis” is therefore used in a 

broad definition, to refer to the long term association of two or more different organisms (Taylor et 

al., 2007). 

 

1.2.1 Diversity and specificity  

 

The development of cultivation-independent techniques has revolutionised the field of microbial 

ecology.  Analysis of 16S rRNA genes and the rRNA itself, via molecular tools such as denaturing 

gradient gel electrophoresis (DGGE), fluorescence in situ hybridisation (FISH) and clone library 

construction, has greatly extended the known diversity of sponge-microbial associations.  However, it 

is the advent of next-generation sequencing technologies (such as 454 amplicon pyrosequencing) that 

has really offered the potential to fully explore the extent of sponge symbiont diversity.  16S rRNA 

gene tag pyrosequencing allows the parallel sequencing of large numbers of PCR amplicons in a short 

period of time (Huse et al., 2008; Rothberg and Leamon, 2008; Shendure and Ji, 2008).  Early studies 

utilising these technologies introduced the concept of a microbial “rare biosphere” whereby a small 

number of abundant populations dominate a microbial community, but the bulk of diversity is 

composed of thousands of low abundance (rare) populations (Sogin et al., 2006; Galand et al., 2009; 

Huse et al., 2010).  These new sequencing techniques are now leading to the identification of 

underrepresented, rare members of sponge microbial communities.  (Webster et al., 2010; Lee et al., 

2011).    

 

More than 25 bacterial phyla, both major archaeal lineages and a range of eukaryotic microbes have 

been identified from sponges.  Frequently recovered bacterial phyla from sponges include 

Proteobacteria (Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria, 

Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Gemmatimonadetes and 
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Nitrospira (Figure 1.4) (Taylor et al., 2007; Webster and Taylor, 2012).   A largely sponge-inhabiting 

phylum ‘Poribacteria’ is also highly prevalent in sponge microbial communities and has been 

recovered from many sponge species (Fieseler et al., 2004; Lafi et al., 2009).  This candidate phylum 

is distantly related to the Planctomycetes, Verrucomicrobia and Chlamydiae (Fieseler et al., 2004) and 

its members may contribute to the production of biologically active polyketide metabolites within the 

host (Siegl et al., 2011).  ‘Poribacteria’ have been found in several sponges from geographically 

different locations but, until recently (Reiswig, 1973; Webster et al., 2010) never in seawater or 

sediment samples.  Surprisingly, whilst the use of 454 amplicon sequencing technologies has 

improved our knowledge of bacterial diversity in sponges (Figure 1.4), the dominant phyla are much 

the same as identified by ‘traditional’ molecular techniques (such as DGGE and gene library 

construction).    

 

Figure 1.4:  Phylogenetic diversity of bacteria and archaea in sponges, based on 16S rRNA gene 
sequences.  For clarity of presentation, bacterial phyla with fewer than 10 sequences obtained from 
sponges were excluded; these were Chlamydiae, Deferribacteres, Deinococcus-Thermus, 
Epsilonproteobacteria, Fusobacteria, Lentisphaerae, OP11, Tenericutes, WS3. Sequences representing 
Crenarchaeota (recently renamed Thaumarchaeota (Gilbert et al., 2009; Gilbert et al., 2012) and 
Euryarchaeota (15 and 22 sequences respectively) were also present in the data set, but not included in 
this figure. Figure courtesy of Webster and Taylor, 2012.  



8 
 

 

Two major lineages of Archaea, the Euryarchaeota and Thaumarchaeota have been identified in 

association with marine sponges, with the latter being more prevalent.  Thaumarchaeota can dominate 

the microbial community, as seen for ‘Candidatus Cenarchaeum symbiosum’, which comprises up to 

65% of the prokaryotic cells within the Californian sponge Axinella mexicana (Preston et al., 1996).  

Archaea have now been identified in many different sponge species (Webster et al., 2001; Grozdanov 

and Hentschel, 2007; Holmes and Blanch, 2007; Steger et al., 2008; Radax et al., 2012a), from a wide 

range of environments, including an Arctic deep-water sponge (Pape et al., 2006).  

 

Eukaryotic microbes including dinoflagellates and diatoms also occur in sponges, with diatoms being 

particularly prevalent among polar sponges (Bavestrello et al., 2000; Cerrano et al., 2000; Webster et 

al., 2004).  Marine fungi isolated from sponges are receiving increased research attention due to their 

biotechnological potential (Höller et al., 2000; König et al., 2006).  Whilst numerous fungi have been 

cultivated from sponges, it is only recently that molecular techniques have been applied (Gao et al., 

2008; Wiese et al., 2011; Baker et al., 2012).  Furthermore, it will be interesting to see how next-

generation sequencing will be applied to study the fungal and eukaryotic symbiont communities, 

whose taxonomy, stability and function is largely un-examined. 

 

1.2.1a  Sponge-specific microbes 
 

In addition to the high microbial diversity identified, molecular surveys based on the 16S rRNA gene 

suggest that many microbes occur only in sponges (Hentschel et al., 2002; Taylor et al., 2004a; 

Montalvo et al., 2005; Hill et al., 2006).  Distantly related sponges from around the world share a 

substantial proportion of their microbiota, with the same microbes apparently absent from seawater or 

other hosts.  The concept of ‘sponge-specific’ microbes arose almost three decades ago, with research 

identifying certain abundant bacteria that were distinct from the surrounding seawater (Vacelet and 

Donadey, 1977; Wilkinson, 1978; Wilkinson et al., 1981).  These early observations were reinforced 

with the first significant molecular evidence arising in 2002 (Hentschel et al., 2002).  Sponge-specific 
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clusters (SCs) can be defined as sponge-derived groups of at least three 16S rRNA gene sequences 

which (i) are more similar to each other than to sequences from other, non-sponge sources; (ii) are 

found in at least two host sponge species and/or in the same host species from different geographic 

locations; and (iii) cluster together irrespective of the phylogeny inference method used (Hentschel et 

al., 2002). 

 

An extensive phylogenetic analysis of all sponge-derived 16S rRNA gene sequences (~1700 total) 

available in 2006, revealed that 32% of these sequences fell into monophyletic sponge-specific 

clusters (Taylor et al., 2007).  However, a recent surge in the number of sponge microbiology studies 

has led to a concomitant increase in numbers of sponge-derived 16S rRNA gene sequences. As a 

consequence, the sponge-specific clusters defined by Taylor and co-workers in 2007 may no longer 

exist (while other new ones may have appeared) and it is timely to reconsider the notion of sponge-

specific microbes. Furthermore, the loss of sponge-specific symbionts may be detrimental to the 

health and survival of sponges (Webster, 2007; Webster et al., 2008a; Webster et al., 2008b).  An 

analysis of the presence/absence of sponge-specific clusters and their abundance, in diseased or 

stressed sponge hosts, would be valuable for addressing the resilience of sponge–microbe partnerships 

to anthropogenic stress. 

 

1.2.1b  Acquisition and maintenance of sponge-associated microbes 
 

The apparent existence of sponge-specific microbes raises questions about how these associations 

evolved and are maintained.  There are two main scenarios proposed for symbiont transmission: 

• Vertical transmission: Reproductive stages (eggs, larvae or sperm) transmit microorganisms 

from the parent sponge to the offspring, while asexual reproduction (“budding”) may also 

transmit microbes.  This mechanism could enable the existence of sponge-specific 

microorganisms and maintain relationships that may have formed millions of years ago 

(Schmitt et al., 2007b; Schmitt et al., 2008).  
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• Horizontal transmission: Since sponges are capable of massive filtration rates, it is proposed 

that microbes are acquired from the ambient seawater (Schmitt et al., 2007b; Schmitt et al., 

2008).   

 

The first evidence for vertical transmission in sponges came from electron microscopy studies (Lévi 

and Porte, 1962; Lévi and Lévi, 1976; Kaye, 1991; Ereskovsky et al., 2005) which revealed the 

presence of microorganisms in oocytes of oviparous sponges and embryos/larvae of viviparous 

sponges.  Additional evidence for vertical transmission has been provided by subsequent molecular 

studies.   In the first such example, (Enticknap et al., 2006), who identified Alphaproteobacteria 

within the developing embryos of the sponge Mycale laxissima by 16S rRNA gene sequencing and 

fluorescence in situ hybridisation (FISH).  Subsequent studies demonstrated that the complex 

microbial community in adult sponges can be collectively transmitted through reproductive stages to 

sponge offspring, hence vertical transmission of symbionts is clearly present (Schmitt et al., 2007a; 

Sharp et al., 2007; Schmitt et al., 2008; Lee et al., 2009).  However, no evidence of host-species 

specificity or co-speciation, indicative of ancient symbiosis, has yet been identified.  Furthermore, 

next-generation sequencing methods have revealed that horizontal transmission cannot be excluded.  

Sequences representing ‘sponge-specific’ microbes have been detected in the ambient sediment 

(Taylor et al., 2012) and seawater samples, albeit at extremely low abundances, suggesting that the 

rare seawater biosphere could act as a seed bank (Webster et al., 2010) for ‘sponge-specific’ 

microbes.  Based on existing research it is not possible to fully exclude horizontal transmission as 

another mechanism of symbiont transmission.  Therefore the best model might be a combination of 

the two (Figure 1.5), whereby sponge-specific microbes are transmitted through the reproductive 

stages to larvae, but also between adults via horizontal acquisition (Schmitt et al., 2007a; Schmitt et 

al., 2008).  
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Figure 1.5: Highly specific, complex microbial communities are acquired through a combination of 
vertical and horizontal transmission.  Figure courtesy of Schmitt et al., 2008. 
 

The mechanisms of sponge-microbial interactions have intrigued microbial ecologists for decades yet 

remain largely unresolved.  Marine sponges derive much of their nutrition by filtering particulate 

matter (from seawater) which includes microbial cells, however not all cells are digested.  In a series 

of feeding studies (Wilkinson et al., 1984), four species of marine sponges were found to be capable 

of differentiating between bacteria as potential symbionts and those as a food source.  Two different 

mechanisms were suggested to account for this: (i) sponge cells possess a recognition mechanism to 

identify symbiont bacteria as “non-food”, or (ii) bacteria use extracellular structures such as additional 

membranes and copious slime layers to mask them from digestion (Wilkinson et al., 1984).  The latter 

explanation has been reported from several other studies on sponge symbionts (Vacelet, 1975; 

Wilkinson et al., 1981; Friedrich et al., 1999; Fieseler et al., 2004; Wehrl et al., 2007).  Other factors 

have been proposed for the regulation of microbial cell density and composition in the host sponge.  

These include consumption of symbionts by the sponge, ejection of symbionts when the sponge is 

stressed, starvation of symbionts and the host sponge stealing products of photosynthesis (Wilkinson, 

1992; Grant et al., 1998; Taylor et al., 2007).  Other studies have indicated cell signalling as a possible 
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factor for controlling microbial populations.  Secondary metabolites produced by sponges could 

enable them to select for or against particular types of microorganisms (Kelman et al., 2001; Thakur 

et al., 2004; Taylor et al., 2007).  Additionally, signal molecules such as N-acyl homoserine lactones 

(AHLs) have been reported from Proteobacteria associated with marine sponges (Taylor et al., 

2004b; Mohamed et al., 2008d).  These molecules are involved in quorum sensing, which in other 

systems is known to mediate bacterial colonization traits such as virulence, biofilm formation and 

swarming (Visick et al., 2000; Fuqua and Greenberg, 2002; Waters and Bassler, 2005; Taylor et al., 

2007).  Recently, autoinducer-2 (AI-2), an important class of quorum sensing molecules that are 

considered to be interspecies signals, were detected in the sponges Mycale laxissima and Ircinia 

strobilina (Zan et al., 2011).  In vivo AHL production within sponges has also been demonstrated 

(Gardères et al., 2012). These recent findings suggest that bacteria display quorum sensing-regulated 

behaviors within their host and there is a potential role for these molecules in mediating cell-cell 

interactions (between sponge-associated bacteria and/or sponge-associated bacteria and the host).  

Metagenomic and metaproteomics analysis is revealing that sponges possess a number of eukaryotic-

like proteins (Thomas et al., 2010; Liu et al., 2011; Siegl et al., 2011; Fan et al., 2012; Liu et al., 

2012).  These proteins contain motifs such as ankyrin repeats, leucine-rich repeats and tetratrico 

peptide repeats, which mediate protein-protein interactions in eukaryotes, and it is proposed that they 

may also mediate interactions between symbionts and their host (Blatch and Lässle, 1999; Cazalet et 

al., 2004; Habyarimana et al., 2008).  

 

1.2.2 Stability of sponge-associated microbial communities (temporal, 
biogeographic, external pressures) 

 

Whatever the mechanism for the establishment and maintenance of the sponge microbiota, it appears 

that these associations are mostly stable among different individuals and through time (Taylor et al., 

2007).   
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1.2.2a  Temporal stability 
 

Temporal variability has been studied both in the field and in aquarium-based experiments, from short 

time-frames of days or weeks, to long-term studies over multiple seasons.  In one of the first such 

studies, neither microbial abundance nor community composition changed significantly over 11 days 

in the aquarium-maintained Mediterranean sponge, Aplysina aerophoba (Friedrich et al., 2001).  

Similarly, a specific alphaproteobacterium dominated the culturable fraction of the microbial 

community of the Great Barrier Reef (GBR) sponge Rhopaloeides odorabile, over four consecutive 

seasons (Webster and Hill, 2001).  Furthermore, little variability was recorded in bacterial community 

composition of three south-eastern Australian sponges, both on short time scales and over five 

consecutive seasons (Taylor et al., 2004a).  The only distinct differences, as revealed by DGGE-based 

community fingerprint analysis, were between species but not within individuals of the same species.  

However, further research is required to determine how stable microbial communities are over time.  

One of the main caveats is that few 16S rRNA gene libraries are sequenced to completion and hence 

fail to detect rare but potentially important microbes, which as discussed previously comprise the bulk 

of symbiont diversity. The application of next-generation sequencing technologies will enable 

elucidation of the stability of sponge-symbiont communities.  Moreover, applying a combination of 

different techniques will allow assessment of seasonal variation of sponge-microbial associations.  For 

example, natural abundance of isotopes such as 13C and 15N have been used to study organic matter 

sources utilised by microorganisms in many marine symbioses (Kline and Lewin, 1999; Lovell et al., 

2001; Boschker and Middelburg, 2002; Maier et al., 2010).  This technique has been applied to 

sponges (Behringer and Butler, 2006; Mohamed et al., 2008a; Bergmann et al., 2009; Freeman and 

Thacker, 2011) to investigate the importance of symbiont-derived nutrition to host sponges, but has 

yet to be combined with a long-term sampling regime.   

 
 

 



14 
 

1.2.2b Spatial/biogeographic stability 
 

The stability of sponge-associated microbial communities has been studied from the millimetre to the 

global scale.  Within an individual sponge, microbial communities can be located in different parts.  

The outer layers (ectosome) are often dominated by photosynthetic symbionts such as cyanobacteria 

(Hentschel et al., 2006).  For example, in the sponge Theonella swinhoei, cyanobacteria in the 

ectosome are spatially separated from other bacteria in the endosome (Bewley et al., 1996; Bewley 

and Faulkner, 1998).  Distinctly different microbial communities and cell numbers were also evident 

between the ectosome and the endosome of the Mediterranean sponge Tethya aurantium (Thiel et al., 

2007).  Generally, on a larger scale bacterial community composition is consistent within the same 

sponge species from different locations.  In the three Australian sponges, Callyspongia sp., 

Cymbastela concentrica and Stylinos sp., intraspecies variability was minor (Taylor et al., 2004a).  

Low levels of variability were also shown in the microbial communities of four Antarctic sponges, 

each compared over a radius of 10 km (Webster et al., 2004).  The first molecular large-scale 

(hundreds to thousands of kilometres) comparison was the 2002 study by Hentschel and colleagues 

(Hentschel et al., 2002).  The distantly related sponges Theonella swinhoei (western Pacific), Aplysina 

aerophoba (Mediterranean) and Rhopaloeides odorabile (Great Barrier Reef (GBR)) (Webster and 

Hill, 2001), showed a high degree of overlap of sponge-associated microbial communities (Webster 

and Hill, 2001; Hentschel et al., 2002) (see also section  1.2.1a).  A 2005 study, sampling the sponge 

Cymbastela concentrica along sites spanning 500 km of the eastern coast of Australia, found highly 

similar microbial communities in the sponge’s temperate range (Taylor et al., 2005).  Many other 

studies have reported spatially stable microbial communities (Preston et al., 1996; Margot et al., 2002; 

Usher et al., 2004; Webster et al., 2004; Hill et al., 2006; Li et al., 2006; Luter et al., 2012).  A recent 

454 amplicon pyrosequencing study (Schmitt et al., 2012c) sequenced the microbial communities of 

32 sponge species from eight locations around the world.  Although the data suggested that bacteria 

from tropical sponges may be more similar to each other than to bacteria in subtropical sponges, there 

were a limited number of “core” (shared) members of bacterial communities within these hosts. 

Although some clustering according to host phylogeny at the order level was found, for three species 
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of each of the genera Aplysina, Hyrtios and Ircinia, overall there was no clear correlation between 

microbial community similarity and host phylogeny (Schmitt et al., 2012c).  Even though individual 

sponges contain a unique set of bacteria and share few with other sponges,  the host-specific bacteria 

are still more closely related to each other than to, for example, seawater bacteria which explains the 

high similarity of bacterial communities among different sponge species (Taylor et al., 2011; Schmitt 

et al., 2012a). 

 

1.2.2c External pressure 
 

Insights into the stability of sponge-microbe associations have also been gained by experimentally 

stressing the host species.  Whilst the stable community of Aplysina aerophoba is disturbed by disease 

(Webster et al., 2008b), the symbionts are unaffected by either starvation, exposure to antibiotics nor 

transfer into captivity (Friedrich et al., 2001).  Similarly, on transplantation of Aplysina cavernicola 

from > 40 m to a shallower environment, the associated microbial community remained largely 

unchanged (Thoms et al., 2003).  Despite the stability of many sponge-microbe associations, in some 

cases communities are affected under different environmental conditions.  In another study with 

Aplysina species (A. fistularis), the resident cyanobacterial communities remained stable when 

transplanted from natural depths of 4 m to 100 m (Maldonado and Young, 1998).   However, when 

another species, Ircinia felix was also transplanted to 100 m, the majority of its cyanobacterial 

symbionts were lost (Maldonado and Young, 1998).  Changes in external factors do not always lead 

to a loss of associated communities.  A combination of culture-based and molecular techniques 

revealed that the bacterial communities of Ircinia strobilina increased in diversity when sponges were 

transferred to aquaculture (Mohamed et al., 2008c).   

 

Despite their ecological importance, very little research has addressed the resilience of sponge–

microbe partnerships to environmental stressors such as temperature, light, nutrients, disease or 

pollutants.  This is in contrast to other marine symbioses such as the coral-zooxanthellae model (Coles 

and Brown, 2003; Webster, 2007).  Of the research that has been conducted, most studies have 



16 
 

examined the effect of elevated seawater temperature, all detecting a shift in the microbial community 

which correlates to altered environmental conditions and a decline in sponge health (Webster et al., 

2008a; Webster and Taylor, 2012).  During annual non-lethal bleaching events of the giant barrel 

sponge Xestospongia muta its Crenarchaeota community is stable (López-Legentil et al., 2010).  In 

contrast, once the sponges become fatally bleached its Crenarchaeota community shifts in 

composition to one that is more similar to the surrounding sediment, indicating that loss of symbionts 

is associated with declining sponge health.  A study by Webster et al., 2008a analysed microbial 

community shifts in R. odorabile, in response to temperature change.  At elevated temperatures 

between 31°C and 33°C (2-4°C above ambient seawater temperature) dramatic shifts in bacterial 

community composition were detected.  Many of the microbes detected from sponges exposed to 

33°C were similar to those previously retrieved from diseased and bleached corals.  Considering 

today’s rapidly changing environment, the sensitivity of the sponge-microbe associations to 

environmental stress is crucial.  One of the primary effects of climate change is a projected 1.8–4°C 

rise in global air temperature by 2100 (IPCC, 2007).  The most immediate and direct effect of this, at 

the global ocean scale, will be an increase in sea surface temperature (SST), of up to 4°C during this 

century (Harvell et al., 2002; IPCC, 2007).  Elevated sea temperatures could significantly impact 

marine microbes that live symbiotically within a host, potentially altering microbial diversity, 

function and community dynamics.  Importantly, very few field and laboratory studies have looked at 

the potential synergistic effects of global climate change with increased pollution (including nutrients, 

sedimentation, sewage runoff, heavy metals) and habitat change.  There is a need, then, to further our 

understanding of the marine invertebrate response to changing environmental conditions.     

 

1.3 Functional roles of sponge-associated microbes 

 

While our understanding of microbial diversity in sponges is rapidly improving, large gaps still 

remain in our knowledge of the functional roles of sponge-associated microbes.  A study comparing 

16S rRNA- and 16S rRNA gene-derived sequences from two sponges revealed that the majority of 
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microbes are metabolically active within their respective hosts (Kamke et al., 2010).  However, 

gaining a better understanding has proven to be problematic as the majority of sponge symbionts have 

resisted cultivation.  Therefore many studies have focussed on one specific function, using a variety of 

molecular techniques such as metagenomics, metatranscriptomics and functional gene analysis.  

Collectively, sponge microbes are capable of photosynthesis, methane oxidation, nitrification, 

nitrogen fixation, sulphate reduction, and dehalogenation processes (Taylor et al., 2007).  Two of the 

primary physiological processes (photosynthesis and nitrogen cycling) known to involve sponge 

symbionts are summarized below. 

 

1.3.1 Photosynthesis 

 

Heterotrophy, through the consumption of microbes from seawater or by microbial uptake of 

dissolved organic carbon, is a common form of carbon metabolism in sponges (Yahel et al., 2003; 

Yahel et al., 2007). However, in nutrient-poor environments such as the GBR, sponges can continue 

to thrive due to the presence of photosynthetic symbionts, especially cyanobacteria.  Ninety percent of 

all GBR sponges assessed by Wilkinson et al. (1983) were associated with cyanobacteria (Wilkinson, 

1983).  One of the most prevalent cyanobacteria in sponges is Synechococcus spongiarum which 

represents a single monophyletic cluster at the 16S rRNA gene level, although previous phylogenetic 

analysis of the more variable 16S-23S rRNA internal transcribed spacer region revealed as many as 

12 distinct clades within this species (Erwin and Thacker, 2008).  S. spongiarum appears to be sponge 

specific (Section 1.2.1a); Erwin and Thacker found that 85% of the phototrophic sponges (those in 

which carbon nutrition is dependent upon cyanobacterial symbionts) analysed on Caribbean coral 

reefs contained S. spongiarum (Erwin and Thacker, 2007, 2008).  Other photosynthetic symbionts 

include diatoms, phototrophic sulphur bacteria and dinoflagellates (Wilkinson, 1983; Steindler et al., 

2002; Schönberg., 2005).  The association of sponges with photosymbionts is proposed to be a 

mutually beneficial relationship.  The host sponge gains photosynthates such as glycerol, with some 

sponges receiving as much as 50% of their energy requirements in this manner (Wilkinson, 1983).  In 



18 
 

turn, the sponge allocates shelter and essential nutrients to the symbionts (Brümmer et al., 2008).  The 

importance of cyanobacteria to some sponges was further demonstrated in a recent study (Thacker et 

al, 2005).  The effect of light intensity changes on cyanobacteria within the two tropical sponges 

Lamellodysidea chlorea and Xestospongia exigua was tested with a series of shading experiments.  L. 

chlorea contains a host-specific cyanobacterium, Oscillatoria spongeliae, while X. exigua harbours 

the generalist cyanobacterium, Synechococcus spongiarum.  The hypothesis was that if cyanobacteria 

are of benefit to the host, then shading would reduce these benefits (Thacker, 2005).  In shaded 

conditions, host-specific symbionts remained stable in abundance, but the sponge lost biomass as 

optimal light intensity for the symbiont was not reached.  This suggests L. chlorea is dependent on its 

interaction with O. spongeliae.  In contrast, X. exigua maintains its biomass when S. spongiarum 

symbionts were lost, suggesting a more generalist relationship (Thacker, 2005).  In a recent report 

from the 1st International Symposium on Sponge Microbiology (Taylor et al., 2011), the translocation 

of photosynthate in Cliona varians forma varians, a common Caribbean reef sponge, has been 

demonstrated by stable isotope pulse-chase experiments.  The symbiont zooxanthellae uptakes carbon 

from the water column for photosynthesis and the resultant fixated carbon is then translocated to the 

host (Weisz et al., unpublished). This supports the hypothesis that sponge symbionts provide a 

nutritional benefit to the host.   

 

1.3.2 Nitrogen cycling 

 

In areas such as coral reefs where dissolved nutrients and particulate organic matter are scarce, 

sponges may encounter nitrogen limitation.  Both autotrophic symbionts (such as cyanobacteria) and 

heterotrophic symbionts (Wilkinson and Fay, 1979; Shieh Wung and Lin Yeong, 1994) may 

contribute to the nitrogen budget of sponges by fixing atmospheric nitrogen (Mohamed et al., 2008a).  

The first evidence for nitrogen fixation came from the detection of nitrogenase activity in Red Sea 

sponges (Wilkinson and Fay, 1979).  Further evidence has been demonstrated in recent years, using 

techniques such as measurement of nitrogen stable isotope ratios (Weisz et al., 2007) and sequencing 
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of the bacterial gene encoding for the nitrogenase enzyme (Mohamed et al., 2008a).  Nitrification has 

also been observed in sponges.  Ammonia is a nitrogenous waste product of the host’s metabolism 

and can become toxic when accumulated.  Ammonia (NH3) is oxidised to nitrite (NO2
-) and 

subsequently to nitrate (NO3
-) by two phylogenetically distinct groups of bacteria.  Ammonia-

oxidising bacteria (AOB) of the genera Nitrosospira and Nitrosococcus have been identified in 

sponges and convert ammonia to nitrite (Mohamed et al., 2010).  The ammonia-oxidising archaeon 

(AOA), “Candidatus Cenarchaeum symbiosum” was first detected in the Californian marine sponge 

Axinella mexicana (Preston et al., 1996) and AOA were identified as the main drivers of nitrification 

in four cold water sponges (Radax et al., 2012a).  In cold water sponges the relative abundance of 

AOA was several orders of magnitude higher than that of AOB, suggesting a key role for Archaea in 

nitrogen cycling.  Furthermore, a study of the metatrascriptome of Geodia barretti (Radax et al., 

2012b) found that the most abundant mRNAs were those encoding key metabolic enzymes of 

nitrification from ammonia-oxidising archaea.  Nitrite-oxidising bacteria (NOB) such as Nitrospina 

and Nitrospira which oxidise nitrite to nitrate, have also been identified in many sponge species 

(Hentschel et al., 2002; Diaz et al., 2004; Bayer et al., 2008; Hoffmann et al., 2009; Off et al., 2010).  

Until recently (Hoffmann et al., 2009) sponge metabolism was viewed as being based on aerobic 

processes.  This assumption was due to the ability of sponges to pump large amounts of water through 

their body and hence be oxygenated (Reiswig, 1974).  However, the identification of anoxic zones in 

some sponges suggested the potential for both denitrification and anaerobic ammonia oxidation 

(anammox) (Hoffmann et al., 2005) to take place in sponges.  Both these processes were identified in 

the same sponge, Geodia barretti (Hoffmann et al., 2009).  The use of whole-genome sequencing 

(metagenomics) has also provided evidence of denitrification potential.  Genes encoding for nitrite 

reductase and nitric oxide reductase were identified in uncultivated ‘Poribacteria’ from Aplysina 

aerophoba (Siegl et al., 2011). 
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1.3.3 Other functions 

 

Several studies indicate the presence of a sulphur cycle in sponges.  Both sulphur oxidisers and 

sulphate reducers have been reported from multiple sponges (Taylor et al., 2007).  Sulphate reducers 

belonging to members of the bacterial genera Desulfoarculus, Desulfomonile, and Syntrophus were 

identified by FISH from the cold water HMA sponge, G. barretti (Hoffmann et al., 2005; Hoffmann 

et al., 2006; Hoffmann et al., 2008).  Furthermore, sulphur cycling requires anoxic conditions, which 

have been identified in the sponges G. barretti and Aplysina aerophoba, particularly during periods of 

pumping inactivity.  Estimated sulphur reduction rates in G. barretti are some of the highest recorded 

in a natural system at up to 1200 nmol cm-3 sponge day -1 (Hoffmann et al., 2005).   Genes encoding 

for APS reductase (aprA), a key enzyme of sulphate reduction and sulphur oxidation, were detected in 

the deep water Caribbean sponge Polymastia corticata (Meyer and Kuever, 2008).  Furthermore, the 

presence of sulphur-oxidising Gammaproteobacteria, Alphaproteobacteria and a sulphate-reducing 

archaeon was revealed (Meyer and Kuever, 2008).  An endosymbiotic sulphur cycle has already been 

described for marine oligochaetes (Dubiller et al., 2001)  and a similar process may take place in some 

sponge species (Meyer and Kuever, 2008).  Other processes, such as methane oxidation, have been 

reported from sponges.  For example, the deep-sea carnivorous sponge Cladorhiza methanophila is 

associated with two types of bacteria, with at least one being methanotrophic (Vacelet et al., 1995; 

Vacelet et al., 1996).  Methanogenic archaea were also identified in Rhopaloeides odorabile, which 

may indicate methane production in anaerobic areas within the sponge (Webster et al., 2001).  

Dehalogenation has also been reported from sponge symbionts.  Some sponges are a natural source of 

brominated compounds such as bromophenols and bromoindoles.  Antibiotic treatment inhibited 

dehalogenation activity in A. aerophoba, indicating that dehalogenation might be bacterially mediated 

(Ahn et al., 2003).   
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1.4 Biotechnological potential of sponges and sponge-associated 
microorganisms 

 

Since the 1970´s more than 15,000 marine natural products have been screened for biological activity 

(Wang, 2006).  Marine invertebrates are a rich source of bioactive and pharmacologically valuable 

products, with sponges being the most prolific producers.  More than 200 new metabolites from 

sponges are recorded each year.  These include alkaloids, amides, terpenoids, nonribosomal peptides 

and polyketides (Anderson et al., 2010).  For the sponge, these compounds might have roles in spatial 

competition with rival species such as corals, predator defence and settlement inhibition (Bell, 2008).  

In terms of pharmaceutical and biotechnological activity, these metabolites may be anti-viral 

(Cutignano et al., 2000; Kelve et al., 2003), anti-microbial (Blunt et al., 2006), anti-fungal (Schmidt et 

al., 2000) anti-cancer (Hart et al., 2000; Piel, 2004; Simmons et al., 2005), anti-inflammatory (Abad et 

al., 2008), anti-fouling (Roper et al., 2009) and possess general cytotoxic properties (Blunt et al., 

2006).   

 

Taxonomically different sponge species can contain structurally similar compounds, while some 

sponge-derived metabolites exhibited a striking similarity to known microbial metabolites (Unson and 

Faulkner, 1993; Bewley et al., 1996).  These observations led to the speculation that sponge-

associated microbes might produce some of these bioactive metabolites (Hentschel et al., 2003; Lejon 

et al., 2011).  Despite promising potential, most of these substances are not produced in situ in large 

enough amounts for industrial purposes (Wijffels, 2008).  Clinical studies and commercial supply 

require kilogram quantities.  Bioactives are usually produced in small amounts, often from rare 

species, making wild harvesting unfeasible (Duckworth, 2009).  Furthermore, the chemical structure 

of these products can be extremely complex, with the number of reaction steps required making 

chemical synthesis economically unviable (Piel, 2009).  Several strategies have been proposed to 

solve this ‘supply problem’.   
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Maritime aquaculture of sponges has the advantage of closely simulating conditions encountered by 

the sponge in nature (Taylor et al., 2007).  The outcomes of such studies have been dependent on 

factors such as the selected sponge species, farming structure, disease outbreak and environmental 

factors including light, temperature, food supply and water movement.  Aquaculture in a closed 

system has the advantage of being able to control for some of these environmental factors.  However, 

the build-up of toxic secondary metabolites can cause problems.  In addition, Mohamed et al., 2008b 

and 2008c showed that when the sponges Mycale laxissima and Ircinia strobilina are transferred to 

aquaculture the microbial communities changed (Mohamed et al., 2008b; Mohamed et al., 2008c).  In 

contrast the bacterial communities in Aplysina cavernicola and A. aerophoba were unaffected by 

cultivation under different environmental conditions (Friedrich et al., 2001; Thoms et al., 2003; Gerçe 

et al., 2009).  Furthermore, the type of cultivation system has also been shown to influence the 

microbial community of the tropical sponge Rhopaloeides odorabile (Webster et al., 2011).  

Microbial communities of R. odorabile, cultured in small flow through aquaria were highly stable 

over a 12 week period.  In contrast, R. odorabile that were cultured in large mesocosm aquaria, 

exhibited loss of stable phyla such as “Poribacteria”, Chloroflexi and Acidobacteria (Webster et al., 

2011).  These studies demonstrate that the fate of bioactive-producing microorganisms associated 

with sponges in aquaculture is not certain and illustrates the importance of knowing the host’s 

microbiological response to various culturing conditions. 

 

Another approach would be to isolate the bioactive-producing microbe on an appropriate artificial 

medium, though efforts in this direction have mostly been unsuccessful as many microbial symbionts 

resist cultivation.  Additionally, those that can be cultivated do not always continue to produce the 

product of interest (Piel, 2002; Hentschel et al., 2003; Hill and Bull, 2004; Piel, 2004; Piel et al., 

2004; Piel et al., 2005; Fisch et al., 2009).  One of the most promising ways to access bioactive 

compounds from microbial symbionts is via metagenomic gene cloning (Dunlap et al., 2006; Piel, 

2006; Taylor et al., 2007).  If the genes involved in biosynthesis can be identified and successfully 

cloned into a culturable microorganism such as Escherichia coli, in theory this could provide an 

unlimited supply of a specific bioactive (Hildebrand et al., 2004; Wijffels, 2008; Hochmuth and Piel, 
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2009; Kennedy et al., 2009; Koopmans et al., 2009).   A recent study by Lejon et al, 2011 has 

developed a new cloning vector system that allows the use of multiple expression hosts (e.g., 

Pseudomonas putida, Streptomyces lividans).  Since sponges host a very diverse microbial 

community, having multiple expression hosts should greatly facilitate function-based screening of 

complex sponge metagenomic libraries and potentially aid the discovery of new biocatalysts and 

bioactive metabolites (Lejon et al., 2011). 

 

All of the potential methods for harvesting sponge/microbe bioactives have advantages and 

disadvantages, highlighting the need for further research to be able to produce these products on an 

industrial scale. 

 

1.5 Research objectives: scope and aims of this thesis 

 

The aim of this thesis is to analyse the microbial ecology of marine sponges, in order to assess aspects 

of symbiont specificity, stability and contribution to host health.  By addressing questions relating to 

both symbiont diversity and function in sponges, my project should lead to a better overall 

understanding of these ecologically and biotechnologically important associations.  I will use a high-

throughput DNA (16S rRNA-gene) and/or RNA (16S rRNA) sequencing approach, i.e. tag 

pyrosequencing, which allows the parallel sequencing of large amounts of DNA and/or RNA in a 

short time. With 1,000s of 16S rRNA-tags per sample, new insights into the diversity of sponge 

symbionts can be expected and the so far underrepresented rare members of the sponge microbial 

community will be described.  Specifically, I will use this technology to examine the effects of 

various environmental stressors (elevated seawater temperature and nutrient enrichment) on sponge 

microbial communities and also assess the stability of microbial-associated communities over time.  

The specific objectives of this thesis are; 
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1.5.1 A comprehensive phylogenetic analysis of sponge-associated 
microorganisms 

 

Numerous 16S rRNA-based studies have identified putative ‘sponge-specific’ microbes that are 

apparently absent from seawater and other (non-sponge) marine habitats. A recent surge in the 

number of sponge microbiology studies has led to a simultaneous increase in number of sponge-

derived 16S rRNA gene sequences.  With more than 7500 sponge-derived rRNA sequences (from 

clone, isolate and denaturing gradient gel electrophoresis data) now publicly available, I aim to 

determine whether the current notion of sponge-specific sequence clusters remains valid. 

 

1.5.2 Systematic evaluation of preservation / nucleic acid extraction 
protocols for sponge-associated bacteria 

 

Modern molecular approaches such as metagenomics, metatranscriptomics, gene library construction 

and 454 tag pyrosequencing are greatly enhancing our understanding of marine sponge microbiology.  

However, these sophisticated techniques are unified by their fundamental dependence on the isolation 

of high quality nucleic acids.  I will systematically evaluate a number of commonly applied tissue 

preservation and extraction protocols for the recovery of DNA and/or RNA from marine sponges.  

The optimal preservation and extraction protocol will be used throughout the rest of my research. 

 

1.5.3 Temporal study of symbiont diversity and activity in the sponges 
Ancorina alata and Tethya stolonifera  

 

Many investigations employ a snapshot sampling strategy however this often does not allow for 

insight into the composition of sponge-associated communities over time.  Easy access to sampling 

sites (90 km from Auckland) will enable me to collect monthly samples of two sponge species, 
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Ancorina alata (a HMA sponge) and Tethya stolonifera (a LMA sponge).  Community composition 

changes over different seasons will be assessed by DGGE analysis of community 16S rRNA gene- 

and 16S rRNA-derived fragments and by tag-pyrosequencing of 16S rRNA.  Natural abundance of 

isotopes such as 13C and 15N have been used to study organic matter sources utilised by 

microorganisms in many marine symbiosis.  Natural abundance of carbon and nitrogen stable isotopes 

have been frequently used in combination as they can infer the trophic position and nutritional status 

of the consumer, furthermore nitrogen and carbon sources used by the consumer can be indicated.  

Stable isotope values of δ13C and δ15N will also be taken from A. alata and T. stolonifera.   

 

1.5.4 Study response of sponge symbionts to temperature stress  

 

An initial study, by Webster and colleagues in 2008, exposed the Great Barrier Reef sponge 

Rhopaloeides odorabile to temperatures ranging between 27 and 33°C.  No differences in bacterial 

community composition or sponge health were detected between 27 and 31°C.  In contrast, a thermal 

threshold for R. odorabile tissue necrosis occurred between 31 and 33°C.  These results indicated that 

sponges might be similarly vulnerable to corals to changes in sea surface temperature.  To further 

define their sensitivity to thermal stress, I aim to identify changes in the bacterial community 

composition over a narrower temperature range (27, 30, 31 and 32°C).  To detect changes in the 

abundance and activity of associated microbes 16S rRNA gene and 16S rRNA derived fragments will 

be analysed by DGGE.  Unlike the 2008 study, 454 tag pyrosequencing will also be employed.  Since 

community fingerprinting approaches such as DGGE detect only the more abundant taxa that are 

present in a sample, 454 tag pyrosequencing might reveal greater differences between temperature 

treatments by detecting changes in rare community members. 
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1.5.5 Study response of sponge symbionts to nutrient stress 

 

Elevated levels of nutrients such as nitrogen, ammonia, phosphates and organic carbon in coastal 

ecosystems may contribute to reef decline.  Experiments using slow release fertilizers have been 

shown to increase the severity of coral disease, coral mortality and disruption of the balance between 

coral and their microbial communities.  Although sponge microbial communities can be disrupted by 

elevated seawater temperature and heavy metal contamination, the effects of elevated nutrients levels 

are unknown.  Furthermore, due to their tendency to filter large amounts of seawater, marine sponges 

are likely to be particularly vulnerable to the effects of elevated nutrients.  In this experiment I will 

investigate whether sponge-associated microbial communities are resilient to the effects of nutrient 

loading.  Molecular techniques, including DGGE and 454 pyrosequencing, will be used to investigate 

changes in the composition and activity of the symbiotic microbial community. 
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2.1 Abstract 

Marine sponges often contain diverse and abundant communities of microorganisms including 

bacteria, archaea and eukaryotic microbes.  Numerous 16S rRNA-based studies have identified 

putative “sponge-specific” microbes that are apparently absent from seawater and other (non-sponge) 

marine habitats.  With more than 7500 sponge-derived rRNA sequences (from clone, isolate and 

denaturing gradient gel electrophoresis data) now publicly available, we sought to determine whether 

the current notion of sponge-specific sequence clusters remains valid.  Comprehensive phylogenetic 

analyses were performed on the 7546 sponge-derived 16S and 18S rRNA sequences that were 

publicly available in early 2010.  Overall, 27% of all sequences fell into monophyletic, sponge-

specific sequence clusters.  Such clusters were particularly well represented among the Chloroflexi, 

Cyanobacteria, “Poribacteria”, Betaproteobacteria and Acidobacteria, and in total were identified in 

at least 14 bacterial phyla, as well as the Archaea and fungi.  The largest sponge-specific cluster, 

representing the cyanobacterium “Synechococcus spongiarum”, contained 245 sequences from 40 

sponge species.  These results strongly support the existence of sponge-specific microbes and provide 

a suitable framework for future studies of rare and abundant sponge symbionts, both of which can 

now be studied using next-generation sequencing technologies. 
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2.2 Introduction 

Marine sponges (Phylum Porifera) often contain dense and diverse microbial communities, which can 

occupy up to 35% of sponge volume and impact upon host defense and metabolism (Hentschel et al., 

2006; Taylor et al., 2007; Webster and Taylor, 2011).  Microorganisms representing all three domains 

of life – Bacteria, Archaea and Eukarya – are known to live symbiotically within sponges, with 

bacteria being particularly diverse.  To date, more than 25 bacterial phyla have been reported from 

sponges, with Actinobacteria, Chloroflexi, Proteobacteria (Alpha, Delta, Gamma classes) and the 

largely sponge-inhabiting candidate phylum “Poribacteria” among the most prevalent.  This phylum-

level richness is matched by that at lower taxonomic levels, with a recent pyrosequencing study 

(Webster et al., 2010) revealing up to 3000 “genus-level” taxonomic units in the tropical sponge 

Rhopaloeides odorabile.  These data suggest that the bacterial diversity contained within marine 

sponges is at least as high as that of any other invertebrate host. 

 

The high diversity of sponge-associated microorganisms is notable in itself, yet it is the apparent 

specificity of these symbionts that is most striking.  The concept of “sponge-specific” microbes is not 

new, with research from the 1970s indicating the presence of certain abundant bacteria in sponge 

tissue that were distinct from those microbes in the surrounding seawater (Vacelet and Donadey, 

1977; Wilkinson, 1978 a, b, c; Wilkinson et al., 1981).  These early cultivation- and microscopy-

based observations were reinforced in 2002 by phylogenetic analyses of the 190 available sponge-

derived 16S rRNA gene sequences (Hentschel et al., 2002).  In this landmark paper, Hentschel and 

colleagues identified the widespread presence of monophyletic, sponge-specific sequence clusters, 

defined as groups of at least three 16S rRNA gene sequences that (i) are more similar to each other 

than to sequences from other (non-sponge) sources; (ii) are derived from two or more sponge species, 

or the same species from different locations; (iii) are supported by three independent phylogenetic 

tree-building approaches (neighbour-joining, maximum parsimony, maximum likelihood) (Hentschel 

et al., 2002).  Seventy percent of the 190 sequences fell into sponge-specific clusters, spread across a 
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range of phyla including Acidobacteria, Actinobacteria, Chloroflexi, Nitrospira and Proteobacteria.   

By 2006 the number of publicly available sponge-derived 16S rRNA sequences had increased to 

~1700, with detailed phylogenetic analyses of these data placing 32% of sequences into sponge-

specific clusters (Taylor et al., 2007).  Sponge-specific bacteria were particularly well represented 

among the Chloroflexi, Cyanobacteria and “Poribacteria”, with 62, 79 and 100% of sequences, 

respectively, from these groups being affiliated with sponge-specific clusters. 

 

A recent surge in the number of sponge microbiology studies has led to a concomitant increase in 

numbers of sponge-derived 16S rRNA gene sequences.  Version 102 of the SILVA database (Pruesse 

et al., 2007), released in February 2010, contains 7546 sponge-derived 16S or 18S rRNA gene 

sequences.  As a consequence, the sponge-specific clusters defined by Taylor and co-workers in 2007 

may no longer exist (while other new ones may have appeared) and it is thus timely to reconsider the 

notion of sponge-specific microbes.  Here, we performed rigorous phylogenetic analyses of all 7546 

sponge-derived sequences in the SILVA 102 database and show that existing clone, isolate and 

denaturing gradient gel electrophoresis (DGGE) data unequivocally support the existence of 

monophyletic, sponge-specific sequence clusters. 

 

2.3 Results and Discussion 

Altogether 7546 sponge-derived rRNA sequences, representing 17 formally described bacterial phyla, 

12 candidate bacterial phyla, and two major archaeal lineages (Euryarchaeota and Thaumarchaeota) 

were recovered from the database (Table 2.1).  The taxa with the most sponge-derived sequences were 

Gammaproteobacteria (n=1408, 19% of all sponge sequences), Alphaproteobacteria (n=1385, 18%) 

and Actinobacteria (n=1196, 16%), with Firmicutes (n=574, 8%) and Cyanobacteria (n=551, 7%) 

also well represented.  These results are highly consistent with those from an earlier, 2006 study 

(Taylor et al., 2007), in which the dominant groups among the 1694 analysed sequences were the 
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Beta/Gammaproteobacteria (n=430, 25%), Alphaproteobacteria (n=311, 18%) and Actinobacteria 

(n=266, 16%). 

 
Table 2.1: Summary of all available sponge-derived 16S and 18S rRNA sequence data (as of February 
2010).  Also included is a summary of data from the 2006 study by Taylor and colleagues (Taylor et al., 
2007). 
 

  2006 data (Taylor et al. (2007) study) 2010 data (this study) 

Phylogenetic 
affiliation 

Appendix 
Figure 
number 

Total # of 
sequences 

% of sequences 
in sponge-
specific 
clusters (SC) 

% of sequences 
in sponge- and 
coral-specific 
clusters (SCC) 

Total # of 
sequences 

% of sequences 
in sponge-
specific 
clusters (SC) 

% of sequences 
in sponge- and 
coral-specific 
clusters (SCC) 

BACTERIA               
Acidobacteria 1 66 5 64 359 57 52 

Actinobacteria 2 266 38 0 1196 21 0 

Armatimonadetes1 3a No data No data No data 6 0 0 

Bacteroidetes 4 77 0 0 447 6 15 

BD1-51 3b No data No data No data 3 0 0 

BRC11 3c No data No data No data 3 0 0 
Caldithrix/  
Deferribacteres1 5 No data No data No data 5 0 0 

Chlamydiae1 5 No data No data No data 7 0 0 

Chloroflexi 6 109 62 0 330 61 49 

Cyanobacteria 7 119 79 0 551 53 0 
Deinococcus-
Thermus1 8a 2 0 0 2 0 0 

Firmicutes 9 96 9 0 572 3 0 

Fusobacteria1 8b No data No data No data 3 0 0 

Gemmatimonadetes 10 (also 
Fig. 2.2) 16 25 56 66 36 52 

Halanaerobiales2 5 No data No data No data 1 0 0 

Hyd24-122 11a No data No data No data 1 0 0 

Lentisphaerae1 5 1 0 0 4 0 0 

Nitrospirae 12 14 57 29 71 39 78 

NPL-UP22 5 No data No data No data 1 0 0 

OD11 11b No data No data No data 4 0 0 

OP11 13a No data No data No data 1 0 0 

OP31 5 No data No data No data 2 0 0 

OP111 13b No data No data No data 5 0 0 

Planctomycetes 5 11 0 0 175 7 2 

“Poribacteria” 5 21 100 0 170 79 0 
Proteobacteria - 
Alpha 14 311 14 0 1385 18 9 

Proteobacteria - Beta 15 (also Fig. 
2.1) 

430 
(Beta/Gamma) 

34 
(Beta/Gamma) 0 195 55 0 

Proteobacteria - Delta 16 48 15 40 234 33 31 
Proteobacteria – 
Epsilon1 17a No data No data No data 3 0 0 

Proteobacteria – 
Gamma 18 430 

(Beta/Gamma) 
34  

(Beta/Gamma) 0 1408 20 2 

Proteobacteria - 
TA181 17b No data No data No data 3 0 0 

SAUL3 5 23 78 0 55 71 0 
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Spirochaetes 19 6 67 0 12 92 0 

TM6 20a 1 0 0 14 43 0 

TM7 20b No data No data No data 9 67 0 

Verrucomicrobia1 5 13 23 0 35 0 0 

ARCHAEA               

Euryarchaeota 21 1 0 0 10 0 0 

Thaumarchaeota 21 434 284 0 103 41 0 

EUKARYA               

Fungi 22       71 14 0 

Metazoa -       4 0 0 

Other Eukarya -       20 0 0 

 
1 bacterial candidate phyla 
2 the phylogenetic affiliation of these sequences could not be unambiguously determined 
3 SAUL – sponge-associated unidentified lineage 
4 the archaea represented by these sequences were formerly classified as Crenarchaeota 
 

In recent years there has been a dramatic increase in the number of marine microbial sequences being 

deposited in public databases.  It was therefore timely to assess whether this increased sequencing 

effort caused previously described sponge-specific sequence clusters to dissolve or whether new 

sponge-specific sequence clusters had emerged.  In line with numerous previous studies (Hentschel et 

al., 2002; Taylor et al., 2007; Schmitt et al., 2008; Kamke et al., 2010), the phylogenetic analyses 

presented here continue to support the existence of monophyletic, sponge-specific 16S rRNA 

sequence clusters.  In total, 27% of all sponge-derived 16S rRNA sequences fell into such clusters, 

compared with 32% in the 2006 study.  The number of sponge-derived sequences falling into sponge-

specific clusters differed greatly among the various phyla (Table 2.1).  All but three of the 173 

“Poribacteria” sequences (i.e. 98.3%) were obtained from sponges, with the remainder being 

recovered from seawater (Appendix A, Figure A5b).  Due to the positioning of these particular 

seawater sequences on the phylogenetic tree, only 79% of the sponge-derived “Poribacteria” 

sequences were affiliated with sponge-specific clusters, somewhat lower than anticipated.  Members 

of this candidate phylum, related to the Planctomycetes, Verrucomicrobia and Chlamydiae, often 

occur at very high densities in sponges (Fieseler et al., 2004) and may contribute to the production of 

biologically active polyketide metabolites within the host (Siegl et al., 2010).  Sponge-specific 

sequences were also prevalent among the Spirochaetes, with 11 of 12 sequences (92%) in such 

clusters (Appendix A, Figure A19).  In contrast, some taxa contained only very few sponge-specific 
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sequences; for example, only 3% of the 572 sponge-derived Firmicutes sequences fell into sponge-

specific clusters, with the Bacteroidetes (6% of 447 sequences) being similarly poorly represented. 

 

The largest sponge-specific cluster was that representing “Synechococcus spongiarum” within the 

Cyanobacteria.  This cluster contained 245 sequences from 40 sponge species (Appendix A, Figure 

A7).  While “S. spongiarum” represents a single monophyletic cluster at the 16S rRNA gene level, 

previous phylogenetic analysis of the more variable 16S-23S rRNA internal transcribed spacer region 

revealed as many as 12 distinct clades within this species (Erwin and Thacker, 2008).  Whether these 

sequence variations correspond to meaningful ecological differences is uncertain, although this would 

not be without precedent; despite their 16S rRNA gene identity differing by less than 3%, pelagic 

species of Prochlorococcus occupy distinct ecological niches (Rocap et al., 2003).  Another 

substantial sponge-specific cluster was located within the Betaproteobacteria, with 100 sequences 

from 15 different sponge species (Figure 2.1).  These sponges were sampled from diverse geographic 

locations including Antarctica, Australia, Hawaii, California, the Caribbean, Ireland, South China Sea 

and various Mediterranean locations.  The sequence cluster branched deeply within the 

Betaproteobacteria and, with no apparent close relatives, it is not possible to infer anything about the 

likely function of these bacteria within their host sponges. 
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Figure 2.1:  16S rRNA-based phylogeny of a large sponge-specific cluster within the Betaproteobacteria.  
The displayed tree is a maximum likelihood tree constructed based on long (≥1200 bp) sequences only; 
shorter sequences were added using the parsimony interactive tool in ARB and are indicated by dashed 
lines.  Filled circles indicate bootstrap support (maximum parsimony, with 100 resamplings) of ≥ 90%, 
and open circles represent ≥75% support.  Bar, 10% sequence divergence.  Remaining sponge-derived 
Betaproteobacteria sequences are shown in Appendix A15. 
 

In the earlier analysis by Taylor and colleagues (Taylor et al., 2007), a number of monophyletic 16S 

rRNA clusters were identified that contained exclusively sponge- and coral-derived sequences.  In the 
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intervening years the number of coral-derived bacterial sequences has increased markedly (Bourne et 

al., 2008; Sunagawa et al., 2010), and sponge/coral-specific clusters are still evident.  Consistent with 

the previous study, this was particularly apparent for the Nitrospira (Appendix A, Figure A12), 

Acidobacteria (Appendix A, Figure A1), Chloroflexi (Appendix A, Figure A6) and the 

Gemmatimonadetes (Figure 2.2, Table 2.1).  Of the 66 sponge-derived Gemmatimonadetes sequences, 

nearly half (34) fell into one sponge/coral-specific cluster (Figure 2.2).  The ecological significance of 

such clusters is unclear but warrants further investigation.  Within coral microbiology there is 

increasing awareness of the importance of resident bacterial communities to host health (Reshef et al., 

2006), and members of sponge/coral-specific clusters could conceivably play a role in the response of 

the sponge “holobiont” to environmental stress.  While the in situ function of the Gemmatimonadetes 

cannot be inferred from 16S rRNA gene data alone, it is likely that detected members of the genus 

Nitrospira are involved in nitrogen cycling within the sponge (Hoffmann et al., 2009).  Of the 71 

sponge-derived Nitrospira sequences, nearly three-quarters (55 sequences) fell into one large 

sponge/coral-specific cluster (Appendix A, Figure A12). 



54 

 

Chondrilla nucula clone CN82, AM259917
Chondrilla nucula clone CN24, AM259909

Theonella swinhoei clone PAWS68, AF186453
Aplysina fulva clone d105, FM160768

Desmacidon sp. clone KspoB8, EU035935
Discodermia dissoluta clone Dd-spT-A4, AY897113

Montastraea faveolata (coral) clone, GU118643
Aplysina aerophoba clone TK43, AJ347064
Aplysina aerophoba clone TK19, AJ347028

Aplysina aerophoba clone TK100, AJ347071
Montastraea faveolata (coral) clone, GU118686

Ircinia felix DGGE band B3-1, DQ661774
Montastraea faveolata (coral) clone, GU118648

Acanthostrongylophora sp. clone OP377, EF513688
Acanthostrongylophora sp. clone OP464, EF513730

Theonella swinhoei clone JAWS1, AF434967
Rhopaloeides odorabile clone R171, AF333522

Rhopaloeides odorabile clone 27E4, EU183781
Rhopaloeides odorabile clone 27D12, EU183778
Rhopaloeides odorabile clone 27A5, EU183746

Rhopaloeides odorabile clone 27aE5, EU183854
Rhopaloeides odorabile clone 27aD5, EU183844

Rhopaloeides odorabile clone 27G8, EU183797
Montastraea faveolata (coral) clone, GU118605

Ectyoplasia ferox DGGE band EFE5, EF159751
Corticium candelabrum clone CC08, DQ247940
Corticium candelabrum clone CC19, DQ247939

Corticium candelabrum clone CC18, DQ247938
Agelas dilatata clone AD004, EF076125

Agelas dilatata clone AD021, EF076126
Agelas robusta clone A158, GQ215691

Corticium candelabrum clone cc011, GQ258064
Tethya aurantium clone TAA-10-101, AM259897

Ircinia strobilina clone 3m04AISA4R, EF629827
Ircinia strobilina clone 9m05AISH11, EF629828

Antarctic metagenome clone, DQ295242
marine sediment clone, EU652630

deep-sea sediment clone, AJ567595

forest soil clone, AY913352
marine sediment clone, EU652632

shrimp hatchery clone, AB491858
seafloor lava clone, EU491755
Arctic sediment clone, EU287180
deep-sea sediment clone, AB015578

Desmacidon sp. clone KspoD12, EU035960
Desmacidon sp. clone KspoB12, EU035938

Clathria prolifera clone MPWIC_D03, EF414197
Clathria prolifera clone MPWIC_H03, EF414157

deep-sea sediment clone, AJ567538
marine sediment clone, GQ246349

Ircinia felix DGGE band G9-2 , DQ661828
Smenospongia aurea DGGE band SAB25-1, EF159815

Xestospongia muta clone XmE131, EF159893
marine sediment clone, EU374077

Desmacidon sp. clone KspoC7, EU035945
soda lake sediment clone, GU083675

radioactive waste clone, GQ263891
Holoxea sp. clone JBac28 (3), GU108311

Holoxea sp. clone Tbac-22 (1), GU108259
Holoxea sp. clone JBac22 (2), GU108308

Xestospongia muta clone XmA116, EF159842
Ircinia felix clone E8-1, DQ661791

Svenzea zeai clone E153, FJ529350
Desmacidon sp. clone KspoC4, EU035942

deep-sea sediment clone, AB015540
soil clone, GU056071

bean rhizosphere clone, EU979091
agricultural soil clone, EU665100

forest soil clone, AY913247
soil clone, AY234641

penguin droppings sediment clone, AY218711
Gemmatimonas aurantiaca, AB072735

forest soil clone, AF432618
Nullarbor caves clone, AF317745

Rhopaloeides odorabile clone 27aD10, EU183848
Rhopaloeides odorabile clone 27G1, EU183793
Rhopaloeides odorabile clone 27C9, EU183767

Aplysina fulva clone i07, FM160888
Theonella swinhoei clone PAUC43f, AF186415

Acanthostrongylophora sp. clone OP469, EF513731
Theonella swinhoei clone JAWS13, AF434970

marine sponge clone, AY046064
Theonella swinhoei clone PAUC51f, AF186416

Desmacidon sp. clone KspoC5, EU035943
Rhopaloeides odorabile clone R124, AF333519

Rhopaloeides odorabile clone R11, AF333520
Rhopaloeides odorabile clone R18, AF333521

Ircinia felix DGGE band B1-1, DQ661773
Ircinia felix DGGE band F43-1, DQ661824

soil clone, GU056051
marine sediment clone, EU652634
hydrothermal sediment clone, AY225656

marine sediment clone, DQ351811
marine sediment clone, AY592136

deep-sea sediment clone, AJ567555

0.10

Mycale laxissima clone 6mML1F03, EF630314
Mycale laxissima clone 6mML1F04, EF630315

Mycale laxissima clone 2YMLC02, EF630332

salt marsh clone, AF286033

Mycale laxissima clone 2YMLA07R, EF630322
Mycale laxissima clone 2YMLA07, EF630327

SC63

SC64

SC65

SCC16

SC67

SC66

SC68

 

Figure 2.2:  16S rRNA-based phylogeny of sponge-associated Gemmatimonadetes.  Details are the same as 
those provided for Figure 1, with the following additions.  Sponge-derived sequences are shown in bold.  
Shaded boxes represent sponge-specific monophyletic clusters.  Open boxes represent monophyletic 
clusters containing exclusively sponge-derived sequences and coral-derived sequences.  Bar, 10% 
sequence divergence. 
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The sequence data included in this meta-analysis were derived from a wide range of taxonomically 

diverse sponges, located throughout tropical, temperate and even polar regions.  The large size of the 

data set, coupled with insufficient annotation for many of the Genbank entries (e.g. often the host 

sponge was not identified), prevents us from correlating microbial community composition with 

features of the host sponge and/or environment in a comprehensive fashion.  An interesting dichotomy 

among sponges is that between so-called high-microbial-abundance (HMA) sponges and their low-

microbial-abundance (LMA) counterparts (Hentschel et al., 2006), and it has been speculated that 

sponge-specific microbes are largely confined to the former (Taylor et al., 2007).  Due to a lack of 

microbial abundance data for most sponges, we were unable to confirm whether this is indeed the 

case.  Similarly, it was not possible to draw reliable conclusions about the effect of geographic 

location on sponge-associated microbial communities, although a recent pyrosequencing study 

(Schmitt et al., 2012) did suggest that the bacteria within different tropical sponges may be more 

similar to each other than to bacteria in subtropical sponges. 

  

In addition to the sponge-specific bacterial clusters described above, we also found evidence for such 

clusters within the Archaea, specifically the Thaumarchaeota lineage (Appendix A. Figure A21).  The 

latter is particularly notable for the inclusion of “Cenarchaeum symbiosum”, a dominant member of 

the prokaryotic community in the sponge Axinella mexicana that has served as an important model 

organism for the development of environmental genomics (Hallam et al., 2006; Schleper et al., 1997).  

In total, 41% of sponge-derived archaeal sequences fell into sponge-specific clusters.  We also 

analysed the 95 18S rRNA sequences obtained from eukaryotic microorganisms living within 

sponges.  These included diatoms, dinoflagellates and fungi, with 14% of the latter sequences being 

affiliated with sponge-specific clusters (Appendix A, Figure A22).  Marine fungi are receiving 

increasing attention due to their biotechnological potential as prolific producers of bioactive 

metabolites (Bugni and Ireland, 2004; Richards et al., 2012).  Whilst thousands of fungal strains have 

been isolated from different sponges (Höller et al., 2000; Baker et al., 2010; Liu et al., 2010), little is 

known about their symbiotic relationship with the host sponge.  Some of the putatively sponge-
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specific fungi identified in this study were affiliated with the genus Penicillium, renowned producers 

of biologically active natural products. 

 

Here we phylogenetically analysed >7500 clone, isolate and denaturing gradient gel electrophoresis 

(DGGE) sequences obtained from sponges and unequivocally confirmed the existence of 

monophyletic, sponge-specific sequence clusters.  The ARB database resulting from this study should 

be a valuable resource to those in the sponge microbiology field and beyond, aiding comparisons with 

under-studied symbionts of other marine invertebrates and facilitating the taxonomic assignment of 

marine 454 pyrosequencing data.  It should be noted that the plethora of 454 data recently obtained 

from sponges and other marine sources were not included in this meta-analysis.  Many of these 

sequences are too short (<200 bp) for meaningful phylogenetic analyses, while the sheer number of 

sequences generated in some studies also precludes detailed analyses of the type performed here.  

Given the capability of next-generation sequencing technologies to access the so-called “rare 

microbial biosphere” (Sogin et al., 2006), it is still possible that “sponge-specific” bacteria may be 

revealed outside of sponge hosts once these larger data sets are rigorously analysed.  For instance, in a 

454 tag pyrosequencing study of Great Barrier Reef sponges, 52% of the previously described 

sponge-specific sequence clusters were also found at very low abundance in the surrounding seawater 

(Webster et al., 2010).  The presence of sponge-specific sequence clusters has implications for our 

understanding of these complex symbioses and will help direct future studies by identifying model 

microbial phyla for analysis of symbiotic functions. 

 

2.4 Experimental procedures  

A database was established in the ARB program package (SILVA 102 version, released February 

2010; Ludwig et al., 2004; Pruesse et al., 2007) which encompassed all sponge-derived 16S rRNA 

gene sequences (from bacteria and archaea) and 18S rRNA gene sequences (from eukaryotic 

microbes).  This included 1681 near-full-length (≥1200 bp) sequences and 5865 sequences between 
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300 and 1199 bp in length.  Of these 7546 sequences, 7451 were 16S rRNA gene sequences and 95 

were 18S rRNA gene sequences. 

 

Extensive phylogenetic analyses were conducted, taking all 7546 sponge-derived sequences into 

account.  Preliminary analyses were performed to ascertain which sponge-derived sequences fell into 

putative monophyletic, sponge-specific clusters.  For each cluster, the most similar non-sponge 

sequences were retrieved by BLAST searches on the NCBI database.  These sequences were aligned 

using the SINA Web Aligner and imported into the SILVA database, where all subsequent 

phylogenetic analyses were performed.  To rigorously test the existence of monophyletic sponge-

specific sequence clusters, multiple tree construction methods (neighbour-joining, maximum 

parsimony and maximum likelihood) were employed.  Trees were constructed in ARB using long 

(≥1200 bp) sequences with the programs RAxML, DNAPARS and Neighbor Joining, respectively.  

For very large trees (Alphaproteobacteria, Gammaproteobacteria, Actinobacteria and Firmicutes), 

maximum parsimony analyses (including bootstrapping with 100 resamplings) were carried out using 

MEGA version 5 (Tamura et al., 2011).  Maximum parsimony bootstrap analyses for phyla with 

fewer sequences were conducted in ARB using the DNAPARS program.  Short sequences (<1200 bp) 

were subsequently added to all trees using the Parsimony Interactive tool in ARB, with no apparent 

change in tree topology.  Conservation filters of 50% were applied for each respective phylum, with 

outgroups consisting of sequences representing several other bacterial phyla. 

 

Maximum likelihood trees are displayed in the article, with sponge-specific clusters only marked if 

they occurred consistently identified with all three treeing methods.  The SILVA database and 

alignment, with annotated sponge-specific clusters, is available from the authors upon request. 
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3.1 Abstract 

Preservation and extraction of high quality DNA and RNA from biological samples is becoming 

increasingly important for genomics, transcriptomics and microbial community analyses.  Of major 

recent interest, due to their ecological and biotechnological importance, are the communities of 

microorganisms associated with marine sponges.  In this study, we systematically evaluated protocols 

for the preservation (RNAlater, liquid nitrogen, lyophilized, frozen) and extraction (CTAB-based 

DNA extraction, RNA isolation via TRIzol and two co-extraction methods) of nucleic acids using 

samples of the New Zealand high-microbial-abundance sponge Ancorina alata.  The quantity and 

quality of nucleic acids were assessed via spectrophotometry, agarose gel electrophoresis and 

microcapillary electrophoresis.   Although all protocols resulted in sufficiently high DNA and/or RNA 

quantity and quality for downstream applications, there were significant differences in yield of nucleic 

acids extracted.  All RNA extraction methods maintained mRNA of sufficient integrity to amplify the 

prokaryotic glutamine synthetase gene.  Denaturing gradient gel electrophoresis (DGGE) analysis of 

community 16S rRNA gene- and 16S rRNA-derived fragments revealed several unique bands in the 

rRNA-derived profiles.  However, there were no major changes attributable to either preservation or 

extraction method.  Optimized methods were successfully tested on three other New Zealand sponges.  

Our results suggest that whilst choice of preservation and extraction method does influence the 

quantity of nucleic acids isolated from marine sponges, all protocols performed favorably, therefore 

choice of protocol can be made based on practical considerations including ease of use, time 

availability and cost. 
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3.2 Introduction 

Many marine sponges contain diverse and abundant microbial communities, which impact heavily 

upon the biology of the host as well as providing enormous biotechnological potential due to their 

production of biologically active metabolites (Hentschel et al., 2006; Taylor et al., 2007; Kamke et al., 

2010).  Due to difficulties with cultivating many sponge symbionts, molecular methods such as 

metagenomics, 16S rRNA gene cloning and functional gene analysis have emerged as powerful tools 

for studying sponge-microbial interactions (Mohamed et al., 2008; Steger et al., 2008; Hoffmann et 

al., 2009).  While sequencing of the 16S rRNA gene has provided valuable insights into the diversity 

of sponge-associated microbes (Taylor et al., 2007; Bayer et al., 2008; Webster, 2009), recent studies 

have also begun to address their in situ activity.  For example, expression of bacterial nifH genes 

(from putative nitrogen fixers) was recently demonstrated in sponges (Mohamed et al., 2008), while 

community-wide activity profiles were obtained for two marine sponges based on a direct comparison 

of rRNA genes and the rRNA itself (Kamke et al., 2010).  In contrast to these single-gene approaches, 

metagenomics has also been applied to sponge symbionts, providing crucial insights into their 

metabolic potential (Schleper et al., 1998; Hallam et al., 2006; Grozdanov and Hentschel, 2007).  

Furthermore, the first metatranscriptomic studies, investigating gene transcription and in situ activity 

in microbial communities, have been completed (Bailly et al., 2007; Frias-Lopez et al., 2008; Urich et 

al., 2008), and this technology is now being applied to sponges (R. Radax, University of Vienna, pers. 

comm.). 

 

For all the undoubted strengths of the aforementioned approaches, the outcomes of such studies 

remain dependent on the quality of the DNA and RNA extracted from the sample, which in turn is 

dependent on the quality of sample preservation (Thakuria et al., 2009; Triant and Whitehead, 2009).   

Whilst DNA extraction works reliably for many different tissue types, recovery of RNA is often still 

problematic due to the short-half life of bacterial mRNA and the high abundance and persistence of 
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RNases in the environment (Costa et al., 2004; Milling, 2005; Chomczynski and Sacchi, 2006).  In the 

case of sponges, freezing is often used to preserve samples for analysis of nucleic acids (Hentschel et 

al., 2002; Thoms et al., 2003; Taylor et al., 2004; Taylor et al., 2005; Bayer, 2007; Webster et al., 

2008; Webster, 2009), although this may not always be an option in remote field locations or on 

cruises (Gorokhova, 2005).  Several alternatives have been developed for different tissue types, from 

desiccation of plant materials (Doyle and Dickson, 1987), to various buffer solutions (e.g. 

RNAlater®) and alcohols for insects and earthworm microbial communities (Fukatsu, 1999; Thakuria 

et al., 2009).  Equally important is the subsequent method for extracting nucleic acids.  This should 

yield the DNA and RNA of as wide a range of microorganisms as possible, limiting bias towards or 

against particular organisms in the sample (Wintzingerode et al., 1997; Weinbauer et al., 2002; 

Bisanti et al., 2009).  A diverse range of extraction protocols has been employed in the analysis of 

sponge-associated microbes, including mechanical (e.g. bead-beating), chemical and enzymatic 

approaches (Taylor et al., 2004; Schmitt et al., 2007; Mohamed et al., 2008; Webster et al., 2008).  

The ability to co-extract DNA and RNA from a given sample can also be of benefit, but simultaneous 

extraction often leads to high quality and yield of one nucleic acid at the expense of the other (Triant 

and Whitehead, 2009). 

 

Given the plethora of advanced, nucleic acid-based techniques now being applied to the study of 

sponge microbiology, it is timely to systematically evaluate a number of preservation and 

(co)extraction methods for the analysis of DNA and RNA from sponges.  Here, we compared four 

preservation and four extraction methods using samples from the high-microbial-abundance sponge 

Ancorina alata (Kamke et al., 2010).  Nucleic acids abundance and integrity were measured and the 

resulting bacterial community profiles compared using denaturing gradient gel electrophoresis 

(DGGE). 
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3.3 Materials and Methods 

3.3.1. Sample collection 

The marine sponge Ancorina alata (Phylum Porifera; Class Demospongiae) was collected by SCUBA 

at a depth of 3 m at Jones Bay, northeastern New Zealand (36°23’S, 174°49’E), in May 2009.  Sponge 

samples were transferred underwater into plastic bags containing seawater, then brought to the surface 

and kept on ice until further processing (within 2-3 h).  To avoid confounding due to inter-individual 

variability, one large A. alata specimen was used for all preservation and extraction comparisons.  To 

test the generality of the preferred preservation and extraction protocols using a wider range of 

sponges, the demosponges Polymastia sp., Raspailia topsenti and Tethya aurantium were collected by 

SCUBA from the same site at Jones Bay in September 2009.  A further five Ancorina alata 

individuals were also sampled, in order to assess variability in the bacterial community within this 

host species. 

 

3.3.2 Preservation 

Samples (n=3 per treatment) were preserved in either liquid nitrogen or RNAlater (Ambion, Foster 

City, USA) and subsequently kept frozen or lyophilized (by freeze-drying).  Preservation in acetone 

was also tested but did not successfully preserve sponge tissue (data not shown).  To validly compare 

frozen vs lyophilized samples, we calculated a frozen : lyophilized weight ratio.  Each of the 25 

individual A. alata samples was weighed, freeze-dried and weighed again in order to determine this 

ratio. 

3.3.2a Liquid nitrogen 

Tissue samples were cut with sterile scalpel blades and placed into sterile polypropylene tubes which 

were then immersed in liquid nitrogen for 3-5 min and stored immediately at -80°C.  Frozen samples 

were either lyophilized after freezing, or remained frozen at -80ºC until use in nucleic acids 

extractions, where samples were ground under liquid nitrogen. 
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3.3.2b RNAlater  

Tissue samples were cut into pieces of approximately 0.5 cm3 using sterile scalpel blades, then 

transferred into sterile polypropylene tubes containing RNAlater, incubated overnight at 4°C, then 

stored indefinitely at -20°C (according to the manufacturer’s instructions). Samples which were 

frozen in RNAlater were either lyophilized or, prior to each extraction method, thawed on ice, and cut 

further into smaller pieces (to ensure subsequent complete homogenization via bead-beating).  Excess 

RNAlater solution was blotted away with a sterile paper towel. 

 

3.3.3 Extraction of nucleic acids 

Nucleic acids were extracted from 10 mg of lyophilized sample or 52.6 mg of frozen sample (as 

calculated from the frozen (1) : (5.26) lyophilized ratio determined above).  Prior to RNA extractions 

all solutions and glassware were rendered RNase-free by treatment with diethylpyrocarbonate 

(DEPC), and only certified RNase- and DNase-free plasticware was used.  All tissue samples were 

homogenised using lysing matrix E tubes (MPBio) in combination with the FastPrep FP120 bead-

beating system (Bio-101). 

3.3.3a Qiagen kit 

The Qiagen AllPrep DNA/RNA Mini kit (Cat. #80204) was used according to the manufacturer’s 

instructions.  Both DNA and RNA were eluted twice to obtain maximum yield of nucleic acids from 

the sample.  To ensure RNA was pure for downstream applications, RNA was treated with 3U RQ1 

RNase-free DNase (Promega) according to the manufacturer’s instructions (DNase stop solution was 

incubated for a maximum of 5 min). 

3.3.3b Griffiths method 

Total DNA and RNA were extracted by a widely used method originally designed for extraction from 

soil samples (Griffiths et al., 2000), with minor modifications.  Samples were first frozen in 600 µl of 

the extraction buffer, thawed on ice and then 600 µl of phenol-chloroform-isoamyl alcohol (25:24:1, 
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pH 8.0) was added.  The aqueous phase, containing nucleic acids, was separated by centrifuging for 5 

min at 13,000 × g (room temperature).  These changes increased the volume of supernatant containing 

the nucleic acids.  Total nucleic acids were precipitated from the extracted aqueous layer for 1 h with 

0.1 x  supernatant volume of 3 M sodium acetate (pH 5.2) and 0.6 × supernatant volume of 

isopropanol, followed by centrifuging for 10 min (13,000 × g at 4°C).  Pelleted nucleic acids were 

then washed in ice-cold 70% (vol/vol) ethanol, air dried and re-suspended in 50 µl of RNase-free 

water.  Pure DNA was obtained by incubation of half the sample (25 µl aliquot) with RNase A 

(Sigma) at a final concentration of 100 µg ml-1 for 10 min at 37°C.  Pure RNA was obtained by 

treating the other 25 µl of sample with 3U RQ1 RNase-free DNase (Promega), as in 2.3.1. 

3.3.3c Hexadecyltrimethylammonium bromide (CTAB)-based DNA 

extraction 

DNA was extracted from sponge tissue by bead-beating in an ammonium acetate buffer containing 

CTAB, as described previously (Taylor et al., 2004). 

3.3.3d TRIzol 

Total RNA was extracted by TRIzol reagent (Invitrogen), by homogenizing sponge tissue with 1 ml 

of TRIzol reagent, according to the manufacturer’s instructions.  Pure RNA was obtained by 

incubating 25 µl aliquots with 3U RQ1 RNase-free DNase (Promega), as in 2.3.1. 

 

3.3.4 Assessment of quality, quantity and composition of DNA and RNA 

3.3.4a Purity and quantification 

Purity and quantity of DNA and RNA was assessed using a NanoDrop 1000 spectrophotometer 

(Thermo Scientific).  Pure DNA has an A260/A280 ratio of approximately 1.8 and pure RNA an 

A260/A280 ratio of approximately 2.0 (Sambrook, 2001).  Extracted DNA and RNA were also 

visualised by electrophoresis of a 5 µl aliquot on a 1% agarose gel containing 0.5 µg ml -1 ethidium 
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bromide.  RNA quality was further assessed using the Agilent 2100 Bioanalyzer RNA chip.  Visual 

evaluation was used to assess RNA integrity (Copois et al., 2007; Strand et al., 2007). 

3.3.4b Reverse transcription  

RNA was reverse-transcribed into cDNA using the SuperScript III First Strand Synthesis System 

(Invitrogen).  Reverse transcription was carried out with random hexamer primers in 25 µl reactions, 

incubated at 50°C for 50 min and the reactions terminated at 85°C for 5 min.  cDNA was stored at -

20°C until further use. 

3.3.4c mRNA analysis 

To determine whether mRNA was recovered at sufficient quality for downstream analyses, a ~155 bp 

fragment of the prokaryotic glutamine synthetase (glnA) gene was amplified from reverse-transcribed 

mRNA using the primers GS1β and GS2γ (Hurt et al., 2001), in 20 µl reactions.  This gene was used 

because it occurs ubiquitously among prokaryotes.  PCR conditions were: initial denaturation step of 

5 min at 94°C, followed by 30 cycles of 30 s at 94°C, 1 min at 60°C, 1 min at 72°C, with a final 

extension of 72°C for 7 min (Hurt et al., 2001). 

3.3.4d Bacterial community composition assessed by denaturing gradient 

gel electrophoresis (DGGE) based on DNA (16S rRNA gene) and RNA (16S 

rRNA) 

One microlitre of DNA and cDNA were PCR-amplified using the primers 341F (with GC clamp) and 

907RC (Schäfer et al., 2000) in 50 µl reactions.  Cycling conditions were: 3 min at 94°C, hot-start at 

80°C, followed by 25 cycles of 30 s at 94°C, 60 s at 57°C, 45 s at 72°C followed by a final extension 

of 10 min at 72°C.  RNA extracts served as negative controls in the PCR and did not give any 

products.  PCR and RT-PCR amplification products were examined by electrophoresis on 1% agarose 

gels containing 0.5 µg ml-1 ethidium bromide.  DGGE was carried out using the CBS Scientific 

DGGE-2401 system, with a denaturing gradient of 20-80% in a 7.5% polyacrylamide gel.  Gels were 

run for 17 h at 100 V and 60°C.  After electrophoresis, gels were stained for 20 min in SYBR Gold 
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(Invitrogen), photographed with a Gel-Doc imaging system (Bio-Rad) and banding patterns analysed 

using QuantityOne (Bio-Rad). 

 

3.3.5 Statistical analysis 

All experiments were run in triplicate to check reproducibility of results.  Statistical analyses of DNA 

and RNA quality and quantity were performed using JMP® (Version 8, SAS Institute Inc).  

Differences within the data were determined statistically using two-way analysis of variance 

(ANOVA) (incorporating Levene's statistic to test for the equality of group variances, and Tukey's 

Honestly Significant Difference (HSD) test at p<0.05). 

 

3.4 Results and Discussion 
 

Modern molecular approaches such as metagenomics, metatranscriptomics, gene library construction 

and 454 tag pyrosequencing are greatly enhancing our understanding of marine sponge microbiology 

(Hentschel et al., 2002; Hallam et al., 2006; Taylor et al., 2007; Schmitt et al., 2008; Webster, 2009).  

These sophisticated techniques are unified by their fundamental dependence on the isolation of high 

quality nucleic acids, so here we systematically evaluated a number of commonly applied tissue 

preservation and extraction protocols for the recovery of DNA and RNA from marine sponges. 

 

3.4.1 Preservation and extraction of DNA 

Choice of extraction and preservation method significantly affected DNA yield (p<0.001) (Figure 

3.1).  For the CTAB extraction method, preservation of sponge tissue in RNAlater resulted in 

significantly lower DNA yields compared with the other preservation methods.  For the Griffiths and 

Qiagen extraction methods, only samples preserved in RNAlater then lyophilized exhibited 

significantly lower DNA yields.  Significant differences in DNA quality (p=0.0032), as measured by 



70 
 

the A260/A280 ratio (Table 3.1), were also found.  The Qiagen kit was the least variable across 

preservation methods, with no significance difference in A260/A280 ratio (range of 1.88-1.92).  The 

Griffiths (1.67-1.93) and CTAB (1.62-1.82) protocols exhibited more variable A260/A280 ratios.  

Choice of preservation method significantly affected quality, with the Griffiths method in 

combination with RNAlater (lyophilized) resulting in decreased quality of DNA.  For the CTAB 

method, preserving samples in liquid nitrogen resulted in significantly lower DNA quality.  However, 

it is worth noting that even DNA of apparently lower quality was still suitable for all downstream 

applications.  Agarose gels of all samples indicated that DNA was of high molecular weight, with 

occasional evidence of shearing in CTAB and Griffiths extractions (results not shown).  Due to the 

high water content of sponges, we compared samples that had been lyophilized (freeze-dried) with 

those that were simply frozen.  This required calculation of the ratio between weights of lyophilized 

vs frozen tissues (1 : 5.2).  While we endeavoured to standardize this procedure, it is nonetheless 

possible that observed differences between yields of lyophilized vs frozen samples were due at least in 

part to variation in this ratio.  However, given that observed variation in this ratio was very low (5.2 ± 

standard error of 0.07), we do not believe this played a major role. 

 

3.4.2 Preservation and extraction of RNA  

RNA yield was significantly affected by both preservation (p=0.0018) and extraction (p<0.001) 

method (Figure 3.2).  Use of the Qiagen kit resulted in significantly lower yields of RNA compared 

with the TRIzol and Griffiths protocols.  Regarding preservation method, only samples preserved in 

RNAlater led to significantly lower RNA yields (Figure 3.2).  There was no significant interaction 

effect between sample preservation and extraction method on the yield of RNA (p=0.1149).  

Extraction method and preservation method significantly affected RNA quality (p=0.0413) as shown 

by the A260/A280 ratio (Table 3.1).  The Qiagen kit consistently produced high quality RNA (range 

1.93- 2.03), and this quality was not significantly affected by choice of preservation method.  TRIzol 

(1.81-1.93) and Griffiths (1.64-1.95) protocols also produced good quality RNA, although not as 
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consistently.  In general, preservation method did not substantially affect RNA quality (as illustrated 

by representative graphs in Figure 3.3), although the combination of Griffiths extraction protocol and 

RNAlater preservation did result in significantly lower quality.  As with the DNA, it is possible that 

differences in RNA yield may have partly resulted from differences in the lyophilized vs frozen ratio. 
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Figure 3.1: Influence of sample preservation and extraction methods on the yield of DNA obtained from 
A. alata samples.  For each treatment, values represent the mean (± 1 standard error) of three 
independently isolated samples.  Two-factor ANOVA revealed a significant interaction between 
preservation and extraction methods (p<0.001). 
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Figure 3.2: Influence of sample preservation and extraction methods on the yield of RNA obtained from 
A. alata samples.  For each treatment, values represent mean (± 1 standard error) of three independently 
isolated samples.  Two-factor ANOVA revealed no significant interaction between preservation and 
extraction methods (p=0.1149).  When the analysis was repeated to exclude the interaction term, yield was 
significantly affected by both extraction method (p<0.001) and preservation method (p=0.0018). 
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Table 3.1: Influence of sample preservation and extraction methods on the quality of DNA and RNA 
extracted from the sponge A. alata, as assessed by Nanodrop spectrophotometry.  Values represent mean 
absorbance ratios (A260/A280) of three independently isolated samples, with standard errors within 
parentheses.  Pure DNA gives an A260/A280 ratio of approximately 1.8 and pure RNA approximately 2.0. 
Extraction method and preservation method significantly affected RNA (p=0.0413) and DNA (0.0032) 
quality. 
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Figure 3.3: Electropherogram and gel image output from Agilent Bioanalyzer’s prokaryotic total RNA 
nano assay.  Representative graphs for RNAlater lyophilized preserved samples are shown.  Due to 
analysis of a mixed sample comprising a diverse microbial community as well as sponge RNA, 
electropherograms contain several peaks.  The marker peak elutes at approximately 20-25 s.  Co-
migration of peaks at ~40 s corresponds to prokaryotic 16S rRNA and eukaryotic 18S rRNA.  Co-
migration of peaks at ~45 s represents the larger prokaryotic and eukaryotic rRNA subunits, 23S rRNA 
and 28S rRNA respectively.  Lack of resolution and double peaks results from variation in the length of 
rRNA subunits (Bailly et al., 2007). 
 

3.4.3 Recovery of mRNA 

Successful extraction of mRNA from A. alata tissue was demonstrated via reverse transcription and 

amplification of the prokaryotic glutamine synthetase (glnA) gene (data not shown).  RT-PCR was 

successful using all employed preservation and extraction methods, with recovery of a correct-sized 

(~155 bp) band visualized by agarose gel electrophoresis (data not shown).  RNA that was not 

reverse-transcribed did not result in glnA amplification.  Given the increasing number of 

metatranscriptomic studies on microbial communities it is essential that high quality mRNA can be 

extracted reproducibly. 
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3.4.4 Impact of sample preservation and DNA/RNA extraction methods 

on DGGE-based assessments of bacterial community composition 

16S rRNA genes and cDNA generated from 16S rRNA were successfully amplified by PCR and RT-

PCR, respectively, for all combinations of preservation and extraction methods.  PCR products 

derived from DNA (16S rRNA gene) and cDNA (16S rRNA) were analyzed on a single DGGE gel 

(Figure 3.4), in order to visualize: (i) community variation with different preservation and extraction 

methods, and (ii) differences between active community members (i.e. RNA) and numerically 

abundant community members (i.e. DNA).  DGGE banding patterns were highly similar (based on 

presence/absence of specific bands) irrespective of preservation and extraction method, while some 

differences were evident between cDNA and DNA profiles.  More bands were present in the cDNA-

derived profiles.  This latter result is consistent with a previous study examining active bacteria in A. 

alata using 16S rRNA (gene) libraries, in which a phylogenetically diverse range of bacterial 

associates was active in situ (Kamke et al., 2010).  Use of an alternative primer pair (341F-GC & 

518R) yielded similar results (data not shown). 

 

 
cDNA (16S rRNA) DNA (16S rRNA gene) 

A1   A2  A3   A4   B1  B2   B3   B4    C1   C2   C3   C4   A1   A2  A 3  A4    B1   B2   B3  B4    D1   D2    D 3    D4   
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Figure 3.4: Denaturing gradient gel electrophoresis (DGGE) – based analysis of bacterial community 
composition in the sponge A. alata.  The pictured DGGE gel compares community fingerprints of 16S 
rRNA and 16S rRNA gene fragments amplified from cDNA and DNA, respectively.  Letters denote 
nucleic acids extraction method: A) Qiagen, B) Griffiths, C) TRIzol, D) CTAB.  Numbers refer to sample 
preservation technique: (1) liquid nitrogen – lyophilized, (2) liquid nitrogen - frozen, (3) RNAlater - 
lyophilized, (4) RNAlater - frozen. 
 

Community fingerprinting approaches such as DGGE detect only the more abundant taxa that are 

present in a sample.  This could potentially explain the apparent lack of variation in community 

profiles derived from different extraction procedures; recently developed tag pyrosequencing 

approaches may reveal greater differences between treatments by detecting both abundant and rare 

community members (Webster et al., 2009).  Overlap between DNA- and RNA-derived profiles could 

also be explained by DNA contamination of the RNA preparation, but we do not believe this to be the 

case here since we employed robust DNase digestion and appropriate controls during the RT-PCR 

step.  Although the Qiagen kit was effective at removing most DNA from RNA samples, trace 

amounts that were not visible on agarose gels, but detectable in initial RT-PCR, were found.  All 

DNA was therefore removed by subsequent DNase digestion.  One DNase treatment was sufficient to 

remove DNA from TRIzol and Qiagen RNA samples.  For the Griffiths protocol, a second DNase 

treatment was required to ensure RNA samples were free of contaminating DNA.  Finally, the fact 

that all extraction methods were based on bead-beating may have led to more similar bacterial 

community profiles.  Bead-beating is highly effective at breaking open microbial cells and has been 

successfully used in many studies of sponge microbiology (Hentschel et al., 2002; Taylor et al., 2004; 

Mohamed et al., 2008; Webster, 2009), hence we employed this approach in the current study. 

 

3.4.5 Application of preservation and extraction protocol with other 

sponges 

Based on the above-mentioned results, together with logistical and cost considerations, we chose a 

combination of preservation in RNAlater (with subsequent freezing, but not lyophilization) and 

extraction using the Griffiths protocol.  High quality DNA and RNA was successfully extracted from 
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five A. alata individuals and representatives of three additional sponge species (R. topsenti, T. 

aurantium, Polymastia sp.).  Only minor differences in DGGE banding pattern (and inferred bacterial 

community composition) could be observed between the DNA- and RNA-derived profiles (Figure 

3.5). 

Polymastia sp. Raspailia topsenti Tethya aurantium

DNA        cDNA DNA        cDNA DNA        cDNA

 

Figure 3.5: Denaturing gradient gel electrophoresis (DGGE) – based analysis of bacterial community 
composition in the sponges Polymastia sp., R. topsenti and T. aurantium.  The pictured DGGE gel 
compares community fingerprints of 16S rRNA and 16S rRNA gene fragments amplified from cDNA and 
DNA, respectively.   
 

3.5 Recommendations and concluding remarks 

Since all tested preservation and extraction methods performed favourably, choice of protocol can be 

made based on practical considerations including ease of use, time available and cost.  We 

recommend RNAlater as a suitable means to preserve sponge tissue in field situations, as it is non-

toxic and does not require immediate freezing.  Liquid nitrogen remains a useful option when logistics 

allow (e.g. for aquarium-based experiments close to the laboratory).  Lyophilization is not required for 

either DNA or RNA extraction.  The choice of extraction method is clearly dependent on downstream 
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experiments (e.g. is both DNA and RNA required?).  If time is of prime concern, then the Qiagen kit 

is favoured; although yields of RNA are lower, they are still more than sufficient for further 

investigations, furthermore harmful reagents such as phenol and chloroform are avoided.  Moreover, 

this extraction protocol has already been successfully applied to study expression of the nifH gene in 

sponges (Mohamed et al., 2008).  However, the Qiagen kit is expensive and, especially if larger 

quantities of RNA are desired, then the Griffiths (Griffiths et al., 2000) protocol is preferred.  The 

Griffiths protocol has been widely applied in a variety of systems, including in a recent 

metatranscriptomic study of soil (Urich et al., 2008).  For DNA- or RNA-specific analyses, the CTAB 

and TRIzol methods, respectively, are recommended. 

We applied a combination of RNAlater preservation and the Griffiths extraction protocol for the 

analysis of five further A. alata individuals as well as three additional sponge species.  In all cases 

intact DNA and RNA was successfully recovered, allowing subsequent PCR and RT-PCR (both 

rRNA and mRNA).  This approach should be suitable for future DNA- and RNA-based analyses of 

microbial communities in marine sponges. 
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4.1 Abstract  

Understanding variability in microbial communities is a fundamental goal when examining any 

microbe-host association.  Sponges (phylum Porifera) are of particular interest to microbial ecologists 

due to their diverse and abundant microbial communities.  However, our knowledge of these diverse 

associations has often been based on a single time point, with their variability across different seasons 

typically remaining relatively unknown.  We employed RNA (16S rRNA) –based amplicon 

pyrosequencing and bulk stable isotope analysis (δ13C and δ15N) to study two New Zealand sponge 

species (Ancorina alata and Tethya stolonifera), over a two year sampling period.  A total of 4468 

unique operational taxonomic units (OTUs) was identified from both sponge species and seawater 

samples, affiliated with 26 bacterial phyla in total: Twenty-four of these phyla were identified from 

seawater, 20 from T. stolonifera and 15 from A. alata samples.  Bacterial symbionts of both sponge 

species were remarkably stable throughout the monitoring period, driven by a small number of OTUs 

that were persistent and dominated their respective communities.  Variability of sponge-associated 

bacterial communities was driven by OTUs that were low in abundance or transient over sampling 

time points.  Stable isotope analysis of bulk sponge tissue provided evidence of both symbiont- and 

host- derived nutrients and their variability throughout the season.  While mean δ15N values (A. alata 

9.98 (±0.25 1SD), T. stolonifera 9.93 (±0.18 1SD)) were similar and indicative of the absence of 

biological nitrogen fixation in both sponges, significant differences were found in mean δ13C of 

sponge tissue (A. alata -17.17 (±0.11 1SD), T. stolonifera -19.24 (±0.18 1SD)). This could be due to a 

varying reliance on particulate organic matter as a carbon source. This study will be a useful baseline 

for identification of both allochthonous and autochthonous members of sponge-associated bacterial 

communities.   
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4.2 Introduction 

Marine sponges (phylum Porifera) are an ecologically important reef taxon as they are diverse, 

abundant and they link benthic and pelagic habitats due to their high filtration rates (Diaz and 

Ruetzler, 2001; Bell, 2008).  Sponges are a rich source of bioactive metabolites and have attracted 

much research interest from microbiologists due to their diverse and abundant microbial communities 

(Hentschel et al., 2002; Taylor et al., 2007; Webster and Taylor, 2012).  Microorganisms can occupy 

up to 35% of sponge volume with all three domains of life (Bacteria, Archaea and Eukarya) known to 

live symbiotically within sponges (Hentschel et al., 2012), with affiliations to more than 32 bacterial 

phyla and candidate phyla (Schmitt et al., 2012c; Webster and Taylor, 2012). These associations are 

often specific to sponges, with many phylotypes found exclusively in sponges and not in the 

surrounding environment, leading to so called “sponge-specific” or “sponge or coral-specific” clusters 

(SCs, SCCs) (Hentschel et al., 2002; Hentschel et al., 2006; Taylor et al., 2007; Simister et al., 2012; 

but see Taylor et al., 2012).  Some species, particularly demosponges, harbour extraordinarily dense 

and diverse microbial communities.  These types of sponges have been termed “high-microbial-

abundance” (HMA) sponges  or “bacteriosponges” and host between 108-1010 microbial cells per 

gram of sponge wet weight (Hentschel et al., 2006).  In other species, where the mesohyl is largely 

free of microorganisms, the concentration of microbiota reflects that of the surrounding seawater (105 

– 106 microbial cells per gram of sponge wet weight) (Hentschel et al., 2006).  These species are 

referred to as “low-microbial-abundance” (LMA) sponges.  HMA and LMA sponges coexist in the 

same habitats, and the reasons for the differences in microbial abundances are unknown.   

 

Understanding the variability of microbial communities is a fundamental goal when examining any 

microbe-host association.  A recent surge in the number of sponge microbiology studies has greatly 

increased our understanding of sponge microbial diversity.  However, many studies have been based 

on a single time point, with the temporal stability of sponge-associated microorganisms remaining 

relatively unknown.  From the few studies that have investigated temporal stability, the general 

consensus is that communities are for the most part stable over time.  In one of the first such studies, 
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neither microbial abundance nor community composition changed significantly over 11 days in the 

captively held Mediterranean sponge, Aplysina aerophoba (Friedrich et al., 2001).  Similarly, a 

specific Alphaproteobacterium dominated the culturable fraction of the microbial community of the 

Great Barrier Reef (GBR) sponge Rhopaloeides odorabile, over four consecutive seasons (Webster 

and Hill, 2001).  Furthermore, little variability was recorded in bacterial community composition of 

three southeastern Australian sponges, both on short time scales and over five consecutive seasons 

(Taylor et al., 2004).  Most recently, high temporal stability was observed in the bacterial symbionts 

of three Ircinia spp. over a 1.5 year monitoring period in the Mediterranean Sea (Erwin et al., 2012).  

One of the main caveats of these previous studies is that they employed techniques such as denaturing 

gradient gel electrophoresis (DGGE), terminal-restriction fragment length polymorphism (T-RFLP) 

and/or cloning of the 16S rRNA gene to define microbial populations.  These approaches are limited 

by the fact that they only detect the most abundant taxa in these complex and diverse communities.  

However a recent 454 pyrosequencing study, of the Caribbean reef sponge, Axinella corrugata, did 

identify shifts in several bacteria taxa (White et al., 2012).  In addition, most studies use DNA to 

define microbial populations which does not differentiate active cells from inactive (but viable) cells, 

dead cells, extracellular DNA or degrading/lysed cells (Gaidos et al., 2011).  In contrast, cellular 

concentrations of rRNA are correlated with growth rate and activity (Novitsky, 1986; DeLong et al., 

1989; Poulsen et al., 1993) so sequencing microbial populations using reverse transcripts of RNA 

(complementary DNA, cDNA) can yield information about which community members are active 

(Frias-Lopez et al., 2008; Urich et al., 2008; Kamke et al., 2010).   

 

Temporal variation of host tissue and its symbiotic community can also be tracked by stable isotope 

analysis.  Natural abundances of isotopes such as 13C and 15N have been used to study organic matter 

sources utilised by microorganisms in many marine symbioses (Kline and Lewin, 1999; Boschker and 

Middelburg, 2002; Maier et al., 2010).   In combination, 13C and 15N isotopes can allow one to infer 

the trophic position of the consumer and, additionally, nitrogen and carbon sources used by the 

consumer can be indicated (Peterson and Fry, 1987; Vander Zanden et al., 1999; Zehr and Ward, 

2002; Deines et al., 2009).  This technique has also been applied to investigate the importance of 
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symbiont-derived nutrition to the host sponge (Behringer and Butler, 2006; Weisz et al., 2007b; 

Mohamed et al., 2008; Bergmann et al., 2009; Freeman and Thacker, 2011).   

 

The composition of bacterial communities and the dynamics of their change over time are not well 

understood in marine sponges.  Moreover, analysis of microbial diversity from a single time point 

does not distinguish between members of the community that are transient and those that are 

permanently associated.  Furthermore, considering the specificity and complexity of these symbioses, 

coupled with the immense volumes of seawater that sponges are processing, it seems likely that the 

microbial communities within sponges may be sensitive to environmental perturbations (Hentschel et 

al., 2006; Webster, 2007).  Long term monitoring data would provide a starting point to document the 

variability of sponge microbial communities, which will be crucial to understanding how symbiosis 

will be affected by environmental change.  In addition, these types of data will be useful to sponge 

aquaculture efforts, in which studies have highlighted the need to investigate natural host microbial 

variability prior to aquaculture (Webster and Taylor, 2012).  This study presents the results from a 

two-year sampling regime of bacterial community dynamics of two New Zealand sponges: Ancorina 

alata, an HMA sponge and Tethya stolonifera, an LMA sponge.  The specific objectives were: (i) to 

employ 454 pyrosequencing of the 16S rRNA (derived from cDNA), in order to gain deeper insights 

into the stability/variability of the active bacterial biosphere, and (ii) to analyse the stability/variability 

of stable isotope signatures of bulk sponge tissue (δ13C and δ15N), in order to infer the importance of 

symbiont-derived nutrition to the host. 

 

4.3 Materials and Methods 

4.3.1 Sample collection and processing 

The marine sponges Ancorina alata (phylum Porifera; class Demospongiae; order Astrophorida) and 

Tethya stolonifera (phylum Porifera; class Demospongiae; order Hadromerida) were collected by 

SCUBA at a depth of 3 m at Jones Bay, northeastern New Zealand (36°23'S, 174°49′E).  Samples (n = 
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3 individuals per time point) were taken every month from November 2009-2010, then every three 

months from November 2010-2011 (Supp. Table 1).  Collected sponge samples were transferred 

underwater into plastic ziplock bags containing seawater and then brought to the surface.  Each 

sample was split into two portions, half for molecular analysis and half for stable isotope analysis.  

Samples for molecular analysis were cut into pieces of approximately 0.5 cm3 using sterile scalpel 

blades, then transferred into sterile polypropylene tubes containing RNAlater (Ambion) (in the field 

and transported back to the lab on ice), incubated overnight at 4°C, then stored indefinitely at -20°C 

(according to the manufacturer's instructions).  Samples for stable isotope analysis were kept on ice 

then transferred to -20°C (2-3hr), until being, freeze-dried and stored again at -20°C (within 2-3 hours 

of collection).  Seawater samples (n = 3 x 1 L, per time point) were filtered onto 0.2 µm 

polycarbonate filters (diameter 47 mm, Millipore Filter Corp.) to collect bacteria and frozen at -80°C 

until further analysis.  

 

4.3.2 Extraction of nucleic acids from sponge samples 

RNA extraction methods were chosen based on (Simister et al., 2011).  Samples frozen in RNAlater 

(Ambion) were thawed on ice and cut further into smaller pieces (to ensure subsequent complete 

homogenization via bead-beating).  All tissue samples were homogenized using lysing matrix E tubes 

(MPBio) in combination with the FastPrep FP120 bead-beating system (Bio-101).  For RNA 

extraction, a Qiagen AllPrep DNA/RNA Mini kit (Cat. #80204) was used according to the 

manufacturer's instructions.  Pure RNA was obtained by treatment with 3U RQ1 RNase-free DNase 

(Promega) according to the manufacturer's instructions.  Purity and quantity of RNA was assessed 

using a NanoDrop 1000 spectrophotometer (Thermo Scientific), gel electrophoresis of a 5 μL aliquot 

on a 1% agarose gel containing 0.5 μg mL−l ethidium bromide and Agilent 2100 Bioanalyzer RNA 

chips (Agilent Technologies).  RNA was reverse-transcribed into cDNA using the SuperScript III 

First Strand Synthesis System (Invitrogen). Reverse transcription was carried out with random 

hexamer primers in 25 μL reactions, incubated at 50°C for 50 min and the reactions terminated at 

85°C for 5 min.  cDNA was stored at -20°C until further use.  DNA was extracted from seawater 
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filters by bead-beating in an ammonium acetate buffer containing CTAB, as described previously 

(Taylor et al., 2004). 

 

4.3.3 Amplicon pyrosequencing 

Amplification primers were designed with FLX Titanium adapters.  The forward primer contained the 

A adapter (CCA TCT CAT CCC TGC GTG TCT CCG AC) and the reverse primer contained the B 

adapter (CCT ATC CCC TGT GTG CCT TGG CAG TC). A multiplex identifier (MID) was 

synthesized directly onto the forward 16S primer sequence (Roche Applied Sciences).  The 16S 

rRNA-specific sequences (targeting the V4-V5 region) were 454MID_533F 

(GTGCCAGCAGCYGCGGTMA) and 454_907R (CCGTCAATTMMYTTGAGTTT).  Touchdown 

PCR conditions were as follows:  3 min at 94°C followed by 20 cycles of 30 s at 94°C, 30 s at 60°C (-

0.5°C per cycle), 45 s at 72°C.  This was followed by a further 10 cycles of 30 s at 94°C, 30 s at 50°C, 

45 s at 72°C, with a final extension of 10 min at 72°C.  For each sample, PCR products were pooled 

from multiple reactions (100 µL total) and purified with AMPure XP beads (Agencourt, Beckman 

Coulter, USA).  Amplicon quality was checked on an Agilent Bioanalyzer 2100 DNA 1000 chip 

(Agilent Technologies). The number of molecules for each sample was calculated using size (bp) and 

concentration (ng/mL) data from a Qubit Quant-iT™ DNA high-sensitivity assay kit and a Qubit® 

fluorometer (Invitrogen) according to the manufacturer's instructions.  Pyrosequencing was performed 

using a Roche GS FLX titanium system on 2 x 1/8th plate runs (Macrogen Inc, Seoul, South Korea). 

 

4.3.4 Processing of raw sequence data 

Sequences were processed using a combination of Mothur (Schloss et al., 2009) and custom PERL 

scripts. Pyrosequencing flowgrams were filtered and denoised using the Mothur implementation of 

AmpliconNoise (Quince et al., 2011).  Sequences were removed from the analysis if they were <200 

bp, contained ambiguous characters, had homopolymers longer than 8 bp, more than one MID 

mismatch, or more than two mismatches to the reverse primer sequence.  Unique sequences were 
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identified with Mothur, aligned against a SILVA alignment (available at 

http://www.mothur.org/wiki/Silva_reference_alignment).  Sequences were chimera checked using 

UCHIME (Edgar et al., 2011), then grouped into 97% operational taxonomic units (OTUs) based on 

uncorrected pairwise distance matrices.  A representative sequence (defined in Mothur as the 

sequence which is the minimum distance to the other sequences in the OTU) of each OTU was used 

for the taxonomic assignment using custom PERL scripts, similar to a previously used approach 

(Webster et al., 2010; Schmitt et al., 2012c).  For each tag sequence, a BLAST search (Altschul et al., 

1990) was performed against a manually modified SILVA database (Simister et al., 2012). A Smith-

Waterman algorithm was used to create Pairwise global alignments between the 10 best hits against a 

tag sequence. For assignment the most similar sequence to the tag sequence (or multiple sequences if 

within a range of 0.1% sequence divergence) was used.  Sequence similarity thresholds of 75%, 80%, 

85%, 90% and 95% were applied for assignment at phylum, class, order, family and genus level, 

respectively.  In cases where the taxonomy of the most similar sequences was inconsistent, a majority 

rule was applied and the tag was only assigned if at least 60% of all reference sequences shared the 

same taxonomic annotation at the respective taxonomic level.  All previously published, sponge-

derived sequences in the SILVA reference database were labelled as such (Simister et al., 2012) and it 

was noted when a tag sequence was assigned to a sponge-specific (SC) and/or sponge coral-specific 

sequence cluster (SCC).  For assignment to a SC and/or SCC cluster a 75% sequence similarity 

threshold was applied. 

 

4.3.5 Processing of quality data 

Mothur was used for diversity and richness estimation by using Chao1 estimates, inverse Simpson 

diversity index and rarefaction curves on 97% OTUs.  Clustering of samples was also analyzed using 

Mothur and evaluated by plotting the resultant vectors on a principle coordinate analysis (PCoA).  

Significance of clustering between OTUs was tested by applying unweighted UniFrac analyses 

(Lozupone and Knight, 2005).  The magnitude of change in bacterial abundance was calculated for 

each phylum or OTU by first normalizing the number of reads per phylum or OTU, per sample.  
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Values for all samples were then ranked and the top 10 OTUs with the largest abundance were chosen 

for further analysis. Data at both phylum and OTU level were visualized using Microsoft Excel. 

   

4.3.6 Stable isotope analysis 

To test for inorganic carbon and inter-species variability between samples at a fixed time point, 

sponges (n = 3 per sponge species) were divided into two sub-samples.  The first portion was 

analyzed without any pre-treatment to serve as a control, while the second portion was treated with 15 

mL 1M HCl for 24 hrs (Jacob et al., 2005).  Acidified samples were neutralized with deionized water 

(Schubert and Nielsen, 2000; Kang et al., 2003), centrifuged three times (3500 rpm for 5 min) and the 

supernatant discarded before the sample was freeze-dried and homogenised again. We chose this 

method above other methods (e.g. dropwise addition of HCl and evaporation or fuming) (Jacob et al., 

2005; Ng et al., 2007) to ensure the preservation and longevity of the chemicals inside the combustion 

tube in the elemental analyzer during the analytical phase.  Carbon and nitrogen content and isotopic 

composition of T. stolonifera (n = 3) and A. alata (n = 3) from each time point were analyzed at the 

Stable Isotope Laboratory, GNS Science, New Zealand, using a Europa Geo 20/20 (PDZEuropa Ltd.) 

isotope ratio mass spectrometer, interfaced to an ANCA SL elemental analyzer (PDZ Europa Ltd.) in 

continuous flow mode (EA-IRMS).  Powdered samples (0.95-1.15 mg) were weighed in duplicate 

into 4 x 6 mm tin capsules.  The carbon dioxide gas was resolved from nitrogen gas using gas 

chromatographic separation on a column at 65°C and analyzed simultaneously for isotopic abundance, 

as well as total organic carbon and nitrogen. International and working reference standards (NIST-N1, 

IAEA-CH6, leucine, bovine liver, EDTA and Caffeine) and blanks were included during each run for 

calibration.  Isotopic ratios (13C/12C and 15N/14N) are expressed as isotopic deviations (δ) defined as; 

                  δ = (Rs – Rref ) x 1000 

                                       Rref 

where Rs is the isotopic ratio measured for the sample and Rref that of the international standards. The 

δ13C value is relative to the international Vienna Pee Dee Belemnite (VPDB) standard, and the δ15N 
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value is relative to atmospheric air. Results are expressed in δ (‰) versus the specific reference. 

Analytical precision is within ±0.2% for carbon and within ±0.3% for nitrogen (1 σn). 

 

4.3.7 Statistical analysis of stable isotope values 

Statistical analyses of stable isotope values (δ13C and δ15N) were performed using JMP® (Version 9, 

SAS Institute Inc).  Differences between each month and individual isotope values, per sponge, were 

determined statistically using one way analysis of variance (ANOVA) (incorporating Levene's 

statistic to test for the equality of group variances, and Tukey's Honestly Significant Difference 

(HSD) test (at p<0.05)).   

 

4.4 Results 

Samples collected for amplicon pyrosequencing and stable isotope analysis are presented in Appendix 

B, Table B1.  One of the three replicate T. stolonifera RNA samples (extracted in November 2009 and 

November 2010 for amplicon pyrosequencing) was excluded from analysis as RNA was not of 

sufficient quality (see Materials and Methods).  Monitoring of sea surface temperature, rainfall, 

Chlorophyll (A, B and C) and nutrient parameters, show that the sampling site was influenced by 

seasonal variation (Appendix B, Figures B4 and B5). 

4.4.1 Bacterial community structure  

For the pyrosequencing analysis, after noise reduction and quality filtering, a total of 141254 

sequences, with a mean of 3210 (±969 1SD) sequences per sample, was recovered (Appendix B, 

Table B2).  On average, less than 0.33% (±0.39 1SD) of reads were taxonomically unassigned per 

sample (see Materials and Methods).  Rarefaction curves (Appendix B, Figure B1) indicate that 

diversity coverage was high, with most curves approaching asymptotes (though further sequencing 

would still have yielded a greater number of OTUs).  Chao1 diversity estimates (Appendix B, Table 

B2) for each sample were calculated at the 97% sequence similarity level and indicated that estimated 
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richness ranged from 440-1172, 128-603 and 506-818 OTUs in seawater, T. stolonifera and A. alata-

derived samples, respectively.  In total, 4468 unique OTUs (97% sequence similarity) were identified, 

affiliated with 26 bacterial phyla in total - 24 from seawater, 20 from T. stolonifera and 15 from A. 

alata samples.  The number of reads per phylum was normalised and expressed as a percentage of the 

total for each sample (Figure 4.1).  The proportion of reads assigned at phylum level was highly 

consistent across all time points, for both sponge species and seawater samples.  The most dominant 

phyla from all A. alata samples were Chloroflexi, Proteobacteria, “Poribacteria”, Sponge-Associated 

Unidentified Lineage (SAUL) and Actinobacteria, representing approximately 32, 32, 9, 6 and 6% of 

sequences, respectively (Figure 4.1c).  Within the Proteobacteria most sequences were Delta, Gamma 

or Alphaproteobacteria (10, 10 and 9% respectively of total bacterial sequences).  Phyla that were less 

abundant but found in similar proportions across all sampling points included: Gemmatimonadetes 

(4%), Acidobacteria (3%), Spirochaetes (3%), Bacteroidetes (2%) and Nitrospira (2%) (Figure 4.1c).   

In T. stolonifera samples the majority of 16S rRNA transcripts were assigned to Proteobacteria 

(approximately 93% of sequences per sample), most of which were Betaproteobacteria (78% of the 

total bacteria sequences) (Figure 4.1b).  All other phyla identified made up less than 0.5% of total 

reads, with the exception of Bacteroidetes (4%) and Spirochaetes (1%) (Figure 4.1b).  The most 

dominant bacterial phyla in seawater samples were Proteobacteria (61%), Bacteroidetes (30%) and 

Actinobacteria (4%) (Figure 4.1a).  Within the Proteobacteria most sequences were Alpha or 

Gammaproteobacteria (39 and 19% respectively of the total bacteria sequences) (Figure 4.1a).  

Although seawater and T. stolonifera samples showed higher phylum level diversity than A. alata 

samples, the abundance of many of these phyla were less than 1% of the total reads assigned.     

 

Principle Coordinate analysis (PCoA), in which OTUs are regarded as equally related, revealed three 

tightly grouped clusters for seawater, T. stolonifera and A. alata samples (Appendix B, Figure B2).  

Each cluster contained all replicate samples taken from November 2009 to November 2011, with 89% 

of the variability explained by the first two axes.  Unweighted pairwise UniFrac distances (Lozupone 
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and Knight, 2005) confirmed there were no significant effects of any particular season on bacterial 

community composition in either sponge species or seawater samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1:  Distribution of 454 amplicon reads per phylum across (a) Seawater samples, (b) T. stolonifera 
samples and (c) A. alata samples.  The number of reads per phylum is calculated as a percentage of the 
total reads in each sample.  *SAUL (sponge-associated unidentified lineage) (Schmitt et al., 2012c)**NA 
(not assigned). ***Other (reads were only present in one sample from seawater, A. alata or T. stolonifera, 
at less than 0.2% of total reads; Chlamydiae, Deferribacteres, Deinococcus-Thermus,  Fibrobacteres, OD1, 
OP3, Tenericutes, TM6, TM7, WS3).   
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4.4.2 Assignment of sequences into ‘sponge-specific’ clusters 

The proportion of reads assigned into one of the previously described SCs/SCCs (Simister et al., 

2012) was highly similar across all sampling time points in both sponge species (Figure 4.2a), with 

average values of 78% of A. alata reads and 78% of T. stolonifera reads assigned into SCs/SCCs.  As 

expected, very few sequences from seawater were assigned to SCs/SCCs (on average 3% of total 

reads per sample), however, these reads were affiliated with 43 of 90 SCs/SCCs identified in this 

study.  SCs/SCCs were identified to phylum level and the number of “sponge-specific” reads in each 

phylum was expressed as a proportion of the total reads that were assigned into SCs/SCCs (Figure 

4.2b and 4.2c).  Of the small proportion of SCs/SCCs found in seawater samples, the majority were 

Proteobacteria (Alpha, Beta and Deltaproteobacteria), Actinobacteria and Chloroflexi, the 

proportions of which were highly variable over sampling time points.  Most SC clusters in A. alata 

belonged to Chloroflexi, Deltaproteobacteria and “Poribacteria” (Figure 4.2b) and the majority of 

SCCs to Chloroflexi, Gemmatimonadetes, Bacteroidetes and Alphaproteobacteria (Figure 4.2c).  The 

proportion of SCs/SCCs was highly consistent across the majority of sampling time points, however 

there were some exceptions.  Samples from November 2009, 2010 and 2011 showed substantial 

increases in Betaproteobacteria, although this was not consistent across all replicates.  All T. 

stolonifera samples were dominated by a single Betaproteobacteria cluster (SC112), comprising 99% 

of all reads that were assigned into clusters (Figure 4.2b).  SCs were also assigned to Spirochaetes and 

Alphaproteobacteria, albeit at low abundances (on average less than 0.5% per sample of the total 

reads assigned into clusters).  In addition, very few SCCs were assigned to T. stolonifera (on average 

less than 0.05% per sample of the total reads assigned into clusters) (Figure 4.2c). 
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Figure 4.2: (a) The proportion of reads that were assigned to an SC or SCC per sample (b) The 
proportion of reads that were assigned to an SC per bacterial phylum and (c) The proportion of reads 
that were assigned to an SCC per bacterial phylum.  The number of reads per phylum (b and c) is 
calculated as a percentage of the total reads that were assigned to a SC/SCC in each sample.  Samples are 
grouped according to type (seawater followed by T. stolonifera and then A. alata) in order of sampling 
month (November 2009-November 2011).   

(a) 

(b) 

(c) 
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4.4.3 Identification of OTUs with the largest change in abundance  

Diversity plots indicated a strong effect of season on bacterial diversity in seawater samples 

(Appendix B, Figure B3).  Diversity was highest in summer months (February 2010), with minor 

peaks in spring (November 2009 and November 2010) and a decrease in diversity in winter samples 

(August 2010).  In both sponges species diversity was highly stable over all time points monitored.   

The top 10 most abundant OTUs represented a combined average total of 41% of all sequences per 

seawater sample (Figure 4.3a), the majority of which were assigned to Proteobacteria (in particular 

Alpha).  The most abundant OTUs varied over the monitoring period, however there were no 

correlations in highest/lowest abundance with any particular season.  For example, OTU4387 

(Alphaproteobacteria, class Rhodobacteria) was recorded with the greatest seasonal variation, with 

abundance being the highest in summer (February 2010) and lowest in spring (November 2010).  In 

contrast, OTU4292 (Alphaproteobacteria, class Rhodobacteria) peaked in abundance in spring 

(November 2010) and decreased to its lowest abundance in summer (February 2010).  In A. alata, the 

top 10 most abundant OTUs represented on average 35% of total sequences per sample.  The majority 

of these OTUs were highly stable over the monitoring period (Figure 4.3b) and 8 of 10 were assigned 

into SCs/SCCs.  There were, however, exceptions; for example, OTU3891 (Betaproteobacteria, 

SC112) showed significant variation with season.  The lowest abundance of this OTU was recorded in 

summer (February 2010), increasing throughout autumn and winter to peak abundance in spring 

(November 2010).  The top 10 most abundant OTUs in T. stolonifera represented on average 85% of 

total sequences per sample (Figure 4.3c).  The most abundant OTU was OTU3891 

(Betaproteobacteria, SC112) and in contrast to A. alata, this OTU was highly stable at all time points, 

with little effect of season.  The next nine most abundant OTUs were rare or transient members of the 

bacterial community (approximately less than 3% of total sequences per sample) and were variable 

with season.  Similar to seawater, most T. stolonifera OTUs were affiliated with Proteobacteria (in 

particular Gamma) and few were assigned into SCs/SCCs. 
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Figure 4.3: Log scale graphs of the 10 most abundant OTUs for (a) Seawater samples, (b) T. stolonifera 
samples and (c) A. alata samples.  The most abundant OTUs were chosen by first normalising the number 
of reads per OTU, per sample/timepoint.  Values for all samples were then ranked and the top 10 OTUs 
with the largest abundance were chosen for further analysis.  Averages of three replicates are plotted, 
with SE bars ±1SD of the mean.   
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4.4.4 Effect of season on stable isotope composition of A. alata and T. 

stolonifera  

Statistical analysis revealed that A. alata and T. stolonifera had highly similar δ15N values to each 

other (A. alata 10.0 ‰ (±0.3 1SD), T. stolonifera 9.9 ‰ (±0.2 1SD), p=0.6094, N=102, DF 100), 

whereas δ13C values were significantly different (A. alata -17.2 ‰ (±0.11 1SD), T. stolonifera -19.2 

‰ (±0.2 1SD), p= <0.001, N=102, DF 100) (Figure 4.4a).  A. alata δ13C and δ15N values were 

maintained at similar levels from the start of measurements throughout 2009, 2010 and 2011 

regardless of fluctuating environmental parameters (δ13C R2=0.17 and δ15N R2=0.011) (Figure 4.4b, 

4.4c and Appendix B, Figure B4 and B5).  δ15N values for A. alata over the period of monitoring 

ranged from 9.2  to 10.4 ‰ and δ13C values ranged from 16.5 to 17.9 ‰.  There were only two 

months in which δ13C values deviated statistically significant from the mean (-17.2 ‰ (±0.11 1SD)); 

autumn samples were less enriched (March 2010, 0.63 % less than the mean) while spring samples 

were more enriched (November 2011, 0.78 % more than the mean).  T. stolonifera δ13C and δ15N 

values were also maintained at similar levels from the start of measurements to final values recorded 

in 2011 (δ13C R2=0.0084 and δ15N R2=0.0546) (Figure 4.4b and 4.4c).  T. stolonifera samples did 

exhibit more statistically significant temporal variations in both δ13C and δ15N values (Figure 4.4b and 

4.4c), with δ15N values ranging over the monitoring between 9.4 to 10.5 ‰ and δ13C values from 18.4 

to 19.8 ‰.  However, these differences were not cyclical over the two year monitoring period, i.e. 

sampling times that led to significant differences recorded in 2009 were not always significant in the 

following year.  For example, δ13C values were significantly less enriched in autumn 2010 than 

autumn 2011 values, which were significantly enriched.   
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Figure 4.4: Isotope values for T. stolonifera (white squares) and A. alata (black squares).  (a) The mean 
δ13C and δ15N of sponge tissues from all time points (n = 3 per month = 102 total), SE bars ±1SD of the 
mean.  δ13C values were significantly different between the two species (P = <0.001, n = 102, DF = 100).  
δ15N values were not significantly different between the two species (P = <0.6094, n = 102, DF = 100).  (b) 
Changes in the δ13C of the sponge tissues over the time period November 2009 to November 2011 
(significant differences P = <0.05 are marked by *, per sponge n = 51 and DF =50).  Both T. stolonifera, 
(R2=0.0084) and A. alata (R2=0.171) maintained similar levels of δ13C from November 2009 to final values 
recorded in November 2011.  (c) Changes in the δ15N of the sponge tissues over the time period November 
2009 to November 2011 (significant differences P = <0.05 are marked by *, per sponge n = 51 and DF = 
50).  Both T. stolonifera, (R2=0.0546) and A. alata (R2=0.0109) maintained similar levels of δ15N from 
November 2009 to final values recorded in November 2011.   
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4.5 Discussion 

4.5.1 Temporal stability of sponge-associated bacterial communities 

At bacterial phylum level, the structure of communities in A. alata, T. stolonifera and seawater were 

highly conserved throughout the two year monitoring period.  Consistent with other HMA sponge 

amplicon pyrosequencing studies (Webster et al., 2010; Lee et al., 2011; Schmitt et al., 2012a; 

Schmitt et al., 2012c), the bacterial community of A. alata was dominated by Chloroflexi, 

Proteobacteria, “Poribacteria”, Actinobacteria and SAUL.  Bacterial communities of seawater 

samples were highly diverse but dominated by few phyla, mainly Proteobacteria (Gamma and Alpha) 

and Bacteroidetes, indicating clear compositional differences between seawater samples and A. alata 

samples.  Differences between bacterial community profiles of sponges and those of the surrounding 

seawater have been reported from numerous other studies (Lee et al., 2011; Fan et al., 2012; Jackson 

et al., 2012) and are consistent with the idea that sponge-associated symbionts play significant roles in 

the host sponge (Hentschel et al., 2002; Taylor et al., 2007).  T. stolonifera samples were also highly 

diverse, but dominated throughout the sampling period by very few phyla.  The dominant phyla were 

mostly Betaproteobacteria (over 90% of sequences) and to a lesser extent Bacteroidetes.  The 

presence of one dominant Proteobacteria phylotype has been reported previously from many other 

studies with LMA sponges, though the reasons for this are as yet unknown (Sipkema et al., 2009; 

Kamke et al., 2010; Luter et al., 2010; Erwin et al., 2011; Giles et al., 2012).  Previous studies on 

HMA and LMA sponges have also found differences in their bacterial species richness.  A 2007 study 

showed that LMA and HMA sponges from the Caribbean differ in their 16S rRNA DGGE banding 

patterns (Weisz et al., 2007a).  HMA sponges contained more 16S rRNA DGGE bands and many of 

these were closely related to previously identified sponge-derived sequences.  In contrast, LMA 

sponges had a DGGE profiles more similar to that of seawater.  Clone library analysis of A. alata and 

another LMA New Zealand sponge Polymastia sp. (Kamke et al., 2010) detected only three bacterial 

phyla in the latter, compared with eight in A. alata.   Although the results of this study show that T. 

stolonifera was more diverse by ~5 phyla per sample than A. alata, these phyla were often represented 

by very few sequences.  Our results are consistent with a more recent study of LMA sponges (Giles et 
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al., 2012) which showed that the bacterial community profiles of five LMA sponges were also 

diverse, but many of the bacterial phyla identified were only represented by very few sequences.    

 

4.5.2 Temporal stability in isotopic signatures  

Previous research on stable isotope values in marine sponges has shown differences between HMA 

and LMA sponges (Weisz, 2006; Weisz et al., 2007a; Southwell et al., 2008; Freeman and Thacker, 

2011), purportedly due to differences in the abundance of their microbial communities.  The 

enrichment of δ13C in A. alata samples compared to T. stolonifera samples suggests that the two 

species differ in their nutritional sources of carbon (Peterson and Fry, 1987).  Heterotrophy, through 

the consumption of microbes from seawater or by microbial uptake of dissolved organic carbon 

(DOC) is a common form of carbon metabolism in sponges (Yahel et al., 2003; Yahel et al., 2007; De 

Goeij et al., 2008b; De Goeij et al., 2008a).  Some sponge species are also associated with 

photosynthetic symbionts, in particular Cyanobacteria (Wilkinson, 1983), which not only perform 

photosynthesis but also fix nitrogen and uptake dissolved inorganic nitrogen (Wilkinson et al., 1999; 

Davy et al., 2002; Pile et al., 2003).  Tag 454-pyrosequencing in this study revealed that both species 

contain few Cyanobacteria symbionts; A. alata contained on average 0.01% cyanobacteria sequences 

per sample and T. stolonifera 0.44%.  These results are not unexpected as DNA and RNA clone 

library analysis of A. alata also found that Cyanobacteria were not present in either library (Kamke et 

al., 2010).  In a survey of HMA and LMA sponges in Florida, a wide range of δ13C values were 

reported and linked to the presence of different nutritional sources of carbon, between inshore and 

offshore reefs (Southwell, 2007; Weisz et al., 2007a).  A lack of photosynthetic symbionts, coupled 

with the differences in δ13C, may indicate feeding by different forms of heterotrophy in the two 

sponge species surveyed here.  Our findings are similar to those of a previous study in which the 

Caribbean sponge Niphates erecta, that also lacks photosymbionts, had δ13C values suggestive of 

nutritional inputs from particulate organic matter (POM) in the water column (Freeman and Thacker, 

2011).  One source of carbon thought to be important to nutrition in sponges is the release of 
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dissolved organic matter (DOM) from brown and green macroalgae.  Trophic transfer of organic 

matter derived from benthic macroalgae has been reported previously from sponges and contributes to 

δ13C isotope signatures (Behringer and Butler, 2006; Granek et al., 2009; Duyl et al., 2011).  The 

similar pattern of δ13C values of the two sponge species over the monitoring period indicates that 

variation in δ13C is largely due to seasonal variation.  Differences between mean δ13C values of T. 

stolonifera and A. alata may be caused by a varying uptake of heterotrophically derived carbon.  For 

more detailed analysis of carbon transfers, sponge and microbial cell fractions must be analysed 

separately, as done previously for four Caribbean sponge species (Freeman and Thacker, 2011). 

 

Previous research on LMA and HMA sponges has shown that they can also differ in their δ15N values 

(Weisz et al., 2007b).  In the same Florida sponge survey as discussed above for δ13C values 

(Southwell, 2007; Weisz et al., 2007b), δ15N values separated sponges into three distinct groups: 

HMA sponges with low δ15N values, HMA sponges with high δ15N values and LMA sponges with 

high δ15N values.  It is thought that HMA sponges with low δ15N values are indicative of microbial 

transformations of nitrogen, as symbiont-derived nutrition enriches for 14N (i.e. by nitrogen fixation 

and ammonium uptake) (Zehr and Ward, 2002).  By contrast, LMA sponges with higher δ15N values 

are indicative of nitrogen acquired from allochthonous (e.g. anthropogenic) dietary sources (Zehr and 

Ward, 2002; Weisz et al., 2007b).  In this study, A. alata and T. stolonifera had similar δ15N values, 

which may indicate that nutritional uptake of nitrogen occurs through shared pathways.  In addition, 

nitrogen isotope values can be used to provide information on inputs and transformations of nitrogen 

in the environment. δ15N values of -2 to +2 ‰ are indicative of biological nitrogen fixation (BNF) 

(Montoya et al., 2002; Watanabe et al., 2009), which is close to the value of atmospheric nitrogen 

dissolved in water (0.6 ‰) (Sigman and Casciotti, 2001; Casciotti et al., 2002).  Sponges which 

receive a significant portion of nitrogen from BNF should have characteristic nitrogen isotope 

compositions, i.e. low δ15N values (Weisz et al., 2007b).  Nitrogen fixation within sponges has 

previously been linked to bacterial symbionts such as cyanobacteria (Wilkinson and Fay, 1979; Shieh 

Wung and Lin Yeong, 1994; Weisz et al., 2007b), with sequencing of the bacterial gene encoding for 

the nitrogenase enzyme, providing molecular evidence for this (Mohamed et al., 2008).  Slightly 
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higher δ15N values ranging from +2 to +8 ‰ indicate dissolved inorganic nitrogen or atmospheric 

nitrogen deposition (Leichter et al., 2007; Watanabe et al., 2009).  Nitrogen isotope signatures >+7 to 

+20 ‰ reflect input of nitrogen from anthropogenic sources, such as human and animal waste 

(Costanzo et al., 2005; Swart et al., 2005; Watanabe et al., 2009).  Given the high δ15N values 

throughout the monitoring period for both A. alata (10.0 ‰ (±0.25 1SD)) and T. stolonifera (9.9 ‰ 

(±0.18 1SD)), these values suggest that both sponges obtain nitrogen solely from external sources, 

most likely of anthropogenic origin.  An alternative explanation for these positive δ15N values could 

be uptake of isotopically enriched NO3
-, resulting from fractionation during the process of 

assimilation or denitrification (Sigman and Casciotti, 2001; Swart et al., 2005). 

 

4.5.3 Temporal stability of ‘sponge-specific’ bacteria  

Sponge-specific clusters (SC) and sponge-coral-specific clusters (SCC) (Hentschel et al., 2002; Taylor 

et al., 2007; Simister et al., 2012) are monophyletic clusters of 16S rRNA sequences found only in 

sponges (or sponges and corals) and not in the surrounding environment such as seawater or 

sediments.  The proportion of reads from both sponge species that were assigned to SCs or SCCs was 

high - approximately three-quarters of all reads.  Despite the high assignment of sequences into 

SCs/SCCs in T. stolonifera, nearly all sequences were assigned into one Betaproteobacteria (SC112) 

cluster.  This is consistent with previous studies that have reported significantly more SCs/SCCs 

assigned to HMA sponges compared to LMA sponges (Kamke et al., 2010; Erwin et al., 2011; Giles 

et al., 2012; Schmitt et al., 2012b).  The assignment of seawater-derived sequences into SCs/SCCs 

(albeit at very low levels <7%) has been reported in other pyrotag sequencing studies (Webster et al., 

2010; Taylor et al., 2012), indicating that “sponge-specific” bacteria can occur outside the host.  

Seawater samples sequenced here and in Webster et al. (2010) are DNA derived so whether “sponge-

specific” bacteria identified outside the host are active cannot be determined.  We saw neither a 

significant increase nor decrease in the proportion of reads assigned to SCs or SCCs over time for all 

sample types.  In addition, phylogenetic assignment of SCs/SCCs in both sponge species was also 

highly consistent over the sampling period, with little indication of shifts in cluster assignment in 
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response to changing environmental conditions.  Although the presence of SCs/SCCs alone cannot be 

used to identify functional roles for symbiont bacteria in the host, many studies have reported sponge-

associated bacteria being involved in active metabolic processes such as nutrient cycling (carbon, 

nitrogen and sulphur) and vitamin biosynthesis (Taylor et al., 2007; Hentschel et al., 2012; Webster 

and Taylor, 2012).  The persistent stability of SCs/SCCs associated with both sponge species in this 

study (throughout the monitoring period) might suggest a fulfilment of functional roles within the 

sponge host (Taylor et al., 2007; Hentschel et al., 2012). Phylogenetic assignment of SCs/SCCs in 

seawater samples was highly variable through the monitoring period, suggesting that environmental 

fluctuations affect free-living versus host-associated bacterial communities differently (Schauer et al., 

2003; Erwin et al., 2012; Gilbert et al., 2012).  

 

4.5.4 Temporal stability of bacterial OTUs 

Despite the high diversity of bacterial phyla found in seawater, A. alata and T. stolonifera samples, 

the observed phylum level stability across all sampling time points was driven by the persistence of a 

small number of dominant OTUs.  In seawater and A. alata samples the 10 most abundant OTUs 

represented over a quarter of the observed bacterial community.  Small numbers of OTUs, accounting 

for a large proportion of a sponge bacterial community, have also been reported in another 454 tag 

pyrosequencing study (Webster et al., 2010) and T-RFLP studies (Erwin et al., 2011; Erwin et al., 

2012).  In T. stolonifera, one Betaproteobacteria OTU (OTU3981) accounted for more than three-

quarters of the observed bacterial community.  In LMA sponges, a single large OTU that represents 

the majority of sequences has recently been reported, with four of five LMA sponges containing one 

large Proteobacteria OTU (Giles et al., 2012).  In contrast to the small number of temporal stability 

studies in sponges (Friedrich et al., 2001; Webster and Hill, 2001; Taylor et al., 2004; Erwin et al., 

2012), a recent 454 pyrosequencing study of the Caribbean reef sponge, Axinella corrugata, did 

identify shifts in several bacterial taxa.  These included the taxa Gammaproteobacteria, 

Flavobacteria, Alphaproteobacteria, Cyanobacteria, Acidobacter and Nitrospira (White et al., 2012).  

However, whilst this study used “universal” 16S rRNA primers, they were not modified to include 
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core groups of the sponge bacterial-associated community, for example, only one sequence loosely 

affiliated with “Poribacteria”.  Furthermore, in samples from both seasons over 50% of sequences 

could not be identified to phylum level, in contrast with the current study in which only 0.33% (±0.39 

1SD) per sample were unassigned.  In addition, we used a manually modified SILVA reference 

database where all previously published sponge sequences, candidate phyla and SCs/SCCs (at the 

time) were labelled (Simister et al., 2012).   

 

Various environmental (temperature, light and nutrient fluctuations) and biological (planktonic 

community interactions) parameters are more likely to influence free-living planktonic microbial 

communities (Gilbert et al., 2012).  This is reflected by the higher seasonal variation in abundant 

seawater OTUs compared to the most dominant sponge OTUs, suggesting the sponge host may buffer 

against some environmental fluctuations.  In previous studies on the temporal stability of bacterial 

communities in seawater (Gilbert et al., 2009; Gilbert et al., 2012), Alphaproteobacteria and 

Bacteroidetes (also the most abundant OTUs recovered in this study) dominated throughout the year, 

but showed evidence of cyclical patterns in abundance.  However, in this study not all members of a 

particular phylum were found to peak or dip in OTU abundance in relation to a particular season.  The 

most dominant OTU (OTU3981) in all temporal T. stolonifera samples was also one of the most 

abundant OTUs in A. alata samples.  The abundance of this OTU was highly stable in T. stolonifera, 

but highly variable in A. alata, decreasing to less than 0.05% of reads during winter.   This OTU was 

assigned to the sponge-specific cluster, SC112 (Simister et al., 2012), a large cluster with over 100 

sequences from 15 different sponge species.  However, as this sequence cluster branches deeply 

within the Betaproteobacteria, with no apparent close relatives, it is not possible to infer any likely 

functions of these bacteria within their host sponges.   

 

The most variable or transient sponge OTUs over time (and between replicates) were those that were 

relatively “rare” (abundances of 0-1%).  Marine sponges are capable of massive filtration rates, with 

sponge species pumping over half a liter of water s-1 kg dry mass-1 (Weisz et al., 2008).  In turn, large 

amounts of particulate matter (from seawater), which includes microbial cells pass through the host.  
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These low-abundance and sometimes transient taxa may therefore represent food that has been filtered 

by the sponge (Taylor et al., 2007), or environmental bacteria present in the sponge when sampled, 

rather than being true symbionts.  Two recent studies also found that temporal variation in sponge-

associated microbial communities was restricted to low-abundance taxa (Anderson et al., 2010; Erwin 

et al., 2012).  Studies of microbial communities in the vertebrate gut have found an inverse correlation 

between population size and temporal stability (Walter and Ley, 2011), with transient members of a 

microbial community more likely to be detected than a persistent, but very low abundance population 

(Walter and Ley, 2011).  If the same holds true for marine microbial communities, then studies which 

repeatedly sample over time are highly valuable to identify which members of the “rare” sponge 

microbial community are truly symbiotic, i.e. which members are allochthonous vs autochthonous.  

We acknowledge that some variation in OTU abundance over time will be due to intraspecific 

variation, as sponges were not sampled repeatedly.  However, collecting consecutive samples from 

the same sponge is highly destructive, particularly to T. stolonifera, which at approximately 6 cm in 

diameter, would remove most, if not all, of the sponge biomass.   

 

It has been proposed that the microbial biosphere may provide functional redundancy for microbial 

communities in the face of environmental change (Rohwer et al., 2002; Reshef et al., 2006; Jones and 

Lennon, 2010; Webster and Taylor, 2012).  Reshef and colleagues (Reshef et al., 2006) have 

described the observed shift in coral bacterial communities in response to environmental change as 

fitting with the “coral probiotic hypothesis”, in that a changing microbial community is thought to 

confer a higher adaptive capacity to environmental stressors such as global climate change.  Long-

term monitoring data, as undertaken here, will be valuable to assess whether environmental 

perturbations cause shifts in the rare sponge-associated microbial community.  Furthermore, it is 

unknown if fluctuations in the microbial biosphere of the host will provide resilience to environmental 

change or a decline in host health. 

 



107 
 

4.6 Conclusion 

This study examined the temporal stability of two different sponge species and ambient seawater over 

a two year sampling period.  By pyrosequencing the 16S rRNA gene from RNA-derived sponge 

samples, we were able to assess the stability of the active bacterial community within the sponge host 

over time.  Comparisons between seasons indicated that the overall bacterial community is stable in 

both sponge species and seawater samples, driven by OTUs that are persistent and dominate over all 

time points recorded.  There is, however, a component of the bacterial biosphere in both sponge 

species and seawater samples that is more variable, with some OTUs transiently present over time.  

These fluctuations in OTU abundance may be caused by environmental factors such as changing 

currents, sea-surface temperatures and nutrient levels.   Variation in δ13C, and the similarly high of 

δ15N, suggests that only some carbon and nitrogen nutritional pathways are shared between the two 

sponge species.  The similar pattern of δ13C values of the two sponge species over the monitoring 

period indicates that variation in δ13C is largely due to seasonal variation.  This could be due to a 

varying reliability on particulate organic matter (POM) as a carbon source and variation in ocean 

productivity.  High δ15N values throughout the monitoring period for both A. alata and T. stolonifera 

suggest that both sponges obtain nitrogen solely from external sources and that some could be of 

anthropogenic origin (including agricultural and human derived).    Studies such as those undertaken 

here, which repeatedly sample over time, are highly valuable to identify which members of a sponge 

bacterial community are truly symbiotic.  Additionally, these results will provide reference data for 

understanding the variability in marine sponge bacterial communities, essential to elucidating the 

effects of environmental perturbation (both biotic and abiotic) on sponge-associated communities and 

aid in the determination of model sponge species suitable for aquaculture.  
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5.1 Abstract  

Marine sponges are diverse, abundant and provide a crucial coupling point between benthic and 

pelagic habitats due to their high filtration rates.  They also harbour extensive microbial communities, 

with many microbial phylotypes found exclusively in sponge hosts and not in the seawater or 

surrounding environment, i.e. so-called sponge-specific clusters (SCs) or sponge- and coral-specific 

clusters (SCCs).  We employed DNA (16S rRNA-gene) and RNA (16S rRNA) –based amplicon 

pyrosequencing to investigate the effects of sub-lethal thermal stress on the bacterial biosphere of the 

Great Barrier Reef sponge Rhopaloeides odorabile.   A total of 8381 operational taxonomic units 

(OTUs) (97% sequence similarity) were identified, affiliated with 32 bacterial phyla from seawater 

samples, 23 bacterial phyla from sponge DNA extracts and 18 bacterial phyla from sponge RNA 

extracts.  Sub-lethal thermal stress (31°C) had no effect on the present and/or active portions of the R. 

odorabile bacterial community but a shift in the bacterial assemblage was observed in necrotic 

sponges.  Over two-thirds of DNA and RNA sequences could be assigned to previously defined 

SCs/SCCs in healthy sponges whereas only 12% of reads from necrotic sponges could be assigned to 

SCs/SCCs.  A rapid decline in host health over a 1°C temperature increment suggests that sponges 

such as R. odorabile may be highly vulnerable to the effects of global climate change.   
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5.2 Introduction 

Marine sponges (phylum Porifera) are an ecologically important coral reef taxon as they are diverse, 

abundant and they link the benthic and pelagic habitats due to their high filtration rates (Diaz and 

Ruetzler, 2001; Bell, 2008).  Global climate change is a significant and increasing threat to coral reef 

ecosystems (Hoegh-Guldberg et al., 2007), with an increase in sea surface temperature (SST) of up to 

4°C predicted to occur during this century (IPCC, 2007).  Reports of sponge disease have increased 

over the last decade in all major ocean bodies (Cervino et al., 2006; Olson et al., 2006; Webster et al., 

2008b; Luter et al., 2010; Maldonado et al., 2010; Angermeier et al., 2011) including several mass 

mortality events (Cerrano et al., 2000; Webster, 2007; Garrabou et al., 2009; Cebrian et al., 2011), 

some of which are concomitant with anomalies in SST (Garrabou et al., 2009; Cebrian et al., 2011). 

 

Sponges are of particular interest to microbial ecologists due to their diverse and abundant microbial 

communities (Hentschel et al., 2006; Taylor et al., 2007; Hentschel et al., 2012; Webster and Taylor, 

2012).  Microorganisms can occupy up to 35% of sponge volume with members of all three domains 

of life (Bacteria, Archaea and Eukarya) known to live symbiotically within sponges.  More than 32 

bacterial phyla and candidate phyla have been reported from sponges (Schmitt et al., 2012b; Webster 

and Taylor, 2012), with some phylotypes appearing to occur exclusively in sponges and not in the 

surrounding environment (Hentschel et al., 2002; Hentschel et al., 2006; Taylor et al., 2007; Simister 

et al., 2012; Taylor et al., 2012).  The level of functional redundancy within these complex microbial 

communities has only recently been investigated (Fan et al., 2012; Ribes et al., 2012) and we have yet 

to determine whether shifts in microbial community composition under stress could assist sponges to 

adapt to changing environmental conditions as has been proposed for corals (Rohwer et al., 2002; 

Reshef et al., 2006).  

 

Increasing SST could impact upon sponge-associated microbes by altering diversity, function and 

community dynamics. Despite the abundance and importance of sponges for reef ecology, very little 

research has addressed the sensitivity of sponge–microbial partnerships to environmental stressors 



117 
 

(Webster and Blackall, 2009).  Most studies of environmental stress in sponges have examined the 

effects of elevated seawater temperature and all have detected a shift in the dominant microbial 

community that correlates with temperature and a decline in sponge health (Lemoine et al., 2007; 

López-Legentil et al., 2008; López-Legentil et al., 2010).  For example, during annual non-lethal 

bleaching of the giant barrel sponge Xestospongia muta, its symbiotic Crenarchaeota community is 

stable, whilst during fatal bleaching the Crenarchaeota community becomes similar to that of the 

surrounding sediment, indicating a loss of symbionts associated with declining sponge health (López-

Legentil et al., 2010).  Rhopaloeides odorabile is a common and ecologically important sponge on the 

Great Barrier Reef which has been used as a model for thermal stress research as the microbial 

community is diverse, stable and  well defined (Webster and Hill, 2001; Webster et al., 2001a; 

Webster et al., 2001b; Webster et al., 2010; Webster et al., 2011b).  Adult R. odorabile exhibit 

necrosis and a loss of bacterial  symbionts within 72 h at 33°C (Webster et al., 2008a) whereas larvae 

survive and maintain their bacterial symbionts at temperatures up to 36°C (Webster et al., 2011a).   

 

Previous studies of environmental stress in sponges have employed conventional profiling or clone 

sequencing approaches and have therefore only detected the most abundant taxa in these complex and 

diverse communities.  In addition, previous studies have used DNA to define the microbial 

populations, but this does not discriminate between active cells, inactive (but viable) cells, dead cells 

and extracellular DNA from degrading/lysed cells (Gaidos et al., 2011).  In contrast, cellular 

concentrations of rRNA are correlated with growth rate and activity (Novitsky, 1986; DeLong et al., 

1989; Poulsen et al., 1993), so assessing microbial communities by sequencing reverse transcripts of 

RNA (complementary DNA, cDNA) can yield information about which community members are 

active (Frias-Lopez et al., 2008; Urich et al., 2008).  A recent study comparing 16S rRNA- and 16S 

rRNA gene-derived sequences from two sponges revealed that the majority of microbes are 

metabolically active within their respective hosts under normal environmental conditions (Kamke et 

al., 2010).  The ability of sponges to withstand a rapidly changing environment may depend on the 

response of the complex microbial community. Here we employed 454 pyrosequencing of the 16S 

rRNA gene and its accompanying transcripts with sponges that had been experimentally exposed to 



118 
 

elevated seawater temperatures to determine how thermal stress affects the bacterial biosphere and to 

ascertain whether bacterial activity is altered prior to host necrosis.   

 

5.3 Results 

All sponges maintained at temperatures up to and including 31°C survived and remained visibly 

healthy for the duration of the experiment.  At 32°C, sponges displayed signs of cell discharge and 

necrosis after only three days and died by the fourth day of the experiment.  Based on these 

morphological observations, sponges from the 32°C treatment at day 3 were categorized into one of 

three conditions: healthy (D332), minor tissue regression (partially necrotic, D332B) and fully 

necrotic (D332C).   

 

5.3.1 Thermal stress effects on bacterial community structure and 

activity 

For the pyrosequencing analysis, a total of 960691 raw sequence reads was recovered, with mean = 

20014 (±6839 (1 SD)) sequences per sample.  After noise reduction, this total was reduced to 469949 

sequences with a mean of 9999 (±2194) sequences per sample (Appendix C, Table C2).  For each 

sample, less than 0.01% of reads were taxonomically unassigned (see Experimental Procedures).  In 

total, 8381 OTUs (97% sequence similarity) were identified, affiliated with 32 bacterial phyla from 

the seawater samples, 23 bacterial phyla from sponge DNA extracts and 18 bacterial phyla from 

sponge RNA extracts.  All phyla identified in sponge samples were also present in seawater samples.  

Rarefaction curves (Appendix C, Figure C1) indicate that diversity coverage was high, with most 

curves approaching asymptotes (though further sequencing would still yield a greater number of 

OTUs).  Chao1 diversity estimates (Appendix C, Figure C1) for each sample were calculated at the 

97% sequence similarity level and indicated that estimated richness ranged from 249-673 and 280-750 

OTUs in DNA- and RNA-derived samples, respectively.   
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The number of reads per phylum was normalised and expressed as a percentage of the total for each 

sample (Figure 5.1).  The proportion of reads assigned, at the phylum level, was highly consistent 

across all temperature treatment and time points.  In all sponge clones exposed to 27°C, 31°C and the 

healthy sponges from 32°C, the majority of 16S rRNA genes and transcripts were assigned to 

Chloroflexi (overall 39% and 41% respectively), Proteobacteria (23% and 26%), a sponge-associated 

unidentified lineage (SAUL) (13% and 3%) and “Poribacteria” (8% and 15%).  16S rRNA-gene 

sequences were additionally assigned to TM7, OP3, Fusobacteria and Chlamydiae (the sum of these 

phyla comprised, on average, less than 1% of reads per sample).  In contrast, sponge tissue from 

partially and fully necrotic sponges (D332B and D332C) exhibited a major difference in community 

composition compared to control samples and between each other.  The most abundant phyla in 

healthy samples, i.e. Chloroflexi, SAUL and “Poribacteria”, were present in necrotic tissue at much 

lower proportions (16%, 4%, <1% respectively from D332B; 2%, <1%, <1% respectively from 

D332C).  The relative abundance of Proteobacteria changed slightly in partially necrotic sponge 

clones (still comprising 18% of reads), but increased in fully necrotic sponge clones (to 37%).  The 

abundance of other phyla such as Actinobacteria (16% in D332B), Bacteroidetes (22% in D332C), 

Firmicutes (7% in D332B and 30% in D332C) and Gemmatimonadetes (27% in D332B) increased 

and they became dominant components of the bacterial community (Figure 5.1).  From seawater 

samples, a total of 35 phyla were identified, 32 of which were bacterial phyla. Although 

pyrosequencing additionally detected Archaea in seawater samples only (most likely due to non-

specific primer binding) the sum of these comprised less than 0.15% of reads per sample.  There was 

little change in community composition with temperature treatment and the most abundant phyla in 

seawater samples were different to those in sponge samples; the majority of reads were assigned to 

Proteobacteria (51%), Bacteroidetes (20%), Cyanobacteria (10%), Actinobacteria (7%) and 

Planctomycetes (6%).   
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Figure 5.1: Distribution of 454 amplicon reads per phylum across temperature treatments.  The number of reads per phylum is calculated as a 
percentage of the total reads in each sample.  Samples are grouped according to seawater temperature exposure (27, 31 or 32°C) and ordered by 
sampling date (days 0, 1, 2, 7, 14 and 21).  Sponge samples are grouped separately to seawater samples.  Community variation is represented by sponge 
derived DNA based tags (D) vs. their activity represented by RNA-derived tags (R). *SAUL (sponge-associated unidentified lineage (Schmitt et al., 
2012b)). **Archaea reads were found only in seawater samples. 

                                T=27°C                                                   T=31°C                                   T=32°C                               Seawater 
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Non-metric multidimensional scaling (MDS) plots (Figure 5.2) confirmed that bacterial community 

composition was highly similar for 27°C and 31°C samples and healthy sponges from 32°C. DNA and 

RNA samples clustered with 80% similarity, whilst sponge and seawater samples were only 30% similar.  

At the phylum level, partially (D332B) and fully (D332C) necrotic sponges from day 3 at 32°C hosted 

distinct bacterial communities which were only 50% similar to healthy sponges from other treatments and 

shared only 60% similarity with each other. 

 

Figure 5.2: MDS (multidimensional scaling) ordination showing the similarity in microbial communities 
amongst samples.  Reads per phylum were normalized against total reads in each individual sample.  All data 
were log-transformed (X+1) and MDS plots generated using distance matrices to represent the relative 
distance between individual samples. (   ) represents DNA-derived reads from sponges, (   ) represents RNA-
derived reads from sponges and (   ) represents DNA-derived reads from seawater samples.  Inset represents 
similarity between sponge- and seawater-derived samples.  Samples D0 (a, b, c) R0 (a b, c), D731 (a, b, c) and 
R731 (a, b, c) show that replicate sponges had highly similar microbial communities.  The final stress value of 
the plot was 0.02.  Resemblance/threshold levels for similarity are indicated by coloured contours from 30-
90% similarity.   
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Since no substantial shifts in bacterial community composition were observed for the majority of samples 

(Figure 5.1 and 5.2), fold change values were calculated for each bacterial phylum, per elevated 

temperature (31°C and 32°C) relative to the respective control (27°C) (Figure 5.3).  Fold changes in the 

majority of bacterial phyla showed little correlation to a particular temperature, time point or nucleic acid 

type (DNA or RNA).  However some trends were observed in specific phyla; a decrease in Bacteroidetes 

and Cyanobacteria was observed at 31°C and 32°C on day 1, followed by increases on days 3, 7 and 14 

for all sample types at each temperature treatment.  In day 21 DNA samples Cyanobacteria were present 

at an increased level and Bacteroidetes at a decreased level, whereas the corresponding RNA samples 

were very stable relative to control samples.  A difference between DNA- and RNA-derived samples was 

also observed in the Planctomycetes: DNA-derived samples showed an increase across all time points and 

temperatures whereas RNA-derived samples decreased (except day 21 in which a ~5.6-fold increase 

occurred).  Consistent with the data in Figures 5.1 and 5.2, partially and fully necrotic samples at day 3 

were different to the healthy sponges.  In D332B, approximately 11-fold increases in Acidobacteria, 

Actinobacteria and Gemmatimonadetes were observed.  Sample D332C exhibited a decrease in groups 

that were found to be the most abundant in healthy samples (such as “Poribacteria”, SAUL and 

Chloroflexi).    
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Figure 5.3: Heatmap of fold changes in bacterial phyla per sample across treatments.  Treatment 
temperature (31°C or 32°C) values were divided by the relevant control values (27°C).  Fold-changes were 
Log (base 2)-transformed, so that positive (increases in relative abundance) and negative values (decreases) 
were weighted equally.  Samples are grouped according to sampling date (days 1, 3, 7, 14 and 21) and ordered 
by temperature exposure (31 or 32°C), and nucleic acid type (D = sponge-derived DNA-based tags or R = 
sponge-derived RNA-based tags).  Sponges from the 32°C treatment at day 3 were categorized into one of 
three conditions: healthy = (H), minor tissue regression/partially necrotic = (B) and fully necrotic = (C).  Key: 
Black squares representing no change from control value, red scale representing positive fold changes, blue 
scale representing negative fold changes and white squares indicating no data in control or treatment. 
 

5.3.2 ‘Sponge-specific’ bacteria are not differentially affected by changes 

in seawater temperature 
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C2a) (77%-84% in DNA reads and 71%-89% in RNA reads).  In contrast, only 12% of reads were 

assigned into SCs/SCCs in fully necrotic sponges (D332C).  As expected, very few sequences from 

seawater were assigned to SCs/SCCs (0.6-8%).  SCs/SCCs were identified to phylum level and the 

number of reads in each expressed as a proportion of the total reads assigned to SCs/SCCs (Appendix C, 

Figure C2b, c).  The most obvious difference in assignment to SCs was in partially and fully necrotic 

sponges.  The number of sequences assigned to SCs in the “Poribacteria”, Chloroflexi, SAUL and 

Deltaproteobacteria (phyla which are highly abundant in healthy sponges) decreased while the number of 

reads assigned to SCs in the Gemmatimonadetes, Firmicutes, Actinobacteria and Bacteroidetes (phyla 

usually at low abundance in healthy sponges) increased.  Similarly, the most obvious differences in 

sequences assigned to SCCs occurred in partially and fully necrotic sponges.  Compared to 27°C day 3 

control samples, the number of reads in Acidobacteria, Bacteroidetes and Gammaproteobacteria SCCs 

increased while the number of sequences in Chloroflexi and Nitrospira decreased or, in the case of sample 

D332C, no reads were assigned to SCCs in the Nitrospira.   

 

5.3.3 Identification of OTUs with the largest change in abundance due to 

thermal stress 

The 50 OTUs with the largest (negative or positive) fold-change were assessed in the same manner as for 

changes at phylum level described above. OTUs assigned to SCs and/or SCCs were also noted.  As the 

phylum-level analyses and MDS plots showed that necrotic samples (D332B and D332C) were distinctly 

different, these were ranked separately to other samples (for reference, D332 (the healthy sponge clone 

from day 3 at 32°C) was included with necrotic samples).  Only seven OTUs, belonging to the phyla 

Actinobacteria, Bacteroidetes, Chloroflexi and Gammaproteobacteria, were shared among healthy DNA- 

and RNA-derived samples as well as necrotic sponge tissue (Appendix C, Table C1d) and only one of 

these OTUs was most similar (i.e. best BLAST hit) to a sequence from a non-sponge source.  16S rRNA-
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gene data (Figure 5.4a) revealed that most of the major OTU changes occurred in the phyla Chloroflexi 

(34% of the top 50 fold-changes), Proteobacteria (24%) and “Poribacteria” (18%).  Sixty percent of 

OTUs fell into SC/SCC clusters, mostly within these same phyla. BLAST searches (Appendix C, Table 

C1a) showed that most OTUs were closely affiliated to other sponge symbionts, with only five OTUs 

being most similar to sequences from sources other than sponges and corals.  No major shifts in OTU 

abundance according to temperature treatments or time points were detected (Figure 5.4a).  Similarly, 16S 

rRNA data (Figure 5.4b) revealed that the largest changes occurred in OTUs within the Chloroflexi 

(33%), Proteobacteria (22%) and “Poribacteria” (12%).  Sixty-four percent of the 50 largest fold 

changes fell into SC/SCC, most commonly occurring in Chloroflexi, and also within the Proteobacteria, 

“Poribacteria”, Gemmatimonadetes and SAUL lineages.  BLAST searches (Appendix C, Table C1b) 

again revealed that most OTUs were closely affiliated with other sponge symbionts, and only six OTUs 

had closest relatives other than sponge- and coral-associated sequences. These results were consistent 

with the phylum level data; no correlations between particular temperature treatment or time point and 

OTU abundance were detected.  In partially and fully necrotic sponge clones (Figure 5.4c), the largest 

changes occurred in OTUs belonging to Proteobacteria (28%), Chloroflexi (24%) and Actinobacteria 

(16%).  Sixty-six percent of OTUs fell into SC/SCC, most occurring in the Proteobacteria and 

Chloroflexi.  “Poribacteria” were only detected from sample D332C.  BLAST searches (Appendix C, 

Table C1c) revealed most OTUs were closely affiliated to other sponge symbionts, with eight of the top 

OTUs having non-sponge/coral-derived sequences as their closest relatives.  Further analysis of novel or 

low abundance phylotypes within the Proteobacteria (Vibrionaceae, Pseudoalteromonas, Colwelliaceae, 

Ferrimonas, Oceanospirillaceae, and Arcobacter) that were identified in a metagenomic study of 

thermally stressed R. odorabile (Fan, submitted)  revealed that the number of reads in these OTUs 

increased in sponge clones exposed to 32°C (Appendix C, Figure C3).  
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Figure 5.4a The 50 DNA OTUs with the largest negative or positive fold-change, were calculated as described 
in figure 5.3.  Samples are grouped according to sampling date (days 1, 3, 7, 14 and 21) and ordered by 
temperature exposure (31 or 32°C), and nucleic acid type (D = sponge-derived DNA-based tags).  Heat map 
key is as follows; Black squares representing no change from control value, red scale representing positive 
fold changes, blue scale representing negative fold changes and white squares indicating no data in control or 
treatment.  
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Figure 5.4b The 50 RNA OTUs with the largest negative or positive fold-change, were calculated as described 
in figure 5.3.  Samples are grouped according to sampling date (days 1, 3, 7, 14 and 21) and ordered by 
temperature exposure (31 or 32°C), and nucleic acid type (R = sponge-derived RNA-based tags).  Heat map 
key is as follows; Black squares representing no change from control value, red scale representing positive 
fold changes, blue scale representing negative fold changes and white squares indicating no data in control or 
treatment.   
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Figure 5.4c The 50 OTUs, in necrotic sponges D332B and D332C, with the largest negative or positive fold-
change, were calculated as described in figure 5.3.  Samples are grouped according to sampling date (days 1, 
3, 7, 14 and 21) and ordered by temperature exposure (31 or 32°C), and nucleic acid type (D = sponge-derived 
DNA-based tags).  Heat map key is as follows; Black squares representing no change from control value, red 
scale representing positive fold changes, blue scale representing negative fold changes and white squares 
indicating no data in control or treatment.   
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5.4 Discussion 

Rhopaloeides odorabile is sensitive to elevated seawater temperature, exhibiting tissue necrosis and a 

shift in the bacterial community after three days, and mortality after four days, at 32°C. In contrast, the 

bacterial community is stable under sub-lethal temperature stress (31°C) with no shift in the bacterial 

biosphere nor any changes in the active fraction of the sponge-associated bacterial community.   

 

The bacterial community of R. odorabile at sub-lethal temperatures was conserved for the duration of the 

experiment.  Consistent with other sponge amplicon pyrosequencing studies (Webster et al., 2010; Lee et 

al., 2011; Schmitt et al., 2012a; Schmitt et al., 2012b), communities were dominated by Chloroflexi, 

Proteobacteria, “Poribacteria” and SAUL.  Bacterial communities of seawater samples were also 

conserved across all temperature treatments and were diverse, with 32 bacterial phyla identified.  

Seawater samples were dominated by Proteobacteria, Bacteroidetes, Cyanobacteria, Actinobacteria and 

Planctomycetes, thus indicating a clear compositional difference between seawater samples and the 

associated bacterial community of R. odorabile.  Clear differences between bacterial community profiles 

of sponges and those of the surrounding seawater have been reported from numerous other studies (Lee et 

al., 2011; Fan et al., 2012; Jackson et al., 2012), and are consistent with the idea that these symbionts play 

a significant role in the host sponge (Hentschel et al., 2002; Taylor et al., 2007).  

 

Chloroflexi, Proteobacteria, SAUL and “Poribacteria”, which collectively dominated 27°C, 31°C and 

healthy 32°C samples (both DNA- and RNA-derived), were observed in lower proportions in necrotic 

samples.  In contrast, the Actinobacteria, Bacteroidetes, Firmicutes and Gemmatimonadetes (present in 

low numbers at 27°C, 31°C and healthy 32°C) become dominant in necrotic samples at 32°C.  The highly 

conserved bacterial community in all seawater samples indicates that the bacterial shift in partially and 

fully necrotic sponges was not a result of variation in the seawater community.  An increase in phyla such 

as the Firmicutes and Bacteroidetes has been reported from numerous studies of diseased/stressed 
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sponges and corals (Frias-Lopez et al., 2002; Pantos and Bythell, 2006; Webster et al., 2008a; Webster et 

al., 2008b; Klaus et al., 2011; Miller and Richardson, 2011) and members of these phyla are prolific in 

nutrient-rich environments (DeLong et al., 1993; Bauer et al., 2006).  These phyla are specialists in 

degradation of organic matter (Edwards et al., 2010), indicating that their abundance in sponges at 32°C is 

likely due to the nutrients associated with necrotized tissues.  The proportion of Proteobacteria increased 

in fully necrotic sponges, which is consistent with previous clone sequencing of sponges at 33°C 

(Webster et al., 2008a) and metagenomic data from diseased R. odorabile (Fan, submitted). This study 

and the metagenomic shotgun sequencing experiment both detected an increased abundance of 

Vibrionaceae, Pseudoalteromonas, Colwelliaceae, Ferrimonas, Oceanospirillaceae, and Arcobacter in 

necrotic heat-stressed sponges (Fan, unpublished data).  This finding is also consistent with studies 

investigating the response of coral-associated microbial communities to disease or stress (Bourne, 2005; 

Bourne and Munn, 2005; Ritchie, 2006; Sunagawa et al., 2009; Meron et al., 2011).  

 

To determine if sub-lethal stress caused a shift in the bacterial biosphere we calculated the fold change at 

phylum and OTU levels for sponges from selected temperature treatments and time points.  Furthermore, 

by pyrosequencing both 16S rRNA gene and 16S rRNA amplicons we intended to address whether 

abundant members of the sponge-associated bacterial community are also active, and whether ‘rare but 

active’ taxa exist (Urich et al., 2008; Kamke et al., 2010; Gaidos et al., 2011).  There were some phyla in 

which the abundance of DNA- and RNA –derived reads was different across all sponge samples, 

irrespective of temperature treatment or time point.  Both Spirochaetes and “Poribacteria” had a greater 

representation in RNA- vs DNA-derived samples and their abundance was less than 1% in seawater 

samples, which may indicate that these bacteria are highly active in the sponge rather than contaminants 

from seawater.   Spirochaetes have previously been found in higher abundance in RNA-derived sponge 

clone libraries than in DNA-derived clone libraries and the authors speculated that these bacteria may 

serve as food particles for the sponge (Kamke et al., 2010).  In contrast, SAUL was more abundant across 

all DNA-derived samples compared to corresponding RNA-derived samples.  The variation of DNA vs 
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RNA reads may simply reflect that different bacterial phyla have different levels of transcriptional 

activity within the host R. odorabile.  On the other hand it is possible that these differences are due to 

DNA vs RNA extraction biases (Gaidos et al., 2011).  In addition to the phyla common to both DNA- and 

RNA-derived samples, DNA samples contained TM7, OP3, Fusobacteria and Chlamydiae, indicating 

that there is a  component of the sponge-associated bacterial community that is apparently inactive or 

which may represent defunct cells (Moeseneder et al., 2005).  Moreover, these phyla were present in 

seawater samples in a similar abundance to DNA sponge samples (overall proportion of reads in seawater 

samples were TM7 0.17%, OP3 0.23%, Fusobacteria 0.06% and Chlamydiae 0.17%).  Some sponge 

species can pump over half a liter of water s-1 kg dry mass-1 (Weisz et al., 2008) and given this high 

filtration efficiency it is possible that these low abundance phyla are filtered for food by the sponges, 

rather than being true symbionts.  Sub-lethal thermal stress did not cause any major shift in the 

composition of the DNA or RNA fractions (at either the phylum or OTU level), indicating that most of 

the sponge-associated bacterial community is active in situ even at higher temperatures.  Whilst the fold 

change data for the majority of bacterial phyla and OTUs showed little correlation with particular 

temperature or time points, there were some exceptions.  The Planctomycetes showed an increase for 

DNA samples and a decrease for RNA-derived samples (except at day 21). Previous research has 

indicated that differences in DNA vs RNA profiles are due to a difference in the metabolic activity of 

microbial cells (Moeseneder et al., 2005; Rodriguez-Blanco et al., 2009; Lanzén et al., 2011). The 

difference in DNA- vs RNA-based results for the Planctomycetes may indicate an increased abundance 

(DNA data) coupled with a decrease in growth rate/metabolic turnover (RNA data), which is consistent 

with comparisons of 16S rRNA-gene:16S rRNA ratios in ocean bacterial communities (Campbell et al., 

2011).  Also, after 3 days at 31°C Cyanobacteria and Bacteroidetes increase (relative to control samples), 

which was not observed based on the proportion of reads assigned per sample.  This fold change returns 

to control levels by the end of the recovery period.  In a previous study on behavioral and morphological 

changes due to thermal stress in R. odorabile (Massaro et al., 2012), it was found that sponges exposed to 

31°C selectively filter more phototrophic bacteria.  It was proposed that thermal stress in the host may 
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induce a different filter-feeding behavior to favor uptake of Cyanobacteria, which are more carbon rich 

than heterotrophs.  Furthermore, the growth rate of Cyanobacteria such as Synechococcus can increase 

with elevated seawater temperature (Fu et al., 2007), and our observed fold change increase in RNA 

relative to control values indicates that sponge-associated Cyanobacteria may also be more active at 

elevated seawater temperatures.   

 

It has been proposed that functional redundancy within the microbial biosphere may assist species in 

adapting to a changing environment (Rohwer et al., 2002; Reshef et al., 2006; Jones and Lennon, 2010; 

Webster and Taylor, 2012).  Reshef and colleagues (Reshef et al., 2006) have described the observed shift 

in coral bacterial communities in response to environmental change as fitting with the “coral probiotic 

hypothesis”, in that a changing microbial community is thought to confer a higher adaptive capacity to 

environmental stressors such as increased SST.  In R. odorabile the high similarity of bacterial 

communities at 31°C and the rapid deterioration from a healthy to a necrotic state at 32°C indicates that a 

shifting bacterial community would be unable to provide thermal tolerance to the host sponge.  Previous 

studies that have looked at the host response of R. odorabile to thermal stress have indicated sub-lethal effects at 31°C.  In a 

quantitative PCR approach a rapid down-regulation of many genes (including those encoding for actin-

related protein, ferritin, calmodulin and Hsp90) was observed at 31°C in less than 24 h and an activation 

of the heat shock protein system was reported in sponges at 32°C (Pantile and Webster, 2011).  R. 

odorabile is capable of acclimating to this sub-lethal thermal stress, with gene expression in sponges at 

31°C not significantly different to the 27°C controls after 14 days (Pantile and Webster, 2011).  Similarly, 

sub-lethal (31°C) thermal stress significantly affects the aquiferous system and flow rate of R. odorabile, 

but rapid recovery (within 24 h) is possible once conditions return to ambient (Massaro et al., 2012).  In 

this study, the bacterial community shifted only in partially and fully necrotic sponge clones.  The lack of 

a bacterial community shift in healthy 32°C sponge clones indicates that the host (rather than the 

symbionts) has high temperature sensitivity.  However, whether sponge microbes maintain their normal 

symbiotic functions when they are exposed to 32°C cannot be predicted from these analyses.  A combined 



133 
 

metagenomic/metaproteomic analysis of R. odorabile symbionts exposed to 32°C indicates that symbiotic 

functions are impaired (Fan, submitted) prior to symbiont loss from the sponge tissue.  The link between 

host stress and symbiont stability has also been demonstrated in R. odorabile larvae, where symbiotic 

shifts and changes in host gene expression only occur at 36°C (Webster et al., 2011a).  One possible 

scenario arising from these observations is that vulnerability of the sponge to changing sea surface 

temperatures will be increased if the composition of the resident bacterial community is unable to shift.  

Conversely, temperature-induced changes may have a much greater influence on the functional capacity, 

rather than the composition per se, of the symbiont community.  Clearly, further exploration of microbial 

function is required to accurately predict the resilience of the sponge holobiont to rising sea surface 

temperatures   

 

Sponge-specific clusters (SC) and sponge-coral-specific clusters (SCC) (Hentschel et al., 2002; Taylor et 

al., 2007; Simister et al., 2012) are monophyletic clusters of 16S rRNA sequences found only in sponges 

(or sponges and corals) and not the surrounding environment such as seawater or sediments.  Even though 

the roles of SCs/SCCs are largely still uncharacterized, it is predicted that their loss would be detrimental 

to the health and survival of the host sponge (Webster et al., 2011a).  To our knowledge, this is the first 

study to specifically investigate the stability of SCs/SCCs in the face of environmental stress. The 

proportion of reads from healthy sponge samples that were assigned to SCs or SCCs was high - 

approximately 80% of all reads - but very low in seawater (<1%-8%).  The proportion of reads assigned 

to SCs or SCCs was much higher than in a previous pyrosequencing study of R. odorabile, in which 32% 

of reads could be assigned into clusters (Webster et al., 2010). This difference may be due to the 

improved read length in amplicon 454 pyrosequencing, which has facilitated the taxonomic and SC/SCC 

assignment of our 454 pyrosequencing data.  By contrast, only 12% of reads were assigned to an SC 

and/or SCC in fully necrotic sponge tissue and these comprised different phyla to the SC/SCC identified 

in healthy sponges.  Furthermore, the most abundant fold changes at the OTU level could not be 

correlated with a particular temperature or time point, and the high assignment of the top 50 fold change 
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OTUs to SCs/SCCs particularly in necrotic samples (only 12% of overall reads were in clusters) may 

indicate either (i) sponge symbionts are being affected by elevated seawater temperature or (ii) sponge 

symbionts are responding to the physiological stress of the host sponge.  

 

5.5 Conclusions 

Bacterial communities in the sponge R. odorabile are highly stable between 27-31°C, with bacterial 

community composition only shifting after the sponge tissue becomes necrotic. These results demonstrate 

that sub-lethal temperatures do not affect the bacterial biosphere or the active fraction of the sponge-

associated bacterial community.  These observations also confirm a narrow (between 31-32°C) thermal 

threshold for this species.  This threshold is only ~2°C above the current in situ mean maxima and 

represents a temperature that will be regularly exceeded by the end of this century.  Here we have shown 

that sponges such as R. odorabile could be highly vulnerable to the effects of global climate change as 

they undergo symbiont loss and a rapid decline in host health over a 1°C temperature increment.  

 

5.6 Experimental procedures 

5.6.1 Sample collection and processing 

In July 2009, six large R. odorabile sponges were collected by SCUBA at 15 m from Pelorus Island on 

the Great Barrier Reef, Australia (18°32.710’S, 146°29.273’E).  Donor sponges were cut into individual 

clones (approximately 15 cm3 each) and transferred to plastic racks secured to the reef base near the 

original collection site.  Before transportation to an indoor temperature-controlled aquarium at the 

Australian Institute of Marine Science, Townsville (Queensland, Australia), sponge clones were allowed 

to heal on the reef for 12 weeks.  The experiment consisted of four temperature treatments  (27, 30, 31 

and 32°C; range: ±0.2 °C) in three replicate 30 L flow-through aquaria per temperature, each holding 



135 
 

eight sponge clones. The experiment was conducted as described previously (Webster et al., 2008a), with 

random destructive sampling of one clone from each replicate tank per temperature at time points = 0, 1, 

3, 14 and 21 d.  After 3 d, the sponges in the 32°C treatment displayed signs of cell discharge and 

necrosis and by the fourth day all sponges in this treatment were considered dead. In the remaining 

treatments, temperatures were maintained for the first 14 d, and then all temperatures were returned to 

27°C for the final seven days of the experiment, as a recovery period. Samples were snap-frozen in liquid 

nitrogen immediately after collection, and maintained at –80°C before DNA and RNA extraction and 

analysis. Seawater samples (10 L) from each temperature at each time point were filtered through a 0.2 

µm sterivex filter (Durapore; Millipore) and frozen at -80°C. 

 

5.6.2 DNA and RNA extraction 

DNA and RNA were extracted from sponge samples as optimized previously (Simister et al., 2011).  

Briefly, tissue samples were homogenized using lysing matrix E tubes (MPBio) in combination with a 

Mini-Beadbeater (Biospec Products) and DNA and RNA were extracted using  a Qiagen AllPrep 

DNA/RNA Mini kit (Cat. #80204) according to the manufacturer's instructions.  Pure RNA was obtained 

by treatment with 3U RQ1 RNase-free DNase (Promega).  Purity and quantity of DNA and RNA was 

assessed using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and gel electrophoresis on 1% 

agarose gels containing 0.5 μg ml−1 ethidium bromide. RNA quality was further assessed using the 

Agilent 2100 Bioanalyzer RNA chip.  RNA was reverse-transcribed into cDNA using the SuperScript III 

First Strand Synthesis System (Invitrogen). To check that all DNA had been removed from RNA samples 

before RT-PCR, RNA extracts served as negative controls in a 16S rRNA-targeted PCR and did not yield 

any products.  Reverse transcription was carried out with random hexamer primers in 25 μl reactions, 

incubated at 50°C for 50 min and the reactions terminated after 5 min at 85°C. cDNA was stored at 

−20°C until further use. DNA and RNA were extracted from seawater filters by addition of 200 µl 

lysozyme (10 mg/ml), incubation at 37°C for 45 min, addition of 200 µl of proteinase K (0.2 mg/ml) in 
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1% SDS and incubation at 55°C for 1 h. Lysates were recovered into fresh Eppendorf tubes and nucleic 

acids extracted using the Qiagen AllPrep DNA/RNA Mini kit (Cat. #80204), according to the 

manufacturer’s instructions.  

 

5.6.3 454 amplicon sequencing  

Amplification primers were designed with FLX Titanium adaptors (A adaptor sequence CCA TCT CAT 

CCC TGC GTG TCT CCG AC) (B adaptor sequence CCT ATC CCC TGT GTG CCT TGG CAG TC) 

and a multiplex identifier (MID) sequence directly on the forward 16S primer sequence (Roche Applied 

Sciences): Forward primers contained the A adaptor and the reverse primers contained the B. The 16S 

rRNA-specific sequences (targeting the V4-V5 region) were 454MID_533F 

(GTGCCAGCAGCYGCGGTMA) and 454_907RC (CCGTCAATTMMYTTGAGTTT).  Touchdown 

PCR conditions were as follows: 3 min at 94°C followed by 20 cycles of 30 s at 94°C, 30 s at 60°C (-

0.5°C per cycle), 45 s at 72°C; 10 cycles of 30 s at 94°C, 30 s at 50°C, 45 s at 72°C; followed by a final 

extension of 10 min at 72°C.  For each sample PCR products were pooled (400 µl total, per sample) and 

purified with a QIAquick PCR Purification Kit (Qiagen) according to the manufacturer’s instructions.  

Amplicon quality was checked on an Agilent Bioanalyzer 2100 DNA 1000 chip (Agilent Technologies). 

The number of molecules for each sample was calculated using size (bp) and concentration (ng/mL) data 

from Qubit Quant-iT™ DNA high-sensitivity assay kit and a Qubit® fluorometer (Invitrogen) according 

to the manufacturer's instructions.  The Australian Genome Research Facility (www.agrf.com.au) 

performed the pyrosequencing on the Roche GS FLX system. 

 

5.6.4 Processing of raw sequence data 

Sequences were processed using a combination of Mothur (Schloss et al., 2009) and custom Perl scripts.  

Pyrosequencing flowgrams were filtered and denoised using the Mothur implementation of 

http://www.agrf.com.au/
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AmpliconNoise (Quince et al., 2011).  Sequences were removed from the analysis if they were <200 bp, 

contained ambiguous characters, had homopolymers longer than 8 bp, more than one MID mismatch, or 

more than two mismatches to the reverse primer sequence.  Unique sequences were identified with 

Mothur, aligned against a SILVA alignment (available at 

http://www.mothur.org/wiki/Silva_reference_alignment).  Sequences were chimera checked using 

UCHIME (Edgar et al., 2011), then grouped into 97% operational taxonomic units (OTUs) based on 

uncorrected pairwise distance matrices.  A representative sequence (defined in Mothur as the sequence 

which is the minimum distance to the other sequences in the OTU) of each OTU was used for the 

taxonomic assignment using customized Perl scripts, similar to a previously used approach (Webster et 

al., 2010; Schmitt et al., 2012b).  Briefly, for each tag sequence, a BLAST search (Altschul et al., 1990) 

was performed against a manually modified SILVA database (102 version, released February 2010) 

(Simister et al., 2012). Pairwise global alignments were performed between each of the 10 best hits 

against the tag sequence using a Smith–Waterman algorithm. The most similar sequence to the tag 

sequence (or multiple sequences if within a range of 0.1% sequence divergence) was then used for 

assignment. For assignment at phylum, class, order, family and genus level, respective sequence 

similarity thresholds of 75%, 80%, 85%, 90% and 95% were applied.  In cases where the taxonomy of the 

most similar sequences was inconsistent, a majority rule was applied and the tag was only assigned if at 

least 60% of all reference sequences shared the same taxonomic annotation at the respective taxonomic 

level.  All previously published, sponge-derived sequences in the SILVA reference database were labelled 

as such (Simister et al., 2012) and it was noted when a tag sequence was assigned to a sponge-specific 

(SC) and/or sponge coral-specific sequence cluster (SCC).  For assignment to an SC and/or SCC cluster a 

75% sequence similarity threshold was applied. 
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5.6.5 Multidimensional scaling (MDS) 

Read abundance values were normalized per phylum, per sample and imported into PRIMER 6 

(PRIMER-E, 2006).  MDS plots were created based on Bray-Curtis similarities, with 10000 iterations of 

bootstrapping.  Hierarchical clustering of similarities was performed using the CLUSTER method and 

this information was superimposed onto the plots to create contours designating thresholds of similarity.    

 

5.6.6 Determining the magnitude of changes in bacterial community 

structure  

The magnitude of change in bacterial abundance was calculated for each phylum per treatment by first 

normalising the number of reads per phylum, per sample.  Treatment temperature (31°C or 32°C) values 

were then divided by the relevant control values (27°C).  Fold changes were subsequently Log (base 2)-

transformed, so that positive (increases in relative abundance) and negative values (decreases) were 

weighted equally.  Log (base 2)-transformation also means that the mapping space is equal and that 

positive and negative fold changes are comparable.  The 50 OTUs with the largest negative or positive 

fold change were calculated as described above.  Values for all samples were then ranked and the top 50 

OTUs with the largest fold changes (be that positive or negative) were chosen for further analysis.  Data 

at both phylum and OTU level were visualized as heatmaps using JColorGrid (Joachimiak et al., 2006).  
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6. Sponge-microbe associations survive high nutrients and 
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6.1 Abstract 

Coral reefs are under considerable pressure from global stressors such as elevated sea surface 

temperature and ocean acidification, as well as local factors including eutrophication and poor water 

quality.  Marine sponges are diverse, abundant and ecologically important components of coral reefs 

in both coastal and offshore environments.  Due to their exceptionally high filtration rates, sponges 

also form a crucial coupling point between benthic and pelagic habitats.  Sponges harbor extensive 

microbial communities, with many microbial phylotypes found exclusively in sponges and thought to 

contribute to the health and survival of their hosts.  Manipulative experiments were undertaken to 

ascertain the impact of elevated nutrients and seawater temperature on health and microbial 

community dynamics in the Great Barrier Reef sponge Rhopaloeides odorabile.  R. odorabile exposed 

to elevated nutrient levels including 10 µmol/L total nitrogen at 31°C appeared visually similar to 

those maintained under ambient seawater conditions after 7 days.  The symbiotic microbial 

community, analyzed by 16S rRNA gene pyrotag sequencing, was highly conserved for the duration 

of the experiment at both phylum and operational taxonomic unit (OTU) (97% sequence similarity) 

levels with 19 bacterial phyla and 1743 OTUs identified across all samples.  Additionally, elevated 

nutrients and temperatures did not alter the archaeal associations in R. odorabile, with sequencing of 

16S rRNA gene libraries revealing similar Thaumarchaeota diversity and denaturing gradient gel 

electrophoresis (DGGE) revealing consistent amoA gene patterns, across all experimental treatments. 

A conserved eukaryotic community was also identified across all nutrient and temperature treatments 

by DGGE.   The highly stable microbial associations indicate that R. odorabile symbionts are capable 

of withstanding short-term exposure to elevated nutrient concentrations and sub-lethal temperatures. 

                                                                                                    .            
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6.2 Introduction 

The Great Barrier Reef (GBR) hosts high biodiversity and is the world’s largest coral reef ecosystem.  

At almost 2000 km long it was declared a World Heritage Area in 1981.  Degradation of coastal 

marine ecosystems is occurring globally due to over-fishing, declining water quality and climate 

change (Brodie and Waterhouse, 2012; Brodie et al., 2012). Despite the GBR’s protected status it is 

still exposed to anthropogenic and environmental pressures, making degradation due to terrestrial run-

off the focus of intense management efforts (Schaffelke et al., 2012).  Twenty-six major catchments, 

in which a wide range of industrial and agricultural activities take place, border the GBR (De'ath and 

Fabricius, 2010). Fertilisers used in cattle grazing, sugarcane production and horticulture can flow 

into the marine environment (Devlin and Brodie, 2005), with 80% of the total anthropogenic 

dissolved inorganic nitrogen (DIN) introduced into the GBR ecosystem thought to come from 

fertilisers (Table 6.1) (Brodie et al., 2012; Webster et al., 2012).  Moreover, nitrogen and phosphorus 

loads have increased by factors of approximately 6 and 9, respectively, since European settlement 

ca.1830 (Kroon, 2012).  Catchment areas in the GBR are characterized by distinct wet/dry seasonal 

rainfall and are subject to intense cyclonic rainfall over periods of days to a few weeks (Brodie and 

Furnas, 1996).  River discharge of nutrients into the GBR therefore occurs almost entirely in large 

pulse events or flood plumes (Devlin and Brodie, 2005; Brodie et al., 2010) which generally affect 

reefs within 20 km of the coast (~27% of all reefs).  The resulting elevated nutrient levels can be 2-

100 times higher than ambient (Brodie and Mitchell, 2005; Devlin and Brodie, 2005; Brodie et al., 

2010) but are relatively short-lived, detectable for only 3-14 days after flood plume events (Devlin, 

2001).  Cyclonic events are increasing in frequency and intensity, with the most recent on the GBR (in 

January 2011) delivering extremely high levels of nutrients from agricultural and urban catchments to 

the reef environment (Emanuel, 2005; Klotzbach, 2006; Crow, 2011).  Nutrient levels in ambient 

(non-flood) conditions are presented in Table 6.2. 
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Table 6.1: Total yearly inputs of anthropogenic nutrient loads into the GBR, (Brodie et al., 2012), (Kroon 
et al., 2012). 

Anthropogenic nutrient loads Tonnes/year 
Total nitrogen (TN) 80000 
Dissolved inorganic nitrogen (DIN) 11000 
Dissolved organic nitrogen (DON) 6900 
Particulate nitrogen (PN) 52000 
Total phosphorus (TP) 16000 
Dissolved inorganic phosphorus (DIP) 800 
Dissolved organic phosphorus (DOP) 470 
Particulate phosphorus (PP) 13000 

 

Table 6.2: The level of nutrients in ambient (non flood) waters, reported from Pelorus Island from 2005-
2011 (Schaffelke et al., 2012).  Parameters are in μM for dissolved inorganic nutrients (NH4, NO3), 
dissolved organic nitrogen, phosphorus and carbon (DON, DOP, DOC) and particulate nitrogen, 
phosphorus and organic carbon (PN, PP, POC).  

Nutrient NH
4
 NO

3
 DON PN DOP PP DOC POC 

 Ambient wet season 0.13 0.06 5.64 1.08 0.14 0.1 70.66 9.44 
Ambient dry season 0.04 0.03 5.49 0.74 0.17 0.06 59.25 6.93 

 

Marine sponges are important components of coastal and offshore coral reefs, exhibiting high 

diversity, high biomass and the ability to influence both benthic and pelagic processes (Bell, 2008).  

Sponges also harbour extensive microbial communities which can comprise up to 35% of sponge 

tissue volume and include bacteria, archaea and eukarya (Taylor et al., 2007; Hentschel et al., 2012).  

To date, 32 bacterial phyla and candidate phyla have been reported from sponges (Webster et al., 

2010; Schmitt et al., 2012a), with some phylotypes appearing to occur exclusively in sponges and not 

in the surrounding environment i.e. so-called sponge-specific clusters (SCs) or sponge- and coral-

specific clusters (SCCs) (Hentschel et al., 2002; Taylor et al., 2007; Simister et al., 2012; Taylor et al., 

2012).  In areas such as coral reefs, where dissolved nutrients and particulate organic matter are 

scarce, sponges may experience nitrogen limitation and symbiotic microorganisms are thought to 

contribute to nitrogen cycling within the host.  Both autotrophic (such as Cyanobacteria) and 

heterotrophic symbionts may contribute to the nitrogen budget of sponges by fixing atmospheric 
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nitrogen (Wilkinson and Fay, 1979; Weisz et al., 2007; Mohamed et al., 2008).  In low nutrient waters 

symbionts are thought to benefit by recycling nitrogenous waste excreted from the sponge host 

(Hentschel et al., 2012). Ammonia-oxidising bacteria (AOB) of the genera Nitrosospira and 

Nitrosococcus (Mohamed et al., 2010) and the ammonia-oxidising archaea (AOA), such as 

“Candidatus Cenarchaeum symbiosum” (Preston et al., 1996; Radax et al., 2012), which convert 

ammonia to nitrite, have all been identified in sponges.  Nitrite-oxidising bacteria (NOB) such as 

Nitrospina and Nitrospira have also been detected in many sponge species (Hentschel et al., 2002; 

Diaz et al., 2004; Bayer et al., 2008; Hoffmann et al., 2009; Off et al., 2010), as have denitrification 

and anaerobic ammonia oxidation (anammox) processes (Hoffmann et al., 2009; Schläppy et al., 

2010).  Symbiosis between nitrogen-transforming microbes and sponges influences not only the 

ecology of the host but also the wider reef ecosystem (reviewed by Fiore et al., 2010).   

  

Elevated nutrient levels have been highlighted as a cause of coral reef decline, with some studies 

reporting an increase in the severity of coral diseases such as aspergillosis and yellow blotch (Koop et 

al., 2001; Kim and Harvell, 2002; Bruno et al., 2003; Fabricius, 2005; Voss and Richardson, 2006; 

Looney et al., 2010; Kaczmarsky and Richardson, 2011). Additionally, both resilience (Garren et al., 

2009; Garren and Azam, 2012) and sensitivity of coral-microbial associations due to elevated nutrient 

levels have been reported (Kline et al., 2006; Smith et al., 2006; Thurber et al., 2009).  Despite the 

importance of sponge nitrogen cycling to coral reef ecosystems (Fiore et al., 2010), very little research 

has addressed the sensitivity of sponge–microbial partnerships to nutrient enrichment, with the effects 

of eutrophication more widely reported for free-living microbial communities.  In general, as the 

availability of nitrogen and phosphorus increases, phytoplankton and bacterial production increases 

which leads to a higher biological oxygen demand and increases the sedimentation rate of particulate 

matter (Nogales et al., 2011).  In the early stages of nutrient loading within Chesapeake Bay (Crump 

et al., 2007), bacterioplankton communities remain dominated by SAR11, SAR86 and 

picocyanobacteria, however as anoxic conditions develop the bacterial community shifts to anaerobic 

members of the Firmicutes, Bacteroidetes and sulphur-oxidising Gammaproteobacteria.  Another 

effect commonly observed in nutrient-rich environments is an increased abundance of prokaryotic 
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cells; in natural seawater amendments (e.g. the addition of nutrient-rich deep waters to nutrient-

depleted surface waters) an increase in the abundance of taxa such as SAR11 and marine 

Actinobacteria was reported (Morris et al., 2005; Carlson et al., 2009; Shi et al., 2012).  Several 

studies have also addressed the effect of nutrient addition on bacterial community structure in the 

marine environment (Schäfer et al., 2001; Carlson et al., 2002; Øvreås et al., 2003; Sipura et al., 2005; 

Teira et al., 2010), however results have been variable due to different experimental methodologies 

and the high spatial and temporal variability of free-living marine communities (Nogales et al., 2011).  

Despite the variable microbial responses to experimental nutrient amendments, few microbial 

communities have been shown to be resistant to change after environmental disturbance. 

 

Here we analyzed how the microbial community of the Great Barrier Reef sponge Rhopaloeides 

odorabile responded to experimental nutrient exposures under ambient and elevated seawater 

temperature.  While the interactive effects of multiple stressors have previously been explored in 

microbial biofilms (Witt et al., 2012), coral larvae (Negri and Hoogenboom, 2011), foraminifera 

(Uthicke et al., 2012), coral pathogens (Looney et al., 2010) and adult corals (Wiedenmann et al., 

2012), the impact of combined anthropogenic stressors on marine sponges was unknown.  Elevated 

seawater temperature has previously been shown to cause a shift in the dominant microbial 

community on marine sponges as well as a decline in sponge health (Lemoine et al., 2007; López-

Legentil et al., 2008; López-Legentil et al., 2010), with some mass mortality events concomitant with 

anomalies in sea surface temperature (Garrabou et al., 2009; Cebrian et al., 2011).  Previous 

experiments have demonstrated that adult R. odorabile exhibit necrosis and a loss of microbial 

symbionts within 72 h at 33°C (Webster et al., 2008), with a subsequent experiment confirming a 

narrow thermal threshold for the host and symbiont community between 31-32°C (Pantile and 

Webster, 2011; Simister et al., 2012b).  Here we investigated the combined effects of water quality 

and elevated seawater temperature by exposing sponges to a range of elevated nutrient levels under 

ambient (27°C) and sub-lethal (31°C) seawater temperatures.  
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6.3 Materials and Methods 

6.3.1 Sample collection and experimental design 

18 R.odorabile individuals were collected by SCUBA from Pelorus Island on the Great Barrier Reef 

(GBR), Australia (18° 32.710’ S, 146° 29.273’ E) in July 2010.  All necessary permits were obtained 

from the Great Barrier Reef Marine Park Authority for all of the described experimental studies.  

Donor sponges were cut into a total of 100 clones (each approximately 15 cm3) and randomly 

transferred to plastic racks which were secured with weights to the benthos (Louden et al., 2007). The 

sponge clones were allowed to heal on the reef for 12 weeks before collection and transportation to an 

indoor aquarium at the Orpheus Island Research Station on the GBR (18°36.5′ S, 146°29.4′ E).  

Previous research has shown that there is little variability of the microbial communities between 

replicate clones, that come from different donor individuals (Webster et al., 2011b).  The 

experimental design incorporated three nutrient levels, ambient (unamended seawater), low and 

medium, and 2 temperatures (27 and 31°C) in 3 replicate 30 L flow-through (400 ml/min) aquaria per 

nutrient/temperature exposure, each holding 7 sponge clones.  All tanks were illuminated using 

fluorescent tubes under a 12:12 h diurnal cycle at 80 μmol quanta m_2 s_1 to reflect light intensity at 

15m on the reef.  The experiment was conducted by randomly sampling one clone from each replicate 

tank, per treatment, at time points = 0, 1, 5, 7 and 12 days.   Treatments were maintained for the first 7 

days, then all nutrient dosing was stopped and temperatures were returned to 27°C for the final 5 days 

of the experiment, serving as a recovery period. Samples were snap-frozen in liquid nitrogen 

immediately after collection, and maintained at –80°C before DNA extraction and analysis.   

6.3.2 Nutrient concentrations and calculations 

This study used three nutrient levels: ambient (unamended seawater), low and medium.  Stock 

solutions of Thrive® water-soluble plant fertiliser (NPK; 27:5.5:9 and trace elements) were 

continuously delivered by peristaltic pump (1 ml/min) into 30 L aquaria to final concentrations of (1) 

total inorganic nitrogen - ambient 1.3 µmol/L, low 1.9 µmol/L and medium 4.7 µmol/L, and (2) total 

nitrogen - ambient 6.5 µmol/L, low 7.1 µmol/L and medium 10 µmol/L (Appendix D, Table D1a).  
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Nutrient levels were monitored throughout the experiment to ensure treatment levels were maintained 

(Appendix D, Table D1a).  Seawater samples for analysis of dissolved nutrients (DIN, TDN and 

DOC) were hand-filtered through a 0.45 μm filter cartridge (Sartorius MiniSart) into acid-washed 

screw-cap plastic test tubes and stored frozen until later analysis.  Samples for DOC analysis were 

filtered, acidified with 100 μL of HCl and stored frozen until analysis.  Seawater samples for 

determination of particulate nutrients were collected by vacuum filtration on pre-combusted glass-

fibre filters (Whatman GF/F). Filters were wrapped in pre-combusted aluminum foil envelopes and 

frozen until analysis.  Dissolved and particulate nutrient levels (ammonium, nitrite, nitrate, phosphate, 

DOC, PN, POC) were analysed by the water quality laboratory at the Australian  

Institute of Marine Science (AIMS, Townsville) (Appendix D, Table D1a).  Concentrations of 

dissolved inorganic nutrients and total dissolved nutrients were determined using a Bran and Luebbe 

AA3 segmented flow analyser using methods described by (Ryle VD et al., 1981).  Concentrations of 

dissolved organic nutrients were determined by subtraction of the respective dissolved inorganic 

components (following UV irradiation of the samples to oxidise organic matter) from the levels of 

total dissolved nutrients. 

6.3.3 DNA extraction 

All tissue samples were processed using an approach previously optimized for marine sponges 

(Simister et al., 2011).  Briefly, tissue samples were homogenised using lysing matrix E tubes 

(MPBio) in combination with a Mini-Beadbeater (Biospec Products).  For DNA extraction, a Qiagen 

AllPrep DNA/RNA Mini kit (Cat. #80204) was used according to the manufacturer's instructions.  

Purity and quantity of DNA were assessed using a NanoDrop 1000 spectrophotometer (Thermo 

Scientific) and gel electrophoresis of a 5 μL aliquot on a 1% agarose gel containing 0.5 μg ml−1 

ethidium bromide. DNA was extracted from seawater filters by addition of 200 µL lysozyme (10 

mg/ml), incubation at 37°C for 45 min, addition of 200 µL of proteinase K (0.2 mg/ml) in 1% SDS 

and incubation at 55°C for 1 h. Lysates were recovered into fresh Eppendorf tubes and nucleic acids 

extracted using the Qiagen AllPrep DNA/RNA Mini kit (Cat. #80204). 
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6.3.4 Denaturing gradient gel electrophoresis (DGGE) 

6.3.4a 16S rRNA gene – Bacteria 

The 16S rRNA genes from each sponge clone and seawater sample were amplified by PCR with 

primers 1055f: 5’-ATGGCTGTCGTCAGCT-3’ and 1392r: 5’-ACGGGCGGTGTGTAC-3’ (Ferris et 

al., 1996).  The reverse primer was modified to incorporate a 40 bp GC clamp (Muyzer et al., 1993). 

Cycling conditions were: 3 min at 95 °C, followed by 30 cycles of 1 min at 94 °C, 1 min at 54 °C, 3 

min at 72 °C, with a final extension of 7 min at 72 °C.  

6.3.4b amoA gene from ammonia-oxidizing archaea (AOA) 

The amoA gene from ammonia-oxidizing archaea (AOA), which encodes for the catalytic subunit of 

ammonia monooxygenase (Wuchter et al., 2006), was targeted by amplifying a ~635 bp fragment of 

the amoA gene using primers Arch-amoAF 5’-STAATGGTCTGGCTTAGACG-3’ and Arch-amoAR 

5’-GCGGCCATCCATCTGTATGT-3’ (Francis et al., 2005).  The reverse primer was modified to 

incorporate a 40 bp GC clamp (Muyzer et al., 1993).  Cycling conditions were: 5 min at 95°C, 

followed by 30 cycles of 45 s at 95°C, 55 s at 55°C, 1 min at 72°C followed by a final extension of 5 

min at 72°C.  Amplification of ammonia-oxidizing bacteria (AOB) produced fragments of many 

different sizes so these data were excluded from further analysis.     

6.3.4c 18S rRNA gene – Eukarya 

Changes in the eukaryotic microbial community in response to nutrient and temperature treatment 

were assessed using a eukaryote-specific primer set for the 18S rRNA gene.  A subset of samples; 

Day 0 (control), Day 7 (ambient, low and medium nutrient exposures at both 27 and 31°C), with three 

replicates from each treatment, was screened by DGGE.  The 18S rRNA gene was amplified by PCR 

with eukaryote-specific primers NS1f: 5’-GTA GTC ATA TGC TTG TCT C-3’ and NS2r: 5’- GGC 

TGC TGG CAC CAG ACT TGC-3’ (White et al., 1990).  The reverse primer was modified to 

incorporate a 40 bp GC clamp (Muyzer et al., 1993).  Cycling conditions were: 3 min at 95°C, 

followed by 30 cycles of 30 s at 95°C, 30 s at 55°C, 1 min at 72°C followed by a final extension of 7 

min at 72°C. 
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Products from all PCR reactions were applied to 8% w/v polyacrylamide (37.5:1) gels containing 

denaturing gradients made from formamide and urea.  16S rRNA-bacterial and amoA-gene gels 

contained a gradient of 50–70%, while 18S rRNA gels had a 30-70% gradient.  Gels were 

electrophoresed at 60 °C for 17 h in 1 x TAE (Tris-acetic acid EDTA) buffer at 65 V using the Ingeny 

D-Code system. Gels were stained with 1 x Sybr Gold for 30 min, visualized under UV illumination 

and photographed (Quantity One; Bio-Rad, Gladesville, New South Wales, Australia).   

 

6.3.5 Multidimensional scaling (MDS) 
Banding patterns from DGGE were transformed into presence/absence matrices and imported into 

PRIMER 6 (PRIMER-E, 2006, Ltd).  MDS plots were created based on Bray-Curtis similarities, with 

10000 iterations of bootstrapping.  Hierarchical clustering of similarities was performed using the 

CLUSTER method and this information was superimposed onto the plots to create contours 

designating thresholds of similarity.    

 

6.3.6 Amplification, cloning, and sequencing of 16S rRNA genes from 

Archaea 

Archaeal diversity in Day 7 ambient nutrient exposures was compared to Day 7 medium nutrient 

exposures, by clone library analysis.  Two clone libraries were created (one for ambient and one for 

medium nutrient exposures) by combining all replicate sponges (A, B, C) and temperatures (27 and 

31°C) within each of the ambient (n=6) and medium (n=6) nutrient treatments from Day 7.  A portion 

of the archaeal 16S rRNA gene was amplified using the primers 21F 5’ 

TTCCGGTTGATCCYGCCGGA-3’ and 958R 5’TCCGGCGTTGAMTCCAATT-3’ (DeLong, 1992).  

Cycling conditions were 94°C for 1.5 min, 30 cycles of 94°C for 1 min, 54°C for 1.5 min, and 72°C 

for 2 min, and a final extension of 5 min at 72°C.  Cloning was performed using the P-GemT Easy 

vector kit (Promega, Inc, Madison WI, USA) according to the manufacturer’s instructions.  Clones 
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containing the correct-sized insert were analyzed using amplified ribosomal DNA restriction analysis 

(ARDRA) (Martinez-Murcia et al., 1995; Smit et al., 1997).  Restriction enzymes HhaI and HaeIII 

were used to analyze the diversity of archaeal 16S rRNA genes in each clone library.  Digests were 

performed using 5 µL of PCR template with 1 µL of the respective enzyme and 3 µL of reaction 

buffer for 3 h at 37°C, followed by 20 min at 80°C to halt the reaction.  Digested products were 

visualised on a 2% agarose gel to obtain ARDRA profiles.  One to two clones representing each 

ARDRA banding pattern were selected for sequencing, which was performed on a capillary sequencer 

(Macrogen Inc, Seoul, South Korea).  

6.3.6a Phylogenetic analysis of archaea 

Archaeal 16S rRNA gene sequences were compared to available databases using the Basic Local 

Alignment Search Tool (BLAST) (Altschul et al., 1990) to determine approximate phylogenetic 

affiliations.  Chimeric sequences were identified using UCHIME (Edgar et al., 2011) implemented in 

the program MOTHUR (Schloss et al., 2009).  Sequences were aligned using the SINA Web Aligner 

(Ludwig et al., 2004) and then imported into the ARB programme package for manual editing using 

the SILVA database (Simister et al., 2012).  All subsequent phylogenetic analyses were performed in 

ARB.   Maximum likelihood algorithms were used to calculate a phylogenetic tree, with maximum 

parsimony-based bootstraps (1000 resamplings) also calculated to assess the stability of observed 

branching patterns.   

 

6.4.7 454 pyrosequencing 

A subset of samples (day 0 control and day 7 samples from all treatments) was screened by 454 

pyrotag sequencing.  Amplification primers were designed with FLX Titanium adapters.  Forward 

primers contained the A adapter (CCA TCT CAT CCC TGC GTG TCT CCG AC) and the reverse 

primer contained the B (CCT ATC CCC TGT GTG CCT TGG CAG TC).  A multiplex identifier 

(MID) was added to each of the forward 16S primer sequences (Roche Applied Sciences).  The 16S 

rRNA- Bacterial specific sequences (targeting the V4-V5 region) were 454MID_533F 
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(GTGCCAGCAGCYGCGGTMA) and 454_907R (CCGTCAATTMMYTTGAGTTT).  Touchdown 

PCR conditions were as follows:  3 min at 94°C followed by 20 cycles of 30 s at 94°C,  30 s at 60°C 

(-0.5°C per cycle), 45 s at 72°C.  This was followed by a further 10 cycles of 30 s at 94°C, 30 s at 

50°C, 45 s at 72°C, with a final extension of 10 min at 72°C.  For each sample PCR products were 

pooled from multiple reactions (100 µL total) and purified using AMPure XPbeads (Agencourt, 

Beckman Coulter, USA).  Amplicon quality was checked on an Agilent Bioanalyzer 2100 DNA 1000 

chip (Agilent Technologies). The number of molecules for each sample was calculated using size (bp) 

and concentration (ng/mL) data from the Qubit Quant-iT™ DNA high-sensitivity assay kit and 

a Qubit® fluorometer (Invitrogen) according to the manufacturer's instructions.  Pyrosequencing was 

performed using a 454/Roche GS Junior instrument (Roche, NJ, USA) at the School of Biological 

Sciences, University of Auckland, under the auspices of New Zealand Genomics Limited. 

 

6.3.8 Processing of raw sequence data 

Sequences were processed using a combination of Mothur and custom PERL scripts (Schloss et al., 

2009). Pyrosequencing flowgrams were filtered and denoised using the Mothur implementation of 

AmpliconNoise (Quince et al., 2011).  Sequences were removed from the analysis if they were <200 

bp, contained ambiguous characters, had homopolymers longer than 8 bp, more than one MID 

mismatch, or more than two mismatches to the reverse primer sequence.  Unique sequences were 

identified with Mothur, aligned against a SILVA alignment (available at 

http://www.mothur.org/wiki/Silva_reference_alignment).  Sequences were chimera checked using 

UCHIME (Edgar et al., 2011), then grouped into 97% operational taxonomic units (OTUs) based on 

uncorrected pairwise distance matrices.  A representative sequence (defined in Mothur as the 

sequence with the minimum distance to the other sequences in the OTU) of each OTU was used for 

the taxonomic assignment using custom PERL scripts, similar to a previously used approach (Webster 

et al., 2010; Schmitt et al., 2012b).  For each tag sequence, a BLAST search (Altschul et al., 1990) 

was performed against a manually modified SILVA database (Simister et al., 2012). A Smith-

Waterman algorithm was used to create pairwise global alignments between the 10 best hits against a 
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tag sequence. For assignment the most similar sequence to the tag sequence (or multiple sequences if 

within a range of 0.1% sequence divergence) was used.  Sequence similarity thresholds of 75%, 80%, 

85%, 90% and 95% were applied for assignment at phylum, class, order, family and genus level, 

respectively.  In cases where the taxonomy of the most similar sequences was inconsistent, a majority 

rule was applied and the tag was only assigned if at least 60% of all reference sequences shared the 

same taxonomic annotation at the respective taxonomic level.  All previously published, sponge-

derived sequences in the SILVA reference database were labelled as such (Simister et al., 2012) and it 

was noted when a tag sequence was assigned to a sponge-specific (SC) and/or sponge coral-specific 

sequence cluster (SCC).  For assignment to an SC and/or SCC cluster a 75% sequence similarity 

threshold was applied. 

 

6.3.9 Determining the magnitude of changes in bacterial community 

structure  

The magnitude of change in bacterial community structure was calculated for the 50 OTUs with the 

largest fold-change (positive or negative) by first normalising the number of reads per OTU, per 

sample and the values from three replicates were averaged.  Treatment Day 7 values were then 

divided by Day 0 control values.  Fold changes were subsequently Log (base 2)-transformed, so that 

positive (increases in relative abundance) and negative values (decreases) were weighted equally.  

Log (base 2)-transformation also means that the mapping space is equal and that positive and negative 

fold changes are comparable.  Values for all samples were then ranked and the top 50 OTUs with the 

largest fold changes (be that positive or negative) were chosen for further analysis.  Data was 

visualized as heatmaps using JColorGrid (Joachimiak et al., 2006).  

6.4 Results 

Nutrient exposures were selected using inshore data reported from the northern GBR and from 

previous research which demonstrated that our chosen exposure levels can cause stress in corals 



160 
 

(Tables 6.1 and 6.2) (Bruno et al., 2003; Kline et al., 2006; Humphrey et al., 2008; Thurber et al., 

2009).  Our highest nutrient treatment levels resulted in 9-fold, 7.5-fold, 7-fold and 2.1-fold 

enrichments of ammonium, phosphate, nitrite and nitrate respectively (recorded from ambient 

exposures over the duration of the experiment (Appendix D, Table D1b).   

R. odorabile clones exposed to all nutrient and temperature treatments remained visibly healthy 

throughout the duration of the experiment (Appendix D, Figure D1).  16S rRNA gene-targeting 

DGGE was used to screen all samples for changes in dominant members of the bacterial community.  

Most DGGE bands were highly conserved across all sponge clones, time periods, and nutrient / 

temperature exposures, revealing that microbial community composition is largely unaffected by the 

combined effects of elevated nutrients and sub-lethal temperature.  A multidimensional scaling 

(MDS) plot combined with cluster analysis of DGGE profiles (Figure 6.1) revealed no clustering 

according to experimental treatment, with at least 80% similarity detected between all samples. As 

sponge health and the dominant microbial community did not appear to change at the highest nutrient 

/ temperature treatment, only a subset of samples (day 0 control and day 7 samples from all 

treatments) were screened by 454 pyrotag sequencing to assess whether changes occur in the rare 

microbial biosphere.  
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Figure 6.1: MDS (multidimensional scaling) ordination of bacterial communities amongst samples as 
derived from 16S rRNA-DGGE profiles.  Banding patterns were transformed into a presence (scored as 
1)/absence (scored as 0) matrix.  MDS plots were generated using distance matrices to represent the 
relative distance between individual samples.  Colours represent nutrient treatments: blue= control, 
green= ambient, yellow= low and red= medium nutrient level exposure.  (X) Represents 27°C-exposed 
sponges, (    ) represents 31°C-exposed sponges.  T = sampling time point and REC = recovery period 
(ambient nutrient levels and seawater temperatures).  The final stress value of the plot was 0.21.  Cluster 
analyses for similarity are indicated by colored contours at 80-85% similarity.   

 

6.4.1 Nutrient and sub-lethal thermal stress effects on the bacterial 

biosphere 

After noise reduction and quality filtering (see Material and Methods) a total of 35757 sequences was 

obtained from a total of 15 samples, with mean = 2384 (± 346 (1SD)) sequences per sample 

(Appendix D, Table D2).  For each sample, less than 0.05% (±0.07 (1SD)) of reads were 

taxonomically unassigned at phylum level.  In total, 1743 OTUs (97% sequence similarity, Appendix 

D, Table D2) were identified, affiliated with 19 bacterial phyla.  Rarefaction curves (Appendix D, 

Figure D2) indicated that, while further sequencing would have yielded a greater number of OTUs, 
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diversity coverage was high with most curves approaching asymptotes.  With the exception of sample 

727LC, the observed number of OTUs was similar across all samples between 210-339 OTUs 

(Appendix D, Table D2).  

 

Phylum-level composition of bacterial communities was highly conserved across all samples (Figure 

6.2).  The dominant phyla were Chloroflexi, Proteobacteria, “Poribacteria” and Sponge-Associated 

Unidentified Lineage (SAUL), representing on average 29, 26, 14, and 12% of sequences, 

respectively, across all samples.  Within the Proteobacteria most sequences were either Delta- or 

Gammaproteobacteria (13 and 10% respectively of total bacterial sequences).  Phyla that were less 

abundant but found in all samples included the Acidobacteria (5%), Actinobacteria (5%) and 

Gemmatimonadetes (5%).  Replicates from each treatment exhibited highly conserved bacterial 

community compositions, except for sample 727LC, which harbored the majority of phyla detected in 

the other samples but in markedly different proportions.  Notably, the Gemmatimonadetes increased 

in proportion (27%) and there were very few “Poribacteria” (0.71%) in sample 727LC.   Comparison 

of bacterial community composition of individual samples was tested, at the OTU level, using a non-

metric multidimensional scaling (NMDS) plot, which showed all samples clustered tightly together 

with only sample 727LC separating on the ordination (Appendix D, Figure D3, stress= 0.09, R2 = 

0.97).  Unweighted Unifrac (Lozupone and Knight, 2005) analysis also revealed there were no 

significant differences between treatments at the OTU level.  The 50 OTUs with the largest number of 

reads as determined by pyrosequencing were calculated (Appendix D, Figure D4) and together 

represented a range between 66-84% of total reads across all samples.  These results support the 

phylum-level composition data, with most of the top 50 OTUs affiliated with the Chloroflexi, 

Proteobacteria and “Poribacteria”, and abundances of individual OTUs were highly similar across 

all treatments.  The primary differences occurred in replicate 727LC, which had a very high 

abundance of reads (34% in total) assigned to OTU0014 (Gemmatimonadetes), OTU0024 

(Gemmatimonadetes) and OTU0084 (Chloroflexi).   
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Figure 6.2: Distribution of 454 amplicon reads per phylum across nutrient/temperature treatments.  The 
number of reads per phylum is calculated as a percentage of the total reads in each sample.  Samples are 
grouped in replicates (A, B, C), according to nutrient (ambient or medium)/ temperature exposure (27 or 
31°C) and ordered by sampling date (Days 0 and 7).  *SAUL (sponge-associated unidentified lineage 
(Schmitt et al., 2012b)).  NA (not assigned). 

 

As no substantial shifts in bacterial community composition at phylum or OTU level were observed in 

any other sample, values were calculated for the 50 OTUs with the largest (negative or positive) fold 

change, per nutrient / temperature exposure relative to Day 0 controls (Figure 6.3).  Most of the top 50 

OTU fold changes occurred in the Chloroflexi (30% of the top 50 fold-changes), Proteobacteria 

(26%) and “Poribacteria” (20%).  Some trends were observed across all samples, for example OTUs 

belonging to the Gemmatimonadetes increasing in abundance and Deltaproteobacteria OTUs 

decreasing in abundance across all samples.  Two OTUs (0088 and 0316) in the Actinobacteria only 

showed positive fold changes (abundance increases) in sponge clones exposed to the high nutrient 

treatments.  BLAST searches revealed that these OTUs were closely affiliated to other sponge 

symbionts (data not shown).  However, overall no major shifts in OTU fold change occurred due to 

elevated nutrient levels (with/without temperature treatment).   
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Figure 6.3: Heatmap of the 50 OTUs (from Day 7) with the largest negative or positive fold-change from 
Day 0 controls.  Averages of three replicates were used for fold-change calculations.  Treatment (ambient 
or medium nutrient exposure / 27°C or 31°C) values were divided by the relevant control values (Day 0).  
Fold-changes were Log (base 2)-transformed, so that positive (increases in relative abundance) and 
negative values (decreases) were weighted equally.  Key: Black squares representing no change from 
control value, red scale representing positive fold changes, blue scale representing negative fold changes 
and white squares indicating no data in control or treatment. 
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The proportion of reads assigned to one of the previously described SCs/SCCs (Simister et al., 2012) 

was highly similar across all nutrient and temperature exposures (Appendix D, Figure D5a) (63%-

83% ).  Except for replicate sample 727LC, most SC clusters belonged to the Chloroflexi, 

Proteobacteria and “Poribacteria” (Appendix D, Figure D5b) and the majority of SCC were assigned 

to the Chloroflexi, Gemmatimonadetes and Alphaproteobacteria (Appendix D, Figure D5c). Of the 

top 50 OTUs with the largest (negative or positive) fold-change, 64% fell into SC/SCC clusters, 

mostly within these same phyla. 

 

6.4.2 Nutrient and sub-lethal thermal stress effects on archaeal 

community structure 

To determine the diversity of archaeal sequences, two 16S rRNA gene libraries were created, one 

from sponge clones kept in ambient nutrient conditions and a second from sponges exposed to the 

medium nutrient treatment. A total of 171 clones were screened by ARDRA analysis.  ARDRA 

patterns revealed five unique OTUs (Figure 6.4), all associated with Thaumarchaeota (previously 

called Crenarchaeota Marine Group I).  OTU1 and OTU2 were present in both ambient and medium 

nutrient treatment libraries, with OTU1 dominating both libraries (ambient = 93% and medium = 

90%) and clustering with archaea previously reported from healthy R. odorabile.  The ARDRA 

pattern that gave rise to OTU2 produced two distinct clusters (OTU2A and OTU2B), with OTU2B 

only present in the ambient nutrient library at 2%.   The least common ARDRA patterns gave rise to 

OTUs 3 and 4, which were only present in the medium nutrient clone libraries at 1% each, with OTU4 

related to Cenarchaeum symbiosum (Preston et al., 1996).   
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Figure 6.4: Maximum likelihood phylogenetic tree from analysis of 16S rRNA gene sequences of archaeal 
clone libraries.  The tree is constructed based on long (≥ 1200 bp) sequences only; shorter sequences were 
added using the parsimony interactive tool in ARB and are indicated by dashed lines. Filled circles 
indicate bootstrap support (maximum parsimony, with 1000 resamplings) of ≥ 90%, and open circles 
represent ≥ 75% support.  Bar, 10% sequence divergence. Sequences from medium nutrient clone library 
are in red and ambient library in green.  Blue sequences represent archaea previously reported from 
healthy R. odorabile (Webster et al., 2001).  The proportion of each OTU from treatment libraries (red or 
green) are in parentheses.  
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To determine whether nutrient enrichment altered potential functionality we also targeted the amoA 

gene in ammonia-oxidizing archaea (AOA) using DGGE.  Variations in DGGE banding patterns were 

not correlated with any time points, nutrient or temperature treatments.  MDS plots (Figure 6.5) 

clustered all samples together with at least 70% similarity, confirming that differences in AOA 

diversity are not related to nutrient or temperature stress.  

 

 

Figure 6.5:  MDS (multidimensional scaling) ordination of R. odorabile  -derived archaeal amoA genes as 
derived from  DGGE profiles.  Banding patterns were transformed into a presence (scored as 1)/absence 
(scored as 0) matrix.  MDS plots were generated using distance matrices to represent the relative distance 
between individual samples. Colours represent nutrient treatments: blue= control, green= ambient, 
yellow= low and red= medium nutrient level exposure.  (X) Represents 27°C-exposed sponges, (   ) 
represents 31°C-exposed sponges.  T = sampling time point and REC = recovery period (ambient nutrient 
levels and seawater temperatures).  The final stress value of the plot was 0.18.  Cluster analyses for 
similarity are indicated by colored contours at 70-80% similarity.   
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6.4.3 Nutrient and sub-lethal thermal stress effects on community 

structure of microbial eukaryotes 

The majority of eukaryote-specific DGGE banding patterns were highly conserved regardless of 

nutrient / temperature treatment.  MDS plots of DGGE banding pattern profiles confirmed eukaryotic 

community composition was highly similar across all treatments (Figure 6.6) and all samples 

clustered together with at least 75% similarity.   

 

Figure 6.6:  MDS (multidimensional scaling) ordination of the eukaryotic microbial communities of R. 
odorabile as derived from DGGE profiles.  Banding patterns were transformed into a presence (scored as 
1)/absence (scored as 0) matrix.  MDS plots were generated using distance matrices to represent the 
relative distance between individual samples.  Colours represent nutrient treatments: blue= control, 
green= ambient, yellow= low and red= medium nutrient level exposure.  (X) Represents 27°C-exposed 
sponges, (   ) represents 31°C-exposed sponges.  The final stress value of the plot was 0.03.  Cluster 
analyses for similarity are indicated by colored contours at 75-80% similarity.   
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6.5 Discussion 

Rhopaloeides odorabile clones exposed to the combined effects of elevated nutrient levels and 

seawater temperature appeared visually similar to those maintained under ambient seawater 

conditions.  The microbial communities of R. odorabile were not significantly affected by these 

environmental stressors, indicating that this sponge species is capable of withstanding short-term 

exposure to elevated nutrient concentrations and sub-lethal temperatures.   R. odorabile is found 

throughout the GBR, occurring on inner-, mid- and outer-reef locations (Bannister, 2008; Bannister et 

al., 2010).  The broad distribution of R. odorabile throughout the GBR exposes this species to a well-

defined water quality gradient, with inner reef sponges experiencing higher nutrient loads, particularly 

during flood events, compared to mid and outer reef sponges (Devlin and Brodie, 2005; Bainbridge et 

al., 2012).  While reproductive output has been reported to decrease in female R. odorabile from inner 

reefs compared to outer reefs, these changes could not be directly linked to elevated nutrients or water 

turbidity (Whalan et al., 2007).  Many cases have shown that microbial communities are sensitive to 

environmental perturbation (Allison and Martiny, 2008; Nogales et al., 2011).  The evidence 

presented here, however, suggests that microbial communities within R. odorabile can resist these 

nutrient perturbations, even at temperatures of 31°C 

 

Eutrophication and poor water quality are major concerns for reef ecosystems globally.  In addition to 

local factors, coral reefs are also faced with global stressors including elevated sea surface 

temperatures and ocean acidification (Hoegh-Guldberg et al., 2007; Pandolfi et al., 2011).   Despite 

this, the interacting effects of multiple environmental stressors on marine invertebrates are seldom 

investigated.  Ambient levels of nitrogen and phosphorus recorded over the duration of the experiment 

were higher than those for nearby reefs, which is potentially due to input from the Orpheus Island 

Research Station.  Sponges were exposed to nutrient concentrations 9-fold, 7.5-fold, 7-fold and 2.1-

fold (ammonium, phosphate, nitrite and nitrate concentrations, respectively) above ambient yet 

showed no adverse health effects or changes in symbiosis.   These results are further supported by a 

recent study that found nutrient enrichment does not affect the sponge Aplysina cauliformis or its 
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symbiont community (Gochfeld et al., 2012).  Healthy and Aplysina Red Band Syndrome (ARBS)-

affected A. cauliformis were exposed to nutrient-enriched conditions (up to 4.8-fold and 2.1-fold 

increases of nitrate and phosphate respectively, from ambient levels over 7 days).  A combination of 

terminal restriction fragment length polymorphism (T-RFLP), histology and chlorophyll fluorescence 

measurements (Gochfeld et al., 2012) revealed no change in the bacterial communities of healthy 

sponges, nor an enhanced rate of disease progression in ARBS-affected sponges.  However, nutrient 

enrichment levels similar to those in this experiment have been shown to exacerbate the onset and 

severity of coral diseases, including Black Band Disease (Voss and Richardson, 2006), Aspergillosis 

and Yellow Band Disease (Bruno et al., 2003). Although the mechanisms are unknown, this may be 

due to an enhancement of microbial growth rates (Kline et al., 2006) and/or increased pathogen 

virulence (Kim and Harvell, 2002; Bruno et al., 2003).   

 

The microbial community of R. odorabile analyzed by 454 pyrotag sequencing was highly conserved 

for the duration of the experiment at both phylum and OTU levels.  Consistent with other sponge 

amplicon pyrosequencing studies (Webster et al., 2010; Lee et al., 2011; Schmitt et al., 2012a; 

Schmitt et al., 2012b), communities were dominated by Chloroflexi, Proteobacteria, “Poribacteria” 

and SAUL at both the phylum and OTU level.  Whilst the abundance data and fold change data for 

the majority of OTUs showed little correlation with particular nutrient/temperature treatments, 

replicate C at time 7 days, seawater temperature 27°C and ambient concentrations of nutrients was an 

exception. In 727LC the differences were attributed to two Gemmatimonadetes OTUs and one OTU 

within the Chloroflexi.  Given the high similarity of all other replicates and that this clone appeared 

visibly healthy, it is possible that this anomaly was a consequence of associated infauna being 

inadvertently sequenced with the sponge tissue.  Sponge-specific clusters (SC) and sponge-coral-

specific clusters (SCC) (Hentschel et al., 2002; Taylor et al., 2007; Simister et al., 2012) are 

monophyletic clusters of 16S rRNA sequences found only in sponges (or sponges and corals) and not 

the surrounding environment such as seawater or sediments.  We saw neither a significant increase 

nor decrease in the proportion of reads assigned to SCs or SCCs, with approximately 70% of all reads 

assigned to these clusters per sample across all treatments.  Even though the roles of SCs/SCCs are 
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still largely uncharacterized, it is predicted that their loss would be detrimental to the health and 

survival of the host sponge (Webster et al., 2011a).   

 

Nutrient enrichment and sub-lethal temperature stress did not alter the symbiotic archaeal associations 

within R. odorabile.  Archaeal sequences were affiliated with Thaumarchaeota, which is consistent 

with archaeal sequences previously found in this species and in other sponge studies (Webster et al., 

2001; Meyer and Kuever, 2008; Steger et al., 2008).  To address changes in community composition 

and potential functionality of sponge-associated archaea due to elevated nutrients and temperature, we 

also screened samples for changes in the amoA gene. In AOA and AOB the AmoA enzyme catalyses 

aerobic oxidation of ammonia to nitrite (the first step of nitrification).  Analysis by qPCR in both the 

marine and terrestrial environment has suggested that AOA outnumber AOB (Leininger et al., 2006; 

Wuchter et al., 2006; Mincer et al., 2007) and this is also the case in at least some cold water marine 

sponges (Radax et al., 2012).  In this study the highest level of ammonium that sponges were exposed 

to was 9-fold higher than ambient levels.  However, no shifts in the composition of AOA could be 

correlated with nutrient or temperature treatment, indicating that the diversity of AOA is stable under 

multiple environmental stressors.   

 

Marine eukaryotic microbial communities mainly consist of algae, protozoa and marine fungi which 

play important roles in microbial food webs and in nutrient cycling (Hyde et al., 1998; Chen et al., 

2003).  Within marine sponges, diatoms, dinoflagellates and fungi are known to live symbiotically 

although their functional roles within the sponge remain unclear (Wilkinson, 1992; Taylor et al., 

2007). The effects of eutrophication on free-living eukaryotic microbial communities are widely 

reported: as the availability of nitrogen and phosphorus increases, primary production by algae is 

stimulated and the structures of phytoplankton communities change (Riegman, 1995; Caron et al., 

2000; Meyer-Reil and Köster, 2000; Masó and Garcés, 2006).  Ultimately these changes lead to 

increased turbidity in the water column coupled with oxygen depletion, which can greatly affect 

benthic communities (Meyer-Reil and Köster, 2000).  Whilst the effect of nutrient amendment on 

host-associated microbial communities is less understood, nutrient enrichment studies with corals 
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have shown increases in zooxanthellae abundance and indicate that these cells have preferential 

access to available CO2 which is then used for photosynthesis.  Within the sponge Cymbastela 

concentrica, nutrient enrichment had no effect on symbiotic micro-algal growth as detected via 

chlorophyll concentration and sponge growth rate (Roberts et al., 2006).  In the current study, the 

conserved eukaryotic community in R. odorabile across all nutrient and temperature treatments 

further highlights the stability of microbial associations within this sponge species.   Based on 

eutrophication studies with free-living systems, one possible scenario resulting from nutrient elevation 

is an increase in the relative abundance of some species (particularly photosynthetic organisms).  

However, further exploration is required to investigate this.     

 

Here we exposed sponges to seawater temperatures of 31°C which, based on Intergovernmental Panel 

on Climate Change (IPCC) scenarios, will occur before 2100 (IPCC, 2007).  Previous studies 

assessing the response of R. odorabile to thermal stress have indicated sub-lethal effects at 31°C, 

including activation of the heat shock protein system (Pantile and Webster, 2011) and a significant 

decrease in flow rate, filtration efficiency and choanocyte chamber density (Massaro et al., 2012).  

Whilst the bacterial community of R. odorabile is highly stable at 31°C, higher seawater temperatures 

cause a shift in the symbiont community which is concomitant with host tissue necrosis and mortality 

after four days at 32°C or three days at 33°C (Simister, et al., 2012; Webster et al., 2008)).   Whilst 

anthropogenic stressors such as water pollution have been shown to negatively interact with elevated 

seawater temperature, reducing coral larval metamorphosis (Negri and Hoogenboom, 2011) and 

increasing the persistence of the coral pathogen Serratia marcescens (Looney et al., 2010), sub-lethal 

thermal stress in the current study did not increase the susceptibility of R. odorabile to elevated 

nutrients.  Research on coral bleaching thresholds has identified higher temperature sensitivity after 

exposure to increased DIN concentrations (Wooldridge, 2009).  With a recent study confirming that 

increased DIN, combined with limited phosphate concentrations, increases the susceptibility of corals 

to temperature- and light-induced bleaching.  This is thought to occur due to an imbalanced DIN 

supply causing phosphate starvation of the symbiotic zooxanthellae (Wiedenmann et al., 2012).  In 
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contrast, sub-lethal thermal stress in the current study did not appear to increase the susceptibility of 

R. odorabile to elevated nutrients.   

 

  

Our study generated nutrient enrichment levels that are known to occur during major flood plume 

events and which have a destabilizing effect on the host-symbiont relationship in corals. The different 

response of sponges and corals to nutrient treatment may relate to the short timescale of exposure 

used in our study.  However, the time scale of this study reflects real-time dispersal rates of elevated 

nutrients in the GBR environment.  Many studies have reported the detrimental impacts of various 

water quality parameters on sponges and corals directly (Gerrodette and Flechsig, 1979; Ferrier-Pagès 

et al., 2000; Bruno et al., 2003; Cervino et al., 2006; Voss and Richardson, 2006; Whalan et al., 2007; 

Humphrey et al., 2008; Kaczmarsky and Richardson, 2011; Bannister et al., 2012).  In contrast, we 

report for the first time the effects of multiple environmental stressors on the important partnerships 

that reef invertebrates form with symbiotic microbes. We detected no changes in the bacterial, 

eukaryotic or archaeal community from any of the nutrient and/or temperature treatments, indicating 

that R. odorabile will be able to withstand nutrient pulses associated with flood plume events that are 

becoming more frequent in occurrence and severity (Emanuel, 2005; Crow, 2011; Bainbridge et al., 

2012; Brodie et al., 2012).  By assessing multiple stressors in combination, this study provides a first 

step for environmentally relevant sponge stress assessments which will enhance management 

strategies for GBR sponge populations.    
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7. General discussion 

The aim of this thesis was to investigate the specificity, stability and community-level ecology of 

marine sponge-microbe associations.  This thesis topic was stimulated by the recent research interest 

in marine sponges, due to the discovery that they are associated with a diverse range of 

microorganisms.   A plethora of questions relating to the ecology, evolution and biotechnology 

perspectives of such systems have emerged.  In this discussion, I will draw together the various 

strands of my research and consider my work within the context of the wider fields of microbial 

ecology and symbiosis. 

 

7.1 Diversity and specificity of sponge-associated microorganisms  

Analysis of 16S rRNA genes and the rRNA itself, via “traditional” molecular tools such as denaturing 

gradient gel electrophoresis (DGGE), fluorescence in situ hybridisation (FISH) and clone library 

construction, has greatly extended the known diversity of sponge-microbial associations (reviewed in 

(Taylor et al., 2007; Hentschel et al., 2012)).  In Chapter 2, 28 bacterial phyla (of which 18 were 

formally described and 10 were candidate phyla know only from their 16S rRNA sequences) were 

described based on these techniques alone.  However, it is the advent of next-generation sequencing 

technologies that has revolutionised the field of microbial ecology and offered the potential to fully 

explore the extent of sponge symbiont diversity.  Next-generation sequencing studies, including 454 

tag pyrosequencing undertaken in this thesis, have allowed for the identification of underrepresented 

and rare members of sponge microbial communities (Webster et al., 2010; Lee et al., 2011; Jackson et 

al., 2012; Schmitt et al., 2012a; Schmitt et al., 2012b).  Interestingly, despite the large amounts of 

sequence data obtained from next-generation sequencing, the most dominant sponge-associated 

bacterial phyla are the same as those identified by more traditional molecular techniques (Webster and 

Taylor, 2012).  Indeed, the two HMA sponges sequenced in this thesis, Rhopaloeides odorabile and 

Ancorina alata, were dominated by the same bacterial phyla - Proteobacteria, Chloroflexi, 
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“Poribacteria”, SAUL, and Actinobacteria, despite their different geographical locations (tropical vs 

temperate).  Other 16S rRNA gene pyrosequencing studies have also reinforced that some sponge 

species harbour highly diverse bacterial communities (Webster et al., 2010; Lee et al., 2011; Jackson 

et al., 2012; Schmitt et al., 2012a; Schmitt et al., 2012b).  Comparisons with other complex microbial 

ecosystems suggest that the bacterial diversity contained within marine sponges is at least as high as 

that of any other invertebrate host (Sunagawa et al., 2010; Behrendt et al., 2012; Cardenas et al., 2012; 

Devine et al., 2012).   Why some sponge species establish and maintain such high microbial diversity 

is unknown.  Does each species in the sponge holobiont offer a different functional role to the host 

sponge?  Or does high diversity provide functional redundancy within the sponge holobiont, as has 

been implicated for corals (Reshef et al., 2006; Van Oppen et al., 2009)?  The high phylum-level 

diversity of sponge-associated bacterial communities is in contrast to many vertebrate systems which, 

although diverse at the species level, tend to be dominated by few bacterial phyla (Ley et al., 2006; 

Ley et al., 2008).  Within the vertebrate gut system, microbial communities are dominated by 

Firmicutes and Bacteroidetes (Ley et al., 2008; Walter and Ley, 2011).  High numbers of species, but 

few deep lineages (i.e. phylum-level), evokes classic adaptive radiation, whereby initial selection 

pressures result in colonisation by few phyla, followed by diversification of those phyla (Schuter, 

2000).  Adaptive radiations may explain the patterns of diversity observed for the vertebrate gut 

system (Ley et al., 2006), however the mechanisms responsible for the maintenance of microbial 

diversity in marine sponges are still being debated (Hentschel et al., 2012).  

 

The high diversity of sponge-associated microorganisms is notable in itself, yet it is the apparent 

specificity of these symbionts that is most striking.  The results in Chapter 2 unequivocally supported 

the existence of monophyletic, sponge-specific sequence clusters, with 27% of all sponge-derived 16S 

rRNA gene sequences falling into sponge-specific clusters.  Symbiosis is ubiquitous, from simple 

amoebae to the largest mammals.  These symbioses can range from those with a single dominant 

microorganism, such as Buchnera aphidicola in the pea aphid, Wolbachia spp. in various insects or 

Vibrio fischeria in squids (for recent reviews see Nyholm and McFall-Ngai, 2004; Dale and Moran, 
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2006), to those with complex symbiont communities such as the termite hindgut (Dillon and Dillon, 

2004; Warnecke et al., 2007) and human guts (Walter and Ley, 2011).  Thus the results in Chapter 2, 

demonstrate that the concept of “sponge-specific clusters” is different from archetypal host-symbiont 

interactions and sponges represent an interesting model to study complex symbiotic systems.  The 

assignment of seawater-derived pyrotag sequences into sponge-specific clusters (Chapters, 4, 5, 6 and 

(Webster et al., 2010; Taylor et al., 2012)), has shown that “sponge-specific” bacteria can occur 

outside the host.  This raises questions about the origin of sponge-symbiont associations.  The absence 

of sponge-specific bacteria from the external environment would suggest a strict symbiotic 

association based solely on vertical transmission (Schmitt et al., 2008; Schmitt et al., 2012a).  In 

contrast, the presence of sponge-specific bacteria outside the host (albeit at extremely low numbers) 

suggests that acquisition of symbiotic bacteria via horizontal /environmental transmission (whereby 

the seawater rare biosphere acts as a seed-bank for the colonization of sponges) is possible (Webster 

et al., 2010; Schmitt et al., 2012a).  However, the identification, by next-generation sequencing 

technologies, of only some “sponge-specific” bacteria outside the host may suggest a combination of 

both vertical and horizontal microbial transmission.  Seawater samples sequenced in this thesis are all 

DNA-derived so whether “sponge-specific” bacteria identified outside the host, are active cannot yet 

be determined (Taylor et al., 2012).     

 

7.2 Next-generation sequencing technologies 

Next-generation sequencing technologies, such as pyrosequencing and the Illumina platform, have 

transformed microbial ecology and free-living and symbiotic microbial communities from both 

terrestrial and marine environments have been the focus of many studies.   While the application of 

these new techniques has led to recognition of the “rare biosphere” (Sogin et al., 2006), it has also 

brought with it new complexities in data interpretation.  For example, the high read depth of 

pyrosequencing is coupled with high error rates that can overestimate the number of rare phylotypes 

(Kunin et al., 2010).  The strength of pyrosequencing technologies therefore lies in comparative 
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studies, such as those undertaken in Chapters 4, 5 and 6.  In addition, in this thesis special attention 

was paid to the enumeration of OTUs and data was processed by incorporating stringent methods, 

including flowgram-based clustering, to detect and remove sequencing errors that could have 

otherwise inflated diversity estimates (Huse et al., 2010; Kunin et al., 2010; Quince et al., 2011; 

Schloss et al., 2011; Lee et al., 2012).  Many 454 tag-pyrosequencing studies use DNA to define 

microbial populations.  However, the detection of an organism’s DNA does not necessarily mean that 

this organism is active in situ.  In contrast, cellular rRNA concentrations are correlated with growth 

rate and activity, hence sequencing reverse transcripts of RNA may reflect which members of the 

community are active (Novitsky, 1986; DeLong et al., 1989; Poulsen et al., 1993; Gaidos et al., 2011).  

The successful application of pyrosequencing tag libraries using both DNA and RNA, has proven a 

powerful tool for assessing microbial community structure, under different environmental conditions.  

Whilst direct comparison of DNA- and RNA-derived tags (Chapter 5) did reveal differences in 

microbial abundance, there were no major compositional shifts in DNA- or RNA-defined fractions in 

relation to environmental stress.  Furthermore, a large proportion of the sequenced bacterial biosphere 

in R. odorabile was present in both DNA- and RNA-derived samples, which might indicate that many 

of these bacteria are highly active in the sponge rather than mere contaminants from seawater, which 

were filtered by the host sponge.  Studies which included both the rRNA gene and rRNA will aid in 

the elucidation of which symbionts are active within the host vs those which are merely present at the 

time of sampling.   

 

Whilst high-throughput pyrosequencing has transformed microbial ecology research, it alone cannot 

reveal the functional capacity of microbial communities.  For example, in Chapter 2 the largest 

sponge-specific cluster identified was that representing ‘Synechococcus spongiarum’ within the 

Cyanobacteria.  While ‘S. spongiarum’ represented a single monophyletic cluster at the 16S rRNA 

gene level, previous phylogenetic analysis of the more variable 16S- 23S rRNA internal transcribed 

spacer region revealed as many as 12 distinct clades within this species (Erwin and Thacker, 2008).  

Whether these sequence variations correspond to meaningful ecological differences is uncertain, 

although this would not be without precedent; despite almost identical 16S rRNA sequences, pelagic 
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species of Prochlorococcus occupy distinct ecological niches, residing in different light regimes 

(Rocap et al., 2003).  Therefore, it will be the concerted application of “omic” technologies such as 

metagenomics, single-cell genomics, metatranscriptomics and metaproteomics, that will have the 

most significant impacts on future symbiosis research.  For example, the first glimpses into the 

functional genomic repertoire of sponge hosts and their symbiont communities have recently been 

reported,  with metagenomic and metaproteomic analysis revealing that sponge symbiont genomes 

possess a number of eukaryotic-like proteins (Thomas et al., 2010; Liu et al., 2011; Siegl et al., 2011; 

Fan et al., 2012; Liu et al., 2012).  These proteins contain motifs such as ankyrin repeats, leucine-rich 

repeats and tetratrico peptide repeats, mediate protein-protein interactions in eukaryotes, and it is 

proposed that they may also mediate interactions between symbionts and their host (Blatch and 

Lässle, 1999; Cazalet et al., 2004; Habyarimana et al., 2008).  Most recently research has 

demonstrated that despite large phylogenetic differences between six host sponge species, their 

symbiont communities do possess a degree of functional equivalence (Fan et al., 2012).  

 

7.3 Stability of sponge-associated microbial communities 

Understanding the variability of sponge-associated microbial communities is a primary goal for 

microbial ecologists.  However, most studies have been based on a single time point, with the 

temporal stability of sponge-associated microorganisms remaining relatively unknown.  Temporal 

studies, such as that undertaken in Chapter 4, are highly valuable to identify which members of 

sponge microbial communities are truly symbiotic.  The use of RNA-based 454 amplicon 

pyrosequencing in this thesis confirmed that sponges host both members of the microbial community 

that are permanently and transiently associated.   In addition, by utilizing the ARB database created in 

Chapter 2, this thesis was able to address whether “sponge-specific” sequence clusters are also stable 

over time.  The persistence of the same “sponge-specific” sequence clusters suggests that they likely 

fulfil an important functional role within the sponge host.  From the few studies that have investigate 

temporal stability in sponges (Friedrich et al., 2001; Webster and Hill, 2001; Taylor et al., 2004; 

Erwin et al., 2012), combined with the results from Chapter 4, the general consensus is that bacterial 
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communities are for the most part stable over time.  The resistance of an ecosystem to disturbance and 

its rate of recovery (resilience) are two important components of its stability.  The insurance 

hypothesis (Yachi and Loreau, 1999) suggests that functional redundancy in a microbial population, 

confers stability that will be selected for at the host level.  This hypothesis is one of several in the 

debate over the relationship between diversity (of a complex microbial community) and stability 

(Loreau, 1998; McCann, 2000; Robinson et al., 2010).  Combining such ecological theories with the 

results from Chapter 4, raises interesting further questions for the field of sponge microbial ecology, 

in regards to the sponge holobiont under environmental perturbation: (a) does high stability of 

SCs/SCCs and phylum-level diversity through time, indicate that sponges will be resistant or resilient 

to environmental perturbation?  In the case of resistance, diversity would buffer against perturbation, 

conferring stability and the microbial community would remain unchanged.  In the case of resilience, 

the microbial community would be affected but later recover as diversity provides tolerance to 

environmental stress, (b) does the bacterial biosphere in marine sponges provide functional 

redundancy for microbial communities in the face of environmental change?   

 

7.4 Environmental perturbation  

Coral reefs are under considerable pressure from global stressors such as elevated sea surface 

temperature and ocean acidification, as well as local factors including eutrophication and poor water 

quality.  Until recently, most climate change research in the marine environment has focused on 

conspicuous taxa such as corals (Hughes et al., 2003; Hoegh-Guldberg et al., 2007).   Using the ARB 

database from Chapter 2 and optimised DNA/RNA methods from Chapter 3, coupled with 454 tag 

pyrosequencing, the tropical reef sponge R. odorabile was exposed to a range of elevated seawater 

temperatures (Chapters 5 and 6).  Contrary to expectations, sub-lethal thermal stress (31°C) had no 

effect on the bacterial biosphere of R. odorabile and a substantial shift in the bacterial community was 

only observed in necrotic sponges.  Similarly, the assignment of “sponge-specific” bacteria was high 

and stable across all sampling points in healthy sponges, whereas few reads from necrotic sponges 
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could be assigned to these clusters.  These observations defined a narrow thermal threshold for this 

species (between 31-32°C), which is only ~2°C above the current in situ mean maximum and 

represents temperatures that will be exceeded by the end of this century (IPCC, 2007).  Interestingly, 

it is adult R. odorabile that exhibit necrosis and a loss of bacterial symbionts within 72 h at 32°C 

(Chapter 5), whereas larvae survive and maintain their bacterial symbionts at temperatures up to 36°C 

(Webster et al., 2011a).  This is in contrast to other invertebrates which have shown vulnerability to 

thermal stress in larval phases (Przeslawski, 2004; Markey et al., 2007; Negri and Hoogenboom, 

2011).  With global sea surface temperature (SST) of up to 4°C predicted to occur during this century 

(IPCC, 2007), thermal stress will selectively impact the benthic adult stage of R. odorabile.  Reports 

have already shown a decrease in reproductive output in female R. odorabile from inner reef locations 

on the GBR, although these changes were linked to declining water quality (Whalan et al., 2007).  The 

addition of thermal stress on the adult stages will have implications for the reproductive fitness of R. 

odorabile and its population maintenance.  R. odorabile larvae, which are thermally tolerant, may 

therefore act as a vector for relocation to other geographic regions, where seawater temperatures will 

not exceed the thermal threshold (defined in Chapter 5) for the benthic adult stages.   

 

Based on these results, in Chapter 6 the effects of combined environmental stressors were investigated 

by exposing sponges to a range of elevated nutrient levels, in ambient (27°C) and sub-lethal (31°C) 

seawater temperatures.  The effect on the microbial biosphere of R. odorabile was investigated, with 

no changes detected in the bacterial, eukaryotic or archaeal communities from any of the nutrient or 

temperature treatments.  It is surprising, given that sponge habitats are simultaneously exposed to 

multiple environmental stressors, that the interactive effects of these impacts have been rarely 

evaluated.  Successful sponge recruitment may be important for future population maintenance and 

recovery of sponges under pressure from environmental change, as has been predicted for corals 

(Hughes et al., 2003; Riegl and Purkis, 2009; Negri and Hoogenboom, 2011).  Due to the negative 

impact thermal stress will have on the adult benthic stages of R. odorabile, future studies should be 
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directed towards the synergistic effects of other environmental stressors such as ocean acidification 

and pollution.   

 

Functional redundancy within the microbial biosphere has been proposed as a mechanism that may 

assist species in adapting to a changing environment.  The observed shift in coral bacterial 

communities in response to environmental change is described as the “coral probiotic hypothesis”, in 

that a changing microbial community is thought to confer a higher adaptive capacity in the face of 

environmental stressors (Reshef et al., 2006; Van Oppen et al., 2009).  Similarly, the term “sponge 

holobiont” has been proposed to describe the sponge host and the diverse and specificity of microbes 

residing within (Webster and Taylor, 2012).  The research undertaken in Chapters 5 and 6 makes an 

important contribution to the assessment of the effects of environmental stress on the “sponge 

holobiont”.  Based upon the “coral probiotic hypothesis” the results from Chapters 5 and 6 indicate 

several possibilities:  (1) the observed lack of shift in microbial communities under host stress may 

indicate increased vulnerability of the sponges to environmental stress, (2) conversely, these results 

may represent an intermediate phase, whereby environmental stress-induced changes have a much 

greater influence on the functional capacity, rather than the composition, of the symbiont community.  

As highlighted previously, a combination of techniques will be needed, in order to assess both 

structure and function of symbiotic communities within the host. 

 

7.5 Summary and future directions 

There are a number of future research directions arising from the work in this thesis:  

7.5.1 The comprehensive phylogenetic analyses undertaken in Chapter 2 indicated that “sponge-

specific” sequence clusters do exist.  However, the application of next-generation sequencing 

technologies has identified many “sponge-specific” sequences outside the host and it will be 
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important to determine which, if any, bacteria are truly sponge specific.  Such research will aid in the 

determination of how sponges actually acquire and maintain their symbiotic bacteria. 

 

7.5.2 The two chapters in this thesis on environmental perturbation have revealed that the structure of 

the microbial community of Rhopaloeides odorabile is highly stable up to certain threshold levels.  

Given the stability of the microbial community composition, it would be useful to assess the function 

of these symbionts before host health decline, in order to clarify the roles of symbionts in sponge host 

health.  Future studies that analyse both structure and function of symbiotic microbial communities, 

have the potential to reveal which aspects of the sponge holobiont are most sensitive to environmental 

change.   

 

7.5.3 The identification of autochthonous and allochthonous members of the rare sponge-associated 

microbial community.  Temporal studies (such as in Chapter 4) will aid in the differentiation of 

permanent vs transient/variable members of sponge microbial communities.  This type of baseline 

data will allow abnormal shifts in microbial communities to be better diagnosed, such as those that 

may occur when sponges are brought into aquaculture (Mohamed et al., 2008a; Mohamed et al., 

2008b; Webster et al., 2011b), during disease outbreaks (Webster et al., 2008; Luter et al., 2010; 

Maldonado et al., 2010; Angermeier et al., 2011) or during environmental anomalies (Garrabou et al., 

2009; Cebrian et al., 2011).  Within the field of sponge microbiology there is still a lack of an 

experimental model to facilitate future analyses of host-microbe associations.   Many studies have 

demonstrated that the fate of microorganisms associated with sponges in aquaculture is not certain 

and that the establishment of a sponge-microbe experimental system is imperative to facilitate future 

analyses of these associations (Webster and Taylor, 2012).  Other systems have a universal model 

which leads to the consolidation of research efforts and reduces research redundancy.  For example, 

many advances in the roles of symbionts in the vertebrate gut have resulted from numerous studies on 

mouse lines, using mice that are conventionally reared compared with those that are germ-free (Ley et 
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al., 2008; Campbell et al., 2012).  However, due to the difficulties faced with establishing a sponge 

model for symbiosis research, coupled with the fact that the vast majority of symbionts have not been 

cultivated, an alternative solution is still required.  The application of new “omic” techniques (meta-

genomics, -transcriptomics -proteomic, and single-cell genomics) to study selected symbionts may 

circumvent the need for a model system.  But ultimately there still needs to be a way of integrating 

microbial data with sponge ecosystem processes and functions. 
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Appendix A: 16S rRNA-based phylogeny of sponge-associated phyla 
 

Figures A1-A22: are included as a compact disk, attached at the end thesis 
 
Figure A1: 16S rRNA-based phylogeny of sponge-associated Acidobacteria. Details are as 
provided for Figures. 2.1 and 2.2 (Chapter 2), with the following addition. Names outside 
wedges of grouped sequences represent the sponges from which the relevant sequences were 
derived; the number in parentheses indicates the number of sequences in that wedge. If coral-
derived sequences are contained within wedges, the coral names are not provided. 
 
Figure A2a-g: 16S rRNA-based phylogeny of sponge-associated Actinobacteria. Details are as 
provided for Figure A1. 
 
Figure A3: 16S rRNA-based phylogeny of sponge-associated Armatimonadetes (a), BD1-5 (b) 
and BRC1 (c). Details are as provided for Figure A1. 
 
Figure A4a-b: 16S rRNA-based phylogeny of sponge-associated Bacteroidetes. Details are as 
provided for Figure A1. 
 
Figure A5a-b: 16S rRNA-based phylogeny of sponge-associated Caldithrix/Deferribacteres, 
Chlamydiae, Halanaerobiales, Lentisphaerae, NPL-UP2, OP3, Planctomycetes, “Poribacteria” 
Verrucomicrobia organisms and SAUL (sponge-associated unidentified lineage). These taxa are 
affiliated with the Planctomycetes-Verrucomicrobia-Chlamydiae (PVC) superphylum. Details 
are as provided for Figure A1. 
 
Figure A6: 16S rRNA-based phylogeny of sponge-associated Chloroflexi. Details are as 
provided for Figure A1. 
 
Figure A7a-b: 16S rRNA-based phylogeny of sponge-associated Cyanobacteria. Details are as 
provided for Figure A1. 
 
Figure A8: 16S rRNA-based phylogeny of sponge-associated Deinococcus-Thermus (a) and 
Fusobacteria (b). Details are as provided for Figure A1. 
 
Figure A9a-g: 16S rRNA-based phylogeny of sponge-associated Firmicutes. Details are as 
provided for Figure A1. 
 
Figure A10: 16S rRNA-based phylogeny of sponge-associated Gemmatimonadetes. Details are 
as provided for Figure A1. 
 
Figure A11: 16S rRNA-based phylogeny of sponge-associated Hyd24-12 (a) and OD1 (b). 
Details are as provided for  Figure A1. 
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Figure A12: 16S rRNA-based phylogeny of sponge-associated Nitrospirae. Details are as 
provided for Figure A1. 
 
Figure A13: 16S rRNA-based phylogeny of sponge-associated OP1 (a) and OP11 (b). Details 
are as provided for Figure A1. 
 
Figure A14a-i: 16S rRNA-based phylogeny of sponge-associated Alphaproteobacteria. Details 
are as provided for Figure A1. 
 
Figure A15: 16S rRNA-based phylogeny of sponge-associated Betaproteobacteria Details are as 
provided for Figure A1. 
 
Figure A16: 16S rRNA-based phylogeny of sponge-associated Deltaproteobacteria Details are 
as provided for Figure A1. 
 
Figure A17: 16S rRNA-based phylogeny of sponge-associated Epsilonproteobacteria (a) and 
TA18 (b) Proteobacteria. Details are as provided for Figure A1. 
 
Figure A18: 16S rRNA-based phylogeny of sponge-associated Gammaproteobacteria. Details 
are as provided for Figure A1. 
 
Figure A19: 16S rRNA-based phylogeny of sponge-associated Spirochaetes. Details are as 
provided for Figure A1. 
 
Figure A20: 16S rRNA-based phylogeny of sponge-associated TM6 (a) and TM7 (b). Details 
are as provided for Figure A1. 
 
Figure A21: 16S rRNA-based phylogeny of sponge-associated Archaea. Details are as provided 
for Figure A1. 
 
Figure A22: 18S rRNA-based phylogeny of sponge-associated Fungi. Details are as provided for 
Figure A1 
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Table A1: Accession numbers of sequences for all sponge-specific clusters represented by closed wedges 
 
Cluster number SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8 SC9 SC10 
Phylogenetic 
affiliation 

Acidobacteria Acidobacteria Acidobacteria Acidobacteria Acidobacteria Acidobacteria Acidobacteria Acidobacteria Acidobacteria Acidobacteria 

Suppl. Fig. Number 1 1 1 1 1 1 1 1 1 1 
Accession number DQ661749 AF186434 FJ269342 FJ269341 AY897118 AF186458 AF333549 AM849611 EF159941 FJ269289 AF186440 AF186432 

 DQ661797 AF186413 FJ269323 FJ529328 FJ269248 AY897112 AY897081 EU035939 EF159851 FJ269305 AF434958 AJ347052 
 DQ661829 AF186437 FJ269331 FJ529305 FJ269294 EF076073 EF513732 EU035924 FJ269250 FJ269313 AY897111 AJ347029 
 DQ661750 AF186427 FJ269339  FJ269349 EU035936 EF513705 EU035930 FJ269266 FJ269321 EF513707 AJ347049 
 EF159830 AF186435 FJ269347   FJ269346 EU183826 EU035944 FJ269290 FJ269329 EF513642 AJ347078 
 EF159796 AY897074 FJ269265   FJ269336 EU183850  FJ269298 FJ269245  AY046067 
  DQ661836 FJ269297   FJ269262 EU183890  FJ269306 FJ269253  AY897102 
  EF159781 FJ269337   FJ269291 EU183814  FJ269314 FJ269269  DQ079048 
  EF159817 FJ269261   FJ269345 EU183838  FJ269322 FJ269277  EF629584 
  EF513679 FJ269333   FJ529336 EU183878  FJ269330 FJ269285  EF629588 
  EF513703 FJ269287   FM160801 EU183800  FJ269338 FJ269293  EF629596 
  EF513699 FJ269295    EU183864  FJ269256 FJ269301  EF629582 
  EF513723 FJ269327    EU183872  FJ269264 FJ269309  EF629590 
  EF513645 FJ269351    EU183771  FJ269296 FJ269317  EF629585 
  EF513725 FJ269276    EU183753  FJ269304 FJ269325  EF629593 
  EF513676 FJ269316    EU183805  FJ269312 FJ269247  EF629583 
  EF513740 FJ269340    EU183821  FJ269320 FJ269255  EF629589 
  EU183770 FJ269348    EU183775  FJ269328 FJ269263  EU267140 
  FJ269274 FJ529341    EU183799  FJ269246 FJ269271  EU267155 
  FJ269282 FJ529290    EU183868  FJ269254 FJ269279  FJ269280 
  FJ269272 GQ258082    FJ269258  FJ269278 FJ269303  FJ269307 
  FJ269288 GQ258078    FJ269344  FJ269302 FJ269311  FM160908 
  FJ269270 GU108282    FJ269286  FJ269310 FJ269319  FM160906 
       FJ269350  FJ269318 FJ269335  GU108283 
       FJ269249  FJ269326 FJ269343  GU108249 
       FM160771  FJ269334 FJ269244   
         FJ269251 FJ269252   
         FJ269259 FJ269260   
         FJ269267 FJ269268   
         FJ269275 FJ269284   
         FJ269283 FJ269292   
         FJ269299 FJ269300   
         FJ269315 FJ269308   
         FJ269257 FJ269324   
         FJ269273 FJ269332   
         FJ269281 FJ529324   
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Cluster number SC20 SC75 Non-SC 

cluster 
SC31 SC32 SC33 SC34 SC35 SC36 SC37 SC38 SC38 SC40 

Phylogenetic 
affiliation 

Actinobacteria PVC PVC Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi 

Suppl. Fig. 
Number 

2 5b 5b 6 6 6 6 6 6 6 6 6 6 

Accession number EF076146  FN356790  FN356782  FJ652469  EF629721  DQ661837  AJ347081  AJ347077  AM259916  AJ347087  AF186452  AF186450  AF434979  AF333544  
  EF076178  FN356798  FN356838  FJ652477  EF629729  EF629713  AJ347035  AY046066  DQ079052  AJ347038  AY897091  AF333545  AM905027  EF076112  
  EF076182  FN356806  FN356854  FJ652467  EF629737  EF629745  AM849589  DQ247941  EU035932  AJ347076  EF513733 AY897076  EF076074  EF076175  
  EF076184  FN356814  FN356862  FJ652475  EF629753  EF629761  AM849592      AY897114    AY897107  EF159885  EF159736  
  EF076123  FN356830  FN356870  FJ652473  EF629769  EF629733  FM160777      DQ661856    DQ869283  EF076206  EF513742  
  EF076131  FN356846  FN356780  FJ652470  EF629708  EF629741  FM160819      EF076192    DQ869286  EF076238    
  EF076147  FN356796  FN356828  FJ652468  EF629717  EF629757  FM160765      EF513671    EF076186  EF076067    
  EF076179  FN356812  FN356876  FJ652476  EF629725  EF629765  FM160818      EF513672    EF076176  EF076173    
  EF076187  FN356836  FN356778  FJ652472  EF629710  EF629770        EF513728    EF076113  EF076229    
  EF076181  FN356868  FN356826  FJ652466  EF629719  EF629711        EF513736    EF076169  EF076103    
  EF076237  FN356794  FN356842  FJ652474  EF629727  EF629720        EF513666    EF076149  EF159923    
  EF076119  FN356802  FN356850  FJ652471  EF629735  EF629760        EF513698    EF076164  FJ529267    
  EF076183 FN356810  FN356866    EF629743  EF629764        EF629744    FJ529310  FJ529283    
    FN356818  FN356874    EF629751  EF629772        EF629740    FJ529314  FJ529347    
    FN356834  FN356823    EF629759  EF629742        EF629734    FJ529348     
    FN356807  FN356831    EF629767  EF629758        EU035926          
    FN356815  FN356855    EF629705  EF629766        EU183803          
    FN356839  FN356789    EF629714  EF629706        EU183851          
    FN356805  FN356797    EF629722  EF629771       EU183867          
    FN356813  FN356845    EF629730          EU183860          
    FN356821  FN356853    EF629746          FJ529300          
    FN356837  FN356793    EF629754          FJ529337          
    FN356861  FN356857    EF629728          FM160800          
    FN356869  FN356865    EF629768          FM160834          
    FN356809  FN356827    EF629707          FM160855          
    FN356817  FN356835    EF629716          FM160852          
    FN356833  FN356843    EF629724          FM160898          
    FN356849  FN356800    EF629732          FM160797          
    FN356873  FN356816    EF629748          FM160778         
    FN356779  FN356832    EF629709                    
    FN356811  FN356848    EF629718                    
    FN356875  FN356872   EF629726                    
    FN356776  FN356804    EF629750                    
    FN356792  FN356844    EF629715                    
    FN356808  FN356860    EF629723                    
    FN356824  FN356858    EF629747                    
    FN356840 FN356847    EF629755                    
    FN356841  FN356863    EF629763                    
    FN356795  FN356871    FM160782                    
    FN356851  FN356785                        
    FN356859  FN356825                        
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Cluster number SC41 SC42 SC43 SC44 SC45 SC46 SC47 SC48 
Phylogenetic 
affiliation 

Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Chloroflexi Cyanobacteria 

Suppl. Fig. Number 6 6 6 6 6 6 6 7 
Accession number DQ661813  EU035953  AF333547  EF076118  AF434981  AJ347060  AJ347082  AF186426  AY701300  EF159841  EF656441  EU307486  EU383047  

  EF513739  FM160787  AJ347074  EF076104  AY897106  AJ347037  AJ347055  AF186425  AY701308  EF159835  EF656449  EU307494  EU383052  
  EF513718 FM160789 AJ347084  EF076120  AY897086  AJ347062  AJ347041  AJ347056  AY701302  EF159843  EF656438  EU307502  EU383050  
      AM849598  EF076128    AJ347079  AY485299  AF497567  AY701310  EF121782  EF656446  EU307444  FM160784  
      AM905025  EF076083    AJ347036  FM160883  AJ347088  AY701290  EF121790  EU267154  EU307452  FM160792  
      AM849600  EF076065   AJ347061  FM160767  AJ347083  AY701306  EF121798  EU307445  EU307460  FM160808  
      AM849595      AJ347059    AM905024  AY701314  EF121806  EU307453  EU307468  FM160827  
      AM849593      AJ347068    AY190179  AY701289  EF121778  EU307461  EU307476  FM160851  
      AM849602      EF159733    AY190175  AY701305  EF121786  EU307469  EU307484  FM160859  
      AM849601      EF076076    AY190183  AY701313  EF121794  EU307477  EU307492  FM160907  
      AM905026      EF159732    AY190177  AY897071  EF121802  EU307485  EU307500  FM160790  
      AY485298      EF513741    AY190185  AY882559  EF121810  EU307493  EU307508  FM160798  
      AY897082      EF513670    AY190180  DQ079046  EF159868  EU307501  EU307440  FM160806  
      EF076110      FM160889    AY190188  DQ661854  EF121780  EU307509  EU307448  FM160836  
      EF076163      FM160770    AY190178  DQ661754  EF121788  EU267139  EU307456  FM160849  
      EF076100      FM160885    AY190186  DQ661790  EF121796  EU307441  EU307464  FM160897  
      EF159883      GQ215668    AY190176  EF121775  EF121804  EU307449  EU307472  FM160913  
      FJ529278      GQ258065    AY190184  EF121783  EF121812  EU307457  EU307480  FM160780  
      FJ529326      GQ258076    AY190182  EF121791  EF121777  EU307465  EU307488  FM160788  
      FJ529330          AY320038  EF121799  EF121785  EU307473  EU307496  FM160796  
      FJ529321          AY190181  EF121807  EF121793  EU307481  EU307504  FM160804  
      FM160764          AY701287  EF159845  EF121801  EU307489  EU307442  FM160847  
                AY701303  EF159853  EF121809  EU307497  EU307450  FM160895  
                AY701311  EF076240  EF159840  EU307505  EU307458  FM160911  
                AY701291  EF121779  EF159872  EU307443  EU307466  FM160748  
                AY701299  EF121787  EF159834  EU307451  EU307474  FM160769  
                AY701307  EF121795  EF159922  EU307459  EU307482  FM160793  
                AY701315  EF121803  EF467662  EU307467  EU307490  FM160809  
                AY692244  EF121811  EF656444  EU307475  EU307498  FM160830  
                AY701301  EF121781  EF656440  EU307483  EU307506  FM160844  
                AY701309  EF121789  EF656448  EU307491  EU307447  FM160775  
                AY701288  EF121797  EF656442  EU307499  EU307455  FM160791  
                AY701296  EF121805  EF656450  EU307507  EU307463  FM160807  
                AY701304  EF121776  EF656445  EU307446  EU307471  FM160824  
                AY701312  EF121784  EF656443  EU307454  EU307479  FM160837  
                AY692243  EF121792  EF656451  EU307462  EU307487  FM160850  
                AY692245  EF121800  EF656439  EU307470  EU307495  FM160914  
                AY701292  EF121808  EF656447  EU307478  EU307503  FM160750  
                FM160856  FM160805  FM160894  FM160811  FM160794  FM160853  
                FM160896  FM160821  FM160902  FM160833  FM160802  FM160893  
                FM160912  FM160835  FM160773  FM160909  FM160810    
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Cluster number SCC2 SCC3 SCC5 SCC11 SCC13 SCC14 

Phylogenetic affiliation Acidobacteria Acidobacteria Acidobacteria Chloroflexi Chloroflexi Chloroflexi 

Suppl. Fig. Number 1 1 1 6 6 6 

Accession number GU118588  GU118537  GU118535  EF513727  GU118631  GU118545  

  GU118541  AF186410  AJ347051  EF513696  GU118595  AY897083  

  AF186431  AF186428  AJ850099  EF513704  AF186417  EF513667  

  AF186445  AF186444  AJ850100  EF513712  AF186457  EF513708  

  AF186459  FJ529291 AY897097  EF513674  DQ661810  GQ244305  

  EF159750    AY897119  FM160783  DQ661763    

  FM160868   FJ529343    DQ661822    

      FJ529304   EF076170    

          EF076190    

          EF076161    

          EF076135    

          EF076159    

          EF159828    

          EF513689    

          EF629731    

          FJ529297    

              

 

 
 
 
 

 



203 
 

Appendix B: Molecular and isotopic analysis of active bacterial 
communities in two New Zealand sponges, throughout time 
 
Appendix B Table B1: Samples collected over the two year monitoring period.  Numbers 
correspond to number of replicates processed, per collection point.   
  

Month 

      454 amplicon pyrosequencing Isotopes 
                  RNA   DNA Freeze-dried sponge tissue 

A. alata T. Stolonifera  Seawater A. alata T. Stolonifera 
Nov-09 3 2 2 3 3 
Dec-09     1 3 3 
Jan-10       3 3 
Feb-10 3 3 1 3 3 
Mar-10       3 3 
Apr-10       3 3 
May-10 3 3 1 3 3 
Jun-10       3 3 
Jul-10       3 3 

Aug-10 3 3 1 3 3 
Sep-10       3 3 
Oct-10       3 3 
Nov-10 3 2 1 3 3 
Feb-11       3 3 
May-11       3 3 
Aug-11       3 3 
Nov-11 3 3 3 3 3 
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Appendix Table B2: Overview of the total number of sequence reads obtained per sample 
and the total numbers of OTUs obtained per sample are shown (after noise removal, quality 
filtering etc.) OTU information is reported at 97% similarity. 
  

Sample Number of sequences Diversity estimate (invsimpson) Actual OTUs Estimated OTUs (Chao1) 
                                                                                                      Seawater 
Nov'09A 2107 34 336 830 
Nov'09B 1729 33 298 656 
Dec'10A 1526 31 298 572 
Feb'10 3472 25 506 1172 
May'10 1811 42 322 680 
Aug'10 2177 27 229 440 
Nov'10 1749 45 403 909 
Nov'11A 2523 38 349 814 
Nov'11B 1672 36 257 517 
Nov'11C 2074 33 337 723 

T. stolonifera 
Nov'09A 2429 1 91 189 
Nov'09B 1863 2 149 275 
Feb'10A 1562 2 90 128 
Feb'10B 4924 2 280 559 
Feb'10C 3358 2 198 326 
May'10A 3181 2 182 344 
May'10B 4707 3 233 603 
May'10C 3093 2 179 390 
Aug'10A 3942 1 118 208 
Aug'10B 3424 2 165 373 
Aug'10C 3596 2 151 317 
Nov'10A 3332 2 191 413 
Nov'10C 1996 1 115 214 
Nov'11A 2214 2 191 461 
Nov'11B 2568 1 144 352 
Nov'11C 3470 1 118 289 

                                                                          A. alata 

Nov'09A 3627 41 337 577 
Nov'09B 4143 36 313 529 
Nov'09C 3862 41 339 607 
Feb'10A 3967 39 345 626 
Feb'10B 3853 37 309 650 
Feb'10C 3800 35 317 615 
May'10A 3687 40 309 603 
May'10B 3967 32 320 615 
May'10C 4047 40 324 586 
Aug'10A 3516 41 333 702 
Aug'10B 3920 40 291 506 
Aug'10C 3855 42 320 571 
Nov'10A 3547 37 292 518 
Nov'10B 3811 41 325 612 
Nov'10C 4352 34 388 756 
Nov'11A 4109 39 333 610 
Nov'11B 4700 45 371 818 
Nov'11C 3992 33 379 755 
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Appendix Figure B1 Bacterial diversity in (a) seawater samples, (b) A. alata samples, (c) T. 
stolonifera samples.  Rarefaction curves are based on OTUs at 97% sequence similarity.  
Calculations were performed in Mothur (Schloss et al., 2009). 
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Appendix Figure B2 Comparison of bacterial community composition of individual samples 
was tested, at the OTU level, using a principle of components of analysis (PcoA).  
Unweighted Unifrac analysis also revealed there were no significant differences between time 
points at the OTU level.  Calculations were performed in Mothur (Schloss et al., 2009).  
Circles were manually drawn to assist in the differentiation of clustering.  Dashed lines were 
manually drawn for A. alata samples, to cluster samples Nov’09A, Nov’10 C and Nov’11C.  
Dashed lines were manually drawn for seawater samples to cluster samples Feb’10 and 
Nov’10.  
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Appendix Figure B3: Bacterial diversity of all samples amplified with 454 amplicon 
pyrosequencing.  The number of OTUs observed over time.  Samples are average OTUs (n = 
3), with error bars representing ±1SD. Calculations were performed in Mothur (Schloss et al., 
2009) 
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Appendix Figure B4: Seasonal variation in (a) sea-surface temperatures and (b) rainfall.  
Values are monthly averages (± SD), from recording taken daily during 2009-2011.  Rainfall 
data were extracted from the National Institute of Water and Atmospheric Research (NIWA) 
databases.  Sea-surface temperature data were collected at the Leigh Marine Laboratory, 
University of Auckland 

 
 

Figure B4 (a) 

Figure B4 (b) 
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Figure B5 (a) 

Figure B5 (b) 

Figure B5 (c) 
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Appendix Figure B5: Seasonal variation in nutrient parameters from 2006-2008 (a) total 
nitrogen (N/µM) (b) NH4 (% total) (c) N:P (d) and PO4 (µM) (e) Chlorohpyll (µg/L).  Values 
are monthly averages (± SD). All data was extracted from the Leigh Marine Laboratory, 
University of Auckland, archive (1994-2008). 

Figure B5 (d) 

Figure B5 (e) 



211 
 

Appendix C: Thermal stress responses in the bacterial biosphere of the 
Great Barrier Reef sponge, Rhopaloeides odorabile 
 
Table C1 BLAST search results of the top 50 OTUs with the largest negative or positive 
fold-changes represented in Figures 5.4 a, b and c.  The best match to each OTU is listed 
along with the accession number, description of the best match and the maximum identity 
value. 

Table C1a – blast hit of best match and identify, for top 50 OTU fold changes (DNA) 
OTU Accession Number Best match Description Max identity (%) 

Otu0075 JN655464 sponge Ircinia variabilis 100 
Otu0101 JQ612206 sponge Geodia barretti 100 
Otu0050 JN655425 sponge Ircinia variabilis 100 
Otu0121 JF812571 sediment South China Sea 93 
Otu0118 JN596623 sponge Xestospongia muta 93 
Otu0088 GU118662 coral Montastraea faveolata 100 
Otu0059 FM160903 sponge Aplysina fulva (surfaced sterlized) 99 
Otu0023 JN596721 sponge Xestospongia testudinaria 99 
Otu0103 HQ201450 sponge Characella 98 
Otu0106 JN210592 sponge Rhopaloeides odorabile (T534deg15) 100 
Otu0064 JN596723 sponge Xestospongia testudinaria 99 
Otu0037 GU982057 sponge Aplysina fulva 94 
Otu0053 EU183888 sponge Rhopaloeides odorabile (27a) 99 
Otu0081 JN210608 sponge Rhopaloeides odorabile (T028deg71) 99 
Otu0049 GU982180 sponge Ircinia strobilina 99 
Otu0117 GU118524 coral Montastraea faveolata 99 
Otu7226 EU819033 sponge Corallistes sp. 100 
Otu0111 FM160789 sponge Aplysina fulva 99 
Otu0123 FJ938526 sediment cobalt-rich crust, pacific ocean 98 
Otu0333 JN596666 sponge Xestospongia testudinaria 98 
Otu0061 GU826525 sponge Discodermia sp. 100 
Otu0032 JN210594 sponge Rhopaloeides odorabile (T436deg82) 99 
Otu0085 HM854407 sponge Diacarnus erythraeanus 99 
Otu0210 HE585668 sediment sandy, intertidal 100 
Otu0040 JN210641 sponge Rhopaloeides odorabile (T534deg65) 99 
Otu0120 JQ236029 coral Cladocora caespitosa (pH 7.5) 100 
Otu0041 JN655480 sponge Ircinia variabilis 100 
Otu0009 HM854416 sponge Diacarnus erythraeanus 100 
Otu0158 JN002374 sponge Aplysina aerophoba 99 
Otu0045 FN356841 sponge Aplysina fulva 99 
Otu0104 FN356858 sponge Aplysina fulva 100 
Otu0024 JN002374 sponge Aplysina aerophoba 89 
Otu0140 JN002374 sponge Aplysina aerophoba 99 
Otu0300 FN356858 sponge Aplysina fulva 100 
Otu0108 JN002374 sponge Aplysina aerophoba 88 
Otu0095 FN356835 sponge Aplysina fulva 99 
Otu0620 JQ753192 seawater South China Sea 100 
Otu0195 GQ163756 sponge red sea 100 
Otu0091 JN210828 sponge Rhopaloeides odorabile (T436deg3) 100 
Otu0125 JN655467 sponge Ircinia variabilis 99 
Otu0028 GU981894 sponge Haliclona hogarthi 100 
Otu0434 HQ270236 sponge Xestospongia testudinaria 99 
Otu0202 JN621478 sediment Manganese oxide-rich marine, korea 93 
Otu0174 EF414124 sponge Clathria prolifera 98 
Otu0107 JN655215 sponge Ircinia fasciculata 98 
Otu0155 JQ612332 sponge Geodia barretti 100 
Otu0248 HQ270403 sponge Xestospongia muta 100 
Otu0044 EU183874 sponge Rhopaloeides odorabile (27a) 99 
Otu0062 JN596693 sponge Xestospongia testudinaria 99 
Otu0097 JN596729 sponge Xestospongia testudinaria 99 
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Table C1b – blast hit of best match and identify, for top 50 OTU fold changes (RNA) 
OTU Accession Number Best match Description Max identity (%) 

Otu0038 EU183853 sponge  Rhopaloeides odorabile (27a) 100 
Otu0101 JQ612206 sponge  Geodia barretti 100 
Otu0050 JN655425 sponge  Ircinia variabilis 100 
Otu0121 JF812571 sediment South China Sea 93 
Otu0118 JN596623 sponge  Xestospongia muta 93 
Otu0023 JN596721 sponge  Xestospongia testudinaria 99 
Otu0014 EU819033 sponge  Corallistes sp. 100 
Otu0053 EU183888 sponge  Rhopaloeides odorabile (27a) 99 
Otu0005 JN596750 sponge  Xestospongia testudinaria 99 
Otu0071 GU981981 sponge  Tedania ignis 99 
Otu0106 JN210592 sponge  Rhopaloeides odorabile (T534deg15) 100 
Otu0046 GU118650 coral Montastraea faveolata 100 
Otu0015 GU971218 sponge  Stelletta maori 99 
Otu0073 GU971207 sponge  Stelletta maori 99 
Otu0076 JN596746 sponge  Xestospongia testudinaria 100 
Otu0066 EU819012 sponge  Corallistes sp. 100 
Otu0102 FJ481371 sponge  Xestospongia muta 100 
Otu0511 EU819032 sponge  Corallistes sp. 98 
Otu0021 JN210616 sponge  Rhopaloeides odorabile (T436deg5) 100 
Otu0092 JQ236151 coral Cladocora caespitosa (pH 7.8) 99 
Otu0061 GU826525 sponge  Discodermia sp. 100 
Otu0210 HE585668 sediment sandy, intertidal  100 
Otu0151 JF272054 marine biofilms marine biofilms 100 
Otu0043 HQ270396 sponge  Xestospongia muta  10 
Otu0119 HQ270297 sponge  Xestospongia muta 99 
Otu0203 GU118648 coral Montastraea faveolata 98 
Otu0040 JN210641 sponge  Rhopaloeides odorabile (T534deg65) 99 
Otu0041 JN655480 sponge  Ircinia variabilis 100 
Otu0642 FN356817 sponge  Aplysina fulva 99 
Otu0158 JN002374 sponge  Aplysina aerophoba 99 
Otu0009 HM854416 sponge  Diacarnus erythraeanus 100 
Otu0024 JN002374 sponge  Aplysina aerophoba 89 
Otu0045 FN356841 sponge  Aplysina fulva 99 
Otu0140 JN002374 sponge  Aplysina aerophoba 99 
Otu0072 JN210803 sponge  Rhopaloeides odorabile (T028deg53) 100 
Otu0067     EU183858  sponge  Rhopaloeides odorabile (27a) 100 
Otu0012 FJ529327 sponge  Svenzea zeai 99 
Otu0650 FJ930861 coral Porites compressa 99 
Otu0202     JN621478  sediment Manganese oxide-rich marine, korea 93 
Otu0155 JQ612332 sponge  Geodia barretti 100 
Otu0019 EU183831 sponge  Rhopaloeides odorabile (27a) 100 
Otu2242 EF159792 sponge  Smenospongia aurea 99 
Otu0098 JN655468 sponge  Ircinia variabilis 100 
Otu0086 JQ316347         soil forest soil 100 
Otu0255 JF261938 GBR biofilm biofilm glass 96 
Otu0010 JN210882 sponge  Rhopaloeides odorabile (T028deg29) 100 
Otu0022 JN210879 sponge  Rhopaloeides odorabile (T028deg8) 100 
Otu0001 JN596760 sponge  Xestospongia testudinaria 100 
Otu0063 JN655269       sponge  Ircinia fasciculata 100 
Otu0129 JN596734  sponge  Xestospongia testudinaria 99 
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Table C1c– blast hit of best match and identify, for top 50 OTU fold changes (day 3, 32°C 
sponges) 

OTU Accession Number Best match Description Max identity (%) 

Otu0038 EU183853     sponge Rhopaloeides odorabile (27) 100 
Otu0075 JN655464 sponge Ircinia variabilis 100 
Otu0084 JN596703 sponge Xestospongia testudinaria 100 
Otu0070 GU982106 sponge Aplysina fulva 100 
Otu2113 JN655425 sponge Ircinia variabilis 100 
Otu0050 JN655425 sponge Ircinia variabilis 100 
Otu0080 EU819007 sponge Neofibularia nolitangere 100 
Otu0115 JQ612242 sponge Geodia barretti 100 
Otu0105 JN596670 sponge Xestospongia testudinaria 99 
Otu0101 JQ612206 sponge Geodia barretti 100 
Otu0094 JN210648 sponge Rhopaloeides odorabile (T436deg4) 100 
Otu8073 HM460607 aquaculture water recirculating system for European eel 97 
Otu0118 JN596623 sponge Xestospongia muta 98 
Otu0658 DQ431899 Sediment marine, gulf of mexico 99 
Otu0397 GQ385341 reverse-osmosis membranes desalination plant 100 
Otu0386 JQ236295 coral  Cladocora caespitosa pH 8.1 98 
Otu0106 JN210592      sponge Rhopaloeides odorabile (T534deg15) 100 
Otu0209 JQ236295 coral  Cladocora caespitosa pH 8.1 98 
Otu0059 FM160903   sponge Aplysina fulva 99 
Otu0053 EU183888 sponge Rhopaloeides odorabile (27) 99 
Otu0396 JN210592      sponge Rhopaloeides odorabile (T534deg15) 100 
Otu0216 GU971244 sponge Stelletta maori 99 
Otu0426 FJ938526    sediment deep sea colbalt rich , pacific ocean 98 
Otu0085 HM854407 sponge Diacarnus erythraeanus 99 
Otu0113 JN596651 sponge Xestospongia testudinaria 100 
Otu0092 JQ236151 coral  Cladocora caespitosa pH 7.8 99 
Otu0161 JQ236150 coral  Cladocora caespitosa pH 8.1 98 
Otu0120 JQ236029 coral  Cladocora caespitosa pH 7.5 100 
Otu0082 EU183797 sponge Rhopaloeides odorabile (27) 99 
Otu0119 HQ270297 sponge Xestospongia muta 99 
Otu0036 JN596625 sponge Xestospongia muta 99 
Otu0025 GQ163758 sponge red sea sponge 99 
Otu0228 HM854416 sponge Diacarnus erythraeanus 100 
Otu0114 JN672662 Sediment marine, east china sea 95 
Otu0072 JN210803 sponge Rhopaloeides odorabile (T028deg53) 100 
Otu0047 EF159794 sponge Smenospongia aurea 100 
Otu0091 JN210828 sponge Rhopaloeides odorabile (T436deg3) 100 
Otu0159 GQ163757 sponge red sea sponge 100 
Otu0051 JN210659 sponge Rhopaloeides odorabile (T436deg77) 100 
Otu0202 JN621478    Sediment marine sediment, Korea 93 
Otu0387 AM997679 Sediment deep-sea atlantic ocean  99 
Otu0096 GU108306 Sediment Holoxea sp. 100 
Otu0042 HQ270424 sponge Xestospongia muta 100 
Otu0056 EU183792 sponge Rhopaloeides odorabile (27) 100 
Otu0155 JQ612332 sponge Geodia barretti 100 
Otu0078 JN210798 sponge Rhopaloeides odorabile (T534deg12) 99 
Otu0026 JN210809 sponge Rhopaloeides odorabile (T536deg59) 100 
Otu0063 JN655269 sponge Ircinia fasciculata 100 
Otu0062 JN596693 sponge Xestospongia testudinaria 99 
Otu0074 EU819031 sponge Corallistes sp. 99 
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Table C1d - shared Top fold change OTUs 
DNA/RNA DNA/RNA/Necrotic DNA/Necrotic RNA/necrotic 

Otu0009 Otu0050 Otu0059 Otu0038 
Otu0023 Otu0053 Otu0062 Otu0063 
Otu0024 Otu0101 Otu0075 Otu0072 
Otu0040 Otu0106 Otu0085 Otu0092 
Otu0041 Otu0118 Otu0091 Otu0119 
Otu0045 Otu0155 Otu0120   
Otu0061 Otu0202     
Otu0121       
Otu0140       
Otu0158       
Otu0210       
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Table C2 Overview of the total reads obtained per sample and the total numbers of OTUs obtained per sample are shown. For the total number of reads, both 
the raw read numbers and read numbers after noise removal and quality filtering are shown.   

Samples (sponge DNA) D0_A D0_B D0_C D127 D131 D132 D327 D331 D332 332B 332C D727 D731_A D731_B D731_C D1427 D1431 D2127 D2131 

Total raw sequences 21152 20382 19245 22494 22377 24875 20038 19259 19508 17966 16480 18372 15798 16734 18212 14959 15640 16607 19896 

Total number sequences 
passing quality filtering  

11005 10408 9573 11285 11150 12445 10405 10306 9863 8431 9335 9257 7965 8493 9097 7760 8271 9272 10002 

Final number of OTUs 223 193 213 261 222 246 223 270 327 222 394 201 250 235 201 253 257 189 320 

 

Samples (sponge RNA) R0_A R0_A R0_A R127 R131 R132 R327 R331 R332 R727 R731_A R731_B R731_C R1427 R1431 R2127 R2131 

Total raw sequences 15481 16703 17303 17459 16311 17983 14607 15857 20565 16148 15706 17774 14287 26081 17368 17012 27169 

Total number sequences 
passing quality filtering  

7935 8768 9088 9790 8510 9438 8129 8577 10517 8304 8464 9713 7696 14678 9263 9198 14961 

Final number of OTUs 237 216 230 247 356 201 364 237 369 196 252 259 246 294 297 208 323 

 

Samples (seawater DNA) W027 W131 W327 W331 W332 W727 W731 W1427 W1431 W2127 W2131 

Total raw sequences 20786 59975 21244 19903 18349 18899 17477 23619 29770 20984 26922 

Total number sequences 
passing quality filtering  

11801 4675 12400 6993 10228 11107 9622 14197 15299 11523 14751 

Final number of OTUs 1274 578 988 723 1154 1227 1336 1468 1766 1189 1328 
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Figure C1a Bacterial diversity in sponge-DNA samples.  Rarefaction curves are based on OTUs at 
97% sequence similarity.  Chao1 richness estimates and observed OTUs are listed in parenthesis.  
Calculations were performed in Mothur (Schloss et al., 2009) 

 

 

Figure C1b Bacterial diversity in sponge-RNA samples.  Rarefaction curves are based on OTUs at 
97% sequence similarity.  Chao1 richness estimates and observed OTUs are listed in parenthesis.  
Calculations were performed in Mothur (Schloss et al., 2009) 
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Figure C1c Bacterial diversity in seawater samples.  Rarefaction curves are based on OTUs at 97% 
sequence similarity.  Chao1 richness estimates and observed OTUs are listed in parenthesis.  
Calculations were performed in Mothur (Schloss et al., 2009) 

 

 

Figure C2a: The proportion of reads that were assigned to an SC or SCC per sample.  Samples are 
grouped according to seawater temperature exposure (27, 31 or 32°C) in order of sampling date (days 
0, 1, 2, 7, 14 and 21).  Sponge samples are grouped separately to seawater samples.  Community 
variation is represented by sponge derived DNA based tags (D) vs. their activity represented by RNA-
derived tags (R). 
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Figure C2b: The proportion of reads that were assigned to an SC per bacterial phylum.  The number 
of reads per phylum is calculated as a percentage of the total reads that were assigned to a SC/SCC in 
each sample.  Samples are grouped according to seawater temperature exposure (27, 31 or 32°C) in 
order of sampling date (days 0, 1, 2, 7, 14 and 21).  Sponge samples are grouped separately to 
seawater samples.  Community variation is represented by sponge derived DNA based tags (D) vs. 
their activity represented by RNA-derived tags (R). 

 

Figure C2c: The proportion of reads that were assigned to an SCC per bacterial phylum.  The number 
of reads per phylum is calculated as a percentage of the total reads that were assigned to a SC/SCC in 
each sample.  Samples are grouped according to seawater temperature exposure (27, 31 or 32°C) in 
order of sampling date (days 0, 1, 2, 7, 14 and 21).  Sponge samples are grouped separately to 
seawater samples.  Community variation is represented by sponge derived DNA based tags (D) vs. 
their activity represented by RNA-derived tags (R). 
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Figure C3a: Novel and low abundant phylotypes in the phylum Proteobacteria from partially 
(D332B) and fully (D332C) necrotic sponge clones.  Proteobacteria groups were; Vibrionaceae, 
Pseudoalteromonas, Colwelliaceae, Ferrimonas, Oceanospirillaceae, and Arcobacter.  These 
phylotypes were identified from a metagenomic study on thermally stress R.odorabile (Lu Fan, pers. 
Obs).   Bar graphs show the number of reads in identified OTUs in all DNA, RNA derived sponge 
samples and DNA derives seawater samples. 

 

Figure C3b: Novel and low abundant phylotypes in the phylum Proteobacteria from partially 
(D332B) and fully (D332C) necrotic sponge clones.  Proteobacteria groups were; Vibrionaceae, 
Pseudoalteromonas, Colwelliaceae, Ferrimonas, Oceanospirillaceae, and Arcobacter.  These 
phylotypes were identified from a metagenomic study on thermally stress R.odorabile (Lu Fan, pers. 
Obs).   Bar graphs show the number of reads in identified in sponge clones exposed to 32°C  
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Appendix D: Sponge-microbe associations survive high nutrients and temperatures 
 

Appendix Table D1a Average nutrient parameters measured in the experiment for ambient, low, medium and recovery nutrient exposure levels (n=3 for each 
nutrient level).  

Sample NPOC NH4 PO4 NO2+ 
NO3 

NO2 Total 
Inorganic 

N 

Total 
N 

Total P Calculated 
Organic N 

Calculated 
Organic P 

OC  N  OC:N 

Units mg/l umol/L umol/L umol/L umol/L  umol/L umol/L umol/L umol/L umol/L ug ug   
average 
ambient 

1.0 0.3 0.2 0.9 0.0 1.3 6.5 0.4 5.2 0.3 6.6 1.2 6.5 

average low  1.4 0.7 0.4 1.1 0.1 1.9 7.1 0.6 5.2 0.2 5.6 1.1 6.2 

average 
medium 

3.1 2.8 1.5 1.9 0.7 4.7 10.0 1.6 5.3 0.2 11.1 1.5 8.2 

average 
ambient 

(recovery) 

1.3 0.4 0.2 0.8 0.1 1.2 6.1 0.3 4.9 0.2 14.08 0.96 16.50 

 

Appendix Table D1b Average fold change in nutrient concentrations measured (for low, medium and recovery) during the course of the experiment from 
ambient values (n=3 for each nutrient level). 

Sample NPOC nh4 po4 no2+no3 no2 Total 
Inorganic 

N 

Total 
N 

Total P Calculated 
Organic N 

Calculated 
Organic P 

OC  N  OC:N 

Units mg/l umol/L umol/L umol/L umol/L   umol/L  umol/L umol/L umol/L umol/L ug ug   
average low 1.4 2.3 2 1.2 0.1 1.46 1.09 1.5 1 0.66 0.84 0.91 0.95 

average medium 3.1 9.3 7.5 2.1 0.7 3.6 1.5 4 1.01 0.6 1.68 1.25 1.26 
average ambient 

(recovery) 
1.3 1.3 1 0.88 0.1 0.92 0.93 0.75 0.94 0.66 2.1 0.8 2.5 
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Appendix Table D2: Overview of the total number of sequence reads obtained per sample and the 
total numbers of OTUs obtained per sample are shown (after noise removal, quality filtering etc.) 
OTU information is reported at 97% similarity  

Sample 
Number of 

seqs Inverse Simpson index  Chao1  
Actual number of 

OTUs 

T0 A 2578 43.49 465 264 

T0 B 2231 40.75 630 279 

T0 C 1969 51.14 863 339 
T7, 27°C ambient A 2448 39.07 593 272 

T7, 27°C ambient B 2705 40.59 280 210 
T7, 27°C ambient C 3107 18.19 152 140 

T7, 31°C ambient A 2211 40.57 402 235 

T7, 31°C ambient B 2066 48.98 482 229 

T7, 31°C ambient C 2503 34.96 665 312 

T7, 27°C medium A 2861 39.36 363 231 

T7, 27°C medium B 1904 48.06 833 253 

T7, 27°C medium C 2152 45.12 491 224 
T7, 31°C medium A 2626 36.02 382 232 
T7, 31°C medium B 2326 48.86 437 259 

T7, 31°C medium C 2070 37.82 706 274 
 

Figure D1 R. odorabile clones at the end of the recovery phase (12 days).  Clones shown are (A) 
T=12, ambient nutrient exposure and 31°C (B) T=12, high nutrient exposure and 31°C.  Large boxes 
show the entire sponge clone, smaller boxes show internal mesohyl tissue, from each respective 
sponge clone.    

                   

               

 

 

A B 
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Figure D2: Bacterial diversity of all sponge samples amplified with 454 amplicon pyrosequencing.  
Rarefaction curves are based on OTUs at 97% sequence similarity.  Calculations were performed in 
Mothur (Schloss et al., 2009)  

 

Figure D3: Comparison of bacterial community composition of individual samples was tested, at the 
OTU level, using an nMDS plot.  Lowest stress = 0.0904, R2 = 0.9711.  Calculations were performed 
in Mothur (Schloss et al., 2009).  Unweighted Unifrac analysis also revealed there were no significant 
differences between time points at the OTU level. 
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Figure D4 The relative abundance of the 50 most abundant OTUs (according to the sum of relative 
abundance across all samples).  Samples are clustered according to phylogenetic affiliation.   Scale is 
percentage of reads in each OTU (white = 0%).  C=control with replicate A, B or C.  A=ambient 
nutrient treatment with replicate A, B or C.  M= medium nutrient treatment with replicate A, B or C. 
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Figure D5 (a) The proportion of reads that were assigned to an SC or SCC per sample (b) The 
proportion of reads that were assigned to an SC per bacterial phylum and (c) The proportion of reads 
that were assigned to an SCC per bacterial phylum.  The number of reads per phylum (b and c) is 
calculated as a percentage of the total reads that were assigned to a SC/SCC in each sample.  

0

10

20

30

40

50

60

70

80

90
100

T0 control
A

T0 control
B

T0 control
C

T7, 27°
ambient A

T7, 27°C
ambient B

T7, 27°C
ambient C

T7, 31°C
ambient A

T7, 31°C
ambient B

T7, 31°C
ambient C

T7, 27°C
medium A

T7, 27°C
medium B

T7, 27°C
medium C

T7, 31°C
medium A

T7, 31°
medium B

T7, 31°C
medium C

%
 R

ea
ds

 a
ss

ig
ne

d 
in

to
 S

C
/S

C
C

 

0
10
20
30
40
50
60
70
80
90

100

T0
control A

T0
control B

T0
control C

T7, 27°
ambient

A

T7, 27°C
ambient

B

T7, 27°C
ambient

C

T7, 31°C
ambient

A

T7, 31°C
ambient

B

T7, 31°C
ambient

C

T7, 27°C
medium

A

T7, 27°C
medium

B

T7, 27°C
medium

C

T7, 31°C
medium

A

T7, 31°
medium

B

T7, 31°C
medium

C

Spirochaetes

SAUL

Poribacteria

Planctomycetes

Proteobacteria - gamma

Proteobacteria - delta

Proteobacteria - beta

Proteobacteria - alpha

Nitrospira

Gemmatimonadetes

Chloroflexi

Actinobacteria

0

10

20

30

40

50

60

70

80

90

100

T0
control A

T0
control B

T0
control C

T7, 27°
ambient

A

T7, 27°C
ambient

B

T7, 27°C
ambient

C

T7, 31°C
ambient

A

T7, 31°C
ambient

B

T7, 31°C
ambient

C

T7, 27°C
medium

A

T7, 27°C
medium

B

T7, 27°C
medium

C

T7, 31°C
medium

A

T7, 31°
medium

B

T7, 31°C
medium

C

Proteobacteria - delta

Proteobacteria - gamma

Proteobacteria - alpha

Nitrospira

Gemmatimonadetes

Chloroflexi

Bacteroidetes

Acidobacteria

B 

A 

C 


	title abstarct
	The microbial ecology of marine sponge-associated microorganisms
	Rachel Louise Simister
	A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of Philosophy in Biological sciences, The University of Auckland, 2012.
	Abstract

	co-authorforms
	acknolwdgements_chapterone
	Acknowledgements
	Table of contents
	Appendices D: Sponge-microbe associations survive high nutrients and temperatures0220
	List of figures
	List of Tables
	1. General introduction
	1.1 Sponge morphology and function
	1.2 Sponge-associated microorganisms
	1.2.1 Diversity and specificity
	1.2.1a  Sponge-specific microbes
	1.2.1b  Acquisition and maintenance of sponge-associated microbes

	1.2.2 Stability of sponge-associated microbial communities (temporal, biogeographic, external pressures)
	1.2.2a  Temporal stability
	1.2.2b Spatial/biogeographic stability
	1.2.2c External pressure


	1.3 Functional roles of sponge-associated microbes
	1.3.1 Photosynthesis
	1.3.2 Nitrogen cycling
	1.3.3 Other functions

	1.4 Biotechnological potential of sponges and sponge-associated microorganisms
	1.5 Research objectives: scope and aims of this thesis
	1.5.1 A comprehensive phylogenetic analysis of sponge-associated microorganisms
	1.5.2 Systematic evaluation of preservation / nucleic acid extraction protocols for sponge-associated bacteria
	1.5.3 Temporal study of symbiont diversity and activity in the sponges Ancorina alata and Tethya stolonifera
	1.5.4 Study response of sponge symbionts to temperature stress
	1.5.5 Study response of sponge symbionts to nutrient stress

	1.6 References


	Chapter2
	U2. Sponge-specific clusters revisited: a comprehensive phylogeny of sponge-associated microorganisms
	2.1 Abstract
	2.2 Introduction
	2.3 Results and Discussion
	2.4 Experimental procedures
	2.5 Acknowledgments
	2.6 References

	Chapter3
	3. Evaluating methods for the preservation and extraction of DNA and RNA for analysis of microbial communities in marine sponges
	3.1 Abstract
	3.2 Introduction
	3.3 Materials and Methods
	3.3.1. Sample collection
	3.3.2 Preservation
	3.3.2a Liquid nitrogen
	3.3.2b RNAlater

	3.3.3 Extraction of nucleic acids
	3.3.3a Qiagen kit
	3.3.3b Griffiths method
	3.3.3c Hexadecyltrimethylammonium bromide (CTAB)-based DNA extraction
	3.3.3d TRIzol

	3.3.4 Assessment of quality, quantity and composition of DNA and RNA
	3.3.4a Purity and quantification
	3.3.4b Reverse transcription
	3.3.4c mRNA analysis
	3.3.4d Bacterial community composition assessed by denaturing gradient gel electrophoresis (DGGE) based on DNA (16S rRNA gene) and RNA (16S rRNA)

	3.3.5 Statistical analysis

	3.4 Results and Discussion
	3.4.1 Preservation and extraction of DNA
	3.4.2 Preservation and extraction of RNA
	3.4.3 Recovery of mRNA
	3.4.4 Impact of sample preservation and DNA/RNA extraction methods on DGGE-based assessments of bacterial community composition
	3.4.5 Application of preservation and extraction protocol with other sponges

	3.5 Recommendations and concluding remarks
	3.6 Acknowledgements
	3.7 References

	chapter4
	4. Molecular and isotopic analysis of active bacterial communities in two New Zealand sponges, throughout time
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and Methods
	4.3.1 Sample collection and processing
	4.3.2 Extraction of nucleic acids from sponge samples
	4.3.3 Amplicon pyrosequencing
	4.3.4 Processing of raw sequence data
	4.3.5 Processing of quality data
	4.3.6 Stable isotope analysis
	4.3.7 Statistical analysis of stable isotope values

	4.4 Results
	4.4.1 Bacterial community structure
	4.4.2 Assignment of sequences into ‘sponge-specific’ clusters
	4.4.3 Identification of OTUs with the largest change in abundance
	4.4.4 Effect of season on stable isotope composition of A. alata and T. stolonifera

	4.5 Discussion
	4.5.1 Temporal stability of sponge-associated bacterial communities
	4.5.2 Temporal stability in isotopic signatures
	4.5.3 Temporal stability of ‘sponge-specific’ bacteria
	4.5.4 Temporal stability of bacterial OTUs

	4.6 Conclusion
	4.6 Acknowledgments
	4.7 References

	chapter5
	5. Thermal stress responses in the bacterial biosphere of the Great Barrier Reef sponge, Rhopaloeides odorabile
	5.1 Abstract
	5.2 Introduction
	5.3 Results
	5.3.1 Thermal stress effects on bacterial community structure and activity
	5.3.2 ‘Sponge-specific’ bacteria are not differentially affected by changes in seawater temperature
	5.3.3 Identification of OTUs with the largest change in abundance due to thermal stress

	5.4 Discussion
	5.5 Conclusions
	5.6 Experimental procedures
	5.6.1 Sample collection and processing
	5.6.2 DNA and RNA extraction
	5.6.3 454 amplicon sequencing
	5.6.4 Processing of raw sequence data
	5.6.5 Multidimensional scaling (MDS)
	5.6.6 Determining the magnitude of changes in bacterial community structure

	5.7 Acknowledgments
	5.8 References

	chapter6
	6. Sponge-microbe associations survive high nutrients and temperatures
	6.1 Abstract
	6.2 Introduction
	6.3 Materials and Methods
	6.3.1 Sample collection and experimental design
	6.3.2 Nutrient concentrations and calculations
	6.3.3 DNA extraction
	6.3.4 Denaturing gradient gel electrophoresis (DGGE)
	6.3.4a 16S rRNA gene – Bacteria
	6.3.4b amoA gene from ammonia-oxidizing archaea (AOA)
	6.3.4c 18S rRNA gene – Eukarya

	6.3.5 Multidimensional scaling (MDS)
	6.3.6 Amplification, cloning, and sequencing of 16S rRNA genes from Archaea
	6.3.6a Phylogenetic analysis of archaea

	6.4.7 454 pyrosequencing
	6.3.8 Processing of raw sequence data
	6.3.9 Determining the magnitude of changes in bacterial community structure

	6.4 Results
	6.4.1 Nutrient and sub-lethal thermal stress effects on the bacterial biosphere
	6.4.2 Nutrient and sub-lethal thermal stress effects on archaeal community structure
	6.4.3 Nutrient and sub-lethal thermal stress effects on community structure of microbial eukaryotes

	6.5 Discussion
	6.6 Acknowledgments
	6.7 References

	chapter7
	7. General discussion
	7.1 Diversity and specificity of sponge-associated microorganisms
	7.2 Next-generation sequencing technologies
	7.3 Stability of sponge-associated microbial communities
	7.4 Environmental perturbation
	7.5 Summary and future directions
	7.6 References


	Appendix_A
	Appendix A: 16S rRNA-based phylogeny of sponge-associated phyla

	appenidx b
	Appendix B: Molecular and isotopic analysis of active bacterial communities in two New Zealand sponges, throughout time

	Appendix C
	Appendix D
	coversheet.pdf
	http://researchspace.auckland.ac.nz
	ResearchSpace@Auckland
	Copyright Statement
	General copyright and disclaimer




